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Abstract; Positron-emitting radionuclide *Zr is just emerging in recent years. It has a half-
life of 78. 4 h, and is especially suitable for labelling antibodies, or nanoparticles, and other
carriers of long time observation. ¥ Zr is cheap to produce, stable in vivo, and residualizes in
tumors, and importantly has high resolution of PET images, therefore it will have wide
application prospect in the field of PET imaging. This paper provides a comprehensive
research progress of *Zr medicinal chemistry and in vivo biological behavior evaluation,
including the production and purification of *Zr, the solution coordination chemistry of **Zr,
new bioconjugation strategies, the preclinical imaging studies of * Zr-based agents, and the
clinical applications of ¥Zr-labeled radiopharmaceuticals.
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Fig.1 Chelates of *Zr
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S Ze- Pk — B G PUAR-BU I E A A Ze
3 B 7R A0 B PN T H AR B A SR Ze D) i I
[i] ARGV B o o AR BE R AR A5 5 A 3 4
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LY Zek T AR 0 e R B8 0 S piin
SFE Y. 0P T Ccetuximab) | U1 AR 54
(bevacizumab) | il & BT (trastuzumab) &, X
S SRR 2 WA VT 22 0% MR R TR A SRk OJF B
P8 5 I G R B AR OC ., BT, X SR
B 25 Wy e bR v ) Re S M R 8 LA KO 2R 3 ) 4
ERFFEANAFAEA R Z AL . TCA I 2 S G I 3k 26 4¢
TR IR AT LA Ry A AR T B A1 o 2 i) B A e v
B AR DA T 0

Aerts ZEBT 98 T Ze kR 12 B9 cetuximab 7E
F35 EGFR K- AN [6] 40 M & rp 0 58 WO 00 . &5
R R fE £ 5 EGFR 19 b Js 40 g & b, 0 Zr-
cetuximab 4 # B , {H J&%° Zr-cetuximab 1 3% BL
5 EGFR YR A KV A M K. Nagengast
JNEH S ] S Zr-bevacizumab F1 HSP9O 111 1] 7

NVP-AUY922 3 W5 45 58 § 9% ., Oosting %09 %
B2 T LR B A A s AR H bevacizumab 3657
Z T AN IHIR] ) i 988 X% Zr-bevacizumab 1 55 U
. 45532 B, B 98 XF % Zr-bevacizumab 7 1R &
B FE I, {H R F bevacizumab 5 ¥7 58 ZU FEAK T b
8 5 HU®® Zr-bevacizumab, fE 2010 45,14 4 3¢
R HE S5 T #H A Her2 9% Zr-trastuzumab 24
Y PET BARBF5E . 45K B .PET BAR4E
R Y] 4~5 d J BRI o PR, mef. 2 &
$:3%Z2 3 trastuzumab (Y7 B9 AL 25 10 mg B AT
13 BNEE 47 1 4 B2, & A 32 32 3 trastuzumab
IBIT IR N5 45 25 50 mg DAAS B R A0 09 4 B
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i 346 Jibr 988 1% 95 k. Borjesson /N ZHEY P AL 5 Ze-
cmAbU36 H FKa il F ik CDA4v6 11 i £ 5 fit 88
LMz W RSOR . EF AN Y Zr-emAbU36
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RIPIE S WBOR ML 55 IR e 0F
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2377 By PE ) EGFR 3Z4K) 3 5 % A A 50
] EGFR SZ AR H47 cetuximab #4170, 45
FWH.24 h J5,%Zr-DFO-ZEGFR; 2377 1% Zr-
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T PET /R i, SE 80 IE I Zr-malDFO-169 CDB fg
g 5 m b b CD8 ik 1251k .
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gkt B B 5 1 S % 38 97 (radioimmunotherapy
RIT) 6 V- Ak 45 245 77) 4 DA M2 £ 5 i #F 17 RIT
BT HYE N AH T $2 02 immuno-PET wh i H] (9
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N-suc-DFO TFP (77 1% . (H 22 5 2 3 H A2 %%,
Horp R LR 7y Vb pH=4.3~4.5F
HEAT WX AN pH B AT R X BT . T A S
JriE N )z 1y 72 DFO-Bz-NCS J5 %, % %
e hf TR N 7 S B ) SCN-B2-NCS, 2 i 4 5 71,
{HA I TPk DFO-Bz-NCS /K i 1 2% , 15 35y i
T I ] BR B E 22 > DFO i 52 M BB 1) e 588 3 1 .
W& Ze-PET 097z N H L AT58R 75 28 % J il il
BEHAL % — M DEO FIPT 4 {8 36 19 56w, dn Rk
FH Al 2 1 05 v EAT B B B A5

