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Foreword

[SO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out through
ISO technical committees. Each member body interested in a subject for which a technical committee
has been established has the right to be represented on that committee. International organizations,
governmental and non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely
with the International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are described
in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the different types
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Introduction

Prior to the clinical trials of nanomaterials intended for use in human medicine, their in vivo behaviour
has been evaluated in animal experiments. Several quantitative methods for assessing the biodistribution
of nanomaterials have been developed. Among these methods, the biodistribution of radioisotope-labelled
nanomaterials provides quantitative information on their distribution throughout the entire body.

The use of radioisotope-labelled nanomaterials for biodistribution studies is a well-established method for
understanding the pharmacokinetics or toxicokinetics of nanomaterials in vivo. These methods assume that
the distribution pattern of nanomaterials and radioisotope-labelled nanomaterials will be similar or nearly
identical in vivo.

Radioisoltope labelling of nanomaterials can be accomplished using a wide variety of radionuc]lides and
associat¢d labelling methods. However, for nanomaterials used for medicinal purposes, thére“ate only a
few mat¢hing pairs of nanomaterial and radioisotope labelling method that ensure the in vivo intlegrity of
the radigisotope-labelled nanomaterial. Failure to identify and apply matching pairs of-ndanomaterial and
radioisoIg)pe labelling method in studies preceding the clinical trial phase can lead to,experimental data on
biodistripution in which the nanomaterial and radio-label separate during the experiment. This infturn can
result inja large number of nanomaterials or nano-drugs failing in the clinical trial’phase.
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Nanotechnologies — Considerations for radioisotope

label

ling methods of nanomaterials for performance

evaluation

1 Scope

This dociment provides:

a) areyiew of radioisotope labelling methods that can be used for nanomaterials;

b) the gdvantages and disadvantages of each radioisotope labelling method;

c) information on the selection of a matched pair of nanomaterial and radioisotope labelling
to epsure the in vivo integrity of radioisotope-labelled nanomaterials!¥ or the stability

perf

2 Nor
The folloj

Drmance.

mative references

wing documents are referred to in the text in such a way that some or all of their content co

requirenmients of this document. For dated references, only the €dition cited applies. For undated re

the lates

[SO 800(

F edition of the referenced document (including any,amendments) applies.

4-1, Nanotechnologies — Vocabulary — Part 1; Core vocabulary

ISO/TS 80004-8, Nanotechnologies — Vocabulary <%\ Part 8: Nanomanufacturing processes

method
of their

nstitutes
ferences,

3 Terms and definitions

For the gurposes of this document, the terms and definitions given in ISO 80004-1, ISO/TS 80004-8 and the
following apply.

ISO and IEC maintain terminology/databases for use in standardization at the following addresses:

— ISO Qnline browsing platform: available at https://www.iso.org/obp

— IEC Electropedia:-available at https://www.electropedia.org/

31

nanoscdle

length rgnge approximately from 1 nm to 100 nm

[SOURCE—56-88664-1+26233+H

3.2

nanomaterial

material with any external dimension in the nanoscale (3.1) or having internal structure or surface structure
in the nanoscale

[SOURCE: ISO 80004-1:2023, 3.1.4, modified — Notes have been removed.]
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nanoparticle
nano-object with all external dimensions in the nanoscale (3.1)

Note 1 to entry: If the dimensions differ significantly (typically by more than three times), terms such as nanofibre or
nanoplate are preferred to the term nanoparticle.

[SOURCE: ISO/TS 80004-1:2023, 3.3.4]

3.4

radioisotope
unstable isotope of an element that decays or disintegrates spontaneously, emitting ionizing radiation that

can be a

nha narticles hota narticles and/or gammaravs
= r 4 r U o J

Note 1 to

[SOURCH
has been

3.5
biodistr

entry: Approximately 5 000 natural and artificial radioisotopes have been identified.

added to the definition.]

ibution

technique used to monitor the movement and distribution of specific radielabelled nanomater

within a

3.6

h experimental animal or human subject

chelatinig agent

substang
of combi

[SOURCH

3.7
specific

e having a molecular structure embodying several electbon-donor groups which render i
hing with metallic ions by chelation

: 1SO 862:1984, 81]

activity

total radlioactivity of the sample divided by its mass

Note 1 to
[SOURCH

to entry

4 Abk

BFC
NP
TATE

CB-TE2A

entry: Specific activity is expressed in Bq/g.
: IS0 3925:2014, 3.4, modified —Jn the term, "activity" has been changed to "radioactivity
has been added.]

reviated terms

bifunctionalchelating agent
nanopatticle
154;8,11- tetraazacyclotetradecane-1,4,8,11-tetraacetic acid

4,11-bis(carboxymethyl)-1,4,8,11-tetraazabicyclo[6.6.2]hexadecane

:1S0 19461-1:2018, 3.9, modified — "that can be alpha particles, beta particles and/er gamima rays"

als (3.2)

' capable

" Note 1

NOTA
DOTA
DFO
PET

SPECT

1,4,7-triazacyclononane-1,4,7-triacetic acid
1,4,7,10-tetraazacyclododecane- 1,4,7,10-tetraaceticacid
desferrioxamine

positron emission tomography

single photon emission computed tomography
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5 Biodistribution study and radioisotopes

5.1 Biodistribution study

Biodistribution studies involve tracing the movement of materials of interest in an experimental animal or
human subject.[][2] For any medicinal product intended for human administration, whether in experimental
conditions during clinical trials or as an established treatment after approval by regulatory authorities,
extensive information is generated in anticipation of human administration to understand the potential
benefits and risks, as well as to anticipate and estimate the potential benefit-risk ratio profile.l3] The
biodistribution of radiolabelled nanomaterials can be assessed using various methods, including image
quantification, tissue radioactivity measurement, or autoradiography.

