molecules

Article

Site-Specific Radioiodination of Oligonucleotides with a
Phenolic Element in a Programmable Approach

Haitao Zhao ''*, Yu Qin I'*, Dunfang Liu ¥, Xinyao Geng '*, Cheng Wang !, Ding Ding !, Xuan Ding ?,

Qian Xia !**, Jianjun Liu 1'*, Ruowen Wang * and Weihong Tan

check for
updates

Citation: Zhao, H.; Qin, Y.; Liu, D.;
Geng, X.; Wang, C.; Ding, D.; Ding,
X.; Xia, Q.; Liu, J.; Wang, R.; et al.
Site-Specific Radioiodination of
Oligonucleotides with a Phenolic
Element in a Programmable
Approach. Molecules 2022, 27, 6257.
https:/ /doi.org/10.3390/
molecules27196257

Academic Editors: Xinjing Tang and
Changmai Chen

Received: 26 August 2022
Accepted: 21 September 2022
Published: 23 September 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

1,2,%

Institute of Molecular Medicine (IMM), Institute of Clinical Nuclear Medicine, Department of Nuclear
Medicine, Department of Pharmacy, State Key Laboratory of Oncogenes and Related Genes, Renji Hospital,
School of Medicine, Shanghai Jiao Tong University, Shanghai 200127, China

Molecular Science and Biomedicine Laboratory (MBL), State Key Laboratory of Chemo/Biosensing and
Chemometrics, College of Chemistry and Chemical Engineering, College of Biology, Aptamer Engineering
Center of Hunan Province, Hunan University, Changsha 410082, China

Correspondence: xiagian@renji.com (Q.X.); nuclearj@163.com (J.L.); wangwrw@sjtu.edu.cn (R.W.);
tan@hnu.edu.cn (W.T.)

t These authors contributed equally to this work.

Abstract: Radioiodination of oligonucleotides provides an extra modality for nucleic acid-based
theranostics with potential applications. Herein, we report the design and synthesis of a phospho-
ramidite embedded with a phenolic moiety and demonstrate that oligonucleotides can be readily
functionalized with phenol as a precursor by general DNA synthesis. It was identified that the
introduction of the precursor does not block the specificity of an aptamer, and the radioiodination is
applicable to both DNA and RNA oligonucleotides in a site-specific approach with a commercial kit.
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1. Introduction

Oligonucleotides are chemically synthesized biomacromolecules with programma-
bility and automated preparation characteristics, which have been widely applied as
therapeutical molecules, diagnostic probes, and intelligent materials [1-5]. During the last
decades, antisense oligonucleotides (ASOs) [6] and small interference RNA (siRNA) [7]
are emerging as a new generation of therapeutics after small molecular drugs, which can
modulate disease-related gene expression. Aptamers are oligonucleotides generated by Sys-
tematic Evolution of Ligands by Exponential Enrichment (SELEX) technology [8,9], which
bind to the antigens specifically with high affinity. As “chemical antibodies”, aptamers are
exploited as both therapeutical and diagnostical molecules [10-13].

Radiolabeling of oligonucleotides facilitates the determination of pharmacokinetics
and biodistribution of nucleic acid therapeutics by positron emission tomography (PET) and
single-photon emission computed tomography (SPECT) [14-16], which will be beneficial
for patients under the therapies directed by molecular imaging. Furthermore, radiolabel-
ing aptamers are potential imaging probes for clinical diagnosis to visualize the in vivo
biological process on the molecular level [17-19].