IR ENE R, FEM T RERA
BEAYR N F. B ibridbiis R .8
RN AR T — 8% Zrkpic B 3 AN T Hr ik
(minibody, affibody %), H A Zr R ic 19 #0 [) 9)
B3 LA /b s IR & e A 3E & Zr BRac 25403

T3 2 3 R 1) ) BT LA A 9 Ze 14 L U AR A
WAL R IR Ze- g K R Y I R AR DG T I
KRRk 258 (4N doxil, abraxane) ZE{&
BAT A0 A= Y A0E . H i A7 I A % B JC i 92
RN - B RAE AR 5 A h iRk S . B
i, Pérez-Medina 2208045 ZekRric B9 BE AR (¥ Zr-
Nrep) H THM A4 K 259 doxil 7 b J&d i i H B,
S5 F B Zr-Nrep I doxil 7 il 83 b A 15 B )i

7o) iR G RN R T A R, Zr
REASEE A 23 V038 o 1E #L & S B AR AT P
) PET BARCR T ZRY Zefl i b3 m . 74
Il PR 0™ Ze V-2 3% B2 74 MBq (% Zr i) i
L2 40 mSv), & 2010 4, Bl & B — A
PET/CT 4 BF il . i JH 19 50 i © Bk — k. A
37 MBq (*Zrl 2525 20 mSv) ™, K B
A BERR I Zr-PET By R H] R — &8 43 BE ARk
R A B A A Y92 W 4t SR T R B R 5
Al A7,

S % Uik -

[1] Blower P J. A nuclear chocolate box: the periodic
table of nuclear medicine[ J]. Dalton Trans, 2015,
44(11); 4819-4844.

[2] Ramogida C F, Orvig C. Tumour targeting with
radiometals for diagnosis and therapy[J]. Chem
Commun, 2013, 49(42) . 4720-4739.

[3] Wadas TJ, Wong E H, Weisman G R, et al. Coor-
dinating radiometals of copper, gallium, indium,
yttrium, and zirconium for PET and SPECT ima-
ging of disease[J]. Chem Rev, 2010, 110 (5):
2858-2902.

[4] Vugts D J, van Dongen G A. *Zr-labeled com-
pounds for PET imaging guided personalized thera-
py[J]. Drug Discov Today Technol, 2011, 8(2-4) .
e53-e61.

[5] wvan Dongen G M S, Huisman M C, Boellaard R,
et al. ¥ Zr-immuno-PET for imaging of long circu-
lating drugs and disease targets: why, how and
when to be applied[J]. J Nucl Med Mol Imaging,
2015, 59(1). 18-38.

[6] Deri M, Zeglis B M, Francesconi L C, et al. PET im-
aging with * Zr; from radiochemistry to the clinic[J].
Nucl Med Biol, 2013, 40(1); 3-14.

[7] Singhal A, Toth L M, Lin J S, et al. Zirconium([V)

tetramer/octamer hydrolysis equilibrium in aqueous



20

Bz Sictby #40%

(8]

(9]

[10]

[11]

(12]

[13]

[14]

[15]

[16]

[17]

(18]

hydrochloric acid solution[J]. ] Am Chem Soc,
1996, 118(46): 11529-11534.

Meijs W E, Herscheid J D, Haisma H J, et al
Evaluation of desferal as a bifunctional chelating
agent for labeling antibodies with Zr-89[J]. Int ]
Radiat Appl, 1992, 43(12); 1443-1447.

Verel I, Visser G W M, Boellaard R, et al. *Zr im-
muno-PET: comprehensive procedures for the produc-
tion of ¥ Zr-labeled monoclonal antibodies| ]J]. ] Nucl
Med, 2003, 44, 1271-1281.

Patra M, Bauman A, Mari C, et al. An octadentate
bifunctional chelating agent for the development of sta-
ble zirconium-89 based molecular imaging probes[]J].
Chem Commun, 2014, 50(78): 11523-11525.