Image-based biodistribution can be done by tracking the distribution of radiolabelled nanoniagerials of
interest [n an experimental animal or human subject using imaging techniques such as positron pmission
tomography (PET), single-photon emission computed tomography (SPECT). This approach allows
researchers to visualize and quantify the spatial and temporal distribution of the nanomaterials of interest
in vivo, jenabling them to better understand their pharmacokinetics and pharmacddynamicsl4], Tissue-
based bipdistribution is a preclinical research technique that involves the analysis pf'the distribytion and
accumulption of radiolabelled nanomaterials in different tissues and organs of ab*animal or animfl model.
This technique provides information on the pharmacokinetics and pharmacodynamics of nanonjaterials,
which cdn include its absorption, distribution, metabolism and elimination-(ADME) in different organs and
tissues.[#] To perform a tissue-based biodistribution study, animals are typically treated with radiplabelled
nanomatlerials. After a predetermined time, animals are sacrificed, ang different tissues and organs are
collected and analysed for the presence and concentration of the‘drug. Whole-body slices can pe made
to visualize the distribution of radioactivity in different organsyand tissues using autoradiography. This
technique involves exposing the sliced tissue sections to a photographic film or imaging plate, which detects
the radipactive emissions and generates an image that carikbe analysed to determine the distribution of
the radiplabelled nanomaterial. Autoradiography is a widely used technique in preclinical resgarch for
evaluating the biodistribution of radiolabelled nanomaterials, and it can provide valuable insights jnto how
the drugfor nanomaterial is distributed throughout thé&body!el.

inistration route of nanomaterials, such as intravenous, inhalational, intratracheal,|oral, or
intraperjtoneal administration, can also be considered based on the intended clinical application. The
ration route is an important consideration when assessing the biodistribution of nanomaterials
erent routes can lead to distinctydistribution patterns and pharmacokinetic profiles. Therefore,
rs carefully select the appropriate method and administration route to obtain accupate and
esults.

dioisotopes

opes are isotopes'that emit radiation and are commonly used for the diagnosis and tregtment of
uman diseasés.)Diagnostic purposes make up about 90 % of radioisotope usage, while therapeutic
t makes up<‘the remaining 10 %. Radioisotopes are labelled onto disease-targeting molecules,
e then adiministered and targeted to specific organs or tissues through specific mechanisms. The
ion from'the radioisotopes is then collected and reconstructed by an imaging instrument t¢ provide
ion‘about disease localization and specific biological processes. Typically, diagnostic radidisotopes
rred for biodistribution studies because they have longer penetration depth and lower toxigity than
therapeutic radioisotopes. y or B* emitters are commonly used for this purpose.lZ]

Radiois
various

The ability of y rays to penetrate through the body depends on their energy, with higher energy leading
to higher penetration ratios. However, excessively high energy can decrease the detector's sensitivity and
resolution. As such, moderate-energy y rays (between 30 keV and 300 keV) are optimal for y camera or SPECT
imaging.[81[9] B+ particles can create two y photons (each with an energy of 511 keV) via an annihilation
reaction, making them suitable for PET imaging. The range of a positron is influenced by its kinetic
energy, with lower kinetic energy leading to better imaging quality.l191 When labelling nanomaterials with
radioisotopes, the physical half-life is also a critical factor to be considered because specific nanomaterials
have varying biological half-lives.

© IS0 2024 - All rights reserved
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6 Radioisotope labelling methods for nanomaterials

6.1 General

The methods for radioisotope labelling and imaging of nanomaterials are crucial for various biomedical
applications. Two common approaches for radioisotope labelling are chelating agent-based (Figure 1, a) and
chelating agent-free (Figure 1, b to e) methods, as shown in the figure below.

Chelating agent-based methods involve the attachment of a chelating agent to the surface of the nanomaterial,
which then binds to a radioisotope. This approach provides stable binding and high labelling efficiency.
However, it can also result in the modification of the nanomaterial's properties and potential toxicity.

Chelating agent-free methods involve the direct binding of the radioisotope to the nanomatenial surface
without [the use of a chelating agent. This approach preserves the nanomaterial's properties'and reduces
potential toxicity. However, it can have lower labelling efficiency and stability.

Overall, the choice of labelling method depends on the specific application and desivedpropertigs of the
labelled panomaterial.[11]

© IS0 2024 - All rights reserved
4


https://standardsiso.com/api/?name=8a6a40b1dcd230fdd5aa3c1113594a78

Key

12 - CS T NS

ISO/TR 23652:2024(en)

(2
] ’
2 2
a) Chelator based b) Radioactive + non-radioactive d)” Trapping
o
5
3 > 2
d) Cation exchange
/ 4
3 > 2
e) Activated with high energy particle
nanomaterial

radioactive nanomaterial

non-radioactive nanomaterial

high energy particle

radiometal

Figure 1 — Radioisotope labelling methods for nanomaterials
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6.2 Pre- and post-surface labelling method

There are two approaches to radioisotope labelling of surface-modified nanomaterials, pre- and post-surface
labelling methods, as shown in Figure 2.[12] The pre-surface-labelling method can be used for nanomaterials
that contain conjugation motifs on the surface, while the post-surface-labelling method can be used for
chelating agents on the surface. The radioisotope labelling procedure can involve harsh reaction conditions,
such as high/low pH, high temperature and/or the use of reducing or oxidizing agents. Therefore, the pre-
labelling method is a better choice for nanomaterials that are acid/base or high-temperature labile and
cannot meet such radioisotope labelling conditions directly.

Click chemistry, which was coined by the K. Barry Sharpless group in 2001, is a type of chemical reaction
that can be easily and rapidly achieved.[13] It might be the best tool for the pre-surface labelling method.
Clickabld nanomaterials can be labelled with radioisotope-labelled bifunctional chelating agenks under
aqueous|conditions and pH 7,4 at room temperature.

) A
BV V\{} 1 > @‘ >
R

a) Pre-surface labelling

b) Post-surface labelling
Key
1 radigisotope

2 Dbifurctional chelating agent

Figure 2 <~Schematic procedure of the pre- and post-surface-labelling methods

6.3 Chelating agent-based labelling

The chelating-agent-basedradioisetopetabeltingmethedinvelvestheuse-of-abifunctonalchelating agent
(BFC), such as 1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid (TATE), 4,11-bis(carboxymethyl)-
1,4,8,11-tetraazabicyclo[6.6.2]hexadecane (CB-TE2A), (1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA),
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraaceticacid (DOTA) or desferrioxamine (DFO), which coordinate
the metallic radioisotope including 64Cu, 177Lu, 68Ga and 89Zr, respectively[14-17] (Figure 3). The BFC method
for radiolabelling has several advantages over other labelling methods. One advantage is that it provides
stable and high-affinity binding of the radioisotope to the nanomaterial surface. BFCs have a high affinity for
radioisotopes and can form stable complexes, which minimizes the risk of detachment of the radioisotope
from the nanomaterial surface. This method also enables high specific activity labelling, which means that
a high number of radioisotopes can be attached to a small amount of nanomaterial, resulting in improved
sensitivity and accuracy in biodistribution studies. Overall, the BFC method provides a reliable and versatile
approach for radiolabelling of nanomaterials for a variety of biomedical applications[18l.

