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ABSTRACT

IRDye800CW and zirconium-89 (89Zr) have very attractive properties for optical 
imaging and positron emission tomography (PET) imaging, respectively. Here we 
describe a procedure for dual labeling of mAbs with IRDye800CW and 89Zr in a 
current good manufacturing practice (cGMP)-compliant way. IRDye800CW and 
89Zr are coupled inertly, without impairment of immunoreactivity and pharmaco-
kinetics of the mAb. Organ and whole body distribution of the final product can 
be assessed by optical and PET imaging, respectively. For this purpose, a minimal 
amount of the chelate N-succinyldesferrioxamine (N-sucDf) is first conjugated to 
the mAb. Next, N-sucDf-mAb is conjugated with IRDye800CW, after which the 
N-sucDf-mAb-IRDye800CW is labeled with 89Zr. After each of these three steps 
the product is purified by gel filtration. The sequence of this process avoids un-
necessary radiation exposure of personnel and takes about 5 h. The process can 
be scaled up by the production of large batches of pre-modified mAb that can be 
dispensed and stored until they are labeled with 89Zr.
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INTRODUCTION

Owing to their excellent potential for specific detection, delineation and selec-
tive treatment of systemic diseases such as cancer, mAbs and mAb fragments are 
broadly used for in vivo research to understand biological processes as well as for 
medical applications1,2. Molecular imaging of mAbs offers the very attractive pros-
pect of tracking their distribution through the whole body of rodents and humans, 
both noninvasively and at least at the level of individual organs. For therapeutic 
mAbs, ideally one would like to (i) quantitatively confirm their uptake in tumors or 
other diseased lesions and their binding and interaction with the particular target 
cell and target molecule, (ii) learn about their uptake in normal organs and binding 
to particular normal cells to anticipate toxicity, (iii) elucidate their mechanism of 
action and (iv) gain insight in the inter-individual variation in pharmacokinetics 
and disease targeting1,2.

To enable the visualization of a mAb in vivo, a suitable label has to be coupled 
to the mAb. This can, for example, be a radioactive label for nuclear imaging by 
PET or single- photon emission computed tomography (SPECT), a fluorescent 
dye for optical imaging or a paramagnetic agent for MRI. As mAbs are typically 
administered in microgram amounts to rodents and milligram amounts to humans, 
mAb imaging requires sensitive detection at picomolar concentration. For this, 
PET (and to a lesser extent SPECT) and fluorescence imaging are most suitable3. 
PET and fluorescence imaging harbor complementary features, especially in the 
clinical setting, with PET being particularly well suited for whole-body evaluation 
and fluorescence imaging for the analysis of superficial tissue layers at the cell 
level. To facilitate translational imaging research, it is attractive when both imaging 
modalities can seamlessly be applied preclinically in animal models and clini-
cally in particular patient groups. For this, labeling procedures should be easy and 
should comply with GMP so that they can be conveniently applicable for testing 
in the clinical setting.

For fluorescence imaging of mAbs, an appropriate fluorescent dye has to be 
coupled to the mAb. Fluorescence imaging allows real-time dynamic imaging 
at the cellular level. During the past several years, the preclinical exploration of 
fluorescence imaging has been boosted by the introduction of more advanced fluo-
rescent dyes, which emit in the near-infrared (NIR, ~700-1000 nm) region of the 
spectrum4. NIR dyes have the advantage that they show reasonable tissue penetra-
tion (~1.0 cm) of excited and emitted light with negligible autofluorescence, and 
they therefore allow whole-body imaging of mice at a high target-to-background 
contrast5. Although in the clinical setting only superficial tissue layers can be im-
aged, fluorescence imaging might be ideal for the detection and characterization 
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of early-stage or residual disease, such as for the detection of cancer in a screening 
setting or during surgery, in the same way as has been recently demonstrated with 
fluorescently labeled folate in ovarian cancer patients6.

The only NIR dye that is approved by the US Food and Drug Administration for 
human use until now is indocyanine green (ICG), but unfortunately ICG cannot 
be coupled to mAbs without losing its photochemical properties7. In contrast, the 
next generation NIR dye IRDye800CW can be functionalized with a N-hydroxy-
succinimide (NHS) -reactive group, allowing its attachment to a broad spectrum of 
targeting biomolecules8. This NIR dye, commercially available as NHS-ester, has 
been evaluated in several preclinical studies9,10, and after performing toxicology 
studies11, a first clinical study recently started with IRDye800CW-bevacizumab for 
pre- and intraoperative detection of breast cancer (trial NCT01508572).

