
 

 

Introduction 
 
Molecular imaging is an attractive modality that 
has been widely employed in many aspects of 
biomedical research; especially those aimed at 
the early detection of diseases such as cancer 
[1], inflammation [2] and neurodegenerative 
disorders [3]. The field emerged in response to 
a new research paradigm in healthcare that 
seeks to integrate detection capabilities for the 
prediction and prevention of diseases. This ap-
proach made a distinct impact in biomedical 
research as it enabled researchers to leverage 
the capabilities of molecular imaging probes to 
visualize a targeted molecular event non-
invasively, repeatedly and continuously in a liv-
ing system. In addition, since such probes are 
inherently compact, robust, and amenable to 
high-throughput production, these probes could 
potentially facilitate screening of preclinical 
drug discovery, therapeutic assessment and 
validation of disease biomarkers. They could 
also be useful in drug discovery and safety 

evaluations.  
 
An important precursor to molecular imaging is 
that it requires multidisciplinary input from 
other areas including biology, biophysics, bioen-
gineering, molecular biology, chemistry and the 
clinical sciences [4]. Nevertheless, chemistry 
has been an inseparable aspect of molecular 
imaging from the earliest days of its develop-
ment. In fact, it appears to be the rate-limiting 
step in the translational development of this 
emerging science.  
 
In the past decade, the number of scientific 
reports on the chemical development of mo-
lecular imaging probes has increased remarka-
bly [5], there presently are only a few systematic 
reviews of the chemical synthesis of imaging 
probes available [6-10]. Moreover, none are 
presented in a cross-discipline context. In this 
article, we will address major trends in the 
chemical synthesis and development of positron 
emission tomography (PET), optical and       
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magnetic resonance imaging (MRI) probes. 
 
Chemistry of nuclear imaging probes 
 
Introduction to PET 
 
PET is a non-invasive, in vivo imaging technique 
that uses relatively short-lived positron-emitting 
radioisotopes (Figure 1) either in their pure form 
or as part of a larger molecule designed and 
synthesized with the isotope either incorporated 
within or appended onto the structure. The phe-
nomenon of emitting a positron, which is de-
fined as the antimatter particle to an electron, 
allows the unstable isotope to shed some of its 
unnecessary positive charge transforming the 
atom into a more stable atomic form. Once a 
positron has been emitted, it will travel a small 
distance, dictated by the amount of energy the 
particle was emitted with, from its origin and 
then encounter an electron, which are plentiful 
in comparison to the number of positrons. Once 
this occurs, the two particles will come together 
and destroy each other in an event termed anni-
hilation. This process converts the total mass of 
both the positron and electron to pure energy in 
the form of two 511 keV photons of light travel-
ing 180 degrees away from each other. Detec-
tion of these photons is traditionally accom-
plished by placing the subject into a ring of de-
tectors that have been programmed to differen-
tiate between actual positron decay, i.e. two 
photons striking detectors on opposite sides of 
the ring, and background radiation that may be 
coming from a variety of sources. 
 
In an effort to probe the physiological processes 
occurring within an organism, radioisotope-
containing drugs are injected into the organism 
of interest and then given time to localize in the 

areas for which it was designed to target. Once 
localization has sufficiently occurred, the 
amount of radiation within the targeted type of 
tissue or the tissue containing a greater amount 
of the molecular species of interest will be 
much larger than the surrounding tissue; this is 
referred to as contrast. One major physiological 
process that has received a good deal of atten-
tion is that of disease. Since molecular imaging 
with PET is sensitive to and informative towards 
the disease processes, researchers have the 
ability to gain an in-depth understanding of how 
diseases progress [11]. In addition to imaging 
biochemical pathways associated with diseases, 
PET has been widely used in both basic re-
search and clinical settings for imaging tissue 
pharmacokinetics, tumor response, cell prolif-
eration, gene expression and the status of re-
ceptors or tumors along with the diagnoses of 
heart disease, epilepsy, and stroke [12, 13]. 
 
Fluorine-18 labeling methodologies 
 
Fluorine-18 (18F) is an attractive positron-
emitter for three main reasons; first, 18F pos-
sesses a longer half-life compared to other trac-
ers used in clinical PET studies, second, 18F de-
cay emits a positron of relatively low energy pro-
viding a low maximum distance travelled in tis-
sue (2.4 mm) before an annihilation event, and 
third, steric similarity to a hydrogen atom makes 
18F an ideal isotope which can potentially con-
vert any active therapeutic agent into a PET 
probe without severely hindering the affinity for 
the molecular target [14, 15]. 
 
Formation of 18F-containing molecules can be 
divided into two main reaction classifications: 
the first is the formation of an aliphatic or sp3 
hybridized carbon bonded to fluorine and the 

Figure 1. Commonly used PET radionuclides, their half-lives, range, positron energy, and how they are produced. 
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second is an aromatic or non-sp3 hybridized 
carbon bonded to fluorine. Within these two 
distinct classes of reaction products, one can 
consider a wide range of precursors that would 
enable the formation of the desired fluorinated 
compounds. In terms of the aliphatic sub-class, 
which will be discussed first, the type of reaction 
that fluoride actually undertakes is referred to 
as a nucleophilic substitution or an SN2 reac-
tion. This type of reaction, as with all reactions, 
relies on both the reaction conditions and on 
the presence of a functional group that has a 
strong ability to be displaced by the weakly nu-
cleophilic fluoride ion. 
 
In order to truly understand the types of reac-
tions that are possible and the steps necessary 
for obtaining highly reproducible reaction out-
comes, one must first understand how and in 
what form the 18F is obtained. Production of 18F, 
along with many other positron emitting ra-
dionuclides, is accomplished within a cyclotron, 
which is an instrument that uses alternating 
magnetic fields that enable the acceleration of 
either protons or deuterons in a circular fashion. 
The accelerated particles are eventually di-
rected at a stationary target containing molecu-
lar species, such as 18O enriched water (natural 
isotopic abundance of 0.1%), which is used in 
the production of the 18F anion [16].  
 
The nuclear reaction that is occurring in this 
process is [18O(p,n)18F], meaning that the 18O 
atom absorbs one proton (p) and produces a 
single 18F atom. During this process one neu-
tron (n) is released. After the production occurs, 
the fluoride is delivered into a lead shielded box 
and handled in a way that is intended to protect 
the chemist from being exposed to high levels 
of radioactivity. A separate method of producing 
positron-emitting isotopes is via the use of a 
generator, which consists of a long-lived isotope 
that slowly decays into the desired isotope. The 
most common example of this is a gallium-68 
(half-life of 68 minutes) generator, which relies 
on the decay of germanium-68 (half-life of 271 
days) to the desired gallium-68 in the form of 
gallium(III). This alternative approach will be 
discussed in a subsequent section. 
 
Once bombardment of the 18O enriched water 
has been completed, the water now contains a 
mixture of the desired 18F anion and various 
other impurities generated during the bombard-
ment of the target. In an effort to recover the 

valuable 18O enriched water and remove any 
impurities, the 18F in aqueous solution (H2O/18F-

) is passed through an anion-exchange solid 
phase trapping cartridge allowing the water to 
pass through and be collected for recycling 
while trapping the 18F anion. The 18F anion can 
then be released from the cartridge using either 
a carbonate or bicarbonate solution containing 
an appropriate counterion for the 18F anion, 
such as potassium. Currently, the most popular 
approach for 18F radiosynthesis is to add a large 
counter ion, such as tetra-butylammonium salts 
or the alternative approach of employing Krypto-
fix [2.2.2] (K222) as a chelator of potassium, 
which has been found to drastically enhance 
the fluoride reactivity [17]. This act of seques-
tering the fluoride ion away from the positively 
charged cations has sometimes been referred 
to as producing a “naked fluoride ion”. 
 
Methods used for enhancing fluoride reactivity 
rely on variables such as the identity of the sol-
vent used, identity of the fluoride counterion, 
reaction temperature and the type of heating. 
The solvent is probably the most commonly ma-
nipulated aspect of a fluorination, often deter-
mining the success or failure of the reaction. It 
is well known that polar aprotic solvents and 
phase transfer catalysts are critical for enhanc-
ing the rate of substitution for this type of reac-
tion [18]. The solvent effect of displacement in 
the second position of pyridine was examined 
with a variety of nitro precursors in the presence 
of [18F]KF-K222. The reaction yields were high 
when sulfolane and DMSO were employed as 
solvents compared to DMF and acetonitrile. 
However, since sulfolane is a solid at room tem-
perature, DMSO should be an ideal candidate. It 
is important to note that the reaction will be 
deactivated in the presence of water. Therefore, 
it is important to azeotropically remove water 
from the mixture of kryptofix/[18F]fluoride (from 
cyclotron) by repeated additions and evapora-
tions of acetonitrile from the reaction vessel 
before introducing the precursor, which is pre-
dissolved in the desired anhydrous solvent. As a 
challenge to the dogma that polar aprotic sol-
vents are the only solvents capable of enhanc-
ing the rate of substitution, it was shown in 
breakthrough studies that hindered tertiary al-
cohols will not only promote the fluorination 
substitution, but greater radiochemical yields 
(RCYs), which is a measure of the percentage of 
radioactivity incorporated into the product ver-
sus the starting amount of radioactivity, can be 
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obtained by using the alcohols over the tradi-
tional solvents [19, 20].  
 
In terms of heating approaches, both conven-
tional heating and microwave-induced reactions 
have been used in the radiosynthesis of PET 
tracers. In recent years, using microwave energy 
to heat and drive radiochemical reactions has 
become increasingly popular, especially in the 
18F labeling of PET tracers. Microwave-based 
heating techniques are proving to be valuable 
tools for speeding up the most commonly occur-
ring reactions in PET radiochemistry, due to 
both the rapid increase in the temperature of 
the reaction media and the subsequent shorten-
ing of reaction times [21]. Variations on all 
these reaction parameters can be seen through-
out the subsequent sections. Given that chang-
ing solvent, temperature and fluoride counte-
rion are generally easy to change from reaction 
to reaction; the next sections will focus on the 
choice of the precursors for 18F labeling. 
 
Sulfonic esters 
 
Most PET isotopes have short half-lives and in 
the case of [18F]fluoride, a weak nucleophilicity. 
Therefore, labeling processes require careful 
selection of stable leaving groups that can toler-
ate the harsh reaction conditions required to 
obtain a usable level of fluorine reactivity. De-
signing compounds that not only have the cor-
rect reactivity profile, but also, allow a minimum 
number of steps after the radiolabeling event, 
presents a challenging problem for chemists 
and radiochemists alike. Currently, there is no 
accepted rule of thumb that allows one to deter-
mine if a leaving group will produce the desired 
stability and radiolabeling efficiency. Instead, a 
complete survey of all reasonable leaving 

groups is usually necessary to find a species 
that possesses the correct characteristics. 
 
