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Abstract. Over the past decade, antisense technology has successfully established itself as an entirely innovative 

platform for research and creation of new therapies. Significant advances in the design of antisense oligonucleotides, as 

well as a deeper understanding of their mechanisms of action, have led to their successful clinical application in many 

RNA-targeted therapies. In addition, their potential for in vivo imaging by radiolabeling has been identified. Here are 

discussed the prospects for the use of antisense oligonucleotides in nuclear medicine and highlighted some of the 

advantages and disadvantages of labelling them with radionuclides. 
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INTRODUCTION 

The last 20 years have seen increased progress 

in the field of antisense technology. This 

technology provides an opportunity to manipulate 

gene expression at the RNA level through the so-

called antisense oligonucleotides. Antisense 

oligonucleotides are DNA or RNA sequences 

whose length usually varies between 20 and 25nt 

[1]. They bind to specific RNA targets according to 

the canonical Watson–Crick base pairing and cause 

modulation of gene expression. This is achieved 

through two main mechanisms of action - RNase 

H-dependent and RNase H-independent 

mechanism, which are determined by the type of 

applied chemical modifications of antisense 

oligonucleotides [2, 3]. Due to the wide variety of 

applied chemical modifications and the ability of 

the antisense oligonucleotides to target virtually 

every transcribed RNA molecule in the human 

body, their application has begun to be studied 

intensively in various biological fields. This has led 

to the successful development and approval of 7 

drugs based on ASOs [4-6].At the same time, in the 

scientific literature there is experimental evidence 

of their successful use not only as antiviral [7-9] 

and antiparasitic [10] agents but also as therapeutics 

in the field of inflammatory diseases [11], diseases 

of the central nervous system [12, 13], bacterial 

infections [14, 15], and cancer [16-18]. That is why 

the question arises what the prospects for antisense 

oligonucleotides in the field of nuclear medicine 

are [19]? 

Antisense oligonucleotides can be used in 

combination with radiopharmaceuticals 

(radionuclides) for the so-called antisense imaging 

[20-23]. This allows in vivo detection and 

monitoring of molecular events such as tracking the 

uptake of ASO and its passage through various 

barriers in the human body, as well as the study of 

gene expression of its targets in the relevant tissues 

and organs. The advantage of antisense imaging 

lies not only in the specificity of the targets in ASO 

technology but also in the non-invasive nature of 

imaging methods for radionuclide detection. For 

this purpose, both classical nuclear medical 

imaging methods such as positron emission 

tomography (PET) and single-photon emission 

computed tomography (SPECT), as well as hybrid 

imaging methods - PET-CT and SPECT-CT are 

used. They give high sensitivity and selectivity of 

images, and their combination with computer 

tomography (CT) gives a complex image of the 

target organ, combining functional information 

with detailed morphological information from 

computed tomography [24].Despite the constant 

improvements in the imaging technology, the ASO 

modifications applied, and the large selection of 

radionuclides for conjugation, there are still some 

challenges in the use of radiolabeled ASOs. In this 

article, we briefly discuss some of the strengths and 

weaknesses of labelling ASOs with radionuclides. 

CHEMICAL MODIFICATIONS 

Designing ASOs with high specificity and 

effectiveness is not easy. It requires thorough 

bioinformatics analysis for suitable RNA targets 

and the biochemical pathways they are part of [25, 

26]. Furthermore, the secondary structure of the 

potential RNA target has to be determined, which 

is achievable by the use of various available 

bioinformatic databases and software tools such as 

Ensembl, PFRED, Mfold, RNAfold web server and 

etc [27-29]. Once a suitable region within the RNA 

molecule is chosen, it is not enough to synthesize 

an ASO with a reverse complementary sequence. In 

their native form, antisense oligonucleotides would 

not be suitable for use in clinical practice, as they 

are an easy target for enzymatic degradation by 

nucleases. Moreover, they have impaired target 

specificity and affinity for binding to non-specific 
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proteins, resulting in undesired cytotoxicity. In 

addition, their uptake and distribution in the human 

body, as well as their successful attainment and 

entry into target cells, is hampered by several tissue 

barriers explained later in this paper. Therefore, in 

practice, it is necessary to use chemical 

modifications that significantly improve the 

pharmacokinetic and pharmacodynamic 

characteristics of ASOs. According to the type of 

ASO modifications applied, three generations of 

ASOs can be distinguished (Fig. 1)[2]. 

