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i it Bz 240 LR I 20 v s R AR ARG A 21
Kam 2512 J 8, #1860 25 (1) SWCNTs g o N & 1
FHE 20 B P93, A6 R AR T 5 mg/L & 14F T
E AT Bk ) k=5

T SWCNTs [ttt 5 52 31 B S 454 F
FIREE 2, B A9 75 SWCNTs (W41 B .4E
FHIF K 0 25 SR BT T AR W A IR 2% © R B 58 A0
T SWCNTs 1Y % 't A% ki i 2 - 46 00 A 25 328
E\%[“’]\ HEIE‘E\% [17]\ pH“gJ\ [ﬁﬂ%%'f [19] ﬂ] %‘ %[20]\ NO[ZI]\
H,O, 45 /Ny 0t o B 1 2 AR R 9 B DL 1Y
Ao F, ERE T non HERL BK AR H AR R AR
kR E 25 G223, AR RSE RS54 1) SWCNTs
58 R AR AR A BT

A AAY B ) SWCNTs 5 Fi B i Tk
i) (6,5)-SWCNTs Fil (8,3)-SWCNTsZ il 5 4 1fil 21 2
F1(BHb) 454, BRI RS Fm B IR AR ENZ
I¥1) ) AH E A LA S SWCNTs/BHb 52 45 11 il 8 ALk I
AR BRI, LR SWCNTs 5141 & 454 5 1Y
HEEFAT R, T R T A A% s AN AR R
PEREISFERE X8 % BA B HESh SWONTs 7E A =
W N

1 SCIGERSY

1.1 #Rl5iF

PARERR AN KA CoMoCAT, B 2 —# (PEG, M=
8000) F1 i % AH |2 &% (DOC) , 41 H 35 [ Sigma-
Aldrich 23 ) ; % 5B (Dex, M,=70000) 1 % 5 ALl T
Ar RS ER AL T e FEAR AR £ (SDS) I H 7k A4k
SR A R A4 2T 3 A (BHD) o LB 36 il iR
(AA), 1 H 22 5o A I RH A BRA ) 5 i AL S TR
(H,0,, i 5345 3%) B ™ A= T ft i) 245 A BR A w) S ik
1.2 UEHEHE

SCQ-250F Y Ty 5= n] 1J&] 21 At Ay R AL (L g 7 22
7O AL 2 A PR AN H] ) 5 Fresco-21 R i B 0 L
(Thermo Fisher 23 7] ) ; MINI-10K %! I 33 25 .0 L (T
MK BRAL F8 A RS 7] ) 5 UV-2600 #1248 (UV) -1 L
(Vis) -3 £L ) (NIR) W G35 A (H A B HA ) )
Horiba-Yvon-nanologo-3 4 7% Y Y 15 41X (3 37 (Hh &)
555 A BRN T ) 5 F-4600 8 H 796 Y620 Y66 B (H
S = BT RN F] ) 3 Chirascan V100 B[R] — {5 3% 4% (3
B Y B R A o
1.3 XWHE
1.3.1 SWCNTs#%4-#  FK ML 1.0 mg SWCNTs, il
A 1.0 mL DOC ¥ (w=2%), FEVK/K¥# F# A 1 h i

Ay, ZJ5F 25 C FEL 1h, 3k 13800 r/min.
B, BNAS SWCNTSs 20

132 #—FMHSWCNTs® %%  (6,5-SWCNTs fY
OYES AEB O I 250 uL PEG(w=15%) F1 250 pL
Dex(w=15%) ¥ W, 1515 850 LB EBUKAH o HE XL
KA Z G A 10 pL SWCNTs 730 0 . 15 uL SDS
(w=10%) 1 6 uL DOC ¥ (w=1%) , IR 5] B 0> o HL
N AH, A 250 uL PEG(w=15%) 1 5~10 uL DOC
B (w=2%) , IR 51 B30 5 LA B A RIAR (6,5)-
SWCNTs.,