For PET imaging of mAbs, herein called immuno-PET, an appropriate positron 
emitter with a half-life (t½) that is compatible with the time needed to achieve 
optimal tumor-to-non-tumor ratios (typically 2-4 d for intact mAbs, in mice and 
humans), has to be securely coupled to the targeting molecule1,2. Zirconium-89 
(89Zr; t½: 78.4 h) has ideal physicochemical characteristics to radiolabel mAbs, 
and radionuclidic pure 89Zr for human use is nowadays commercially available. 
Strategies have been described for labeling mAbs with 89Zr via a tetrafluorophenol-
N-succinyl-Fe-desferal ester or p-isothiocyanatobenzyl-desferal (TFP-N-sucDf-Fe 
ester and NCS-Bz-Df, respectively), both bifunctional chelates that are now com-
mercially available12-14. Immuno-PET with 89Zr-labeled mAbs is particularly well 
suited for whole-body quantitative PET imaging of deep-seated tissues, and the 
number of completed and ongoing preclinical and clinical 89Zr-immuno-PET stud-
ies is rapidly growing1,2,14-16.

When using dual-labeled mAbs, containing IRDye800CW and 89Zr (89Zr-mAb- 
IRDye800CW), the same labeled mAb can be tracked not only by PET imaging to 
assess whole body distribution (preclinically and clinically) and by optical detection 
in whole body imaging (preclinically) and open or endoscopic procedures (clini-
cally) to assess organ distribution, but also by autoradiography and microscopy to 
assess the cellular origin of the signal17. The use of a dual-labeled mAb ensures a 
perfect match between nuclear and optical information18.

Development of the protocol

A challenge when producing tracer-labeled mAbs suitable for preclinical and 
clinical fluorescence imaging, immuno-PET or dual-modal fluorescence and PET 
imaging is that the fluorescent dye, the radionuclide or both have to be stably 
coupled to the mAb in an inert manner. When too many functional groups are 
coupled to the mAb, the binding characteristics and the pharmacokinetics and 
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dynamics of the mAb will become impaired, resulting in, e.g., faster blood clear-
ance and increased liver accumulation19-21. As a consequence, the dual-labeled 
mAb no longer represents the original unlabeled mAb and should be considered as 
a new medicinal product. This will make the clinical introduction of the conjugate 
more difficult, because more extensive toxicology studies have to be performed. 
Impairment of biological characteristics was observed in many of the dual-labeled 
mAbs for nuclear-optical imaging described thus far22,23.

Moreover, to facilitate translation to clinical application, conjugates should be 
developed and produced in a cGMP-compliant way according to principles and 
guidelines for manufacturing medicinal products, and this aspect is mostly ignored 
when conjugates are just used for preclinical evaluation. In case of clinical ap-
plication, mAbs, chelates, fluorescent dyes and radionuclides are to be considered 
as active pharmaceutical ingredients that have to comply with cGMP regulation. 
As indicated before, 89Zr coupled via N-sucDf and IRDye800CW (the only NIR dye 
that can be conjugated to mAbs) fulfill this requirement.

This protocol is complementary to our previous Nature Protocols contribution on 
preclinical immuno-PET conjugates13, and is based on a recent paper on the devel-
opment of mAb-IRDye800CW and 89Zr-mAb-IRDye800CW conjugates24, as well 
as our extensive experience in the development of mAb conjugates for clinical use. 
In this protocol, we present an efficient cGMP-compliant manufacturing process 

Figure 1 - Schematic overview of the preparation of 89Zr-mAb-IRdye800CW conjugate. The TFP-N-
sucDf-Fe ester is conjugated to the mAb in part 1; next, the IRDye800CW is coupled to the N-sucDf-
mAb in part 2. In part 3, the conjugate is labeled with 89Zr.
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for dual-modal 89Zr-mAb-IRDye800CW conjugates for preclinical and for clinical 
use. A schematic representation of the preparation of the conjugate is shown in 
Figure 1. Biodistribution studies with the antibodies cetuximab and bevacizumab, 
directed against epidermal growth factor receptor (EGFR) and vascular endothelial 
growth factor (VEGF), respectively, revealed that no alterations in biodistribution 
occur when on average not more than ~1.0 equivalent IRDye800CW and ~0.5 
equivalent 89Zr-N-sucDf is coupled per mAb molecule (Figure 2). Procedures 
and quality controls described in this protocol are designed in a way that these 
strict requirements are fulfilled. However, it is advised to confirm inertness of 
IRDye800CW coupling for each newly developed conjugate by performing bind-
ing and biodistribution experiments as reported here, especially in the case of mAb 
fragments or other lower molecular-weight conjugates.