More than 30 radioisotopes of iodine and 1231 1247 1251 and 1317 have been utilized in
the labeling of proteins [20,21]. Proteins labeled with 1231 and 1%*T have been extensively
used as SPECT and immunoPET probes [22] for clinical diagnosis while 12I-labeled proteins
are mainly used for in vitro radioimmunoassays (RIA) [23]. Antibodies labeled with 13!
had originally been utilized for RIA, which is commonly explored for targeted therapy
and immunotherapy [24,25]. The importance of radioiodinated proteins has spurred the
development of efficient methods for preparing these molecules [26-31], and different
isotopes can generally be introduced into target molecules by the same method with
corresponding radioactive sodium iodide.
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Due to phenol’s highly efficient and selective reactivity with iodine, proteins can read-
ily be radioiodinated directly by commercial kits such as IODOGEN [32-34]. In contrast, it
is not easy to iodinate either natural DNA or RNA molecules directly and efficiently [35,36].
The radioiodination of oligonucleotides always requires extra bioconjugation steps to in-
corporate functionalities that can be iodinated efficiently [37]. Dougan and Téoule had
independently developed the radioiodination of the oligonucleotide by functional phospho-
ramidites [38,39]. However, the preparations of the phosphoramidites are quite complicated
and it is not clear whether the introduction of such functionalities would alter the biological
properties of oligonucleotides, such as the specific binding affinity of an aptamer with its
target. To facilitate the discovery of radioiodinated oligonucleotides as diagnostic probes
and therapeutics, both the preparation of an oligonucleotide precursor and radiolabeling
reaction should be simple and efficient, so it can be handled by non-professionals.

Enlightened by the success of protein radioiodination, we hypothesize that a proper
phosphoramidite embedded with a phenolic moiety (Figure 1, phenolic phosphoramidite)
would introduce the functionality into any oligonucleotide as convenient as the introduc-
tion of standard bases (A, C, G, and T/U) by a DNA synthesizer. The resulting phenolic
oligonucleotides may also be radioiodinated efficiently by standard protocols for protein-
radioiodination with a commercial kit (Figure 1). Therefore, radioiodination of oligonu-
cleotides can be realized as efficiently as that of proteins from properly designed phenolic
phosphoramidite, plus a site-specificity as a benefit from the programmable synthesis.
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Figure 1. The rationale for site-specific and efficient radioiodination and the advantage over the
traditional route (* represent reactive functionalities for bioconjugation).

2. Results and Discussion

To verify our hypothesis, we designed and synthesized phenolic phosphoramidite 7
(Scheme 1), from which two types of oligonucleotides were prepared by a DNA synthesizer.
Then, the oligonucleotides were characterized to determine how the precursor would affect
the biological properties and whether radioiodination can be achieved as expected.
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Scheme 1. Synthetic approach to the phosphoramidite 7. (a) EDC.HCI, NHS, DMF; (b) TBSC],
imidazole, DMF; (c) iodine, methanol; (d) DMTrCl, Pyridine; (e) chlorophosphoramidite, DIEA,
DCM; (f) Automated synthesis of oligonucleotides with phosphoramidite 7 by a DNA synthesizer;
(g) Radioiodination of oligos with the IODOGEN Kkit.

The synthesis of phosphoramidite 7 started with commercially available 3-aminopropane-
1,2-diol (compound 1, Scheme 1) and 4-hydroxybenzoic acid (compound 2), the coupling of
which provided the product 3 in a 75% yield under the activation of 3-(3-dimethylaminopropyl)-
1-ethylcarbodiimide hydrochloride (EDC.HCI) and N-hydroxysuccinimide (NHS). Consid-
ering the difficulty in selectively protecting the phenolic hydroxyl group, all the hydroxyl
groups were protected with the silyl group by the reaction with tert-butyldimethylsilyl
chloride (TBSCI), giving compound 4 in a 70% yield. Selective desilylation of compound
4 to reveal the alkyl hydroxyl group was accomplished by the reaction with iodine in
methanol, and diol 5 was thus prepared smoothly in an 85% yield. Following standard
procedures, compound 5 was converted into phosphoramidite 7 in two steps, which is a
standard molecular element for the introduction of phenolic functionality into oligonu-
cleotides by solid-phase synthesis. From commercial materials 1 and 2, phosphoramidite
7 was efficiently prepared in 5 steps in mild reaction conditions with a 25.7% overall
yield (see the Supplementary Materials for the detailed procedure and spectra of the com-
pounds), the synthesis of which is readily scaled up for commercialization to facilitate the
radioiodination of oligonucleotides.

