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Purpose: Using our chelate-free, heat-induced radiolabeling (HIR) method, we show that a

wide range of metals, including those with radioactive isotopologues used for diagnostic

imaging and radionuclide therapy, bind to the Feraheme (FH) nanoparticle (NP), a drug

approved for the treatment of iron anemia.

Material and methods: FH NPs were heated (120°C) with nonradioactive metals, the

resulting metal-FH NPs were characterized by inductively coupled plasma mass spec-

trometry (ICP-MS), dynamic light scattering (DLS), and r1 and r2 relaxivities obtained

by nuclear magnetic relaxation spectrometry (NMRS). In addition, the HIR method was

performed with [90Y]Y3+, [177Lu]Lu3+, and [64Cu]Cu2+, the latter with an HIR techni-

que optimized for this isotope. Optimization included modifying reaction time, tem-

perature, and vortex technique. Radiochemical yield (RCY) and purity (RCP) were

measured using size exclusion chromatography (SEC) and thin-layer chromatography

(TLC).

Results: With ICP-MS, metals incorporated into FH at high efficiency were bismuth,

indium, yttrium, lutetium, samarium, terbium and europium (>75% @ 120 oC).

Incorporation occurred with a small (less than 20%) but statistically significant increases

in size and the r2 relaxivity. An improved HIR technique (faster heating rate and improved

vortexing) was developed specifically for copper and used with the HIR technique and [64Cu]

Cu2+. Using SEC and TLC analyses with [90Y]Y3+, [177Lu]Lu3+ and [64Cu]Cu2+, RCYs were

greater than 85% and RCPs were greater than 95% in all cases.

Conclusion: The chelate-free HIR technique for binding metals to FH NPs has been

extended to a range of metals with radioisotopes used in therapeutic and diagnostic applica-

tions. Cations with f-orbital electrons, more empty d-orbitals, larger radii, and higher positive

charges achieved higher values of RCY and RCP in the HIR reaction. The ability to use a

simple heating step to bind a wide range of metals to the FH NP, a widely available approved

drug, may allow this NP to become a platform for obtaining radiolabeled nanoparticles in

many settings.
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Introduction
Radiolabeling methods yield nanomaterials used for the therapy and diagnosis of

cancers1–10 including for therapy of liver cancer (microspheres, arterial infusion),11–15

and for sentinel lymph node delineation.16–21 Here we examine a wide range of

metals including many with radioactive isotopes used for diagnostic imaging or

radionuclide therapy, for their ability to bind to the superparamagnetic iron oxide

(SPION) nanoparticle (NP) known as Feraheme (FH), a drug approved for treating

iron anemia and used off label as an MR contrast agent.22–25 Using our chelate free,
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heat-induced radiolabeling (HIR) method,26–29 we show

that this drug can be used as a broad nano-platform for

radioisotope labeling.

Our radiolabeling method uses the Feraheme (FH), a

NP with an iron oxide core (diameter ~5 nm) surrounded

by a 10 nm thick polymeric coating (carboxymethyldex-

tran, CMD), giving it an overall diameter of about 25 nm

and a formula of Fe5874 O8752:C11719 H18682 O9933 Na414
(See Figure 1A). Publications on the physical properties,

pharmacokinetics (PK), toxicity and efficacy of FH as an

MRI contrast agent provide knowledge regarding the

likely behavior of radiolabeled FH in clinical settings, a

body of knowledge unavailable with many other newly

synthesized radiolabeled nanomaterials.

Current SPION radiolabeling methods fall into three

classes. In the first class, a chelator is attached to a SPION

by conjugation chemistry, followed by radiolabeling.30–32

Storage of the chelator-modified SPIONs can be problematic

Figure 1 Summary of procedures used with HIR reactions. (A) A schematic diagram of the FH NP and its radiocation labeling at RTor 120°C is provided. The FH core iron

oxide (blue) has a diameter of 5 nm while the polymeric coating is 10 nm thick, giving the NP an overall diameter of 17–31 nm. (Note: not to the exact scale.) (B) A flow

chart summarizing procedures and conditions is provided. Size exclusion chromatography (SEC) separation was performed as indicated. (C) FH-associated metals at RT and

120°C analyzed by inductively coupled plasma mass spectrometry (ICP-MS).
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due to the poisoning of the chelator by NP derived cations. In

addition, the optimal chelator for in vivo stability can be

different for different radiocations, and selecting a chelator

can be a highly challenging task.33–35 The second class of

methods adds the radiocation during NP synthesis, so that

the radiometal is incorporated throughout the metal oxide

core.36–39 This technique requires isotopes with long radio-

chemical half-lives compared to the time of synthesis and

generates considerable volumes of low-level radioactive

waste from washing the NP. The third class is the radiocation

surface adsorption (RSA) methods. RSA methods allow

cations to bind to the surface of a previously synthesized

SPION.40–42 With our HIR RSA method, heat is used to

increase the bonding to the FH iron oxide26–29 (see

Figure 1A).

Previous HIR related studies used this technique to

develop a diagnostic radiolabeled SPION using FH

([89Zr]Zr4+, [64Cu]Cu2+, [111In]In3+).26–29 FH has been

radiolabeled with zirconium-89 ([89Zr]Zr-FH) and used

to image monocyte infiltration as a way to assess inflam-

matory diseases since intravenously injected [89Zr]Zr-FH

showed enhanced uptake at the site of injury and in the

draining lymph nodes.29 HIR and surface click chemistry

modification of FH also work cooperatively to provide a

versatile nanoparticle platform for biomedical applications

such as ex vivo cell labeling27–29 and in vivo cell tracking

including isolated B cells.43

An aim of this studywas to investigate theHIR reaction for

a range of therapeutic metals and to extend the use of the HIR

radiolabeling technique for the development of a therapeutic/

diagnostic FH platform (eg, [90Y]Y-FH, [177Lu]Lu-FH and

[64,67Cu]Cu-FH). A second aim was to further optimize the

HIR technique to achieve higher radiochemical yield (RCY)

for relatively short-lived isotopes (eg, copper-64). As far as we

are aware, this study is the first attempt to radiolabel FH with

[90Y]Y3+ and [177Lu]Lu3+. We anticipate the results of this

work would facilitate the rapid development of chelate-free

radiolabeling with diverse therapeutic/diagnostic metal iso-

topes with predictable and reliable specific activities.

Materials and Methods
The nonradioactive metal-FH HIR experiments were per-

formed with 12 different nonradioactive cationic challenge

metals of varying oxidation states, electron configurations,

and atomic radii including Sr2+, Ba2+, Mo3+, Pb2+, Cu2+,

Bi3+, In3+, Y3+, Lu3+, Sm3+, Tb3+, and Eu3+. Sr2+ and Ba2+

were used as substitutes for Ra isotope (all isotopes of

radium are highly radioactive) and most of the others

were directly corresponding to their therapeutic isotopic

counterparts (see Table 1 and Figure 1A). In addition,

Table 1 ICP-MS Results (Average of Three Replicates) of: 1) Stock Concentrations of Metals for Reactions, 2) Low Molecular Weight

Contamination of High Molecular Fraction, 3) Incorporation of Metals by FH Under Room Temperature (RT) and 120°C Heating, and 4)

p-values

Metals Concentrations of

Reaction Metal

Stocks in 2mL

Volume (μm)*

**Low Molecular Weight

Contamination of High

molecular Fraction Contained

by SEC, μM, (%)

***Concentration of

FH Incorporated

Metals at RT, μM (%)

