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Abstract 

Background: 177Lu-based radiopharmaceuticals (RPs) are the most used for targeted 
radionuclide therapy (TRT) due to their good response rates. However, the worldwide 
availability of 177Lu is limited. 161Tb represents a potential alternative for TRT, as it emits 
photons for SPECT imaging, β−-particles for therapy, and also releases a significant 
yield of internal conversion (IE) and Auger electrons (AE). This research aimed to evalu-
ate cell dosimetry with the MIRDcell code considering a realistic localization of three 
161Tb- and 177Lu-somatostatin (SST) analogs in different subcellular regions as reported 
in the literature, various cell cluster sizes (25–1000 µm of radius) and percentage 
of labeled cells. Experimental values of the α- and β-survival coefficients determined 
by external beam photon irradiation were used to estimate the survival fraction (SF) 
of AR42J pancreatic cell clusters and micrometastases.

Results: The different localization of RPs labeled with the same radionuclide 
within the cells, resulted in only slight variations in the dose absorbed by the nuclei 
 (ADN) of the labeled cells with no differences observed in either the unlabeled cells 
or the SF.  ADN of labeled cells (MDLC) produced by 161Tb-RPs were from 2.8–3.7 
times higher than those delivered by 177Lu-RPs in cell clusters with a radius lower 
than 0.1 mm and 10% of labeled cells, due to the higher amount of energy emit-
ted by 161Tb-disintegration in form of IE and AE. However, the 161Tb-RPs/177Lu-RPs 
MDLC ratio decreased below 1.6 in larger cell clusters (0.5–1 mm) with > 40% labeled 
cells, due to the significantly higher 177Lu-RPs cross-irradiation contribution. Using 
a fixed number of disintegrations, SFs of 161Tb-RPs in clusters with > 40% labeled cells 
were lower than those of 177Lu-RPs, but when the same amount of emitted energy 
was used no significant differences in SF were observed between 177Lu- and 161Tb-RPs, 
except for the smallest cluster sizes.

Conclusions: Despite the emissions of IE and AE from 161Tb-RPs, their localization 
within different subcellular regions exerted a negligible influence on the  ADN. The 
same cell damage produced by 177Lu-RPs could be achieved using smaller quantities 
of 161Tb-RPs, thus making 161Tb a suitable alternative for TRT.
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Background
Targeted radionuclide therapy (TRT) is a nuclear medicine technique that uses radiop-
harmaceuticals (RPs) with high affinity to receptors or antigens on the surface of tumor 
cells to achieve a therapeutic effect. The use of TRT has increased significantly over the 
past decade due to an expanded knowledge of radiochemistry, cancer biology, and bio-
engineering [1]. TRT causes less collateral damage than external beam radiotherapy 
(EBRT) because the RPs are selectively taken up by tumors and their metastases, deliver-
ing high doses of radiation to cancer cells and minimizing doses to normal tissues [2]. In 
addition, RPs can have a longer therapeutic effect than EBRT because they can remain 
in the cells until the radionuclide decays completely, reducing the number of treatments 
required for the patient [1]. 177Lu is the radionuclide most frequently used for TRT [3]. 
Although 177Lu-RPs have shown promising safety and response rates, there are concerns 
about the availability of 177Lu due to the limited production capabilities of this non-car-
rier-added radioisotope [4, 5]. Furthermore, no Lu radioisotope with optimal properties 
could be used as a "matched pair" to obtain an accurate patient dosimetric assessment 
via imaging. Consequently, in clinical TRT, 177Lu must be paired with radionuclides of 
different elements, such as 68Ga or 111In [6, 7].

Terbium-161 (161Tb) has decay properties similar to 177Lu, such as a long half-life of 
6.91 days, low-energy photon emission suitable for SPECT imaging, and relatively low-
energy β−-particles useful for therapy (Table 1). In addition, the isotopes 152Tb and 155Tb, 
positron and γ emitters, respectively, could be employed as matched pairs to obtain the 
nuclear images necessary for the dosimetric calculations [8]. Therefore, Lehenberger 
et al. proposed using 161Tb for TRT [9].

Bifunctional chelating agents, such as DOTA, have been reported to label mol-
ecules with 161Tb [10]. DOTA produces stable complexes with biodistribution and 

Table 1 Comparison of main decay characteristics of 177Lu and 161Tb

*X-ray

Radionuclide t1/2 
(d)

γ-emission β−-emission Internal 
conversion 
(keV/decay)

Auger 
Electron 
(keV/
decay)

Total 
Electron 
energy/
decay 
(keV)

Energy 
(keV)

Yield 
(%)

Mean 
energy 
(keV)

End 
point 
energy 
(keV)

Yield 
(%)