Experimental design

The protocol has been designed as a three-part procedure to obtain optimal 
conjugates for preclinical and clinical dual-modal fluorescent/PET imaging, and 
the sequence follows the ALARA (as low as reasonably achievable) guidelines to 
minimize radiation exposure of personnel.

Figure 2 - Biodistribution of intravenously injected 89Zr-cetuximab-IRdye800CW (0, 0.5, 1.0 and 2.0 
equivalents of IRdye800CW) in A431 xenograft-bearing nude mice at 24 h after injection (%ID/g of 
tissue ± s.e.m.; n = 5). Upon conjugation of more than 1.0 groups of IRDye800CW, the behavior of the 
conjugate was seriously altered compared to the 89Zr-cetuximab (89Zr-cetuximab-IRDye, 0 equivalents). 
Note that all animal experiments must be carried out in accordance with relevant animal handling and 
ethics guidelines.
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• Part 1. Coupling of N-sucDf-Fe to a mAb with subsequent removal of Fe to 
obtain N-sucDf-mAb

• Part 2. Coupling of IRDye800CW to N-sucDf-mAb to obtain N-sucDf-mAb-
IRDye800CW

• Part 3. Labeling of N-sucDf-mAb-IRDye800CW with 89Zr to obtain 89Zr-mAb-
IRDye800CW.

To allow optimal in-process control of conjugate production, each step is moni-
tored to assess conjugation and labeling efficiency, as well as conjugate recovery. 
For this purpose, the TFP-N-sucDf-Fe ester was used instead of the NCS-Bz-Df 
chelate, as the UV characteristics of N-sucDf-Fe strongly simplify assessment of 
the chelate-to-mAb molar ratio. HPLC absorbance (A) measurements are recorded 
at 280 nm (A280) to measure mAb absorption, at A430 to measure the absorption of 
N-sucDf-Fe and at A780 to measure the absorption of IRDye800CW. In this way, the 
chelate-to-mAb and IRDye800CW-to-mAb molar ratios are easily determined by 
HPLC, using the areas under the curve at A280, A430 and/or A780.

The intermediate products N-sucDf-mAb and N-sucDf-mAb-IRDye800CW can 
reliably be stored for at least a week, facilitating logistics. However, as storage 
conditions can differ depending on the stability of the mAb, no general storage 
conditions for longer periods can be given in the protocol. The versatility of 
the developed protocol lies in the fact that for the preparation of conjugates for 
single-modal clinical imaging, just some parts of the protocol have to be followed: 
perform part 1 + part 3 for immuno-PET, and just part 2 for fluorescence imaging 
alone. When following parts 1–3 for conjugate preparation, images as shown in 
Figure 3 can be obtained.

The whole process (parts 1–3) takes about 5 h, but the process can be scaled up 
by the production of large batches of premodified mAbs that can be dispensed and 
stored until they are labeled with 89Zr.

To translate imaging with the conjugates from preclinical investigation to a 
phase I clinical trial, it is necessary to create a pharmaceutical quality formulation, 
manufactured under cGMP. The European Commission laid down principles and 
detailed guidelines of cGMP for medicinal products, which were published in the 
Guide to Good Manufacturing Practice (http://ec.europa.eu/enterprise/ pharma-
ceuticals/eudralex/homov4.htm), with Annex 3 dealing with the manufacturing of 
radiopharmaceuticals. The central components discussed in the guide to cGMP 
are: quality management, personnel, facilities and equipment, documentation, 
production, quality control, and storage and distribution.

To comply with these cGMP guidelines, the following measures should be taken 
for establishing this production protocol: if possible, select highly pure chemicals 
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with certificates of analysis; select active pharmaceutical ingredients produced ac-
cording to cGMP; perform all reagent preparations and/or filtrations in a dedicated 
well-controlled and monitored work area (e.g., clean room, isolator and/or laminar 
air flow hood); and use GMP compliant PD-10 columns and sterile glass vials for 
purification of intermediate and final products.

