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Abstract:�Click�chemistry,�a�concept�that�employs�only�practical�and�reliable�transformations�for�compound�syn-
thesis,�has�made�a�significant�impact�in�several�areas�of�chemistry,�including�material�sciences�and�drug�discov-
ery.�The�present�article�describes�the�use�of�click�chemistry�for�the�development�of�radiopharmaceuticals.�Target�
templated�in situ�click�chemistry�was�used�for�lead�generation.�The�1,2,3-triazole�moiety�was�found�to�improve�
the�pharmacokinetic�properties�of�certain�radiopharmaceuticals.�The�reliable�Cu(i)-catalyzed�click�reaction�was�
employed�for�radiolabeling�of�peptidic�compounds�without�the�need�for�protecting�groups.�In�summary,�the�click�
chemistry�approach�for�the�discovery,�optimization�and�labeling�of�new�radiotracers,�represents�a�very�powerful�
tool�for�radiopharmaceutical�development.
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Introduction

Click chemistry is a modular approach to 
chemical synthesis whose aim is to quickly 
prepare synthetically accessible molecules 
rather than laboring over more syntheti-
cally demanding compounds by utilizing 
only the most practical and reliable chemi-
cal transformations.[1,2] Click chemistry 
transformations are wide in scope, high 
yielding, produce inoffensive byproducts 
that are easily separable and maintain ste-
reo-specificity. They employ readily avail-
able starting materials and reagents, use 
no solvent, or only benign solvents that 
are easily removed, and the reaction con-
ditions and product isolation are simple.[1] 
Although click chemistry encompasses a 
wide array of functional groups and var-
ied chemical transformations, the copper-
catalyzed 1,2,3-triazole formation from 
azides and terminal alkynes is the most 
commonly used click reaction.[3–9] High 
yields, benign solvents, tolerance to other 
functional groups and specificity have al-
lowed this copper-catalyzed click reaction 
to be employed in many different aspects 

of chemistry, including medicinal, bio-
medical and materials chemistry.

Medicinal chemistry had incorporated 
triazoles into their pharmacophore toolkit 
long before the discovery of the Cu-cata-
lyzed click reaction.[10,11] The triazole moi-
ety is also present in a commercially avail-
able b-lactamase inhibitor, tazobactam, as 
well as other triazole based b-lactamase in-
hibitors whose high potencies are credited 
to the triazole functional group.[12,13] Tri-
azoles have been described as non-tradi-
tional amide bioisosteres and are typically 
substituted for potentially labile functional 
groups such as esters or amides.[10] Click 
chemistry has been demonstrated to be an 
efficient tool for in situ library screening 
as well as discovery high affinity ligands 
using in situ click chemistry.[14–19] One dis-
cipline that has recently embraced the use 
of click chemistry is the field of radiophar-
maceutical development, and in particular 
radiopharmaceuticals used for positron 
emission tomography (PET) imaging. 

Over the past 10 years PET has evolved 
from a research tool to a commonly applied 
clinical imaging diagnostic test. At the heart 
of PET imaging are isotope-labeled molec-
ular probes that undergo specific biological 
transformations (e.g. enzymatic transfor-
mation, such as phosphorylation) or that 
bind to biomolecules with high specificity 
and affinity.[20] The exact location of the 
transformed or bound molecular probes can 
then be determined by detecting the gam-
ma-rays’ two 511 keV photons, formed by 
positron/electron annihilation, that emanate 
from them. The PET images easily reveal 
the probes’ ability to localize at the desired 
biological target and, in addition, allow bio-

distribution and excretion pathways to be 
determined.[21–23] The most commonly used 
positron-emitting isotopes are 11C (t1/2 = 
20.4 min) and 18F (t1/2 = 109.8 min). They 
can be readily introduced into small, ‘drug-
like’ molecules, which are able to penetrate 
cell walls and the blood brain barrier, and 
allow intracellular and neurological targets 
to be imaged. Thus, PET imaging not only 
enables disease diagnosis in a clinical set-
ting, but also supports the development of 
new therapeutic drugs by allowing receptor 
occupancy and pharmacokinetic properties 
to be evaluated in vivo.