177Lu 6.71 112 6 47 176 12 13.5 1.13 147.9

208 11 111 384 9

149 497 79
161Tb 6.91 26 23 138 461 25 39.2 8.94 202.5

46* 11 157 518 65

49 17 175 567 5

75 10 184 593 5
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pharmacokinetic characteristics similar to those of 177Lu-complexes, as both lantha-
nides have similar chemical properties [11, 12]. Additionally, research has shown that 
161Tb-RPs improve the therapeutic effectiveness compared to those labeled with 177Lu 
[13]. Alcocer-Avila et al. performed a comparison between the radiation doses delivered 
to the cell nucleus by 161Tb and 177Lu, assuming different distributions of the radionu-
clide within the cells using a Monte Carlo track-structure code called CELLDOSE [14, 
15]. The study results indicated that, for the same amount of electron energy released, 
161Tb delivers from 2.6 to 3.6 times more dose than 177Lu to the nucleus of a single cell, 
depending on the localization of the radionuclides in different cell compartments. The 
increase in cell-absorbed dose (AD) after 161Tb treatment is mainly due to the higher 
number of internal conversion electrons (IE) and Auger electrons (AE) with ener-
gies ≤ 40 keV. Based on these findings, it has been concluded that 161Tb is a better can-
didate for irradiating single tumor cells and micrometastasis. A recent study, conducted 
by the same research group, reported the use of CELLDOSE to assess the dose to the 
nucleus and membrane in a 19-cell cluster model after treatment with 161Tb or 177Lu, 
assuming the radionuclides localized on the cell surface, the cytoplasm or the nucleus. 
The findings indicated that when all 19 cells were targeted and the radionuclides are 
in the cytoplasm or on the cell surface, the ADs delivered to cell membranes by 161Tb 
were two- to sixfold higher than those delivered by 177Lu. The authors confirmed that the 
absorbed dose to cell nuclei  (ADN) after 161Tb treatment were two- to threefold higher 
than those delivered by 177Lu [16]. However, a precise determination of biological dam-
age based on a realistic localization of the radioisotope within the cell is still lacking. In 
the case of 161Tb, it is crucial to consider its cell localization because it has been demon-
strated that low-energy electron emitters can cause more biological damage than high-
LET α-particles when the decay occurs near the nuclear DNA [17].

Borgna et al. recently labeled three somatostatin (SST) analogs (DOTATOC, DOTA-
TOC-NLS, and DOTA-LM3) with 161Tb and 177Lu to investigate the effect of RPs locali-
zation on cell viability and survival [13]. They concluded, as Alcocer-Avila, that the IE 
and AE emitted by 161Tb contributed positively to its therapeutic efficacy. However, the 
authors did not perform dosimetric evaluations.

The aim of this study was to assess and compare the radiation doses delivered to 
nuclei by three 161Tb- and 177Lu-SST analogs on AR42J pancreatic tumor cells, using the 
MIRDcell 4.14 code, considering the realistic localization of the RPs in different subcel-
lular regions, spherical cell clusters and micrometastases of varying size and percent-
age of labeled cells. Moreover, a preliminary estimate of cell survival fractions (SFs) 
was made using the linear quadratic model and α and β survival coefficients previously 
determined by external photon beam irradiation, using the same software.

Methods
Experimental measurement of the average dimensions of AR42J cells

The AR42J (CRL1492) rat pancreatic tumor cell line (ATCC, Manassas, VA, USA) was 
cultured in Dulbecco’s modified Eagle’s medium (DMEM) as described in the supple-
mentary data.

The three-dimensional (3D) cell culture was performed by immobilization of AR42J 
cells in sodium alginate beads. A single cell suspension containing 1 ×  106 viable cells was 
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mixed with 500 μL of 1.2% low viscosity solution of alginic acid sodium salt from brown 
algae (SigmaAldrich, Steinheim, DEU). The bead-embedded cells were then hardened by 
adding them drop by drop to 15 mL of a 2.5%  CaCl2 anhydrous 20 mesh solution (Sigma-
Chem, St. Louis, MO) and incubating them for 30 min. After incubation, excess calcium 
was removed by rinsing the beds with phosphate-buffered saline (PBS). The cells were 
then maintained in a complete medium described in the supplementary information.

AR42J cells embedded in alginate beads, with an average radius of 1.2 mm, were co-
stained with a 1 μM solution of propidium iodide (Merck KGaA, Darmstadt, DEU) and 
calcein green AM (Thermo Fisher Scientific, MA, USA) by incubating at room tempera-
ture (RT) in the dark for 15 min. Fluorescence images of AR42J cells embedded in algi-
nate beads were obtained using a 40X objective on an inverted microscope, ImageXpress 
XL (Danaher, WA, USA), and analyzed with Metaxpress software. The software was 
used to determine the average nuclear and cytoplasmic radius.

Estimation of α-and β-survival coefficients

Three distinct methodologies were employed in the survival studies. The first two 
involved the standard clonogenic assay method and the assessment of EdU (5-ethynyl-
2’-deoxyuridine) cell proliferation following irradiation with a Gammacell 220 irradia-
tor (Atomic Energy of Canada, Ottawa, Canada) at a dose rate of 7.5  Gy/h. The third 
method involved the impedance-based real-time cell analysis conducted after irradiating 
the biological sample with an IBL 430 C biological sample irradiator (Schering/Cys bio-
International, Milan, Italy) with a dose rate of 120 Gy/h. The supplementary information 
provides a detailed description of both instruments and the test performed to assess the 
accuracy and uniformity of the dose delivered by both of them.

Clonogenic assay

Six-well plates (Corning, New York, USA) containing 3 mL of medium were used to cul-
tivate increasing numbers of cells (between 2 ×  103 and 8 ×  103) from a single cell suspen-
sion of AR42J. Then cells were exposed to gamma-dose between 0–10 Gy and incubated 
at 37 °C and 5%  CO2 for at least 8 days until the formation of macroscopic colonies was 
clearly observed. The colonies were fixed with a 4% paraformaldehyde (PFA) solution 
(Sigma-Aldrich, Steinheim, DEU) and stained with a 5% crystal violet methanol solu-
tion (Merck kGaA, Darmstadt, DEU). Subsequently, the images of the former colonies 
obtained with a camera (Nikon, Tokyo, JPN) were analyzed with the free software ImageJ 
(National Institutes of Health, Bethesda, Maryland, USA) tool to obtain the number of 
colonies in each well. From these data, plating efficiency (PE) and survival fraction (SF) 
were estimated using the following Eqs. (1, 2):

(1)PE =
formed colonies in control group

seeded cells

(2)SF =
formed colonies at a delivered dose

seeded cells*(PE/100)
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The survival curve was generated by plotting the SF against the radiation dose received 
by the cells on a semilogarithmic scale. The α and β radiobiological parameters were 
estimated by fitting the data using OriginPro 2016 (OriginLab Corporation, MA, USA) 
with the following linear quadratic Eq. (3):

where D represents the radiation AD received by the cells.