© IS0 2024 - All rights reserved
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The BFC terminal carboxyl, aldehyde, amino, thiol, silanol, or isothiocyanate groups are commonly covalently
attached to the surface of nanoparticles (NPs) based on the coating layer applied during NP synthesis.[12-21]
Although the chelating agent-based radioisotope labelling method has been widely used, the chemical
modification of NPs through BFC incorporation can have potential drawbacks. This is because the addition
of BFCs to NPs can alter their physical properties, such as size, surface charge and hydrophilicity, which can
subsequently affect the overall biodistribution and pharmacokinetic behaviour of the labelled NPs.[22]
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OH 0 N/\/\/\I}IJJ\
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Figure 3 — Structures of most popular BFCs employed for complexation with metallic radioisotopes

In addition, selecting a suitable BFC to achieve optimal radioisotope labelling efficiency and stability poses
a significant challenge due to the potential release of metallic radioisotope from the BFC and transchelation
with endogenous proteins in vivo, resulting in suboptimal targeting that does not accurately represent
the true biodistribution of radioisotope-labelled NPs.[231.[25] Additionally, the coordination chemistry of
different metallic radioisotopes varies significantly, so a chelating agent can work well with one metallic
radioisotope but not with others. Furthermore, certain metallic radioisotopes, such as 72As, 9Ge, and #°Ti,
still lack suitable chelating agents and radioisotope labelling methodologies. Therefore, new methods for
radiolabelling NPs are highly desirable for the advancement of radioisotope-labelled nanomaterials.
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6.4 Chelating agent-free radioisotope labelling method

6.4.1 General

To better understand the intrinsic behaviour of NPs and to avoid the influence of BFC, chelating agent-free
labelling techniques have been developed. These methods eliminate the use of chelating agents and offer
a relatively simple, versatile and promising approach for radioisotope labelling of NPs using a variety of
metallic radioisotopes.[26] The nonclassical chelating agent-free radioisotope labelling methods are mainly
divided into three categories and are discussed in detail by Goel et al. in a review.[27]

6.4.2 Radioactive-plus-non-radioactive precursors

The nonglassical method for synthesizing radioactive NPs is also known as the radiochemical dopinimethod.
This approach is relatively straightforward and involves adding a trace amount of a radioactive precursor
to the cofre of a non-radioactive precursor. The small amount of radioactive precursor incorpoerateg into the
crystal lattice of the NPs, resulting in radioactive NPs that exhibit high stability and yield:

A wide vjariety of metallic radioisotopes can be used to synthesize radioisotope-labelled NPs. One|example
of this type is [64Cu]CuS radioisotope-labelled NPs reported by Zhou et al.,[28] which were synthdsized by
reactingfradioactive 4CuCl,, non-radioactive CuCl,, and Na,S in the presence ¢f'sodium citrate at P5 °C for
1 h. The pverage hydrodynamic particle size of the nanoparticle was 11 nm,.The [64Cu]CuS NPs showed high
stability|in various media in vitro with no agglomeration and no change in‘hydrodynamic particle size for up
to 7 d. Eyentually, PEGylated [64Cu]CuS NPs showed high uptake in U87 hiiman glioblastoma xenografts as a
result oflenhanced permeability and retention effects, which subsequently increased the synergetid effect of
photothgrmal ablation therapy and radiotherapy at the target site:

Alvarez-Paneque et al.[22] synthesized Cu nanoparticles using gold (Au) as a template with contrglled size
and morphology. They prepared gold nanospheres with an-average size of 57,0 £ 7,6 nm and gold nanorods
with a length of 65,7 + 8,5 nm and thickness of 13,7 ¥ 2,3 nm, which were then coated with thiolated
polyethyllene glycol (mPEG-SH). Cu was introduced to the Au crystal lattice after reduction with hlydrazine
in the prpsence of poly(acrylic acid) as a stabilizer. Sithilarly, Sun et al.[39] doped ¢4Cu on Au-NPs of different
sizes (10|nm, 30 nm and 80 nm) and shapes (spheie, rod and hexapod) using a similar methodology, which
was foupd to be radiochemically stable in vive:’PET images were performed after injecting [64Cu]Cu-Au
(80 nm) NPs and [64Cu]Cu-DOTA-Au (80 nm)A\Ps for comparison into mice via tail vein. At 1 h post-injection,
a negligiple amount of activity was observed in the bladder of mice injected with [64Cu]Cu-Au (80 hm) NPs,
while a dignificant amount of activity was observed in the bladder of mice injected with [64Cu]Cu-DOTA-Au
(80 nm) [NPs, suggesting that the chelating agent released ©4Cu, which was excreted from the kidhey. This
highlights the reliability and efficiency of the nonclassical and chelating agent-free method of radjoisotope
labellinglcompared to chelating agent-based methods. This was further confirmed by injecting [64Cu]Cu-Au
NR808 apd co-injecting RGD=[24Cu]Cu-Au NR808 with a blocking agent.

Another [example of the-het and cold precursor method is the synthesis of [64Cu]CuAuNPs by allowing ¢4Cu
to direcfly enter the(Jattice of AuNPs, as reported by Zhou et al.[31] In another study, glutathione-coated
near-inffared (NIR)vemitting radioactive gold NPs (GS-[198Au]AuNPs) were synthesized by adding HAuCl,
and H198AuCl, to-aglutathione aqueous solution at 90 °C.[32]

Specific trapping involves the absorption, entrapment, or reaction of radioisotopes into specific sites of
NPs. This approach allows for fast and efficient direct radioisotope labelling of NPs without altering their
behaviour in vivo and yields highly stable radioisotope-labelled NPs. Lin et al.[33] made an effort to load
RGD,C, Cy5.5, and ¢4Cu simultaneously onto heavy-chain ferritins to produce nanoprobes for multimodal
imaging targeting integrin a,B3. Cy5.5 was chemically incorporated onto the ferritin surface, whereas
RGD,D was introduced by amine coupling. Finally, bivalent 4Cu was loaded under acidic conditions by
exploiting the nanocage-like structure of ferritin. The ferritin cavity is capable of binding to bivalent ¢4Cu
with 60 % loading capacity, and free 4#Cu was removed by a PD-10 column. It is believed that the hydrophilic
channels in ferritin, which connect the inside and outside of ferritins, serve as a path to allow ions to enter
the cavity. Once the ions enter the cavity of ferritin, they would find it hard to escape from it. It was found
that only 10 % of the activity was released over a period of 24 h after incubation in phosphate-buffered
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saline and fetal bovine serum. In vivo PET images were acquired by injecting hybrid probes into U87MG
glioma tumour-bearing mice. The quantitative analysis showed continuous accumulation of activity in
the tumour up to 24 h post-injection (6,4 + 1,7 % ID/g after 1 h, 7,5 + 0,7 % ID/g after 4 h, 8,1 + 0,1 % ID/g
after 24 h), which decreased to 7,5 + 0,1 % ID/g at 40 h post-injection. The EPR (enhanced permeability and
retention) effect and active targeting were responsible for specific uptake in the tumour. The accumulation
in the tumour mediated by the receptor was confirmed by performing blocking experiments, which showed
that the uptake was significantly reduced.