Currently, the vast majority of PET 
scans are performed with just one imaging 
probe, the glucose analog 2-[18F]-fluoro-
2-deoxyglucose (FDG), which measures 
glucose metabolism. FDG is transported 
into cells through glucose transporters 
(GLUT-1-5),[24,25] where its O(6) phos-
phorylation through hexokinase prevents 
the charged metabolite from exiting cells. 
The resulting accumulation of 6-phospho-
FDG allows cell types with enhanced glu-
cose metabolism to be diagnosed. Due to 
the Warburg effect,[26,27] PET imaging with 
FDG is highly successful for the detection 
and staging of malignant tumors, which 
typically have a considerably increased glu-
cose metabolism. FDG-PET is also used for 
the assessment of myocardial viability and 
the early diagnosis of neurodegenerative 
disorders.[28] Only a limited number of other 
imaging probes are being used in clinical re-
search. They target tumor cell proliferation, 
tumor hypoxia, amyloid-beta plaques in 
Alzheimer’s disease, the dopaminergic and 
serotoninergic nervous system as well as 
somatostatin and integrin receptors. Despite 
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the recent development of novel PET imag-
ing applications,[29–32] the overall number of 
clinically-used molecular imaging probes 
is still small, when compared to the large 
number of disease-related biological targets 
that have been identified in the recent years. 
Thus, new PET probes are needed to fulfill 
the promise of molecular imaging, to assist 
in diagnosis of disease and therapy monitor-
ing, and to support therapeutic drug devel-
opment.

In some aspects, radiotracer develop-
ment mirrors that of drug development: 
leads must be discovered, tested and 
 validated in vivo prior to clinical develop-
ment.[33–35] The presence of a radioisotope 
makes certain in vivo tests simpler, such as 
the determination of the pharmacokinetics 
and metabolism. However, there are also 
complications, since the relatively short 
half-lives of PET radioisotopes limit the 
functional use of the tracer. Tracers must 
not only be freshly produced in relatively 
close proximity to the place of use, but 
their pharmacokinetic and dynamic prop-
erties must be compatible with this com-
pressed timeframe, which limits the use to 
about three half-lives. Therefore, the tracers 
should be optimized for fast and efficient 
clearance, high and specific target uptake 
(typically low nanomolar or better affinity 
for the target) and reasonable biostability.[36] 
From a synthesis perspective, the short half-
lives require that the tracer production be 
rapid (within two half-lives),[37] the purifi-
cation be efficient and the formulation be 
suitable for mammalian imaging.[38]

Click chemistry is ideally suited for ra-
diotracer development and production. It 
can be employed for several aspects of the 
development phase including initial lead 
discovery and optimization of pharmacoki-
netic properties. It also makes radiolabeling 
very efficient, so that candidate PET imaging 
tracers can readily be prepared and tested. 

The Use of in situ Click Chemistry 
for PET Radiotracer Development

Traditionally, PET probe development 
involved the replacement of a hydroxyl 
or an alkyl group or a hydrogen atom  
in a protein ligand or enzyme substrate by 
18F. This substitution can change the mole-
cule’s pharmacokinetic properties in an un-
predictable, potentially detrimental fashion. 
In certain cases it may, therefore, be prudent 
to use a de novo approach for development 
of PET tracers, by incorporating fluorine al-
ready during ligand discovery. In situ click 
chemistry, a kinetically controlled variant of 
target-guided synthesis (TGS), is very well 
suited for the de novo discovery of PET im-
aging agents. In the first step, 19F-labeled 
compounds that display a high affinity to 
their biological target that template their 

formation are identified. In the second step, 
a candidate PET tracer is synthesized, with 
minimal changes in binding and physico-
chemical properties, by using the positron-
emitting 18F isotope instead of 19F. In a third 
step, the candidate probe is subjected to bio-
logical in vitro and in vivo tests to confirm 
its specificity for the desired target. 

