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1.1. 

 ( )

.

.

,

, , .

in vitro in vivo.

,

' ,

 [8]. 

 [9].  

, ,

 [9]. 

,

, , .

,

,

.

, ,

,
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- -

 ( ) [10]. ,

. ,  (CeO2- ),

 (Al2O3)  (Y2O3)

.

: ,

 [11]. 

'

, ' .

,

,

.

 100 ,

, , ,

, .

,

, ,

, . , -

,

'

( ) .

,

.

,

,
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, .
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 [12]. 
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.

.
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.
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 [13]. ,
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-

, -
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.

: , ,

, ,

.

60

. , , 60
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 [14]  [15] .

 ( )  [16]. 

 [17].  [13] 

,  – 

, ,

,

.

 (~2 )

,

,

, ,

 [18]. 

,  [19], ,

 (GSH), 

, .

GSH

,

.  [20] ,

,

, ,

,

.

, ,

,

,
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, ,

.

1.1.1.  – 

, ,

.

.

.

. ,

, , ,

, .

,

,

.

,  17 

: , , ,

.  14 , 58

 ( ) 71  (Lu). 

 4f- .

 3+,  3-

4f 16s2  5d 16s2 .

, ,

, ,
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, , . ,

 [9]. 

,

 (

). 

f-

 (  Ce3+  Eu2+,

d- ).

 (

 ( )- )

,

,  Ce-Tb. 

 (~ 150  YVO4:Eu ), 

, .

. , , , Eu3+,

[21]. 

.

f-

 (~ 1 ),

 (~ 1 ). ,

( )

,

. ,

,

 CCD  [21-23]. ,

,

,
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 (FRET) 

[24]. 

,

.  Gd3+  Eu2+

,

1 . Gd3+

.

,

. ,

, ,

,  [25-27]. 

,

, ,

, , ,

 [28].  

,  ( , Gd2O3:Eu, LaF3:Ce3+,

Tb3+)  [29-31], 

, '

.

in vitro [32,33], in vivo [34], 

 NaYF4:Yb .

 [17,19,35] 

in vitro in vivo [36-38], 

,  GdPO, 

,

 [39].  
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,

,  [40]. 

'

 – ,

.  ( 2 2)

 ( , , ,

, . .)

, , ,

. -

'

.

 H2O2

:  YVO4:Eu ’ 5D0 – 7F2

 Eu3+  617 .

 Eu3+  Eu2+

.

 250 , , ,

 ( 70%). 2 2 in vitro

 Eu2+ , ,  617 .

 H2O2.

, :

. ,

.  YVO4:Eu 2 2,

. , ,

, −ClO NO  [25].  



21

1.1.2. 

.

, ,

.

, ,

,

 [28,41].  

, .

, ,

-  ( , , ,

, , / ,

/ , ), ,

 [42]. 

, ,

:

1. - , ,

, .

2. ,  ( ,

, ,

)

3.  ( ,

- )  ( ,

, , « »

), ,

,

 [43]. 

,
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, ' .

, ,

in vivo,

,

« » .

–

.

,

22OH , • , •−
2 .

,

, ,  [44-

46]. 

 Nrf2, 

. [47,48]. 

-

,  MAP-  NF- B  [49]. 

,

/ - ,

,

. ,

, , .

 ( )

.

 « », , ,

,  [50]. ,

( , ), ,
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,

 [51,52].  

, , ,

 (

)

 [53]. 

ZnO,  Zn2+ .

,

,  [49,54]. 

,

,

[55,56]. ,

, ,

[57]. 

1.1.3. 

,

.

. , ,

 [58] , in vitro

,  ( ) [59-61] 

 [62,63],  [11] 

[64] .

[65,66]. 
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,  CeO2-

- , '

Ce4+ ↔ Ce3+ ,

[67], 

. 2-

' , ,

, ,

. ,

. ,

2- ,

, , -

,

 ( ) [68], 

,

. ,

,

,  (III) 

 [69,70]. 2-

 [71] 

.