Figure 3 - Dual-mode imaging of intravenously injected 89Zr-bevacizumab-IRDye800CW (1.0 eq) in 
a FaDu xenograft-bearing nude mouse at 24 h after injection. Tumors are clearly visualized by optical 
imaging (a) as well as by PET imaging (b). The deep-seated liver can only be visualized by PET imaging 
(b). The mice were positioned in the IVIS Imaging System (Xenogen) and put under isoflurane sedation. 
Measuring time was 1 s, and fluorescence ICG filters were used. After optical imaging, the mice were 
transferred to the PET scanner (high-resolution research tomograph (HRRT), Siemens/CTI) and were po-
sitioned and sedated with isoflurane. Measuring time was 1 h, and a single frame was used. The corre-
sponding optical and PET images were produced with Living Image Software (a) and VINCI Software (b).
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MATERIALS

Reagents
Antibody to be conjugated (5.0-10.0 mg ml-1 in case of intact mAb (molecular weight 
(MW) = 150 kDa): 33.3-66.7 µM). For clinical purposes, the mAb should be produced 
‘for human use’
TFP-N-sucDf-Fe ester (MW = 862.6 g mol-1; ABX, cat. no. 7270; Reagent Setup)
IRDye800CW NHS ester (MW = 1166.2 g mol-1; LI-COR Biosciences; Reagent Setup)
Sterile water (100 ml: Water for injection, B. Braun, cat. no.362 4323; 1000 ml: water 
for irrigation, Fresenius Kabi, cat, no. B23053)
DMSO (Sigma-Aldrich, cat. No. D2438)
Acetonitrile (Merck, cat. no. 1.00003.1000)
Normal saline (0.9% (wt/vol) NaCl), for intravenous use (Fresenius Kabi, cat. no. 
97943029)
HEPES, 1.0 M buffer solution (Invitrogen, cat. no. 15630-056)
Sulfuric acid 0.25 M (H2SO4; 0.5 N) aqueous solution TitriPUR volumetric solution 
(Merck, cat. no. 1.09073.1000)
Sodium dihydrogen phosphate monohydrate (Merck, cat. no. 1.06346.0500)
Disodium hydrogen phosphate anhydrous (Sigma-Aldrich, cat. no. 30427-250G)
Sodium chloride (NaCl; Merck, cat. no. 1.06404.0500)
Sodium azide (NaN3; Merck, cat. no. 1.06688.0100) CAUTION NaN3 is highly toxic.
Citric acid monohydrate (Sigma-Aldrich, cat. no. C-7129)
Sodium carbonate (Na2CO3; Fluka, cat. no. 13418; Reagent Setup)
EDTA (Sigma-Aldrich, cat. no. 27285; Reagent Setup)
Oxalic acid (H2C2O4·2H2O; Sigma-Aldrich, cat. no. 33506; Reagent Setup)
Gentisic acid (2,5-dihydroxy benzoic acid; Merck, cat. no. 8.41745-0050; Reagent 
Setup)
[89Zr]Zr-oxalate in 1.0 M oxalic acid (0.15 GBq nmol-1, IBA Molecular) CAUTION 
89Zr is a radioactive material that emits positrons and gamma rays. It is imperative that 
researchers follow the guidelines set forth by their institution and the Nuclear Regulatory 
Commission, and ALARA protocols to minimize exposure to emitted radiation. Proper 
protective equipment, shielding, ring and body dosimetry badges, and a contamination 
monitor are required when handling any radioactive materials.

Equipment
Calibrated pH meter, with Biotrode (Hamilton, cat. no. 238140)
Eppendorf Safe-Lock microcentrifuge tubes: colorless, 1.5 ml (cat. no. 0030 121.023); 
amber colored (light protection) 1.5 ml (cat. no. 0030 120.191) and 2 ml (cat. no. 0030 
120.248) (autoclaved before use)
Glass vials, 2 ml (Grace, cat. no. 98893)
Disposable PD-10 desalting columns (GE Healthcare Life Sciences, cat. no. 17-0851-01)
Thermomixer comfort (Eppendorf, cat. no. 5355 000.011)
Ultrasonic bath
Vortex mixer
γ-well counter (Wallac LKB-CompuGamma 1282; Pharmacia)
Dose calibrator
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Sterile glass vials, 20 ml (Perkin Elmer, cat. no. 6000348)
Instant thin-layer chromatography (ITLC) strips (Biodex, cat. no. 150-771)
HPLC with a UV detector (able to measure at 280, 430 and 780 nm) and a γ-detector 
connected in series
C18 HPLC column: X-Terra MS C18 5 µm; 3.9 x 150 mm (Waters, cat. no.186000478)
Protein HPLC column: size exclusion Superdex 200 10/300 GL (GE Healthcare Life 
Sciences, cat. no. 17-5175-01)
Filter, 0.2 µm (Sartorius, cat. no. 16534K)
Filter, 0.45 µm (Millipore, cat. no. HVLP04700)