EdU cell proliferation assay

Three alginate beads, each one containing 1 ×  105 AR42J cells were placed inside micro-
tubes filled with 1.5  mL of complete medium. Microtubes were irradiated to reach a 
radiation dose of 0.5, 2, 4, 6, 8, or 10  Gy, respectively. After irradiation, each alginate 
bead was placed in a separate well of a 96-well plate filled with a complete medium. The 
plate was then incubated for 24 h, and the medium was removed. Subsequently, the algi-
nate beads were stained with the thymidine analog (EdU Alexa Fluor 488) and Hoechst 
33,342 from the Click-iT® EdU Imaging Kit (Thermo Fisher Scientific, MA, USA) follow-
ing the manufacturer’s instructions. To each well containing an alginate bead, 50 μL of 
fresh complete medium and 50 μL of the thymidine analog EdU (reactive A) were added. 
The well plate was incubated at 37 °C for 2 h. Next, the cells were washed twice with PBS 
and fixed by incubation with 100 μL of PFA at RT for 15 min. The fixed cells were then 
incubated with 100 μL of a 0.5% Triton X-100 solution (Biobasic, Markham, CAN) in 
PBS at RT for 20 min. The cells were washed twice with 3% bovine serum albumin (BSA) 
solution. Then 100 μL of the dye cocktail, prepared according to the kit manufacturer’s 
instructions, was added to each well, and the plate was incubated for 30 min at RT in the 
dark. The beads were washed twice with 3% BSA to remove the cocktail. Finally, 100 μL 
of Reagent G (Hoechst, 1:2000) was added to each well and incubated for 30 min at RT 
in the dark, the excess dye was removed by washing the beads twice with PBS.

The plate was placed on the plate holder of the ImageXpress XL automated inverted 
microscope (Danaher, WA, USA) to obtain brightfield and fluorescence images with the 
10 X objective using the filters with wavelengths of 350/461  nm (excitation/emission) 
to observe the Hoechst (total number of cells) and 495/519  nm to observe the Alexa 
Fluor dye (present in proliferating cells incorporating Edu). The pairs of epifluorescence 
images (Hoechst and Alexa) were obtained using the free software Image J. A minimum 
of ten image fields per bead have been taken into account at the same planar position. 
The images were used to manually count the Hoechst-Alexa-stained cells from the 
same field for each bead. The resulting numerical values were used to estimate the SF by 
assigning a value of 100% to the proliferation of non-irradiated AR42J cells cultured and 
stained under identical conditions. Finally, the survival curve was generated, as reported 
above.

Impedance-based real-time cell analysis

The cells were harvested when they reached 70–80% confluence, using 0.25% trypsin sup-
plemented with 2 mM ethylenediaminetetraacetic acid, and cell number was determined 
using trypan blue solution. Then, 1.5 ×  105 cells/450 μL were washed by centrifugation at 
300 g for 6 min at RT, resuspended in fresh complete medium, and irradiated with 0.5, 1, 

(3)SF = e−
(

αD+βD2
)
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2.5, 5, 10, or 15 Gy using the IBL 430 C biological sample γ-ray irradiator. The impedance-
based xCELLigence real-time cell analysis (RTCA) instrument (Agilent Technologies, 
Milan, Italy) was used to determine the cellular response to irradiation. The E-plate 12 (Agi-
lent Technologies, Milan, Italy) was filled with 50 µl of complete medium per well to meas-
ure the background impedance signal. Next, 150 µl of each irradiated cell suspension at a 
density of 5 ×  104 cells/well was added in duplicate to the 50 μL medium, and the E-plate 
was left at RT for 30 min to allow the cells to settle to the bottom of the well. Finally, cell 
proliferation was monitored by recording cell index (CI) values at 15-min intervals for 50 h 
using the xCELLigence RTCA software. The experiment was repeated three times, includ-
ing a control group of non-irradiated cells.

To calculate the SF at each dose at 24 and 48 h after irradiation, a value of 100% survival 
was assigned to CI of non-irradiated AR42J cells. Survival curves were generated by plot-
ting the SF against the radiation dose received by the cells.

Cellular dosimetry and survival fraction estimation

Dosimetric calculations were performed using MIRDcell software (v. 4.14)[18, 19] to com-
pare the  ADN values of AR42J cells incubated with one of the SST analogs (DOTATOC, 
DOTATOC-NLS or DOTA-LM3) labeled with either 177Lu or 161Tb. Cellular  ADN was cal-
culated for each labeled complex using as program input the full electron emission data 
(β-spectra, IC, and AE) reported in the International Commission on Radiological Protec-
tion publication ICRP-107 for both 161Tb and 177Lu radionuclides [20].

Two models of multicellular geometry were used for dose calculations: a two-dimensional 
(2D) circular colony and a 3D spherical cell cluster. The MIRDcell’s one-dimensional (1D) 
cell-pair model was also used to compare the self-ADN and the cross-ADN to neighbor-
ing cell per nuclear transformation between 161Tb- and 177Lu-RPs. In all models, the cells 
were considered as two concentric spheres, with the inner sphere representing the nucleus 
(N), the surface of the larger sphere corresponding to the membrane or cell surface (CS), 
and the area between the two spheres representing the cytoplasm (Cy). CS, Cy, or N were 
assumed to be the source regions where radioactivity was uniformly distributed, and N was 
considered the only target region.

The S-Values, representing the mean  ADN per nuclear decay, were calculated for all 
161Tb-SST and 177Lu-SST RPs using the localization data within the cell source regions 
(Table 2) reported by Borgna et al. [13]. The experimentally obtained cell size and the previ-
ously described cell model were also used as program input data. Next the calculated S-val-
ues were used to assess the total  ADN through the following Eq. (4):

Table 2 Distribution of somatostatin radiopharmaceuticals within AR42J cell regions

SST analog Activity in source region (%)

Membrane Cytoplasm Nucleus

DOTATOC 19 80 1

DOTATOC-NLS 16 78 6

DOTA-LM3 92 6 2
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where  Nsource i is the number of disintegrations in the i-source region and  Starget←source, i 
the S-values obtained with MIRDcell software.

