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Bifunctional chelators (BFCs) are covalently linked to biologically active targeting molecules and radio-
labeled with radiometals. Technetium-99m (99mTc) is the most widely used isotope in nuclear medicine
because of its excellent physical properties. The objective of this study was to synthesize and characterize
a novel BFC that allows for the labeling of antibodies and antibody fragments using the 99mTc(CO)3þ core
which forms a very stable complex with 99mTc in the þ1 oxidation sate. This study reports the synthesis
of a BFC 1-pyrrolidinyl-2,5-dione-11-(bis((1-(carboxymethyl)-1H-imidazol-2-yl)methyl)amino)undeca-
noic acid (SAAC-CIM NHS ester), and the in vitro and in vivo evaluation of 99mTc(CO)3-SAAC-CIM-DLO6-
(scFv)2 (99mTc(CO)3-DLO6-(scFv)2), a domain I/II-specific anti-epidermal growth factor receptor I (anti-
EGFR) antibody fragment. The chelator allowed radiolabeling the (scFv)2 antibody fragment in very mild
conditions with no significant decrease in binding to EGFR. Radiochemical yields of >50% (radiochemical
purity > 95%) of the resulting anti-EGFR (scFv)2 immunoconjugate 99mTc(CO)3-DLO6-(scFv)2 was ob-
tained. The radioimmunoconjugate was stable in histidine challenge experiments with less than 20%
transchelation at 24 h after challenge in the presence of a 1500-fold excess of histidine. In vivo bio-
distribution of 99mTc(CO)3-DLO6-(scFv)2 indicates that the tracer was mainly cleared via renal excretion
and to a lesser extent via the hepatobiliary pathway. The microSPECT imaging studies performed in mice
confirmed the in vitro affinity results. The 99mTc(CO)3-DLO6-(scFv)2 shows some promising properties
and warrants further investigation for imaging EGFR.

Crown Copyright © 2018 Published by Elsevier Masson SAS. All rights reserved.
1. Introduction

Most diagnostic radiopharmaceuticals are radiometal com-
plexes with an organic chelator conjugated to the biomolecule of
interest. The near ideal physical properties of Technetium-99m
(99mTc) (e.g. t1/2¼ 6.02 h; the 140 keV gamma photons) make it the
isotope of choice for single photon emission computed tomography
(SPECT) imaging [1e4]. Furthermore, as 99mTc is produced using a
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generator, it is continuously available for local on-site radio-
pharmacy formulation at a very reasonable cost. 99mTc can form
complexes in different oxidation states making it an attractive
radiometal for awide variety of chelators. Of the different oxidation
states the þ1 state is attractive because of the formation of a very
stable complex with [99mTc(CO)3]þ. The [99mTc(CO)3]þ complex
contains three tightly coordinated CO ligands and three water
molecules which can easily be replaced with three coordinating
groups [1,2]. The size of the moiety responsible for biological tar-
geting decreases the influence of the metal-complex on the bio-
logical characteristics of the imaging complex. Large proteins like
antibodies and their fragments are considerably less affected by the
presence and nature of a metalechelate structure than smaller
molecules (e.g. enzymes or peptides) [5e10].
ed.
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Scheme 2. Conjugation and radiolabeling of anti-EGFR DLO6-(scFv)2. Reagents and
conditions: (a) 1� PBS buffer pH 9.0, 600 rpm, RT for 2 h and then 4 �C for 2 h (b) 0.9%
NaCl Solution, tricarbonyl labeling kit, 100 �C, 20min (c) Radiolabeling at RT, 500 RPM
for 40min.
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Recently, Babich et al. developed the single amino acid chelating
agent (SAAC) for 99mTc labeling and subsequent prostate cancer
imaging [6,11,12]. SAAC bifunctional chelators are derivatives of
lysine which are modified to provide three donor groups for
complexation with the [99mTc(CO)3]þ core. The hydrophilic donor
group bis((1-(carboxymethyl)-1H-imidazol-2-yl)methyl) amino
(CIM) enhances renal clearance and reduces hepatobiliary uptake
[13]. However, protecting group strategies require a multi-step
reaction sequence and harsh reaction conditions, which can
significantly lower the overall efficiency of the labeling procedure.
In addition, these harsh radiolabeling conditions are not suitable
for antibodies and antibody fragments. To overcome this problem,
we have synthesized a bifunctional chelator (BFC) that carries a
NHS ester functional group on the SAAC system (Scheme 1). The
NHS ester permits ready conjugation to primary amines of bio-
molecules offering a post labeling approach. This chelator will
allow for labeling of antibodies or antibody fragments under mild
conditions. In the present study, we have conjugated this chelator
(SAAC-CIM NHS ester) with anti-epidermal growth factor receptor I
(EGFR) (scFv)2 antibody fragment e DL06 (Scheme 2).