A successful 18F labeling experiment can be 
defined by the ability to obtain both high repro-
ducibility and high RCYs, both of which rely on 
the choice of an appropriately active leaving 
group for the fluoride anion to displace. In the 
case of producing an 18F label on an aliphatic 
carbon, sulfonic esters, such as methane sul-
phonate (mesylate), trifluoromethylsulphonate 
(triflate), and para-toluenesulphonate (tosylate), 
are preferred to their halide counterparts. An 
example of this preference was observed during 
the development of [S-fluoromethyl-18F] fluti-
casone propionate 2, a radiotracer developed 
for lung deposition studies (Figure 2). If labeling 
conditions are held constant and the identity of 
the leaving group is altered from a halide, such 
as iodine, to a sulfonic ester, such as a tosylate 
or mesylate, the reaction proceeds with better 
RCYs for the sulfonic esters versus their halide 
counterparts [22]. It is worth noting that the 
labeling reaction had to be carried out under 
extremely anhydrous conditions in an effort to 
avoid inadvertent hydroxide displacement of the 
leaving group. 
 
The choice of the leaving group, however, varies 
between chemical targets. Although the reac-
tion rate of displacement using triflate is the 
best among the sulfonate family, it is generally 
unstable, which makes this class of compounds 
difficult to handle, therefore producing low RCYs 
[23]. This principle was demonstrated during 
the design and subsequent radiolabeling of 1-
azabicyclo[2.2.2]oct-3-yl α,α-(diphenyl)-a-
hydroxyacetate (QNB) analog 5 (Figure 3) for the 
imaging of the muscarinic acetylcholinergic re-
ceptor (mAChR) [24]. The radiolabeling of 4 was 

Figure 2. Fluorine-18 labeling of an aliphatic carbon to test the specificity of different leaving groups. 
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carried out by utilizing different leaving groups 
such as tosyl, mesyl and triflyl under identical 
conditions with RCYs of 15, 70 and 33% respec-
tively (decay corrected), clearly showing that the 
rate of solvolysis of the leaving groups does not 
always correspond to the percentage of product 
obtained. Furthermore, this work demonstrates 
a perfect example of the flexibility in preparing a 
PET probe; the labeling with the short-lived iso-
tope is not always required to be the last step. 
As shown in Figure 3, the labeled product had to 
undergo a transesterification step with the so-
dium salt of 3-quinuclidinol to afford 18F-QNB 5. 
An additional examples are available in the en-
closed reference that compare not only the 
identity of the leaving groups, but also the effi-
ciency of those leaving groups as a function of 
temperature [22]. 
 
Another example to demonstrate the feasibility 
to incorporate complicated experimental manu-
veurs during [18F] labeling includes the purifica-
tion of the radioactive products via distillation. 
Dimethylthiourea is a scavenger of hydrogen 
peroxide present in tissue exposed to oxidative 
stress [25]. The in vivo detection of free radicals 
can be considered an important tool with regard 
to their role in aging or diseases such as Parkin-
son’s, Alzheimer’s, and multiple sclerosis [26]. 
Due to the additional chemical manipulation, 
the overall decay corrected RCY for the prepara-
tion of N-(2-[18F]fluoroethyl)-N’-methylthiourea 
(FEMTU) was a modest 25% due to the early 
introduction of the 18F source. The overall syn-
thetic yield, however, provided sufficient 

amounts of desired 
product for animal 
studies. Additional ex-
ample of this multiple 
synthesis approach is 
the development of the 
myocardial imaging 
agent (S)-[18F]F-ICI, 
through the intermedi-
ate formation of 1-[18F]
f l u o r o - 2 - ( t o s y l o x y )
ethane which is further 
reacted with the de-
sired phenol to afford 
the final product [27, 
28]. This was found to 
be a desired approach 
over formation of a 
tosylated product pre-
cursor that could be 

directly reacted with [18F]fluoride to give the 
product, to the large amount of non-radioactive 
byproducts formed during the reaction. Employ-
ing the fluorinated intermediate gave a much 
cleaner reaction with greater RCY and a larger 
amount of radioactivity per mass of product, 
which is termed specific activity. 
 
Nitro groups 
 
Nucleophilic aromatic substitution by [18F]
fluoride ion on an aryl nitro group has become 
one of the most useful labeling methods in PET 
chemistry [29-33]. A suitable leaving group, 
positioned on an aliphatic section of the target 
molecule, can be subjected to nucleophilic sub-
stitution conditions. Some groups, such as -NO2, 
-OAr, or -OR, are not suitably reactive when pre-
sent on an aliphatic carbon, but have been 
shown to work as leaving groups when present 
on an aromatic ring [34]. On the other hand, 
fluorination on halide containing aliphatic car-
bons has been shown to work well, but achiev-
ing reactivity of halide functionalized aromatic 
compounds requires harsh reaction conditions, 
such as high temperature and prolonged reac-
tion times, producing low overall yields of the 
desired product [35-37]. 
 
Examples of using nitro aromatic compounds as 
precursors for radiofluorination are plentiful. 
One such example was in the development of a 
catechol-O-methyltransferase inhibitor, 3,4-
dimethoxy-5-nitro-2’-[18F]fluorobenzophenone 7. 
This was done through nucleophilic aromatic 

Figure 3. Formation of 18F-QNB by displacement of various sulfonic esters. 
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substitution of an aromatic nitro group using 
Cs18F [38]. The target product, 8, was then 
achieved through subsequent deprotection of 
the methyl ether groups using HBr (Figure 4). In 
this synthesis, a by-product was observed, 
which was found to be due to the nucleophilic 
attack of [18F]fluoride on the methoxy moiety 
ortho to the nitro group on the A ring of com-
pound 6. The [18F]fluoromethane 10 and 4-
h y d r o x y - 3 - m e t h o x y - 5 - n i t r o - 2 ’ - [ 1 8 F ]
fluorobenzophenone 11 were identified by radio
-TLC and HPLC (Figure 5). The formation of by-
product 10 and the corresponding oxygen anion 
are reasonable due to the stabilizing resonance 
structures of 9 produced by electrons flowing 
between the para ketone carbonyl and the adja-
cent nitro group. 
 
This interesting observation was not reported in 
any previous work involving fluorination of cate-

chol substrates with [18F]fluoride 
such as in the labeling of 6-fluoro-
DOPA, 6-fluoro-DA, or 6-fluoro-NE 
using 3,4-dialkyl protected catechol 
6-nitrobenzaldehyde as precursor 
[39]. The formation of [18F]CH3F 
accounts for the low RCY of the de-
sired product 8, which was only 
10% of the radioactivity present at 
the end of bombardment (EOB). 
Interestingly, all the nucleophilic 
aromatic substitution reactions of 
this type were carried out using 
Cs18F, while other [18F] fluoride 
forms, such as N+Bu418F and K18F 
(Kryptofix 2.2.2), did not afford the 
desired products. 
 
An additionally remarkable aspect 
of this study, which deserves a brief 
discussion, was the observation 
that the nitro group, ortho to the 
methoxy group, was never indicated 
to undergo substitution. Typically, 

[18F]fluoride displacements will only occur on 
rings that possess a suitable electron withdraw-
ing moiety, such as a carbonyl located ortho or 
para to the leaving group. Extensive studies 
have been conducted in an effort to investigate 
to what extent the hydroxyl protecting groups 
actually play in controlling the reactivity of aro-
matic rings toward nucleophilic substitution of 
the 18F nucleophile (Figure 6) [39]. 
 
Radiofluorination yields were excellent when 
there were no electron donating groups on the 
ring (compound 12) and the RCY was still fairly 
good when catechols 13 and 14 were protected 
as 1,3-dioxolanes. However, while under the 
same conditions, the reaction suffered from low 
yields when alkyl-protecting groups were used 
(15 and 16). The position of a single methoxy 
group on the aromatic ring was also shown to 
have an effect on chemical yield; only a trace of 

Figure 4. Synthesis of 3,4-dimethoxy-5-nitro-2’-[18F]fluorobenzophenone via nucleophilic aromatic substitution. 

Figure 5. Production of [18F]fluoromethane during the fluorination of 
methoxy substituted benzophenone. 
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product formed (5%) when the methoxy group 
was positioned para to the nitro group. The yield 
improved (23%) when the methoxy moiety was 
ortho to the nitro group. Interestingly, 1,4-
dioxolane 17, which is similar to compounds 13 
and 14, was inert to nucleophilic substitution 
reactions. These yields could be explained and 
even predicted by comparing the 13C NMR shifts 
of the nitro group containing aromatic carbon, 
which has a direct correlation to the electron 
density of the carbons of interest. 
 
Trimethylammonium salts 
 
Nearly a decade ago, aryl[18F] fluorination via 
nitro precursors was considered the most popu-
lar method used in PET chemistry [40, 41]. With 
the need for greater reactivity at lower reaction 
temperatures radiochemists have begun to shift 
their focus onto the preparation of better leav-
ing groups, such as aryltrimethyl ammonium 
salt precursors. This family of leaving groups is 
ideal for PET chemistry, with a decrease in the 
necessary reaction temperature, or an increase 
in the overall RCY, excessively large amounts of 

radioactivity at the beginning of the reaction 
sequence can be avoided. The reduction in tem-
perature allows for a lowering of the potential 
formation of non-radioactive by-products that 
would lower the specific activity of the product. 
This also opens up the possibility of producing 
products with nearly 100% incorporation and 
specific activities approaching the theoretical 
maximum [42]. 
 
The choice of the counter ion employed in the 
formation of the trimethylammonium salts has 
been shown to influence the speed of the dis-
placement of the ammonium from an aromatic 
ring. It has been reported that aryltrimethylam-
monium perchlorate can be displaced via [18F]
fluoride ion attack, but decomposition of the 
precursor can occur at elevated temperatures 
making the wide scale use of these salts im-
practical for systems that require harsh labeling 
conditions [43]. An additional disadvantage of 
the perchlorate salts is the lengthy preparation 
required to employ them in these reactions. 
 