Finally, the MIRDcell software was employed to estimate the SF assuming either 
2D circular colonies or 3D spherical cell clusters, where adjacent cells touch each 
other, with a radius of 25, 50, 100, 200, 300, 500, 750, or 1000 µm (diameters from 
0.05 to 2 mm), with 10%, 40%, and 70% of the cells labeled with either 161Tb-RPs or 
177Lu-RPs. The 40% and 70% values were selected based on the percentage of can-
cer cells that are expected to uptake the RP in order to achieve a therapeutic effect. 
Although a 10% value of labeled cells in a micrometastasis can be considered insuffi-
cient for clinical usefulness, it was included for comparative purposes. Based on the 
experimental data, it was estimated that the mean activity of cells could range up to 
a maximum value of 0.023 Bq/cell, so this value was used as the input for the Maxi-
mum Mean Activity per Cell query of the MIRDcell software. The total number of 
cells and labeled cells contained in each size of both multicellular geometry models 
were calculated by the software, which randomly selects the labeled cells within the 
cluster. The time-integrated activity coefficient (Ã) corresponds to the cumulative 
number of nuclear transformations (Bq∙s) over a dose integration period, per unit of 
administered activity (1 Bq) [21]. In this case, the Ã values obtained with dose inte-
gration from zero to infinity were 836,394 s (232 h) for 177Lu and 861,323 s (239 h) 
for 161Tb.

The probability of cell survival following treatment with the RPs was calculated 
using the linear quadratic model as described in the following equation:

where  Dself and  Dcross are the doses to the cell target due to radiation emitted by the same 
cell and by neighboring cells, respectively [22]. The effects of self- and cross-ADN are 
independent and characterized by the αself and βself, αcross and βcross parameters, respec-
tively. In this research, it has been assumed that αself = αcross = α and βself = βcross = β. The 
experimental values of the α and β survival coefficients were obtained from the external 
irradiation assays previously described.

Results
Experimental Measurement of Average Cellular Dimensions

Accurate cell dosimetry and survival rate assessment require precise cell size and 
volume measurements. In a real situation, pancreatic cells assume a spherical shape 
that differs from that of conventional 2D cell cultures (adhered to the bottom of the 
flask and flattened). Therefore, a 3D culture method was used to immobilize the 
cells inside alginate beads, allowing them to maintain their spherical shape. This 
strategy allowed for a more accurate determination of cell size.

Figure  1 shows the microscopic images of stained cells embedded in alginate 
beads, confirming the spherical morphology of AR42J cells. The mean radius of 

(4)ADN =

∑

i

Nsource,i • Starget←source,i

(5)SF = e
−self Dself −self D

2
self e−crossDcross−crossD

2
cross
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cell and nucleus obtained from cell imaging after microscopic measurements were 
8 ± 1 μm and 6 ± 1 μm, respectively.

Estimation of α- and β-survival coefficients

The results of clonogenic and EdU proliferation assays (Figure S1) were used to con-
struct the dose–response curves (Fig. 2). By fitting proliferation curves to a linear-quad-
ratic equation, the average values of the radiobiological parameters were estimated as 
α = 0.225 ± 0.031 and β = 0.013 ± 0.005.

Impedance-based real-time cell analysis allows for proliferation monitoring, record-
ing CI values every 15-min intervals for 50 h (Figure S2A). In contrast to the results 
obtained with both the clonogenic and the EdU proliferation assays, the proliferation 
analysis of AR42J cells performed with the xCELLingence instrument did not show 
significant differences in proliferation after irradiation with increasing dose (Figure 
S2B). This discrepancy could be attributed to the cell line’s characteristics and meth-
odology. The AR42J cell line does not grow as a monolayer, and due to the formation 
of ’domes,’ it never properly reaches the confluence of the well. This peculiarity may 

Fig. 1 A 3D culture of AR42J cells embedded in alginate beads. Representative microscopic images of the 
3D culture AR42J cells: B phase contrast image, C cytoplasmic distribution of green AM (green) in alive cells, 
D nuclear imaging, staining with propidium iodide (red), and E merged image of C and D 

Fig. 2 Survival curve obtained from A clonogenic assay and B EdU proliferation assay at 24 h after irradiation. 
Each point represents the mean value of the six experiments, and the bars indicate the standard errors 
obtained. The red line represents the best fit to the experimental data points using the linear-quadratic 
model
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have affected the results obtained with the xCELLigence instrument, as impedance 
measurement is closely related to cell adhesion to the well. It is possible that if irra-
diation damages cells forming ’domes,’ the impedance would not be notably affected, 
resulting in minimal differences between cell proliferation rates of cells irradiated 
with the various doses. Therefore, this assay may not be the best method for detecting 
the irradiation effect on the AR42J cell line.

Cellular dosimetry and survival

Table 3 shows the calculated 1D cell pair S-values for the three RPs under investigation, 
assuming cells with a radius of 8 μm and a nucleus radius of 6 μm and considering the 
radioactivity distribution within the cell regions reported in Table 2. The results demon-
strated that both self- and cross-irradiation S-values were consistently higher for 161Tb 
than for 177Lu, due to the higher electron energy emitted per decay. As expected, the 
higher concentration of NLS in the cell nucleus resulted in the highest self-irradiation 
S-value, which was 1.2 and 1.6 times higher than those of DOTATOC and LM3, respec-
tively, when the RPs were labeled with 161Tb and 1.1 and 1.5 times higher when labeled 
with 177Lu. In contrast, minimal differences were observed among the cross-irradiation 
S-values of different RPs labeled with the same radionuclide.

The total number of cells and labeled cells contained in each size of both multicel-
lular geometry models, calculated assuming cells with a radius of 8 μm touching each 
other, are reported in Table S1.