***Concentration of

FH Incorporated

Metals at 120 °C, μM

(%)

p–value****

Column 1 Column 2 Column 3 Column 4 Column 5

Sr 22.7±1.59 0.02 0.62 ±0.05 (2.72 ±0.16%) 3.36±1.22 (14.70±4.91%) p=0.0517

Ba 20.7±1.64 0.01 3.27±2.11 (15.75±9.90%) 10.23±1.11 (49.65±6.15%) p=0.0115ǂ

Mo 35.4±2.83 0.24 2.77±0.72 (7.91±2.37%) 20.8±3.90 (58.83±10.13%) p=0.0099ǂ

Pb 18.9±1.42 0.05 5.26±0.41 (28.06±3.29%) 11.14±1.64 (58.88±4.38%) p=0.0009ǂ

Cu 14.1±3.49 0.01 2.81±2.30 (18.72±15.6%) 8.06±4.01 (54.62±19.31%) p=0.0692

Bi 17.7±0.76 0.02 1.87±1.82 (10.78±10.56%) 14.64±1.60 (74.73±19.07%) p=0.0016ǂ

in 20.8±0.61 0.01 2.62±2.90 (12.76±14.16%) 17.08±1.56 (78.06±4.99%) p=0.0051ǂ

Y 19.1±1.05 0.01 6.52±1.4 (33.99±5.87%) 17.46±1.06 (91.31±2.85%) p=0.0007ǂ

Lu 18.4±0.94 0.05 6.00±1.14 (32.58±7.03%) 16.04±1.20 (87.33±3.40%) p=0.0014ǂ

Sm 20.3±0.35 0.04 5.46±4.29 (26.96±21.22%) 18.36±0.54 (90.28±3.63%) p=0.0324ǂ

Tb 17.0±0.15 0.08 5.12±2.38 (30.16±13.90%) 14.89±0.24 (87.66±2.40%) p=0.0157ǂ

Eu 17.7±0.33 0.03 6.54±0.77 (37.06±4.99%) 15.84±1.28 (89.64±6.95%) p=0.0007ǂ

Notes: *Concentrations measured by ICP-MS analysis (1/10 of Stock solution B). **Concentrations (μM) of metals in larger molecular weight fraction (calibrated by FH)

***Concentrations (μM & %) of metals retained by FHNPs. ****Percentage (%) of doped metals at 120°C vs RT (Column 4 vs Column 3) by a one-tailed Welch’s T-test.
Significance (ǂ) was determined with FDR controls (α=0.05).
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radioactive metal-FH HIR was performed with yttrium-90

and lutetium-177, as well as the shorter half-life isotope

copper-64 to further improve the RCY of [64Cu]Cu-FH.

Materials
The following metals were used as purchased: Indium (III)

Chloride (Aldrich, ≥99.999% trace metal basis, 429,414),

Samarium(III) chloride hexahydrate (SmCl3.6H20, Strem

Chemicals, 93–6225), strontium chloride (Alfa Aesar,

anhydrous, 99.5% metal basis, 16,790), copper(II) chloride

(CuCl2, Aldrich, 203,149-10G), yttrium(III) Chloride

hydrate (Alfa Aesar, 99.99%, 11,185), bismuth(III) chlor-

ide (Alfa Aesar, anhydrous, 99.999%, 17,115), molybde-

num(III) chloride (Alfa Aesar, anhydrous, 99.5% metal

basis, 14,034), lutetium(III) chloride hexahydrate (Alfa

Aesar, 99.9%, 11,260), lead(II) chloride (Alfa Aesar,

99.999% metal basis, 10,722), barium chloride (Alfa

Aesar, anhydrous, 99.998% metal basis, 10,995), terbium

(III) chloride hexahydrate (TbCl3.6H20, Acros Organics,

199,610,050), Europium(III) chloride hexahydrate,

EuCl3.6H20, Acros Organics 193,010,050). HEPES was

from Sigma Life Science (H7523-250G) and 0.5 M

EDTA was from Invitrogen R1021. FH (30 mg Fe/mL)

was purchased from the Massachusetts General Hospital

Pharmacy and used without any further purification or

modifications; the original vial contained 510 mg elemen-

tal iron per 17 mL (30 mg/mL). The following solvents

were used as received Nitric Acid (Fluka, ≥69.0%, trace

analysis grade), hydrochloric acid (Fluka, ≥37%, trace

analysis). All aqueous solutions were prepared using

Chelex 100 sodium form (Sigma) treated Millipore (18.2

MΩ.cm−1). The chelex-treated water (CTW, pH=10) was

made as reported before.29 Relaxation times were deter-

mined on a Bruker Mini SPEC MQ20, and particle sizes

determined on a Malvern Instruments, ZetaSizer Nano

Series, Nano-ZS.

In addition, [177Lu]LuCl3 solution was obtained from

the radiochemistry research group at Royal North Shore

Hospital (RNSH) with an activity concentration of 2 GBq/

mL (1 GBq/0.5 mL, batch number: 139,179–012). [90Y]

YCl3 solution was obtained from the radiochemistry

research group at RNSH (Perkin Elmer/batch number

C103116) with an activity concentration of 2.34 GBq/mL

(3.29 GBq/1.41 mL). Also, [64Cu]CuCl2 was obtained

from the South Australian Health and Medical Research

Institute (batch number: 18-0218-902R) with an activity

concentration of 2.93 GBq/mL (0.41 GBq/0.14 mL). 1 M

and 25 mM Na2CO3 (Sigma-S7795-500G) were used for

neutralization and pH adjustment of reaction mixtures. 20

mM and 10 mM of deferoxamine mesylate salt (DFO)

(Sigma-D9533) were prepared and used to quench the

reactions. For size exclusion chromatography (SEC), PD-

10 columns (GE Healthcare) eluted with 0.9% saline were

used. Volume fractions were counted on a Wizard 2480

(Perkin Elmer) gamma counter. Purified radiolabeled

SPIONs were concentrated using an Amicon 30 kDa MC

centrifugal filter (Sigma-Z717185). The TLC (Thin Layer

Chromatography) plate used was a Strong Cation

Exchange TLC plate made by Sorbent Technologies

(Cat: 1224026). TLC plates were pre-soaked at the origin

section by CTW and dried by a small fan immediately

before use. The developed radio-TLC plates were divided

into 1 cm pieces and the activity of each piece was mea-

sured using a Wizard 2480 (Perkin Elmer) gamma counter.

Synthesis of Nonradioactive Metal-FHs

Using HIR Conditions
Generation of Stock Solutions

HEPES buffer (with pH 6–7, 0.1 M) was prepared by

dissolving the HEPES salt in CTW under room tempera-

ture stirring for 24 hrs. Diluted NaOH was added to adjust

the pH to 8–9. The concentrated stock solutions (called

“Stock solution A”) of Sr2+, In3+, Cu2+, Y3+, Lu3+, Sm3+,

Tb3+, Eu3+ and Bi3+, were made by dissolving the metal

chloride salts in 1 M hydrochloric acid. Because of their

poor solubility, the stock solutions of Pb2+ and Mo3+ were

made by dissolving the metal chloride salts into a mixture

of 1 M hydrochloric acid: 70% nitric acid (v/v, 5:2). The

reaction stock solutions (called “Stock solution B”) (1 mL,

between 140 and 350 μM, Table 1) were also made by

diluting the concentrated stock solutions above (Stock

solution A) with 0.1 M HEPES buffer. The pH was

adjusted by adding concentrated HCl to pH 1, then each

stock solution (Stock solution B) was identically separated

into 4 groups (200 µL/group, details of Groups 1–4: see

flow chart in Figure 1B) and the reactions and ICP-MS

analysis (Figure 1C) were performed as per following:

Procedure for PD-10 SEC Fraction Collection

The PD-10 column was calibrated by FH NPs as the larger

molecular marker and vitamin B12 as the small molecular

marker. The dead volume for separating the FH NPs from

small molecular contaminants (eg, metal chelated DFO)

was 2.5 mL. The FH NP fraction was the next 1.8 mL

from 2.5 to 4.3 mL and the vitamin B12 fraction was the

next 6 mL from 4.3 to 10.0 mL. All the metal sample
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solutions (Group 2–4, Table 1 and Figure 1B) were loaded

onto the 0.1 M HEPES buffer preconditioned PD-10 col-

umns and eluted by the same buffer. The fractions from

2.5 to 4.3 mL were collected. After a final volume (2 mL)

was made by adding 0.1 M HEPES buffer (200 µL), the

sample solutions were applied to ICP-MS digestion and

analysis (ICP-MS procedure, see below).