Triflate salts were also found to be compatible 
with nucleophilic aromatic substitution using 
[18F]fluoride ion in the presence of Kryptofix 
[2.2.2] using DMSO as the solvent [43]. The 
reaction time and temperature is quite low com-
pared to other derivatives, but it appears to be 
ideal for some of the more demanding chemical 
structures. For example, some ester derivatives 
can simply not tolerate reactions using high 
temperatures while in the presence of a base 
[14]. During the course of designing and opti-
mizing the method for the labeling of benzodi-
azepine receptor ligand 18, it was found that 
the labile trimethyl ammonium triflate salt af-
fords a very suitable leaving group (Figure 7), 
even in the presence of sensitive esters that 
would normally be problematic under labeling 
conditions. It is believed that the non-
nucleophilicity of the triflate anion in compari-
son with K222/[18F]fluoride helps to promote the 
reactions outcome. The overall RCY for the syn-

Figure 6. Radiochemical yields for radiofluorinations 
of various nitro-benzadehydes. 

Figure 7. Fluorination in the presence of a sensitive ester derivative. 
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thesis of 19 was 75% after decay correction, 
which included purification via a C18 Sep-PakTM 

cartridge. 
 
Given the excellent ease of substitution by the 
[18F]fluoride ion at moderate reaction tempera-
tures and the generally high RCYs of such reac-
tions, trimethylammonium salt leaving groups 
allow for the production of reactive linkers for 
PET labeling of the most sensitive molecules, 
such as peptides, proteins and antibodies, all of 
which are either heat sensitive or chemically 
sensitive. The general features of these linkers 
are the presence of an aryl trimethylammonium 
moiety on one end of the molecule, while the 
other end possesses a functionality that can be 
used to take advantage of one of the many re-
active species found on the surface or back-
bone of the biomolecules, such as thiols or pri-
mary amines. In all likelihood, the most well-
known procedure using this type of radiosyn-
thetic approach is that of the formation and 
reaction of N-succinimidyl-4-[18F]fluorobenzoate 
([18F]SFB) [44]. Preparation of [18F]SFB begins 
with the formation of the intermediate molecule 
4-[18F]fluorobenzoic acid ([18F]FBA) and is com-
prised of three total steps, therefore, high RCY 
labeling to form [18F]FBA is a step crucial in the 
sequence, since all other steps will suffer if the 
initial labeling does not go well. Fortuitously, it 
has been shown that the precursor trimethylam-
monium triflate and a variety of other ammo-
nium salts can provide better RCYs and are, 
therefore, excellent precursors for the synthesis 
of [18F]FBA [45]. 
 
In the course of developing 18F-labeled insulin 
as a PET tracer, it was demonstrated that [18F]
FBA 21 could be reliably produced using 
t r imethy lammoniumpentamethy lbenzy l -

protected benzoic acid triflate 20 as a precursor 
[46]. The radiolabeling procedure entailed a two
-step reaction sequence that included the label-
ing reaction followed by cleavage of the pen-
tamethylbenzyl-protecting group using 
trifluoroacetic acid (TFA), which resulted in the 
benzoic acid functionality (Figure 8). The decay 
corrected RCY for the labeling step alone was 
found to be 76% ± 9% (n = 10). However, during 
the deprotection step a significant loss of activ-
ity occurred (between 50 and 80%) during the 
evaporation of the residual TFA. In order to 
avoid this loss of activity an alternative TFA re-
moval approach, employing C18 Sep-PakTM ad-
sorption followed by elution of the desired prod-
uct, was developed to overcome the loss of ac-
tivity observed in the earlier protocol. 
 
In addition to [18F]SFB, which takes advantage 
of the presence of reactive primary amines, an 
a l t e r n a t i v e  l i n k e r ,  N - [ 6 - ( 4 - [ 1 8 F ]
fluorobenzylidene)-aminooxy-hexyl]maleimide 
([18F]FBAM), has been developed to take advan-
tage of the presence of any reactive thiols pre-
sent on biomolecules [47]. Preparation of this 
compound is accomplished via the fluorination 
of 4-N,N,N-trimethylammoniumbenzaldehyde 
triflate with K222/[18F]fluoride at the moderate 
temperature of 120 ºC for a period of 15 min-
utes, giving a RCY of up to 80% without the 
need for any purification. The labeled 4-
fluorobenzaldhyde was then carried on and cou-
pled with N-(6-aminohexyl)maleimide to produce 
the desired product, which needs to be purified 
via semi-preparative HPLC giving an overall pu-
rity of 98% or better for the end product. 
 
When considering the design and implementa-
tion of feasible fluorinated linker molecules, PET 
chemists must take into account the time con-

Figure 8. Production of [18F]SFB via production of [18F]FBA. 



Chemistry of PET, MRI and optical probes  

 
 
281                                                                                          Am J Nucl Med Mol Imaging 2012;2(3):273-306 

straints of working with a relatively short lived 
isotope and the number of synthetic steps em-
ployed. In this particular application, microwave-
assisted techniques hold great potential for im-
proving the reaction time and as a result the 
overall RCY. In this approach, the reaction time 
can be cut from, worst case scenario, hours to, 
best case scenario, a few minutes, which has 
been demonstrated for the radiosynthesis of 
[18F]SFB [48]. Starting from t-butyl protected 4-
trimethylammonium-benzoic acid triflate, [18F]
FBA was synthesized based on the microwave-
induced one pot reaction of [18F]FBA by a nu-
cleophilic 18F-fluorination with acidic hydrolysis 
using TFA. This one-pot approach provided [18F]
FBA in a RCY of 70-90% with a radiochemical 
purity of greater than 95%. Further conversion 
of [18F]FBA into [18F]SFB was accomplished in 
one step as already shown in Figure 8. Finally, 
[18F]SFB was obtained in a decay-corrected RCY 
of 44-53% and radiochemical purity of >95% 
within 40 minutes after the EOB. 
 
An additional example of microwave induced 
heating was shown in the production of 2-(4-
[18F]fluorophenyl)benzimidazole, an important 
building block for many endogenous and phar-
maceutically active compounds [49]. In this 
work the synthesis of 2-(4-[18F]fluorophenyl) 
benzimidazole was accomplished by the nucleo-
philic radiofluorination of 4-trimethyl-ammonium
-benzonitrile-trifluoromethanesulfonate followed 
by alkaline hydrolysis of the nitrile producing 4-
[18F]fluorobenzoic acid, all with traditional heat-
ing. The decay corrected RCY over the two steps 
was 82% ± 10% and the radiochemical purity 
was greater than 99%, determined using radio-
HPLC. The 4-[18F]fluorobenzoic acid then went 
through a cyclocondensation with 1,2-
diaminobenzene using polyphosphoric acid un-
der microwave assisted heating. It is worth not-
ing that when this reaction was performed with 

conventional heating no product was detected 
after 24 h at 100 °C. Examples for the prepara-
tion of new and existing linker molecules con-
tinue to appear in the literature and have thus 
far continued to show great promise for the 
functionalization of both small and large mo-
lecular target compounds [50-53]. 
 
Regioselective radiolabeling of small molecules 
is easily accomplished directly onto the com-
pound of interest via a suitable activating group. 
However, this approach is still far from reality 
with biological molecules such as peptides, pro-
teins, antibodies, their fragments, or any heat-
sensitive entities. In addition, modifying these 
analogs with activated moieties serving as pre-
cursors for PET labeling is impractical due to the 
complexity of said molecules. Therefore, it has 
been found to be advantageous to develop 
radiolabels that can be attached to the mole-
cule of interest via a suitable linker. Conceptu-
ally, an ideal linker for PET chemistry should 
have a leaving group on one end that can be 
used for nucleophilic substitution by a radionu-
clide and an activated moiety on the other end 
for bioconjugation. As has already been de-
scribed, several strategies have been developed 
for this approach including linkers by acylation, 
amidation, imidation, and alkylation [54-57]. In 
order to devise a more efficient method of ra-
diolabeling proteins or heat sensitive entities, a 
number of studies have focused on photo 
chemistry as a means for bioconjugation reac-
tions; as shown in Figure 9, a demonstration of 
photochemical conjugation between [18F]
arylazide 23 and a protein via a single step syn-
thesis using UV light at 366nm [58].  However, 
low labeling efficiency has been reported due to 
the short lifetime of the intermediate [18F]
arylnitrene 24. For additional information on the 
recent advances in the field of linker chemistry 
for [18F]fluoride labeling, see Toyokuni’s work 

Figure 9. Use of UV light to produce an aryl nitrene from an aryl azide for the purpose of conjugation to a protein tar-
get. 
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[59]. 
 
Nucleophilic heteroaromatic  
 
In contrast to homoaromatic and aliphatic com-
pounds, nucleophilic substitutions of [18F]
fluoride ion onto heteroaromatic compounds 
are usually less voracious [60]. One of the typi-
cal syntheses of heteroaromatic PET probes is 
that of 2-[18F]fluoropyridine derivatives, which 
have been reported for the preparation of ana-

logues of key radiopharmaceuti-
cal products, such as 6-[18F]-
fluoronicotinic acid diethylamide 
25 (Figure 10). A yield of 40% can 
be achieved when using a 2-
chloropyridine derivative and [18F]
fluoride ion in acetamide at 200°
C [60, 61]. The preparation of 2- 
and 6-[18F]fluoronicotine 26a and 
26b from the precursors 2- and 6-
bromopyridine using [18F]CsF 
have also been previously re-
ported [62]. In order to gain infor-
mation concerning the pharma-
cological properties of neuronal 
nicotinic acetyl choline receptors 
(nAChRs), two nAChRs PET probes 
27 and 28 were synthesized via 
nucleophilic displacement from 
the 2-pyridine activated moieties, 
where 27 was a 2-ammonium salt 
and 28 utilized a 2-nitro precursor 
[63, 64]. The properties pertain-
ing to pyridine fluorinations were 
intuitively understood from these 
studies, however it was only fairly 
recently that a full study of the 
reaction conditions for 18F label-
ing of pyridines was actually done 
[60]. 
 
The influence of the leaving group 
in the second position of pyridine 

was investigated under several reaction condi-
tions, i.e. differing solvents, temperatures, and 
reaction times (Figure 11). Incorporation of 18F 
through either the NO2 or N+Me3 starting materi-
als provided better RCY when compared to their 
halide counterparts. A very impressive incorpo-
ration yield was observed for the trimethylam-
monium substituent at 5 minutes, independent 
of the reaction temperatures attempted. Com-
parable yields were observed for the nitro moi-
ety when a longer reaction time was applied. 

Figure 10. Representative examples of [18F]fluoropyridine derivatives. 