Liu et al.34] reported on the successful radioisotope labelling of ¢4Cu to MoS,-10-(d)PEG with a moderate
radioisotope labelling yield of between 70 % to 85 % after 60 min of incubation at 37 °C. The ®4Cu was
absorbed onto the surface of MoS, and remained intact for up to 48 h in serum. The feasibility of using
[64Cu]Cu-MoS,-10-(d)PEG NPs for PET imaging was established in 4T1 tumour-bearing mice at various time
intervalg. High accumulation and retention of [°*Cu]Cu-MoS,-10-(d)PEG was observed in the tumoyir of 4T1
tumour-bearing mice at 3 h post-injection, which was retained until 24 h.

A numbdr of reports have demonstrated that fluorine-18 (18F) can be labelled to rare-earth'NPs with high
radiochgmical yield and stability. Due to the short half-life of 18F (t1/2 = 110 min), the radioisotope [labelling
procedures are necessarily simple, rapid, and efficient. In view of this, Li et al,Synthesized tfri-modal
18F-labellled Nag ,0Biy.g000 35F191:20 %Yb,0,5 %Tm NPs ([18FJUNBOF) through a.faeile inorganic|reaction
between|Nal8F, NH,F, NaNOs, Bi(NO5)3, and Ln(NO3); (Ln = Yb/Tm) under vigoreus stirring within I minute
at room femperature. Negligible dissociation of 18F was observed after incubating [18FJUNBOF NPf in fetal
bovine serum, indicating strong interaction of 18F with NPs.[32]

Cui et al} synthesized trimodal Fe;0,@NaYF, core/shell inorganic nanéparticles for mapping lymph nodes
(LNs).[3¢] Lanthanide elements Yb, Er, or Tm were doped into NaYF4{o achieve upconversion fluofescence,
while C¢ was doped into Fe,0; to optimize the magnetic pfoperties of (Fe;0,@NaYF,(Yb, m) and
(Cog.16Fd30,@NaYF,(Yb, Er) NPs. The NPs' surfaces were inodified by incorporating bisphog$phonate
polyethyllene glycol (BP-PEG) to improve their surface properties and solubility. Subsequently,|18F was
labelled pnto the NPs with a radioisotope labelling yield of‘up to 38 % in just 5 min at room temperature.
The resullting 18F-labelled Co,.;(Fe;0,@NaYF,(Yb, Er)-BR-PEG and Fe;0,@NaYF,(Yb, Tm)-BP-PEG INPs were
found to|be stable in human serum for up to 2 h, with*85 % of the activity remaining attached to[the NPs.
The NPs|in vivo PET/MRI imaging capabilities wergevaluated for the detection of popliteal LNs in fesponse
to an acyte inflammatory stimulus in the foot..A solution of 18F-labelled NPs was injected into the mouse's
footpad,jand both popliteal and iliac LNs werelvisible in PET and MRI images 6 h post-injection.

6.4.4 (ation exchange

The catipn exchange method is anyalternative doping technique used for the synthesis of nangcrystals,
whereby] the pre-existing cation(in the nanomaterials is substituted with a different cation. This npethod is
promisirg as it allows for the(pyoduction of NPs that cannot be synthesized directly, due to the fast{reaction
kinetics pt room temperature!

Recently] Tang et all3’l synthesized zinc sulfide (ZnS) quantum dot nanocrystals (QDp) using
3-mercaptopropionicacid as a capping agent. Thiol-functionalized polyethylene glycol (SH-PEG-O(CH;) was
incorporfated onto the surface of the QDs (QD-OCH3) to improve their stability and biocompatibjlity. The
QD-OCH} was.rapidly labelled with 68Ga or ©4Cu within 15 min at 37 °C in a sodium acetate buffer with
radiochemical'efficiency > 95 % for 68Ga and > 90 % for 64Cu. The ¢4Cu-labelled QD-OCH; showyed high
stability|inZa 1,8 mM DOTA and DTPA chelating agent solution in PBS, with most of the activity r¢maining
attached to QD-OCH;. The stability against other metal ions, such as ferric chloride (1,8 mM), was also
tested, and the results showed that only a small portion (approximately 1,9 %) of radioactivity was released
from the ¢8Ga-labelled QD-OCH;. In vivo PET imaging of [®4Cu]Cu-QD-OCH; in 4T1 mouse breast tumour
xenograft clearly showed tumour tissue at 3 h and 24 h post-injection scan. In contrast, the control group
[64Cu]Cu-DOTA showed only bladder uptake at 3 h post-injection, indicating rapid renal clearance.

Sun et al.[38] developed a self-illuminating QD system by directly doping trace amounts of 4Cu into CdSe/
ZnS core/shell QDs via a cation-exchange reaction for luminescence and PET imaging. The ¢4Cu radioisotope
was labelled via cation exchange with 100 % radiochemical efficiency and showed high stability in fetal
bovine serum and mouse blood at 37 °C for 48 h. The ®*Cu-labelled QDs were modified with amine-
polyethylene glycol-thiol (amine-PEG5000-thiol) to increase water solubility. The in vivo distribution of
64Cu-doped QDs was studied in a U87MG glioblastoma xenograft model using PET. Mice were injected with
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25 pg QD580 (250 uCi of 64Cu) via the tail vein, and PET scans were obtained at 1 h, 17 h, 24 h and 42 h post-
injection. Quantitative analysis (ROI) of the whole-body PET image showed 5 % ID/g uptake in the US7MG
glioblastoma tumour site, which further increased to 12 % ID/g at 17 h post-injection, and after 42 h, 10 %
ID/g of the QDs was still retained in the tumour.

6.4.5 Neutron or proton beam activation

This strategy involves the synthesis of nonradioactive NPs, which are then converted into radioactive NPs
through direct irradiation by a proton beam or thermal neutron.

