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A B S T R A C T   

Human insulin (HI) has fascinating metal-facilitated self-assembly properties that are essential for its biological 
function. HI has a natural Zn2+ binding site and we have previously shown that covalently attached abiotic li-
gands (e.g., bipyridine, terpyridine) can lead to the formation of nanosized oligomeric structures through the 
coordination of metal ions. Here we studied the hypothesis that metal ions can be used to directly control the 
pharmacokinetics of insulin after covalent attachment of an abiotic ligand that binds metal ions. We evaluated 
the pharmacokinetics (PK) and biodistribution of HI self-assemblies directed by metal ion coordination (i.e., 
Fe2+/Zn2+, Eu3+/Zn2+, Fe2+/Co3+) using preclinical SPECT/CT imaging and ex vivo gamma counting. HI was 
site-specifically modified with terpyridine (Tpy) at the PheB1 or LysB29 position to create conjugates that bind 
either Fe2+ or Eu3+, while its natural binding site (HisB10) preferentially coordinates with either Zn2+ or Co3+. HI 
was also functionalized with trans-cyclooctene (TCO) opposite to Tpy at PheB1 or LysB29, respectively, to allow 
for tetrazine-TCO coupling via a tetrazine-modified DTPA followed by 111In-radiolabeling for SPECT/CT imaging. 
When the 111In-B29Tpy-HI conjugate was coordinated with Fe2+/Zn2+, its retention at the injection site 6 h after 
injection was ~8-fold higher than the control without the metal ions, while its kidney accumulation was lower. 
111In-B1Tpy-HI showed comparable retention at the injection site 6 h after injection and slightly increased 
retention at 24 h. However, higher kidney accumulation and residence time of degraded 111In-B1Tpy-HI was 
observed compared to that of 111In-B29Tpy-HI. Quantitative PK analysis based on SPECT/CT images confirmed 
slower distribution from the injection site of the HI-metal ion assemblies compared to control HI conjugates. Our 
results show that the Tpy-binding site (i.e., PheB1 or LysB29) on HI and its coordination with the added metal ions 
(i.e., Fe2+/Zn2+ or Fe2+/Co3+) directed the distribution half-life of HI significantly. This clearly indicates that the 
PK of insulin can be controlled by complexation with different metal ions.   

1. Introduction 

Diabetes is a growing health problem worldwide. The International 
Diabetes Federation (IDF) estimates that around 700 million people will 
be diagnosed with diabetes by 2045, while the prevalence of diabetes 
worldwide affected 463 million in 2019 [1]. Diabetes is a metabolic 
disease resulting from insufficient insulin production in the pancreas 

due to destruction of β-cells (Type 1 diabetes) and reduced insulin 
sensitivity or insulin resistance (Type 2 diabetes) [2]. Impairment in 
insulin secretion induces a rapid increase in blood glucose level, which 
results in serious complications including kidney failure, heart attack, 
coronary artery disease, foot ulcers and eye damage. Numerous studies 
have also shown the effect of diabetes on depression and dementia [3]. 
The treatment for Type 1 diabetes is insulin therapy where fast- or long- 
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acting insulin analogues have been used [2]. However, increasing 
prevalence of diabetes [1], inconsistent therapeutic outcome for many 
patients, diabetes-related pathologies, and reduced life quality for many 
patients indicate that more effective insulin treatments are needed [4]. 

Human insulin (HI) consists of 51 amino acids in two peptide chains 
(A- and B- chains) that are connected by two disulfide bonds, and a third 
intrachain disulfide bond on the A chain (Fig. 1A). Physiologically, HI 
forms dimers and further associates into stable hexamers by coordina-
tion of Zn2+ to the metal ion binding sites HisB10 or GluB13, in the 
presence of phenolic ligands (e.g., phenol, m-cresol) or monodentate 
anions (e.g., Cl− ) [5]. While insulin is stored in the pancreatic ß-cells as 
hexamers, it dissociates rapidly when secreted from the pancreas. In 
contrast, pharmaceutically formulated hexameric HI has a half-life of 
approximately 2 h when it is administered subcutaneously to diabetic 
patients [6]. The half-life of subcutaneously injected insulin has been 
extended to more than 10 h by two approaches: (i) lowering the solu-
bility at physiological pH by altering the isoelectric point (e.g., Glar-
gine), and (ii) acylating HI with long fatty acids (e.g., detemir) to form 
dimers, hexamers and multihexamer assemblies (e.g., degludec) [7–9]. 
These physicochemical modifications of insulin have enabled a slow 
absorption of monomeric insulin from the subcutaneous injection site 
and a sustained glucose lowering effect. A wide range of chemical 
modifications of peptides and proteins have been reported [10,11]. 
Furthermore, Kurtzhals and coworkers used coordination of Co2+ to the 
native His in insulin with subsequent oxidation to Co3+ to create a stable 

insulin hexamer [12,13]. 
While the above-mentioned insulin modifications involve isoelectric 

point (pI) engineering of the sequence and lipidation, the self-assembly 
of HI into oligomers through coordination with different metal ions 
might offer several advantages. They include that self-assembly of HI is 
reversible and controlled by physiological and environmental conditions 
such as pH, ionic strength, and metal ion type and concentration (e.g., 
Zn2+, Ca2+, Co2+, Co3+, and Fe2+). Further, self-assembled HI maintains 
the natural secondary structure that affects the interactions with protein 
binding interfaces, folding properties, stability, and consequently, pre-
serves the functionality (e.g., receptor binding affinity) and improves the 
in vivo half-life [13–16]. 

One of our groups has described how the self-assembly of HI through 
metal ion coordination can be facilitated by site-selective acylation of 
insulin with metal ion-binding non-natural ligands (e.g., bipyridyl and 
terpyridyl ligands) as well as natural metal ion binding sites of insulin (i. 
e., HisB10 and GluB13) [17,18]. Terpyridine (Tpy) (pKa1 = 4.7, pKa2 =

3.5) is a well-known tridentate chelating ligand that forms thermody-
namically stable octahedral bis-complexes with transition metals (e.g., 
Fe2+, Ni2+, Co2+, Cu2+, Zn2+; the thermodynamic stability constant 
(logß) order is Ni2+ > Fe2+ > Co2+ > Cu2+) [19,20] and enables the 
building of supramolecular networks by metal coordination (e.g., met-
allopolymers) [21]. Very recently we reported how the complexation of 
LysB29-Tpy modified HI with a single metal ion, Fe2+ or Eu3+, could 
direct the fractal dimensionality of the self-assembly, as determined by 

Fig. 1. Schematic illustration of site-selective modification of human insulin (HI) and its subsequent radiolabeling with 111In. (A) General HI structure with 
modification targets PheB1 and LysB29 in green. (B) Chemical structures of compounds used for functionalization and radiolabeling of HI. (C) Dual-functionalization of 
HI and radiolabeling with 111In to obtain PheB1- (E)-TCO-PEG4-LysB29-Tpy-HI. 111In-labeled PheB1-TCO-LysB29-Tpy-HI, shortly referred to as 111In-B29Tpy-HI, forms 
a self-assembly with Fe2+ and Zn2+. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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dynamic light scattering (DLS) and small angle X-ray scattering [22]. 
LysB29-Tpy with Fe2+ gave size-limited oligomers comprising two 
LysB29-Tpy tetramers, while Eu3+ gave rise to fractal structures that 
could be controlled by the Eu3+ concentration. The LysB29-Tpy-HI-con-
jugate maintained receptor affinity and blood glucose (BG) lowering 
effect. Complexation with a single metal ion (Zn2+ or Eu3+) had a small 
effect on BG lowering. Interestingly, when measuring the concentration 
of the LysB29-Tpy-HI-conjugate with Eu3+, it showed a significantly 
higher Cmax than unmodified HI. The area under the curve (AUC) plotted 
for the plasma concentration versus time over 24 h revealed a signifi-
cantly higher AUC total for the LysB29-Tpy-HI formulations with metal 
ions than for unmodified HI [22]. 

The findings that Tpy-HI coordinates with either Fe2+ or Eu3+ in 
solution encouraged us to study the hypothesis that metal ion-mediated 
self-assembly of modified HI may be used to control the pharmacoki-
netics and biodistribution of insulin, resulting in a controlled release of 
insulin dimers and monomers from the injection site, a prolonged in vivo 
half-life, and a reduced kidney distribution. Zn2+ or Co3+ were also used 
as secondary metals known to bind the native HisB10 metal ion-binding 
site of HI. In this work, we covalently conjugated the metal ion binding 
ligand 2,2′:6,2′′-terpyridine (Fig. 1B) to HI at either the ε-amine of the 
lysine residue (LysB29) or the α-amine of phenylalanine residue (PheB1). 
We further introduced a radionuclide, 111In, to study the pharmacoki-
netic properties after injection. 

