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DHTEERE HE MeONPs Xof A J57 W B £ fr T A5 20 . A BfF 58 ) P 4 e 56 9% B 9 I0 8. ( DPPC ) 22 #5540 PS,
M5E 25 1 MeONPs X DPPC (W B &, #3577 1l Fll MeONPs Xf DPPC W B = (8 A0 25 R s, Tl
BEALHAT RAF AR5 B . R ME AN AE J) (R =079, QF,=0.74, QF, =0.86) . LI FEHRI],
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Prediction model of the adsorption capacity of metal oxide
nanoparticles for lipids
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(Key Laboratory of Industrial Ecology and Environmental Engineering (MOE), School of Environmental Science and

Technology, Dalian University of Technology, Dalian, 116024, China)

Abstract Adsorption capacity of metal oxide nanoparticles (MeONPs) for lipids that are the main
components of pulmonary surfactant (PS), is an important factor affecting the biological effect of
nanoparticles entering the human body through the respiratory tract. At present, studies on the
adsorption capacity of MeONPs for lipids are very limited. Due to the increasing variety of synthetic
MeONPs, it is necessary to establish a model to predict the adsorption capacity of MeONPs for
lipids. In this study, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) vesicles were used to
simulate PS, and 25 kinds of MeONPs were incubated with DPPC to determine the adsorption
capacity of MeONPs for DPPC. The model for predicting the adsorption capacity of MeONPs for
DPPC was established based on the experimental data. The results show that the prediction model

2

exhibits satisfactory goodness of fit, robustness and predictive ability (R;; = 0.79, 02, = 0.74, 02, =

ext

0.86). The explanation of the mechanism suggests that the phosphoric groups in the head of DPPC
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are important adsorption sites of rare earth metal oxides for DPPC, and the electronegativity of metal
elements and the mass percentage of metal elements jointly affect the adsorption capacity of
MeONPs for DPPC. The prediction model established in this study not only provides basic data for
the evaluation of the adsorption capacity of MeONPs for lipids, but also expands the understanding
of the adsorption mechanism of MeONPs for lipids.

Keywords metal oxide nanoparticles, lipids, pulmonary surfactant, adsorption, prediction

model.

YK 48 A ALY (MeONPs) (R A RAFAY 2% | wEME R TR BE, )32 B0 TR | L IREE . 6
SEAERE MR RS PEAE AR R AT 4. MeONPs 1] DL K S 7 A8 25 4 e, 25 5 38 3t Wil s e A 1 A
AR, FUURAE IR AL , BIV Al o6 X 30 %1, 7 fili 6 [X 38, MeONPs 1] LA B 422 5 fili 38 ¢ 1w 1% 40 5t (PS) $%
fht =1 PS H I T (90% ) R 153 (10% ) 21 A, FEMFL sl b & i fe 2 102 A Mt AR MEAR B (DPPC),
2915 PS ST Y 409% "1 PS 7E 5 MeONPs #2fiil )5 , 23 W B 7F MeONPs & i JE i g ek, © A bF o
T, W TR ZIGAAR T, BEE FLF MW PS AR N, et S 750 firi v, 11 780 1 Kz 240 Jf o 4 Kb 64 2
Y FEE TR A 2 RS A A0, e AMBAT B SE 3R A, T4 404 B TiO,( TiO,-R) HEEK® 1 TiO, (TiO,-
A) XTI B 1% W R RE B, (i TiO,-R 5T 5 8 5K /0N BRI 105 40 10 3 Tl 7 I v 55 0 Pt 10, PRI e
MeONPs i JIg 5 (14 W% -5 15 23 52 ) MeONPs (1) 41 i 45 B 25 11512,