(8,3)-SWCNTs Y5385 ¥ b—21) FAHS 250 pL
Dex(w=15%) & &, B Il A 4~6 uL DOC ¥% i (w=
2%), IRATES Lo T AR BIRER N1 (8,3)-SWCNTSs,
1.3.3 BHb/SWCNTs £ 4441 % K BHb i fit T i
1% £h 22 i (0.01 mol/L, pH 7.4) v, fif Ho &4k iy
20 umol/L. 43 %) Bt 25 pL. % & 0.4 umol/L [
SWCNTs, (6,5)-SWCNTs, (8,3)-SWCNTs 4 #l ik 5
1 mL ¥ ¥ 4 pmol/L 1 BHb IR &, EiR FIEdE
30 mine I E A YRR S WOBOGTE | 28665 AR
N
1.3.4 id &4 A AFSWCNTs/BHb £ 44 69 A ALAE A

1 SWCNTs/BHb, (6,5)-SWCNTs/BHb Fl (8,3)-
SWCNTs/BHb & &9, 73 5 i A [6] vk B2 1Y H,0,
W, IFE R IRAE R N 30 mine Ry T IHEDEEE
1%, H,0, ¥ I Fl o~ 0~21.5 umol/L; 1 %t T 3T 21 48 5%
I i B, HLO, ¥R Y F R 0~16.3 pmol/L,
SR R ERIIT SWCNTs B9 BHb I8 1 VE 2 25 %

1.3.5 IR 3 SWCNTs/BHb & & 47 69 5% R AE
S TS BRI R 18 R AR R, et 3 MR A
JIA H,0, ¥ W I K2 30 min, {81 1 21 8 115546 K 5
BRI 2T B P, B B S TR e B A I i R
W, AR2E [N 30 min, 7RI E 2OE G RERT, HLO, IZE
W FE S 20 pmol/L, P IR I AR 1) 1% 52 1 Bl 14 52 Ry 0~
51.3 pmol/L; i 7F M &2 3F 21 4h % o6 % B, H,0,1
LR 2N 16 pmol/L, HLIR IR 1Y e 32 Y FEl i 0~
15.1 pmol/L, SEH v, fdf I R %S il SWCNTs (1) BHb
WEWAE R 28 IO R
1.3.6 iM% {fiH] Chirascan V100 FI5 — (A uf
FE AT B = A5 I, AR 3%k 3 L/min,
FH 3 % 20 nm/min, K & E FEY 190~260 nm,
K CDNN F2 37 (— A~ J 1 22 X 285 114 152 — e 33 4K
P o3 BT, AT TR A BT Y A R R e
) XA T4 T, LAITHE BHD B &5t Diss
FI UK AR A % HE, 76 300~500 nm F1 300~1300 nm



3

WL, A T RBERYORA 54 218 L 2 S Y AR G R R E A s 309

DA L P R R WSO . fif ] F-4600 L EE
I3 6 BE SO 2 %' A S i, B 4% 58 10 nm,
WOk WK 280 nm, &G K A 300~550 nm. fifi FH
Horiba-Yvon-nanologo-3 % %¢ Y6 Y6 154 =2 4 & i 4T
AN, Mgk ve s 8 nm, MIHEIEH 900~1 080 nm.,
SWCNTs F1 (6,5)-SWCNTs1 i & 3 K ¥4 4 575 nm,
(8,3)-SWCNTs Hi & I KR 679 nm. AEANHE AT
ME 3K

2 BRSUHE

2.1 SWCNTs 95

XK R 2 Ui J2 43 85 P SWCNTSs 1% H
BT 2 R R A 2R T M R ) v B R U RN
[F] F-14 SWCNTs 7 W AH H 19 73 e L 451, se e ATy
IrE . K 1(a) s YT SWCNTSs 78 43 55 il I ) 48 41 -
AT UL -3 21 AW, e oK 43 25 1) SWCNTsZR B
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1 (8,3)-SWCNTs I FE 4 1 I K (4397124 980, 575 nm