Figure 11. Reaction yields for a variety of substituted pyridines. 
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Precursors using the bromo and chloro deriva-
tives were not reactive at 120°C and provided 
low yields at elevated temperatures and ex-
tended times. It is surprising that the iodo de-
rivative leaving group was inert at 120°C and 
150°C under 20 minutes of reaction time while 
the reaction provided very low yields at 180°C 
and a reaction time under 20 minutes (19%). It 
is important to note that the incorporation yields 
for most leaving groups were sufficient in 20 
minutes at 180°C, with the exception of the 
iodo derivative. 
 
The radiolabeling of heteroaromatic compounds 
is yet another group of compounds that can 
benefit from a decrease in both reaction time 
and temperature, which leads to a subsequent 
increase in RCY. This can be afforded by the 
adoption of microwave-assisted heating. The 
typical RCYs observed for the labeling reactions 
of heteroaromatic compounds are usually be-
tween 5-35% by conventional heating and 20-
75% by microwave irradiation. Some of the early 
examples of heteroaromatic substitutions em-
ploying chloro- and bromo-analogs as leaving 
groups included compounds such as 6-
chloronicotinic acid and 2-, 6-bromonicotine 
[65, 66]. As a potential nicotinic acetylcholine 
receptor agonist, exo-2-(5’-pyridyl)-7-azabicyclo-
[2.2.1]heptane was 18F labeled via nucleophilic 
substitutions on the 2’-bromo, 2’-iodo and 2’-
nitro activated precursors in an effort to opti-
mize the reaction parameters and gain the best 
possible RCY. Synthetically, the target molecule 
was obtained from the corresponding boc-
protected precursors using [18F]/K222 in DMSO 
by heating from 150-180 ºC over 10 minutes 
and microwave irradiations at 100 W over a 
time frame of 1-3 minutes [67]. In these experi-
ments, the RCY with respect to the [18F]fluoride 
ion were 51% for the bromo-derivative and 29% 
for the nitro-derivative as measured by radio-
TLC. A lower labeling reactivity was observed for 
the iodo-derivative and as a result not fully ex-
plored. With microwave activation at 100 W, an 
improved RCY was observed for both bromo- 
and nitro-substituted precursors, producing 
72% from the bromo precursor in 2.5 minutes 
and 45% from the nitro precursor in 1.5 min-
utes. 
 
In an effort to determine the extent of reactivity 
and the extent that the location of the leaving 
group has on reactivity, a series of experiments 
were done with a variety of known leaving 

groups (Cl, Br, and NO2) in either the 5- or 6-
position of the pyridine [68, 69]. What was ob-
served was that the yields of the labeling reac-
tions increased as the reaction time ap-
proached 10 minutes up to 26% for the 6-chloro
- and 63% for the 6-bromo. High incorporation 
yields (~90%) were observed at 3 minutes for 
the 6-nitro- derivatives. However, under all reac-
tion conditions, the 5-substituted derivatives 
were completely unreactive. It should be noted 
that when considering a leaving group for the 
substitution reaction at the ortho-position, re-
sults from Karramkam et al indicate that the 
order of reactivity for the leaving groups toward 
the ortho fluorination of a pyridine derivative 
follows the general trend of NO2>Br>Cl. 
 
Pyridines are not the only heteroaromatic com-
pounds to undergo rigorous examinations in an 
effort to obtain a radiolabeled product, 1,3-
thiazoles have also been explored [70]. Fluori-
nation at the 2-position was shown to be possi-
ble under both traditional heating and micro-
wave induced heating techniques using bromo, 
chloro and iodo as leaving groups. In all cases, 
the microwave-induced heating was shown to 
give a higher yield of the desired product over 
the conventional heating. 
 
Electrophilic fluorination 
 
Fluorine-18 aryl labeling can be achieved by 
either nucleophilic substitution or alternatively 
by an electrophilic approach which may be the 
only means of introducing a fluorine atom, such 
as in the case of a very electron rich aromatic 
species. The downside of electrophilic fluorina-
tion with [18F]F2 is that the products that are 
produced have a maximum specific activity of 
no greater than 50% of the theoretical maxi-
mum, due to the nature of the [18F]F2 reagent 
containing only one of the desired 18F atoms per 
molecule. In reality, the maximum specific activ-
ity that can be obtained is orders of magnitude 
less than 50% of theoretical due to isotopic dilu-
tion from the addition of cold F2 gas. The direct 
electrophilic radiofluorination of an aromatic 
precursor with a trimethylstannyl substituent as 
a leaving group has been widely used in the 
preparation of 18F-labeled amino acid deriva-
tives, such as [18F]fluoro-L-DOPA ([18F]FDOPA), a 
widely used PET tracer for imaging dopaminer-
gic metabolism and a variety of tyrosine deriva-
tives [71, 72]. This simple and time efficient 
procedure has been quickly employed in the 
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development of additional types of PET tracers. 
 
The synthesis of 6-[18F]fluoro-L-DOPA was first 
developed at UCLA via radiofluorodestannyla-
tion using either [18F]F2 or [18F]CH3COOF, which, 
thus far has been reported as the most suitable 
for the automated preparation of 6-[18F]Fluoro-L
-DOPA [73-75]. Interestingly, the radiochemical 
reaction occurred at room temperature in only 
10 minutes to afford 26% RCY after decay cor-
rection. The product was found to be 99% 
chemically pure. In addition, no racemization 
was detected by chiral HPLC analysis. The effi-
cient radiosynthesis of 3-O-methyl-[18F]fluoro-
DOPA ([18F]OMFD) has also been reported using 
this same kind of methodology [71]. The total 
preparation time of [18F]OMFD after EOB was 
about 50 minutes while a 20-25% decay-
corrected RCY was obtained with 98% chemical 
purity. An additional reagent that has been ex-
plored is 6-[18F]fluoro-L-m-tyrosine ([18F]FMT), 
which represents an alternative substrate for 
measuring the activity of the enzyme aromatic L
-amino acid decarboxylase (AAAD). The reactivity 
of two unique precursors, both possessing a 
trimethyltin leaving group, towards electrophilic 
18F labeling of [18F]FMT were compared by Van-
Brocklin et al and identical yields were pro-
duced [72]. Decay corrected RCYs of [18F]FMT 
were about 25%, which are similar to those re-
sults reported from other researchers [76]. The 
chemical purity was determined by HPLC as 
greater than 96%. 
 
Diaryliodonium salts 
 
The use of diaryliodonium salts represent the 
newest method for [18F]fluoride labeling of aro-
matic compounds compared to previously dis-
cussed methods. What stands out about this 
class of compounds is the excellent nucleofu-
gality of the phenyliodonio group, which has 
shown a leaving group ability of about 106  times 
greater than that of an alkenyltriflate. This en-
hanced leaving ability allows for the efficient 
placement of [18F]fluoride [77, 78]. Generally, 

diaryliodonium salts are air stable, crystalline 
solids that are slightly sensitivity to light. Coun-
terions associated with the salts are typically 
triflates or tosylates, but a wide variety of anions 
can be employed (Figure 12). 
 
Given that nucleophilic attack can occur on ei-
ther of the aromatic carbons alpha to the hyper-
valent iodine, studies have shown that both 
electronic and steric affects dictate which car-
bon will be functionalized. Grushin et al have 
shown that the carbon with the lowest electro-
negativity (i.e. most electron-poor) will preferen-
tially be attacked [79, 80]. On the other hand, a 
variety of studies have shown that the carbon 
possessing a bulky group in an adjacent posi-
tion will undergo attack [81, 82]. Having these 
two characteristics available for manipulation 
allows researchers to develop a variety of pre-
cursors specifically designed to produce the 
labeled product of interest. Ross et al demon-
strated these characteristics by recording the 
RCY of reactions involving [18F]fluoride in the 
presence of kryptofix [2.2.2] with different io-
donium salts having various electronegative 
groups on one aromatic ring while holding the 
second ring constant (Figure 13) [83]. 
 
Carbon-11 labeling methodologies 
 
Carbon-11 (11C) is one of the most diverse nu-
clides used in today’s PET chemistry world due 
to the fact that 11C can be produced and rapidly 
transformed into a large variety of useful syn-
thons. This allows for the production of an ever 
expanding catalog of new and innovative imag-
ing agents [84]. Production of 11C is accom-
plished through the proton bombardment of 14N 
gas with trace amounts of either hydrogen, for 
the production of [11C]CH4, or oxygen, for the 
production of [11C]CO2. From these two syn-
thons, one can perform the necessary chemistry 
in order to obtain the desired form of 11C they 
wish to use for labeling reactions (Figure 14). 
 
After 18F-labeled probes, one can make the ar-

Figure 12. Diaryliodonium salt with representative known counterions. 
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gument that 11C-labeled probes are the next 
most popular nuclide currently used in PET im-
aging. [11C]Methyl iodide is frequently used as a 
11C-precursor due to its ease of production and 
handling. Several compounds suitable for label-
ing with [11C]methyl iodide are common among 
biologically active substances, such as nicotine, 
deprenyl, 3-quinuclindinyl benzilate (QNB), and 
a variety of others (Figure 15) [85-87]. When 
radiochemical reaction times and high yields 
are critical, a more reactive source of 11C, such 
as [11C]methyl triflate, has been found to be 
essential. The preparation of [11C]methyl triflate 
can be accomplished by simply combining [11C]
methyl iodide with silver triflate at an elevated 

temperature. Since the introduction 
of [11C]methyl triflate labeling meth-
ods several biologically active com-
pounds have been prepared in high 
radioactive quantities (80-170 mCi), 
thereby making multiple PET studies 
in human subjects possible [88]. The 
rate of alkylation onto pharmaceuti-
cally active compounds using [11C]
methyl triflate was carefully com-
pared to that of [11C]methyl iodide. It 
was been shown that N-methylation 
using [11C]methyl triflate provided 
consistently higher RCY in more effi-
cient times with moderate heating in 
comparison to the [11C]methyl iodide 
attempts [89]. 
 
Labeling to form 11C-containing mole-
cules from a variety of different pre-
cursors is important not only in the 
number of compounds that can be 
labeled with 11C, but also by creating 
the possibility of labeling a given 
compound at different positions [90, 
91]. Labeling molecules of interest 
with 11C-containing carbonyls is an-
other important feature that facili-
tates the availability of PET probes 
for study. [11C]carboxylation employ-
ing the Grignard reaction between 
alkylmagnesium halides and [11C]
CO2 has been demonstrated for the 
production of myocardial fatty acids 
with modest yields [92]. It is worth 
mentioning that this specific example 
of [11C]carboxylation was carried out 
in THF at room temperature, which 
provides an alternative approach for 
a broad range of lipophilic and heat 

sensitive compounds. 
 