EGFR is overexpressed in multiple cancers where it confers
enhanced proliferation and resistance to targeted therapies. There
are no reliable diagnostic methods that allow for patient selection
and treatment monitoring. Treatments targeting this antigen have
very poor outcomes because of lack of reliable diagnostic methods
as well as the aggressive nature of the tumors. EGFR consists of an
extracellular or ligand binding domain and an intracellular domain
responsible for signal transduction. The extracellular domain has
four binding epitopes (domains I, II, III, IV). Available antibody
therapeutics (e.g. nimotuzumab, cetuximab and panitumumab)
targeting EGFR bind to domain III [14e16]. A few authors have
developed diagnostic agents that bind to the same epitope as the
therapeutic agent (domains III). The utility of such imaging agents
is limited since they bind to the same epitope as the therapeutic
agents. For the first time we have developed an antibody fragment
that binds to epitope I & II of EGFR called DLO6 [17]. This unique
binding characteristic allows for the development of anti-EGFR
imaging agents with a wide range of applications. The objective
of this study is to develop a [99mTc(CO)3]þ labeled SAAC-CIM-DLO6-
(scFv)2 for SPECT imaging of EGFR (Scheme 2).We have synthesized
the SAAC-CIM NHS ester and characterized the in vitro and in vivo
properties of the 99mTc labeled SAAC-CIM-DLO6-(scFv)2 complex
Scheme 1. Synthesis of SAAC-CIM-NHS ester. Reagents and conditions: (a) KI (cat); K2CO3,
Hydroxysuccinimide, EDC.HCl, HOBt, TEA, DCM; (d) TFA, DCM.
(99mTc(CO)3-DLO6-(scFv)2).

2. Materials and methods

2.1. General

Melting points (MP) were takenwith open capillary tubes on the
DMF, TEA; (b) 11-aminoundecanoic acid, DCE reflux and then add NaBH(OAc)3 (c) N-
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Buchi melting point apparatus (Flawil, Switzerland). The 1H NMR
spectra were recorded on a DPX-500MHz Bruker FT-NMR spec-
trometer (St. Louis, MO) using CDCl3 and DMSO‑d6 as solvent. The
chemical shifts were reported as parts per million (d ppm) tetra-
methylsilane (TMS) as an internal standard. MALDI mass spectra
were acquired using a Voyager DE-PRO TOF mass spectrometer
(Applied Biosystems, Foster City, CA). The progress of the reaction
was monitored on ready-made silica-gel plates (Merck, Etobicoke,
ON) using chloroform-methanol (9:1) as solvent. Iodine was used
as a developing agent or by spraying with the potassium perman-
ganate reagent. Chromatographic purification was performed over
a silica gel (100e200 mesh). The residues were obtained recrys-
tallized by the addition of 30:70 hexaneechloroform. All chemicals
and reagents obtained from Sigma-Aldrich (St. Louise, MO) were
used without further purification.

2.2. Chemistry

2.2.1. Synthesis of tert-butyl 2-(2-formyl-1H-imidazol-1-yl)acetate
(3)

KI (4.98 g, 30mmol) and trimethylamine (16.5mL, 46.83mmol)
were added to a solution of 1H-imidazole-2-carbaldehyde (1, 3.0 g,
31.22mmol) and tert-butyl 2-bromoacetate (2a, 6.08 g,
33.22mmol), in anhydrous DMF (25mL). The reaction mixture was
refluxed at 80 �C under nitrogen atmosphere for 24 h. The solvent
was evaporated under reduced pressure and the reaction mixture
was diluted with DCM. The organic layer was successively washed
with water and finally with brine. The organic layer was dried over
sodium sulfate, and the solvent was removed under reduced
pressure to get a crude product that was purified by silica gel col-
umn chromatography with a gradient elution of 1%e10% methanol
in DCM. This compound was obtained as a yellow oil with a yield of
45%. 1H NMR (500MHz, CDCl3) d 9.81 (s, 1 H), 7.34 (s, 1 H), 7.15 (s,
1 H), 5.04 (s, 2 H), 1.49 (s, 9 H); HRMS (ESþ) m/z calculated for
C10H15N2O3 [M þ Hþ] 211.1083, found 211.1077.

2.2.2. Synthesis of 11-(bis((1-(2-tert-butoxy-2-oxoethyl)-1H-
imidazol-2-yl)methyl)amino)undecanoic acid (4)

DCE was stirred into a solution of 11-aminoundecanoic acid
(550mg, 2.774mmol), tert-butyl 2-(2-formyl-1H-imidazol-1-yl)
acetate (3, 1.15 g, 5.47mmol) and acetic acid (0.1mL) at 80 �C for
30min under nitrogen. The reaction mixture was cooled to 0 �C,
and treated with 3 equivalents of sodium triacetoxyborohydride
(1.74 g, 8.21mmol). The reaction mixture was stirred at room
temperature overnight and decomposed with water and methanol.
The reaction mixture was evaporated to dryness and purified by
column chromatography on silica gel with a gradient elution of 1%e
10% methanol in DCM. The compound was obtained as a colorless
white solid with a 55% yield. MP. 146e147 �C; 1H NMR (500MHz,
DMSO‑d6) d 7.03 (s, 2 H), 6.84 (s, 2 H), 4.61 (s, 4 H), 3.65 (s, 4 H), 2.53
(t, J¼ 10.0 Hz, 2 H), 2.26 (t, J¼ 10.0 Hz, 2 H), 1.58e1.15 (m, 34 H);
HRMS (ESþ) m/z calculated for C31H52N5O6 [M þ Hþ] 590.7745,
found 590.7421.