 Drosophila .

,

.

- ,

. , 2-  5 

,

- .
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. 1.1.  (1) 

 (2)  [67]. 

,

 ( )

 ( . 1.1-1.3.). 

,

[67]. 

OHOOHOHCeOHOHCe 22223 )()( +→+       (1.1) 

3322 )()(2)(3 OHCeOOHOHCeOHOOHOHCe +→+      (1.2) 

243 )(2)(2 OOHCeOOHOHCe +→         (1.3) 

 – 

 « »,

,  1.4 - 1.5. -

2-

[67,72]: 

2
3

2
4 OCeOCe +−→+− +•−+        (1.4) 

22
4

2
3 2 +−→++− ++•−+      (1.5) 
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 ( ) - ;

, ,

 ( . 1.6) [58,67]: 

−+•+ +−→+− 43       (1.6) 

. ,

,  GSH, 

, ,

.

 – 

 [73]. , 2-

, -

[74]. ,

 [75] 

. , , 2- ,

.

, ,

: ,  ( ,

 [76]), 

, , ,

/ , ,.

, ,  . 

.

 – , :

 6-7  175-250 /

 60% ,  100 /
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 [77]. ,  1000 

(HT22)  (RAW164) [67].  9 

 L929, A549 

 [78]. 

 0,6-0,8 .

 [67]. 

, ,

- .

 – ,

.

 – 

 , ,

.

 [79]. ,

ReVO4:Eu3+ (Re = Gd, Y, La) ,

 Eu3+ ↔ Eu2+,

,

[26].  GdVO4:Eu3+

in vivo: ,

. ,  GdVO4:Eu3+

 (

),

( ) .

GdVO4:Eu3+

,

.



28

 [80,81]. 

,

: , ,

 [82], ,

 [11].  

1.2. 

,

.

.

. ,

 – , ,

' .

,

,

.  80-90% 

.

,

,

, ,

, .

,

,  (

), ' ,

.
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,

,  – 

.

 ( , )

,

. ' ,

'

.

. '

, ,

, , , , ,

.

, ,

. ,

, Gd, Y, La, Eu, ,

-  (  – 

) ,

.

. ,

,  4f  [83], 

 [40], 

 [84]

,

 ( ,  Ca, Fe, Mg, Mn  Zn), 

 [83]. ,

 [40]. 

 (Ln3+)  4f

,  4f0 (La3+)  4f14 (Lu3+). 



30

 +3, ,

 8 , ,  14 .

,  4f0 (La3+), 4f7 (Gd3+)  4f14 (Lu3+),

, ,  4f

, . ,  4fn

, ,

.  +4. 

,  La+3 (  4f ) ( . 1.7). 

)4()4( 0413 fCeefCe +−+ =−          (1.7) 

Tb4+  Gd3+  – 

 4f- . ,  4f

.

 Eu  ( . 1.8): 

)4()4( 7263 fEuefEu +−+ =+           (1.8) 

,

, ,  4f,

(Ce3+/Ce4+) [85], 

4f, ,

 (Eu3+/ u2+).

. , ,

,  – 

.

, ,
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 ( ), ,

 [86-88]. 2-

 Ce3+/Ce4+

:  Ce4+

, ,

 Ce3+
2.  Ce3+

,

. ,  Eu(OH)3

, ,

 – ,

 Eu(OH)3 [89,90]. ,

, ,

, ,

.

,  (

) -

; - ;

 Mn2+, Mg2+, Fe2+  Zn2+ ' . ,

, ,

, , ,

,

, ,

, GSH. , ’

,

 ( , ), ,

 [55,56]. 



32

1.2.1. 

,

, .

m  150-200 .

 75% + ,

. , 2+ -

- .

,  [91-96], 

. , ,

' .