Another tangible example demonstrating the 
versatility of 11C labeling in PET chemistry lies in 
the conversion of Paclitaxel, an effective anti-
cancer drug against solid tumors, into a cancer-
imaging agent.  [11C]Paclitaxel 32 was prepared 
via a multi-step synthetic route with the [11C]
moiety incorporation being the last step, which 
was accomplished by reacting [α-11C]benzoyl 
chloride 30 with the primary amine precursor of 
Paclitaxel (31) (Figure 16) [93]. The time re-
quired to obtain the product from the EOB to the 
purification, including a formulation step, was 
an astonishingly low 38 minutes.  The reaction 

Figure 13. Radiochemical yields for a variety of substituted diarylio-
donium salts. 

 

Figure 14. Schematic showing the wide variety of different synthons 
that can be produced for the incorporation of 11C into a target mole-
cule of interest. 
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provided a remarkable specific radioactivity of 
1349 mCi/mmol and a decay corrected RCY of 
7% with 99% radiochemical purity. 
 
Despite the short half-life of 11C PET probes they 
constitute a large number of the currently devel-
oped useful reagents for imaging studies. The 
key reason 11C probes are so widely used lies in 
the fact that incorporation of 11C into a precur-
sor does not affect any of the key properties, 
such as binding affinity, to the in vivo targets. 
Moreover, 11C generated from carbon monox-
ide, which is an easily obtainable and very ac-
tive synthetic moiety, facilitates versatile chemi-
cal syntheses. For example, a three-component 
synthesis involving carbon monoxide, a nucleo-

phile and a zero valent palla-
dium catalyst can be employed 
for making a spectrum of im-
portant compounds such as 
amides, carboxylic acids, es-
ters, aldehydes and ketones 
[94, 95]. Amides are particu-
larly important moieties given 
their intrinsic existence in virtu-
ally all natural products, as well 
as in bioactive pharmaceutical 
compounds. The synthesis of 
amides utilizing carbon monox-
ide in a multicomponent reac-
tion was found to be compati-
ble with PET chemistry devel-
oped by Murahashi et al [96]. 
Since then, many efforts have 
been put forth for the conven-
ient production of [11C]CO in an 
effort to make this reagent syn-
thetically viable. One of the 
most difficult tasks is finding an 
efficient method of trapping 
[11C]CO in a reaction medium. If 
the [11C]CO is not trapped in a 
medium the subsequent loss of 
gas leads to low reaction yields. 
To tackle this problem, a fully 
automated version of a micro-
autoclave system that traps 
[11C]CO as a precursor with high 
efficiency has been developed 
and implemented to show func-
tionality [85]. For most cases, 
the labeling procedure is short 
(15 minutes) with reports of 
high specific activities (27 Ci/
mmol) and radiochemical puri-

ties of the final products exceeding 98%. 
 
Transition metal labeling methodologies 
 
Among the various and available PET radioiso-
topes, 64Cu and 68Ga offer many advantages 
over other traditionally used isotopes [97]. With 
a half-life of 12.7 hours, 64Cu is compatible with 
in vivo kinetics to investigate biodistribution and 
metabolism of compounds of interest using PET 
imaging. Additionally, this long half-life radioiso-
tope has been shown to be useful for tracking 
cell migration and their cellular fate in vivo. The 
isotope also allows for serial imaging for up to 
several days [98]. A major downside of 64Cu lies 
in the need for a cyclotron equipped with a solid 

Figure 15. A sampling of biologically active compounds that have been 
labeled with 11C. 

 

Figure 16. Synthesis of [11C]Paclitaxel using [11C]CO2 as the source of 11C. 
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target for its formation via the nuclear reaction 
64Ni(p,n)64Cu, which is one of the only methods 
used that is capable of producing large quanti-
ties of 64Cu with high specific activity [99]. In 
this way, 68Ga (68 minute half-life) holds an ad-
vantage over 64Cu since it is commonly genera-
tor produced from the decay of 68Ge (275 days). 
This allows modest sized hospitals to obtain the 
isotope on a routine and reliable timeframe 
[100]. 
 
The challenge in the implementation of metal 
radioisotopes lies in the design of chelating 
agents that have the ability to not only retain 
the metal in vivo, but either become the target-
ing agent or be attached to a known targeting 
agent without adversely affecting the targeting 
properties or kinetics. While the synthetic chem-
istry is usually straightforward, the design that 
enhances the physical binding of the chelators 
to the metallic radionuclides often requires ex-
tensive knowledge of the metal selectivity and 
metal-chelator stability under physiological con-
ditions. Early studies have identified diethyl-
enetriaminepentaacetic acid (DTPA, 33) and 
ethylenediaminetetraacetic acid (EDTA, 34) 
(Figure 17) as potential bifunctional chelators 
for both copper and gallium radioisotopes 
[101]. 
 
The observed rapid dissociation of copper from 
common scaffolds prompted the search for 
more efficient and stable chelators [102]. It has 
been found that the dissociation rate of copper 
from the known cyclic polyamine chelates is 

extremely slow when compared 
to the non-cyclic polyamine che-
lates; in addition, studies have 
shown that these complexes are 
kinetically stable under biologi-
cal conditions. This observation 
has been confirmed by several 
studies that showed 64Cu com-
plexed with tetraaza monoamine 
cyclam 35 loses less than 0.5% 
of the copper after 24h of incu-
bation in human serum at 37 °
C. Incubation for periods up to 
48h in 1mM EDTA showed no 
significant loss of 64Cu, however 
there was 100% loss of copper 
using the acyclic homologue 
N , N ’ - b i s - ( a m i n o e t h y l ) -
propylenediamine complex un-
der the same conditions after 

just 2 minutes [97, 103]. 
 
Since the previous studies, more convenient 
bifunctional chelators with amino reactive func-
tional groups have been developed, such as 
compound 39 for conjugation with bioactive 
ligands. The advantage of this type of radio-
labeling is that biomolecule-conjugate scaffold 
precursors can be prepared and stored without 
any shelf life decomposition. Therefore, bio-
medical scientists can label the precursor scaf-
folds with the 64Cu isotope without using reac-
tion conditions that need advanced chemistry 

Figure 17. Representative examples of linear chelators and macrocyclic 
polyaminocarboxylates. 

 

Figure 18. Conjugation of an antibody (Ab) with a 
suitable cyclam to afford a stable 64Cu-labeling pre-
cursor. 

 



Chemistry of PET, MRI and optical probes  

 
 
288                                                                                          Am J Nucl Med Mol Imaging 2012;2(3):273-306 

skills. As shown in Figure 18, an antibody de-
rivative 41 can easily be conjugated into a com-
mercially available bifunctional linker 40 before 
attachment to the modified cyclic polyamine 
chelator 45. The precursor 46 can be purified, 
stored and when needed, be available for label-
ing with 64Cu at any time in the future. 
 
In order to simplify the bioconjugation process, 
the macrocyclic polyaminocarboxylates 36-38 
(Figure 17) were developed.  Due to their great 
application in PET imaging, the activated 64Cu-
polyaminocarboxylates, when combined with 
peptides and antibodies have been widely used 
to image tumor lesions [104-106]. For more 
information on the superior characteristics of 
cross bridged cyclams compared to DOTA com-
plexes in vivo, refer to an excellent study done 
by Anderson and co-workers [107]. 
 
Chemistry of optical imaging probes 
 
Introduction to optical imaging 
 
It has been known for quite some time that 
natural objects such as phosphorus-containing 
compounds or living subjects like fireflies, in-
sects, and marine organisms have the ability to 
emit light. However, imaging using a source of 
fluorescent light for in vivo applications is an 
emerging technique, one that has been devel-
oped over the past decade. With the advent of 
laser technology and sophisticated optical de-
vices the sensitivity, selectivity and simplicity of 
these devices has made the use of fluorescent 
imaging methods more attractive.  Recently, 
several near-infrared (NIR) fluorescent probes 
have shown great promise for in vivo imaging of 
biological targets such as somatostatin recep-
tors, osteolastic activities and proteases [108-
118]. NIR light spans the wavelength range 
from 700-900 nm. Therefore, NIR light is more 
ideally suited for in vivo imaging than light in the 
visible spectrum. NIR light is able to penetrate 
tissue more efficiently compared to visible light 
that is easily scattered and absorbed by tissue 
[119]. Tissue absorption becomes weaker for 
wavelengths in the NIR region while scattering 
also decreases with increasing wavelength. Con-
sequently, molecular beacons in the NIR range 
may provide enormous potential for non-
invasive in vivo applications. In this section of 
the review we will discuss a few major families 
of dyes that have useful applications in molecu-
lar imaging including cyanine, rhodamine and 
oxazine dyes. 

Preparation of cyanine dyes 
 
Cyanine dyes are a major class of dyes that 
have been used in the textile, optical media and 
Xerox industries. More recent applications have 
been found in the molecular imaging field. Al-
though there are several types of cyanine dyes, 
the general structure is composed of two nitro-
gen-containing heterocyclic rings joined by a 
conjugated chain of carbon atoms, as shown in 
Figure 19. There have been several review arti-
cles recently written on the synthesis of cyanine 
type molecules that demonstrate a variety of 
synthetic approaches, dye properties and their 
potential in vivo applications [120-124]. With 
the advent of molecular imaging, never before 
has so much effort been put forth to create bio-
logically compatible cyanine dyes fitting essen-
tial criteria such as water solubility, quantum 
yield, toxicity, stability, and most importantly, 
NIR capabilities. In this section, we focus our 
discussion on the current methods of modifica-
tion of cyanine dyes to be used for molecular 
imaging. 
 
Preparation of methine cyanine dyes can be 
accomplished through the condensation be-
tween an active methyl-containing ring with an 
unsaturated moiety. The unsaturated moieties 
can be orthoesters, squarain derivatives or alde-
hydes when an aldol condensation reaction is 
used. For dyes with longer absorbance, a penta-
dienyl aniline salt can be used [125-128]. Use 
of this kind of condensation reaction allows the 
chemist to create either symmetrical or asym-
metric dyes since the reaction can be controlled 
in a stepwise manner [129]. What is truly 
unique about cyanine dyes is that their absorb-
ance and emission profiles can be predicted 
and fine-tuned by altering either the unsatu-
rated carbon on the methines or the heterocyc-
lic aromatic end rings. To clarify this notion, we 
would like to first start with the synthesis of a 
Cy3 dye by Konig et al from the beginning of last 
century. The synthesis of the Cy3 dye was 
achieved by condensation of a reactive quater-
nary ammonium salt 47 with a suitable or-
thoester in the presence of sodium tetra-

Figure 19. General structure of a cyanine dye, shown 
with the alternatively drawn resonance structure. 
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fluoroborate. The blue-violet prism product was 
collected by recrystallization, producing an over-
all 70% yield (Figure 20) [130]. This type of re-
action has become the model for preparing a 
number of important types of trimethine dyes 
[131, 132]. 
 