 
Fig. 1. Chemical modifications of antisense oligonucleotides. 
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The first generation of ASOs is characterized by 

modifications applied to one of the non-bridged 

oxygen atoms in the phosphodiester bond [2].This 

type of modification replaces it with another 

chemical element or chemical group such as sulfur 

(phosphorothioate modification) or amines 

(phosphoramidate modification). These modifications 

successfully increase the resistance of ASOs to 

nucleases and prolong their life in vivo, but their affinity 

for complementary binding to the targeted mRNA 

remains weak compared to subsequent generations. 

The main characteristic of the first generation is that 

when the ASO binds to the target mRNA, the 

enzyme RNase H is activated, which recognizes the 

double-stranded region (duplex) formed and 

degrades the target mRNA without affecting the 

ASO [2]. However, this mechanism of action leads 

to a significant decrease in the target mRNA in the 

cells, which makes it unsuitable for antisense 

imaging. Instead, the use of next-generation 

modifications is recommended to preserve mRNA 

and consequently, achieve longer retention of the 

radiopharmaceuticals in the target cells. 

The second generation of ASOs is characterized 

by 2'-alkyl modifications such as 2'-O-methyl and 2'-

O-methoxyethyl modifications [30]. They 

successfully correct the shortcomings of the 

previous generation and increase the affinity for 

ASO binding to the RNA target. In addition, the 

stability of the resulting DNA-RNA or RNA-RNA 

duplex is greater [30], the presence of ASO in the 

tissues is increased and lower concentration is 

required to achieve a therapeutic effect [30]. Pointed 

out disadvantage of these modifications is that they 

do not activate RNase H, which necessitates the use 

of the so-called gapmer structure [31]. First-

generation modifications are applied in the central 

part of the oligomer, and second-generation 

modifications are applied at both ends of the 

oligomer. Thus, ASO has increased specificity and 

nuclease resistance, in combination with activation 

of the RNase H mechanism of enzyme degradation. 

However, the RNAase H-dependent mechanism is 

required only when ASOs are required to inhibit a 

particular mRNA. Here, as already mentioned, this 

mechanism is not needed, as it would only further 

complicate the reading of the image. 

The third generation is characterized by various 

changes in the chemical structure of the furanose 

ring and/or in the phosphate linkages [2]. Third 

generation ASOs have even stronger resistance to 

nuclease degradation [2, 30, 31] and stronger stability 

of the formed duplex [2, 31]. Some of the most popular 

examples of ASOs of this generation are the locked 

nucleic acid (LNA) [2], phosphorodiamidate 

morpholino oligomers (PMO) [2], and peptide nucleic 

acid (PNA) [2]. Among them, both PMO and PNA are 

hydrophobic and have a neutral charge [32, 33], 

unlike previous generations, which were 

characterized by a negative charge [2]. When 

radiolabelling is required for ASOs from this 

generation or the previous one, modifications are 

usually made to the 5' or 3' end of the antisense 

oligomer. A typical example of such a modification 

is the coupling of the oligomer to a primary amine 

[34]. 

DISADVANTAGES AND OBSTACLES 

It is possible that ASOs do not exhibit the same 

properties in vivo compared to those shown in in 

vitro studies [35]. This is because ASOs must be 

able to cross many barriers in the human body to 

successfully reach the target tissues and cells. 

