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Abstract 2!''At, with a half-life of 7.2 h, is an excellent radionuclide being investigated for use in targeted alpha therapy as
the result of very high linear energy transfer. However, the production of 2!'At is limited by 2!°At, because 2!°At decays to
produce long half-life (138.4 d) extremely toxic daughter 2!°Po. The production of ?''At via *®Bi(a,2n) nuclear reaction and
210At via 2%Bi(a,3n) nuclear reaction, as the energy of incident a-particle increases, the ratio of N(2'°At)/N(*''At) increases. In
this research, the a-particle is provided by the Chinese Accelerator Driven Sub-critical System (ADS) Front-end Demo Linac
at Institute of Modern Physics, Chinese Academy of Sciences. The technical process of 2! At produced was studied systemat-
ically, including accelerator irradiation, separation by dry distillation method, quality analysis, and monoclonal antibody la-
beling. The bismuth targets were irradiated with a-particle by 28.18, 28.34, 28.48 28.92 MeV, and the target chamber adopts
an inclined target with water cooling to improve the cooling effect. The dry distillation separation was carried out at a high
temperature of 850 ‘C, oxygen as the carrier gas, chloroform and ethanol as eluent, and the chloroform solution containing
2I1At was blow dry with nitrogen. The results showed that the total recovery of dry distillation separation of 2!!At reached
78.53%. After separation, the quality analysis of 2!'At was performed using a high-purity Ge-detector, alpha energy spec-
trometer, and mass spectrometer. The obtained solid ?'' At had high specific activity, radionuclide purity and chemical purity,
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where the content of impurity elements Bi, Cu, Zn, and Al was less than 100 ng/GBq, and the ratio of N(>'°At)/N(>''At) was
less than 10 ° when the incident particle energy is below 28.2 MeV. Finally, the labeling of 2! At-nimotuzumab was realized
through N-succinimidyl-3-(trimethylstannyl)benzoate, and the labeling rate was 94.86%. Based on this research, a set of sim-
ple and efficient separation methods was established, which laid a good foundation for the subsequent production and appli-

cation of 2''At in China.

Keywords accelerator; medical isotope; dry distillation method; 2! At; labeling
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Table 1 The irradiation parameters (Part 1)

Elv RSy Bi-209  Bi-209 Bi-209 Bi-209
HILAEE(MeV) 30.10 30.65 29.90 29.60
FTEO A 7 1 2 1

AEA “(MeV)/BRIFH (40 pm) 1.42 140 142 142
Blts a YA V¥

?fzg‘at(rf;;)ﬁiﬂ A 034 033 0 0

FI AR (MeV) 28.34 28.92 2848 28.18
RIS I A () 15 15 15 15

“Energy loss data is calculated by LISE**33-3¢]; # There is no helium colling in

second beam experiment.
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Table 2 The irradiation parameters (Part 2)
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Figure 3 The morphology of the Bi target before irradiation (a), after
the first round of irradiation (b) and after the second round of irradiation
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Figure 4 The tendency chart of the thick target yield of ''At with irra-
diation time

Bm. A B ERERE I B fEHER T VAL Po 4, iE
A o KFIEN AL R ER A AZ R “Ga.“Ga.Mn.
*Mn. *Co. *Na. Ni %%, HBEHE A AT, %
FGA R BT y BETE IS IR 6 ).

EOB i %/MBq

=) oo 2 3ot 2 S A7 925 = A )

5 HEBE/(mgeem ?) N EEE/MeV TR/ A 45 BE I 5] /h — I

1 10.18 28.34 1.88 1.20 45.97 43.831+4.26
2 13.83 28.34 2.03 1.03 50.57 41.98+3.62
3 15.71 28.34 1.90 1.13 54.11 49.49+2.88
4 17.48 28.34 1.95 2.05 103.78 118.82+7.08
5 19.89 28.34 2.05 2.01 107.78 61.78+3.63
6 15.43 28.34 1.85 2.26 105.69 109.89+6.34
7 9.97 28.34 2.07 2.04 83.91 85.971+4.96
8 10.18 28.92 2.05 1.50 76.31 88.83%£5.16
9 19.07 28.48 7.07 1.83 344.97 73.36+1.81
10 18.55 28.48 8.18 4.08 889.78 314.61+3.47
11 19.05 28.18 10.02 4.08 993.87 351.18+4.12
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Table 3 The experimental conditions and results of dry distillation
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RIS R AL IR EUIK, B RS, iR
N 56.27%; 5 EESIGIEAMEE G R BT —BK4 50
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BRI 48.69%, MUREIE 78.53%. ML
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Figure 7 The ?''At product solution (0.4 mL)