Over the many years of cyanine dye develop-
ment, there have been several novel heterocyc-
lic ring systems synthesized and studied (Figure 
21). It has been generally observed that cyanine 
dyes derived from benzothiazole and indole 
rings have similar absorption (labs) and emis-
sion (lem) profiles. The quantum yields (f) of 
both dyes are also comparable and higher than 
other types of ring systems such as oxacarbo-
cyanine 50, 2,2’-quinocarbocyanine 52, and 
4,4’-quinocarbocyanine 53 [133]. It is worth 
noting that the electronic effect plays a very 
important role in the development of dyes in the 
NIR region. As an example of this concept, com-
pound 49 is roughly the same size as 48 and 

51; however, the electron donating methyl 
group of 49 has stabilized its ring system. As a 
consequence, it possesses a bathochromic shift 
of about 100 nm when compared to the other 
types.  Structurally, increasing the number of 
carbons in the methine analogues, rather than 
the size of the aromatic ring system, tends to 
determine the bathochromic shift of cyanine 
dyes. For each double bond increased in the 
methine bridge, there will be an increase of 
about 100 nanometers in the wavelength ver-
sus an increase of only about 20 nanometers 
for every additional aromatic ring [134]. A prac-
tical extension of the cyanine bridge was devel-
oped using the condensation between an indole 
ring with malonaldehyde dianilide and gluta-
cone dianilide to form Cy5 and Cy7 dyes respec-
tively. In an elegant approach, Waggoner et al 
first demonstrated the power of chemistry in 
tuning the wavelengths of fluorescent dyes for 
in vivo imaging through the development of Cy5 
dyes for the purposes of labeling biomolecules. 
Moreover, they were also able to overcome the 
hydrophobic nature of the long unsaturated sys-
tem contained within the dye by incorporation of 
sulfonyl groups on the aromatic rings. This ef-
fectively helps to reduce the observed amount 
of dye aggregation under aqueous conditions 
(Figure 22) [128, 135, 136]. 
 
Despite these general guidelines, various limita-
tions do exist which effectively hinder the devel-
opment of long wavelength fluorescent dyes. An 
example of one such limitation is that the stabil-
ity of cyanine dyes becomes a concern when the 
number of methine carbons linking the aromatic 
end groups together becomes greater than or 
equal to seven. Although there is no clear 
mechanistic explanation, the generally accepted 
theory postulates that long polymethine bridges 
might become unstable due to twisting, thus the 

Figure 20. Synthetic scheme for the preparation of a 
Cy3 dye. 

Figure 21. A variety of cyanine dyes that have been 
developed with their characteristic absorption and 
emission wavelengths (labs and lem respectively) 
and quantum yields (f). 

Figure 22. Cy5 dye developed by Waggoner and co-
workers for the purpose of labeling biomolecules. 
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dyes decompose easily during storage. In order 
to stabilize this class of NIR dyes, it becomes 
necessary to incorporate some of the methine 
groups into rings as a method of gaining stabil-
ity. Reynolds et al was the first to synthesize a 
variety of stable heptamethine cyclic dyes and 
to thoroughly characterize the stability of the 
cyclic polymethine-containing cyanine dyes 
[137]. It was found that the presence of a cen-
tral ring not only increases stability, but also 
results in a larger bathochromic shift compared 
to dyes with linear structures. Dyes with the cen-
tral methine bridge derivatized as five-member 
rings absorb at longer wavelengths than those 
with six-member rings. This work demonstrated 
that all cyclic polymethine-containing dyes ex-
hibit several orders of magnitude greater stabil-
ity when compared to linear dyes. Additionally, 
the electronic effect contributed by some sub-
stituents was observed to have a greater effect 
on both the bathochromic shift of the cyanine 
dyes and their stability. For example, replacing 
the oxygen heterocycle with a sulphur heterocy-
cle increased the bathochromic shift by 88 na-
nometers and nearly doubled the relative stabil-
ity of the dye. 
 
Another criteria that must be taken into account 
when designing fluorescent dyes for biological 
applications is the ability of the dyes to be modi-
fied with functional groups; allowing for the pos-
sibility of the dye to be attached to biomolecules 
for direct fluorescence detection. However, the 
practical synthesis of NIR cyanine dyes with 
reactive functional groups as an intermediate is 
challenging and not straightforward [138]. Cur-
rently, most dyes are designed to have amine or 
thiol reactive functionalities, usually N-
hydroxysuccinimide or maleimide intermediates 
respectively. Since the conjugation step rarely 
goes to total completion, the purification of the 
desired product requires high performance liq-
uid chromatography or size exclusion chroma-
tography. 
 
Preparation of rhodamine and oxazine dyes 
 
The most popular agents for the labeling of bio-

molecules for analytical staining, biological 
staining, antibody binding studies and pho-
toswitching technologies are the rhodamine and 
oxazine dyes, both of which can be synthesized 
in a similar manner [139-141]. Rhodamine dyes 
are prepared by the condensation reaction be-
tween two molecules of m-diethylaminophenol 
with formaldehyde, followed by oxidation with 
ferric chloride in hydrochloric acid (Figure 23). 
In more elaborate work, rhodamine dyes are 
functionalized with carboxylic acid groups as 
handles for bioconjugation via a condensation 
process between an activated m-aminophenol 
or a 6-amino-naphthalen-1-ol derivative with 
phthalic anhydride (Figure 24) [142]. With the 
amino group making the ring system more rigid, 
compound 54 becomes more stable than the 
free amino counterpart and, as a result, has a 
better quantum yield. 
 
In terms of molecular imaging, manipulation of 
the electronic effect in an effort to obtain a NIR 
feature without expanding the size of the dye, 
thus reducing the steric hindrance and hydro-
phobicity in a biological assay, is a crucial devel-
opment. Similar to rhodamine dyes, oxazine 
dyes can be synthesized by replacing the central 
carbon of rhodamine with nitrogen, which exem-
plifies the previous concept. Nitrogen insertion 
results in a molecule that exhibits longer ab-
sorbance and emission wavelengths [143]. The 
central nitrogen atom serves as a sink for the π-
electrons, causing a wavelength shift of about 
80-100 nanometers towards the NIR region. 
Oxazine dyes have been traditionally synthe-
sized by condensation of nitrosoaniline deriva-
tives with a phenol in the presence of perchloric 

Figure 23. Synthesis of a simple rhodamine dye derived from 3-diethylaminophenol and formaldehyde. 

Figure 24. Synthesis of carboxylic acid functionalized rho-
damine dye. 
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acid or in a manner similar to the one shown in 
Figure 25 [143]. The stability of the dye, how-
ever, is not ideal due to the fact that compound 
55 is easily hydrolyzed to the non-ionic 
naphthoxazinones 56 and 57 (Figure 26). Cur-
rent trends in the development of this family of 
dyes focuses on the stabilization of the dye by 
designing rigid ring systems on the terminal 
amine. According to Sauer et al, a bridged 
amine also promotes facile attachment of a 
functional group, which can be used for future 
conjugation with analytes. Regarding this inno-
vative synthesis, Kanitz et al reported a very 
efficient approach for the preparation of bridged 
naphthoxazinium salts [143]. 
 
Near-infrared features and dye quantum yields 
 
According to molecular orbital theory, at longer 
absorption wavelengths fluorescence efficiency 

tends to decrease with a decreasing en-
ergy difference between the S1 and S0 en-
ergy levels, especially for hydrogen vibra-
tions. This leads to a decreased quantum 
yield in the NIR region via internal conver-
sion between S1 and S0. Unfortunately, 
this intrinsic property contributes largely to 
the low quantum yield in most NIR dyes. In 
addition, environmental factors such as 
aggregation, twisting of the heterocyclic 
rings (i.e. cyanine dyes) or the N-H bond 
vibrations present in the NH2 moiety on 
rhodamine dyes also contribute to the 
decrease in quantum yield efficiency. One 
way to improve the quantum yield, in re-
spect to aggregation, can be achieved by 
the incorporation of sulfonyl groups which 
tend to lower the occurrence of aggrega-
tion [144]. Another strategy used to avoid 
aggregation, particularly for the cyanine 
family of dyes, is the use of polymethine 
bridges. As Figure 27 shows, for every 
double bond increase in the methine 
bridge there is an observable shift of 
roughly 100 nanometers toward the red 
region compared to 20 nanometers of the 
same shift for each additional aromatic 
ring. This suggests that aggregation is not 
occurring with each addition of a methine 
group into the backbone. In rhodamine 
dyes, replacing the NH2 with NR2 and mak-
ing the ring system more rigid also leads 
to a dramatic increase in fluorescence 
with the quantum yield efficiency signifi-
cantly improved. 

 
Fluorescence resonance energy transfer (FRET) 
 
Fluorescence Resonance Energy Transfer 
(FRET) is a hallmark of fluorescence technology 
and thus it is worth mentioning in this optical 
probe section. As a matter a fact, FRET has 
been employed for generating “smart” activated 
protease sensing probes [118]. This technique 
has been used widely dealing with problems on 
the scale of molecular distance, proximities, 
orientations and dynamic properties [145]. The 
process is characterized by the transfer of extra 
electronic excitation energy from a donor chro-
mophore to an acceptor molecule brought in 
close proximity via a through-space dipole-
dipole coupling mechanism between the donor-
acceptor pair. The efficiency of the transfer 
process is dependent on the inverse sixth power 
of the distance between the fluorophores, 

Figure 25. Various synthetic approaches used to obtain oxaz-
ine dyes. 

 

Figure 26. Hydrolysis of an ionic oxazine dye to its non-ionic 
forms. 
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meaning that the smaller the distance, the 
greater the efficiency. Distances as great as 
70Å have displayed an adequate level of donor 
to acceptor excitation energy transfer [146]. 
 