Numerous data were generated for each cell model when calculating the dosimetry 
and effect on cell survival of three 177Lu- and three 161 Tb-SST analog RPs at the eight 
cluster sizes and three labeled cancer cell percentage levels indicated in Table S1. There-
fore, to simplify the analysis explanation of the main findings, only the 3D dosimetric 
results of 177Lu-DOTATOC and 161  Tb-DOTATOC at three cluster sizes with three 
labeled cancer cell percentage levels will be shown first. Subsequently, the results of the 
three 177Lu-RPs and three 161Tb-RPs at all cluster sizes and three labeled cancer cell per-
centage levels for both 3D and 2D models will be shown and analyzed.

Table 4 shows the mean  ADN values on labeled cells (MDLC) and on unlabeled cells 
(MDUC) for different amounts of activity of 177Lu- and 161Tb-DOTATOC and clus-
ters of 100, 500, and 1000 µm considering 10, 40, or 70% of labeled cells. The MDLC 
values are dependent on the contributions of both self- and cross-irradiation, whereas 

Table 3 Calculated S-values (Gy/Bq-s) of self-irradiation and cross-irradiation to a neighboring 
cell (1D cell pair model) considering the real subcellular distribution of three molecular probes 
(DOTATOC, NLS, and LM3) labeled with 161Tb or 177Lu, reported in Table 2

Molecular probe 161 Tb 177Lu 161 Tb/177Lu ratio

Self Cross Self Cross Self Cross

DOTATOC 6.97E−04 7.66E−05 1.95E−04 2.98E−05 3.57 2.57

NLS 8.27E−04 7.58E−05 2.20E−04 2.97E−05 3.76 2.55

LM3 5.33E−04 8.05E−05 1.48E−04 3.05E−05 3.60 2.64
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the MDUC values are dependent only on the cross-irradiation contribution. Addi-
tionally, the table includes SF data, which will be discussed in greater detail later.

The data presented in Table 4 demonstrate that, for a given activity per labeled cell, 
the mean  ADN delivered by 177Lu-DOTATOC and 161Tb-DOTATOC in both labeled 
and unlabeled cells increases as the cluster size becomes larger, due to the enhanced 
effect of cross-irradiation.

Besides, for a fixed amount of activity in the cluster, the MDUC and cross-MDLC val-
ues are essentially independent of the labeling percentage. Conversely, as the self-con-
tribution to the MDLC is proportional to the activity per labeled cell, a lower labeling 
percentage results in a higher number of disintegrations per labeled cell, so the MDLC 
increases. If cluster size and percentage of labeling remained fixed, both MDLC and 
MDUC values would increase linearly with the total amount of activity in the cluster, as 
expected.

Table  4 also demonstrated that for small clusters (e.g. 100  µm) with a low value of 
labeled cells (e.g. 10%), the 161Tb-RP/177Lu-RP MDLC ratio was approximately 3 (Fig. 3), 
due to the greater self-irradiation contribution of 161Tb. This finding is consistent with 

Fig. 3 161 Tb-DOTATOC/177Lu-DOTATOC ratios of the mean doses to nuclei of labeled cells (MDLC) calculated 
for the three different cluster sizes (radius of 100, 500, and 1000 µm) and 10, 40, or 70% of labeled cells. 
For each cluster size and percentage of labeling, four points are reported in the plot, corresponding to 
the activity levels presented in Table 5. A two-way ANOVA analysis with a significance level of 0.05 (three 
columns and twelve rows, with a total of 36 observations) revealed significant differences in the MDLC 
161Tb-DOTATOC/177Lu-DOTATOC ratios among cluster sizes (54.67% of total variation; P < 0.0001) and 
percentages of labeled cells (54.67% of total variation; P < 0.001). Tests of Tukey’s multiple comparisons 
showed significant differences between the following combinations of labeled cells: 10% vs. 40% (P < 0.001), 
10% vs. 70% (P < 0.0001), and 70% vs. 40% (P < 0.0001). Significant differences were also observed when 
comparing 100 µm vs. clusters of 500 µm (P < 0.0001) and clusters of 100 µm vs. clusters of 1000 µm 
(P < 0.0001). However, a comparison of clusters of 500 µm vs. clusters of 1000 µm revealed no significant 
difference (P = 0.9977)
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the 1D cell pair simulation (Table  3) and with the data previously reported by other 
authors [14]. However, as the cluster size and percentage of labeled cells increase, the 
161  Tb-RP/177Lu-RP MDLC ratio decreases significantly, reaching a value of 1.36 in 
larger clusters, with no significant difference between sizes of 500 and 1000 µm in radius 
(Fig.  3). The results can be attributed to the elevated cross-irradiation produced by 
177Lu-DOTATOC in comparison to 161Tb-DOTATOC. To demonstrate this fact also for 
other  RPS, the relative contribution of cross-irradiation to the MDLC of 177Lu-RPs and 
161Tb-RPs were compared using different percentages of labeling (10%, 40%, and 70%) 
with a fixed mean number of 18,900 disintegrations per cell (Fig.  4). This fixed num-
ber was obtained by multiplying the maximum values of cluster activity of each cluster 

Fig. 4 The relative contribution of cross-irradiation to the MDLC for different percentages of labeled cells 
(10%, 40s%, and 70%) using a mean number of disintegrations per cell of 18,900 for both 177Lu-RPs and 
161Tb-RPs versus the radius of the spherical cell cluster
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size (Table 4), by the time-integrated activity coefficient for 177Lu (836,394 s), divided by 
the total number of cells in the cluster. For comparative purposes, the same value was 
employed for 161Tb. Figure 4 clearly demonstrates that the relative contribution of cross-
irradiation to the MDLC of 177Lu-RPs is consistently much higher than that of 161Tb-RPs 
for all cluster sizes. This result can be explained by taking into account the energetic 
characteristics of the emissions of these radionuclides (Table  1), which, for the same 
amount of energy released, give rise to a dose deposition profile around point sources 
that is higher for 161Tb compared to 177Lu, particularly in the first 10 μm, up to a dis-
tance of 30 μm, then becoming similar or even higher for 177Lu [23].