Reagent Setup
CRITICAL All reagent preparations and/or filtrations should be performed in a sterile envi-
ronment in order to maximally comply with cGMP guidelines.
TFP-N-sucDf-Fe ester Dissolve 5.0 mg (5.8 µmol) ester in 1.0 ml of acetonitrile to a con-
centration of 5.0 mg ml-1(5.8 mM); transfer the solution to 2-ml glass vials, 50.0 µl per vial, 
and store at −80°C until use, up to a maximum of 1 year. The purity of the ester should be 
checked using C18 HPLC.
IRDye800CW Dissolve 5.0 mg (4.3 µmol) IRDye800CW NHS ester in 1.0 ml of DMSO 
to a concentration of 5.0 mg ml−1 (4.3 mM); transfer the solution to amber-colored 1.5-ml 
microcentrifuge tubes, 10.0 µl per microcentrifuge tube and store the tubes at −20°C until 
use, up to a maximum of 1 year. The purity of the ester should be checked using C18 HPLC.
Na2CO3 solution (50 mM, 0.1 M, 1.0 M and 2.0 M) Dissolve 0.53 g (5.0 mmol) for a 50 mM 
solution, 1.06 g (0.01 mol) for the 0.1 M solution, 10.60 g (0.1 mol) for a 1.0 M solution 
or 21.20 g (0.2 mol) for a 2.0 M Na2CO3 in 100 ml of sterile water for injection. Pass the 
solution through a 0.2-µm filter. This solution can be stored at room temperature (18-22°C) 
for 6 months.
EDTA solution (0.07 M) Dissolve 0.26 g EDTA (Na2C10H14N2O8.2 H2O; 0.7 mmol) in 10 ml 
of sterile water for injection by vigorously vortexing the solution. Pass the solution through a 
0.2-µm filter. Store this solution at room temperature for at least 6 months.
Oxalic acid solution (1.0 M) Dissolve 12.50 g of oxalic acid; 0.1 mol in 100 ml sterile water 
for injection in an ultrasonic bath for 30 min at 37°C. Pass the solution through a 0.2-µm 
filter. Store this solution at room temperature for at least 6 months.
Gentisic acid solution (0.03 M) Dissolve 0.25 g (1.6 mmol) of gentisic acid in 50 ml of 
normal saline, add ~0.4 ml of 2.0 M Na2CO3. Mix the solution well and check the pH (ac-
ceptable range: pH 4.9-5.3). Pass the solution through a 0.2-µm filter. This solution should 
be freshly prepared.
ITLC eluent (pH 4.9-5.1) Dissolve 0.42 g (2.0 mmol) of citric acid monohydrate in 100 ml 
of sterile water for injection and add 0.98 ml of 2.0 M Na2CO3. Mix the solution well and 
check the pH (acceptable range: pH 4.9-5.1). Before use, mix the citric acid solution with 
10% (vol/vol) acetonitrile. CAUTION Acetonitrile can evaporate; use a closed container for 
optimal results.
C18 HPLC eluent (0.01 M sodiumphosphate, pH 5.8-6.2) Dissolve 2.76 g (23.0 mmol) of 
sodium dihydrogen phosphate in 2 liters of sterile water for irrigation. Dissolve 0.36 g (2.5 
mmol) of disodium hydrogen phosphate in 250 ml of sterile water for irrigation. Add 175 ml 
of the disodium hydrogen phosphate solution to the sodium dihydrogen phosphate solution. 
Mix the solution well and check the pH (acceptable range: pH 5.8-6.2). Pass the eluent 
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through a 0.45-µm filter and degas it before use. CRITICAL A clear, homogeneous solution 
is required to ensure that all the components have dissolved and the desired concentration 
is obtained. Store this solution at room temperature for at least 6 months.
Protein HPLC eluent (0.10 M sodium phosphate, 0.15 M NaCl, 0.01 M NaN3, pH 6.2-7.0) 
Dissolve 13.80 g (115.0 mmol) of sodium dihydrogen phosphate monohydrate, 14.20 g 
(98.6 mmol) of disodium hydrogen phosphate, 17.40 g (297.7 mmol) of sodium chloride 
and 1.30 g of 20.0 mmol NaN3 in 2 liters of sterile water for irrigation. Mix the solution 
well and check the pH (acceptable range: pH 6.2-7.0). Pass the eluent through a 0.45-µm 
filter and degas it before use. CRITICAL A clear and homogeneous solution is required to 
ensure that all the components have dissolved and the desired concentration is obtained. 
This solution can be stored at room temperature for at least 6 months.