With phosphoramidite 7 in hand, its properties as a solid phase module in a DNA syn-
thesizer were tested. Similar to A, T, C, and G, phenol moiety (P) can also be programmed
at any position of oligonucleotides as a functional element from phosphoramidite 7 after
the trityl deprotection by acetic acid. Several modified oligonucleotides were prepared by
standard DNA synthesis and purified by HPLC, and their structures were identified by
their mass spectra (Figures 52-S5, Supplementary Materials). ASO-P3 (5'-CGC GAG GTC
GGG ATG GAT CTT GAA P) and ASO-P5 (5'-PCG CGA GGT CGG GAT GGA TCT TGA
A) are 25mers incorporated with an artificial element P at 3'-end and 5’-end, respectively,
and Sgc8-P (5'-PTT TTT TTT ATC TAA CTG CTG CGC CGC CGG GAA AAT ACT GTA
CGG TTA GA-Cy5) is a fluorophore Cy5-labeling 50mer with the element P at 5'-end. It
was found that the coupling efficiency of phosphoramidite 7 is as good as that of standard
A, T, C, and G phosphoramidites whether it is programmed at 3'- or 5'- end, verifying
its qualification as a standard module for oligonucleotide synthesis. In addition, short
RNA (sRNA-P, 5-PUA CGU ACG) modified with phenol was prepared efficiently with
compound 7 similarly.

Sgc8 is a DNA aptamer selected by cell-SELEX using CCRF-CEM cells as target cells
originally [40], which has been identified to bind specifically to membrane protein tyrosine
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kinase 7 (PTK7). HCT116 cells overexpress PTK7 protein, so Sgc8 also binds strongly to
HCT116 cells specifically. To investigate whether the incorporation of element P affects
the binding specificity of the aptamer, a flow cytometry assay of Sgc8-P was performed
with HCT116 cells. Cy5-labeled Sgc8 was used as the positive control and the negative
control was a Cy5-labeled 41mer (Lib: 5-NNN NNN NNN NNN NNN NNN NNN NNN
NNN NNN NNN NNN NNN NN, N = aNy base from ATCG). As shown in Figure 2,
the fluorescence of HCT116 cells incubated with Sgc8-P was comparable to that of cells
incubated with Sgc8, both of which were much stronger than that of cells incubated with
Lib as the negative control. The flow cytometry result demonstrates that the introduction
of phenolic functionality at the 5'-end of the Sgc8 strand has a negligible effect on the
specificity of the aptamer.

HCT116

0 1 2 3 4

‘
10 10 10 10 10 107

Fluorescence Intensity

Figure 2. Flow cytometry results for HCT116 cells after incubation with 250 nM Cyb5-labeled library
(Lib), Sgc8, and Sgc8-P for 30 min at 4 °C. Sgc8 was used as the positive control, and Lib was used as
the negative control.

It is important to determine whether efficient radioiodination can be achieved by the
incorporation of the phenolic moiety. Sgc8-P is a 50mer derivative of Sgc8 with a phenolic
moiety (P) at 5'-end while Sgc8 (5'-ATC TAA CTG CTG CGC CGC CGG GAA AAT ACT
GTA CGG TTA GA-Cy5) is a Cyb5-labeled 41mer without phenolic moiety. When they
are subjected to the standard protein-radioiodination protocols (see the Supplementary
Materials for details) using Na'®'I as the radioactive source, it was found that Sgc8 is
hardly labeled with '3'], as analyzed by the HPLC spectra (Figure 3a). In contrast, the
radiolabeling of Sgc8-P was realized smoothly, with up to a 98% yield under the stan-
dard protein-radioiodination protocol. As shown in Figure 3d, the UV absorbance peak
appeared at the same time as that of a radioactive substance (Figure 3b). From the re-
sults, we speculate that radioactive iodine should have been added to the P moiety of the
modified oligonucleotides.
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Figure 3. HPLC chromatogram analysis of Sgc8 (c), Sgc8-P (d), and the oligonucleotides after the
treatment with classical radioiodination protocols (a,b).

Short DNA ASO-P3 and ASO-P5 are 25mers as derivatives of an antisense oligonu-
cleotide with phenolic moiety incorporated at 3’-end or 5'-end, respectively. Both short
DNA and short RNA (sRNA-P) modified with a phenol can be radioiodinated efficiently
(Figure S1).

From the established oligonucleotide radioiodination method, 13!1-Sgc8-P was pre-
pared readily, which was used as an illustration for the biodistribution of labeled oligonu-
cleotides. The biodistribution was performed on the xenografted HCT116 mice model. As
shown in Figure 4, the substantial uptakes of radiolabeled Sgc8-P were shown in the liver,
kidney, and stomach. The tumor uptake showed that 13'1-Sgc8-P was able to target the
HCT116 cells at 0.5 h post-injection through the tail vein.