The delivery of insulin to the target cells in liver, skeletal muscle and 
fat, as well as insulin’s in vivo kinetics and biodistribution were previ-
ously investigated in animal models by noninvasive and quantitative 
bioimaging techniques that include single-photon emission computed 
tomography (SPECT) and positron emission tomography (PET). For this 
purpose, insulin was radiolabeled with iodine radionuclides (123I, 124I, 
125I) [13,23,24] and 18F [25,26] through direct labeling of a tyrosine 
side chain or through a prosthetic group linked to the primary amine at 
the N-terminus (PheB1) [13,23–26]. However, in vivo deiodination and 
low radiolabeling yields have restricted the use of radiohalogens for 
peptide labeling [27]. Modification of insulin with a chelator (e.g., 
diethylenetriamine pentaacetate, DTPA) has allowed for radiolabeling 
with metal radionuclides (e.g., 67Ga, 68Ga, 111In) [28–30]. The specific 

acylation of an amine with one DTPA is challenging as this ligand con-
tains five carboxylic groups and intra- and intermolecular cross-links 
may occur, leading to difficult purification procedures. In order to 
radiolabel insulin at a specific site without interfering with its self- 
assembly and impairing its receptor binding affinity, we chose bio-
orthogonal conjugation which is ideal for peptides and proteins due to 
mild reaction conditions (e.g., pH, temperature and aqueous medium), 
simplicity, high yield and site-selectivity [31,32]. For the in vivo eval-
uation, HI was functionalized with a trans-cyclooctene (TCO) moiety to 
facilitate the labeling with 111In using the bioorthogonal TCO – tetrazine 
conjugation reaction (Fig. 1C). TCO - tetrazine ligation, which is an 
inverse-electron-demand Diels-Alder (iEDDA) reaction between a 
1,2,4,5-tetrazine (Tz) and the dienophile TCO, has been reported as an 
optimal and robust conjugation within the click chemistry repertoire 
because of its fast reaction kinetics, high selectivity and no requirement 
for catalysts [33,34]. Recently, it has been successfully used in labeling 
of antibodies and peptides [35–38] and pretargeted imaging and ther-
apy [39–43]. 

Here, we report the site-selective modifications of HI with Tpy at two 
distinct positions on the B-chain, PheB1 and LysB29, respectively, to form 
HI oligomers. We chose these positions, as modifications to them have 
been reported to be relatively well tolerated with regard to receptor 
binding [5]. We also radiolabeled HI with 111In for SPECT/CT imaging 
and quantification of its biodistribution. Fig. 1C shows the modification 
of HI with Tpy and TCO, and radiolabeling with 111In to yield PheB1- 
TCO-LysB29-Tpy-HI. A similar modification strategy was employed for 
LysB29-TCO-PheB1-Tpy-HI (Fig. 2). To make it easier to follow the 
different compounds, we will name them based on the Tpy position (i.e., 
B1 or B29), which in turn means that TCO and 111In are on the other side 
of the molecule (i.e., B29 or B1) accordingly. Similarly, the metals in the 
final ensemble are mentioned based on the Tpy binding metal first, 
separated from the metal at the native binding site after a forward slash 
(e.g., Eu3+/Zn2+). 

The derivatized HIs self-assembled upon metal coordination and 
were then examined in vivo after subcutaneous injection in healthy mice 
by preclinical SPECT/CT imaging and ex vivo gamma counting for 
pharmacokinetics and biodistribution, respectively. Two different 

Fig. 2. Dual-functionalization of HI and radiolabeling with 111In to obtain LysB29-(E)-TCO-PEG4-PheB1-Tpy-HI. 111In-labeled LysB29-TCO- PheB1-Tpy-HI, shortly 
referred to as 111In-B1Tpy-HI, forms a self-assembly with Fe2+ and Zn2+. 
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approaches were taken. First, 111In-labeled Tpy-HI was coordinated with 
either Fe2+ or Eu3+ ions in the presence of ZnCl2 and phenol. Second, 
Fe2+ was coordinated in the presence of CoCl2 and H2O2. Upon 
complexation of Co2+ to HI and formation of the hexamer, the H2O2 
oxidized it to Co3+, forming a more stable hexamer complex [12]. The 
results were compared to those of the control HI which was radiolabeled 
with 111In but not mixed with metal ions. The chemically modified HIs 
used in this study are shown in Table 1. 

2. Materials and methods 

2.1. Materials 

For the chemical modifications of human insulin, see SI. Tetrazine- 
PEG4-DTPA was custom ordered from Macrocyclics (Dallas, TX, USA). 
Water was purified by a Milli-Q system (Millipore, MA, USA). All other 
chemicals and reagents were purchased from Sigma Aldrich (Canada or 
Denmark) and used without further modification unless otherwise 
noted. 

111InCl3 in 0.1 N HCl was provided by the BWXT Medical Technology 
Group (Vancouver, BC, Canada). Radioactivity was measured using a 
CRC-55tR dose calibrator (Capintec, NJ, USA). Instant thin-layer chro-
matography (ITLC) was performed using Tec-Control instant TLC strip as 
a stationary phase (Biodex Medical Systems, Shirley, NY, USA; green: 
#150–771) and using 0.1 M ethylenediaminetetraacetic acid (EDTA) as 
a mobile phase. Radioactivity on ITLC strips was quantified using a 
Cyclone Storage Phosphor Imager and the software Optiquant (Packard, 
Mississauga, ON, Canada). Amicon® Ultra centrifugal filter (0.5 mL; 3 K 
MWCO) devices were used for purification. The hydrodynamic size 
distribution of insulin was determined using dynamic light scattering 
(DLS) on a ZetaSizer (Malvern Instruments Ltd., Worcestershire, UK). 
The concentration of insulin was quantified using a Nanodrop™ 2000 
Spectrophotometer (Thermo Scientific, Waltham, MA, USA). 

The gel electrophoresis was performed using a Mini-PROTEAN Tetra 
cell and PowerPac HV power supply (BioRad Laboratories, Mississauga, 
ON, Canada) and the stained gel was imaged by Odyssey CLx. Acryl-
amide/bis 30% solution, ammonium persulfate (APS), TRIS buffers (1.5 
M pH 8.8 and 1.0 M pH 6.8), SDS solution (10% w/v), TEMED, native 
sample buffer, 2× Laemmli sample buffer, SDS-PAGE running buffer 
(10% TRIS/Glycine/SDS) and Native-PAGE running buffer (10% TRIS/ 
Glycine) were purchased from BioRad, as well as Coomassie blue dye, 
Precision Plus Protein™ Kaleidoscope™ and Dual Xtra standards. 

TRIS buffer containing tris(hydroxymethyl) aminomethane (100 
mM) was prepared in MQ water and adjusted to pH 7.5 with 2 M HCl and 
NaOH. Phosphate buffered saline (PBS) (1×, 10 mM phosphate, 137 mM 

NaCl, pH 7.4, Gibco™) was purchased from Thermo Fisher Scientific 
(Waltham, MA, USA). Phosphate buffered saline (10×, pH 7.4, Gibco™) 
was diluted to the desired concentration. For EDTA stability, 10 mM 
EDTA solution in PBS was used. The pH of the insulin solutions was 
measured throughout the study and kept constant. Stock metal chloride 
solutions (10 mM ZnCl2 and 10 mM EuCl3⋅6H2O) were prepared in 
degassed MQ water. Stock FeCl2⋅6H2O solution (10 mM) was prepared 
in 0.1 M HCl to prevent the oxidation and kept degassed. Phenol solution 
(100 mM) was prepared in degassed MQ water. All solutions used for the 
experiments were freshly prepared and filtered through 0.22 μm syringe 
filters before use. 