I —— SWCNTs
20F —(6,5)-SWCNTs

J —(8,3)-SWCNTs 5

v S

1.6 =4

3 =
g12r £

,.g Q

é N L%L §

2

04} E

\—«_,_\M\,_kx -

0 L

400 600 800 1 000 1200
Wavelength/nm

(a) Fluorescence
intensity/(a.u.):

3.0x107%

800

~
W
(=]

~
(=
S

(=)
W
(=]

600
550 @

500

Excitation wavelength/nm

450

400
900 1000 1100 1200

Emission wavelength/nm

©

3.5x107 F

2.4x107%

II.SXIO"‘

1.2x107%

I6.OX10"5

Excitation wavelength/nm

#1950, 660 nm) 2SN 7Rt H L FBRITRE E,, A Ey 1Y
FEIEME . FrIEL 1(b) FIE 1(c). (d) T, 5 SWCNTs
M, (6,5)-SWCNTs Fil (8,3)-SWCNTs i 715 H 5 5 i1
FEOGIR XA T/ SWCNTs Hh 77 78 RE % 31 1l 2¢
S 4 Jm M SWCNTs, A S it i FH A - L R
A =ele(Hr, A RWOCEE; e HEEIRMOCREL, 665~
6700 L/(mol-cm), &3=4 500 L/(mol-cm)>; 7 % )2 )&
JE5 ¢ i SWCNTsHY MR &), ml LA F3 s A Ff SWCNTs
myE AR M B . A S0 AE B] SWCNTs, (6,5)-SWCNTs
1 (8,3)-SWCNTsIW ¥ B 4351247 19.3. 0.39 mmol/L F1
0.38 mmol/L,
2.2 SWCNTs/BHb £ &R 1E

E 278 T BHb, SWCNTs, (6,5)-SWCNTs I
(8,3)-SWCNTSs S HIE J 1 52 4 W 11 46 1 -1 WL -3 21
AR GE . BHD 75 400 nm &b A4 % 504 2 ) non
H, BRI 55 A9 Soret 7 I 4L SWCNTSs, (6,5)-
SWCNTs F11 (8,3)-SWCNTs 5 BHb 45 & )5, Z-A Y
WS 7E 400 nm Ab 5 B I 25 A IR AL g, Ao 2B 3
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Fig. 1

UV-Vis-NIR absorption spectra of the different SWCNTs(a); NIR fluorescence spectra of the different SWCNTs(b); 3D fluorescence

spectrum of (6,5)-SWCNTs(c); 3D fluorescence spectrum of (8,3)-SWCNTs(d)
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Fig.2 UV-Vis-NIR absorption spectra of the different substances
&l 3(a) fir7n 2 BHb J2 H 5 AN ] SWCNTSs 454 ~ 400} N
) St 1y — s
iR B 66 . 7E 280 nm AL I T, BHD 78 s — (@ SWONTuBHD
N . e ~ [ e 2y = —(8,3)-SWCNTs/BH
337 nm PRAL R DO RS, 1ok H 02 R I £ 250
RIRIRAE O TTERCY . 24 BHb 7351 5 3 ARl Ay 5 200f
2y N —1 3 2 150
SWONTSs 45 45 I, L5 3 JE 0 A 0 41 ) e 1 2 100l
[
) SWCNTs, (6,5)-SWCNTs #l (8,3)-SWCNTs 43 3 S sof
= of

i BHb 19 % % ¥ K 59.9%. 10.9% Fl 3.3%, % B
BHb 5 SWCNTsZ [HIfE7EAH AR . W58 3R W] BHb
() (0 TR BR L X SWCNTSs Il BE HA 1R i i 45 4 25 N
71, 24 BHb 5 SWCNTs 255 i, 2 3 iR 5% 32 i W 7k
F#AIK, i BHbY SWCNTs & &4 B9 5 A 3E I, 2 ifi
Tl T BHbAY [ A 28 6031, 7E3X 48 SWCNTs 7,
A3 B ) SWCNTs X BHb ¢ 5 i 6 KA H] e o~
F, ATREE IR ON R /B B9 SWCNTs HiR A 194 8 1k
(=R SN CX = DOk - S liw R ik AR (S N INTIT]
fifi BHb 256 & AR B AR, M2 T, &40 8
JEHIEA—TPE (6,5)-SWCNTs H1 (8,3)-SWCNTs X BHb
(R SE IR /N