2.2.3. Synthesis of 1-pyrrolidinyl-2,5-dione-11-(bis((1-(2-tert-
butoxy-2-oxoethyl)-1H-imidazol-2-yl)methyl)amino)undecanoate
(5)

DCM (5.0mL) was stirred into a solution of 4 (200mg,
0.33mmol), N-hydroxy succinimide (38mg, 0.33mmol), 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC. HCl, 63mg,
0.34mmol), HOBt (44mg, 0.33mmol) and DIPEA (60 mL) at ice cold
conditions for 2 h and then incubated at room temperature over-
night. The reaction mixture was evaporated to dryness and purified
by column chromatography on silica gel with a gradient elution of
1%e10% methanol in DCM. This compound (5) was obtained as a
colorless white solid in 60%. MP. 154e155 �C; 1H NMR (500MHz,
CDCl3) d 6.97 (s, 2 H), 6.87 (s, 2 H), 4.61 (s, 4 H), 3.54e3.52 (m, 4 H),
3.71 (s, 2 H), 3.99 (s, 4 H), 2.55 (t, J¼ 10.0 Hz, 2 H), 2.55 (t,
J¼ 10.0 Hz, 2 H), 2.47 (d, J¼ 10.0 Hz, 2 H), 1.66e1.72 (m, 2 H),
1.49e1.47 (m, 2 H), 1.45 (s, 18 H), 1.27e1.21 (s, 10 H); 13C NMR
(125MHz, CDCl3) d 173.23, 173.13, 166.86, 145.30, 127.64, 121.20,
82.93, 54.55, 51.81, 50.44, 47.82, 36.78, 34.72, 33.88, 30.94, 29.28,
27.99, 27.35, 25.67, 25.60, 24.57. HRMS (ESþ) m/z calculated for
C35H55N6O8 [M þ Hþ] 687.4081, found 687.4069.

2.2.4. Synthesis of 1-pyrrolidinyl-2,5-dione-11-(bis((1-
(carboxymethyl)-1H-imidazol-2-yl)methyl)amino)undecanoic acid
(SAAC-CIM NHS ester)

TFA (0.20mL) was added to a solution of the above product (5).
The mixture was stirred at room temperature for 2 h. The solvent
was evaporated under reduced pressure to afford a residue, which
was purified by column chromatography and eluted with 5%
methanol to 50% methanol in DCM to obtain 6 as a white solid.
Yield, 60%; MP. 138e139 �C; 1H NMR (500MHz, CDCl3) d 7.73 (d,
J¼ 5.0 Hz, 2 H), 7.69 (d, J¼ 5.0 Hz, 2 H), 5.12 (s, 2 H), 4.07 (s, 2 H),
3.60e3.58 (m, 4 H), 2.44e2.42 (m, 4 H), 1.52e1.50 (m, 2 H),
1.32e1.08 (m, 10 H); 13C NMR (125MHz, CDCl3) d 172.26, 170.74,
168.45, 145.09, 124.86, 119.55, 55.52, 54.82, 51.63, 48.85, 48.26,
29.35, 29.30, 29.21, 29.11, 26.93, 25.90, 25.69. HRMS (ESþ) m/z
calculated for C27H39N6O8 [M þ Hþ] 575.6340, found 575.2797.

2.3. Construction expression and purification of DLO6-(scFv)2

DLO6-(scFv)2 was constructed by sub-cloning the previously
described anti-EGFR Fab antibody DLO6 [17] to express an (scFv)2
with the linker (G4S) with the amino acid sequence: MFVFSI
ATNAYASDIQMTQSPSSLSASVGDRVTITCRASQSVSSAVAWYQQKPGK
APKLLIYSASSLYSGVPSRFSGSRSGTDFTLTISSLQPEDFATYYCQQWSYY
PITFGQGTKVEIKGGGGSEISEVQLVESGGGLVQPGGSLRLSCAASGFNISS
SSIHWVRQAPGKGLEWVAYISSYYSSTYYADSVKGRFTISADTSKNTAYL
QMNSLRAEDTAVYYCARTYCPPLMRYNPTTYQMDVNPEAQYSFGATCG
WAMDYWGQGTLVTVSS.

DLO6-(scFv)2 was expressed in E. coli cells (RosettaTM 2 (DE3),
Novagen). Single colonies from a freshly transformed LB media
plate supplemented with carbenicillin (Fisher Scientific, Ottawa,
Ontario) and chloramphenicol (Acros Organics, Ottawa, Ontario)
were selected and used to inoculate overnight express instant TB
media (Novagen, Toronto, Ontario). The culture was grown for 48 h
with shaking at 30 �C. The cell pellet was collected by centrifuging
at 10,000� g for 20min and re-suspended in protein L binding
buffer (20mM Sodium Phosphate, 0.15M Sodium Chloride, pH 7.2).
The cell suspension was lysed using a cell disruptor (Constant
System Ltd, Northants, United Kingdom) and the lysate was
centrifuged at 12,000 rpm for 30min. Supernatant was passed
through a protein L column (GE Healthcare Life Sciences, Pittsburg,
Pennsylvania) on the AKTA prime plus system (GE Healthcare Life
Sciences, Pittsburg, Pennsylvania), washed with protein L binding
buffer and eluted with IgG elution buffer (Thermo-Scientific, Wal-
tham, Massachusetts). The DLO6-(scFv)2 protein was dialyzed
overnight in phosphate buffered saline (PBS) and the purity was
assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, California) with the Agilent High Sensitivity Protein
250 Kit (cat # 5067e1575) according to the manufacturer's
instructions.

2.4. Conjugation and quality control of SAAC-CIM-DLO6-(scFv)2

Anti-EGFR DLO6-(scFv)2 and anti-maltose binding protein
(MBP) control (scFv)2. MBP-(scFv)2 was produced by phage display
as recently reported [17]. Ten mg/mL of SAAC-CIM-NHS in DMSO
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previously dried over molecular sieve, was added dropwise with
mixing to 2mg/mL DLO6-(scFv)2 or MBP-(scFv)2 at a molar ratio of
16:1 in 1� PBS at pH 9.0 (Scheme 2). The reaction mixture was
incubated at room temperature with shaking at 600 RPM for 2 h
and then transferred to 4 �C for an additional 2 h. Excess unreacted
chelator was removed by Amicon Ultra-10 K centrifugal filters
(Millipore, Billerica, MA). The resulting solutionwas filtered using a
0.22 mm Amicon filter and stored at �80 �C before labeling with
99mTc(CO)3þ.