2.2. Synthesis of PheB1-TCO -LysB29-Tpy -HI 

Human insulin, which was dissolved in 100 mM TRIS buffer 
(0.00344 mmol, 3.0 mL, pH 10.5), was reacted with Fmoc-OSu in DMF 
(3 mL) at room temperature (RT) for 15 min forming a GlyA1-Fmoc- 
LysB29-Fmoc-HI with a yield of 44%. The pH of the reaction mixture was 
adjusted to pH 7.8 after the completion. The di-Fmoc HI was subse-
quently acylated with (E)-TCO-PEG4 - NHS ester in DMF at RT for 30 min 
to form PheB1-TCO-HI (50% yield). The Fmoc groups of GlyA1-Fmoc- 
LysB29-Fmoc-PheB1-TCO-HI were removed using 5% piperidine in DMF 
yielding PheB1-TCO-HI in fair yield (60%). The PheB1- TCO - HI (0.0066 
mmol) dissolved in 100 mM TRIS buffer (1.5 mL, pH 10.5) was mixed 
(acylated) with Tpy-NHS ester in DMF (1.5 mL) for 15 min at RT 
(Fig. S1) and then pH adjusted to 7.8. PheB1-(E)-TCO - PEG4-LysB29- Tpy 
- HI was purified on an Isolera Biotage snap BioC4 column using a flow 
rate of 12 mL/min with a gradient of 5–40% acetonitrile. Different 
fractions were separately analyzed by LCMS with a gradient of aceto-
nitrile/water with 0.1% formic acid. The pure fractions were collected 
and lyophilized to obtain a white solid product (21% yield, 9 mg). The 
product PheB1-TCO-LysB29-Tpy-HI was stored at − 20 ◦C for further 
experiments (see Supporting Information for the detailed synthesis 
procedures, LCMS chromatograms and mass spectra, Figs. S6–S17) and 
is referred to as TCO - B29Tpy - HI in the following. 

2.3. Synthesis of LysB29-TCO-PheB1-Tpy-HI 

Human insulin (0.0344 mmol, 200 mg) dissolved in DMSO (4 mL) 
containing 5% TEA, was reacted with Boc anhydride (17.0 mg, 0.077 
mmol) in presence of N-hydroxysuccinimide (18 mg) and TEA (3 mL) at 
room temperature (RT) for 30 min forming GlyA1-Boc-LysB29-Boc-HI (1a) 
(Fig. S2) with a yield of 48% after purification. Pure di-Boc-HI (120 mg, 
0.0199 mmol) was subsequently acylated with Tpy-NHS ester (9.7 mg, 
0.026 mmol) in 2 mL DMSO containing 5% TEA at RT for 15 min to form 
di-boc-PheB1-Tpy-HI (1b) (49% yield). The Boc groups of GlyA1-Boc- 
LysB29-Boc-PheB1-TCO-HI were removed using 95% TFA with 2.5% TES 
and 2.5% water for 2 h yielding PheB1-Tpy-HI (1c) in fair yield (95%). 
The PheB1- Tpy - HI (0.0132 mmol, 80 mg) dissolved in 100 mM TRIS 
buffer (1.5 mL, pH 10.5) was mixed with (E)-TCO-PEG4-NHS ester (8 
mg, 0.0171) in DMF (1.5 mL) for 15 min at RT (Fig. S2) and then pH 
adjusted to 7.8. PheB1-Tpy-LysB29-(E)-TCO-PEG4-HI (1d) was purified on 
an Isolera Biotage snap BioC4 column using a flow rate of 12 mL/min 
with a gradient of 5–50% acetonitrile. Different fractions were sepa-
rately analyzed by LCMS with a gradient of acetonitrile/water with 
0.1% formic acid. The pure fractions were collected and lyophilized to 
obtain a white solid product (17.58% yield, 15.0 mg). The product 
PheB1-Tpy-LysB29-(E)-TCO-PEG4-HI was stored at − 20 ◦C for further 
experiments (see Supporting Information for the detailed synthesis 
procedures, LCMS chromatograms and mass spectra, Figs. S18–S23) and 
is referred to as TCO – B1Tpy - HI in the following. 

2.4. Radiolabeling of TCO - B29Tpy - HI and TCO - B1Tpy - HI with 
111In for in vivo study 

TCO - B29Tpy - HI or TCO - B1Tpy - HI (1.3 mg, 0.197 μmol) was 

Table 1 
Modified human insulins (HIs) used in the present study.  

Name of 
Modified 
HI 

Modification 
Sites on HI 

Component for 
Radiolabeling 
with 111In 

Metal Ions 
(Tpy 
Binding/ 
Native 
Binding) 

Final 
Radiolabeled 
HI Ensembles 

PheB1-(E)- 
TCO- 
PEG4- 
LysB29- 
Tpy-HI 

111In on PheB1  No metal 111In-B29Tpy- 
HI 

Tpy on LysB29  Zn2+ 111In-B29Tpy- 
HI-Zn2+

Tetrazine-PEG4- 
DTPA 

Eu3+/Zn2+ 111In-B29Tpy- 
HI-Eu3+/Zn2+

Fe2+/Zn2+ 111In-B29Tpy- 
HI-Fe2+/Zn2+

Fe2+/Co3+ 111In-B29Tpy- 
HI-Fe2+/Co3+

LysB29-(E)- 
TCO- 
PEG4- 
PheB1- 
Tpy-HI 

111In on 
LysB29 

Tetrazine-PEG4- 
DTPA 

Fe2+/Zn2+ 111In-B1Tpy- 
HI-Fe2+/Zn2+

Tpy on PheB1  Fe2+/Co3+ 111In-B1Tpy- 
HI-Fe2+/Co3+
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dissolved in MQ water and pH was increased to 10.0–10.5 with 0.2 M 
NaOH. After dissolution, the pH was adjusted to 7.5 with 0.2 M HCl. The 
concentration of B29Tpy-HI or B1Tpy-HI was determined on a Nano-
drop™ using a molar absorptivity (ε) of 21,583 [22] and a molecular 
weight of 6.6 kDa and found to be 1.6–1.7 mg/mL. 

Tetrazine-PEG4-DTPA chelator (5 eq. of HI) was added to TCO - 
B29Tpy - HI or TCO - B1Tpy - HI in PBS and the reaction mixture was 
stirred at 500 rpm overnight at RT. After the addition of the chelator, the 
pH of final solution was adjusted to pH 7.5–7.6. The chelator-modified 
HI was purified using Amicon® centrifugal filters (3 K MWCO) with 
five washes in PBS (14,000 g, for 20 min). The concentrated HI sample 
was collected in 300 μL of PBS (5000 g, for 10 min). The collected 
sample (1.3 mg/mL) was radiolabeled with 111In. 

111InCl3 in 0.1 N HCl (1.1 μL, 67 MBq) was added to the chelator- 
modified, DTPA-HIs (360 μL) at 25 ◦C and stirred at 550 rpm for 1 h 
(pH 7.0) (Fig. 2C). The radiolabeling efficiency was determined using 
ITLC, eluted with 0.1 M EDTA. The radioactivity on the ITLC strips was 
quantified by phosphor imaging after 1 min exposure. From the radio-
activity peaks, the radioactivity at Rf = 0 indicates the 111In-radio-
labeled B29Tpy-HI or B1Tpy-HI, while the radioactivity at Rf = 1 shows 
the free 111In3+, which migrates with EDTA to the front. 

2.5. Formation of 111In-B29Tpy-HI assemblies with metal ions for in vivo 
study 

The 111In-radiolabeled B29Tpy-HI self-assembled with either Fe2+ or 
Eu3+ in the presence of ZnCl2 and phenol. For the complexation of Tpy 
and Fe2+, 11.5 μL of FeCl2 (0.33 eq., 2 mM, in 0.1 M HCl) was slowly 
added to 111In-B29Tpy-HI (1 eq., 360 μL) and the color change to pink 
was observed. The pH was increased to 7.5–8.0 with 0.2 M NaOH (5 μL), 
46 μL of ZnCl2 (0.66 eq., 1 mM, in MQ water) was added and 42 μL of 
phenol solution (100 mM) was mixed in and diluted with 240 μL of PBS 
to make the final volume 700 μL (0.6 mg HI/mL), ready to be admin-
istered in vivo and used for in vitro characterization experiments (e.g., 
UV-VIS spectroscopy, DLS, Native-PAGE, serum stability test). The pH of 
the final HI was adjusted to 7.5–7.6 and equilibrated overnight at room 
temperature prior to injection into mice. 

For the complexation of Tpy and Eu3+, the pH of the 111In-B29Tpy-HI 
solution (340 μL) was increased to pH 9.0 using 0.2 M NaOH, and 23 μL 
of EuCl3 (0.16 eq., 0.5 mM in MQ water) added. Then 46 μL of ZnCl2 
(0.66 eq., 1 mM, in MQ water) was added after pH adjustment to 
7.5–8.0, followed by the phenol solution (42 μL, 100 mM) and finally 
230 μL of PBS (a final volume of 690 μL, 0.6 mg HI/mL). The pH of the 
final solution was adjusted to 7.5–7.6 and equilibrated overnight at 
room temperature prior to injection into mice. 