The advent of optical devices, especially the 
charge-coupled device (CCD) camera, and com-
puter-based imaging technology has afforded a 
forthright way to detect dequenching photons 
from FRET activation in vivo. As a result, the 
FRET technique takes center stage in the opti-
cal imaging of molecular events such as prote-
ase-associated biochemical pathways [118]. 
However, it is noteworthy to mention that there 
are limitations in FRET measurements, particu-
larly with high substrate concentrations where 
the fluorescence intensities are not proportional 
to the concentration of activated products. This 
leads to an underestimation of the fluorescent 
signal from the donor chromophore. This phe-
nomenon may result when the fluorescent com-
pound can be re-absorbed by acceptor groups 
on neighboring substrates or by contamination 
resulting from the cleavage of the FRET mole-
cules [147]. 
 
The use of FRET, in conjunction with the devel-
opment of specifically targeted molecular 

probes, not only enhances signal contrast, but 
also enables the imaging of specific molecular 
events associated with the disease state. Meth-
ods for the development of specific peptide-
based activatable molecular beacons for the 
detection of protease activity using Förster 
Resonance Energy Heterotransfer (FREHT) have 
previously been reported. These probes can be 
synthesized using commercially available Cy5.5 
and previously developed NIR dyes as both do-
nors and acceptors. Conjugation of the FREHT 
compound to a suitable peptide containing a 
sequence specifically designed for recognition 
and cleavage by proteases allows for the detec-
tion of protease activity. This construct under-
scored the development of highly stable red-
shifted acceptor dyes that met the criteria out-
lined above and could be directly conjugated 
onto a peptide [118]. 
 
Molecular beacons that use FRET technology to 
monitor fluorescent signals have also been 
widely used in the detection of nucleotides [148
-155]. In general, the system consists of a hair-
pin-forming DNA strand labeled on the ends 
with a fluorochrome (donator) and a silencer 
(acceptor) with the spatial distance between the 
fluorochrome and the silencer large enough to 
show a large fluorescent signal when the DNA 
strand is interacting with its complementary 
sequence. When the DNA is not interacting with 
the complimentary sequence, it undergoes hair-
pin formation, which brings the fluorochrome 
and silencer into close proximity causing a de-
crease in fluorescent signal. In order to gain a 
dramatic change in fluorescent signals, Kool et 
al developed a module where the silencer, Dab-
cyl, acts as a leaving group upon the joining of 
two DNA strands. After the oligonucleotide had 
been modified with the silencer Dabcyl and fluo-
rescein, a 99% quenching efficiency was ob-
served. The Dabcyl was cleaved upon ligation of 
the two DNA strands on a complementary DNA 
template. Remarkably, this probe could detect a 
single point of mutation on a target DNA [156]. 
 
Chemistry of MRI probes 
 
Introduction to MRI 
 
MRI has become one of the most reliable diag-
nostic imaging modalities, coupling high spatial 
resolution with exquisite dynamic information 
and anatomical contrast. Similar to nuclear 
magnetic resonance (NMR), MRI relies on the 

Figure 27. Comparison between the number of me-
thine linkers and the resulting maximum absorption 
and emission wavelengths (l). 
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relaxation efficiency of protons (in this case wa-
ter protons) placed in a fixed magnetic field. The 
contrast obtained in images is commonly due to 
different relaxation rates of protons found in 
different tissues. Contrast enhancement can be 
achieved via the use of so-called contrast 
agents, which have the ability to shorten either 
T1 or T2 relaxation times. Contrast agents in-
clude, but are not limited to, paramagnetic ions 
such as gadolinium (Gd3+) and other lanthanide 
ions, which are T1 agents and ferromagnetic 
iron oxide particles and nanoparticles, which 
are T2 agents. Gadolinium contrast agents are 
by far the most popular choice of contrast 
agent, with greater than 10 million MRI studies 
done each year [157, 158]. 
 
Gadolinium and related lanthanide contrast 
agents 
 
Free gadolinium ion has been found to have a 
biological half-life on the order of several weeks 
with a primary mechanism of excretion through 
the kidneys and liver, implying that the adminis-
tering and evaluation of free gadolinium ion 
would be sufficiently long lived to obtain high 
quality images. Unfortunately, free gadolinium 
has also been found to have a high toxicity pro-
file [159]. In order to reduce the toxic nature of 
the free ion, it has been deemed necessary to 
encapsulate the ion in a multidentate chelate 
enabling the effective sequestering of the ion 
from biological processes. Common examples 
of the necessary octadentate chelates, shown in 
Figure 28, include diethylene triamine pen-
taacetic acid (DPTA), 5,8-bis(carboxymethyl)-11-
[2-(methylamino)-2-oxoethyl]-3-oxo-2,5,8,11-
tetraazatridecan-13-oic acid (DTPA-BMA) and 
1,4,7,10-tetraazacyclododecane-N, N’, N’’, N’’’-
tetraacetic acid (DOTA). These chelates have 
been found to be sufficiently bulky to prevent a 
rapid release of the ion, but not so bulky as to 
not allow for the necessary water interactions 
with the paramagnetic gadolinium center [160]. 
 
The ability of gadolinium complexes to shorten 
the observed T1 has been attributed to two 
separate modes of water relaxation; termed 
inner sphere and outer sphere. Inner sphere 
refers to the relaxation occurring due to the co-
ordination between water molecules and the 
metal center. This coordination is by no means 
a permanent interaction and actually relies on 
the rapid exchange of water molecules at a rate 
shorter than T1, but long enough to ensure ade-

quate relaxation. Outer sphere refers to the re-
laxation due to water molecules dynamically 
diffusing near the paramagnetic metal centers 
and experiencing fluctuations in the local mag-
netic field [161]. 
 
In addition to the already discussed water re-
laxation contrast approach, an alternative type 
of contrast agent stems from the transfer of 
selectively saturated spins from one chemical 
pool to another. This is known as chemical ex-
change saturation transfer (CEST) and when 
done in the presence of a paramagnetic agent, 
such as a lanthanide, this is often referred to as 
PARACEST [162, 163]. The signal enhancement 
in PARACEST agents comes from a decrease in 
signal intensity of bulk water when the protons 
coordinated to a suitable lanthanide, other than 
gadolinium, are irradiated. In order for 
PARACEST to be effective, the rate of water ex-
change has to be sufficiently slow. Factors that 
have been found to affect the exchange rate 
include steric crowding of the coordinating 
ligand, overall size of the lanthanide ion, coordi-
nation geometry adopted by the ligand, quantity 
of the contrast agent present at the area of in-
terest and the electronic properties of the coor-
dinating ligand [164-167]. Recently, studies 
were performed to determine the extent to 
which variations in ligand electronic structures 
would affect the rate of water exchange. Rat-
naker and co-workers synthesized a series of 

Figure 28. A sampling of the common chelates that 
have been used to lower the toxicity of gadolinium 
ions. 
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DOTA-tetraamide complexes 60 with a variety of 
different electronic modifications on a single 
arm of the chelate, as shown in Figure 29 [168]. 
In this study, it was clearly demonstrated that 
the seemingly small changes made to a remote 
functionality produced either a dramatic en-
hancement in water retention, as was the case 
when using electron withdrawing groups, or an 
increase in water exchange, when electron do-
nating groups were used. This leads to the pos-
sibility of tailoring chelating systems to obtain 
the desired amount of water exchange, which 
would produce the optimum amount of 
PARACEST signal enhancement. 
 
An alternative approach for the retarding of wa-
ter exchange involves the use of a biological 
blocking agent. In one prime example of this 
approach, it was found that the placement of 
two arylboronic acids onto the cyclam chelating 
backbone would act as an effective capture 
agent for glucose. The capture of glucose, which 
locks the water molecule in place, not only in-
creases the contrast ability of the PARACEST 

contrast agent, but gives a reliable method for 
the quantification of glucose from tissue to tis-
sue [169]. Synthesis of the chelate was accom-
plished using a regio-specific protection/
deprotection approach specifically developed to 
produce the desired 1,7- and 1,4-substituted 
tetraazamacrocycles 64 and 68, respectively 
(Figures 30 and 31) [170, 171]. Results 
showed that the desired PARACEST signal does 
indeed increase as a function of increasing glu-
cose concentration, with the 1,7-substituted 
showing the greatest affinity for glucose [172]. 
 
Along the same lines as the previous example, 
Que and co-workers developed a gadolinium 
based contrast agent that is essentially “turned 
off” until in the presence of copper, at which 
point it “turns on” [173]. This is accomplished 
by synthesizing a mono-substituted cyclam; 
where the single substituent contains both a 
pyridine ring and a pendant tridentate ligand. In 
the absence of copper the pyridine ring acts as 
a ligand for the gadolinium ion. However, once 

Figure 29. Synthesis of europium(III) DOTA-tetramide 
complexes. 

Figure 30. Synthetic route used to obtain a 1,7-
substituted tetraazamacrocycle for the detection of 
glucose by MRI. 



Chemistry of PET, MRI and optical probes  

 
 
295                                                                                          Am J Nucl Med Mol Imaging 2012;2(3):273-306 

the ligand is exposed to copper it switches roles 
and becomes a ligand for the copper ion (Figure 
32). The movement of the pyridine away from 
the gadolinium center allows for the rapid ex-
change of bulk water, thereby producing high 
contrast. 
 
As has already been discussed, targeting of bio-
logical entities, such as copper and glucose, is a 
method that holds great potential for achieving 
contrast enhancement. However, detection of 
these species points to the underlying biological 
processes not necessarily the events them-
selves. In an effort to accomplish this, many 
researchers have started to build contrast 
agents that have been specifically designed to 
target individual processes or events. One such 
approach uses the oxidizing ability present in a 

variety of physiological events 
to induce the polymerization of 
the gadolinium based contrast 
agents. This increases the 
local concentration of the con-
trast agent, which in turn in-
creases the contrast [174, 
175]. Oxidatively susceptible 
polymeric gadolinium contrast 
agents have also been devel-
oped as a means to increase 
bodily excretion of the agent. 
In order to achieve an in-
creased clearance rate, the 
polymers were designed and 
synthesized with disulfide 
bonds present in each gadolin-
ium chelating monomeric unit. 
Exposure of the disulfide bond 
to endogenous thiols, such as 
cysteine and glutathione, in-
duces cleavage, which in turn, 
produces small molecular 
gadolinium complexes and 
oligomers that can be easily 
eliminated via renal filtration 
[176]. Results show that the 
contrast agent is cleared, but 
this has only been demon-
strated in rodents, which have 
greater plasma thiol concen-
trations and therefore do not 
give an accurate comparison 
of human plasma kinetics. 
 