W it R R A RSN EE TR, EA
JoT B AN o-SRE . B-Hir S RN TG A 1 43 il AE
T AN X B 208, 222, 217, 195 nm Ab 5 81 17 0%, T
FE 190, 195~198, 212 nm 4b 5 1E WP, (R IL, 38 48 %)
(] € 0 G UG A7 B RO AR T AT RERS T R
S5 F A8k S L5 oAb Ay T AR BEAE R . AR 3(b)
fA LA ], BHb 78 208, 222 nm 4b 5 0%, X} R F
o-MBHERI G . N SWCNTs J5 B4 171 {5 5 51 B [
fik, &KW 5 SWCNTs 254 fiff BHb ) —HE5 M kAT
MU PR AR R E R R SWCNTs 5 2 (i
MR FERR IR I A T mom HERUAH B, %A AT LA
S WA B 1) O K 178 88 7 R 28, DA e A L
Fg BT, 5 if CDNN 2 5 43 #r 7 3 # SWCNTs X
BHb R 25 s, 45 %) T 3% 1. T LLAE
(6,5)-SWCNTs F1 (8,3)-SWCNTs 1 ll A fif BHb ) a-
W TE 45+ 0 B B (R R 4085, LA 8D 43 0l s 2> 1
9.2% £l 3.6%, A& 43 # ) SWCNTs i T & #5 i, %t
BHb [ /E T s 20, ffi HL -850 5 45 440 179 55 f ek 2D
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Fig. 3 Fluorescence spectra (a) and circular dichroism (b) of
BHDb before and after binding with three SWCNTs

T 13.8%. T p-HTE . B-T5 A AN JC AR 26 il Y 75 12 K A1
M EEHN, 2600 5 SWCNTs4S & 58t BHb AU 451 & 4
AR P R P X i — P E S T SWCNTs/BHb &

EYIR T o
23 TEULEX SWCNTs/BHb £ &1 S T 1200
HiEFEH R

MM £T 26 1 5 80 7 A 4L 7] 1,0, Z R 5 &
2B, G F A Ry R LT R, X R L AR T RES |
A A S A R L 05 o B G R R, W] LB R
L2125 1 SRR SRR S o AR S 3 9 6 6 i AT
LLANSE GG AT T H,0, X 3 F SWCNTs/BHD &
BRI R, 255100 WLIE 4 FEL S,

Kl 47 T BEAE HO, W EJF, BHb e H 5
SWCNTs (4 A ¥ 1 5 't i 5 38, [w) B d5e K % S
PR LB, X —BRERY], H0, 6 2k i £
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# 1 BHb 5 SWCNTs 45417 i) 2045k & it
Table 1 Content of secondary structure of BHb before and after

combination with SWCNTs

Mole fraction/%

Sample
a-Helix ~ f-Sheet  f-Turn  Random coil
BHb 72.7 3.8 10.8 13.6
SWCNTs/BHb 58.9 5.9 12.4 22.7
(6,5)-SWCNTs/BHb 63.5 5.6 12.0 19.2
(8,3)-SWCNTs/BHb 69.1 4.4 11.3 15.2

B ) R R ML B AR, S BN 2L 3R A, DGR
JEE DA 0 o & S A B 41 8% 3 I €0 2 R R A TR
B B ] BBl 04 B BR B A M 2D . 7E HL0, I RE R,
BHb 1) f5z 26 %¢ 60k JE L 97 LR (5 3 98 T 3.5 4%, i
SWCNTs/BHb. (6,5)-SWCNTs/BHb #il (8,3)-SWCNTs/
BHb 195 65 B 43 501 F W0 AR (B 3G 5 T 2.5 i L 3.2 £
2.9 5. LRgERE, 5 SWCNTs B4 & HetE—E
PRI 2% BHb (9 584k, Wl kil 21 26 (1 12 %

SWCNTs 7 3I 21 A1 X 5k Ji2 Bl A 1) 2 6 4
P, B KA G A SO NE, X SR E AT B T
A= WA 2R S MK I 2T 2 P AR P A TR A M
T, R LT AR A R R A — R R S A R R
FEB.