Fig. 5 Mean dose  (ADN) to all cells (MDC), unlabeled cells (MDUC), and labeled cells (MDLC) calculated using 
a mean number of disintegrations per cell of 18,900 and 10%, 40%, or 70% of cells labeled with 177Lu-RPs or 
161 Tb-RPs versus the radius of the cell cluster
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Figure  5 showed a graphical representation of the MDUC and MDLC obtained for 
all 177Lu-RPs and 161Tb-RPs calculated for the eight cluster sizes using a mean number 
of disintegrations per cell of 18,900 and the three percentages of labeled cells. This fig-
ure corroborates the findings presented in Table 4 and Fig. 3 for both 177Lu- and 161Tb-
DOTATOC, with the inclusion of the other two RPs labeled with both radionuclides. 
The mean dose to all cells (MDC) value has been also included in the figure for com-
parison purposes; it represents the mean  ADN value of both labeled and unlabeled cells 
and it is independent of percentage of labeling. It therefore coincides with the MDLC for 
100% labeling.

In the case of 177Lu-RPs, when moving from a 25 µm to a 1000 µm spherical cluster, 
the MDUC, and MDLC with 10%, 40%, or 70% of labeled cells demonstrated a relative 
increment from 202 to 1864%. The reduced role of cross-irradiation for 161Tb-RPs is evi-
denced by lower relative dose increments, ranging from 72 to 871% (Table S2).

The mean values plotted in Figs. 4 and 5 are calculated over the entire population of 
cells within the cluster. However, it is crucial to highlight the existence of significant dis-
crepancies in  ADN between cells situated in the core of the cluster and those positioned 
at its border, due to the diminished effect of cross-irradiation in the periphery of the 
cluster. This phenomenon has also been documented in uniformly radioactively loaded 
spheres by Champion et  al. [15]. Figure  6 illustrates the radial dependence of MDC, 
MDUC, and MDLC for 177Lu- and 161Tb-DOTATOC, with a cluster size of 1000 µm and 
40% of the cells labeled. The lines representing MDUC and the cross-irradiation contri-
bution to MDLC overlap, because MDUC depends only on cross-irradiation. The results 
obtained for the other 177Lu- and 161Tb-RPs were highly comparable, exhibiting a con-
sistent decrease in cell  ADN with increasing radial distance.

However, the  ADN values after the 161Tb-RPs treatment appeared to be less influenced 
by the radial position and exhibited the most significant differences between labeled and 
unlabeled cells compared to the  ADN after the 177Lu-RPs treatment. This confirms the 
previous finding that the cross-irradiation contribution of 161Tb is lower than that of 
177Lu (Fig. 4).

Fig. 6 Mean dose to all cells (MDC), labeled cells (MDLC), and unlabeled cells (MDUC) versus the radial 
position within the cluster with a radius of 1000 µm and 40% of cells labeled with A) 177Lu-DOTATOC and B) 
161Tb-DOTATOC. The self- and cross-contributions to MDLC were plotted separately
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A comparative analysis of the  ADN values resulting from different 177Lu-RPs revealed 
that MDUC values were similar (Fig. 7A). In contrast, larger differences in MDLC val-
ues were observed, especially when the number of labeled cells was low, due to the 
smaller effect of cross-irradiation (Table S3). The MDLC values reflect the differences in 
S-values of the self-irradiation of the RPs (Table 3), but attenuated by the effect of cross-
irradiation. A comparable pattern can be observed in the case of 161Tb-RPs (Fig.  7B). 
However, the MDLC values in this case showed slightly larger differences. The MDLC 
values of 161Tb-DOTATOC and 161Tb-NLS are respectively between 1.28 and 1.03 times 
and 1.46 and 1.06 times larger than those resulting from 161Tb-LM3, with the highest 
differences observed at the smallest cluster sizes (Table S3). Figure S3 highlights that for 
a fixed number of disintegrations and cell cluster size, the MDUC, and MDLC values are 
significantly higher for 161Tb-RPs than for 177Lu-RPs, especially at low percentages of 
labeled cells, as discussed previously.

It is important to note that the mean energy emitted in the form of electrons from 
161Tb and 177Lu differs considerably. Therefore, the dosimetric properties of 177Lu- and 
161Tb-RPs were also compared by scaling the number of disintegrations of 161Tb by a 
factor of 1.37. Figure 8 represents the relationship between the MDUC and the cluster 

Fig. 7 Mean dose to all cells (MDC), to 40% labeled cells (MDLC), and to unlabeled cells (MDUC) versus the 
radius of cell cluster, considering a mean number of disintegrations per cell of 18,900, for all A 177Lu-RPs and 
B 161Tb-RPs

Fig. 8 MDUC versus the size of the cluster radius considering A) the same mean number of disintegrations 
per cell for all RPs and B) a mean number of disintegrations per cell of 18,900 and 13,734 for 177Lu-RPs and 
161Tb-RPs, respectively
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size, using both the same mean disintegration number of 18,900 for 177Lu- and 161Tb-
labeled RPs and also scaling the mean disintegration number for 161Tb-RPs (13,734). 
This second approach results in a greater similarity in the dosimetric properties of 
the two radionuclides. The data indicate that for very small clusters, 161Tb delivers a 
higher  ADN to unlabeled cells than 177Lu. However, as the cluster size increases, the 
MDUC values of the 177Lu-RPs are higher than those of the 161Tb-RPs. In contrast, 
the MDLC values resulting from 161Tb-RPs treatment remain higher than those from 
177Lu-RPs (or comparable to them for large clusters and 70% of labeled cells) (Figure 
S4).

The relative trend of MDC values of 161Tb- and 177Lu-RPs versus the cluster size is 
similar to that of MDUC values, with 161Tb-RPs being more effective than 177Lu-RPs 
at small-medium cluster sizes (Figure S4).