Nooe
@Sao %‘%‘ &0&

Figure 4. Biodistribution of 1311-Sgc8-P was measured by gamma counting in mice. The mice were
sacrificed at 0.5 h post-injection and organs were harvested and counted.
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3. Materials and Methods
3.1. The Preparation of Oligonucleotides

Oligonucleotides were synthesized on an ABI 394 synthesizer (Applied Biosystems,
Waltham, MA, USA), and then deprotected in AMA (ammonium hydroxide/40% aqueous
methylamine, 1:1) at 65 °C for 30 min and further purified by reversed-phase HPLC
(Agilent, Santa Clara, CA, USA) on a C-18 column (Waters, Milford, MA, USA) using
0.1 M triethylamine acetate (TEAA) buffer and acetonitrile as the eluents. ASO-P3 was
prepared using universal CPG. The oligos were confirmed by the mass spectra shown in
Supplementary Figures S2-54.

3.2. Radioiodination of the Oligonucleotides

Oligonucleotide (10 pg), Na'3!I solution (0.2 mL, 37 MBq, XinKe Corporation, Shang-
hai, China), and 100 pL PBS solution were added to Iodogen (50 pg) tube. The mixture was
incubated for 10 min at RT. The radiolabeling yield was measured by an Agilent HPLC
1260 Infinity system equipped with a C-18 column (4.6 x 250 mm, 5 pm) and radioactive
detector (Raytest, Benzstrase, Straubenhardt, Germany). The mobile phase comprised
solvent A (0.05% TFA in water) and solvent B (0.05% TFA in acetonitrile). The flow rate
was 1 mL/min. The gradient of the solvent B concentration started with 3% for the first
5 min and increased to 100% at 15 min, which was returned to 3% at 20 min.

3.3. Biodistribution Study

Female nude mice bearing HCT116 tumor xenografts were injected with 0.37 MBq
of 1311-SGC8 to evaluate the distribution of this radiotracer in tumor tissues and major
organs (1 = 4 per group). The mice were sacrificed and dissected at 0.5 h post-injection (p.i.).
Blood, tumor, major organs, and tissues were collected and weighed. The radioactivity in
the tissues was measured using a y-counter (PerkinElmer, Waltham, MA, USA). The results
are presented as the percentage of injected dose per gram of tissue (%ID/g).

4. Conclusions

In conclusion, we designed and synthesized a phenolic (P) phosphoramidite for the au-
tomated introduction of functional element P into oligonucleotides. The phosphoramidite
was synthesized efficiently in five steps under mild conditions and can readily be scaled
up for commercialization. Consequently, oligonucleotides (ASO-P3, ASO-P5, and Sgc8-P)
were prepared smoothly by standard DNA synthesis protocols, in which element P was
introduced at the designed position by a programmable and automated approach. The
flow cytometry assay indicated that the introduction of P has a negligible effect on the
specificity of aptamer sgc8. By application of the established protein-radioiodination proto-
cols, all the modified oligonucleotides with P were radioiodinated efficiently. In contrast,
the oligonucleotide without P element was hardly labeled under the same condition. The
biodistribution study also confirmed that radioiodinated aptamers are suitable tools for in-
vestigating the in vivo activities of ONs. Overall, we developed a simple, efficient, practical,
and universal method for radioiodination of oligonucleotides, which is also site-specific.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /molecules27196257/s1, Figure S1: (a) HPLC chromatogram analysis
of ASO-P3 and ASO-P5 with or without the treatment with classical radioiodination. (b) HPLC
chromatogram analysis of short RNA sRNA and modified sSRNA-P with or without the treatment
with classical radioiodination; Figure S2. ESI-MS analysis of ASO-P3 by Sangon (Shanghai, China).
The calculated molecular weight was 7760.8, and the observed DNA peak was 7745.9. Figure S3.
ESI-MS analysis of ASO-P5 by Sangon (Shanghai, China). The calculated molecular weight was
7760.8, and the observed DNA peak was 7746.2. Figure S4. ESI-MS analysis of Sgc8-P by Sangon
(Shanghai, China). The calculated molecular weight was 16043.5, and the observed DNA peak was
16029.6. Figure S5. ESI-MS analysis of SRNA-P by Biosyntech (Suzhou, China). The calculated
molecular weight was 2805.7, and the observed RNA peak was 2804.3.