VLAE R, 5 AN KA X B S5 R R R 7 52 i PR 26 A 0F 9% 4% 52 56 102 . Konduru 250 (A58 R0, BT
CeO, 4 K Ki 1 B K P 5 T Si-CeO,. ZnO H1 BaSO, 44 K ki 1, i 15 Ho X /N L PS W B 4k w85 T oA
3 P YRR T Luo 509 S 33 4> 1 3h J1 22 05T & B, B A7 880 40K R B A 3, LN PS ) i
SR MR . AN, Luo G513 & 3L 37 7 R ERIE B 40 KR AH B, < I (4R DU T A4 Al 48 KR - I
B PS 2 W E BN, S8 PS EMEZL. I, MeONPs BB /K P R TR 45 3 P Jo 30 2 5% il I I
W B RE T I L

H I ¢ T MeONPs X i ot W B (%) g S AF 5% 43 B2 =, i AWF5T #5 B %) MeONPs Fh 2SR5 A B, 12
fI4%: TiO,-R | TiO,-A | CeO,. Si-CeO,. ZnO. Fe,05 711 {H i T4 i, MeONPs Fp3s (fb2F2H Al .
R RIFIRST B HA 22 5) R 2, 35— A7 W FR S 06-00 5 BUAS =5 HLRE RS DRI, 5 28 oy —FoE it
T MeONPs X i Joi Wl B e (455750, 18 B MeONPs 5 il Joi W B A1 A ELAE FH AL

ASHIF 5% 95 1 A8 75 0 025 ) 45 19 DPPC 48305 25 FhASTR] fb B AR AR i) MeONPs B 75, 5 21 i b
S A i, T e s AROORE €3 £ IR T 15 156 B A (LC-MS/MS) 5E F: I %€ T DPPC 19 W [, 20 B T 5
DPPC W Fff (4 o5 P 22 51 A MeONPs X i R £ 9 W B i 4 #0384, I 455 MeONPs 52565 7 34k
PR R OC R AR IR AT, #HET MeONPs X i J57 W B i 119 2 i TR 7Y, #8575 T 5210 MeONPs X i

1 #MBL5 7 (Materials and methods)

1.1 SEEe bR

25 Fi A ] B R A2 B9 MeONPs {045 : %81k 42 (Y,05, 50 nm) | % 1k 4L (Nd,05, 40 nm) | %8 1k 2k
(Fe,05, 30 nm) | E ALEE (PrgO;y, 50 nm) | %8 1L 42 (Sm,03, 40 nm) . %A fL 54 (Dy,03, 40 nm) . A fL4EL
(Gd,03, 100 nm) | %8 4k £k (Ho,03, 100 nm) . % fL 82 (NiO, 30 nm) . A fk 57 (NiO, 50 nm) . & fb &l
(C0304, 50 nm) | A AL % (Co304, 100 nm) | 5 AL HH (In,053, 50 nm) | % AL HH (In,05, 100 nm) | A AL 4R
(AL, O3, 10 nm) . A AL 4 (ALO;, 20 nm) | A AL 4 (ALO5, 30 nm) . A AL EF (ZnO, 30 nm) |, AL EE(ZnO,
50 nm) . ZA4L%¥(Zn0, 90 nm) . 4 ALH (SnO,, 60 nm) . =484k 4% (Cr,05, 100 nm) , S bk (441,
TiO,-R, 100 nm) . — 48 fkEk (814K, TiO,-A, 10 nm) . — 48 fb 8k (814K, TiO,-A, 40 nm). | iRMHRI A4l >
99%, WS [ F BT T A= A BHE B0y A FR 23 5. DPPC(4EJEE > 99% ) 3K [ 5% [ Avanti Polar Lipids 2
F]. Hepes 2% M W % B 3 [ PG A% 3 BL 78 B 25 /0 W)
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1.2 MeONPs %I DPPC Mg fff 2 i &
12,1 JRBaE i my il 5

