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Synthesis of novel neutrophil-specific imaging agents
for Positron Emission Tomography (PET) imaging
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Abstract—A neutrophil-specific peptide, cinnamoyl-F(D)LF(D)LFK (cFLFLFK), was conjugated consecutively with a polyethyl-
ene glycol moiety (3.4 K) and 2,2 0,200,2000-(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrayl)tetraacetic acid (DOTA) to form
cFLFLFK-PEG-DOTA. After 64Cu labeling, Positron Emission Tomography (PET) imaging was successfully able to detect mouse
lung inflammation.
� 2007 Elsevier Ltd. All rights reserved.
Several peptides targeting receptors on infiltrating leu-
kocytes (e.g., fMLF,1 i-Boc-MLF,1 and fNleLFNleYK2

et al.) have been investigated as potential imaging agents
for non-invasive detection of acute inflammation. Cur-
rently used clinical nuclear imaging probes, for example,
99mTc or 111In labeled white blood cell3,4 and 67Ga-cit-
rate,5 either needs significant preparation time and
blood handling or is not specific for inflammation. Pep-
tide probes specifically target neutrophils in vivo, there-
fore avoiding the disadvantages associated with ex vivo
laboratory procedures and non-specificity. While these
peptides show promise for in vivo detection of inflam-
mation in terms of early imaging and target-to-back-
ground ratio in experimental models, several problems
remain. Receptor agonist peptides may cause neutrope-
nia or demargination due to neutrophil activation, while
receptor antagonist peptides may show low uptake in
infectious foci due to the low receptor affinity. The neu-
trophil receptor antagonist cFLFLF was reported with
high affinity for the neutrophil N-formylpeptide receptor
(FPR),6 but we have found this agent to have poor
imaging quality due to lipophilicity resulting in high
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liver uptake. We addressed these issues by modifying
the cFLFLF with biocompatible polyethylene glycol
(PEG, molecular weight = 3.4 K). We reason that the in-
crease in hydrophilicity caused by the addition of PEG
should help to attenuate hepatobiliary and intestinal up-
take of the peptide. This imaging agent consists of three
structural components: neutrophil-specific cFLFLF;
biocompatible PEG; and the radioisotope 64Cu. The
binding assay of cFLFLF-PEG-64Cu to human neutro-
phils yielded Kd = 5.7 nM, indicating that the PEGyla-
tion did not interfere the peptide binding with
neutrophil receptor (Fig. 1).

The PEGylation of the peptide was completed according
to a modified procedure of Chen et al.7 A solution of
10 mg of cFLFLFK 1, synthesized on an Advanced
solid-phase peptide synthesizer by Fmoc solid phase
chemistry, and 30 mg of bifunctional t-butoxycar-
bonyl-protected PEG-succinimidyl ester (t-Boc-PEG-
NHS) (MW, 3400. Laysan Bio, Inc., USA) in
acetonitrile-sodium borate buffer (0.1 N, pH 8.5)
(50/50, v/v) was incubated at 4 �C overnight to yield
23 mg of cFLFLF-PEG 2 (62% from PEG), purified
by HPLC and characterized by mass spectroscopy.
After cleavage of the t-Boc by treating with trifluoroace-
tic acid (TFA) from 2, the mono-activated DOTA-Sul-
foNHS was coupled to the other end of the PEG
moiety to produce cFLFLF-PEG-DOTA 4 which was
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Figure 1. Reagents: (i) t-Boc-NH-PEG-NHS, 0.1 N sodium borate buffer, pH 8.5; (ii) TFA (iii) DOTA-SulfoNHS, pH 8.5; (iv) 64CuCl2.
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characterized by MALDI-TOF MS (Matrix assisted la-
ser desorption ionization time-of-flight mass spectrome-
try) with a number-average molecular weight of 4776.
The DOTA-SulfoNHS was freshly prepared from
DOTA (Macrocyclics, Inc., Dallas, TX), N-hydrox-
Figure 2. The HPLC chromatogram shows the collected cFLFLF-

PEG-64Cu with radiochemical purity higher than 90%. The retention

time of the cFLFLF-PEG-64Cu is identical to its ‘cold’ counterpart,

cFLFLF-PEG-Cu, which has been characterized by mass spectroscopy.