Typical examples of this are the blood-brain barrier 

[12, 36-38], the reticuloendothelial system [39], the 

vascular endothelial barrier [39], and renal excretion 

[39]. Therefore, not only the applied modifications 

of the ASOs should be taken into consideration, but 

also the form in which they will be taken in vivo. For 

example, with parenteral injection, ASOs are 

absorbed from the bloodstream within minutes to 

several hours [40, 41], but most of them cannot cross 

the blood-brain barrier [39]. This is an important 

hindrance for the application of radiolabeled ASOs 

in nuclear medicine, especially in the cases they are 

needed for imaging a patient's brain. In such cases it is 

usually recommended to use 3 local routes of 

transmission – intrathecal infusion, 

intracerebroventricular infusion, or intranasal 

administration since they are proven effective routes 

of ASO admission for crossing the blood-brain barrier 

[38, 42]. On the other hand, the reticuloendothelial 

system limits the size of the molecules passing from 

the blood and lymph to the tissues [43, 44]. Unlike 

small therapeutic molecules, which are usually up to 

500Da in size, the size of antisense oligonucleotides 

varies between 7000Da and 14,000Da [45]. This 

makes it difficult for them to penetrate the targeted 

cells and poses risks such as rapid breakdown and 

clearance of ASOs from the body. For this reason, 

carrier molecules are often attached to them. They 

can be viral and non-viral vectors such as lipids, 

liposomes, cell-penetrating peptides (CPP), and 

others [39, 46]. Although viral vectors as carriers are 

more effective, this is not applicable with the ASO 

technology and especially with antisense imaging, as 
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it is crucial for the ASOs to bind to the radionuclide 

in a convenient and rapid way for it to be absorbed 

by the patient due to the short half-life of the 

radionuclides. Lipids and liposomes are suitable 

carriers as they only need to be mixed with 

radiolabeled ASOs in order to form bonds between 

them. In addition, these carriers form stable bonds 

with negatively charged ASOs (first and second 

generation) and further protect them from nuclease 

degradation. Moreover, additional modifications in 

the ASO carrier, such as PEG in the lipid layer of 

liposomal transporters, contribute to the reduction 

of ASO accumulation in the reticuloendothelial 

organs. 

Another risk in the use of radiolabeled ASOs is 

the fact that some radionuclides used for imaging in 

nuclear medicine emit low-energy electrons to 

varying degrees, whereby the surrounding 

biomolecules are also exposed to radiation [47, 48]. As 

a result of the use of radiolabeled ASOs targeting the 

cell nucleus, it is possible to cause chromosome 

damage and even irreparable splitting of the double-

stranded DNA molecule. Examples of such 

radionuclides are 
125

I and 
77

Br, as well as 
111

In. Of 

course, the radiation effect also depends on the 

radiation dose and the sensitivity of the cells, but it 

must still be considered when using ASOs [49]. There 

are methods being explored with Auger electrons 

emitters with working region of 10ns of nanometers 

[50]. Due to ASO binding with a target within the cell, 

the possibility of mistaken delivery and cytotoxicity in 

vivo remains and requires further study. However, 

classical Auger electron emitting radionuclides are 

widely used in the nuclear medicine and their 

physical properties, in combination with ASOs, can 

be used for more invasive methods such as 

radiotherapy. 

APPLICATIONS 

Despite the achievements of the ASO 

technology in other areas of medicine, when it 

comes to the role of ASOs in nuclear medicine, the 

potential of the technology has yet to be developed. 

One of the important criteria for their application in 

antisense imaging is to accumulate a sufficiently 

strong signal for radioactivity in the target [51]. For 

this reason, it is recommended that the target is an 

overexpressed mRNA, as it will have a large number 

of copies in the cells. Another important requirement 

is to minimize the radioactivity in the surrounding 

tissues. This is required to have a good ratio between 

target and non-target radioactivity to obtain a 

diagnostic image of high quality. However, it is also 

important that the dose is low enough so that there is 

no satiety in the target cells. On the other hand, 

radionuclides with a short half-life are preferred for 

the production of antisense imaging, which 

minimizes the radiation exposure of patients [52]. 

However, this period should not be too short in order 

to allow sufficient time for the ASOs to be 

radiolabeled, absorbed by the patient, and to reach 

the required ratio between target and non-target 

radioactivity for imaging. 

Commonly used radionuclides for labelling of 

oligonucleotides, including ASOs, are 
3
H,

11
C,

14
C, 

14
N, 

32
P,

 
and 

35
S. The ASOs are labeled by replacing 

the natural isotope forms of the atoms with their 

radioactive variants such as 
3
H instead of 

1
H or 

11
C 

instead of 
12

C. Such labelling is characterized by the 

fact that it does not affect the chemical properties of 

the ASO. However, for the purpose of nuclear 

medicine and imaging, metallic radionuclides such 

as 
64

Cu, 
67

Ga, 
89

Sr, 
90

Y, 
99

mTc 
111

In, 
153

Sm, 
177

Lu, 
186

Re, 
188

Re, and 
201

Tl are usually used [52, 53]. 