ARG R S 3k i 45 B B e v, EAAR T A i #2 R 2 B 25 mg 9 DPPC % T 10 mL HI i, 78
RN, Hi145 2.5 mg-mL™" () DPPC i 45, T —20 °C FAHMETE. B 400 uL DPPC fifi £ 1 T B 55 25
i, IAGE H B IRE S, FHA R AR BT BB AL TIA 10 mL Hepes 22 #h¥5 %% (1 mmol-L™
NaCl, pH 7.4) /KALHE B, J s 228 F#E 1 h )5, WWHEE MEL B O TR. K %R G455 2 50 mL
(] 5 SR RS i, FE VKV S AT (5 FH R P I A0 A A8 (Y 92-TIDN, H [ ) 3 s st . 7l 7 5 4 B e R
MY A5 11 EEOMIREE 20 °C, ARG 7 B ] R 50% GRS 5 s, TR 5 s), B R I TRV TR, 15 2 I W B0y
10 pg'mL™" /%) DPPC %, T 4 C M UKFR PRAE.

1.2.2 MeONPs 5 DPPC fIIF &

B 300 pL Y DPPC ¥ (10 pg-mL™") Fl 150 uL A MeONPs ¥ % (10 mg-L™") T Hepes 2% i & i
WEE, BEFh MeONPs & 3 4 PATCE. [RIAT I B 28 S0, W B 45 0RR L KT B E T 25 C
TE IR AR A6 Th R 4 h
1.2.3  MeONPs *f DPPC W Fff 4 ity 5 F2 0 i

40 KRS TR IRAE 14500 g 45 R S0 50 min J&, B 100 pL F SR INACEAT 900 uL FY B K
AN, A 20 uL 2.5 mg L™ 4 9 e A5 It AL (POPC, £ 760.8 m/z; F & F: 598.7 m/z)1E N
N, 1) 0 28 R £33 R B B 3 3 A (LC-MS/MS) (UPLC 1-Class-Waters Xevo TQS, 3 [ ) 7 f ll
& DPPC(HEES T2 734.7 m/z; T 55 1 184.1 m/z). LC-MS/MS 400 R : Wi sh Al A: /K, Wi shAH B: Y
fist; Vi shAH A Al B 454075 0.01% AR AT S mmol- L' ZFR%EL; s A : B=2:98; Jfii#: 0.3 mL-min'; ¥
FEARFR: 5 pLs 8505 A mE 25 i 85 (IF B8 1150 5 45 B B[] 0.003 s; #EFL L E: 50 Vs Rl BT : 30 V.
MeONPs X DPPC W {f it 1+ 5 A X0

0,=0—-0 (D
A, O & MeONPs Xf DPPC YW it i, O, 75 FH 4l & h DPPC & =, O "4 MeONPs 5 DPPC %
BIFW FIEW T DPPC .
1.3 MeONPs X i 15 W B2 1% 0 52

MeONPs(80 mg-L™") 58 R — 24 (85 mg' L"), 7 4 mL /KW P IEE 24 h, BT B 5 MK &
0.45 pm A9 JE o B8 CREEN, Bl ) 985, B | mL S T HZE L AE T, A EB F/KERE 50 mL.
B Fh MeONPs 14 & 3 417555, Hix 8 3 455 HEE5K.

] T A L€ LA oA 1 mL 10% PR I BRI WOF IR 2T, 30 s J5 A 2 mL 40 R 3k 7 W 78 431k
A7, BE 15 min. 4 400] WG % (Agilent, Cary 100, Malaysia), 7 700 nm 4 1 T 0 & 74 W WO
J&. MeONPs X B % £k W B 0t i 1 HAR A 0

0,=0,-Q 2
A, @, MeONPs X W fig £k 9 W fff 12, Q' M ZS LT B R L 7 &, O MeONPs SRR R 5 b
ERTH SN
1.4 MeONPs Bk 5 () FAE