For the second method to form the self-assembly of 111In-B29Tpy-HI 
with Fe2+ and Co3+

, 14 μL of FeCl2 (0.2 eq., 1 mM, in 0.1 M HCl) was 
slowly added to 111In-B29Tpy-HI (380 μL) which made the color change 
to pink. The pH was increased to 7.5 with 0.2 M NaOH (6 μL). After 30 
min, 47 μL of CoCl2 (0.33 eq., 0.5 mM, in MQ water) was added to 111In- 
B29Tpy-Fe2+ HI mixture, followed by addition of 46.2 μL of H2O2 (1 
mM) dropwise for the oxidation of Co2+ to Co3+, and 210 μL of PBS (a 
final volume of 700 μL, 0.6 mg HI/mL) [44]. The pink color remained, 
which indicated that the Fe2+-terpy complex remained intact. The pH of 
the final HI was adjusted to 7.5–7.6, equilibrated at RT for 2 h, and kept 
at 4 ◦C overnight before injection into mice the next day. 

2.6. Formation of 111In-B1Tpy-HI assemblies with metal ions for in vivo 
study 

The 111In-radiolabeled B1Tpy-HI self-assembled with Fe2+ in the 
presence of a second metal ion, either Zn2+ or Co3+. For the complex-
ation of metal binding sites of HI with Fe2+ and Co3+, 8 μL of FeCl2 (0.2 
eq., 2 mM, in 0.1 M HCl) was slowly added to 111In-B1Tpy-HI (280 μL). 
The pH was increased to 7.5 with 0.2 M NaOH (4 μL). After 30 min, 49 μL 
of CoCl2 (0.33 eq., 0.5 mM, in MQ water) was added to 111In-B1Tpy-Fe2+

HI mixture, followed by addition of 16 μL of H2O2 (3 mM) dropwise for 
the oxidation of Co2+ to Co3+, and 205 μL of PBS (a final volume of 560 
μL, 0.6 mg HI/mL) [44]. The pH of the final HI was adjusted to 7.5–7.6, 
equilibrated at RT for 2 h, and kept at 4 ◦C overnight before injection 
into mice on the next day. 

For the complexation of metal binding sites of HI with Fe2+ and Zn2+, 
13 μL of FeCl2 (0.33 eq., 2 mM, in 0.1 M HCl) was slowly added to 111In- 
B1Tpy-HI (360 μL). The pH was increased to 7.5–8.0 with 0.2 M NaOH 
(10 μL), 51 μL of ZnCl2 (0.66 eq., 1 mM, in MQ water) was added and 45 
μL of phenol solution (100 mM) was mixed in and diluted with 220 μL of 
PBS (0.6 mg HI/mL). 

2.7. Stability test of the self-assembly against EDTA 

EDTA (15 μL, 1.2 mM, pH 7.4) was added to 111In-B29Tpy-HI or 
111In-B1Tpy-HI ensemble (40 μL, 100 μM) samples at room temperature, 
so that the EDTA concentration was 5-fold higher than the total metal 
ion concentration. Furthermore, Native-PAGE (20% resolving gel) was 
performed to assess the stability of the 111In-HI ensembles [45] against 
EDTA at 24 h. 111In-HI aliquots (10 μL) were mixed with non-reducing 
sample buffer (10 μL). Samples and molecular ladder (17 μL each) 
were loaded onto a native-gel and electrophoresis was performed at 200 
V. The gels were stained using Coomassie blue and washed with water 
until the background was clear and the bands were visible, and then 
scanned by Odyssey CLx to determine the protein bands. Further, the 
radioactive bands on the native gels were determined by phosphor im-
aging (see 2.1). 

2.8. Serum stability analysis 

Freshly drawn mouse blood (~ 600 μL) was allowed to clot at room 
temperature for 20 min and was then centrifuged at 1500 g for 15 min. 
The obtained mouse serum was diluted two-fold with PBS including 
0.05% (w/w) NaN3. 111In-B29Tpy-HI or 111In-B1Tpy-HI ensembles (100 
μL, 0.6 mg HI/mL, 3.7–4.8 MBq) were incubated with the diluted serum 
(150 μL) at 37 ◦C with gentle shaking (300 rpm). Aliquots (30 μL) were 
withdrawn at different time points (10 min, 1 h, 2 h, 3 h, 6 h, and 24 h) 
and analyzed by Native-PAGE (20% resolving gel) and SDS-PAGE (20% 
resolving gel). The samples were prepared and run under non-reducing 
conditions, stained and analyzed as described in 2.7, whereas SDS gel 
was prepared and run in the SDS running buffer [45]. The locations of 
protein and radioactive bands were compared to determine the presence 
of free 111In3+ and 111In-labeled HI in the serum over time. Experiments 
were performed in duplicates. 

2.9. Preclinical SPECT/CT imaging and data analysis 

SPECT/CT imaging was performed on a VECTor/CT preclinical small 
animal scanner (MILabs, Utrecht, The Netherlands). Healthy female 
C57Bl/6 mice were anesthetized with isoflurane at a concentration of 
5% for induction and 1.5–2% for maintenance and then injected sub-
cutaneously in the upper back with 100 μL (6.5 ± 0.7 MBq, 2.6 ± 0.3 mg 
HI/ kg bolus dose) of the 111In-HI ensembles. Seven groups of animals (n 
= 3) were divided to examine the in vivo biodistribution of 111In-labeled 

Table 2 
Formulations of HI ensembles prepared for preclinical SPECT/CT imaging. Metal 
ion concentrations are shown based on molar equivalent (eq.) relative to HI.  

Human insulin Metal ions and equivalents Other components 
111In-B29Tpy-HI (1 eq.) Fe2+ (1/3 eq.) and Zn2+ (2/3 eq.) phenol (excess) 

Eu3+ (1/6 eq.) and Zn2+ (2/3 eq.) phenol (excess) 
Zn2+ (2/3 eq.) phenol (excess) 
no metal ions – 
Fe2+ (1/5 eq.) and Co2+ (1/3 eq.) H2O2 (2/3 eq.) 

111In-B1Tpy-HI (1 eq.) Fe2+ (1/5 eq.) and Co2+ (1/3 eq.) H2O2 (2/3 eq.) 
Fe2+ (1/3 eq.) and Zn2+ (2/3 eq.) phenol (excess)  
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HI (Table 2). 
During SPECT/CT imaging, mice were kept under ~2% isoflurane 

anesthesia. The first SPECT/CT scan (8 min SPECT acquisition, followed 
by 2 min CT acquisition) was performed immediately after receiving the 
subcutaneous injection. Further SPECT static scans were performed at 1 
h (10 min SPECT/CT acquisition), 2 h (15 min), 3 h (15 min), 6 h (20 
min), and 24 h post-injection (p.i.) (60 min). 

SPECT images were reconstructed using a pixel-ordered subset 
expectation maximization (POSEM) algorithm (16 subsets, 6 iterations, 
0.4 mm3 voxel sizes) [46]. The SPECT/CT images were analyzed 
defining the volumes of interest (VOIs) using AMIDE (v.1.0.5) software 
[47]. The mean Standardized Uptake Value (SUV) was calculated by 
drawing the VOIs manually for the injection site, kidneys, liver and the 
urinary bladder. Spherical VOIs were drawn in bladder, liver and heart, 
and 3D isocontours were drawn for the injection site and kidney cortex. 
SUV (g/mL) calculations are based on Eq. 1. The calibration factor was 
determined by scanning a point source with a known amount of 111In. 

SUV(g/mL)=
measuredactivityconcentration(MBq/mL)

totalactivityinjected(MBq)
×weightof mouse(g)

(1)  

2.10. Gamma counting 

Mice were euthanized by CO2 asphyxiation under isoflurane anes-
thesia after the last SPECT/CT scan at 24 h p.i. Cardiac puncture was 
promptly performed to collect blood and the tissues of interest (heart, 
liver, kidneys, lungs, brain, bladder, muscle, spleen, stomach, pancreas, 
small intestine, large intestine and cecum, and site of injection) were 
harvested and weighed. Urine and feces were also collected. The 
radioactivity in each organ was counted in the gamma counter (Packard 
Cobra II autogamma counter, Perkin Elmer, Waltham, MA, USA), decay 
corrected to the time of injection and expressed as % injected dose per 
gram of tissue (%ID/g) and per whole organ (%ID/organ). 