Equipment Setup
C18 HPLC method for quality control Equilibrate the HPLC-column using 95% (vol/vol) 
C18 HPLC eluent (solution A) and 5% (vol/vol) acetonitrile (solution B) at a flow rate of 1.0 
ml min-1 for at least 30 min before injecting the sample. The gradient method used for the 
quality control of TFP-N-sucDf-Fe ester (A430) or IRDye800CW NHS ester (A780) is as follows: 
start with 5% (vol/vol) solution B for 5 min, increase to 35% (vol/vol) B in 16 min, hold it at 
35% (vol/vol) solution B for 3 min and decrease back to 5% (vol/vol) solution B in 6 min.
A typical quality control run with the method described above with a 20-µl injection on an 
X-Terra MS C18 5 µm 3.9 x 150 mm column, flow 1.0 ml min-1 gives the following: retention 
time (Rt) TFP-N-sucDf-Fe ester = ~21 min; Rt N-sucDf-Fe = ~10 min; Rt IRDye800CW NHS 
ester = ~16 min and Rt hydrolyzed IRDye800CW = ~14 min.
CAUTION A minimum of 5% (vol/vol) acetonitrile is required to maintain the quality of the 
column.
Protein HPLC method for quality control Equilibrate the HPLC column using the described 
HPLC eluent at a flow of 0.5 ml min-1 for at least 30 min before injection of the sample. A 
typical quality control run for a labeled 89Zr-mAb(-IRDye800CW) with a 20-µl injection on 
Superdex 200 10/300 GL column, flow 0.5 ml min-1, gives the following: Rt mAb = ~26 min; 
Rt unbound 89Zr = ~45 min; Rt unbound hydrolyzed IRDye800CW = ~50 min.

PROCEDURE

Part 1: Coupling of the N-sucDf chelate to mAb TIMING 90 min

1 Pipette the required amount of mAb solution (maximum 1.0 ml; by preference 
between 5.0 and 10.0 mg ml-1) into a colorless 1.5-ml microcentrifuge tube. 
Adjust the reaction volume to a maximum of 1.0 ml by adding a sufficient 
amount of normal saline into the tube.

2 Adjust pH of the mAb solution to pH 9.5-9.7 with 0.1 M Na2CO3 (maximum 
0.1 ml).

3 Dilute the TFP-N-sucDf-Fe ester to a concentration between 1.47 and 2.85 mg 
ml-1 in acetonitrile (1.7-3.3 mM) depending on the amount of mAb used. Add 
this to the protein solution to get an equal molar amount of chelate over mAb in 
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the reaction, and mix it immediately. Keep the acetonitrile concentration below 
2% (vol/vol) in the reaction mixture. CRITICAL STEP Typically, 20 µl of 1.7-3.3 
mM TFP-N-sucDf-Fe (33.3-66.7 nmol=a) in acetonitrile is added to 5.0-10.0 
mg intact antibody (33.3-66.7 nmol=b). The chelate-to-mAb ratio will be [a/b] * 
[AUC430 Rt mAb] / [AUC430 total] (Step 5), and must be 0.4-0.6.

4 Incubate the reaction for 30 min at room temperature.
5 Determine the conjugation efficiency by protein HPLC analysis at 430 nm:

AUC430 RtmAb
× 100%

AUC430 total

6 After 30 min, adjust the pH to 4.2-4.5 by adding 0.25 M H2SO4. CRITICAL STEP 
0.25 M H2SO4 should be added in consecutive steps of a maximum volume of 
6 µl; mix the contents well after every step.

7 Add 50 µl of 0.07 M EDTA for the removal of Fe from mAb-N-sucDf-Fe, vortex it 
gently and incubate the reaction for 30 min at 35°C using a Thermomixer at 550 
r.p.m. CRITICAL STEP The orange/brownish solution should become colorless, 
indicating Fe removal. If not, continue heating the mixture at 35°C.

8 In the meantime, equilibrate a PD-10 column with ~20 ml of normal saline. 
CAUTION Do not recap the PD-10 column because the column cannot with-
stand pressure.

9 Pipette the reaction mixture onto the PD-10 column and discard the flow-
through.

10 Pipette 1.5 ml of normal saline onto the PD-10 column and discard the flow-
through.

11 Pipette 2.0 ml of normal saline onto the PD-10 column and collect the run-
through, which contains the N-sucDf-mAb. PAUSE POINT The N-sucDf-mAb 
can be stored at appropriate storage temperature (<4 oC) until further use.