The SF curves for 177Lu-RPs at a given cluster size exhibited only a slight depend-
ence on the percentage of labeled cells, despite the observed dependence of the 
MDLC on the same parameter. Clusters of 100 and 1000 µm treated with 177Lu-NLS 
using 40% and 70% labeled cells demonstrated no discernible differences in SF versus 
the mean number of disintegrations per cell (Fig. 9A and B). In contrast, higher values 
of SF were observed in small clusters when just 10% of the cells were labeled. This 
gap is less pronounced as the cluster size increases. Similar results were observed for 
177Lu-DOTATOC and 177Lu-LM3.

Higher values of SF were found when considering the 10% of cells labeled with 
161Tb-RPs particularly for the larger clusters. In this instance, a notable discrepancy 

Fig. 9 Survival fraction versus the mean number of disintegrations per cell after administration of 177Lu-NLS 
or 161Tb-NLS considering 10, 40, or 70% of cells labeled and a cluster size of 100 µm (A and C) and 1000 µm 
(B and D)
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was observed between the 40% and 70% labeled cell. This discrepancy can be attrib-
uted to the fact that the MDLC values of 161Tb-RPs are more susceptible to influence 
by the percentage of labeled cells than those of 177Lu-RPs (Fig. 9C and D).

The SF curves are markedly influenced by the cluster size, as illustrated in Fig. 10 
for 161Tb-LM3, as a consequence of the  ADN dependence on this parameter. Addi-
tionally, it can be observed that the scatter between the SF curves is greater when 
the percentage of labeled cells is lower. Similar outcomes were obtained for the other 
177Lu- and 161Tb-RPs.

Given the dependence of the SF on the cluster size, it is necessary to perform an anal-
ysis of survival studies with fixed values of this parameter to make a correct compari-
son between the RPs. Figure  11A demonstrated that there was no discernible difference 
between the SF curves of 177Lu-RPs using the same percentage of labeled cells and cluster 
size. Similar outcomes were observed for the SF curves of 161Tb-RPs under the same condi-
tions (Fig. 11B).

The cell SFs after 161Tb-RPs treatment were significantly lower than those of 177Lu-RPs 
for all cluster sizes when the same disintegration number was employed for both radionu-
clides, as evidenced in Figs. 12A, C and E. However, when the number of disintegrations of 
161Tb is scaled by a factor of 1.37 to account for the differing energy emitted by 161Tb and 

Fig. 10 Survival fraction versus the mean number of disintegrations per cell after administration of 
161Tb-LM3 in cell clusters with sizes ranging between 100 µm and 1000 µm considering (A) 40% and (B) 70% 
of labeled cells

Fig. 11 Survival fraction versus the mean number of disintegrations per cell for 100, 500, and 1000 µm 
cluster sizes considering the 70% of the cells labeled with A) 177Lu-RPs or B) 161Tb-RPs
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177Lu, it can be observed that 161Tb-RPs are more effective only for small cluster sizes (see 
Figs. 12B, D and F).

Discussion
The localization of the radiopharmaceutical in TRT is of greater importance than the 
dose rate, particularly given that alpha particles, beta particles, or Auger electrons local-
ized in proximity to DNA can cause double-strand breaks (DSBs), leading to cell death 
or apoptosis, even at low radiation doses and dose rates. Consequently, discrepan-
cies may be observed between the radiobiological outcomes attained through external 
gamma beam irradiation and TRT [24]. It would have been ideal to obtain biological 

Fig. 12 Comparison of survival fractions versus the mean number of disintegrations per cell following 
177Lu- or 161Tb-LM3 treatment of 100, 500, and 1000 µm cell clusters considering 70% of cells labeled A using 
the same mean number of disintegrations per cell for the two radionuclides, while in B scaling the mean 
number of disintegrations of 161Tb by a factor 1.37
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parameters specific to target radionuclide therapy. However, the experimental values 
of the α and β survival coefficients determined using external beam photon irradiation 
were sufficient to preliminarily compare the survival profile of three 161Tb- and three 
177Lu-SST analogues in cancer cell clusters. It was also assumed that the α and β param-
eters were identical for the different emissions of the two radionuclides, although it is 
known that differences in radiotoxicity can be attributed to the dose released by AE and 
higher-energy electrons, which may increase the differences between the SF of the three 
RPs. It is also important to consider that although nuclear DNA is widely considered the 
primary target of ionizing radiation, other sensitive sites, such as the cell membrane and 
mitochondria, could also be critical targets in TRT [25].

A dosimetric comparison between 177Lu and 161Tb was previously conducted by 
Champion et  al. assuming a homogeneous distribution of the radionuclides in water-
density spheres [26]. The results demonstrated that, for the same amount of energy 
released, the absorbed doses due to 161Tb are higher than those of 177Lu at the small-
est sphere sizes, becoming very similar at the millimetric scale. These findings are con-
sistent with the results obtained in the present study using cell clusters. At the cellular 
level, calculations of Alcocer-Avila et al. were limited to a single cell or a small cluster of 
19 cells, supposing a uniform distribution of the radionuclides in one cell compartment 
(cell surface, cytoplasm or nucleus) or within the whole cell [14, 16]. The present study 
considered the experimentally determined cellular distributions of three different RPs. 
Additionally, clusters of cancer cells with radii ranging from 25 to 1000 µm (from 0.05 to 
2 mm in diameter) were simulated, assuming different percentages of labeled cells.