B XUSCRAR 1 1 BB A TREAT T A At Ji PR T
REJE, HERIGM At TR E B AU S RIAEAE
LR AN HAtO. At AtO, 25), AFEML SR
X RLFE R VER SR ZE R, TSI At 7R 5 % 1T
AT, FRRRAGP™ S R0s3, 4R4E Serov ZEDSIfHIHK
18, HAtO. AtO,. At R R & & A AE, Wk 4 fros. M
1 Demidov 55140125 H (1)U BRAS R BRI M8 T 545 2 HALO
HACFER IS ERAE 73798 (74 £+ 12) kI/mol. (111 £12)
kJ/mol, [FIFERIMIFRE T HAO Lt At HE G K.

X B o . e 7 (mL) W=
RS REE/C ARE/(mLemin ) {REEME/min - BEEH
—B B =R —B ZB =

1 850 15 15 CHCL; 04 20 — — — —
2 850 15 15 CHCL; 04 10 — — — —
3 850 15 15 CHCl; 50 100 — — — —
4 850 15 15 CHCl;, 40 50 — 54.85+£822% 1.42+8.35% —
5 850 08 15 CHCl; 1.0 50 — 34.40+829% 3.51+8.28% —
6 850 10 15 CHCl; 1.0 50 — 27.73+8.17% 2.48+8.17% —
7 850 15 15 CHO 04 10 — 39.45+8.15% 5.14+8.17% —
8 850 15 25 CHO 08 1.0 — 41.63+£8.22% 3.37£829% —
9 850 15 20 CHCl; 04 04 — 42.8345.60% 4.5325.93% —
10 850 15 20 CHCl; 04 04 — 44.7145.82% 17.4416.30% —
11 850 15 20 CHCl; 04 04 1.0 48.6945.79% 15.8616.36% 13.9846.43%
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Table 4 The adsorption enthalpy and sublimation enthalpy of astatine
species on quartz surface
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Figure 8 Adsorption curves of thermochromatography for HAtO in the
cold trap with Monte Carlo simulation
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Figure 9 The y spectra of ! At obtained at 28.34 MeV and 28.92 MeV
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Figure 10 The a spectra of >!' At with different cooling times
2.4 2"At-ATE-nimotuzumab #xi2
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Table 5 The ratio of N(*'’At)/N(*"'At)

NCYAL/NCUAL)

fitE(MeV) N .

o BB A y AERGR
28.18 7.07X10°¢ <5.73%X1077
28.34 1.61X10°° 4.19X10°°
28.48 435X10° 1.42X10°°
28.92 3.05X10°* 1.38X10°*
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Figure 11 TLC analysis of 2!' At-ATE-nimotuzumab mixture labeled by
one-step method
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Figure 12 TLC analysis of >'' At-ATE-nimotuzumab after purification
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Table 6 Radiochemical purity change of 2!'At-ATE-nimotuzumab in
different media
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t/h PBS/% FBS/%
3 94.25 87.34
6 92.73 86.42
12 85.71 76.71
24 79.31 73.87
3 #ig

(DRIHFTIE T R A InE g A7 2V AL R, 26—
B =R IE 48.69%, . HINCR F Eik 78.53%.

)FI T 2818 5> SR 3R AT 1 BT FE AN s A% 4l
(>99.999%) 1] 211 At /= fih.

GOXF At P2 T T B E T, NCAY/NCAL)
BEE IR e AR LT, e R T 28.2 MeV i, Hh{E
KT 1075 HAl 2540 Biv Cu. Zn F1 Al &0 RIS &
$&T 100 ng/GBq.

(HSZHL T VAt 7ER ZEREPT EARIE, FRidEE
15 94.86%, 2L JE FIBURL 224 RN 96.47%.