The purity of DLO6-(scFv)2 and SAAC-CIM-DLO6-(scFv)2 conju-
gates was determined by SEC-HPLC (Waters 2796 Bioseparations
Module, Waters 2487 Dual l Absorbance Detector, XBridge® BEH
200A SEC 3.5 mm 7.8� 300mm column, Waters Corporation, Mis-
sissauga, Ontario). The UV-Detector was set at 220 and 280 nm and
the solvent was PBS at a flow rate of 0.6mL/min. The size and purity
of the DLO6-(scFv)2 and SAAC-CIM-DLO6-(scFv)2 were character-
ized by electronic electrophoresis (2100 Bioanalyzer system, Agi-
lent, Santa Clara CA) using the Agilent High Sensitivity Protein 250
Kit (cat # 5067e1575) as per the manufacturer's protocol. The size
and relative peak area were calculated using the Agilent 2100
Expert software.

2.5. Cell culture

The human cancer cell lines A431 (EGFR positive epidermoid
carcinoma cell line, cat # CRL-1555™) and MDA-MB-468 (EGFR
positive breast adenocarcinoma cell line, cat # HTB-132™) were
obtained from the American Type Culture Collection (Manassas,
VA). Cell culture supplies were from Invitrogen (Carlsbad, CA) un-
less otherwise noted. A341 and MDA-MB-468 cells were main-
tained in RPMI-1640 and DMEM media, respectively and
supplemented with 10% fetal bovine serum (Hyclone), 4mM L-
glutamine, 1mM sodium pyruvate, 10mM HEPES (N-2-
hydroxyethylpiperazine-N-2-ethanesulfonic acid), D-glucose
(2.5mg/mL), and gentamicin (50mg/mL) in a humidified incubator
at 37 �C/5% CO2. Cells were removed from flasks for passage or to
seed 12-well assay plates by incubating with 0.25% trypsin/ethyl-
enediaminetetraacetic acid.

2.6. Flow cytometry

Cells were washed in 1 � PBS þ2% FBS and incubated with
DLO6-(scFv)2, for 30min at room temperature followed by 15min
on ice [18]. Cells were washed and incubated in a 1:50 dilution of
FITC labeled Goat F (ab’)2 fragment anti-human IgG (H þ L) anti-
body (Beckman Coulter, Brea, CA) and data was collected on a
Gallios flow cytometer (Beckman Coulter, Brea, CA) on the FL1
channel. Data analysis was performed using FlowJo V.10.0.8 and the
KD was calculated by fitting curves to the log (agonist) vs. response
(three parameters) model using GraphPad Prism version 5 (La Jolla,
CA).

2.7. Radiolabeling with 99mTc(CO)3(H2O)3
þ and quality control

All the fragments were radiolabeled in a similar manner to form
the respective 99mTc(CO)3þ complexes. The [99mTc(CO)3(H2O)3]þ

precursor was prepared using a premade tricarbonyl kit (Paul
Sherrer Institute's Centre for Radiopharmaceutical Sciences, Zurich,
Switzerland) by adding 1.0mL of a saline solution of freshly eluted
Na99mTcO4 (90e100mCi) under N2 atmosphere, followed by heat-
ing at 100 �C for 20min. The [99mTc(CO)3(H2O)3]þ precursor was
analyzed by reverse phase HPLC (Waters XBridge C18-column 5 mm,
4.6� 150mm, elution with a gradient of 0.1% trifluoroacetic acid in
water to methanol over 30min) at a flow rate of 1mL/min. After
cooling, the [99mTc(CO)3(H2O)3]þ precursor solution was
neutralized with 0.12mL of 1M HCl to pH 7.5.400e420 MBq of the
[99mTc(CO)3(H2O)3]þ precursor was added to 800 mg of SAAC-CIM-
DLO6-(scFv)2 or SAAC-CIM-MBP-(scFv)2 immunoconjugate (5mg/
mL in PBS, pH 7.0) in a sealed N2 saturated glass vial under a stream
of N2. The reaction mixture was incubated at room temperature
(5mg/mL in PBS, pH 7.0) shaking at 500 RPM for 40min. Uncom-
plexed precursor was removed by centrifugal filters using an
Amicron Ultra-10 K (Amicon, Etobicoke, ON) molecular filtration
device. 99mTc(CO)3þ labeled immunoconjugates were analyzed us-
ing size exclusion HPLC (XBridge Protein SEC, 200 Aº 3.5 mM; Wa-
ters, Milford, Massachusetts) with 1� PBS pH 7.0 as the mobile
phase at a flow rate of 0.6mL/min. Immunoconjugates were
monitored at 280 nmwhile radioactivity was detected using a flow
through NaI-detector (Flow-RAM, Broomhill, United Kingdom).

2.8. Stability and immunoreactivity of radioimmunoconjugate

Stability was evaluated by incubating 50 mL of 99mTc(CO)3-DLO6-
(scFv)2 with 1.0mL of mouse plasma or saline at 37 �C. Aliquots
were then analyzed by size exclusion radio-HPLC at 0, 2, 4, 6, 12, 18,
24 h to assess the integrity of the complex. In addition, 99mTc(CO)3-
DLO6-(scFv)2 was incubated with 500mM solution of histidine or
100mM solution of cysteine at 37 �C. Aliquots of the mixture were
analyzed using size exclusion HPLC at different time points for up to
24 h to determine the degree of transchelation. The immunoreac-
tivity fraction of 99mTc(CO)3-DLO6-(scFv)2 was determined as
described by Lindmo et al. [19] using A431 cells.