Sample Preparation of Groups 1–4 (Table 1, Figure 1B)

Group 1: for ion concentration confirmation: the 200 µL

metal solutions (Stock solution B, 140 −350 µM, Column 1

of Table 1) were further diluted into 2 mL by 0.1 M HEPES

buffer. After the addition of trace amount of concentrated

HCl to pH 1, the solutions were sent to ICP-MS digestions

and analysis (Column 1 of Table 1). The concentrations of

nonradioactive metals used in this study were around

200 µM (Table 1), which were about 20 times higher than

the [89Zr]Zr4+ concentration of the higher activity of zirco-

nium-89 (A0=370 MBq/mg, [Zr] � 9 µM) that was used

in the previous [89Zr]Zr-FH HIR study.29

Group 2: for PD-10 column size exclusion chromato-

graphic (SEC) separation confirmation (ICP-MS cation

concentrations: see Column 2 of Table 1): to the 200 µL

metal solutions (Stock solution B), were added NaOH

(20 M) to adjust pH to 7–8, then 8 µL of 0.5 M EDTA

and 8 µL of 0.5 M DTPA chelators were added. After

incubation at room temperature for 15 min, the mixtures

were loaded onto PD-10 columns, respectively, eluted by

0.1 M HEPES buffer, and fraction collected as above.

Group 3: for FH incorporation of cations at room tem-

perature (RT) (ICP-MS cation concentrations: see Column 3

of Table 1): to the 200 µL metal solutions (Stock solution

B) (pre-adjusted to pH 7–8 as Group 2) in a 5 mL glass

v-vial fitted with magnetic stir bar, FH (1 mg Fe, 33.3 µL)

and 0.1 M HEPES (66.7 µL) were added. The final pH was

adjusted to 8–9 by adding 2 M NaOH solutions. The reac-

tion mixtures were stirred and incubated under RT for 2 hrs.

After 8 µL of 0.5 M EDTA and 8 µL of 0.5 M DTPAwere

added and incubated at RT for 15 mins, the mixtures were

loaded onto PD-10 columns, respectively, eluted by 0.1 M

HEPES buffer, and fraction collected as above.

Group 4: for FH incorporation of cations at 120°C (HIR

condition, ICP-MS cation concentrations: see Column 4 of

Table 1): to the 200 µL metal solutions (Stock solution B)

(pre-adjusted to pH 7–8 as Group 2) in a 5 mL glass v-vial

fitted with magnetic stir bar, FH (1 mg Fe, 33.3 µL) and 0.1

M HEPES (66.7 µL) were added. The final pH was adjusted

to 8–9 by adding 2 M NaOH solutions. The reaction

mixtures were stirred and incubated under 120°C for 2

hrs. Then, the vial was cooled down to room temperature

in an ice-water bath for 15 min. Next, 8 µL of 0.5 M EDTA

and 8 µL of 0.5 M DTPAwere added and incubated at room

temperature for 15 min. Afterward, they were loaded onto

PD-10 columns, respectively, eluted by 0.1 M HEPES

buffer, and fraction collected as above.

Pre-Treatments of ICP-MS Samples and ICP-MS

Analyses

The measurements for the concentrations of metal cations

were carried out using an Agilent 8800-QQQ Inductively

Coupled Plasma Mass Spectrometer (ICP-MS) system.

Calibration curves were generated from commercially

available standards (Sigma-Aldrich and Aristar). Metal

containing solutions (Group 1 – Group 4, Figure 1B)

were weighted (around 0.1000 g/each sample) into

15 mL Falcon tubes. To the tubes were added ICP compa-

tible matrix containing TritonX and nitric acid per manu-

facturer’s instructions (around 4.000 g/each sample). The

samples were digested at 37°C overnight prior to analysis.

The ICP-MS results were presented in Tables 1 and 2 and

figuratively displayed in Figures 1C, 2A and B.

Size and Relaxivity Measurements of Non-

Radioactive HIR Metal-FH

A solution of nonradioactive HIR metal-FH with 0.9 mM

Fe was made in 0.1 M HEPES buffer for each sample.

The sizes (Table 2, Figure 2C) were measured by a

Malvern Instruments, ZetaSizer Nano Series, Nano-ZS.

The solutions of nonradioactive HIR metal-FH were

made in three concentrations of Fe (0.9 mM, 0.3 mM,

and 0.1 mM) for each sample. The relaxivities (r1 and r2,

Table 2 and Figure 2D) were determined in 0.1 M HEPES

buffer. FH treated under the same HIR heating condition

was the references for both size and relaxivity

measurements.

Statistical Analyses
Statistical analyses have been made for Figures 1C

and 2A–D, including:

Metal Association Due to Heating (for Figure 1C)

The increase in metal association between room tempera-

ture and heated incubation was tested for each metal. The

increase in association was tested using Welch’s T-test

with false discovery rate (FDR) controls.
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Metal Retention After Washing (for Figure 2A and B)

The effects of heating vs room temperature on metal

retention after washing were tested using a paired T-Test.

The percent of labeled metal retained after filtering was

compared between heating and room temperature incuba-

tion for each metal.

Size (for Figure 2C)

The sizes of all metal-FHs were compared to the size of

un-doped Feraheme using a two-tailed Welch’s T-Test,

with FDR controls.

Relaxivities (for Figure 2D)

For each metal-FH, the slopes of the resultant relaxivity

curves were compared to those of the unmodified FH NPs

using ANCOVA analysis with FDR controls.

Synthesis of Radioactive Metal-FHs Using

HIR Conditions
The HIR procedure was described in previous studies.29

Some modifications such as heating vortex (HV) mixing

(Figure S1), temperature elevation, and shortened reaction

time were made to the HIR technique to further

optimize radiolabeling of FH with the therapeutic (9YY3+

and [177Lu]Lu3+) and relatively short half-life ([64Cu]Cu2+)

isotopes. Similar SEC purification steps to the nonradioac-

tive metal-FH were utilized for the [177Lu]Lu-FH, [90Y]

Y-FH and [64Cu]Cu-FH syntheses. All of the radiochemical

analysis results were decay corrected. In addition, the radio-

chemical yield (RCY) and purity (RCP) of radiolabeled FH

(radio-FH) products were obtained by the division of the

activity of the radio-FH by the amount of activity used at

the beginning.29

[90Y]Y-FH Radiolabeling

After dilution of the original [90Y]YCl3 in HCl (0.1 M), two

identical samples were prepared. For each sample, the reac-

tion mixture was prepared by adding [90Y]YCl3 (38 µL, A0

� 30 MBq, mY � 0.0166 nmoles, NY,atoms � 1013) and

CTW (50 µL) into a 0.3 mL glass vial. The pH of the reaction

mixture was adjusted to 8–9 by adding Na2CO3 (40 µL, 1 M

in CTW) gradually. FH (33.3 µL, 1 mg Fe) was added to the

reaction mixture and the total volume was brought up to

250 µL by adding CTW (88.7 µL). The final pH of the

reaction mixture was reassured to be 8–9 (Supplementary

Figure S1a and b). The glass vial was placed in a heating

vortex silicon oil bath (Supplementary Figure S1c and d) and

the reactionmixture was heated for 2 hrs at 120–130°C under

vortexing. The reaction mixture was cooled down in an ice

bath for 15 min under vortexing. DFO (5 µL, pH 7.5, 20 mM

in CTW) was added to quench the reaction by reacting with

any remaining free [90Y]Y3+ and dissociating loosely bound

[90Y]Y3+ ions from FH. A PD-10 column was used for the

SEC purification and the fraction collection was done as

Table 2 Characterization of Nonradioactive Metal-FH NPs: Metals Retained by FH NPs (%) Before and After Buffer Wash, Sizes, and