 – , ,

, , ,

, ,

, , ,

, .

, 2+

: 2+

,

 [97]. 

,

 [98]. ,

 [99]. , m

,
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, ' '

m

,

.

1.2.2. .

-

,

, ,

, , ,

. - .

, ,

.

 « - »

. , , , ,

,  [100,101]. 

, ., 

. ,

 [102,103], 

,

 [104], ,

,

,  [105].  
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, .

, , 1-2% 

,  I  III 

,  [106,107]. 

 10 

-  [108]. , ,

, , ,

,  [109]. 

,  I -  [110]. 

, ,

,

-  [111-113], 

[114-116]. -

 GSH, ,

 GSH  GSSG ( ),

, , /

 [117-120].  GSH ,

 [121,122]. 

, / ,

 2 (TrxR2),  2 (Trx2)  3 (Prx 3), 

 GSH- ,  1  4 

(Gpx1, Gpx4),  (GR) -2 (Grx2), NADPH 

GSSG [116-118]. 

- ,  GSSG/GSH -

, .

GSH -

 NADPH, 

 GSH  GSSG. 
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 Qo-  III, -3-

.  GSH  NADP+ - 

 NADPH . NADPH 

/ ,

, - ' . ,

,

 [117,123]. ,

,

.

1.2.3.

,

, -

. ,

-

-

.

-  ( )

. , ,  I  III 

 ( •−
2O ) [124]. ,

, ,

, ,

.

.
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,

.

' ,

. , ,

 [125,126] ,

III  ( ) •−
2O  Q0-

 bL  Q 

 Q0- .

, , .

.

 [127,128], ,

,

 I  III [129-135]. 

 [136] , •−
2O

 (1.9, 1.10) [129] 

mxOFMNHOFMNH −••− +=+ 22 ; 16221616 /( eqmx KOFMNHOFMNHkV ⋅−⋅⋅= •− (1.9) 

mxOQCIOQCI −•
•

−• +=+⋅ 22 ; )/( 17221717 eqmx KOQCIOQCIkV −•
•

−•
• ⋅−⋅⋅= (1.10) 

,  [137,138] 

 III.  [139], 
•−

2O  III 

.  [129] 

,

.

 I  III 

, ,
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, . , ,

 (

), ,

, ,  Qi-

 III  [140]  [131], 

.  (1.11) [129] 

, ,

,  III.  

QbQHbQbQHb LHLH •
•−

•
• +=+ ;

343434 /)/exp((
2 eqLHLH KTRFQbQHbQbQHbkV ⋅ΔΨ⋅⋅⋅⋅−⋅⋅= •

•
•

−
•

•
• δ             (1.11)

 [129] 

 Qi- .

 Qi-

 Q0-  Q- .

- ,  [79], 

 [129], 

.  [129] 

,  [131,141], 

,

 NADH- ' . '

, , ,

, ,

,

.
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 1 

 1 -

, ,

,

, :

1. ,

, .

2.

.

3.

,

,

' .

4. ,

.

5.

.

6. ,

.

 – 

 – 2-x

 ReVO4:Eu3+ (Re = Gd, Y, La) 

 – 

..
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 2 

2.1. 

 (GdYVO4:Eu3+ (1-

2 )),  (GdVO4:Eu3+ (25×8 ),  – 13 )

 (LaVO4:Eu3+ (57×6-8 )) , 2-

 (  1-2  8-10 ).

 ReVO4:Eu3+ (Re = Gd, Y, 

La)  ( 2- )

a

,  [79, 142-144]. ,

,

.

 – 

1 / .

M 125  (Selmi, 

),  – 100  (  2.1).  

 ± 10% 

.  Gd(0,6-0,8)Y(0,1-0,3)VO4:Eu3+(0,1), 

 – Gd(0,9)VO4:Eu3+(0,1),  – 

La(0,9)VO4:Eu3+(0,1).

 ( )

.