2.9. In vitro EGFR domain II binding

EGFR domain I/II binding of 99mTc(CO)3-DLO6-(scFv)2 was
determined by incubating the radioimmunoconjugate with or
without a 50-fold excess of unlabeled SAAC-CIM-DLO6-(scFv)2 or
domain III-binding antibody nimotuzumab. The binding assay was
performed in triplicate with 2� 106 cells/mL using different con-
centrations of 99mTc(CO)3-DLO6-(scFv)2 (50, 5 and 0.5 nM). Specific
binding was determined by incubating 99mTc(CO)3-DLO6-(scFv)2
with a 50-fold excess of unlabeled SAAC-CIM-DLO6-(scFv)2 while
non-specific binding to domain I/II was determined by pre-
incubation EGFR-positive A431 cells with a 50-fold excess of
nimotuzumab (domain III binder) prior to incubation with
99mTc(CO)3-DLO6-(scFv)2. The tubes containing the cells were
incubated for 1 h at 4 �C. After incubation, cell pellets were sepa-
rated from the supernatants by centrifugation at 1200� g for 2min,
followed by washing three times with 1� PBS. The tubes with the
pellets and supernatant were separately counted in a gamma
counter (Perkin Elmer, Brea, CA) to determine the amount of ac-
tivity bound to pellets (cells).

2.10. Biodistribution and microSPECT/CT imaging

All animal studies were approved by the University of Sas-
katchewan Animal Care and Use Committee in accordance with the
guidelines set forth in Use of Laboratory Animals (protocol #
20170084). The mice were housed under standard conditions in
approved facilities with 12-h light/dark cycles and given food and
water ad libitum throughout the duration of the studies. Female
nude mice were purchased from the Charles River Laboratory
(Sonneville, QC). For inoculation in mice, A431 and MDA-MB-
468 cells were resuspended at 1� 107 cells/mL in a 1:1 mixture of
PBS:Matrigel (BD Biosciences, Toronto, ON). Each mouse was
injected in the right flank with 0.20mL of the cell suspension. The
mice were used for tissue distribution studies when the tumors
reached at least 200mm3.

Purified 99mTc(CO)3-DLO6-(scFv)2 or 99mTc(CO)3-MBP-(scFv)2
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was passed through 0.22 mm Ultrafree MC filter and 40e45 MBq
(specific activity of 0.5 MBq/mg) was injected via tail vein to female
CD-1 athymic nude mice bearing an A431 or MDA-MB-468 tumor.
Groups of mice (n¼ 4 per group) were anaesthetized using iso-
flurane and sacrificed at 6 or 24 h post injection. The mean per-
centage injected activity per gram organ weight (% IA/g) was then
calculated for all the organs.

Mice (n� 3 per group) bearing A431 or MB-MBA468 xenografts
were injected via tail vein with 99mTc(CO)3-DLO6-(scFv)2 or
99mTc(CO)3-MBP-(scFv)2 for imaging studies. SPECT and CT images
were acquired using MILabs Vector4CT scanner (Utrecht, The
Netherlands) at 2, 6, 18 and 24 h post injection. This device uses
stationary detectors with exchangeable collimators for different-
sized animals or for specific organs. The mice were positioned in
the mouse bed with the tumor in a proper field of view [20,21].
They were anesthetized using a mixture of isoflurane/oxygen (5% of
isoflurane in oxygen) and an in vivo total-body SPECT/CT scan was
obtained while anesthesia was maintained (2% of isoflurane for
maintenance). Body temperature, heart rate, and breathing fre-
quency were monitored continuously and kept at normal physio-
logic values.

CT acquired projection data was reconstructed using a Hann
projection filter on 150-mm voxel grid to generate a 3-D CT image.
Reconstructed SPECT images are quantified to correct for attenua-
tion, using the CT image as an attenuation map for non-uniform
attenuation correction. For optimized visual representation the
reconstructed volumes of SPECT scans were post-filtered using 3D
Gaussian filter with the full width at half maximum (FWHM)
varying from 1 to 1.5mm. To quantify uptake in organs of interest,
the registered CT and SPECT images were analyzed using PMOD 3.8
software (PMOD, Switzerland). Regions-of-interest (ROI) were
manually drawn to encompass the radioactivity uptake in the or-
gans of interest. Tracer uptake was expressed as percentage
Fig. 1. A) Bioanalyzer chromatograms (L) ladders, (a) unconjugated DLO6-(scFv)2 (b) SAAC-
MBP-(scFv)2. B) Flow cytometry of DLO6-(scFv)2 and SAAC-CIM-DLO6-(scFv)2 at different c
SAAC-CIM-DLO6-(scFv)2 in A431 cells (KD 42.6± 2.7).
injected dose (% IA) per tissue volume (% IA/cc).

2.11. Statistical analysis

All data was expressed as the mean± SD or SEM of at least 3
independent experiments. Statistical significance between groups
was assessed using a two-tailed Student's t-test or analysis of
variance (ANOVA) with Bonferoni post hoc test. Graphs were pre-
pared and analyzed using GraphPad Prism (GraphPad version 5; La
Jolla, CA).