G)VRGHF T At S RFEM &N AT, A5
IR AWM. FEST U RPRCEE, BT
SERE AR T 2R, RJa SR KB A= 21AL BEE
T RS RIS SE A,

4 LIERSY
41 N_55

2R (HPGe-y) IR &% £ Ortec A F]; a AEHEIX
(450 mm? AL ES 17 E AR ERI 25 (PIPS)): 3% [H Ortec
AT e RO A F E HI R BRSNS E
B A B A (ICP-MS, Thermo Fisher, #& H[R: %5 &
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JLE: <0.5 ng/L, FEAEIGE: <0.1 ng/L); BUHHE
RO #E DESAGA A#], %5 Flowcount,
AR, RSP BONL BRI N S IR
5.

2B R G S, ARt — b alifk, S258 K
NEETK.
42 miEzRiER

BT b E R 2R B AR BT T BT SR IR S ELZR
# #%(Chinese ADS Front-end Demo Linac)#2 ] o AR
R Bi R4 2UAL WIRBER T AN 29.604 29.90.
30.10 1 30.65 MeV, Fi KR 7 IS 40 pm Bl 2
&8 Bi, saiRHEAK B AR R RS ]
T HAHAL AW AT A A FIRE R, SRR
JeA R 15°, WIREA MO KA HTHAR, $im Ao,

ASCAT Bi i@ B A AR 4, AR, 7
HEPEEAL T m e & )E Bi i, SHEREET
1.0 mm FIERATIER L. R 7B FUAS (R R 1A 7 R 2% o
S, #EJEN 9.97~19.89 mg/em?.
4.3 AL FEEOTE

AR S EG B T RS i, X R AR AT T B A
B K% N AT BE R F National Nuclear Data Center
ANTFRIEE, AR S A NARIBITE] ¢ J5 P24 00 H b
&R B(MBg/pA), tHE A1), N Tms v E Az
K% T 2 A & R b bR R R D T
oL, JLHE BV R N AR, BREIEA
A B(2).

A=y(—e ™)

_1dE
:EodE( pdx) o(E)

7o (I—e ™) (M

Ey

=a, (1—e")/ A )

Ry . 1 dE NN
Hrp: y ESLF20, nuclei/uAh; ;E)ﬁﬂ%}fiﬁ)\%ﬁ

TP IERERE A, o(E) Wk kL, mb; E RLRER,
MeV; Ze NEHRL T L, C; oy, (1 — 0) LIRS [A], #
Arifias L =i, MBg/pAh.
4.4 FEBEDS

ARSI R T 208y B AR RIS 1) Bi #Erh
& 2UAL WARWE 13 Fon. o EEE0E 14 foR, B
ANBEE FET 6 MNERITHI G BEHIER T, NG T, B
B RBAAGEEE TG, T HTAIBEER R IG. IR
[P, BEREE L2 C, ABRICEA 1~2 CTHIK, ¥
BHEANK 1.2 m [ FEP %, BS4 1 mol/L (£ EARFR
NV TR 35 I 5 Ah B S T N XA . LA S 5 R
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() K58 I8 1 Bl #E 3 [H] ALAH R — A B T804 5 BN
AR (R R A RS AE A, (2) 15 min PUEFHE
% 850 C, FHE 15 min, s BB HE =R, B
IR A Al A SRSV, AR E 15 mL/ming (3)fEH
0.4~10 mL G078 SREME 21AL 73 BOlR; (4R H
BARTVEW, SRS 21 AL P~ .

0, R ~
15 mL/min FETA iﬁ:}ﬁi Na,S,05 ‘iﬁﬁ:ﬁ\J

= [[/BEQ

!
| —

R #BH1 °C)

B 13 AL A BRE B
Figure 13 The flow chart for separation of 2!'At by dry distillation

B 14 TR EACIRE
Figure 14 The equipment used for dry distillation

45 ME

HEAN I 5 A 9 D S A 00 0 A 4 0 e
B, P = A ER N o BE RS DO AT RZ 2 500 3 BT A
FIR AT HTEE. AR ERI AR 10 pCi V& BERY 52Bu b5
HETCH R AT RO MR 2 5, 72 $F% FWHM=1.35
keV (778.6 keV, TR L) 37%). a BeiE TR\
JHIE o BEIGIY, 450 mm? Btk B 1 N TEEPR I 25 (PIPS,
Ortec A 7)), 1 'Am. 2°Pu 1 2*Cm JE&VRIEATRE
B2, B YR FWHM=41.2 keV (5485.56 keV).
TR it ) A P A [ o B2 ) S 28, TSPl BRI ) v
BOR . AL o IR S AT 2V AL &AM AE AN AR
b, BRATHIAS.