Relaxivities (r1, r2)

FH

NPs

Metal Retained by FH NPs

Doped at RT With or

Without Wash (%)*

Metal Retained by FH NPs

Doped at 120 °C With or

Without Wash (%)*

Sizes (d, nm)**

(p-Value)

Relaxivity (s−1.mM−1) r1, (p-value) r2, (p-value)

***

Without

Wash

With

Wash

Without

Wash

With

Wash

Sr 2.73 1.65 16.83 14.98 28.65±1.43 (p=8.19E-06 ǂ) 35.16±1.130 (p=0.08591) 82.64±2.58 (p=0.0004347ǂ)

Ba 22.2 20.43 43.48 43.27 28.04±1.38 (p=9.57E-06 ǂ) 35.47±2.209 (p=0.1895) 87.66±5.34 (p=0.000248ǂ)

Mo 8.19 3.93 50.97 46.74 27.49±1.56 (p=4.59E-05ǂ) 33.75±0.67 (p=0.002184 ǂ) 75.81±1.60 (p=0.02839)

Pb 30.34 11.70 53.91 32.41 28.95±2.06 (p=1.11E-04ǂ) 34.48±4.060 (p=0.4315) 84.39±1.00 (p=0.0001ǂ)

Cu 17.28 4.15 61.86 38.69 31.00±2.14 (p=4.04E-05ǂ) 36.63±2.050 (p=0.7984) 90.06±5.09 (p=0.0001ǂ)

Bi 22.45 8.37 76.48 52.92 27.35±0.73 (p=1.82E-08ǂ) 34.48±4.06 (p=0.1678) 84.39±1.00 (p=0.0001ǂ)

in 5.81 2.42 88.41 75.95 32.13±0.86 (p=1.06E-09ǂ) 34.44±0.59 (p=0.01202) 84.39±1.00 (p=0.0001ǂ)

Y 40.49 17.69 89.12 73.38 27.15±0.77 (p=4.51E-08ǂ) 36.37±2.930 (p=0.8109) 90.82±7.54 (p=0.0004524ǂ)

Lu 39.61 18.64 84.17 71.83 26.70±0.45 (p=7.80E-09) 37.76±4.840 (p=0.7011) 91.46±6.49 (p=0.0001ǂ)

Sm 39.76 16.81 86.66 71.47 27.07±1.66 (p=1.10E-04) 33.21±0.13, (p=0.000335ǂ) 76.51±0.69 (p=0.01964ǂ)

Tb 39.87 17.79 85.97 74.47 27.18±0.80 (p=6.24E-08) 34.48±4.060 (p=0.8841) 84.39±1.00 (p=0.003752ǂ)

Eu 42.81 20.78 85.28 73.38 27.37±0.51 (p=2.39E-09) 36.92±3.380 (p=0.6321) 83.38±9.89 (p=0.1546)

FH 20.88±0.59 37.63±0.670 77.69±0.25

Notes: *Paired Test on percent retained, with vs without heating; p-value = 2.53E-07; average retrained at RT: 47.36%; average retrained heating: 81.74%. **Two-tailed

Welch’s t-test, significance (ǂ) was determined with FDR controls (α = 0.05), mean increase of 7.38nm after metal addition. ***ANCOVA fitting for r1 and r2 was done for all

compounds between each metal and the base FH. Significance (ǂ) was determined with FDR controls (α = 0.05).
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above for Groups 3 and 4 for nonradioactive metal-FH

(Supplementary Figure S2a–d). The purified product was

concentrated by centrifugation with a 50 kDa MC Amicon

filter at 370 g (rcf) under room temperature (Supplementary

Figure S3a–d). The final purified product was then collected

in saline at 200 µL with approximately complete recovery

(Supplementary Figure S3e). Finally, SEC analysis was per-

formed for the purified product to calculate the RCP (Table 3)

(procedure see below).

[177Lu]Lu-FH Radiolabeling

After dilution of the original [177Lu]LuCl3 in HCl (0.1 M),

two identical samples were prepared. For each sample, firstly

the reaction mixture was prepared by adding [177Lu]LuCl3
(20 µL, A0 � 15 MBq, mLu � 0.0206 nmoles, NLu,atoms

� 1.2 � 1013) and CTW (50 µL) into a 0.3 mL glass vial

(see Supplementary Figure S1e, f). The pH of the reaction

mixture was adjusted to 8–9 by adding Na2CO3 (20 µL, 1 M

in CTW) gradually. FH (33.3 µL, 1 mg Fe) was added to the

Figure 2 Characterization of metal-doped FHs. (A) RT reaction for FH-associated cations obtained before and after washing with 0.1 M HEPES and separation of the wash

with Amicon filters. (B) 120°C reaction for FH-associated cations obtained as in 2a. (C) Sizes (diameter, nm) of metal-doped FHs obtained by light scattering. (D) Transverse

(r1, spin-lattice) and longitudinal (r2, spin-spin) relaxivities of metal-doped FHs and the control FH are shown.

Table 3 A Summary of Measured Decay Corrected RCY and RCP for Radiolabelled-FH Products*

HIR-FH Temperature Reaction Time RCY RCP

[90Y]Y-FH, n=5 140°C 2 hr 94.0 ± 0.8% (HIR) 97.5 ± 1.0%

[177Lu]Lu-FH, n=3 140°C 2 hr 91.0 ± 0.7% (HIR) 95.0 ± 0.7%

[64Cu]Cu-FH, n=3 140°C 1 hr 87.2 ± 1.2% (HV-HRR-HIR) 99.0 ± 1.2%

[64Cu]Cu-FH, n=3 140°C 1 hr 76.6 ± 1.1% (HRR-HIR) 98.5 ± 1.1%

[64Cu]Cu-FH, n=3 120°C 2 hr 68.0 ± 1.1% (HIR) 98.5 ± 1.2%

Note: *Average of five replicates for [90Y]Y-FH and three replicates for both [177Lu]Lu-FH and [64Cu]Cu-FH.
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reaction mixture and the total volume was brought up to

200 µL by adding CTW (96.7 µL). The final pH of the

reaction mixture was reassured to be 8–9. The glass vial

was placed in a heating vortex silicon oil bath and the reac-

tion mixture was heated for 1 hr at 120–130°C under vortex-

ing. The reaction mixture was cooled down in an ice bath for

15 mins under vortexing. DFO (5 µL, pH 7.5, 20 mM in

CTW) was added to quench the reaction by reacting with any

remaining free radioactive [177Lu]Lu3+ and dissociating the

loosely bound [177Lu]Lu3+ ions from FH. A PD-10 column

was used for the SEC purification and collected as above for

Groups 3 and 4 for nonradioactive metal-FH. The purified

product was concentrated by centrifugation with a 50 kDa

MC Amicon filter for 370 g (rcf) under room temperature

(Supplementary Figure S3a–d). The final purified product

was then collected at 200 µL with approximately complete

recovery (Supplementary Figure S3e). Finally, SEC analysis

was performed for the purified product to calculate the RCP

(Table 3) (procedure see below).