& 57T 3 Ff SWCNTs/BHb &4 ¥ B L 21 4h
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PTG HE HO, W AR LB L . 5 BHb (99450
M 37 AHAL, SWCNTs HY%E0R B Rl H,0, WA Ry hn
MR, S5HIER(EAA L, (6,5)-SWCNTs, (8,3)-SWCNTs
FIA 43 85 1 SWCNTs [ f5c 258 65 i 43 34 5 T
77.6%. 84.5% F1 57.3%. SWCNTs % i) 78 1k Al fig
50 H AR 0 U3 55 A i N a3 22 TR] Y FL AT
RS A LM, SWCNTs b HLJF 7 )2 45 4, 24 BK
IERERA Ty 52 B JH B e R 0 e e . — PRk G,
Wit % 25 W fE SWCNTSs fill BE 1% 7 o5 3238 in, e 4l oK
5K il s /b, A8 REREE A B R 8O B, SWCNTSs
S TR S S 11 P o S RS = R %5 e
et LT R RS 4 S B SWCNTs (14 L, 156 J8 & A it
A%, DT SE M G2 e 2430 (R it SWCNTs 2 i
B AT RE R : (1)7E HO, BIPEHTT, e FH7E SWCNTs
FETH Y BHb 2544 & A= 202, JE 1248 T SWCNTs J&]
il A B3R 35% 5 (2) H,0, 5 SWCNTs/BHb B 511 2
Vi) P B 7o 2 A% 388 0 T R R v i R SR AR B, DA
W/NT BRI R R i 25 5, 530 SWCNTs ()i 21

ARG
2.4 BIIRIMER X SWCNTs/BHb £ & #13% B it 12 B9
FHiEF R

PUIR L R 2 N s B B A T SR AT, B AR S AR
Ay SR A DU Bl DR R, T BR B0 L
HH A AR5 B B AT R B, AR SO enl A
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Fig. 4 Fluorescence spectra of BHb(a) . SWCNTs/BHb(b) . (6,5)-SWCNTs/BHb(c) and (8,3)-SWCNTs/BHb(d) at different H,O,
concentrations; Relationship between fluorescence intensity of complex and H,0, concentration (e)
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Fig. 5 NIR fluorescence spectra of SWCNTs/BHb(a) ., (6,5)-SWCNTs/ BHb(b)and (8,3)-SWCNTs/BHb(c) at different H,0, concentrations;
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Spectroscopic Analysis of the Redox Processes of the Ensemble between
Chiral Single-Walled Carbon Nanotubes and Bovine Hemoglobin Complex
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(1. Shanghai Frontiers Science Center of Optogenetic Techniques for Cell Metabolism, School of Pharmacy, East China
University of Science and Technology, Shanghai 200237, China; 2. Shanghai Key Laboratory of Functional Materials
Chemistry, School of Chemistry and Molecular Engineering, East China University of
Science and Technology, Shanghai 200237, China)

Abstract: In this paper, unseparated single-walled carbon nanotubes (SWCNTSs) and two types of single-chiral
SWCNTs, namely (6,5)-SWCNTs and (8,3)-SWCNTs, were used to associate with bovine hemoglobin (BHD),
respectively. The interaction between SWCNTs and BHb, and the spectral responses corresponding to the redox process
of SWCNTs/BHb composites, were analyzed. The results indicated that the binding with SWCNTs led to changes in the
secondary structure of BHb, with the largest structural alteration observed for unseparated SWCNTSs, resulting in
fluorescence quenching and a-helix loss in BHb. During the oxidation process, the fluorescence intensity of both BHb
and SWCNTs at their maximum emission wavelengths increased; Whereas, during the reduction process, the
fluorescence intensity of BHb and SWCNTs gradually recovered to the original state. The findings of this study provide
insight into monitoring the redox process of hemoglobin.
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