,

 ( ,  10% 

, =7,4) -

 ZetaPALS/BI-MAS (Brookhaven Instruments 
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Corporation, ). -  PALS 

(Phase Analysis Light Scattering). 

.

.

 (

659 )  90°. 

 (BI-SCP). 

 25°C.  

 0,05 / .

, -

. ,  LaVO4:Eu -  –18 mV 

 –14 mV ,

GdVO4:Eu  –16 mV  –13 mV,  GdYVO4:Eu 

 –15 mV  –12 mV, .

.

 « -  ( )». 

 " - "  [145]: 

 1 /

.  ( max = 

665 ) , -  ( max = 568 )

,  " - " [146]. 

 0,5 / ,  – 10-4 .
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. 2.1. - , :  – GdYVO4:Eu3+ (1-2 );

 – GdVO4:Eu3+ (25×8 );  – LaVO4:Eu3+ (57×6-8 );  – 

2-  (1-2 );  – 2-  (8-10 ). 
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2.2. 

, -

 3-  20- .

.

 «

,

» ( , , 1986). 

.

.

in situ 0,9%  NaCl2  20-30 / .

 (38-40°C) ,

250 ; 5  KCl; 0,4  KH2PO4; 0,4  Na2HPO4; 0,8 

MgCl2; 1 ; 2  ( ), 1 % 

 ( ),  7,4,  40-50 / .  25-30 .

.

,  4° C 

 50  60 

. .

 250 ; 10 ; 0,4  Na2HPO4; 0,4 

 KH2PO4; 0,8  Mg SO4; 1,2  CaCl2; 5  KCl; 2 % , 7,4. 

 70% 

.

,

.

 2-4 .  100g 

, .  – 

 – , ,

.  –  – 

' .
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100g  1-4 .

 0,4% ,

 90-95%. 

,

[147-149]. 

 (

):

 (0,05 -  7,4). 

.

.

 [150]  [151] 

 ( ’  – 1:7). 

: 0,3 ; 1 ; 10 -

HCl; pH 7,4. 

;

.

2.3. 

. -

,

 [152-159]. 

 JC-1 (5,5 ,6,6 - -1,1 ,3,3-

),
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. ( . 2.2). JC-1 

, '  J-

.

, '

.

. 2.2.  JC-1 – 

5,5 ,6,6 - -1,1 ,3,3- .

 JC-1 (10-3 M  DMSO)  -20°C 

.

 (  5×105 / )  JC-1 (10–6M)

 10% , pH 7,4 

 1,5 .

, :

1.  FCCP (  4 – 

( ) ) (5 )

 J- ;

2.

:  ( 2 2)

 0,5  1 , -  (t-BHP) – 

5  50 ;

3. : 25  50  (1 / )

,  1, 
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3, 24 .  0,025 /  0,05 

/ , .

4.

: 2  GSH, 5  N- -L-  (NAC), 2 M

 1 . ,

.

5.  24 .  (

0,05 / ) 2 2  t-BHP (  1  5 ,

)

.

6. :

 (1 / )  –  (10 )

 (10 ). 

[160,161]. 

in

situ [162-164]. 

 (IX-71; Olympus, Tokyo, 

Japan) ( . 2.3)  60× .  JC-1 

 75 ,

 450-490 .

 (510 ),

. ,

 J- ,

510-560  > 570 , .

,  50% 

. ,

,

.
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.

 (C-5060 Olympus, Tokyo, Japan) (  2.3), 

' .  DP-soft 5.0 (Olympus, 

Tokyo, Japan) .

 Adobe Photoshop CS3 (Adobe Systems, 

San Jose, CA) 

( ) ’ .

. ,

.

.

. 2.3.  Olympus IX71  Olympus 

C-5060 (Olympus, Tokyo, Japan).  [165]. 

 JC-1 log
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(F /F ), F  – ,

, , F  – 

.