https://www.mdpi.com/article/10.3390/molecules27196257/s1
https://www.mdpi.com/article/10.3390/molecules27196257/s1

Molecules 2022, 27, 6257 70f8

Author Contributions: Conceptualization and Investigation, W.T., RW., J.L. and Q.X.; Organic
synthesis and radiolabeling, H.Z., Y.Q., D.L., CW. and D.D.; Oligonucleotide synthesis and cell
experiment, X.G., Y.Q. and X.D.; writing and editing, R.W. and Y.Q.; supervision, W.T., RW.,, J.L. and
Q.X.; funding acquisition, W.T. and R.W.; All authors have read and agreed to the published version
of the manuscript.

Funding: This work is supported by the National Science Foundation of China (21877079) and the
“Innovative Research Team of High-Level Local Universities in Shanghai” plan.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this work are available in the article and supple-
mentary materials.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are available from the authors.

References

1. Chen, J.H.; Seeman, N.C. Synthesis from DNA of a Molecule with the Connectivity of a Cube. Nature 1991, 350, 631-633.
[CrossRef]

2. Pianowski, Z.; Gorska, K.; Oswald, L.; Merten, C.A.; Winssinger, N. Imaging of MRNA in Live Cells Using Nucleic Acid-Templated
Reduction of Azidorhodamine Probes. J. Am. Chem. Soc. 2009, 131, 6492-6497. [CrossRef] [PubMed]

3. Bouvier-Muller, A.; Duconge, F. Application of Aptamers for in Vivo Molecular Imaging and Theranostics. Adv. Drug Deliv. Rev.
2018, 134, 94-106. [CrossRef]

4. Roberts, T.C.; Langer, R.; Wood, M.J.A. Advances in oligonucleotide drug delivery. Nat. Rev. Drug Discov. 2020, 19, 673—694.
[CrossRef] [PubMed]

5. Kulkarni, J.A.; Witzigmann, D.; Thomson, S.B.; Chen, S.; Leavitt, B.R.; Cullis, P.R.; Meel, R. The Current Landscape of Nucleic
Acid Therapeutics. Nat. Nanotechnol. 2021, 16, 630-643. [CrossRef]

6.  Scoles, D.R.;; Meera, P,; Schneider, M.D.; Paul, S.; Dansithong, W.; Figueroa, K.P.; Hung, G.; Rigo, F; Bennett, C.F; Otis, T.S.; et al.
Antisense Oligonucleotide Therapy for Spinocerebellar Ataxia Type 2. Nature 2017, 544, 362-366. [CrossRef]

7. Fougerolles, A.; Vornlocher, H.P.; Maraganore, ].; Lieberman, J. Interfering with Disease: A Progress Report on SiRNA-Based
Therapeutics. Nat. Rev. Drug Discov. 2007, 6, 443-453. [CrossRef]

8. Ellington, A.D.; Szostak, ].W. In Vitro Selection of RNA Molecules That Bind Specific Ligands. Nature 1990, 346, 818-822.
[CrossRef]

9. Tuerk, C.; Gold, L. Systematic Evolution of Ligands by Exponential Enrichment: RNA Ligands to Bacteriophage T4 DNA
Polymerase. Science 1990, 249, 505-510. [CrossRef]

10. Ng, EW.M,; Shima, D.T.; Calias, P.; Cunningham, E.T.C,, Jr.; Guyer, D.R.; Adamis, A.P. Pegaptanib, a targeted anti-VEGF aptamer
for ocular vascular disease. Nat. Rev. Drug Discov. 2006, 5, 123-132. [CrossRef]

11. Rosenberg, ].E.; Bambury, R.M.; Van Allen, E.; Drabkin, H.A.; Lara, PN.; Harzstark, A.L.; Wagle, N.; Figlin, R.A.; Smith, GW.;
Garraway, L.A ; et al. Laber: A Phase II Trial of AS1411 (a Novel Nucleolin-Targeted DNA Aptamer) in Metastatic Renal Cell
Carcinoma. Investig. New Drugs 2014, 32, 178-187. [CrossRef] [PubMed]