Zhai C, Summer D, Rangger C, et al. Novel bifunc-
tional cyclic chelator for (89) Zr labeling-radiolabeling
and targeting properties of RGD conjugates[ J]. Mol
Pharm, 2015, 12(6): 2142-2150.

Guérard F, Lee Y S, Brechbiel M W. Rational design,
synthesis and evaluation of tetrahydroxamic acid chela-
tors for stable complexation of zirconium (V) [J].
Chemistry, 2014, 20(19) . 5584-5591.

Price E W, Orvig C. Matching chelators to radio-
metals for radiopharmaceuticals[J]. Chem Soc Rev,
2014, 43(1): 260-290.

Deri M, Ponnala S, Kozlowski P, et al. P-SCN-Bn-
HOPO: a superior bifunctional chelator for ** Zr im-
munoPET[J]. Bioconjug Chem, 2015, 26 (12):
2579-2591.

Pandya D N, Pailloux S, Tatum D, et al. Di-mac-
rocyclic terephthalamide ligands as chelators for the
PET radionuclide zirconium-89[J]. Chem Commun,
2015, 51(12). 2301-2303.

Tinianow ] N, Pandya D N, Pailloux S L, et al.
Evaluation of a 3-hydroxypyridin-2-one (2, 3-
HOPO) based macrocyclic chelator for *Zr'"t and
its use for immunoPET imaging of HER2 positive
model of ovarian carcinoma in mice[ J]. Theranos-
tics, 2016, 6(4) . 511-521.

Ma M T, Meszaros L. K, Paterson B M, et al. Tri-
podal tris Chydroxypyridinone) ligands for immuno-
conjugate PET imaging with (89)Zr(4-+): compar-
ison with desferrioxamine-B [ J]. Dalton Trans,

2014, 44. 4884-4900.

Price E W, Zeglis B M, Lewis J S, et al
Hé6phospa-trastuzumab:  bifunctional methylene-
phosphonate-based chelator with *Zr, '"'In and

" Lu[J]. Dalton Trans, 2014, 43(1); 119-131.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

Link ] M, Krohn K A, Eary J F, et al. ¥Zr for
antibody labelling and positron tomography[J]. ]
Labeled Compd Radiopharm, 1986, 23 (10-12).
1297-1298.

Dejesus O T, Nickles R J. Production and purifica-
tion of ¥ Zr, a potential PET antibody label[ J]. Int
J Rad Appl Instrum A, 1990, 41(8): 789-790.
Sharma H L. Production of no-carrier-added zirco-
nium-89 for positron emission tomography[ J]. Int J
Rad Appl Instrum A, 1991, 42(2). 199-201.

Meijs W E, Herscheid ] D M, Haisma H J, et al.
Production of highly pure no-carrier added * Zr for the
labelling of antibodies with a positron emitter[ J ]. Appl
Radiat Isot, 1994, 45(12) . 1143-1147.

Meijs W E, Haisma H J, Klok R P, et al. Zirconi-
um-labeled monoclonal antibodies and their distribu-
tion in tumor-bearing nude mice[ J]. J Nucl Med,
1997, 38(1). 112-118.

Perk L R, Vosjan M J W D, Visser G W M, et al.
P-isothiocyanatobenzyl-desferrioxamine; a new bi-
functional chelate for facile radiolabeling of mono-
clonal antibodies with zirconium-89 for immuno-
PET imaging[J]. Eur J Nucl Med Mol Imaging.
2010, 37(2): 250-259.

Tinianow J N, Gill H S, Ogasawara A, et al. Site-
specifically * Zr-labeled monoclonal antibodies for
immunoPET[J]. Nucl Med Biol, 2010, 37 (3):
289-297.

Zeglis B M, Mohindra P, Weissmann G I, et al.
Modular strategy for the construction of radiometa-
lated antibodies for positron emission tomography
based on inverse electron demand diels-alder click
chemistry[ J]. Bioconjug Chem, 2011, 22 (10).
2048-2059.

Abou DS, Ku T, Smith-Jones P M. In vivo biodis-
tribution and accumulation of * Zr in mice[ J]. Nucl
Med Biol, 2011, 38(5): 675-681.