)33 59 v 7 B £3U8% (TEM) (FEI Tecnai G2F30 STWIN, 3% [ )l i& MeONPs FU#) ih ki 12, 454 TEM
EHR, % 41> MeONPs FitL itk 300 Ak 7 3H55 - Bki4%. DL Hepes 22 w75 W S ¥ 50 B i 50 pg-mL™
MeONPs ¥ W, {# ] D /R 3244 K ki JF {X (Malvern, Nano-ZS90, 3 [E ) iil] '8 MeONPs F4 7K 31 7 2 B 42 Fl
Zeta HLE, RERPBAORHIN 5 3 BT 241 Al 42 fioh £/ 0 42 4 (KINO, SL 200KB, 3 [ ) ] it MeONPs $%
by, BEFPAA RN & 3 R
1.5 TN TRY ) 4y
1.5.1  #dide

ASCERE T 25 FhAS R BUFRAR ) MeONPs X DPPC W B, LA%E 52 MeONPs 2] DPPC
EAE A MeONPs X DPPC WY B GE 71 A6 Fx.
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1.5.2  FHOIAR Y () 4R 17

B FE E IAF 7L MeONPs Xof Wi /12 5 1Y 1% B H . MeONPs B AL 5t 170 25 8 A 2 1 iR 45, by a T
B, Hor 4 ASBRARPE B IR R 4050k : MeONPs IR RILAR | 7K 3N F12% B AR | Zeta B FIZ kA, 4 4
TR JEIARAEARF 4054 : MeONPs 95> T FHE FHifr . &JEc KB At K &R R s [ 4t
1.5.3  MERIFE L E

FH SIMCA 13.0 A4 il d5e /> — 3 (PLS) [] )= 4 37 T MeONPs X i J5i W o f14 52 754 1200,
AL BE T R (a3 9 S D R AR, - 3905 MR 22 (RMISE) L K 26— H AR 21 1Y
28 SEE R ET(Q2) HEAT MR 20 SES TN 8 7 R FH S0 TR 4R (9 35 7 R 1% 25 (RMSE ) FIAMIS 55 UE R 4k
(Q2 ) PEMr 20,
F B THRAETR 22 (6) FIATHTAE (hy) 2251 i Williams [8] FEAF A0 0 15 FHIR, 6 A by B3 HE AR T
FTR:
Yi-y (3)

= n
\/Zi=]()’i-)’)2/(n-m_ 1
Ko,y oy SRR ES | A AE YIS PR EE 1 SEE AT SOI(E, n R UIZREEAL G- E0, m AR b
BIFHIAEL.

h = xTi(X"X) " x, @))
W =3(m+1)/n 5
o, o B xT i G50 R R A 1) i S B, XN R AT R, XT R X RO FE B, AT AR, m A
R IR R A B, n A UNZREE AL A A B0 S0 A W0101>3.0 IR 0 R S R0 B B 0. ML &
10[<3.0 H h<h’ B, FBARERI T R BG40 A W 101<3.0 B h>h'iE, 257 BUAE I 2R 4E , 26 B AE AR Y
AR Tz AL S WD, 0% AL S W T R B R RN RS s s S PR B AE A v,
WY HLA — 2 A MERE 112 5L

2 5 54718 (Results and discussion)

2.1 MeONPs 5 DPPC (i 414

ARG LL GdyO; 1], A GH AR AE 3 FhiFE & W BE T (0.5, 1. 2 mg-L™") % DPPC(2 mg-L™") iy [
i, R 3 M EWE T Gd,0; X DPPC W & 348 1.17 g g ' (1] 1a), FWIiX 3 Fi{K & f* DPPC 43
FHIBUE AT Gd,y05 B R A R T IS A

45r@ % [} & Adsorption capacity L6 20r(®)  —=— Control —o— Gd)O3 —a— Co30,
40 FUNELLU% FF B Unit adsorption capacity | 4
350 ' 3 =~ L5F
N 9 112 o0
= 30 Y 7\ 2 -
o 7 e 210t
& o5 g 2
a8 s 2
= o
s 20
2 g Fosp
A5t 5 2
10 2 ol
051
N 7%\ /NN 2.\ EN o5l . . . . . L
0.5 1 2 0 1 2 3 4 5 6
Concentration/(mg-L ") t/h