This new process has been validated 
with CA-II as the biological target,[17] 
whose in vivo expression is up-regulated in 
pancreatic and nervous system tumors, yet 
down-regulated in non-small cell lung tu-
mors, a difference that may prove to have 
significant clinical benefit.[39,40] The initial 
stages of the discovery process by in situ 
click chemistry began with a small library of 
19F-containing azido acid derived fragments 
19F-1 (Scheme 1) and ethynylbenzenesul-
fonamide (2) as the anchor molecule (Kd = 
37 nM). The latter had previously yielded 
sub-nanomolar CA-II inhibitors through 
target-guided inhibitor formation.[17] All re-
action mixtures were analyzed for the pres-
ence of triazoles 3 by HPLC using mass 
spectrometric detection (LC/MS). Because 
the in situ click chemistry-derived high af-
finity CA-II ligands already contain fluo-
rine, conversion to their 18F-fluoride ana-
logs can be accomplished without changing 
the chemical or biological characteristics 
of the compound, making probe generation 
predictable and reliable. In contrast, modi-
fication of existing drugs for PET imaging 
is associated with a high risk of changing 
target affinity and pharmacokinetics.[41]

Five azide fragments 19F-1 yielded tri-
azoles 19F-3 (Scheme 1) in the presence of 
CA-II, while no products were formed in 
the presence of the active site blocker Eth-

oxzolamide or if BSA was used instead of 
CA-II. Only 1,4-disubstituted triazoles (‘an-
ti-triazoles’) were formed by CA-II, further 
corroborating the active participation by 
the enzyme, since the protein-free, ther-
mal [3+2] cycloaddition reactions between 
azides and acetylenes usually give syn/anti 
mixtures. These results are in good agree-
ment with previously published observa-
tions.[17] All five in situ click chemistry hits 
proved to be highly potent, sub-nanomolar 
CA-II ligands as revealed by the DNSA-
based fluorescence binding assay.[17,42,43]

The fluoropyridine derivative 18F-3b, 
whose 19F-variant displayed a CA-II Kd of 
0.5 nM, was selected for in vivo PET studies 
in mice (Fig. 1).

The biodistribution of 18F-3b was deter-
mined through PET studies in severe com-
bined immunodeficient (Scid/Scid) mice (n 
= 3). Both the PET scans and the radioac-
tivity measurements revealed that the tracer 
was accumulated mainly in the lungs, heart, 
kidneys and blood. The dynamic PET data 
and radioactivity measurements showed 
that the tracer levels in the blood remained 
almost constant over a period of 2.5 hours, 
and over 90% of the total radioactivity was 
found in the blood cells. Tracer uptake was 
blocked by the non-radioactive CA-II in-
hibitor Ethoxazolamide, demonstrating that 
the tracer’s uptake in blood cells was due 
to CA-II binding. The tracer biodistribution 
correlates well with known CA-II expres-
sion and distribution in tissues[44–46] sug-
gesting that the in situ click chemistry-de-
rived CA-II ligand is a good PET molecular 
imaging probe for the in vivo determination 
of CA-II expression. This is the first applica-
tion of in situ click chemistry in the devel-

1

 !
"

#
 
$

 !"

 !"# 

%&& '

(
"

"
$) 

$
*& '

!! ' +,-.. /0
)1& 2' 34/5 67% 8$ 9:;;<=

!6>+5 !* ?=@

(
"

"
$)  

  

 
$

"

#

 !"

 !"#%

A/@BCD<=E 'CF<G

4=CF:BH/C0 'CF<G

(
"

"
$) 

$
(
"

"
$)  

  

 
$

"

#

 &"

 !
"

#
 
$

 &"

1-I& 2CJK +:("%5
I&-)& 2CJK (CF/:2 ,@BC=LMH<

 9:"$G$)" NIGIO
#P

'()

'() (
"

"
$)  

  

 
$

"

#

 &"

 &"

3))) Q 3)+"!
+$!+ 

 &"#%

 !
"

#
 
$

 !"  !" R
 

S

S S

# R !4=5 +$)4?

R

 

 

 ")

 &"
'()  &" R

 

ITS

%*+, %-+. %.

Fig. 1. Discovery and production modes used for the identification and preparation of CA-II

PET imaging agents

Scheme�1.�Discovery�and�production�modes�used�for�the�identification�and�preparation�of�CA-II�
PET�imaging�agents.
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macromolecules, hence trapping it within 
the hypoxic environment. The rate of wash-
out of the tracer in normoxic tissues has 
been linked to the log P of the tracer: the 
higher the log P, the slower the background 
clearance.[54]

Of the various existing 2-nitroimid-
azole-containing hypoxia markers, F-miso-
nidazole (F-MISO) has evolved as the ‘gold 
standard’ (Fig. 2). It has not yet been ap-
proved for broad use in humans. Its slow 
clearance, high lipophilicity, liver and gut 
uptake, and long uptake times prevent it from 
being an ideal hypoxia imaging agent.[55] 
With the aid of click chemistry, we have 
developed a novel, pharmacokinetic-op-
timized hypoxia tracer, HX4, which dis-
played the most favorable characteristics 
from an imaging perspective. 