12. Wang, R.; Zhu, G.; Mei, L.; Xie, Y.; Ma, H.; Ye, M.; Qing, EL.; Tan, W. Automated Modular Synthesis of Aptamer-Drug Conjugates
for Targeted Drug Delivery. J. Am. Chem. Soc. 2014, 136, 2731-2734. [CrossRef]

13. Rothlisberger, P.; Gasse, C.; Hollenstein, M. Nucleic Acid Aptamers: Emerging Applications in Medical Imaging, Nanotechnology,
Neurosciences, and Drug Delivery. Int. J. Mol. Sci. 2017, 18, 2430. [CrossRef] [PubMed]

14. Tian, X.; Aruva, M.R.; Zhang, K.; Shanthly, N.; Cardi, C.A.; Thakur, M.L.; Wickstrom, E. PET Imaging of CCND1 MRNA in
Human MCF7 Estrogen Receptor Positive Breast Cancer Xenografts with Oncogene-Specific [64Cu]Chelator-Peptide Nucleic
Acid-IGF1 Analog Radiohybridization Probes. J. Nucl. Med. 2007, 48, 1699-1707. [CrossRef] [PubMed]

15. Park,].Y.; Lee, T.S,; Song, LH.; Cho, Y.L.; Chae, ].R.; Yun, M.; Kang, H.; Lee, ].H.; Lim, ].H.; Cho, W.G,; et al. Kang: Hybridization-
Based Aptamer Labeling Using Complementary Oligonucleotide Platform for PET and Optical Imaging. Biomaterials 2016, 100,
143-151. [CrossRef]

16. Li,J.; Zhang, L.; Li, W.; Lei, C.; Cao, Y.; Wang, Y.; Wang, Z.; Pang, H. Preparation and SPECT/CT Imaging of (177)Lu-Labeled
Peptide Nucleic Acid (PNA) Targeting CITED1: Therapeutic Evaluation in Tumor-Bearing Nude Mice. Oncol. Targets Ther. 2020,
13, 487-496. [CrossRef]

17.  Varmira, K.; Hosseinimehr, S.J.; Noaparast, Z.; Abedi, S.M. A HER2-Targeted RNA Aptamer Molecule Labeled with 99mTc for
Single-Photon Imaging in Malignant Tumors. Nucl. Med. Biol. 2013, 40, 980-986. [CrossRef]

18. Jacobson, O.; Weiss, LD.; Wang, L.; Wang, Z.; Yang, X.; Dewhurst, A.; Ma, Y.; Zhu, G.; Niu, G.; Kiesewetter, D.O.; et al. 18F-Labeled

Single-Stranded DNA Aptamer for PET Imaging of Protein Tyrosine Kinase-7 Expression. J. Nucl. Med. 2015, 56, 1780-1785.
[CrossRef]


http://doi.org/10.1038/350631a0
http://doi.org/10.1021/ja809656k
http://www.ncbi.nlm.nih.gov/pubmed/19378999
http://doi.org/10.1016/j.addr.2018.08.004
http://doi.org/10.1038/s41573-020-0075-7
http://www.ncbi.nlm.nih.gov/pubmed/32782413
http://doi.org/10.1038/s41565-021-00898-0
http://doi.org/10.1038/nature22044
http://doi.org/10.1038/nrd2310
http://doi.org/10.1038/346818a0
http://doi.org/10.1126/science.2200121
http://doi.org/10.1038/nrd1955
http://doi.org/10.1007/s10637-013-0045-6
http://www.ncbi.nlm.nih.gov/pubmed/24242861
http://doi.org/10.1021/ja4117395
http://doi.org/10.3390/ijms18112430
http://www.ncbi.nlm.nih.gov/pubmed/29144411
http://doi.org/10.2967/jnumed.107.042499
http://www.ncbi.nlm.nih.gov/pubmed/17909257
http://doi.org/10.1016/j.biomaterials.2016.05.035
http://doi.org/10.2147/OTT.S238098
http://doi.org/10.1016/j.nucmedbio.2013.07.004
http://doi.org/10.2967/jnumed.115.160960