Most of them require the radiolabeling to be 

performed by means of chelates so as not to impair 

the chemical properties of the antisense oligomers. 

Examples of such chelates used in the clinical 

practice are DTPA, MAG3, HYNIC, and DOTA. 

According to Hnatowich et al. the binding of the 

first generation of phosphorothioated ASOs with 
111

In and 
99m

Tc is inapplicable in vivo, as the 

resulting radiopharmaceuticals show a strong 

tendency to bind to peptides in the body [54].Despite 

that in 2004 Zheng et al. demonstrates clear tumor 

images 2h after intravenous administration of 15-

mer first-generation ASO, radiolabeled with 
99m

Tc 

[55]. In addition, in another study from 2003, a 
99m

Tc-

ASO, carried by liposomes, indicates successful 

inhibition of the c-myc oncogene expression by 

emitting low energy electrons that damage the target 

and hence it inhibits the growth of cancer cells 

[56].This demonstrates that in addition to the use of 

antisense oligonucleotides as radiopharmaceuticals for 

antisense images, it is also possible to use them 

together for antitumor treatment. In these cases, 

radionuclides with high LET emissions over short 

distances (α-particles, β- particles, or Auger 

electrons), which are highly cytotoxic, can be used for 

labelling with therapeutic purposes. Ou et al. examine 

the effect of 15-mer first generation ASO, radiolabeled 

with 
131

I and carried by VIP-polylysine for the 

treatment of cancer cells [57].VIP-
131

I-АСО targets the 

start region of the c-myc mRNA and successfully 

inhibits 9,67-fold the growth of tumor cells in athymic 

mice bearing HT29 tumor xenografts. 
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CONCLUSIONS 

The antisense technology allows any mRNA to 

be used as a target, especially if it is overexpressed 

due to the appearance of a certain pathological 

condition in the body such as cancer. The ASO 

technology has enormous potential for the specific 

targeting, imaging, and possible follow-up therapy in 

such a harmful disease. Although there are still some 

obstacles to be tackled, the antisense imaging and 

treatment will continue to benefit from the constant 

development of antisense technology and in particular 

the improvements in the chemical modifications that 

will lead to the further optimization of this approach. 

It remains to be seen whether radionuclide-labeled 

antisense oligonucleotides will be successful as a 

tool of the nuclear medicine in the near future. 

However, our opinion is that due to the advantages 

of the ASO technology it is worth the effort, both in 

the development of this relatively new imaging 

approach and in the development of radio-ASO 

antitumor therapy. 

The TR 24 cyclotron that will be installed at the 

new cyclotron center of INRNE-BAS [58, 59] is a 

medium energy (18-24 MeV), high current cyclotron, 

manufactured by Advanced Cyclotron Systems, Inc., 

Canada. The relatively high proton beam energy 

compared to that of the medical cyclotrons and the 

high current available with this cyclotron allow to 

produce commercial quantities of SPECT 

radionuclides as 
123

I, 
111

In, 
67

Ga, 
99m

Tc and large 

quantities of the traditional PET radionuclides as 
11

C, 
13

N, 
15

O, 
18

F, 
124

I, 
64

Cu, 
68

Ga. Among these 

classical radionuclides with applications in nuclear 

medicine 
123

I, 
111

In, 
67

Ga, 
99m

Tc, 
124

I emit also low 

energy Auger electrons and could find applications 

for targeted radiotherapy by radiolabeled ASOs. 

There are also several less popular and newly 

emerging Auger emitters that can be produced [60] 

with the TR 24 cyclotron such as 
165

Er, 
119

Sb, 
117

Sb, 
191

Pt, 
58m

Co, 
135

La, 
77

Br and 
167

Tm. The broad range 

of radionuclides and specifically Auger emitters 

available with the TR 24 cyclotron will open up new 

possibilities for research and development in 

radiopharmacy in Bulgaria including research with 

radiolabeled ASOs. 
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