Wang et al.[39] synthesized carbon nanocapsules filled with nonradioactive Samarium-152 (152Sm) isotopes
(152Sm@SWNT and 152Sm@MWNT) and then activated them through neutron irradiation to create 153Sm
for thergpeutic use. The loading capacity of 152Sm was determined to be approximately 12;3|% mass
fraction [for 152Sm@SWNT and 17,6 % mass fraction for 152Sm@MWNT, using inductively coupled plasma
mass sp¢ctrometry (ICP-MS). After irradiation in high neutron flux (1,6 x 1014 n cm2s-1) and-{ong neutron
irradiatipn time, high specific activities of [153Sm]Sm@SWNT (6,33 GBq/mg) and [*BSm]Sm@MWNT
(11,37 GBq/mg) were obtained. SPECT/CT imaging showed that both [1>3Sm]Sm@SWNTs and [153Sm]Sm@
MWNT had similar biodistribution patterns, with activity mostly accumulating in spléen, lung ang liver at
30 min ppst-injection and retaining up to 24 h post-injection. Quantitative y-counting measurement yalidated
the distifibution pattern of radioactivity. Additionally, the study demonstrated‘that the conjugates [153Sm]
Sm@SWNTs and [1>3Sm]Sm@MWNT were therapeutically effective in delaying the growth of mietastatic
lung tunours..

Holmiunp-166 (166Ho) is a promising therapeutic radionuclide ,that emits high-energy B particles
(E,.x = 1,84 MeV) and has a long half-life of 26,8 h. One way to prépare 16Ho-labelled nanoparticles (NPs)
is by nefitron activation of the stable isotope 165Ho, which préduces high specific activity. Di Pasqua et
al.[%0] halve successfully prepared 195Ho-doped mesoporous silica type MCM-14 (165Ho-MSNs) NHs with a
particle $ize of 80 nm - 100 nm in diameter. Subsequently, 165Ho-MSNs were irradiated in a reactof (1 MW)
at a thefmal neutron flux of approximately 5,5 x 1012-p€utrons/cm?2s for 1 h to18 h to producg [166Ho]
Ho-MSN$. In a study, the biodistribution of [1°6Ho]Ho-MSNs was evaluated after intraperitoneal jnjection
in SKOV{3 ovarian tumour-bearing xenografts. Thezresults showed high accumulation of the NPs in the
tumour (32,8 % ID/g + 68,1 % ID/g) at 24 h postinjection, which increased to approximately 3,5 times
(81 % ID/g + 7,5 % ID/g) at 1 week post-injectieq! This indicates that [166Ho]Ho-MSNs have the potential to
be used as an effective therapeutic agent forthe treatment of ovarian tumours.

Proton Heam activation of metal oxide NPs via (p,n), (p,a) nuclear reactions has been reported by Pérez
Campang et al.[41-43] In one study, Péfez'Campaiia et al.[*] prepared 180-enriched aluminium oxidg (Al,05)
NPs in tHe presence of basic aqueqts media, followed by activation via the 180(p,n)!8F nuclear reaction with
a 16 MeV| proton. The irradiatiol with 16 MeV did not significantly change the particle size of the A],05 NPs,
confirming their high stabilit§ before and after irradiation.

In a follow up study Pérez-Campaiia et al.l43] prepared 180-enriched titanium dioxide (TiO,) NPs by
bubbling NH;(g) through an aqueous solution of TiCl, in the presence of 180-enriched water ([18(]H,0) as
a solvent under ansnert atmosphere to avoid incorporation of 10 and NH;. The resulting TiO, NPs were
irradiatdd with & 15 MeV proton for 6 min at a beam intensity of 5 pA. This converted the 180-pnriched
TiO, NP{ to 18F=labelled NPs via the 180(p,a)!8F nuclear reaction, producing high amounts of 18F (%700 kBq
mg1) inja shoft irradiation time. This amount of radioactivity produced is sufficient for in vivo asgessment
and distribution monitoring of NPs by PET/CT imaging. The 18F-labelled TiO, NPs were administered
intravenously, and PET/CT images were obtained at different time intervals.

6.5 Dual radioisotope labelling

Dual radioisotope labelling is a technique that allows the fate of different components of a nanoparticle,
such as the inorganic core, the organic surface capping and the protein corona, to be traced individually.
Typically, this is achieved by labelling both the core and surface with different radioisotopes. This technique
enables the integrity of radioisotope labelling on the surface of nanomaterials to be evaluated.

Here is a typical example of dual isotope labelling using gold nanoparticle.[*4] The authors used 197Au, a
stable isotope, to create the gold nanoparticle, which was then stabilized by a ligand shell of dodecanethiol.
Following neutron activation, some of the Au atoms were converted into the radioactive isotope 198Au,
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to form the radioisotope-labelled core. To make the nanoparticle water-soluble, a shell of the amphiphilic
polymer poly(isobutylene-alt-maleic anhydride)-graft-dodecyl was wrapped around the Au core. DOTA was
integrated into the polymer shell and loaded with indium (enriched with the radioisotope 111In), which acted
as the shell label. In this way, the nanoparticle core and shell were individually labelled by 198Au and 111In,
respectively. After administering [111In]In-DTPA-[198Au]gold nanoparticle into normal mice, the authors
traced the radioactivity using tissue-based biodistribution techniques. They found that the polymer shells of
polymer-coated Au nanoparticles were partially removed both in vitro and in vivo. In vivo, the nanoparticles
were mostly retained in the liver, and fragments of the organic shell were excreted through the kidneys. The
authors suggested that proteolytic enzymes present in these compartments caused a partial separation of
the organic shell from the inorganic core. They also noted that the amide bond linkage for connection of a
shell and BFC can cause the bond breakage by the enzyme. In contrast, using a different linkage, such as
thiourea, resulted in in vivo integrity after administration(4s]

6.6 CHoice of radioisotopes

The abundance of radioisotopes varies widely in terms of half-life and chemical propetties, ranging from
alkali metals to lanthanides. Due to this diversity, it is important to select the apprépriate radjoisotope
for labelling nanomaterials for in vivo animal experiments. Characteristics such a3,decay half-life, decay
energy ajnd availability of the isotope are also considered when choosing the ideal/radioisotope for [labelling
(see Anrlex A). Commonly used radioisotopes include generator-produced ©8Ga,?9™mTc or 188Re; cyclotron-
producedl 18F, 64Cu, 89Zr, 111In, 123] or 124]; and reactor-produced 1251 or ZLu. For in vivo biodisfribution
studies, radioisotopes that emit y-rays are typically used. Positron-emitting’ radioisotopes also enjit y-rays
after thg annihilation reaction. The physical half-life of radioisotopes(is also a significant consifleration.
Radioisotopes with short half-lives, such as 18F (t; 2= =109,8 min), %8Ga((t; /, = 67,7 min) and **™Tc (t{ , = 6 h),
or those|with longer half-lives, such as ¢*Cu (t;,, = 12,7 h), 1!n(¢(,, = 67 h), and 89Zr (t , = 78[4 h), are
chosen based on the biodistribution study's purpose. The physical'half-life of a radlolsotope can bematched
with the| biological half-life of the nanomaterials being labelled with these radioisotopes to allow] them to
reach th¢ targets of interest. It is also crucial to keep the decay time as short as possible to minimize fadiation
exposur¢. Long-lived isotopes, such as 89Zr, are preferredfor monitoring clearance profiles of nanomaterials.
[4647] T¢ select the appropriate radioisotope for Jabelling of nanomaterials, several factord can be
considergd, including (1) desirable decay characteristics of the radionuclide to produce high-quality images,
(2) the dvailability of methods to produce the radioisotope in sufficient and pure quantities, (3)|efficient
radioisofope labelling methodologies and mest importantly, (4) the physical half-life of the radionjuclide. It
is crucial that the half-life is long enough to-allow sufficient time for monitoring pharmacokinetids (target
tissue uptake and elimination) and biodistribution, as well as for the transportation of the radigisotope-
labelled material to the preclinical orilinical site.[48]