Molecules 2022, 27, 6257 8of8

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Wang, L.; Jacobson, O.; Avdic, D.; Rotstein, B.H.; Weiss, 1.D.; Collier, L.; Chen, X.; Vasdev, N.; Liang, S.H. Ortho-Stabilized (18)
F-Azido Click Agents and Their Application in PET Imaging with Single-Stranded DNA Aptamers. Angew. Chem. Int. Ed. Engl.
2015, 54, 12777-12781. [CrossRef]

McCready, V.R. Radioiodine—the Success Story of Nuclear Medicine: 75th Anniversary of the First Use of Iodine-131 in Humans.
Eur. J. Nucl. Med. Mol. Imaging 2017, 44, 179-182. [CrossRef]

Ferris, T.; Carroll, L.; Jenner, S.O.E. Aboagye: Use of Radioiodine in Nuclear Medicine-A Brief Overview. ]. Label. Comp.
Radiopharm. 2021, 64, 92-108. [CrossRef] [PubMed]

Wei, W.; Rosenkrans, Z.T.; Liu, J.; Huang, G.; Luo, Q.Y.; Cai, W. InmunoPET: Concept, Design, and Applications. Chem. Rev. 2020,
120, 3787-3851. [CrossRef] [PubMed]

O’Sullivan, M.J.; Bridges, ] W.; Marks, V. Enzyme immunoassay: A review. Ann. Clin. Biochem. 1979, 16, 221-240. [CrossRef]
Vogel, A.; Saborowski, A. Adjuvant (131)I-Metuximab in Hepatocellular Carcinoma: A New Option for an Old Drug? Lancet
Gastroenterol. Hepatol. 2020, 5, 517-519. [CrossRef]

Chen, H.; Nan, G.; Wei, D.; Zhai, R.Y.; Huang, M.; Yang, WW.; Xing, B.C.; Zhu, X.; Xu, H.E; Wang, X.D.; et al. Hepatic
Artery Injection of (131)I-Metuximab Combined with Transcatheter Arterial Chemoembolization for Unresectable Hepatocellular
Carcinoma: A Prospective Non-Randomized, Multicenter Clinical Trial. J. Nucl. Med. 2022, 63, 556-559. [CrossRef]

Rollag, M.D.; Myers, D.; Osteryoung, J.; Niswender, G.D. Radioiodination of Protein Hormones Using a Constant Potential
Thin-Layer Electrochemical Cell. J. Nucl. Biol. Med. 1975, 19, 80-85.

Bryant, M.L.; Nalewaik, R.P; Tibbs, V.L.; Todaro, G.J. Comparison of Two Techniques for Protein Isolation and Radioiodination
by Tryptic Peptide Mapping. Anal. Biochem. 1979, 96, 84-89. [CrossRef]

Hamilton, R.G.; Berson, S.A.; Button, T.M. Protein Radioiodination in a Radioassay Laboratory: Evaluation of Commercial Na125I
Reagents and Related Biohazards. J. Immunoass. 1980, 1, 435-448. [CrossRef]

Arano, Y.; Wakisaka, K.; Ohmomo, Y.; Uezono, T.; Mukai, T.; Motonari, H.; Shiono, H.; Sakahara, H.; Konishi, J. Maleimidoethyl
3-(Tri-n-Butylstannyl)Hippurate: A Useful Radioiodination Reagent for Protein Radiopharmaceuticals to Enhance Target Selective
Radioactivity Localization. J. Med. Chem. 1994, 37, 2609-2618. [CrossRef]

Wakisaka, K.; Arano, Y.; Uezono, T.; Akizawa, H.; Ono, M.; Kawai, K.; Ohomomo, Y.; Nakayama, M.; Saji, H. A Novel
Radioiodination Reagent for Protein Radiopharmaceuticals with L-Lysine as a Plasma-Stable Metabolizable Linkage to Liberate
m-Iodohippuric Acid after Lysosomal Proteolysis. J. Med. Chem. 1997, 40, 2643-2652. [CrossRef]

Shimura, N.; Sogawa, Y.; Kawakita, Y.; Ikekita, M.; Yamazaki, N.; Kojima, S. Radioiodination of Glycoprotein-Conjugated
Liposomes by Using the Bolton-Hunter Reagent and Biodistribution in Tumor-Bearing Mice. Nucl. Med. Biol. 2002, 29, 491-496.
[CrossRef]