Part 2: Coupling of the IRDye800CW to mAb or N-sucDf-mAb TIMING 2 h 20 
min

12 Pipette the required amount (5.0-10.0 mg) of mAb or the N-sucDf-mAb from 
part 1 into an amber-colored 2-ml microcentrifuge tube. CRITICAL STEP 
IRDye800CW NHS ester is light sensitive; keep in the dark.

13 Add normal saline to adjust the reaction volume to 2.0 ml, if required.
14 Adjust the pH to 8.5-8.7 with 50 mM Na2CO3 (usually 12 µl).
15 Dilute the IRDye800CW NHS ester-stock solution to a concentration of 1.7-3.4 

mg ml-1 (1.5-3.0 mM) in DMSO. Add 40 µl to the (N-sucDf-)mAb solution for a 
1.8-fold molar excess of the dye over (N-sucDf-)mAb and mix it immediately. 
Keep the DMSO concentration below 2% (vol/vol) in the reaction mixture. 
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CRITICAL STEP Typically, 40 µl of 1.5-3.0 mM IRDye800CW (60.0-120.0 nmol 
= c) is added in four steps of 10 µl to 5.0-10.0 mg (N-sucDf-)mAb (33.3-66.7 
nmol = d). The dye-to-mAb molar ratio will be [c/d]* [AUC780 Rt mAb] / [AUC780 
total] (Step 17). This ratio will usually be 0.9-1.1. When this ratio is higher than 
1.2, the product has to be discarded.

16 Incubate for 2 h at room temperature in a Thermomixer at 550 r.p.m. CRITICAL 
STEP With a shorter incubation period, there will be unhydrolyzed IRDye800CW 
NHS ester (Rt on protein HPLC ~ 80 min) left, thereby disturbing quantitative 
HPLC analysis.

17 Determine the conjugation efficiency by protein HPLC analysis at 780 nm:

AUC780 RtmAb
× 100%

AUC780 total

18 Meanwhile, equilibrate a PD-10 column with ~20 ml of normal saline.
19 After 2 h of incubation, pipette the reaction mixture onto the PD-10 column 

and discard the flow-through.
20 Pipette 1.0 ml of normal saline onto the PD-10 column and discard the flow-

through.
21 Pipette 2.5 ml of normal saline onto the PD-10 column and collect the run-

through, which contains the purified (N-suc-Df-)mAb-IRDye800CW. PAUSE 
POINT The (N-sucDf-)mAb-IRDye800CW can be stored at appropriate storage 
temperature (<4oC) until further use.

Part 3: Radiolabeling with 8 9 Zr TIMING 80 min

CAUTION Follow appropriate radiation safety measures for Steps 22-30.
22 Pipette the required volume (=e) of [89Zr]Zr-oxalic acid solution (maximum 200 

µl, typically 37-100 MBq) into a 20-ml glass vial.
23 While gently shaking, add 200 µl – e µl (Step 22) of 1.0 M H2C2O4·2H2O into 

the reaction vial. Subsequently pipette 90 µl 2.0 M Na2CO3 into the reaction 
vial and incubate the mixture for 3 min at room temperature.

24 While gently shaking, successively pipette 700 µl of 1.0 M HEPES (pH 7.1-7.3), 
2.5 ml of N-sucDf-mAb(-IRdye800CW) (typically 5.0-10.0 mg), and 300 µl 1.0 
M HEPES (pH 7.1-7.3) into the reaction vial. Adjust the volume to 4.0 ml with 
normal saline. CRITICAL STEP The pH of the labeling reaction should be in the 
range of 6.8-7.2 for optimal labeling efficiency. When radioactivities higher 
than 100 MBq are used, it is advised to adjust the volume to 4.0 ml with gentisic 
acid solution.

25 Incubate the mixture for 1 h at room temperature. Radiolabeling efficiency 
(typically >85%) can be determined by ITLC using chromatography strips and 
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ITLC eluent as solvent. A 0.5-2.0-µl aliquot of the reaction solution can be 
directly applied to the ITLC strip. Cut the strip on the line between ‘1’ and ‘2’ 
and measure both parts in a γ-well counter, 1 represents radiolabeled mAb and 
2 represents radioactivity not bound to the mAb.