3. Results

3.1. Chemistry

The desired bifunctional chelator SAAC-CIM NHS ester was
prepared as outlined in Scheme 1. The tert-butyl 2-(2-formyl-1H-
imidazol-1-yl)acetate (3) (Scheme 1) was synthesized by alkylation
reaction, in which 1H-imidazole-2-carbaldehyde (1) condensed
with tert-butyl 2-bromoacetate (2) in the presence of KI/triethyl-
amine. Intermediate compound (4) was formed by reacting N-
alkyl-imidazole-2-carboxaldehyde (3) with 11-aminoundecanoic
acid to form a Schiff base, which was not isolated but directly
reduced in situ with sodium triacetoxyborohydride to form com-
pound (4) in good yields. To obtain the hydroxysuccinimide com-
pound (5), compound (4) was coupled with N-hydroxysuccinimide
using HOBt/EDC.HCl in dry dichloromethane (DCM). The Boc group
was removed by treatment with TFA/DCM to get the final com-
pound SAAC-CIM NHS ester. The compounds reported in this study
have been characterized by 1H, 13C NMR and mass spectrometry
(MS). The mass spectra of these compounds showed molecular ion
peaks corresponding to their molecular formulas. Data from the 1H
and 13C NMR spectra are in agreement with their assigned
CIM conjugated DLO6-(scFv)2 (c) unconjugated MBP-(scFv)2 (d) SAAC-CIM conjugated
oncentration in A431 cells. C) Saturation binding of DLO6-(scFv)2 (KD 33.5± 3.2) and



Fig. 2. A) In vitro stability of 99mTc(CO)3-DLO6-(scFv)2 in PBS and human plasma at 37 �C at different time points. B) Cysteine and histidine challenge assay of 99mTc(CO)3-DLO6-
(scFv)2 at 500mM cysteine and histidine at 37 �C for different time points.

Fig. 3. Domain I/II-specific binding of 99mTc(CO)3-DLO6-(scFv)2 in A431 Cells.

V.R. Solomon et al. / European Journal of Medicinal Chemistry 157 (2018) 437e446442
structures (S. Figs. 1e7).

3.2. Conjugation and characterization of the immunoconjugate

Bioanalyzer results (Fig. 1A) indicated that 2.9e3.3 molecules of
SAAC-CIM-NHS could be randomly conjugated to DLO6-(scFv)2 or
MBP-(scFv)2 when the chelator to antibody ratio was 16:1 [22].
Bioanalyzer confirmed that DLO6-(scFv)2, SAAC-CIM-DLO6-(scFv)2,
MBP-(scFv)2, and SAAC-CIM-MBP-(scFv)2 were more than 95% pure
with molecular weights of 56.66, 57.94, 55.09, and 56.48 kDa,
respectively (Fig.1A). The final conjugates were clear solutions with
no particulate matter or milky appearance. The pH of the final
product was 7.0e7.2. Stability data obtained by HPLC were identical
to those obtained using the bioanalyzer (Fig.1A and S. Figs. 8 and 9).

We characterized the binding of DLO6-(scFv)2 and SAAC-CIM-
DLO6 (scFv)2 to the EGFR-positive cell line A431 using flow
cytometry (Fig. 1B). DLO6-(scFv)2 and SAAC-CIM- DLO6-(scFv)2
bound to A431 cells with KD values of 33.5± 3.2 nM and
42.6± 2.7 nM (Fig. 1C), respectively.

3.3. Radiolabeling and characterization

In order to achieve a good radiochemical yield (RCY) a number
of parameters such as specific activity, pH, concentration of SAAC-
CIM-DLO6-(scFv)2 and incubation time were investigated (S.
Table 1e3). We first optimized the effect of SAAC-CIM-DLO6-
(scFv)2 concentration on the radiolabeling yield in the range of
80e240 mg for 40e120 MBq activity, whereas pH (8.0) and incu-
bation time (40min) were fixed (S. Table 1). Next we investigated
the effect of pH. The radiolabeling yield was strongly dependent on
pH, as radiochemical yields of 10.6%, 15.7%, 26%, 46% and 32% were
obtained at pH 6.5, 7, 7.5, 8.0 and 8.5, respectively, when the other
parameters time of incubation (40min) and specific activity (0.5
MBq/mg) were kept constant (S. Table 2). The radiolabeling yield
increased with incubation time with a maximum yield of 48% at
40min (S. Table 3). The optimum radiolabeling yield (50%) was
obtained at pH 8.0 with specific activity of 0.5 MBq/mg at 40min.
These conditions were used for labeling of (scFv)2 conjugates for
subsequent in vitro and in vivo experiments. A radiochemical purity
of >95% (S. Fig. 9) was obtained after purification using an Amicron
Ultra-10 K centrifugal filter.

In vitro stability of the 99mTc(CO)3-DLO6-(scFv)2 conjugate was
evaluated using HPLC by periodic sampling following incubation in
PBS or plasma. Stability was found to be >92% at different time
points up to 24 h in PBS and plasma (Fig. 2A). 99mTc(CO)3-DLO6-
(scFv)2 did not transchelate to plasma proteins following 24 h of
incubation with >90% of the 99mTc remaining bound to the com-
plex. Histidine and cysteine form very stable complexes with the
99mTc(CO)3þ core. 99mTc(CO)3-DLO6-(scFv)2 was fairly stable to a
challenge with 500 nM of histidine and cysteine (Fig. 2B). Incuba-
tion of 99mTc(CO)3-DLO6-(scFv)2 with 500 nM histidine or cysteine
at 37 �C for 24 h resulted in 20% or less transchelation of the
radiolabel to amino acids (Fig. 2B). The immunoreactive fraction of
99mTc(CO)3-DLO6-(scFv)2-CIM was 94.5% (S. Fig. 10).