Butler, S.R.; Lam, R.W,; Fisher, D.A. Iodination of thyroliberin by use of Iodogen. Clin. Chem. 1984, 30, 547-548. [CrossRef]
[PubMed]

Richardson, A.P.; Mountford, PJ.; Baird, A.C.; Heyderman, E.; Richardson, T.C.; Coakley, A.]. An Improved Iodogen Method of
Labelling Antibodies with 1231. Nucl. Med. Commun. 1986, 7, 355-362. [CrossRef]

Chen, J.; Wang, M.; Joyce, A.; DeFranco, D.; Kavosi, M.; Xu, X.; O'Hara, D.M. Comparison of Succinimidyl [(125)I]lodobenzoate
with Iodogen Iodination Methods to Study Pharmacokinetics and ADME of Biotherapeutics. Pharm. Res. 2014, 31, 2810-2821.
[CrossRef] [PubMed]

Commerford, S.L. Iodination of Nucleic Acids in Vitro. Biochemistry 1971, 10, 1993-2000. [CrossRef]

Commerford, S.L. In Vitro Iodination of Nucleic Acids. Methods Enzymol. 1980, 70, 247-252. [CrossRef] [PubMed]

Kuhnast, B.; Dolle, E; Terrazzino, S.; Rousseau, B.; Loc’h, C.; Vaufrey, F; Hinnen, F; Doignon, L; Pillon, F.; David, C; et al.
Tavitian: General Method to Label Antisense Oligonucleotides with Radioactive Halogens for Pharmacological and Imaging
Studies. Bioconjug. Chem. 2000, 11, 627-636. [CrossRef] [PubMed]

Fontanel, M.; Bazin, H.; Teoule, R. End Attachment of Phenol-Oligonucleotide Conjugates to Diazotized Cellulose. Bioconjug.
Chem. 1993, 4, 380-385. [CrossRef]

Dougan, H.; Hobbs, ].B.; Weitz, ].I; Lyster, D.M. Synthesis and Radioiodination of a Stannyl Oligodeoxyribonucleotide. Nucleic
Acids Res. 1997, 25, 2897-2901. [CrossRef]

Shangguan, D.; Li, Y; Tang, Z.; Cao, Z.C.; Chen, HW.; Mallikaratchy, P.; Sefah, K.; Yang, C.J.; Tan, W. Aptamers Evolved from
Live Cells as Effective Molecular Probes for Cancer Study. Proc. Natl. Acad. Sci. USA 2006, 103, 11838-11843. [CrossRef]


http://doi.org/10.1002/anie.201505927
http://doi.org/10.1007/s00259-016-3548-5
http://doi.org/10.1002/jlcr.3891
http://www.ncbi.nlm.nih.gov/pubmed/33091159
http://doi.org/10.1021/acs.chemrev.9b00738
http://www.ncbi.nlm.nih.gov/pubmed/32202104
http://doi.org/10.1177/000456327901600162
http://doi.org/10.1016/S2468-1253(20)30004-2
http://doi.org/10.2967/jnumed.121.262136
http://doi.org/10.1016/0003-2697(79)90557-8
http://doi.org/10.1080/15321818008056964
http://doi.org/10.1021/jm00042a014
http://doi.org/10.1021/jm9606397
http://doi.org/10.1016/S0969-8051(02)00297-4
http://doi.org/10.1093/clinchem/30.4.547
http://www.ncbi.nlm.nih.gov/pubmed/6423318
http://doi.org/10.1097/00006231-198605000-00005
http://doi.org/10.1007/s11095-014-1378-3
http://www.ncbi.nlm.nih.gov/pubmed/24844406
http://doi.org/10.1021/bi00787a005
http://doi.org/10.1021/bi00787a005
http://www.ncbi.nlm.nih.gov/pubmed/6158650
http://doi.org/10.1021/bc990183i
http://www.ncbi.nlm.nih.gov/pubmed/10995205
http://doi.org/10.1021/bc00023a013
http://doi.org/10.1093/nar/25.14.2897
http://doi.org/10.1073/pnas.0602615103

	Introduction 
	Results and Discussion 
	Materials and Methods 
	The Preparation of Oligonucleotides 
	Radioiodination of the Oligonucleotides 
	Biodistribution Study 

	Conclusions 
	References