6.7 Production of radioisotopes

6.7.1 General

In cliniqal settings{/radioisotopes are predominantly artificial and typically produced in| particle
accelerators, cyclotrons, or reactors. The specific radionuclide produced depends on factors such as|the type
of irradipting particle, its energy and the target nuclei. However, the high cost and limited availability of
these fadilitie§nteans that remote facilities without such equipment rely on the supply of radionuclides from
external|sources. Short-lived radlonuchdes 1n partlcular decay rapldly and are only avallable at insftitutions
with cyc : itie rstiedtions. To
address this issue, radlonucllde generators prov1de a secondary source of radlonuchdes particularly short-
lived ones.[49]

The purification of crude radioactive products to obtain a pure radioisotope with high specific activity is
crucial. In a specific irradiating system, different isotopes of various elements can be produced, requiring
the isolation of isotopes of a single element. This can be achieved by utilizing suitable chemical methods
such as solvent extraction, precipitation, ion exchange and distillation. It is crucial to consider the chemical
characteristics of each radioisotope when selecting the appropriate purification method.[30]
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6.7.2 Cyclotron-produced radioisotopes

A medical cyclotron is a circular particle accelerator that was originally proposed by Ernest O. Lawrence
in 1929. It is essentially a modified version of a linear accelerator, designed to be smaller in size. Cyclotrons
operate by accelerating charged particles, such as protons, deuterons, hydrides, a particles and 3He particles,
in circular paths within dees under a high electromagnetic field, while maintaining a vacuum. As the charged
particles move in circular paths under the magnetic field, their energy gradually increases. The larger the
radius of the particle trajectory, the higher the energy of the particle. The energy of the particles produced
by the cyclotron can range from a few keV to several hundred MeV, depending on the design and type of
the cyclotron. Medical cyclotrons generally have an accelerating capacity of less than 30 MeV for particles.
Cyclotron-produced radioisotopes are typically neutron deficient and decay via * emission or electron
capture, resulting in a relatively higher specific activity compared to reactor-produced radioisotopes.
Table 1 Ijsts several examples of cyclotron-produced radioisotopes that emit y or B* radiation.[>1]

Several 1jadioisotopes are commonly used in medical imaging. 67Ga, 1231, 111In and 201T] are used fof gamma
camera ¢r SPECT imaging, while 11C, 13N, 150, 18F, 64Cu and 124] are used for PET imaging.'Radidisotopes
with longer half-lives, such as 18F, 04Cu, 67Ga, 123], 124], 111[n and 201T], can be purchased'from companies, if
availablg, as they can be transported to different sites before decay. However, radioisotopes with half-lives
less thar] 20 min, such as 11C, 13N and 150, can be produced on site due to their shoxt half-lives.

Table 1 — Commonly used cyclotron-produced radigisotopes

Physical Decay mode -Ray ‘ener Abundarnce

Radioifotopes half life (zm) Y (l)\,/[eV) ® (%)

e 20,4 min B*(100) 0,511 200

N 9,96 min B*(100) 0,511 200

130 2,03 min B*(100) 0,511 200

1BF 109,8 min B*(97),EC2(3) 0,511 194

64Cu 12,8 h B* (19) or B- (40), EG{41) 0,511 38,6

671Ga 3,3d EC (100) 0,093, 0,184, 0,300 40, 20,17

n 2,8d EC (200) 0,171, 0,245 90, 94

1131 13,2h EC(100) 0,159 83

1341 4,2d 8(23),EC (77) 0,511 46

200T] 73 h EC (100) 0,167 9,4 (X-rayj93)

a  EC: electron capture.

6.7.3 eactor-produced radioisotopes

Radioisoftopes can be prediced in large quantities in nuclear reactors. However, their relatively low specific
activity limits their uSe,€éxcept for radioisotopes like 131 or certain mother radionuclides used in geherators,
which have established purification methods. In recent years, the use of therapeutic radioisotopes such
as 177Lu) 225Ac_and 2412Pb has dramatically increased, leading to an expansion of the industry for|reactor-
produced radioisotopes.

A nucleaf reactor operates using fuel rods made of fissile materials, such as enriched 235U and 23%Ru. These
fuel nuclei undergo spontaneous fission, which is the breakup of a heavy nucleus into two fragments of
approximately equal mass, accompanied by the emission of two to three neutrons with mean energies of
about 1,5 MeV. If the right conditions exist, neutrons emitted in one fission reaction can cause further fission
of other fissionable nuclei in the fuel rod, initiating a nuclear chain reaction. To control this chain reaction,
the fuel materials are designed to limit the number of free neutrons available for further fission. The high-
energy neutrons produced in the fission process, known as fast neutrons, are slowed down to create thermal
neutrons through interaction with a moderator, such as water, heavy water or graphite. The moderator is
distributed in the spaces between the fuel rods and helps to maintain a stable chain reaction. Two types of
interaction with thermal neutrons are significant for the production of various useful radionuclides: fission
(n, f) reaction of heavy elements and neutron capture (n, y) reaction. Clinically useful radionuclides such as
131] and Mo are produced from the fission reaction of 235U. Many other nuclides are also produced from
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the fission of 235U, and the crude fission products are purified using the appropriate method. The fission
products are typically neutron-rich and decay by [3- emission. In the neutron capture reaction, the target
nucleus captures one thermal neutron and emits y-rays to produce an isotope of the same element. The
radionuclide produced by the neutron capture reaction has relatively low specific activity, making this
method impractical for producing clinically useful radionuclides. Therefore, neutron capture reaction is
primarily used for trace metal analysis with neutron activation analysis. The (n, p) or (n, «) reaction in the
reactor is also useful for the production of 14C, 32P or 3H.[52]

6.7.4 Generator-produced radioisotopes

In 1926, Failla designed and used the first generator for cllnlcal appllcatlons (53] The use of radioisotope
generato ompared
to cycloflron- or reactor- produced radlolsotopes This has led to the development of various rddjoisotope
generatdrs that serve as convenient sources of radioisotope production. The structure of awnadjonuclide
generatdr is relatively simple, consisting of a column and a shielded container. The column.is filled with an
adsorbemt material such as cation- or anion-exchange resin, aluminium oxide, titaniuny,oxide or fin oxide,
on which the parent nuclide is adsorbed. The daughter radioisotope grows as a result-of the dechy of the
parent uptil either a transient or a secular equilibrium is reached within several half-lives of the daughter.
Since thgre are differences between the mother and the daughter radioisotope, in-chemical properties, the
daughter activity is eluted in a carrier-free state with an appropriate solvent:leaving the parent on the
column. After one elution, the daughter activity starts to grow again in the'column until an equilibrium is
reached [n which the daughter appears to decay with the same half-life as‘the parent. Therefore, thle elution
of activitly can be made repeatedly.