1 AR GdyO; % DPPC WK} it (a) GdyO5 Hil Cos04 X DPPC HWE B 8h 2% i £k (b)
Fig.1 Adsorption capacity of Gd,0 with different concentrations for DPPC (a) And Adsorption kinetics of
Gd,05 and Co;0, (b)
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R L, A 5% J5 2252 56 DPPC A% & VR BE 1 R : 2 mg- L5 [l 0 0 B PRI B R 58 F Gd,05 14
KR A% 1A B 40 A BFE EL X 43 AS [R] MeONPs Xt DPPC A4 W B BE 77, 1 MeONPs 0% & 1 B i .
1 mg L. BbAh, 36T Fisc g 45 ., AH 5 LA i A 55 22 1) Gd,O FIT B AH X420 i Co,0,4 R 1,
BT R 3 1275256 (& 1) i3 I E Gd,05 Fl Co;0, TEAN AT I 1] % DPPC AW, K I 4 h
J& , FiFl MeONPs %t DPPC Wz {5t 4 T4, DX AR B 53 152 5 00 8 24 4 .

2.2 MeONPs %I DPPC W ff 19 52 F il 52

AW 5T I %E /Y9 10 nm A1 40 nm TiO,-A X} DPPC [ Wt & 4311 4 0.24 g-g A1 0.28 g-g (&1 2 ). Yu
SR g T RIAE R 27—28 nm [ TiO,-A X BENE A I i (0.4 g-g '), WG IBENR T DPPC (5 b
50%, e TiO,-A Xt DPPC HIWZ 20 0.2 g g, SAFFT I E B TiO,-A AW 25 S AR L.

1.6 |-
:i’(~

Adsorption capacity/(g-g ")

v

S S ESEEESEEEEESEEEEEEEEEEES
O O O O O C O o O O O O O O n .o O O O © O O O O
S F T N O NN OO N O o n N — O NN
X FES L FEFS IS oI RIS ES s Fo B oS
SLAEESRRQXELEXS 253232222522
EFExr T EEXT AT L EE 2L &= 8
an « (&) 2 O & = S

2 25 fl' MeONPs X} DPPC 14 1} fff &
Fig.2 Adsorption capacity of 25 kinds of MeONPs for DPPC
25 FAS [ i YRR A () MeONPs % DPPC W [ & 19 2 £ 45 S & 2 iR . 5 A 53 HoAth MeONPs
FH L, i + 4 I8 F 1L (Ho,05. Dy,053. Smy03. PrgO;;. Gd,03. Nd,03. Y,03) X} DPPC A7 AH X} 55 /= (1)
M (>1 gg "), UaBARE 4 )@ 703 A FF MeONPs X DPPC 41 ff.
ABFSE T KB TiO,-A. InyO5. ALO;. NiO Fl Co;0, HIKIARLE 10—100 nm 315 [ 4 25 4k . X 264
KA BEST DPPC B W B S BB AR B9 48 AR 1T 20 AE (P>0.05), 6 BRI A2 AN 2521 DPPC W Jf A & B R 2%
Thorley %512 A58 108 B X F 50 nm AT 100 nm [ 5K 205 40 KR, XGRS0 Il 6 08 06 v %) T
FRHE TG 2 25 . AT, REARAE 10—100 nm 38 B N F 94 K BUk:, G185t T W% [ PS if J& DPPC,
REAR T AN 252 M W B0 P DGR R R
AHEFE H 50 nm ZnO Xt DPPC 114 W [t & . 3 =5 T 90 nm A1 30 nm ZnO(P<0.05). iX 1] GE & i F A<
WFFEH 50 nm ZnO BB K P (Gl 17°) 38 T 90 nm (FEfilff 7.62°) F1 30 nm ZnO(FEfil £ 6.27°), {fi
% 5 DPPC Bk (1 2 & A= W B . Raesch 4561 it s th R W, 5 RZLIR -F2 58 L R L IR Wy v i Kok
- FIRR 5T 2 (ARG AT A KR B, 3R 2R K B 3R & R M 90 KR - I B /0 B 4 PS. a4
FEW, B £ O A s K M 9 K U T 5 e 1 R e A A
2.3 GORIERIXT DPPC W B i) T U ASS AL 4 2 DTy
B R+ 401 BEML A M ZREE NSk 4R, b Il 2R 8840 7 20 40 o, SR 5 M40 v
FEF PLS [R[F A7 T i MeONPs X i Jii W B i Y, ek AR
0 =0.39+0.0035Q" - 0.77x e +0.016M (6)