Jacobson O, Zhu L, Niu G, et al. MicroPET ima-
ging of integrin a,f; expressing tumors using ¥ Zr-
RGD peptides[J]. Mol Imaging Biol, 2011, 13(6):
1224-1233.

Heneweer C, Holland J P, Divilov V, et al. Magni-
tude of enhanced permeability and retention effect in
tumors with different phenotypes: % Zr-albumin as a
model system[]J]. J Nucl Med, 2011, 52(4): 625-
633.

Evans M J, Holland J P, Rice S L, et al. Imaging

tumor burden in the brain with * Zr-transferrin[J ].



1

Mk SCSOEH TR Zr 29940 BT AW IR AT S R4 B9 BF 58T 21

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

J Nucl Med, 2013, 54(1): 90-95.

Doran M G, Carnazza K E, Steckler ] M, et al.
Applying * Zr-transferrin to study the pharmacology
of inhibitors to BET bromodomain containing pro-
teins[J]. Mol Pharm, 2016, 13(2): 683-688.
Avila-Rodriguez M, Selwyn R G, Hampel J, et al.
Positron-emitting resin microspheres as surrogates
of Y SIR-spheres: a radiolabeling and stability
study[J]. Nucl Med Biol, 2007, 34(5): 585-590.
Heuveling D, Visser G W M, Baclayon M, et al.
8 Zr-nanocolloidal albumin-based PET/CT lym-
phoscintigraphy for sentinel node detection in head
and neck cancer: preclinical results[J]. J Nucl
Med, 2011, 52(10): 1580-1584.

Keliher E J, Yoo J, Nahrendorf M, et al. % Zr-
labeled dextran nanoparticles allow in wivo macro-
phage imaging[J]. Bioconjug Chem, 2011, 22(12):
2383-2389.

Abou D S, Thorek D L. J, Ramos N N, et al. *Zr-
labeled paramagnetic octreotide-liposomes for PET-
MR imaging of cancer[J]. Pharm Res, 2013, 30
(3): 878-888.

Miller L, Winter G, Baur B, et al. Synthesis, char-
acterization, and biodistribution of multiple * Zr-
labeled pore-expanded mesoporous silica nanoparti-
cles for PET[J]. Nanoscale, 2014, 6 (9): 4928
4935.

Aerts H ] W L, Dubois L., Perk L, et al. Disparity
between in vivo EGFR expression and * Zr-labeled
cetuximab uptake assessed with PET[]J]. J Nucl
Med, 2009, 50(1). 123-131.

Oude Munnink T H, de Korte M, Nagengast W B,
8 Zr-trastuzumab PET visualises HER2
downregulation by the HSP90 NVP-
AUY922 in a human tumour xenograft[J]. Eur ]
Cancer, 2010, 46(3): 678-684.

Oosting S F, Brouwers H, van Es S C, et al. *Zr-

et al.

inhibitor

bevacizumab PET visualizes heterogeneous tracer
accumulation in tumor lesions of renal cell carcinoma
patients and differential effects of antiangiogenic
treatment[ ] ]. ] Nucl Med, 2015, 56(1): 63-69.
Dijkers E C, Oude Munnink T H., Kosterink ] G,
et al. Biodistribution of * Zr-trastuzumab and PET
imaging of HER2-positive lesions in patients with
metastatic breast cancer[ J]. Clin Pharmacol Ther,
2010, 87(5): 586-592.

Borjesson P K E, Jauw Y W S, Boellaard R, et al.

Performance of immuno-positron emission tomo-

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

graphy with zirconium-89-labeled chimeric mono-
clonal antibody U36 in the detection of lymph node
metastases in head and neck cancer patients [ ] ].
Clin Cancer Res, 2006, 12(7). 2133-2140.
Boerjesson P K E, Jauw Y W S, de Bree R, et al.
Radiation dosimetry of Zr-89-labeled chimeric mono-
clonal antibody U36 as used for immuno-PET in
head and neck cancer patients[J]. J Nucl Med,
2009, 50(11). 1828-1836.