An ideal fradioisotope generator for nuclear medicine can be steril€, pyrogen-free and easy to use, groviding
a high yield of daughter radioisotope repeatedly and reproducibly. Numerous radioisotope generator
systems |have been developed, but only a few are commonlyyused in routine nuclear medicine [practice.
These important generators include the 99Mo-29mTc, 68Ge-68Ga, 82Sr-82Rb and 188W-188Re [systems,
which aife listed in Table 2 along with their properties. The °Mo-29mTc generator is the most widely used
generatdr system in nuclear medicine due to the excellent radiation characteristics of 2°MTc. Thif system
offers a § h half-life, minimal electron emission, andca high yield of 140 keV y-rays (90 %), making it ideal
for imagjng devices in nuclear medicine. The ¢8Ge=%8Ga and 82Sr-82Rb generator systems are utilized for
PET radiopharmaceuticals, while the 188W-188Re generator is used for the therapeutic application pf 188Re-
labelled radiopharmaceuticals.

Table 2 — Commonly used radioisotope generator systems

Systém Parent half-life, | Daughter half-life Decay mode Y-?l?e c;r)gy Elyent
99M-99mTc 66 h 6h ITa 140 0,9 % NaCl
68Ge-98Ga 27.Yd 68 min B* 511 0,1 M HCI
82Sr-82Rb 25'5d 75 sec B+ 511 0,9 % NaCl
188 -1B8Re 69,4 d 17 h B°(2,1 MeV),y 155 0,9 % NaCl

a  IT:isqmerictransition.

6.8 C plafing agent and the matched pair for r:\dinicnfnpp

Almost all metallic radioisotopes require a chelating agent or bifunctional chelating agent (BCA) to connect
with nanomaterials. However, the metallic radioisotopes of choice are diverse in their coordination
chemistry, making it challenging to find a suitable chelating agent or BCA that works with all radioisotopes.
Several factors can be considered when selecting a chelating agent or BCA for a specific radioisotope, such
as the coordination number of the metal ion, the matching cavity size of the chelating agent or BCA with the
ionic radius of the ion, the oxidation state of the metal ion, the hardness or softness of the ion, providing
the appropriate chelate density or number of donor binding groups, and the rate of complex formation and
dissociation.[34] Therefore, the ideal goal for selecting a chelating agent or BCA for a specific radioisotope is
to achieve instant radioisotope complex formation with infinite in vitro or in vivo stability or no dissociation.
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There are various types of chelating agents or BCA that have been reported to be labelled with
radioisotopes, including both acyclic and macrocyclic compounds (as shown in Figure 3). Initially,
bifunctional ethylenediaminetetraacetic acid (EDTA) derivatives were used for labelling with 111In and °9Y,
but their stability issues led to the development of bifunctional diethylenetriaminepentaacetic acid (DTPA)
derivatives, which offer a more appropriate coordination number and improved complex stability.[23].[56]

To enhance the overall stability of the radionuclide-chelator complex and minimize potential toxicity,
researchers have developed a variety of modified chelators. One example is Cy-DTPA, in which one ethylene
group of DTPA is modified with a cyclohexyl carbon chain. This modified chelator has been used to label
several radionuclides, including 20Y, 111In, 177Lu and 213Bi, resulting in stable complexes.[>7] However, even
with these modifications, the overall stability of radionuclide-chelator complexes can still be less than ideal
and can contribute to toxicity concerns.[58]

Hexadenltate macrocyclic bifunctional 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA)"defrivatives
have begn reported for labelling with 111In.[52] Although NOTA derivatives are well knownto form highly
stable cdmplexes with ¢8Ga, for radio-lanthanide labelling, DOTA derivatives are a betterchoice than NOTA
derivatiyes.[0]

Octadentate macrocyclic bifunctional 1,4,7,10-tetraazacyclododacane-1,4,7,10-tetraacetic acid| (DOTA)
derivatiyes have been developed for ?0Y, 111In and radio-lanthanides, and thes¢-complexes have shown
better sfability than acyclic BCA complexes.[61-64] Although a large number. of the DOTA applichtion for
radionudlide therapy have been reported, the limitation to use of the DOTAcderivatives still remainf; slower
complex|formation rate and thereof the heating process is needed for radioisotope labelling.[6.66]

There arle larger-sized chelating agents, such as 1,4,7,10,13-pentaazacyclododecane-1,4,7,10,13-pentaacetic
acid (PEPA) or 1,4,7,10,13,16-hexaazacyclododecane-1,4,7,10,13;16*hexaacetic acid (HEHA), which are
designed for larger ionic radii of radioisotopes. However, PEPA and HEHA have been found tp exhibit
decreasdd kinetic inertness and thermodynamic stability due to their higher flexibility in the ¢helating
agent frgmework.[¢7]

Amacrogyclic BCA with a 14-membered ring, 1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid (TETA)
derivativle, has been reported for labelling with Cu(II).enly, and is not suitable for other radionuclides.[$8.69]

For the |treatment of bone metastasis using*radionuclide therapy, several chelating agents cgntaining
phosphofous have been developed, including-hydroxyethylidinediphosphonic acid (HEDP), ethylenefiamine-
N,N,N’,Nttetrakis(methylenephosphonic ~acid) (EDTMP), and 1,4,7,10-tetraazacyclododecanefl,4,7,10-
tetraaminomethylenephosphonic acid (DOTMP). HEDP has been utilized for complex formation wjth 186Re
or 188Re f7071] while EDTMP or DOTMRP have been used for 177Lu or 212Bj.[7273]

Diamineflithiol (N,S,) derivatives)have been utilized for the formation of complexes with ?°™Tc apd 188Re,
and havd been reported for tleir'use in the diagnosis or treatment of liver cancer.[74-76]

BCAs uskd for conjugation ‘to nanomaterials typically consist of two chemical parts: a chelating| part for
the radigisotope and,a‘covalent linkage part for attaching to the nanomaterial. The chelating part forms a
complexwith the radivisotope, while the linkage part enables the complex to be attached to the nanomaterial.
Common examplés of linkage chemistry include conjugation of an active ester, isothiocyanate, or mfaleimide
group or the BCAto an amino or thiol group on the nanomaterial. The choice of conjugation method|depends
on the chemical compatibility of the BCA and nanomaterial, and the optimal method is selected bas¢d on the
ease of modification.