In pharmacokinetic distribution studies 
in rodents, 18F-HX4 cleared predominantly 
via the kidneys and into the urine up to 2 hrs 
post injection (Fig. 3). The blood levels also 
decrease rapidly over 2 hrs indicating a rap-
id washout. There is relatively little uptake 
in the liver and GI tract, however the gall 
bladder did contain a small, yet noticeable 
portion of the tracer. In contrast, F-MISO 
tends to clear via the liver and GI with a 
much slower rate than HX4.[56] Unlike F-
MISO, however, HX4 does not appreciably 
cross the BBB. These significant changes in 
biodistribution and pharmacokinetic prop-
erties are largely attributed to the physio-
chemical properties of the triazole itself.

Application of Click Chemistry for 
Radiolabeling Improvements

The copper-catalyzed triazole forma-
tion allows easy radiolabeling, since it is 

opment of small molecule-based molecular 
imaging probes.

 
Use of a Click Chemistry-
derived Triazole to Optimize 
Pharmacokinetic Properties

In the early stages of tracer develop-
ment, the pharmacokinetic profile is usu-
ally less than optimal: the tracer’s clearance 
might be slow relative to target uptake and, 
in addition, the tracer may non-specifically 
localize across a large section of the subject, 
such as the midsection which contains both 
the liver and gastrointestinal tract (GI). We 
have found that the 1,2,3-triazole moiety 
often has a very beneficial influence on the 
pharmacokinetic properties of a candidate 
tracer. It has the propensity to increase the 
washout efficiency, to decrease the liver and 
GI tract uptake, as well as to shift the clear-
ance pathway from the liver to the kidneys. 
This allows for earlier scan times, potential-
ly higher target to background ratios and re-
duced non-target related uptake in the liver/
gut region. In addition, if a tracer spends a 
minimal amount of the time in the liver, it is 
less likely to be degraded by liver enzymes.

We have incorporated a 1,2,3-triazole 
moiety into a generic hypoxia-based phar-
macophore, a 2-nitroimidazole, for the 
purposes of developing an improved hy-
poxia imaging agent. Tumor oxygenation 
has been linked to response to radiotherapy 
and tumor recurrence or progression.[47–49] 
Consequently, the determination of tumor 
hypoxia (oxygen starvation) is of great 
value to radiologists, since it may predict 
a patient’s treatment response and since it 
may guide radiation therapy.[47,48] Hypoxia 
imaging may also allow patient selection 
for hypoxia-activated drugs (e.g. Tirapaza-

mine).[50] There are other potential applica-
tions for identifying hypoxic tissue, outside 
of cancer, as in the cases for heart attack 
(identifying ischemic, hypoxic, yet viable 
heart tissue) and stroke (identifying hypox-
ic, yet viable brain tissue).[51,52]

The putative mechanism of uptake of 
2-nitroimidazole-based hypoxia tracers is 
described below (Scheme 2).[53] The tracer 
crosses the cell membrane and undergoes 
bioreduction by intracellular nitroreductas-
es. Under normoxic conditions, the tracer is 
reoxidized by O2 back to the neutral nitro 
moiety and the tracer is free to leave the 
cell. However, under hypoxic conditions, 
the bioreduced tracer undergoes further 
reduction and begins to undergo further 
decomposition and intracellular binding to 
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Fig. 2. PET/CT images obtained 60 minutes post injection with 18F-3b.

Fig. 3. Proposed mechanism of localization of 2-nitroimidazole based hypoxia tracers.