[64Cu]Cu-FH Radiolabeling

Three reaction mixtures were prepared for optimization of

HIR conditions for higher Specific Activity (As) [
64Cu]Cu-

FH syntheses. In general, the procedures were very similar

to that for HIR syntheses of [177Lu]Lu-FH and [90Y]Y-FH

except the variations indicated below including the amount

of activities, temperature, reaction time, and stirring meth-

ods (Table 3).

For HIR [64Cu]Cu-FH Radiolabeling

Two samples with A0 = 18 MBq and 1 mg Fe FH were

prepared using similar procedures for [90Y]Y-FH and

[177Lu]Lu-FH described above with heating temperature

at 120°C for 2 hrs under magnetic stirring (Table 3).

For Higher Reaction Rate HIR (HRR-HIR)

Higher reaction rate was achieved by increasing the initial

activity to A0 = 22 MBq of [64Cu]CuCl2, reacting at an

elevated temperature at 140°C, and shortening the reaction

time to 1 hr under magnetic stirring (Table 3). The reaction

rate _R tð Þ for HRR-HIR and HIR was estimated using the

cumulative activity equation44 (1):

_R tð Þ ¼
~A �T0 e�λtdt

T
¼

A0
ln 0:5ð Þ � t1=2 �

T
0 e

�ln 0:5ð Þ t
t1=2dt

T
(1)

where ~A, A0, T and t1=2 are the cumulative activity, the

initial activity, the reaction time and the isotope half-life.

The reaction rate calculations are exemplified in

Supplement Materials.

For Higher Reaction Rate HIR Under Heating Vortex

(HRR-HV-HIR)

The third set of [64Cu]Cu-FH reaction mixture was pre-

pared similar to HRR-HIR technique, except that the heat-

ing vortex (HV) technique (Figure S1) was used instead of

magnetic stirrer for mixing the reaction mixture during the

reaction (Table 3).

Measurements for RCY and RCP

For both RCYand RCP analyses were performed using SEC

and TLC methods. The SEC for RCY and RCP analyses

recruited reported procedures.29 For both [177Lu]Lu-FH and

[64Cu]Cu-FH, the activity was counted by a gamma-counter,

and decay-corrected elution curves were plotted for [177Lu]

Lu-FH (see Figure 3A, B and E, F) and [64Cu]Cu-FH (see

Figure 3C, D and G, H). For the analysis of [90Y]Y-FH, a

bremsstrahlung-based technique45 had to be developed as

[90Y]Y is not a direct gamma emitter, and thus the conven-

tional gamma-counter method cannot be used. The gamma-

counter protocol was modified by setting the energy window

to 2–2000 keV to detect the produced secondary bremsstrah-

lung radiation emitted by the beta particles. Then, the [90Y]

Y-FH SEC and TLC chromatogram were plotted (Figure 3A,

B and E, F). In addition, to validate this technique the

bremsstrahlung counts corresponding to 30 MBq [90Y]YCl3
(five replicates and the average value was used as the refer-

ence) and the activity of [90Y]Y-FH product was measured

and their ratio was compared against the ratio of the areas

under the SEC and TLC chromatograms of [90Y]Y-FH and

[90Y]Y-DFO. The ratio of area of [90Y]Y-FH and [90Y]Y-

DFO under the curves also represents the RCY measured by

a dose calibrator (ie, the ratio of [90Y]Y-FH and [90Y]YCl3
activities) and thus the ratio of the bremsstrahlung counts

corresponding to the [90Y]Y-FH and [90Y]YCl3 activities

should agree with the RCY measurements to validate the

bremsstrahlung counts technique.

Results
Nonradioactive Metal-FHs
SEC Exclusion of Free Nonradioactive Metals by

PD-10 Columns

It was critical to validate whether a simple SEC procedure

by a PD-10 column could completely eliminate the free

metal cations. The ICP-MS analyses indicated that all the

samples in Group 2 had less than 1% metal contamination

at larger molecular fractions (Column 2 of Table 1). This

proved that a PD-10 SEC procedure could be sufficient to

remove all the free metals at this scale.
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Figure 3 Characterization of crude reaction mixes and purified products for HIR-FH labeled with different radiocations. (A) The radiochemical yields (RCY) by SEC (PD-10

column) for reaction mixes yielding [90Y]Y-FH or [177Lu]Lu-FH are shown. Deferoxamine (DFO) is added to remove loosely bound radiocations from FH, and to ensure that

radiocations are not present as oxides, but as low molecular weight, radio-DFO complexes. These complexes migrate at the included column volume in SEC or stay at the

origin in TLC. See legend for 3e below. All values are decay corrected. Integrated areas under the peaks were used to obtain RCYor RCP. (B) Radiochemical purity (RCP) by

SEC after reaction mixes from (A) was purified by SEC. (C) RCY by SEC for reactions yielding [64Cu]Cu-FH is shown. Because the RCY for [64Cu]Cu-FH (68.1%) was lower

than that seen with [90Y]Y-FH or [177Lu]Lu-FH (90.1% or 95.1% in Figure 3a), variants of the standard HIR procedure, the HRR-HIR and HV-HRR-HIR procedures, were

developed. (D) RCP by SEC after reaction mixes from (C) was purified by SEC. (E) RCY by TLC for reaction mixes yielding [90Y]Y-FH or [177Lu]Lu-FH is shown. With TLC,

radio-DFO complexes remain at the origin (arrows) while negatively charged radio-FH NPs move to the solvent front on our negative charged, cation exchange TLC plates.

(F) RCP by TLC after reaction mixes from (E) was purified by SEC. (G) RCY by TLC for reactions yielding 64CuCu-FH. (H) RCP by TLC after reaction mixes from (G) was

purified by SEC.
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Incorporation of Nonradioactive Metal Cations

Incorporation of nonradioactive metal cations was carried

out by incubating the FH and cation mixtures under both

RT and heating (120°C, HIR heating condition) for 2 hrs.

The collected FH fractions were analyzed by ICP-MS and

the data are listed in Table 1 (RT: see Column 3; 120°C

heating: see Column 4) and plotted by bar graph in

Figure 1C. At RT, less than 20% incorporation of Sr, Ba,

Mo, Bi, Cu, Bi, and In was found. Pb, Y, Lu, Sm, Tb, and

Eu, however, had 28-37% eluted together with FH. This

incorporation is likely due to the FH NP’s CMD coating

which contains multivalent carboxyl groups capable of

metal binding. Carrying out metal incorporations onto

FH at 120°C resulted in an overall increase of incorpora-

tion for all elements (Figure 1C). The extent of metal

incorporation varied depending on the element. For

s-block elements, Sr had the lowest incorporation among

all the studied metals with ~15% incorporation. Ba resid-

ing in the same group as Sr, however, had a 3-fold increase

to ~50%. The p-block Pb and d-block Cu and Mo demon-

strated similar binding efficiency of ~55%–59%. Although

we cannot fully explain why Mo3+ had similar binding

efficiency, the lower efficiency for Pb and Cu may be

attributed to their lower charge densities resulting in a

weaker charge associated binding to the negative iron

oxide core [Fe-O]−. In contrast, trivalent p-block (Bi3+,

In3+), d-block (Y3+), and f-block (Lu3+, Sm3+, Tb3+, and

Eu3+) metals displayed the highest binding efficiency

~75% - 91%. These ions are more likely to interact with

other electron donors such as the oxygens on the surface of

iron oxide core.46 The statistical analysis indicated that all

metals except for Cu and Sr showed significantly increased

association due to heating, with a mean 4-fold increase.