Figure 3. PET, CT and fused transaxial slices for infected and sham mice. T
ysulfosuccinimide (Sulfo-NHS) (PIERCE, Rockford,
IL), and 1-ethyl-3-[3-(dimethylamino)-propyl]carbodi-
imide (EDC) (PIERCE, Rockford, IL) in aqueous (pH
5.5) at 4 �C for 30 min. The radiolabeling was completed
by addition of 760 lCi of 64CuCl2 (Isotrace, Inc, O’Fal-
lon, MO) to 20 lg of cFLFLF-PEG-DOTA 4 in 0.1 N
ammonium acetate (pH 5.5) buffer and the mixture
was incubated at 40 �C for 30 min. The reaction was ter-
minated by the addition of 5 mL of EDTA solution
(10 mmol/L), followed by HPLC purification (HPLC
purification with a C18 reversed-phase Apollo column
(5 lm, 250 · 10 mm). The mobile phase changed from
40% Solvent A (0.1% TFA in water) and 60% Solvent
B (0.1% TFA in 80% aqueous acetonitrile) to 100% Sol-
vent B at 30 min at a flow rate of 3 mL/min. The
cFLFLF-PEG-64Cu 5 was collected with retention time
at 17.2 min with radiochemical yields higher than 90%.
The collected fraction was analyzed with HPLC with
the same conditions (Fig. 2). The radiochemical purity
was higher than 90% and the specific activity was �
30 mCi/lmol. To characterize cFLFLF-PEG-64Cu 5,
the ‘cold’ counterpart cFLFLF-PEG-Cu was synthe-
sized and verified by mass spectroscopy. HPLC reten-
tion time of cFLFLF-PEG-64Cu 5 was assigned by
coinjection with the ‘cold’ counterpart.
he region of interest are depicted in the fused images.
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The newly synthesized cFLFLF-PEG-64Cu was evalu-
ated in an animal model of bacterial infection. Pneumo-
nia was induced in male C57Bl/6 mice by oropharyngeal
aspiration under light inhalational anesthesia of 106 col-
ony forming units of Klebsiella pneumoniae. A control
mouse was sham-treated with aspiration of sterile nor-
mal saline. Twenty-four hours after bacterial inocula-
tion, 80–100 lCi of cFLFLF-PEG-64Cu was injected
through the tail vein. MicroPET (Siemens Focus 120)
and respiratory gated microCT (custom-built) were per-
formed 6 h after tracer injection. Total image acquisi-
tion time was 20–25 min. MicroPET and microCT
images were fused using a transformation matrix gener-
ated by imaging a phantom. CT images were used to
guide the placements of the lung regions of interest to
obtain lung activity concentration. Tracer Standardized
Uptake Values (SUVs) were computed as the ratio of
the total ROI activity concentration normalized by the
injected dose and the weight of the animal. Figure 3
shows the PET, CT, and fused transaxial slices for the
infected and the sham mice. The SUV of lung for the in-
fected mouse is higher than the sham by a factor of 7.

In conclusion, we have shown that cFLFLF-PEG-64Cu
is an effective probe for in vivo imaging of acute neutr-
ophilic inflammation. In our mouse model of bacterial
pneumonia, using fused microPET and microCT imag-
ing, cFLFLF-PEG-64Cu signal was 7-fold higher in in-
fected than in non-infected lungs. Further biological
evaluation of this novel imaging agent is ongoing in
our laboratory, with the goal of refining in vivo imaging
of lung inflammation to facilitate studies of anti-inflam-
matory therapies.
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