2.11. PK analysis 

Pharmacokinetic (PK) parameters for the SPECT-based studies were 
estimated based on a non-compartment model with first-order absorp-
tion and linear clearance. Relevant PK parameters investigated for the 
injection site included distribution rate constant, distribution half-life 
(t1/2), elimination rate constant, and elimination half-life (t1/2) are 
presented in Table 3. Other parameters including the area under the 
curve extrapolated to infinity (AUC(0-∞)), and the volume of distribution 
(Vz/F) in the terminal slope are shown in the SI (Tables S10 and S11). 

All PK parameters were analyzed using an Excel spreadsheet based 
on PKSolver 2.0 as described by Zhang et al. [48] using the fully 
quantitative first 4 data points obtained from imaging data during the 
first 3 h for distribution, whereas the terminal elimination phase was 
considered using the last 3 data points observed. 

2.12. Ethic statement and animals 

Experiments involving mice were performed in accordance with the 
Canadian Council on Animal Care (CCAC) under the protocol 
(A20–0132) approved by the Animal Care Committee (ACC) of the 
University of British Columbia (UBC). Healthy 4–6 months old female 
C57Bl/6 mice with a weight between 25 and 35 g were obtained from 
Charles River Laboratories (Wilmington, MA, USA). The animals were 
maintained on a 12 h light/dark cycle with unrestricted access to food 
and water. 

3. Results and discussion 

3.1. Design and synthesis of modified HIs 

In this study, we modified the HI shown in Fig. 1 with two functional 
groups at two distinct acylation sites based on the following design 
considerations: 1) modification with the TCO group at the PheB1 or 
LysB29 position enabled radiolabeling and in vivo imaging, and 2) 
modification with the metal-binding ligand Tpy at the other site (i.e., 
LysB29 or PheB1 position, respectively) enables the self-assembly of HI. 
We hypothesized that the assembled HI could control the pharmacoki-
netics and biodistribution of HI, two properties that we wanted to 
evaluate through SPECT/CT imaging in vivo. 

Tpy was used as a metal ion-binding ligand to induce HI self- 
assembly due to its affinity to coordinate the metal ions Fe2+ and 
Eu3+ [22]. While the stability and coordination geometry of complexes 
change depending on the metal ions chosen, the formed coordination 
complexes might act as a scaffold that leads to the formation of supra-
molecular assemblies with different pharmacokinetic properties in vivo. 

The TCO reactive group on PheB1 or LysB29 allows TCO - Tz coupling 
of the HI with a tetrazine-modified-DTPA, a well-established chelator for 
In3+ under mild reaction conditions. With 111In3+, heptadentate DTPA 
forms a thermodynamically highly stable complex in neutral aqueous 
solution at room temperature [49,50]. 111In was chosen as a SPECT 
radionuclide due to its decay characteristics (gamma photon emission 
energies of 171 keV (90.7%) and 245 keV (94.1%)) and a physical half- 
life of 2.8 days that fit the biological half-life of larger peptides, proteins 
and antibodies [51,52]. 

The site-selective acylation of the amino groups in HI was performed 
combining a protecting groups strategy and pH controlled acylation as 
the two α-amines of HI on GlyA1 and PheB1 and one ε-amine on LysB29 

have different pKa values and hence reactivities [5]. TCO was intro-
duced at PheB1 (pKa = 6.8) amine at neutral pH after the GlyA1 (pKa =
8.6) and LysB29 (pKa = 11.2) amines were protected with the fluo-
renylmethyloxycarbonyl (Fmoc) group. After TCO functionalization, 
Fmoc groups were removed using piperidine in DMF followed by 
conjugation of Tpy with LysB29 amine at high pH (pH = 10.5). HI can be 
selectively conjugated with Tpy by acylation of LysB29 ε-amine with Tpy- 
NHS ester, as the ε-amine is more nucleophilic compared to GlyA1 N- 
terminal amine at pH 10.5, which led to the formation of PheB1TCO- 

Table 3 
Pharmacokinetics (PK) parameters of 111In-B29Tpy-HI and 111In-B1Tpy-HI self-assemblies following subcutaneous injection determined by preclinical SPECT/CT 
imaging. The data are reported as mean ± SD (n = 3).  

HI ensembles Dose (mg/kg) Distribution rate constant (min− 1) Distribution half-life (min) Elimination rate constant (h− 1) Elimination half-life (h) 
111In - B29Tpy - HI 
111In-B29Tpy-HI 2.2 ± 0.1 0.0207 ± 0.0030 33.9 ± 5.1 N/Aa N/Aa 

111In-B29Tpy-HI-Zn2+ 3.0 ± 0.1 0.0186 ± 0.0036 38.2 ± 7.5 0.0990 ± 0.0042 7.1 ± 0.3 
111In-B29Tpy-HI-Fe2+/Zn2+ 2.8 ± 0.2 0.0105 ± 0.0007 65.9 ± 4.2 0.0700 ± 0.0125 10.3 ± 1.6 
111In-B29Tpy-HI-Eu3+/Zn2+ 2.7 ± 0.1 0.0140 ± 0.0002 49.3 ± 0.7 0.0840 ± 0.0085 8.1 ± 0.9 
111In-B29Tpy-HI-Fe2+/Co3+ 2.6 ± 0.1 0.0140 ± 0.0020 50.4 ± 7.4 0.0620 ± 0.0227 13.2 ± 6.5 
111In - B1Tpy - HI 
111In-B1Tpy-HI-Fe2+/Zn2+ 2.3 ± 0.1 0.0088 ± 0.0009 79.1 ± 8.0 0.0260 ± 0.0069 28.6 ± 11.5 
111In-B1Tpy-HI-Fe2+/Co3+ 2.7 ± 0.2 0.0096 ± 0.0003 71.8 ± 2.4 0.0220 ± 0.0035 32.2 ± 4.3  

a B29Tpy-HI was already eliminated completely from the body at 3 h p.i. (see Fig. 5D). 
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LysB29Tpy-HI in an overall yield of 21% (9 mg) [6]. The TCO and Tpy 
substitutions on PheB1 and LysB29 side chains of HI were confirmed by 
enzymatic cleavage analysis which separates the product into four seg-
ments that were subsequently characterized by HPLC-MS [53] (Figs. S1, 
S6–S17). For the synthesis of PheB1Tpy-LysB29TCO-PEG4-HI, a Boc pro-
tection strategy was used (Figs. S2, S18–S23). 

3.2. Radiolabeling of TCO - B29py - HI and TCO - B1Tpy - HI with 111In 

The DTPA anchored tetrazine (Tz - PEG4 - DTPA) was conjugated to 
TCO-modified B29Tpy-HI or B1Tpy-HI via bio-orthogonal iEDDA 
cycloaddition reaction between Tz and TCO. As a result, radiolabeling of 
HI was enabled through the chelation of DTPA with 111In3+ for SPECT/ 
CT imaging. 

The DTPA-modified B29Tpy-HI, B1Tpy-HI and HI without a Tpy 
moiety (1.3–1.4 mg/mL HI-DTPA) were radiolabeled with 111In (67 
MBq) via stirring with 111InCl3 (550 rpm) at room temperature for 1 h in 
PBS with a radiochemical conversion (RCC) of 96.4 ± 0.7%, 94.8 ±
0.2%, and 95.5 ± 0.4%, respectively, as assessed by ITLC (Fig. 3) [54]. 
Thin layer chromatography showed that 111In-DTPA-HI remained at the 
origin (Rf = 0) and free 111In migrated with the solvent front (Rf = 1). 

The high radiochemical conversion indicates that the conjugation of 
DTPA to HI was efficient and stable through Tz-TCO ligation. It also 
means that the radiolabeled HI could be evaluated in vivo without 
further purification. The stability of the radiolabeling of modified HI was 
assessed via a transchelation challenge and incubation with EDTA, 
which is a chelator with similar or better complex stability to In3+ as 
compared to serum proteins, at room temperature for 48 h. A strong 
chelation of DTPA with 111In was observed as over 80% of the radio-
isotope was still chelator-bound after being challenged for 48 h by high 
EDTA concentrations [55]. 

The specific activity of 111In-HI was 150.9 ± 3.5 MBq/mg. After 
addition of metal ions (i.e., Zn2+, Fe2+/Zn2+, Eu3+/Zn2+, Fe2+/Co3+) 
and dilutions before injections, the specific activity of the final admin-
istered product was 62 ± 3 MBq/mg. 