The remaining metals, Cu (p=0.0692) and Sr (p=0.0517),

did not show significant increases.

Characterization of Nonradioactive Metal-FH NPs

The stability of metals incorporated with FH was assessed

by a washing method. We hypothesized that loosely bound

metals would pass through the 50 kDa filter during the

centrifugation, while the HIR tightly bound metals shall be

retained by the FH NPs. The SEC purified metal-FH NP

(600 µL) was transferred into a 50k Da molecular cutoff

Amicon filter and centrifuged under 5000g rcf at 4°C until

the volume reduced down to 100 µL. Then, the concen-

trated metal-FH NPs were washed by 0.1 M HEPES buffer

(2 × 300 µL). The washed samples were analyzed by

ICP-MS and the cation concentrations are given in

Table 2 and shown in Figure 2A and B. Except Ba with

only 8% loss, more than half of the metals (51.5% -

76.0%) washed off the FH NPs doped at RT. However,

except Cu2+ with 37.5% of loss, Pb2+ with 40.0% loss, and

Bi with 30.8% loss, other metal-FH NPs doped at 120°C

had less than 18% loss. In fact, paired T-tests show that

heating significantly increased metal retention after filter-

ing (81.74%) than room temperature incubation (47.36%)

(p=2.53E-07). This is a solid evidence of the tight binding

of metals when doped under 120°C (HIR) conditions.

In addition to the stability of doped metals, the particle

sizes (Table 2 and Figure 2C) and relaxivities (r1 and r2,

Table 2 and Figure 2D) were also measured to characterize

the HIR metal-FH NPs. A small but significant size increase

(7.38 nm mean increase in diameter) was found for HIR

metal-FH NPs comparing with FH NPs treated under the

same condition without metals. However, the sizes are still

in the reported range of FHNPs (20–33 nm in diameter).47–49

The relaxivity measurements (Table 2 and Figure 2D) indi-

cate that r1 and r2 are in the same range as FH after the metal

HIR doping, with r1 remaining practically unchanged and r2
with a mean increase of 6.43 s−1.mM−1 which was an 11%

average change in r2 compared to naïve FH. These results

confirm that the HIR process does not largely alter the

physical, chemical, and magnetic properties of the FH NPs.

Radioactive Metal-FHs
Both SEC and TLC were employed for the evaluation of the

HIR radiolabeling yield (RCY) and product purity (RCP).

Figure 3A and B ([90Y]Y-FH and [177Lu]Lu-FH), and

Figure 3C and D ([64Cu]Cu-FH) present the decay corrected

SEC chromatograms for generating the RCYandRCP listed in

Table 3. Both RCY and RCP results were further confirmed

with radio-TLC measurements (Figure S4 and Figure 3E and

F) (([90Y]Y-FH and [177Lu]Lu-FH), and Figure 3G and H

([64Cu]Cu-FH)), in which the radio-DFO complexes for [-
177Lu]Lu-DFO, [90Y]Y-DFO and [64Cu]Cu-DFO remained

at the origin (Rf = 0.0) and radio-FHs ([90Y]Y-FH, [177Lu]

Lu-FH and [64Cu]Cu-FH) were moved to the solvent front (Rf

≈ 1.0) since the HIR-FH NPs were still highly negatively

charged because of the CMD coating and would have insuffi-

cient retention on the cation exchange TLC plates.

For [90Y]Y-FH, the average RCY (n = 3) was 94 ± 0.8%

with RCP of 97.5 ± 1% (Table 3 and Figure 3). For [177Lu]

Lu-FH, the average RCY (n = 3) was 91 ± 0.7% with RCP of

≈ 95 ± 0.7% (Table 3 and Figure 3). For [64Cu]Cu-FH, the

average (n = 3) RCY and RCP are also listed in Table 3 and
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Figure 3. The highest RCY was achieved by HV-HRR-

HIR, ≈ 87.2 ± 1.2%. Results were further confirmed by the

radio-TLC measurement (Figure 3G and H). The HIR synth-

esis of [64Cu]Cu-FH using the magnetic stirrer, however,

resulted in lower RCY (ie, 68.0 ± 1.1%) which is consistent

with our previous study26,27 for [64Cu]Cu-FH RCYmeasure-

ments and is in agreement with the yield of the nonradioac-

tive Cu HIR condition FH incorporation indicated above

(Table 1 and Figure 1C). A small percentage of the [64Cu]

Cu-FH NP attachments to the stirrer bar might be another

reason for the lower RCY (see Figure S5). Overall, HRR-

HIR technique increased the RCY by approximately 22%.

Discussion
Using our chelate-free, Heat Induced Radiolabeling (HIR)

method, we show that a wide range metals, including those

with radioactive isotopologues used for diagnostic imaging

and radionuclide therapy, bind to the Feraheme (FH) nano-

particle (NP), a drug approved for the treatment of iron

anemia. Cations with f-orbital electrons, more empty d-orbi-

tals, larger radii, and higher positive charges achieved

higher values of RCY and RCP in the HIR reaction. HIR

has been further modified for syntheses of therapeutically

significant [90Y]Y-FH and [177Lu]Lu-FH and shorter half-

life [64Cu]Cu-FH with high RCY and RCP.

Rational for Selection of Nonradioactive

Metals
Based on the previous success of the HIR reaction both with

elemental cations and element oxide form,26–29,43,46,50 this

study succeeded in extension of the HIR technique to other

metals. The principle for the selection of metals was according

to: 1) their radioactive isotopes are significant regarding their

potentials for either radionuclide therapy ([89Sr]Sr, [223Ra]Ra,

[213Bi]Bi, [67Cu]Cu, [149Tb]Tb, [211Pb]Pb, [90Y]Y, [177Lu]Lu)

or biomedical imaging ([64Cu]Cu) or both [111In]In), and 2)

their electron shell structures across the periodic table includ-

ing: s-block (Sr and Ba); p-block (In, Pb, and Bi); d-block (Cu,

Mo, and Y); and f-block (Sm, Eu, Tb, and Lu).

Factors Affecting HIR Efficiency (RCY)

and Affinity Between Metals and FH
The Chemical Properties of Cations Play Critical

Roles Affecting HIR Efficiency (RCY) and Metal/FH

Affinity

Our HIR nonradioactive metal-FH results indicate that the

binding affinity of a metal to FH NPs via HIR varied

depending on the elements’ chemical properties, charges,

and radii (Table 1 and Figure 1C). In general, elements with

more complete electron configuration, such as s-block ([Kr]

for Sr2+, [Xe] for Ba2+) and d-block ([Ar]3d9 for Cu2+) and

lower charge (Sr2+, Ba2+, Cu2+, Pb2+), were relatively less

efficient for HIR reaction. However, elements with f-elec-

trons ([Xe]6s24f3 for Sm3+, [Xe]6s24f4 for Eu3+, [Xe]6s24f6

for Tb3+, [Xe] 6s2 4f12 for Lu3+), emptier d-orbitals ([Kr]4d

° for Y3+ vs [Kr]4d3 for Mo3+), larger radii (Cu vs Y and all

f-block elements), and more positive charges (Pb2+ vs Bi3+)

were ideal for HIR reactions by achieving high incorpora-

tion yields (Table 1 and Figure 1C) and more stable binding

(Table 2 and Figure 2B). The radiochemical analyses also

demonstrated that under HIR conditions, more positively

charged [90Y]Y3+ and [177Lu]Lu3+ reacted thermally with

FH and resulted in higher RCY ([90Y]Y-FH: 94±0.8%;

[177Lu]Lu-FH: 91±0.7%) than less positively charged

[64Cu]Cu2+ (68±1.1%) (Table 3 and Figure 3). Thus, one

of the aspects of the HIR mechanism could be described as

follows: the iron oxide core surface has a negative charge

potential in a basic environment, which is mainly due to the

dissociation of protons from hydroxyl groups of “Fe–OH”

and formation of “Fe–O” at the FH core (SPION) surface.51

Therefore, metal cations are prone to be attracted by the

unshared electron pairs of Fe–O−. Since the ionic bond

energy of metal ions with a negatively charged surface is

directly proportional to their charge and inversely propor-

tional to their internuclear distance according to Coulomb’s

law.52 Therefore, metal atoms with larger radii and higher

oxidation state would more readily result in smaller inter-

nuclear distance, stronger electrostatic interaction, tighter

binding (Table 2 and Figure 2A and B), and hence, higher

radiochemical yield (RCY) (Table 1 and Figure 3).