R, =0.79, RMSE,, =0.23, Q2 =0.74, RMSE,,=0.11, Q0 =0.86

adj

A, O J%E v MeONPs X DPPC (1)1 [ 5, Q' k% 7d MeONPs X B2 £k i W Fff &, v W& R IT R
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Tk, M(%) R4 80 E i H 41 L.

BEALEREIT AN 45 R R W, I BT RIS (R, = 0.79, RMSE,, = 0.23) | R fdi i (@2 =
0.74) MFMEE 1 (Q2,=0.86). MeONPs X DPPC W B i o7 1) S {0 FL FNASE 0 1500 A 401 65 235 1 UL ] 3.
K Williams P55 80 14 1 380E 45 224 (1] 3b) . IR FR AT LA i, T8 MeONPs 1Y |6] < 3.0, & I 45
RUVWAT B R o5 B UESE A P Al MeONPs A FTATAE K T ALATE MAE (A, > A"), AW X Pl MeONPs J2&
XPRERIA B 2 2 AL A 4. ELIX P MeONPs 119(0] < 3.0, ik BHAR B X 1 208 78 8 3 38 145 25 (] e 1 4
G RABAF Iz ALRE ST £5 L, AR A B AT LU F U MeONPs X DPPC 1) i} .

B (a) n jJl| Zi & Training set (b) E w ii| Zi£E Training set
1.6 A B3 F £ Test set 4r oA I FHE Test set
= . b i
T 12} . "o. T 2t . !
& ' 2 .’ A
El . 2 = '
= - = = ", |
> 08 2 0 = | A
o S . !
= 5] M (7Y ! A
D = - !
£ oaf . g o - i
3 - 2 N ' AT=0.6
A L it e i
1
0 —4 :
L L L L L J | 1 i L L |
0 04 0.8 1.2 1.6 0 0.2 04 0.6 0.8 1.0 12
Experimental Q value/(g-g™") h

Bl 3 MeONPs X DPPC M b gk S5 00 #5545 50 FoT3000 B Ao 1] () A1 PLS BTN ASE 284 17 I AE A9 Williams ] (b)
Fig.3 Plot of experimental versus predicted Q values (a) And Williams plot of the application domain of the PLS model (b)
2.4 HLREfRRE

RERIZE SR 2 W], MeONPs 1 i 1 £ (19 HE 71 2 B2 MeONPs X DPPC W i i SCH M 3R 4[] 4a fir
7N, X F DPPC Wy B et AH X 458 155 1) MeONPs(> 0.7 g-g ™), H X il 112 6 1A 8¢ o A IR B 3t (> 73 mgrg ™).
TEIX B J 5 55755 1) MeONPs HY, B 3 FOR[RDRLAR ) ZnO Fb, X324 + 4w A k8. 145 /K& W], DPPC
Sk #0 B WhE TR A 141 2 s L 4 T S T W) %) DPPC W B 114 B A3 A5