The self-assembly of 111In-B29Tpy-HI and 111In-B1Tpy-HI with metal 
ions was characterized by UV-VIS spectroscopy and dynamic light 
scattering (Figs. S24 and S25). UV-VIS spectra of the ensembles 
confirmed that 111In-B29Tpy-HI and 111In-B1Tpy-HI formed coordina-
tion complexes with Fe2+ (Fig. S24). Further, the hydrodynamic size 
distribution of the ensembles showed an increased size compared to 
those of the non-metal ion controls, confirming the presence of the en-
sembles in the solution (Fig. S25). 

3.3. Stability of the self-assembled 111In-B29Tpy-HI and 111In-B1Tpy-HI 

Prior to performing in vivo pharmacokinetic studies, we examined in 
vitro stability of the 111In-B29Tpy-HI and 111In-B1Tpy-HI complexed 

with metal ions against EDTA and in mouse serum. The stability of the 
111In-HI self-assemblies was assessed by both native-PAGE and SDS- 
PAGE gels under non-reducing conditions. 

First, the binding between Tpy-HI and metal ions (i.e., Zn2+, Fe2+/ 
Zn2+, Eu3+/Zn2+, Fe2+/Co3+) was challenged by the well-known 
chelator, EDTA. The bands on native gel corresponding to 111In- 
B29Tpy-HI complexed with Fe2+/Zn2+ and Eu3+/Zn2+ showed that 
111In-B29Tpy-HI with Fe2+/Zn2+ migrated slowly compared to that of 
Eu3+/Zn2+ (Rf ~ 40 mm versus 30 mm) (Fig. S29). Also, the presence of 
EDTA as the challenge chelator did not impair the complexation of 
B29Tpy-HI with Fe2+/Zn2+ and 111In3+. On the other hand, the bands of 
111In-B29Tpy-HI complexed with Eu3+/Zn2+ were similar to those of 
control 111In-B29Tpy-HI. Overall, the 111In-B29Tpy-HI ensemble with 
Fe2+/Zn2+ was found to be stable against EDTA. Likewise, 111In-B1Tpy- 
HI complexed with Fe2+/Zn2+ showed good stability. However, an 
additional band close to the anode (baseline) was observed for both 
111In-B29Tpy-HI and 111In-B1Tpy-HI complexed with Fe2+/Co3+, which 
was more clearly seen on the SDS gels (Fig. S30). 

To further test the stability of the self-assembled 111In-HI in a more 
physiologically relevant environment, the 111In-B29Tpy-HI or 111In- 
B1Tpy-HI ensembles were incubated in 1:1 mixture of mouse serum and 
PBS at 37 ◦C for 24 h with gentle shaking. Both native and SDS-PAGE 
analysis showed that the retention of the radioactivity at the HI band 
was higher for 111In-B29Tpy-HI than for 111In-B1Tpy-HI (Figs. 4 and 
S33). The normalized radioactivity retention at the HI band was inte-
grated at the different time points and decay corrected to the 0 h time 
point (Figs. S31–S32). 

The most stable 111In-labeled B29Tpy-HI self-assemblies were the 
ones formed via coordination with the two metal ions Fe2+ / Zn2+ or 
Eu3+ / Zn2+, as shown in Figs. 4A and S33A. In both, the radioactivity 
retained at the HI band was approximately 90% after 6 h incubation. For 
111In-labeled B29Tpy-HI and B29Tpy-HI coordinated with Zn2+, only 
75% and 79% was retained (Fig. 4A). Phosphor images of 111In-B29Tpy- 
HI and 111In-B29Tpy-HI coordinated with Zn2+ showed the retention of 
111In in serum:PBS mixture that might result from strong interaction 
with serum proteins having larger molecular weights (Fig. S31). For 
111In-B29Tpy-HI coordinated with Fe2+ and Co3+, the radioactivity 
retention at the HI band was about 25% less than that coordinated with 
Fe2+ and Zn2+ after 6 h incubation, indicating that the complexation 
between B29Tpy-HI and Fe2+ in the presence of Co3+ might be less 
stable (Fig. 4B). For both 111In-B1Tpy-HI assemblies, the radioactivity 
retention at the HI band were about 50% after 6 h incubation (Figs. 4B 
and S34). This decreased radioactivity indicates that coordination of 
Fe2+ to Tpy, which was conjugated to HI at different positions (e.g., 
PheB1 or LysB29 position) might reflect structural differences in 111In-HI 
self-assemblies, and affect their stability. 

We performed DLS experiments to study the stability of our com-
plexes upon dilution. In all cases we observed that dilution did not 

Fig. 3. (A) The stability of the 111In-labeled HI was assessed by ITLC of 111In-labeled B29Tpy-HI, B1Tpy-HI and HI incubated with 10 mM EDTA over 48 h. (B) The 
radiochemical conversion was then graphed as a function of time. 
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disturb the association state, at least not in the tested micromolar con-
centrations (Figs. S26 and S27). DLS experiments also showed that the 
self-assembly, as expected, was directed by the choice of metal ion and 
that the combination of two metal ions gave self-assembled structures 
with a significantly larger diameter (Fig. S28). 

3.4. In vivo biodistribution of the self-assembled 111In - B29Tpy - HI and 
111In-B1Tpy - HI 

To determine the pharmacokinetics of the different metal-induced 
self-assembled 111In-B29Tpy-HI and 111In-B1Tpy-HI after subcutane-
ous injection in the upper back, mice underwent several SPECT/CT 
scans over a period of 24 h. Representative maximum-intensity 

projection (MIP) renderings of the SPECT/CT data are shown in 
Figs. 5 and 7. After the administration, all 111In-HI assemblies were 
clearly visible at the subcutaneous injection site (Figs. 5 and 7). Soon 
after the injection, SPECT/CT images revealed the movement of HI to 
the kidneys, where the radiotracer gradually delineated the renal cortex 
over the next 3 h. Thereafter, late static scans showed a rapid elimina-
tion and a decrease in retention. Clearance was solely through the uri-
nary system and transit into the bladder. The renal elimination rate was 
different for all ensembles, and clearly slower compared to the control 
111In-B29Tpy-HI (Fig. 5D). Furthermore, uptake in the renal cortex was 
significantly lower in 111In-HI conjugates coordinated with two metal 
ions (111In-B29Tpy-HI Fe2+/Zn2+ and 111In-B29Tpy-HI Eu3+/Zn2+) 
compared to HI with a single Zn2+, or the no metal control. The low liver 

Fig. 4. Serum stability of 111In-B29Tpy - HI and 111In-B1Tpy - HI ensembles expressed by percentage of radioactivity retention on Native-PAGE at 37 ◦C. (A) Stability 
of 111In-B29Tpy-HI ensembles without a metal (control), and with Zn2+, Eu3+/Zn2+ and Fe2+/Zn2+ as a function of time. (B) Stability of 111In-B29Tpy-HI ensembles 
with Fe2+/Zn/2+ or Fe2+/Co3+, and 111In-B1Tpy-HI ensembles with Fe2+/Zn2+ and Fe2+/Co3+. 

Fig. 5. Representative SPECT/CT images over 24 h of subcutaneously injected healthy C57Bl/6 mice receiving (A) 111In-B29Tpy-HI Fe2+/Zn2+, (B) 111In-B29Tpy-HI 
Eu3+/Zn2+, (C) 111In-B29Tpy-HI Zn2+, and (D) 111In-B29Tpy-HI as a control. The intensity scale bar on the right illustrates the radioactivity concentration (SUV). 
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uptake points to poor metabolism via hepatic pathways. No obvious 
signals from other organs were detected. These findings were confirmed 
when averaged time-activity curves were constructed for the injection 
site, heart, liver, kidneys and bladder (Figs. 6 and 8). The results are 
presented as SUV in units of g/mL. 

The longest retention at the injection site was observed with 111In- 
B29Tpy-HI coordinated with the two metal ions Fe2+ and Zn2+. The 
percentage of activity remaining at the injection site was 59 ± 3% at 1 h, 
26 ± 2% at 2 h, 18 ± 1% at 3 h, and 15 ± 1% at 6 h (Fig. 6A). This is 
significantly higher than the control 111In-B29Tpy-HI without metal ions 
by a factor of 1.9× at 1 h, 3.9× at 2 h, 5.3× at 3 h and 7.9× at 6 h. This 
prolonged retention at the injection site is due to Fe2+ complexation of 
the Tpy-derivatized HI, leading to a slower release of the B29Tpy-HI 
monomers or dimers from the injection site. Pharmacokinetic (PK) 

analysis supports this observation as the Fe2+/Zn2+-coordinated 111In- 
B29Tpy-HI shows the longest distribution half-life (t1/2-dist. = 65.9 min) 
and slowest distribution rate (Kd = 0.0105 min− 1) from the site of in-
jection amongst all the tested 111In-B29Tpy-HI self-assemblies (Table 3). 