 ~ 25-30 , ,

. ,  100% 

.

 USB 

4000 (Ocean Optics, USA) ( . 2.4), '

.

.

.2.4.  USB4000 (Ocean Optics, USA).  [166]. 

 JC-1.  J-

.  (

0,05 / )  JC-1 (  10-6 M), ,

 10 M HEPES  0,15 M KCl, pH 7,4,  20 .

 560  ( )

590  ( ).
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 - - .  MTT

(3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bromide) 

, .

1, 3  24 .  – ,

,  (1 ). 

 100  MTT (5 / ) ,

 2 .  37° C. 

,

.

 570  630 . D,

,  100%  [167]. 

. ,

 ( ) – 

, ,

 [168] , :  1, 3  24 

 (  – 0,05 / ,

-  6,9, 7,4, 7,8.),  0,01 ,

, .

 0,6  1% 2-  2  1% H3PO4  0,2 

 (106 / ).  45 .

 100  C  10 .,

.  532  580 .

D, ,  100% 

.

 ( ).

:

7,45;  ( ),

25 ; 25 M FeSO4; 0,01 ; 20% ; 0,5% ;
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0,3%  Na. 

 (0,5  + 12 ).

, .

 0,2  25 M FeSO4

(  37  15 .).

 1  20% .

 0,1  0,01 ,  (1000 / .), 

,  1,8  0,5% ,

 15 .

 532  580 .

D, ,  100% .

.

 UV-Vis 

 SPECORD 200 (Analytik Jena, ).

 0,2  1 

.

 Windows. 

 [169]: 

- :

;

- : 190–1100 ;

- : ≤ ± 0.5 ;

- : ≤ ± 0.05 ;

- : 1; 2; 4 .

,

, .

.

 0,05 - 7,4; 50 ; 10 

 Fe2+; , , (  0,05 

/ ). 2 2 (  1,35 ). 
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 «Lum-5773», .

 5 

.

-

 (

 70-80 / ). 

 30 .  37  (

).

, .

,

-  (t-BHP).  (2 

2 2  100  t-BHP)  (  10 )

(  10 ) .  30 ,

.

 ( )

. -

 180 / 2. -

 208 ,  = 632,8 ,  1,5 .

 5 .

,  (  5×105 / )

 (

 0,05 / )  1, 3  24 .  – ,

 7,4 ( ).

,  0,05 - , 7,4. 

, .

,  (

 41,89±0,85 / )  0,1 M - ,

7,4.  (  – 0,05 / ),
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 25°C  20 ., .

 25°C  20 

. ,

 ( ),  25°C 

 20 ., ,

, .

, .

,  100% 

.

.

[170]  (30 )

: 150 ; 75  KCl; 10  KH2PO4; 2  MgCl2; 10 

-HCl; pH 7,4, 41,89±0,85 /  1 .

 (4 )  (4 ).

 400 .

:  – 1  2 ,

( , V ) – 1 / .

 2  3 

(V2  V3),  ( , V3/V2).

,  100% 

.

.

: 100 -HCl; 1 

; 2  MgCl2; 4 ×Na

 – 5 /  (+0,02%  72 / ) -6-

 (  0,35  25 / )  [171],  [172]. 

,  100% 

.



52

.

 [173]. 

.

«Statistika 6.0» (StatSoft, ).

 ± .

,  t- .

 0,05. 

2.4. 

,  [129]. 

-

 –  I 

 III 

 ( . 2.5). 

:

1)  I: , -

,  N3  N1  N2 ,  Q. 

2)  III:  Q, bL, b, bH, c1.

 II  IV .
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. 2.5. 

 [129]. 

,

 ( . 2.5),  40 

, . 2.6. 
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. 2.6.  [129]. 

, ,

 Qi  III 

,

.
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2.5. 

 («

. . . »

);  (  « »,

); A , AT , GSH, , , –  “Reanal” 
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