7 The stability of radioisotope-labelled nanomaterials

There are several factors that affect the stability of radioisotope-labelled nanomaterials, including the
radioisotope-labelled part (e.g. chelating agent, linker) and the nanomaterial itself. Nanomaterials used for
in vitro diagnostic or in vivo applications can be modified or coated with a biologically inert material to
reduce unwanted interactions with blood, serum, urine, etc. This can improve stability, optimize in vivo
pharmacokinetics, and incorporate diagnostic or disease-targeting moieties. Without proper surface
coating, most nanomaterials, especially those with hydrophobic surfaces, tend to aggregate or agglomerate
into large clusters in the test field of in vitro diagnostics or in vivo settings due to hydrophobic interactions
or Van der Waals forces. Even for nanomaterials with good inherent aqueous dispersity, surface coating can

© IS0 2024 - All rights reserved
14


https://standardsiso.com/api/?name=8a6a40b1dcd230fdd5aa3c1113594a78

ISO/TR 23652:2024(en)

be beneficial for maintaining their structural integrity. Polyethylene glycol (PEG) is the most widely used
synthetic polymer in the drug delivery field due to its long history of safety in humans. The length, shape, or
charge of PEG can also affect the stability or biodistribution of nanomaterials.[7Z].[78]

Maintaining in vivo integrity of radioisotope-labelled nanomaterials is crucial for accurate measurement
of their pharmacokinetics or toxicokinetics. Several factors can be considered, including the linker used to
conjugate the nanomaterials and radioisotope-labelled chelating agent, as well as the chelating interaction
between the chelating agent and radioisotope. Linkers can be hydrocarbon chains or peptide sequences,
but if they contain an amide bond, they can be cleaved by amidases in plasma, resulting in the detachment
of the radioisotope label from the nanomaterial. In some studies, the chelating agent-based radioisotope
labelling has been reported to be detached from nanomaterials due to proteolytic digestion,[44] while in
other studies, the labelling remained intact. Further research is needed to resolve these discrepancies and
fully understand the fate of radioisotope-labelled nanomaterials. Nonetheless, it is essential to confifm the in

vivo integrity of these materials to ensure accurate evaluation of their pharmacokinetics and tgxicqkinetics.
[43],[79]

Another|important factor for in vivo stability, which can significantly impact the-biodistribution and
pharmadokinetics of nanomaterials, is the thermodynamic stability of the complexformed betyeen the
radioisofope and the chelating agent. An example illustrating this is the phenomenen of transchglation in
living anfimals involving superoxide dismutase (SOD) in the liver. Bass et al. coiducted a study where they
labelled p peptide with ©4Cu and observed high liver uptake, indicating tramschelation of ¢4Cu into SOD in
the rat liver.[80] They used TETA as the chelating agent, which is commonl§Aised for 4Cu labelling, but the
thermodynamic stability of the copper-TETA complex is known to be low: Therefore, it is crucial to|consider
the possjbility of in vivo transchelation resulting from the thermodynamic instability of the comjplex and
carefully select the appropriate radioisotope-chelating agent pair based on the literature.[81]

8 Advantages and disadvantages of radioisotopé-labelling method

For the |selection of a radioisotope labelling method*fer nanomaterials, various factors are farefully
considergd, including the specific purpose of the radigisotope labelling, the physicochemical progerties of
the nanomaterial, the in vitro or in vivo stability of tfte nanomaterial itself, and the desired time window for
biodistr(;E:Jtion studies. With these factors in mind, a suitable radioisotope and compatible chelating agent
can be chjosen. This document focuses on fivedifferent types of radioisotope labelling methods, eacl with its
own advhntages and disadvantages (see Antiex B).

For the |successful chelating agent-based radioisotope labelling of nanomaterials, various fadtors are
carefully considered, including the selection of the appropriate chelating agent, optimization of radjoisotope
labelling| conditions and the usesof-stable linkers suitable for the desired biodistribution study time frame.
[82].[83] A thorough understandihg of the labelling chemistry is essential for achieving successful results.
Compargd to other methods;~chelating agent-based radioisotope labelling is relatively straightforward
and gengrates fewer radioactive wastes during the purification step. However, it is important to [consider
the poteptial enzymatic)cleavage of the linker by specific enzymes present in serum. On the other hand,
alternative methods that do not involve chelating agents are gaining attention due to their pot¢ntial for
more st3ble andspecific radioisotope labelling of nanomaterials. Nonetheless, these chelating agent-free
methodq can prediice more radioactive waste during the purification process compared to chelatipg agent-
based rafioisofope labelling methods.[84]
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Annex A
(informative)

Representative radioisotopes used for nanomaterial labelling

Table A.1 — Representative radioisotopes used for nanomaterial labelling

Radipisotopes Physical half-life nnm(i/o;m"e ¥ DE;;TE—Y—
18F 109,8 min B+ 634
68Ga 67,7 min B* 770,111,890
b4Cu 12,7 h B, B 511, 653
44S¢ 39h B*(94), EC (6) 1,474 1,157
897r 3,3d B*(23), EC (77) 897
67Ga 3,3d EC (100) 0,093, 0,184, 0,30(
L11] 2,8d EC (100) 0,171, 0,245
9mTc 6,0 h % 141
1241 42d B* (23), EC (%7) 0,511
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Annex B
(informative)

nanomaterials

Advantages and disadvantages of radioisotope labelling methods for

Table B.1 — Advantages and disadvantages of radioisotope labelling methods for nanomaterials

Chelating Radioactive + Specific Cation Lo
. . . Activafion
agent-based non-radioactive trapping exchange
Surface Core-labellin Core-surface Core-surface
labelling & labelling labelling _
Show real fate of . : Core-labelling
Commonly used NPs No linker No linker Show real fate of
. ) NPs

Easy labelling  [No linker No linker

Less radioactive

waste
Rare cases

Bond breakage |More radioactive |Rare cases Rare cases Less radioaftivity

in the linker waste Transmetalation = |Transmetalation |Needs high{energy
particles
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