Having two metal ions, Eu3+/Zn2+, Fe2+/Zn2+ or Fe2+/Co3+, clearly 
stabilizes the HI ensembles at the injection site and slows down their 
metabolism and subsequent clearance through the renal system. Both 
the distribution half-life (t1/2) and the elimination half-life (t1/2) are 
higher than those entities coordinated to one Zn2+ or the control (in the 
absence of metal ions) (Table 3). While the 111In-B29Tpy-HI complexed 
with Eu3+/Zn2+ was retained about 34% less than the Fe2+/Zn2+

ensemble 1 h after injection, it was still 15% above what was retained by 
the single Zn2+ ensemble or the non-metal 111In-B29Tpy-HI (Fig. 6A). A 
similar pattern was observed throughout the whole study. For example, 

Fig. 6. Pharmacokinetics of 111In-B29Tpy-HI self-assembled with Fe2+ or Eu3+ in the presence of Zn2+ and phenol, and control 111In-B29Tpy-HI quantified by 
SPECT/CT imaging. The organ distribution of 111In-B29Tpy-HI ensembles over time are given at (A) the injection site (Normalized, log scale), in (B) heart, (C) 
bladder, (D) kidneys, and (E) liver. The radioactivity is presented as SUV (g/mL). (F) Ex vivo biodistribution of 111In-B29Tpy-HI ensembles at 24 h post-injection as % 
ID/g (mean ± SEM; n = 3). 
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at 6 h post injection, the retention of the 111In-B29Tpy-HI complexed 
with Fe2+/Zn2+ was 2-fold higher compared to the Eu3+/Zn2+ one. The 
PK analysis quantified these findings with the distribution half-life 
decreasing from the two-metal ion ensembles to the single Zn2+ to the 
non-metal insulin (Table 3). Adding Fe2+ to the Zn2+ ensemble 

prolonged the insulin’s retention at the injection site the most. 
For all tested groups, the 111In-B29Tpy-HI concentration in the heart, 

which is synonymous to the blood concentration, reached a peak value 
at 1 h post injection, and after that decreased rapidly (Figs. 6B–C). In 
parallel, 35–42% of the injected 111In-B29Tpy-HI assemblies were 

Fig. 7. Representative SPECT/CT images over 24 h of subcutaneously injected healthy C57Bl/6 mice receiving (A) 111In-B29Tpy-HI Fe2+/Co3+, (B) 111In-B1Tpy-HI 
Fe2+/Co3+, and (C) 111In-B1Tpy-HI Fe2+/Zn2+. The intensity scale bar illustrates the radioactivity concentration (SUV). 
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degraded rapidly and excreted renally within the first hour (Fig. 6C). 
Our approach with metal ion-controlled self-assemblies regulates the 

release from the subcutaneous depot, without the formation of an 
albumin-bound circulating depot. In this respect, our approach is more 
similar to the retention mechanism in insulin glargine, but with a novel 
control mechanism, than to insulin detemir and degludec. 

Insulin ensembles that are released from the injection site the fastest 
are expected to clear through the kidneys early on. This is exactly what 
we found, with the non-metal control 111In-B29Tpy-HI reaching the 
highest kidney concentration of 25 ± 1 SUV after 2 h, and the 111In- 
B29Tpy-HI coordinated with the single metal Zn2+ not far behind at 23 
± 1 SUV (Fig. 6D). 111In-B29Tpy-HI complexed with both Fe2+ and Zn2+

was cleared by the kidney the slowest at 11 ± 1 SUV after 2 h. 
While the Fe2+/Zn2+ ensembles of 111In-B29Tpy-HI showed reduced 

accumulation in the kidneys, their accumulation increased in the liver 

(Fig. 6E). This might be a result of the increased size and hydrophobicity 
of the formed Fe2+ coordinated 111In-B29Tpy-HI dimers. More studies 
are needed to investigate the potentially different metabolic pathways of 
the ensembles in liver and kidney, the two most important organs in the 
metabolism and clearance of human insulin [56,57]. Furthermore, 
altering the molar ratios of B29Tpy-HI to Fe2+ and Zn2+ might further 
modulate the liver metabolism of B29Tpy-HI ensembles. 

To investigate the effect of additional metal ions on HI self-assembly 
induced by Fe2+ and its pharmacokinetics, the 111In-B29Tpy-HI-Fe2+/ 
Zn2+ ensemble was compared to the ensemble formed by coordination 
with Fe2+ and Co3+, which is another metal ion known to interact with 
the natural binding site of HI [12,13,44]. SPECT/CT and ex vivo bio-
distribution analyses showed similar pharmacokinetics for both metal 
combinations Fe2+/Zn2+ and Fe2+/Co3+ (Figs. 5A, 6, 7A, and 8). This 
suggests that the concentration of Fe2+ is the controlling influence on 

Fig. 8. Pharmacokinetics of 111In-B29Tpy-HI and 111In-B1Tpy-HI self-assembled with Fe2+ in the presence of Zn2+ and phenol or Co3+ quantified by SPECT/CT 
imaging. The organ distribution of 111In-B29Tpy-HI and 111In-B1Tpy-HI ensembles over time are given at (A) the injection site (Normalized, log scale), in (B) heart, 
(C) bladder, (D) kidneys, and (E) liver. The radioactivity is presented as SUV (g/mL). (F) Ex vivo biodistribution of 111In-B29Tpy-HI and 111In-B1Tpy-HI ensembles at 
24 h post-injection as % ID/g (mean ± SEM; n = 3). 
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the ensemble’s retention at the injection site and kidney accumulation 
profile, resulting in a similar oligomerization for two metal ion combi-
nations. Therefore, the ability of Fe2+ to complex with the Tpy at the 
LysB29 position might be the limiting step in the release (distribution 
rate) from the injection site to the blood circulation while the natural HI 
binding site is occupied by Co3+ or Zn2+. Overall, the distribution and 
elimination rate constants determined by SPECT-based PK confirm that 
the Fe2+/Co3+ and Fe2+/Zn2+ ensembles are the most stable, which 
results in both clearing into the circulation much slower than unmodi-
fied HI would (Table 3). 

As the location of the metal ion-binding group Tpy in insulin might 
influence its aggregation behavior [17,22], we further compared the 
insulin derivative with Tpy in LysB29 position with one where Tpy was in 
PheB1 position. The in vivo stability of self-assembled 111In-B1Tpy-HI at 
the site of injection and the pharmacokinetics in several organs were 
again analyzed by SPECT/CT for either Fe2+/Zn2+ or Fe2+/Co3+ (Figs. 7 
and 8). These metal ion combinations were chosen to form self- 
assemblies with 111In-B1Tpy-HI based on the just discussed 111In- 
B29Tpy-HI ensembles that showed prolonged retention at the injection 
site. 

The 111In-B1Tpy-HI ensembles with Fe+2/Zn2+ and Fe+2/Co3+, 
showed ~2-fold higher retention (41 ± 3% and 31 ± 1%, respectively) 2 
h post injection compared to the 111In-B29Tpy-HI ensembles formed 
with the same metal ion pairs. After 24 h, the difference in radioactivity 
retained at the injection site had increased even further to ~4-fold 
(Fig. 8A). This suggests that 111In-B1Tpy-HI might assemble into larger 
oligomers or aggregates than the 111In-B29Tpy-HI ensembles, induced 
by more favorable metal ion binding to the PheB1 Tpy [18], which re-
sults in a slower absorption into the circulation. The distribution rate 
constants of 111In-B1Tpy-HI ensembles based on PK analysis were ~ 1.2 
(0.0088 ± 0.0009 min-1) and 1.5 (0.0096 ± 0.0003 min-1) times lower 
than the 111In-B29Tpy-HI ensembles for Fe2+/Zn2+ and Fe2+/Co3+, 
respectively (Table 3). 