A TR T W Ay, S [E AR 2UAL PR 0.2
mol/L A B fif, T PR JBRE & 46 28 M4 i A%
(ICP-MS, Thermo Fisher. & HFR: HFHEIcER: <0.5
ng/L, FEFETTR: <0.1 ng/L)IE % Bi. Cu.
Al. Zn L RMFE.

AL BN TR A G HEAT, FE T W E R
[EF0VA H RN AE IE, T SRR IR A — AN b RO
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RIL

P5)V9 — 2 4 FE 45 TR ) (EOB) 3% B2 149, T R PR G FE 1)
ANHf 5 B R 2 RS I B T BRI A E Ly B3
BU PR AN 5 FEE MR 5 58 PR AN A i B, A L Aoy R

T PRSI E. DSBS E A K.
_ N Aty 1
4= L ELTT: . l—e x e M )
Horp: N R R)TE e m ARG o T iR}

5
[ o DU BTG N 8], 85 e RN 2R f{ﬂ]iﬁ‘]?e%ﬁﬁ%%ﬁ
HUEASIIEYES: 7751‘?%5‘5"6%7 A 1R S B = =
I TE) 2 1E p— 72 HNIN A IE (¢ /’%%’DHTIEH)

4.6 Monte Carlo &1l

At AtO, HALO 754 S8 TR 3l /1% 1) Monte
Carlo UK Zvara $2& H 9 S0R #4601 0 318 A
FU150-521 - Fi) A et i) S AH i i 2 Monte Carlo FE4UFE
ﬁﬁﬂﬂiﬁfrﬁ B I R TR S HONIRERAEE . TRt
s AREERKE. HE. SANRE. K. BES%
ARTAEHF R TR 4 RIS B (— AHaa(A) =124
kJ/mol. —AH,(AtO2)=83 klJ/mol. —AH,4(HAtO)=47
kI/mol)fEAMIANS L, HARSEIIHAE AL o 1) 5L bR
ST
4.7 2At—HEIERIC R ZER R
471 HAM5 ATE 185

HY 3 pL ¥R 0.013 mol/L ()5 i & 4 i 75 25 W i
) 10 5% T & 05 I N-BREAmEY f%-3-(= L4
F) 2K F RS (m-Me ATE), No KT, I 20 uL — FJETE
PUDMSO)EHTiE M. 22120 100 pL 50 mg /mL Jé %
PREAHT, VRS, RN 30 min. RMNEERE, KA 30
kDa (P8 AT 2 0 (IEF 1R, 14000 g, 10 min; < JE
1 7%, 1000 g, 2 min), PLEBRZ &AM ATE.

472 2UAt-ATE-nimotuzumab #7172

Y 35 MBq 2"At W, M 5 uL 300 pg/mL N-fiff
PRIABE L A2 (NIS), &AL 1 min. B 5 A4k J5 fdiik
BIBR A4 AR, SSINHAE] Y 10 min. FEAIA 5 pL
PURIMEREN(2 mg/mL)ZFR NIS L& IE M7 il & F
NIS). 8 3 b 1 8 2 3 2 M7 (TLC) 73 B bn id 2.
JEIFFAR R N VOAER) @ VOK)=3 © 1. SHE&WHAT
afiftk 4, & PD-10 A2, H PBS ke, 1521
VehiZe. fiEd TLC M Hlbai g, I fliE R o8:
V(RE @ VoK)=3 1
473 2UAt-ATE-nimotuzumab 4R 45 52 &

Batifb 5 IR 259 21 At-ATE-nimotuzumab 4773
BT ARFEAFT: (1) pH=7.6 BERRZ P R(PBS); (2) it
A, B FRE. 25T 04 34 6. 12 Al 24 h B,
TLC 53 A 7] B[] sObR 10 42 R T A 4
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