Heat is Mandatory for HIR Higher Efficiency and

Tighter Binding

In addition to the nature of the elements discussed above,

heating is another driving force for the success of HIR.

Metal doping takes place on the surface of iron oxide core,

which has been directly supported by Temperature-depen-

dent X-band ESR (Electron Spin Resonance) study of

nonradioactive Cu-FH NP26 and indirectly suggested by

the success for [89Zr]Zr4+ HIR of Molday ION NPs featur-

ing at lack of CMD coating26 and also by [89Zr]Zr4+ and

[111In]In3+ HIR of bare Y3Fe5O12 NPs.46 Both of our

previous studies27,29 and present work demonstrate that

the electrostatic interaction at room temperature is insuffi-

cient for achieving high efficiency and tight metal binding,
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as is evidenced by low doping yield (Table 1 and

Figure 1C) and readiness for washing off (Table 2 and

Figure 2A). Conversely, a heating process is able to

enhance cation diffusion through the porous CMD coating

onto the core and increase the interaction energy for tighter

binding attested by the higher retention of cations in FH

after buffer wash (Table 2 and Figure 2B). The doping

yield is also increased (Table 1, Figure 1C). The statistical

analysis of the metal cation incorporation percentage (%)

(HIR versus RT by a Welch’s T-test with FDR control)

indicates that heating results in a highly significant

(p≤0.0324) for all but 2 metals, yielding a 4-fold increase.

Stability of Metal-FH NPs Synthesized

Under HIR Condition
One of the key characters of FH NPs is its high heat

stability. The typical temperature employed by HIR is

120°C, below the terminal sterilization (121°C) of the

FH NP manufacture.53 This study presents the stability

by the minimal alterations of the metal-FH NPs’ physical

properties such as the particle sizes and relaxivities (r1 and

r2). The sizes have a mean increase of 7.38 nm (diameter)

(Table 2, Figure 2C), the r1 values remain almost

unchanged from FH, while r2 values show a small but

significant mean increase of 6.43 s−1.mM−1 (Table 2,

Figure 2D). These relaxometric changes are mainly due

to the use of high concentration of metals for HIR process.

Most of the metals used in these studies (eg, Tb, Eu, Sm,

Y, Lu, Sr, Mo and Ba)54–62 are strong paramagnetic and

hence at these concentrations may affect both r1 and r2
measurements. However, in the case of radiolabelled FH

NP for clinical diagnostic imaging, the concentration of

the radiometal is usually in nano or even pico-M (eg, for

labeling 92.5 MBq of 89Zr, mZr ≈ 6.25 pM).

Our previous studies have demonstrated the radioche-

mical stability of HIR-FH NPs in buffer, serum and in

vivo.27,29 The PET imaging demonstrated the in vivo

stability of HIR generated materials evidenced by the

lack of bone activity uptake of healthy,27 paw inflamed,29

and wounded43 rodent animals, which would be expected

with free 89Zr in vivo. In this study, we investigated the

stabilities of the incorporated metals by a buffer washing

method with centrifugation (Table 2 and Figure 2A and B).

As indicated in Figure 2B, the metal cations are tightly

bound to the FH NPs when the HIR condition was applied.

A paired T-test was performed to compare the percentage

of pre-wash metal that was retrained after a buffer wash

with nanoparticles produced either with RT or HIR heat-

ing. We found a highly significant (p<0.01E-6) difference

in metal retention: 47% for RT and 82% for heating.

Bremsstrahlung-Based Analysis of

Nongamma Emitters
A bremsstrahlung-based technique has been developed for

radiochemistry analysis of beta-emitters and alpha-emit-

ters. The method was validated by correlating the activity

of each five [90Y]YCl3 samples with 30 MBq activity

against the [90Y]Y-FH product. The ratio between the

average measured activity (ie, 30 MBq) of [90Y]YCl3
samples and the [90Y]Y-FH products was ≈ 95%. This

was consistent with the measured RCY (94±0.8%) from

the volume elution activity and radio-TLC measurements.

This technique can be a general method for future HIR

experiments involving beta- or alpha-emitting isotopes.

Strategies for Improving Labeling Yield

(RCY) and Specific Activity (As)
There is a distinct As requirement for therapeutic applica-

tions as opposed to imaging. Imaging only requires trace

quantity of activity. However, high As is critical for ther-

apeutics, where treatment planning is required to ensure

sufficient radiation dose is delivered to a tumor in a target

organ. For this reason:

First, We Increased the Initial Amount of Activity

For yttrium-90 HIR, the amount of initial activity was

increased from 18 MBq/1 mg Fe (which was the initial

activity used for FH HIR with zirconium-89 in our pre-

vious study26) to 30 MBq/1mg Fe to escalate the loading

capacity. In addition, the results presented in Tables 1 and

3 (for both the HIR nonradioactive metal-FH and radio-

active metal-FH NPs) have shown that we can signifi-

cantly scale the As by several orders of magnitude. Even

though the clinical iron (Fe) dose could be as high as 5–7

mg/kg for iron-deficiency anemia treatment, for cancer

radiation therapy, a lower FH iron dose and high As are

preferred. Additionally, this is an important factor for

radiolabeling short half-life isotopes (eg, copper-64).

Increasing the initial activity can provide a higher metal

ion (eg, copper-64) to FH nanoparticle ratio and also

provides suitable timing for workflow logistics (ie, isotope

delivery). The reaction rate for different initial activity and

reaction time was calculated for HRR-HIR (A0 ≈ 22 MBq

with 1 hr) and HIR (A0 ≈ 18 MBq with 2 hrs). This

analytical calculation according to Equation 1 predicted
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that by increasing A0 from 18 MBq to 22 MBq and

decreasing the reaction time from 2 hrs to 1 hr, the initial

reaction rate increases by 19% (step by step calculation:

see “Supplemental Material”), which is consistent with the

experimental measurements for the HRR-HIR technique

that increased the RCY by approximately 22%.

Second, a Heating Vortex Technique Was Developed

for Mixing the Reaction Mixture

The use of a magnetic stirrer bar can cause heterogeneous

mixing (FH and radioisotope ions) within the reaction

volume, which may affect the RCY and cause micro-

scale heterogeneous activity distribution within the labeled

FH NPs. As the magnetite core of FH is superparamag-

netic, a magnetic stirrer bar can have an impact on the

reaction mixture, causing FH NPs to be more closely

packed around the bar. Therefore, the magnetic stirrer

bar was replaced with a heating vortex (HV) technique

that was developed by assembling an orbital shaker with a

silicon oil bath heater (Figure S1). This technique has been

applied to the yttrium-90, lutetium-177 and copper-64

radiolabeling procedures. A clear distinction could be

found by the [64Cu]Cu-FH RCYs of HIR (68.0 ± 1.1%)

vs HV-HRR-HIR (87.2 ± 1.2%) (Table 3). Furthermore,

this technique would be advantageous for preparing large

volumes of radiolabeled products (eg, >5mL) when agita-

tion is more critical for generating a homogeneous reaction

mixture.