This study showed no noticeable differences in the SF of different RPs labeled with the 
same radionuclide. This result can be attributed to two main facts, the assumption that 
the nucleus is the only radiosensitive target of the cell, and basing therefore the estima-
tion of the  ADN value, and that the RPs considered do not differ significantly in their 
fraction of nuclear uptake, which determines only small differences to the S-values of 
the three RPs. Moreover, when considering the same number of disintegrations for both 
radionuclides, 161Tb consistently delivered higher  ADN and produced higher biological 
damage than 177Lu, regardless of the cellular distribution of the radionuclides. However, 
when the comparison between the two radionuclides is performed for the same amount 
of energy emitted in the form of electrons, the 161Tb-RPs demonstrated a higher reduc-
tion in cell survival only in small clusters, becoming comparable or even less effective 
than the 177Lu-RPs for larger clusters (Fig. 12).

A substantial amount of experimental data regarding in vitro cell survival studies with 
RPs, particularly those of Borgna et al., has been collected in 2D cell cultures. However, 
despite their simplicity, rapidity, and reliability, 2D models are inadequate for accurately 
reproducing the behavior of tumors in vivo. Consequently, a variety of 3D models have 
been employed to assess the cell-killing efficacy of RPs [27, 28]. In this work, a simula-
tion of a 3D geometry was chosen because it more accurately represents a real micro-
metastasis. Nevertheless, to compare 2D and 3D models, dosimetric and cell survival 
calculations were also performed on cell colonies disposed in a circle with a radius rang-
ing from 25 to 1000 µm (Table S1). The results demonstrated that the ADs obtained for 
all RPs with 2D geometry were consistently lower than those obtained for the 3D models 
for a given mean number of disintegrations per cell and cell colony or cluster radius. 
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This finding is consistent with the results of a Monte Carlo-based assessment of AD at 
the macroscopic level in a cell monolayer and 3D spheroids, which explained the lower 
viability of cells in 3D cultures compared to that in 2D ones [29]. The results presented 
in Table S3 demonstrate that, for all the considered RPs, the 3D/2D ratios of the  ADN 
are the largest for MDUC, followed by MDLC using 70%, 40%, and 10% labeled cells. 
For each quantity, the ratios become more significant with increasing the geometric 
size. This trend can be attributed to the reduced influence of cross-irradiation in the 2D 
scenario, particularly in the context of large colonies. These results are also supported 
by the observation that the increase of MDUC and MDLC values with the cell colony 
dimensions is considerably lower than in the 3D clusters (see Figure S5). The differences 
between the 2D and the 3D scenarios were more pronounced for 177Lu-RPs than for 
161Tb-RPs, indicating that the impact of 161Tb cross-irradiation is minimal.

A comparison of the MDLC after treatment with the three considered 177Lu-RPs 
reveals larger differences in the 2D than in the 3D case (Table S3). A similar behavior was 
observed with 161Tb-RPs. Moreover, also in the 2D case, the differences in the MDLC 
values resulting from the three 161Tb-RPs were more evident than those observed for 
the 177Lu-RPs values (Table  S3). The dependence of SF on cluster size is considerably 
lower in the 2D case due to the smaller influence of colony size on the  ADN. Besides, 
the smaller cell  ADN in 2D models resulted in a notably higher SF compared to the 3D 
clusters (Figure S6). Furthermore, due to the reduced influence of cross-irradiation on 
2D models, the impact of the percentage of labeled cells is more evident, especially for 
161Tb-RPs (Figure S7).

The SF curves obtained for a given cluster size and percentage of labeled cells do not 
significantly differ when comparing different RPs using the 2D model, for both 177Lu and 
161Tb labeling (Figure S8). 161Tb-RPs were found to be more effective than 177Lu-RPs also 
in the 2D models. This trend is attenuated but maintained, even when the number of 
disintegrations of 161Tb is scaled by a factor of 1.37, to consider the larger amount of 
energy released per nuclear transformation in the form of electron emissions (Figure 
S9). Consequently, cell survival experiments conducted in 2D can demonstrate a higher 
efficiency of 161Tb-RPs compared to 177Lu-RPs, but this advantage may be lost in a 3D 
geometry for medium to large cluster sizes.

The higher efficacy of 161Tb-RPs compared to 177Lu-RPs was experimentally confirmed 
by Borgna et  al., through the performance of 2D in  vitro assays, which demonstrated 
that 161Tb-DOTATOC and 161Tb-NLS were four times more effective in inhibiting 
tumor viability than their 177Lu-labeled counterparts [13]. Besides, they reported that 
161Tb-LM3 was 102-fold more potent than 177Lu-LM3. The last result may be partially 
attributed to the fact that the membrane is a susceptible target for the dense ionization 
produced by AE [30]. However, the differences between the two LM3 RPs in vivo in the 
mouse model were considerably less than expected, as evidenced by tumor volume, 
tumor growth delay, and the percent survival of animals at 49 days after treatment with 
both RPs. These data indicated that 161Tb-LM3 was only approximately two to three 
times more potent than 177Lu -LM3 [13].
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Conclusions
The biological outcomes of 177Lu- and 161Tb-RPs on cell clusters are influenced by 
several factors, including the dimensions of the cell cluster, the fraction of labeled 
cells within the cluster, and the localization of the radioactivity into different cell com-
partments. However, evaluations conducted with a fixed cluster size (0.025–1 mm of 
radius) and percentage of labeled cells indicated that the localization of the RPs within 
different cell compartments had a minimal impact on the  ADN values and cell survival 
for the three SST analogs considered in this work, when labeled with the same radio-
nuclide. This result may be attributed to two factors: firstly, the assumption that the 
nucleus was considered the sole radiosensitive target of the cells; and secondly, the 
fact that the three RPs are characterized by small differences in the amount of nuclear 
localization. The assessment demonstrated that 161Tb-RPs are not more effective than 
177Lu-RPs for tumors with a radius of 0.5 to 1 mm when comparison was carried out 
using the same amount of emitted energy in the form of electrons. Nevertheless, the 
same effect on cell survival produced by 177Lu-RPs could be achieved by smaller activ-
ities of 161Tb-RPs due to the higher energy emitted by 161Tb per disintegration. Con-
sequently, 161Tb-RPs represent a suitable alternative for TRT.
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