f@® ()
L6 3 * Ho,05 ' Lo 77770 mieRENAY
- ' Sm,0 .Dy,0 ] — 1 1 Rare earth metal oxides
o g L *ZnO : = ‘—co fee® | ¢ 1Zn0, 50 nm
S&12F PO L a0, A o
29 ! Y,0, 5O ! ! Vo
EYS | Nd,0; = N L. .
°0 g | ZnO ' Bya) 1 | ! '
55 R “Zn0 . 55 ogk “----- . |« 1Z00,90 nm
ac.; i“i . _* _1Zn0O, 30 nm
52 : 27
L5 04f * 40 .
<Z * <2 oaf * .
ok [ X : :
L L L L L L ) 0 L L 3 M L I
0 40 80 120 160 200 1.0 1.2 1.4 1.6 1.8 2.0 22

Adsorption capacity of MeONPs for phosphate/(mg-g!) Electronegativity of metal element

Bl 4 MeONPs % DPPC F) M i 55 O 8 R 55 W B et ) 5 22 5] (a) F MeONPs 1453 J& DT 3R HL T 5 MeONPs Xf
DPPC 1 fff 1 1) 56 2 151 (b)
Fig.4 Plot of the adsorption capacity of MeONPs for DPPC and that for phosphate (a) And Plot of the electronegativity of
metal elements and the adsorption capacity of MeONPs for DPPC (b)

MeONPs < J& L2 L T Pt /2 DPPC (14 B B2 252 M I 22 411D 4b 7R, 24 MeONPs 2 TG R L
AMERAR (< 1.22) I, SE 55 5 DPPC & AR I . 3X 7T B2 Hh T Bk & moc R A &8, 5
M 4 s AL & A W R ) DPPC Sk ARl Rk DA 1) H £ Py 2.87, B8 5 55 HL MO/ N 4 S D T R A
YEF. R, 4 MeONPs T2 L 67 PR = B (> 1.22), AR AS ] X6 98 7 5 AT 11 R

A, AR v 45 i T 2 B 23 FE Y [T U5 RO I, 33X S MeONPs (144 J& J0 28 Jit i 71 73 F oK,
JCXT DPPC 114 W it 2 8 . AR5 v 3 AN [RIRLAR 1 ZnO, H Zn ST R WY HE M (1.65) Bk, HEATXT
DPPC 1) 2 AR X 48 (] 4b), iX AT BB ZnO 1Y @GR i | 3 LKA 6. ZnO WM& BT R
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Fiim {4 o 80.34, HAH K FHABAER + &8 E/e &g o RZ e [ 40 (52.92—78.77) . X it —
A T 48 O R TR E 4 HL AR B 4N K UK B A AT DPPC G W

3 251 (Conclusion)

WS LA 25 FhAS 7] i B FUORLAR 9 MeONPs A WF SR04, ¥ DPPC 2230 5 - F 4 h J5, FIH LC-
MS/MS & il 5 T HXt DPPC 5 B, I #E N7 1 a] LB | AR M #1 MeONPs X DPPC W Bff it
A A Y R B S B6 5 R BN, RBP4 8 A 4B ) (Ho,05. Dy,05. Smy05. PreO;;. Gd,05.
Nd,05. Y,0;) X DPPC F AH X %5 i (9 W it (> 1 g-g™), Be A Hs + 4 8 JC Z L 7 T MeONPs X DPPC
B BFE. X5F T 10—100 nm 38 Fl N B AN RIRLAR B9 MeONPs(f2.45 TiO,-A | In,O5. AL,O;. NiO F1 Co;0,),
AR AN SR R A X LR OKABURE X DPPC W i (%) G5 PR 22 1% 3 FPAS [RDRLAR ZnO IR B 125 HE 42 kA 1)
GIHT R IR, B A R R K A G R R B 5 S AR 1 R R AR R B BT 25 L R, X DPPC W f
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