Fig. 4. Chemical structures of 18F-MISO and 18F-HX4
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Fig. 1. Discovery and production modes used for the identification and preparation of CA-II

PET imaging agents

Fig.�1.�PET/CT�
images�obtained�60�
min.�post�injection�
with�18F-3b.
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fast, high-yielding and highly selective, re-
quiring minimal use of protecting groups. 
This is especially beneficial in case of 
highly functionalized molecules, such as 
peptides. Early reports disclosed the Cu(i)-
catalyzed labeling of linear peptides[57–59] 
and additional reports disclosed the click 
labeling of RGD peptides.[59]

We have applied this technique to 
the development of the integrin imaging 
tracer 18F-RGD-K5, which is a cyclic pen-
tapeptide. Integrin-αvβ3 is an interesting 
imaging target, because this extracellular 
protein is not widely expressed in normal 
tissues, while it is over-expressed on the 
surface of angiogenic endothelial cells in 
malignant tumors.[60,61] The non-invasive 
diagnostic imaging of integrin-αvβ3 ex-
pression may help to identify patients who 
might respond favorably to anti-integrin or 
anti-angiogenesis treatment, and to moni-
tor efficacy of treatment in patients whose 
tumors are integrin positive.[62]

Most PET tracers for the in vivo imaging 
of integrin expression utilize the R-G-D tri-
peptide motif, usually within a cyclic peptide 
structure. An example is galactosyl-RGD, a 
cyclic pentapeptide, which has been shown 
in humans to allow integrin imaging.[62–64] 
The labeling of these molecules using ‘tra-
ditional’ 18F chemistry is very cumbersome, 
requiring protecting groups and multiple 
chemical and purification steps.[65]

We have developed the RGD-based in-
tegrin imaging agent, 18F-RGD-K5, which 
is easy to label through click chemistry, 
without requiring protecting groups, by 
reacting 18F-fluoropentyne and an azide 
precursor (Scheme 3). It is an analog of 
the known galactosyl-RGD, where the 18F-
propionamide linkage, which is difficult to 
introduce, has been replaced with an 18F-
alkyl triazole linkage.

18F-labeling is performed on an auto-
mated synthesis module using pentyne to-
sylate as a precursor for 18F introduction. 

Reaction with anhydrous [18F]-fluoride 
yields [18F]-fluoropentyne, which was 
distilled into a vial containing the RGD-
containing azide precursor and the copper 
catalyst in aqueous EtOH, to initiate the 
Cu(i)-catalyzed click reaction. After react-
ing for 30 min, the crude reaction mixture 
was purified by reverse phase HPLC. The 
total process time was 90 min., i.e. less 
than one half-life.

18F-RGD-K5 binds to integrin-αvβ3 
with high affinity (integrin-αvb3 Kd = 7.9 

nM, ‘inverse’ Surface Plasmon Resonance 
(SPR) assay, which utilizes immobilized 
RGD peptide), similar to that of RGDfK 
(Kd = 6.6 nM). Not surprisingly, it also 
possesses similar integrin sub-type selec-
tivity.

18F-RGD-K5 washes out quickly from 
both blood and muscle, with a pronounced 
renal clearance (Fig. 4). It is metabolically 
stable in mice and humans. The tracer lo-
calized in vivo in integrin expressing tu-
mors, and the uptake can be blocked with 
RGD-fK. Fig. 4a shows tumor uptake of 
18F-RGD-K5 and 18F-Galacto-RGD in an 
immune-compromised mouse, carrying 
the U87MG tumor xenograph.

 

Conclusion

Click chemistry was developed with 
the intention of focusing efforts on practi-
cal, reliable chemistry for making a wide 
variety of compounds. Others and we have 
demonstrated this approach to be useful for 
the discovery of new radiotracers and for 
their optimization with respect to binding 
affinity, biodistribution and pharmacoki-
netic profile and ease of radiosynthesis.
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Fig.�4.�(a)�PET�images�90�post�injection�with�18F-RGD-K5�and�18F-Galactosyl-RGD,�respectively,�in�
immune-compromised�mouse,�carrying�the�U87MG�tumor�xenograft�(right�side�of�each�image);��
(b)�dynamic�tissue/muscle�ratios�of�tracer�uptake.18F-RGD-K5�displays�similar�tumor/muscle�ratios�
as�18F-Galactosyl-RGD,�but�smaller�liver/muscle�and�gallbladder/muscle�ratios,�combined�with�
higher�kidney/muscle�ratios,�demonstrating�preferred�renal�clearance.