The use of viral particles for 
the purpose of directed drug 

delivery is a concept that has been employed in 
a variety of studies [177, 178]. Recently, Va-
salatiy and coworkers harnessed the power of 
viral particles in an effort to produce targeted 
PARACEST contrast agents [179]. The approach 
explored was synonymous to an approach used 
in a previous example of this type of directed 
contrast agent synthesis, which was to use the 
inherent functionality found on the surface of 
the particle to attach the contrast agent (Figure 
33) [180]. Surface functionalization has been 
shown not to have a detrimental effect on the 
receptor binding ability of the viral particle 
[181]. However, this study found that increasing 
the number of attached ligands decreased the 
bioactivity of the viral particle, with fewer than 
~800 being the optimal number. In addition, it 
was found that the ligand had to be preloaded 

Figure 31. Synthetic scheme used for the synthesis of 1,4-substituted 
tetraazamacrocyles, which were employed for the detection of glucose. 

 

Figure 32. Schematic showing how, in the presence of copper, the contrast 
agent “turns on” and allows the flow of water into the inner sphere, thereby 
increasing contrast. 
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with the lanthanide ion prior to attachment to 
the particle. If this was not done, non-specific 
binding of the lanthanide to the chelating agent 
was observed. 
 
In a different approach, MR imaging of throm-
bus within fissures of vulnerable atherosclerotic 
plaques has been attempted using a variety of 
contrast agents. The types of agents used in-
clude peptides and nanoparticles, which will be 
discussed in the next section. Fibrin, a major 
constituent of arterial and venous clots, has 
been one of the predominant targets for the 
development of peptide contrast agents. These 
fibrin-specific MRI contrast agents include, but 
are not limited to; EP-782, EP-821, EP-1084, EP
-1086, EP-1873, and EP-2104R [182-184]. 
Studies have demonstrated that all of these 
agents, with the exception of EP-821, show sta-
tistically significant increases in relaxivity in the 
presence of fibrin when compared to their relax-
ivity in buffer. This points to strong fibrin binding 
causing a receptor induced magnetization en-
hancement. The lone exception to this is EP-
821, which was specifically designed without 
the necessary fibrin binding, seven amino acid 
cyclic core (GDYYGTC), in order to serve as a 
control agent. All studies have thus far only 
demonstrated the feasibility of using these 
agents and have not begun full-scale human 
trials. 
 
Nanoparticles and related contrast agents 
 
The design and synthesis of nanoparticle imag-
ing agents requires very careful consideration in 
the properties of the particle that are needed or 
desired in order to target the desired physiologi-
cal function. A general diagram of a nanoparti-
cle is shown in Figure 34. The core can be made 
of an ever-increasing variety of molecular spe-

cies, such as iron oxide, silica, gold, quantum 
dots or complex polymers [185]. Contrast can 
be generated from the core itself, as is the case 
with iron oxide, or the core can simply act as a 
means for other contrast agents to be shuttled 
into the area of interest. In most cases, a bio-
compatible coating must be added to the sur-
face of the particle in order to allow for a suffi-
ciently long biological half-life. These coatings 
usually have a large number of functional 
groups, which allow for ease of functionalization 
onto the surface. Even with biocompatible spe-
cies, it has been found that the use of biocom-
patible compounds such as polymers, need to 
be attached to the surface of the coating in or-
der to increase the effectiveness of the agent. 
The last component of a nanoparticle is the tar-
geting agent or contrast agent.  These are either 
small molecules that will direct the particle to-
wards the event of interest or the actual con-
trast agent, both are attached to the surface of 
the particle via a suitable linker [186]. 
 
In theory, researchers should be able to ma-
nipulate all aspects of the four different compo-
nents that make up the nanoparticles, i.e. the 
components shown in Figure 34, in order to 
achieve the desired tissue or event specificity 
they wish to obtain. In an effort to prove this 
principle a library of nanoparticles were de-
signed and synthesized with both the core and 
coating held constant, while varying the small 
molecule directing groups present on the sur-
face [187]. It was found that small molecule 

Figure 33. Chelate functionalized viral particle.  

Figure 34. Simple schematic diagram of a nanoparti-
cle with the various components labeled. 
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modifications on the surface can modulate the 
nanoparticle affinity for different cell types and 
molecular modifications can discriminate be-
tween related functional states of cells. This 
finding provides researchers the potential to 
develop nanoparticles that are capable of effi-
ciently targeting a desired cell type and there-
fore increase contrast for that cell type. 
 
As has already been mentioned, a large variety 
of materials can be used as the core for 
nanoparticle imaging agents. Magnetic iron ox-
ide has clearly emerged as the core of choice 
for a variety of biomedical applications for both 
in vitro and in vivo imaging [188]. One reason 
for using this material, especially for tumor im-
aging, is a proven accumulation of the magnetic 
nanoparticles within tumors. This accumulation 
has been attributed to hyperpermeable tumor 
vasculature resulting from increased cell prolif-
eration [189]. This aspect was used to the ad-
vantage of Medarova and co-workers who suc-
cessfully synthesized a bimodal NIR/MRI iron 
oxide nanoparticle functionalized with synthetic 
siRNA molecules designed to target GFP-
expressing tumors [190]. The synthesis, shown 
in Figure 35, began with dextran-coated iron 
oxide nanoparticles, which were first functional-
ized with Cy5.5 followed by attachment of a het-
erobifunctional cross-linker, N-succinimidyl 3-(2-
pyridyldithio) propionate (SPDP) [191]. Next, 
myristoylated polyarginine peptide (MPAP) was 
attached to the SPDP followed by attachment of 
m-maleimidobenzoyl-N-hydroxysuccinimide es-
ter (MBS) crosslinker directly to the nanoparticle 

amine. Addition of the MBS allowed 
for efficient attachment of the desired 
oligonucleotide providing the final 
multi-modal imaging agent with an 
average of three Cy5.5, four MPAP 
and five siRNA molecules per 
nanoparticle. Results from this study 
showed that the agent gave both a 
favorable biodistribution and excellent 
imaging characteristics with high reso-
lution, good depth penetration and 
high sensitivity. 
 
A more chemically simplistic magnetic 
iron oxide comes in the form of ultras-
mall superparamagnetic iron oxide 
(USPIO). Typical iron oxide particles 
have a diameter in the range of 30-
1,000 nm, USPIO particles are in the 
range of 5-10 nm [192]. The smaller 

size allows for a longer blood half-life and gives 
the particles the ability to transmigrate capillary 
walls via vesicular transport and interendothe-
lial junctions. For these reasons, USPIO particles 
have been demonstrated to be effective in the 
imaging of lymph nodes, atherosclerotic plaque 
and carotid plaque inflammation [193-195]. 
 
As mentioned in the previous section, imaging 
of thrombus within fissures of vulnerable 
atherosclerotic plaques has been attempted 
with a variety of different imaging agents. An 
example that falls into the class of the function-
alized nanoparticle imaging agents is the so-
called lipid-encapsulated liquid perfluorocarbon 
nanoparticle. This class of nanoparticle, pos-
sessing no inherent magnetic susceptibility, 
gains its MRI contrasting ability through the at-
tachment of lanthanide chelating agents directly 
to the surface. This has been accomplished with 
both gadolinium chelates and PARACEST chelat-
ing agents, such as europium DOTA complexes 
[196-198]. Both types of imaging agents show 
high levels of contrast, presumably due to the 
high level of functionalization on the surface. It 
was found that greater than 50,000 gadolinium 
atoms could be appended to the surface of 
each individual particle, allowing for a large 
amount of contrast enhancement per particle. 
 
The last categories of nanoparticle that will be 
mentioned are those with a dendrimer core. 
Dendrimers are a class of polymers that are 
grown out from a central molecule by adding 
additional monomer molecules in a sequential 

Figure 35. Synthesis of a NIR/MRI iron oxide nanoparticle via a 
sequential conjugation strategy. 
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manner. Each new addition of the monomer can 
be accomplished in an efficient manner, pro-
ducing a new “generation” with each subse-
quent addition. In the case of poly(amidoamine) 
(PAMAM) dendrimers, each generation theoreti-
cally doubles the number of available functional 
groups on the dendrimer surface. Due to their 
high ability to be functionalized and the fact that 
they are nontoxic, makes these types of den-
drimers ideal for the development of drug deliv-
ery or imaging agents [199]. For an excellent 
review on the use of dendrimers in medical 
technology please see Barrett et Al [200]. 
 
Concluding remarks and perspectives 
 
In today’s post-genomic era and in conjunction 
with novel proteomic techniques, numerous 
novel biological targets have been idendified, 
and thus there is great demand for imaging 
probes that will either help researchers visualize 
biological targets or screen new drugs. This in-
creased demand offers opportunities as well as 
challenges to imaging chemists who never be-
fore have felt the need for a major overhaul of 
the synthesis strategies to cope with this new 
reality. One such revised approach would be to 
focus on improving reaction maneuvers and 
accelerating the purification process both of 
which have far-reaching effects in modern imag-
ing chemistry laboratories. In recent years, for 
example, we have witnessed the integration of 
diverse and robust automated systems such as 
microwave-assisted synthesizers, microfluidic 
PET labeling modules and photodiode array-
equipped flash chromatograpy. Thanks to these 
advances, overall reaction time has been re-
duced dramatically and the scales of the reac-
tions are becoming smaller and increasingly 
more accurate. As a result, these revised ap-
proaches can now be adapted for use in high-
throughput syntheses of molecular imaging 
agents. However, regardless of whether these 
agents are MRI contrast, PET, optical or a com-
bination of any of these modalities, there is a 
constant need for skilled chemists capable of 
producing such agents at both the tracer levels 
as well as in larger scale preparations. 
 
Another contemporary approach focuses on the 
development of labeling kits or activated linkers 
that enable non-chemists to partcipate in the 
end-point process. Specifically, linkers used to 
label unstable macromolecules such as anti-
bodies and proteins with NIR dyes have proven 

useful. Notably, several applications have al-
ready benefited from this family of functional-
ized linkers since the bioconjugation experi-
ments are robust and relatively simple. A pro-
nounced shortfall still exists in this area, how-
ever, for example, a PET ready-to-label kit simi-
lar to those available for optical probe prepara-
tion has yet to be developed. Even from an opti-
mistic perspective, an enormous amount of 
work must be accomplished before this can 
become a reality.  
 
If efforts to synthesize versatile PET labeling kits 
are successful, the result could change the en-
tire PET chemistry landscape. Not only would 
such an approach correspond favorably with 
today’s predilection for diversity, but it would 
eventually lead to obviating the need for expen-
sive PET chemistry facilities and their laboratory 
staffs. Since PET chemistry remains a bottle-
neck step in most clinical research entities, this 
initiative merits further investigation from 
across the molecular imaging spectrum.  
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