The 111In-B1Tpy-HI ensembles showed a significantly different in 
vivo degradation profile than the 111In-B29Tpy-HI ones, accumulating at 
higher concentration in kidneys and liver, and clearing with slower in 
vivo kinetics from the body. They reached a maximum kidney accumu-
lation around 17–19 SUV which decreased by 24 h to 10–12 SUV 
(Fig. 8D). This value is significantly higher than that of the 111In- 
B29Tpy-HI ensembles (Fig. 7). The increased renal uptake and slow 
body clearance might lead to nephrotoxicity and is generally undesir-
able for peptide and protein-based biopharmaceuticals as well as ra-
diopharmaceuticals [58,59]. Renal clearance and metabolism of 
proteins or peptides involve i) filtration in the glomerulus (Mw < 25 kDa, 
cationic proteins), ii) reabsorption in the proximal tubules (cationic 
amino acids such as lysine and arginine), and iii) transportation and 
metabolism in lysosomes, and might thus affect the renal accumulation 
of peptides [60]. The increased renal radioactivity of 111In-B1Tpy-HI 
could thus be the result of reabsorption of degraded B1Tpy-HI in renal 
proximal tubular cells and binding to the insulin-specific receptors [61]. 
High renal uptake could be also explained by interaction of HI metab-
olites with the negatively charged renal brush border membrane, 
resulting in an overall slower clearance [60]. Other studies have also 
reported a similar renal clearance for 111In-DTPA chelated antibody 
fragments [62] and peptides such as octreotide [63,64] and Exendin-4 
[65]. We thus conclude that the conjugation site on HI, either PheB1 

(α-amine) or LysB29 (ε-amine), affects the renal reabsorption of 111In- 
labeled HI. The choice of anchoring site for the metal ion binding ligand 
thus constitutes an additional way to direct the PK properties. 

Liver accumulation was similar for both 111In-B1Tpy-HI ensembles. 
However, they were 2-fold higher than the 111In-B29Tpy-HI ensembles 
at 2 h and reached about 3-fold higher peak values after 3 h (Fig. 8E). 
The observed liver accumulation of 111In-B1Tpy-HI might be associated 
with size, charge, and hydrophobicity of the 111In-B1Tpy-HI amino acid 
chain or fragments thereof, as was previously reported by Freise and Wu 
for antibody fragments with molecular weights ranging from 7 to 150 

kDa [66]. A rapid liver accumulation of 111In-B1Tpy-HI suggests that the 
111In-B1Tpy-HI ensembles are metabolized differently from 111In- 
B29Tpy-HI ones. To further narrow down the factors that drive the en-
sembles more towards hepatic or renal metabolism, it might be worth-
while to perform further ex vivo biodistribution and metabolism studies 
in the future. 

The ex vivo biodistribution data quantified by gamma counting 
confirms the SPECT/CT data obtained after 24 h post injection and is 
presented as %ID/g in Figs. 6F, 8F and S31. For all 111In-B29Tpy-HI 
ensembles, between 5 and 10% of the injected radioactivity remained in 
the mice 24 h after injection based on the measurement of whole-body 
radioactivity. For 111In-B29Tpy-HI coordinated with Fe2+/Zn2+, the 
retention of radioactivity at the injection site was 2.4 ± 0.4% ID/g while 
it was about 1% ID/g for the controls. The kidney accumulation of 111In- 
B29Tpy-HI-Fe2+/Zn2+ was 1.9 ± 0.2% ID/g while the controls 111In- 
B29Tpy-HI-Zn2+ and 111In-B29Tpy-HI, respectively, were about 2-fold 
higher, at 4.7 ± 0.5% ID/g and 4.3 ± 0.2% ID/g (Fig. 6F). For 111In- 
B1Tpy-HI ensembles, between 25 and 30% of the injected radioactivity 
remained in the mice 24 h after injection, about 4–5 times higher than 
111In-B29Tpy-HI ensembles. At that time point, 111In-B1Tpy-HI coordi-
nated with Fe2+/Zn2+ retained 8.8 ± 2.6% ID/g of the radioactivity at 
the injection site, or 12.8 ± 3.1% ID/g when coordinated with Fe2+/ 
Co3+. The renal retention of 111In-B1Tpy-HI-Fe2+/Zn2+ and 111In- 
B1Tpy-HI-Fe2+/Co3+ were 31.2 ± 2.2% ID/g and 45.9 ± 6.1% ID/g, 
respectively (Fig. 8F). Ensembles of 111In-B29Tpy-HI with the same 
combinations of metal ions resulted in an about 20-fold decrease in renal 
retention compared to 111In-B1Tpy-HI. The radioactivity concentrations 
in the urine of 15.1 ± 2.8% ID/g for 111In-B1Tpy-HI-Fe2+/Zn2+ and 17.3 
± 2.6%ID/g for 111In-B1Tpy-HI-Fe2+/Co3+ indicate that the 111In- 
B1Tpy-HI ensembles degraded into 111In-chelated amino acids and 
excreted into the urinary bladder. 

The pharmacokinetics parameters of the different HI self-assemblies 
are shown in Table 3. Overall, the distribution half-life of 111In-B29Tpy- 
HI was 1.13-fold higher with mono-metal Zn2+ and 1.5-fold higher with 
the dual-metal Eu3+ and Zn2+ or Fe2+ and Co3+ compared to 111In- 
B29Tpy-HI without a metal ion. The self-assembly of 111In-B29Tpy-HI 
with Fe2+ and Zn2+ led to a pronounced increase (2-fold) in distribution 
half-life. Likewise, 111In-B1Tpy-HI conjugated with the dual-metal Fe2+

and Co3+ or Fe2+ and Zn2+ showed longer distribution half-lives and 
slower distribution from the injection site to the bloodstream. 

PK parameters related to elimination were also calculated using the 
data obtained from the SPECT images at 3, 6 and 24 h post injection 
(Table 3). Elimination rate constants and half-lives of 111In-B29Tpy-HI 
showed a similar pattern to the distribution parameters, but the increase 
in the elimination half-lives of 111In-B1Tpy-HI ensembles were more 
pronounced compared to B29Tpy-HI ensembles. This could be due to the 
prolonged retention of 111In-B1Tpy-HI ensembles at the site of injection, 
which were noticeable in SPECT/CT images (Figs. 7B, C and 8A). 

4. Conclusion 

We successfully engineered Tpy-HI conjugates that allowed us to 
radiolabel with 111In and form a self-assembled HI superstructure by 
metal ion coordination (i.e., Fe2+/Zn2+, Eu3+/Zn2+, Fe2+/Co3+) and 
examine the pharmacokinetics and in vivo biodistribution. The radio-
labeling efficiency of >95% was achieved through bio-orthogonal TCO- 
tetrazine ligation and provided a stable imaging probe for SPECT/CT. 

The in vivo biodistribution data showed that the self-assembly of 
111In-B29Tpy-HI with the two metals Fe2+ and Zn2+ resulted in signif-
icantly slower pharmacokinetics and prolonged retention of 111In- 
B29Tpy-HI at the site of injection compared to the non-metal-containing 
control ensemble. Quantitatively, the distribution half-life of the 111In- 
B29Tpy-HI conjugate increased when it was coordinated with both a 
single metal ion, Zn2+ (1.1-fold), and with two different metal ions, Eu3+

and Zn2+ (1.4-fold) or Fe2+ and Co3+ (1.5-fold). 111In-B29Tpy-HI co-
ordinated with Fe2+ and Zn2+ proved to be the most stable ensemble 
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with a significant half-life increase of 1.9-fold over the control HI 
without metal ions. 

Furthermore, the exact position of the Tpy moiety directed the 
pharmacokinetics of the ensembles. Changing the Tpy group from the 
LysB29 position to the PheB1 position prolonged retention at the injection 
site even further. When 111In-B1Tpy-HI coordinated with Fe2+ and Zn2+, 
111In-B1Tpy-HI reached the longest distribution half-life, prolonging it 
2.3-fold, while the combination of Fe2+ and Co3+ was close in increasing 
it 2.1-fold. However, there were not only effects at the injection site, the 
accumulation and residency time of both 111In-B1Tpy-HI metal ensem-
bles in kidneys increased considerably compared to 111In-B29Tpy-HI 
ensembles by a factor of 4.5 at the 6 h time point. 

Overall, formation of either oligomeric structure or larger aggregates 
of HI, and size, hydrophobicity, and charge of HI monomer and dimers 
effectively change the in vivo kinetics and distribution of HI by a small, 
but significant amount. Further studies are needed to improve the 
retention of 111In-HI assemblies at the site of injection even further to 
prolong therapeutic effects without increasing accumulation in the 
kidneys. 

We envision that site-selective conjugation for dual-functionalization 
of HI can be applied to the development of many peptide or protein 
assemblies for simultaneous therapy and imaging. Advantages for this 
approach might be an improved stability in blood, enhanced accumu-
lation at a desired site and controlled release. Pharmacokinetic analysis 
of these assemblies, as shown in the present study, could help in the 
development of advanced nanomedicines and speed up their translation 
to the clinic. 
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