3.4. Domain I/II-specific binding of the radioimmunoconjugate

Nimotuzumab is a therapeutic anti-EGFR antibody that binds to
domain III of EGFR [16]. We studied the binding of domain I/II-
specific 99mTc(CO)3-DLO6-(scFv)2 antibody fragment with or
without a 50-fold excess of unlabeled SAAC-CIM-DLO6-(scFv)2
(domain I/II specific blocking) or a 50-fold excess of unlabeled
nimotuzumab (domain III specific blocking) to EGFR positive
A431 cells (Fig. 3). As expected, addition of unlabeled SAAC-CIM-
DLO6-(scFv)2 significantly (p< 0.05) decreased the uptake of
99mTc(CO)3-DLO6-(scFv)2 while the addition of nimotuzumab, a
domain III-binding antibody, did not result in a significant decrease
in the binding of 99mTc(CO)3-DLO6-(scFv)2 to EGFR in A431 cells.
Pre-blocking of A431 cells with “cold” SAAC-CIM-DLO6-(scFv)2 lead
up to a 4.1-fold reduction (at 5 nM concentration) in the binding of
99mTc(CO)3-DLO6-(scFv)2 to EGFR while pre-blocking with “cold”
nimotuzumab had no effect on the binding of 99mTc(CO)3-DLO6-
(scFv)2.

3.5. Biodistribution and SPECT/CT imaging

Biodistribution of 99mTc(CO)3-DLO6-(scFv)2 or control MBP
conjugates were studied in EGFR positive A431 xenografts (Fig. 4A
e C). 99mTc(CO)3-DLO6-(scFv)2 showed mostly renal clearance with
a maximum of 33.7± 4.3% IA/g at 6 h post injection. Significant



Fig. 4. A, B & C. Biodistribution of 99mTc(CO)3-DLO6-(scFv)2 and 99mTc(CO)3-MBP-(scFv)2 in athymic CD-1 nude mice bearing A431 xenograft at 6 h (A) and 24 h (B) post injection.
Data was expressed as mean %IA/g± SD. C) Biodistribution of 99mTc(CO)3-DLO6-(scFv)2 and 99mTc(CO)3-MBP-(scFv)2 in athymic CD-1 nude mice bearing MDA-MB-468 xenografts at
24 h post injection. Data expressed as mean %IA/g± SD.
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hepatobiliary clearance was observed with high uptake in liver and
spleen at all time points. Maximum tumor uptake of 99mTc(CO)3-
DLO6-(scFv)2 in the A431 xenograft model was 2.4± 0.5% IA/g at 6 h
post injection. The tumor uptake of 99mTc(CO)3-DL06-(scFv)2 was
specific and was 3.3 and 4.1-fold higher for MDA-MB-468 and A431
tumors, respectively compared with control anti-MBP antibody
fragment 99mTc(CO)3-MBP-(scFv)2 at 24 h post injection.

In vivo SPECT/CT imaging (Fig. 5A), showed high uptake in kid-
neys, liver, and spleen, correlating with the ex vivo biodistribution
data showing that 99mTc(CO)3-DLO6-(scFv)2 was cleared via renal
excretion and to a lesser extent the hepatobiliary pathway. In vivo
imaging showed uptake of 99mTc(CO)3-DLO6-(scFv)2 in the MDA-
MB-468 and A431 tumors (Fig. 5B). The highest tumor-to-muscle
ratios were 3.01± 0.4 and 1.9± 0.2, for MDA-MB-468 and A431
xenografts, respectively at 6 h post injection. The control
99mTc(CO)3-MBP-(scFv)2 tracer tumor-to-muscle ratios were
2.1± 0.1 and 1.1± 0.1 for MDA-MB-468 and A431 xenografts,
respectively at 6 h post injection (Fig. 10).
4. Discussion

This study presents the design and synthesis of a new bifunc-
tional chelator SAAC-CIM NHS ester for a post labeling approach
using 99mTc(CO)3þ with an anti-epidermal growth factor receptor I
(EGFR) (scFv)2 antibody fragment and the in vitro and in vivo
evaluation of the radioimmunoconjugate. 99mTc is an attractive
isotope for labeling small antibody fragments due to its unique
characteristics including: emission, radiochemistry, and availability
from 99Mo/99mTc generators. Furthermore, the kinetic stability of
99mTc(CO)3þ complexes due to the low oxidationþ1 state has drawn
considerable attention for the development of novel molecular
imaging agents [23]. The use of the 99mTc(CO)3þ precursor for
radiolabeling of antibodies or antibody fragments has only been
studied with antibodies or affibodies that were modified with
histidine/His-Tag [24e26]. No report exists where antibodies or
affibodies were conjugated with a bifunctional chelator prior to
labeling with the 99mTc(CO)3þ precursor. Waibel et al. [25] directly
labeled scFv antibody fragments that contained His-Tag residues
resulting in excellent yields using the 99mTc(CO)3þ precursor. Simi-
larly, unmodified trastuzumab was directly radiolabeled with
99mTc(CO)3þ via histidine residues [26]. His-Tag/histidine forms a
very stable complex with the 99mTc(CO)3þ core. The introduction of a
His-Tag to antibodies or small proteins is attractive because it al-
lows for facile purification and can easily be radiolabeled with the
99mTc(CO)3þ precursor in one pot. However, many studies have
shown that the presence of these residues adversely alters the
biodistribution of the biomolecule [27,28]. To the best of our
knowledge no published work has been reported where an anti-
body fragment was radiolabeled with 99mTc(CO)3þ via a bifunctional
chelating agent. Work by previous authors focused on using the
SAAC-CIM ligand to radiolabel peptides and small molecules with
99mTc(CO)3þ. Some of these molecules are in advanced clinical trials,