Radiolabeling efficiency =
CPM1(CPM radiolabeled mAb)

× 100%
CPM1+ 2 (CPM total)

26 Meanwhile, equilibrate two PD-10 columns each with ~20 ml of normal saline.
27 After 1 h of incubation, pipette the reaction mixture onto the PD-10 columns 

(2.0 ml per column) and discard the flow-through.
28 Pipette 1.0 ml of normal saline onto each PD-10 column and discard the flow-

through.
29 Pipette 2.5 ml of normal saline onto each PD-10 column and collect the run-

through, which contains the purified radiolabeled mAb.
30 Calculate the overall labeling yield:

MBq 89Zr product vial (see Step 29)
× 100%

MBq 89Zr starting vial (see Step 22)

31 Analyze the purified radiolabeled mAb by ITLC as described in Step 25, and 
by protein HPLC. Radiochemical and fluorescent purity should be >95%. The 
product is stable upon storage for at least 6 h at 4°C and can be diluted in 
normal saline for use in in vitro or in vivo studies.

Troubleshooting

Troubleshooting advice can be found in Table 1.

Timing

Steps 1-11 (part 1), coupling of the N-sucDf chelate to mAbs: 90 min
Steps 12-21 (part 2), coupling of the IRDye800CW to mAbs or N-sucDf-mAbs: 2 
h 20 min
Steps 22-31 (part 3), radiolabeling with 89Zr: 80 min
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Table 1 – Troubleshooting table

Step Problem Possible reason Solution

5, 17 No or low N-sucDf or 
IRDye800CW conjugation 
efficiency

Buffer components in the mAb 
stock solution prevent efficient 
conjugation (barring pipetting 
errors, incorrect pH during 
conjugation and/or hydrolyzed 
ester in IRDye800CW stock 
solution)

Exchange the buffer of the mAb 
stock solution by PD-10 before 
conjugation

Substantial impaired integrity of 
the mAb (e.g., high-molecular-
weight aggregates)

Insufficient mixing during 
conjugation

Ensure rapid mixing of the 
reaction mixture when 
adding the TFP-N-sucDf-Fe or 
IRDye800CW-NHS ester; add 
the esters in smaller steps (e.g., 
5 µl)

5 The mAb cannot tolerate pH > 
9.5 during premodification

Perform the reaction at pH 9.0. 
Alternatively, try the NCS-Bz-Df 
chelate13. Be sure to add the 
chelate (in DMSO) extremely 
carefully, to avoid the presence 
of chloride ions in Steps 18-30, 
and to add gentisic acid as 
antioxidant in Steps 24 and 26

The mAb cannot tolerate pH < 
4.5 during premodification

Try the NCS-Bz-Df chelate

17 Conjugation efficiency of 
IRDye800CW to mAb or 
N-sucDf-mAb is too high

Relatively high availability of 
lysine groups in the mAb used 
for conjugation

Decrease the amount of 
IRDye800CW-NHS ester added 
to the solution (Step 15)

30 Low labeling yield Insufficient removal of Fe or 
unconjugated hydrolyzed 
N-sucDf

Repeat the removal of Fe with 
EDTA or the PD-10 purification 
of the product obtained in 
Step 5

Incorrect pH during labeling Check all reagents

ANTICIPATED RESULTS

Typically, on average, 0.4-0.6 Df-chelates are coupled per antibody molecule. 
Fluorescent IRDye800CW conjugation to N-sucDf-mAb will result in 0.9-1.1 
molecules of IRdye800CW per mAb molecule. Labeling of the N-sucDf-mAb-
IRDye800CW with 89Zr will result in overall yields of >75%. Resulting 89Zr-mAb-
IRDye800CW molecules are optimal with respect to radiochemical purity (>95% 
according to ITLC and protein HPLC), ‘dye purity’ (>95% according to protein 
HPLC), maintenance of immunoreactivity and in vivo stability24. Representative 
protein HPLC chromatograms of 89Zr-mab-IRDye800CW are shown in Figure 4.
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The dual-labeled mAb can be used for (pre)clinical biodistribution studies, to 
confirm and quantify selective tumor uptake of mAbs using PET-imaging and to 
confirm selective tumor targeting using optical imaging. Illustrative images of 89Zr-
bevacizumab-IRDye800CW are shown in Figure 3.
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Figure 4 - Typical quality-control protein HPLC chromatogram of 89Zr-mAb-IRDye800CW. The upper 
two channels show the UV absorption of, respectively, mAb at 280 nm and IRDye800CW at 780 nm at 
a retention time (Rt) of 26 min. The lower channel represents the radioactive signal of the coupled 89Zr. 
c.p.s, counts per second.
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