Holland J P, Divilov V, Bander N H, et al. ¥ Zr-
DFO-J591 for immunoPET of prostate-specific
membrane antigen expression in wvivo [ J]. ] Nucl
Med, 2010, 51(8): 1293-1300.
Pandit-Taskar N, O’Donoghue J, Beylergil V,
et al. *Zr-huJ591 immuno-PET imaging in patients
with advanced metastatic prostate cancer[J]. Eur J
Nucl Med Mol Imaging, 2014, 41(11). 2093-2105.
Ulmert D, Evans M J, Holland ] P, et al. Imaging
androgen receptor signaling with a radiotracer targe-
ting free prostate-specific antigen[J]. Cancer Dis-
cov, 2012, 2(4). 320-327.

Garousi J, Andersson K G, Mitran B, et al. PET
imaging of epidermal growth factor receptor expres-
sion in tumours using % Zr-labelled ZEGFR: 2377
affibody molecules[J]. Int J Oncol, 2016, 48(4):
1325-1332.

Fissers J, Waldron A M, de Vijlder T, et al. Syn-
thesis and evaluation of a Zr-89-labeled monoclonal
antibody for immuno-PET imaging of amyloid-3
deposition in the brain[ J]. Mol Imaging Biol, 2016,
8: 598.

Behnam A B, Lisok A, Chatterjee S, et al. Targe-
ted imaging of the atypical chemokine receptor 3
(ACKR3/CXCR7) in human cancer xenografts[ ] ].
J Nucl Med, 2016, 57(6) . 981-988.

Charoenphun P, Meszaros I. K, Chuamsaamarkkee
K, et al. [* Zr]Oxinate4 for long-term in vivo cell
tracking by positron emission tomography[J]. Eur J
Nucl Med Mol Tmaging, 2014, 42(2); 278-287.
Tavaré R, Escuin-Ordinas H, Mok S, et al. An ef-
fective immuno-PET imaging method to monitor
CD8-dependent responses to
Cancer Res, 2016, 76(1). 73-82.

Perk L R, Visser G W M, Vosjan M ] W D, et al.

immunotherapy[ J .

(89)Zr as a PET surrogate radioisotope for scouting
biodistribution of the therapeutic radiometals (90)Y
and (177)Lu in tumor-bearing nude mice after cou-

pling to the internalizing antibody cetuximab[J]. ]



22

Bz Sictby #40%

[52]

[53]

[54]

Nucl Med, 2005, 46(11): 1898-1906.

Verel I, Visser G W M, Boellaard R, et al. Quanti-
tative Zr-89 immuno-PET for in vivo scouting of Y-
90-labeled monoclonal antibodies in xenograft-bear-
ing nude mice[J]. J Nucl Med, 2003, 44 (10):
1663-1670.

Perk L R, Visser O J, Stigter-Van Walsum M,
et al. Preparation and evaluation of * Zr-Zevalin for
monitoring of ** Y-Zevalin biodistribution with posi-
tron emission tomography[J]. Eur J Nucl Med Mol
Imaging, 2006, 33(11). 1337-1345.

Muylle K, Flamen P, Vugts D J, et al. Tumour
targeting and radiation dose of radioimmunotherapy
with  Y-rituximab in CD20 + B-cell lymphoma as
predicted by ¥ Zr-rituximab immuno-PET: impact of

preloading with unlabelled rituximab[J]. Eur J Nucl

[55]

[56]

[57]

[58]

Med Mol Imaging, 2015, 42(8) . 1304-1314.
Nagengast W B, de Vries E G, Hospers G, et al.
In vivo VEGF imaging with radiolabeled bevacizum-
ab in a human ovarian tumor xenograft[ J]. J Nucl
Med, 2007, 48(8). 1313-1319.

Burvenich I ] G, Parakh S, Gan H K., et al. Molec-
ular imaging and quantitation of EphA2 expression
in xenograft models with * Zr-DS-8895a[ J ]. ] Nucl
Med, 2016, 57(6): 978-980.

Knowles S M, Zettlitz K, Tavaré R, et al. Quantita-
tive immunoPET of prostate cancer xenografts with
8 7r- and " I-labeled anti-PSCA All minibody[]J]. J
Nucl Med, 2014, 55(3): 452-459.
Pérez-Medina C, Abdel-Atti D, Tang J., et al.
Nanoreporter PET predicts the efficacy of anti-canc-

er nanotherapy[ J]. Nat Commun, 2016, 7. 11838.