Fig. 5. A) Fused microSPECT/CT image of mice bearing MDA-MB-468 and A431 xenografts after a tail vein injection of 99mTc(CO)3-DLO6-(scFv)2 or 99mTc(CO)3-MBP-(scFv)2 Mice
bearing MDA-MB-468 tumor xenografts were injected with 40e45 MBq of 99mTc(CO)3-DLO6-(scFv)2 (a) or 99mTc(CO)3-MBP-(scFv)2 (b). Mice bearing A431 tumor xenografts were
injected with 99mTc(CO)3-DLO6-(scFv)2 (c) or 999mTc(CO)3-MBP-(scFv)2 (d). B) Quantitative SPECT expressed as % IA (decay corrected) per volume (% IA/cc). C) Tumor-to-muscle ratio
of tracers in tumor-bearing mice after 6 h post injection.
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however the conditions for labeling peptides are too harsh for
antibodies. In the present study we develop and evaluate an anti-
EGFR imaging agent using a SAAC-CIM bifunctional chelator.

The radiolabeling of peptides using SAAC-CIM has been per-
formed in a one pot (deprotection and radiolabeling step) in which
the peptide is conjugated to protected SAAC-CIM chelator followed
by radiolabeling with SAAC-CIM at high temperatures in acidic
conditions [11,12]. High temperatures and acidic conditions de-
natures antibodies. To overcome this SAAC-CIM NHS was designed
and synthesized in good yields. We then conjugated the DLO6-
(scFv)2 fragment followed by radiolabeling under mild conditions;
room temperature at pH 8.0 which resulted in good yields. To show
that the immunoconjugate was not affected by conjugation or
radiolabeling we performed saturation binding assays by flow
cytometry and determined the immunoreactive fraction by radio-
ligand binding assays. Flow cytometry showed that the binding of
SAAC-CIM-DLO6-(scFv)2 to cells was not affected by the conjuga-
tion reaction since there was no significant difference in KD
between the conjugated and unconjugated (scFv)2. Similarly, the
immunoreactivity of 99mTc(CO)3-DLO6-(scFv)2 in the EGFR positive
A431 cell line was 94%.

The bioanalyzer method was used to calculate the number of
chelator molecules attached to the (scFv)2 fragment. SAAC-CIM-
DLO6-(scFv)2 was radiolabeled with the tricaronyl precursor
resulting in a radiochemical yield of 50% and a specific activity of
0.5 MBq/mg (25 MBq/nmole) when labeled at room temperature.
Direct radiolabeling of scFv fragments with tricarbonyl precursor
via His-Tag resulted in a radiochemical yield of 90% and a specific
activity of up to 83MBq/nmolewith scFv fragments when labeled at
50 �C [25]. Although the specific activity in this study was lower it
was similar to those obtained using other radiometals [29]. All
existing therapeutic anti-EGFR monoclonal antibodies (cetuximab,
nimotuzumab and panitumumab) bind exclusively to domain III.
There are currently no approved anti-EGFR imaging agents. Previ-
ous studies have focused on the use of antibodies or antibody
fragments that bind to the same domain (domain III) as the
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therapeutic antibody. Such imaging agents have limited utility. The
use of a domain specific imaging agent has many applications such
as diagnosis, image-guided surgery and monitoring of the response
to anti-EGFR therapeutics including widely used antibodies such as
cetuximab, nimotuzumab and panitumumab. Using the DL06 Fab
fragment Miersch et al. [17] showed that DLO6 binds exclusively to
domains I and II and that this binding is not inhibited by cetuximab.
Using nimotuzumab (another domain III binder) our preliminary
experiments confirm that binding of 99mTc(CO)3-DLO6-(scFv)2 was
not inhibited by pre-blocking with nimotuzumab. 99mTc(CO)3-
DLO6-(scFv)2 can be developed into a domain I and II specific im-
aging agent with wide applications.

Biodistribution and microSPECT/CT imaging of 99mTc(CO)3-
DLO6-(scFv)2 and 99mTc(CO)3-MBP-(scFv)2 were done in EGFR
positive A431 and MDA-MB-468 xenografts. SPECT imaging
showed clear visualization of A431 and MDA-MB-468 tumors with
low background signals. Tumor uptake of 99mTc(CO)3-DLO6-(scFv)2
was low but higher than 99mTc(CO)3-MBP-(scFv)2. Smaller antibody
fragments exhibit very fast clearance from circulation and hence
low tumor uptake. In addition, 99mTc unlike most radiometals e.g.
89Zr is a non-internalizing isotope. Similar results were observed
using anti-Her2 scFv fragment radiolabeled with 99mTc(CO)3þ

precursor.

5. Conclusion

We report for the first time the design and synthesis of a novel
bifunctional chelator 1-pyrrolidinyl-2,5-dione-11-(bis((1-(carbox-
ymethyl)-1H-imidazol-2-yl)methyl)amino)undecanoic acid (SAAC-
CIM NHS ester) for radiolabeling antibodies and antibody frag-
ments with the 99mTc(CO)3þ core under very mild conditions. Under
these conditions structure and immunoreactivity were not
compromised. Specific anti-EGFR binding was conserved both
in vitro and in vivo. Tumors visualization was possible despite low
tumor uptake. In future experiments, we will develop DLO6 im-
aging agents using larger fragments (e.g. scFv-Fc or IgG) of DLO6
which have a longer circulation half-life than the (scFv)2 and should
exhibit enhanced tumor uptake.
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