Third, We Reduce Reaction Time for Short Half-Life

Isotopes

Isotopes with relatively shorter half-life will quickly decay

to a daughter atom that has different chemical properties,

which can eventually become a competitor in the HIR

process. During the reaction, in addition to activity loss,

a percentage of available radiometal ions for binding to the

FH NPs will be lost as well. For example, during a 2 hr

HIR reaction time, the initial activity of copper-64 (half-

life ≈ 13 hrs) will be reduced by approximately 15%. This

reduction of available [64Cu]Cu2+ coming either from

decay to nonradioactive nickel-64 (from electron capture

(43.8%) or positron (17.8%) decay paths) or zinc-64 (from

beta (38.4%) decay path),63 both of which could even-

tually compete with the un-decayed [64Cu]Cu2+ for FH

labeling. This results in less available [64Cu]Cu2+ to bind

with FH NPs, resulting in relatively smaller RCY (eg, 66 ±

6%26). Therefore, decreasing the reaction time and using

higher initial activity for short half-life isotopes can

improve the RCY. As we have shown in this study

(Table 3) the highest RCY and RCP for [64Cu]Cu-FH

were achieved (≈ 87% and 99%, respectively) by applying

the HV-HRR-HIR technique. These results demonstrate

that the HIR protocol can be modified and optimized to

achieve higher RCY and RCP for short half-life radio-

isotopes with a lower oxidation state (eg, [64Cu]Cu2+).

In summary for [64Cu]Cu-FH HIR, there are three main

factors in optimizing and enhancing the RCY in [64Cu]Cu-

FH HIR. (1) The radioisotope’s half-life: The relatively

short half-life of copper-64 places a constraint on the

available number of copper-64 atoms per NP during the

reaction time. However, by increasing the initial activity,

the initial reaction rate can be increased. (2) Reaction time

and temperature: Decreasing the reaction time (from 2 hrs

to 1 hr) and increasing the heating temperature (from 120°

C to 140°C) can also enhance the reaction rate. Decreasing

the reaction time also minimizes the loss of copper-64

atoms during the reaction. (3) Mixing method: Our HV

technique can replace magnetic stirring to avoid inhomo-

geneous mixing of SPIONs and thereby enhance the RCY.

Although in this study we only performed HIR of [64Cu]

Cu-FH, copper-67 has similar chemistry to copper-64;

thus, similar RCY and RCP are expected for [67Cu]Cu-

FH HIR.

Significance of Chelate-Free HIR

Radiolabeling
A chelator-free FH for both therapeutic and diagnostic

nano-platform may potentially enhance the performance

and stability of the radio-agent in vivo. There are two

major physical processes that can affect the stability of

chelate-based radio–agents: bond rupture and recoil

effect.64 Both of these processes result from nuclear

decay of the radiolabeled isotope. Radioisotope decay

that involves the production of isomeric daughter nuclides

(with excited nucleus) results in internal conversion (fol-

lowing γ emission from nuclear de-excitation) that conse-

quently leads to ejecting an inner electron (from K or M

shells). Similarly, radioisotopes decaying via the electron

capture process can self-ionize their daughter atom by

removing an electron from the inner atomic shells (eg,

absorption of K shell electron by nuclear proton). Both

of these processes initiate an Auger cascade leaving the

atom in a highly charged state that can break the chemical

bond between a chelator and the radiolabeled isotope. A

recent study has shown that this bond rupture effect is

responsible for breaking and freeing [177Lu]Lu3+ from
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the [177mLu]LuDOTATATE chelator.64 Additionally, each

nuclear decay event can also rupture chemical bonds in

neighboring radiolabeled isotopes and result in freeing

them from the chelator or nanoparticle.65 This phenom-

enon may be of more concern for therapeutic constructs

(with long decay chain, eg, Radium-223) since the iso-

topes are more capable of rupturing chemical bonds

nearby.

Chelate-free radiolabeling has advanced the syntheses of

multifunctional nanomaterials for biomedical applications.

In contrast to the reported methods, using various platforms

(eg, SiO2, iron oxide, etc.) and radioisotopes as published

and reviewed previously,36,66–75 HIR, (1) is based on a

Radiometal Surface Adsorption (RSA) method29 in which

radiocations bind to the iron oxide surface of the FH NP. It

uses an approved drug as the scaffold with a well-known

safety profile, porous polymer coating, and high heat stabi-

lity. Thus far, HIR is the only chelator-free radiolabeling

method taking an approved drug as the scaffold. (2) In gen-

eral, most of reported chelate-free methods are designed

specifically for a single isotope.36,50 HIR, however, provides

a nano-platform able to incorporate a wide range of thera-

peutic and diagnostic cations such as yttrium-90, lutetium-

177, indium-111, copper-64, lead, and bismuth, as proved by

this work (Figures 1C and 2) and our previous studies.26,27,29

(3) HIR might be potentially significant for radiolabeling of

therapeutically important alpha emitters. Since they have

long decay chains (such as 223Ra, 225Ac, 211At, 213Bi,
209Pb),76,77 the HIR method might be capable of retaining

both the parent and daughter radionuclides since HIR

bypasses the strict geometric requirements for chelation

chemistry. (4)Moreover, our recent study28 has demonstrated

that a targeted radiolabeled FH can be developed by utilizing

the click chemistry to attach bioactive groups to the surface

of HIR FH NPs. Thus, HIR-FH can also potentially offer a

unique platform for targeted and selective internal radionu-

clide therapy,78 while HIR-FH or in general any HIR radio-

metal-SPION can serve as metal-based radio-enhancer as we

have recently reported.79 With its simple chemical synthesis

procedure, HIR can be potentially utilized in clinical settings

without the possible complications of a chelate-based

chemistry.33–35,46,50 (5) While there currently exist both sin-

gle-72 or dual-modality66 nanoparticle platforms, the chelate-

free HIR method discussed in this work is also conducive to

the development of multimodal imaging probes, allowing for

new areas of research. Specifically, HIR generated radio-

active FH NPs offer multimodal imaging such as

PET27,29,43 and MRI22–25 and the simultaneous MRI would

be leveraged with HIR radiometal-FH nano-platform for

three-dimensional radiation dosimetry studies, an area with

important clinical significance.80

Conclusion
As noted, FH is a drug consisting of an iron oxide core

surrounded by CMD. The CMD coating is heat stable,

surviving both terminal sterilization during manufacture

and the temperatures of the HIR reactions, with little or

no change in nanoparticle size and relaxivity. The CMD

coating is cation porous, exposing the iron oxide to hydro-

gen ions that lead to iron oxide dissolution in phagolyso-

somes, and allowing access for cations that bind to the iron

oxide surface in the HIR reaction. Thus, the CMD-iron

oxide bond of FH survives heat stresses but is cation

porous, a combination of properties that, as far as we are

aware, is unique to FH. The present study demonstrates

that the chelate-free HIR technique can be extended to a

range of clinically relevant therapeutic isotopes. Metal

cations with f-electrons, more empty d-orbitals, larger

radii and more positive charges are more effective for

HIR reactions by achieving high RCY and RCP. The

HIR technique could be further technically optimized for

higher RCY by enhancing the reaction rate and utilizing a

heating vortex system for short half-life isotopes (eg,

[64Cu]Cu2+). HIR-FH nanoparticles with therapeutic

potential ([90Y]Y-FH and [177Lu]Lu-FH) could be synthe-

sized with both high RCY and RCP. Thus, this study

extends the HIR technique to a general approach for gen-

erating therapeutically and diagnostically significant nano-

constructs.
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