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H I G H L I G H T S

• Breast cancer cellular uptake of holmium glucose complexes.

• Glucose and holmium interaction in solution, helping cellular uptake.

• Continuous-time cell uptake of holmium in glucose´s solution.

• Saccharide-holmium complexes provides characteristic peaks in DESI-MS.

• Glucose helps holmium to be internalized on cancerous cells in vitro.
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A B S T R A C T

Background: The existence of saccharide-holmium complexes, containing mono or polysaccharide molecules, is
an attractive hypothesis toward a radiation therapy (RT) with beta-emitters targeting high glucose metabolic
human sites. To exam such hypothesis, the aim of this study was to investigate the possible chemical interactions
of Ho and glucose molecules and if glucose may be a facilitator to holmium cell internalization based on in vitro
uptake assays and mass spectrometry analyses.
Methods: The ionic-solution preparations were based on glucose-anhydrous and holmium-nitrate hydrated in
aqueous solution, in non-radioactive condition. The uptakes in MDAMB231 cell lineage were evaluated, at 0 and
50 µgmL−1 holmium solution, in incubation times of 10, 30 and 50min. The measurements of the holmium
mass into the dried cell were evaluated by Neutron Activation Analysis – NAA method. Also, the ionic solution
was tested in Electrospray Ionization Mass Spectrometry (ESI-MS) in order to identify Ho and glucose interac-
tions.
Results: There were intracellular holmium-uptake in MDAMB-231 of 3.6 ± 0.1, 6.8 ± 0.2 and 9.7 ± 0.3 μg
increasing linearly with incubation time. The m/z ions at 523, 586, 649, 991 and 1054 were attributed to the
positively loaded species containing Ho+3, glucose (GLU) and NO3

-, making up the possible molecular com-
pound formulae, involving Ho, GLU, and anions.
Conclusions: The findings of the in vitro assay and the ESI-MS suggested a suitable holmium cell uptake, in-
creased in function of incubation time, due to the presence of glucose and holmium chemical interactions in
solution.

1. Introduction

Primary or metastatic tumors promote higher metabolism of glu-
cose; therefore, human tumor sites have been targeted by glucose-
analog compounds considering their possible high uptake. (Labak et al.,
2016) The use of sugar complexes or derivatives thereof, containing

mono or polymolecules, type polysaccharides, attached to metal centers
as particle-emitting radionuclides, is attractive to radiation therapy,
among other clinical protocols. (Liu et al., 2014; Geng et al., 2011; Shan
et al., 2016) There is a strong interest in the therapy of high-metabolic
sites through radiopharmaceuticals carrying saccharide or other analog
molecules, monitored by the simultaneous emissions of gamma and X-
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rays of the excited states. Such high metabolic sites may represent a
tumor or metastatases, but also aseptic or septic infections induced by
different pathogenic. (Bleeker-Rovers et al., 2011; Payen et al., 2016)

The feasibility of a systemic radiotherapy of high metabolism sites,
as primary tumors and metastases, can be questioned by the inevitable
high heart and brain saccharide uptakes. However, the possibility of
peri- or intra-tumoral internalization may bring a new perspective to
minimize such effects on healthy organs that are in the natural path-
ways of the radiopharmaceutical time kinetics. (McDougall, 2000)
However, such concerns can be brought to light only after in vivo
imaging studies on an animal model, when uptake ratios are estimated
based on the activities in the target site to blood or healthy organs.

Another possibility of the use of a high metabolic-seeker radio-
pharmaceutical is in radioisotopic synovectomy. (Lima and Campos,
2005) The radiosynovectomy consists of applying the radio-
pharmaceutical into the articular capsule in order to reduce in-
flammation in the synovial membrane. Indications are for rheumatoid
arthritis, psoriatic arthritis, osteoarthritis with inflammation, hemo-
philic arthropathy; with more than six months of systemic and local
treatment with corticosteroids. (Das, 2007) Such a technique can re-
present an alternative to surgical synovectomy or synovitis with osmic
acid that achieves synovial destruction. The radiopharmaceutical can
eliminate specific macrophage cells which act in the destruction of the
synovial membrane. Such suitable target cells hold high glucose uptake
and have a larger radio sensibility than the epithelial and fibroblast
cells present in the synovial membrane (Lima and Campos, 2002).

The Ho-166 nuclide decays by beta, gamma and X-rays emissions,
which enable simultaneous: (i) monitoring of the biodistribution
through scintigraphy in simple photon emission tomography (SPECT)
or Gamma Camera through the 80 keV gamma-ray or the X-ray emis-
sions that are characteristic photons from the excited state of Er-166;
(ii) induction of systemic therapy through the deposition of beta-par-
ticle emissions since maximum energies are of 1.854MeV (48%) and
1.773MeV (50.5%) (Nuclear Data, 2018).

The holmium is of the Lanthanide group, 6th period, with Ho-165
having 100% of isotopic abundance (CRC, 2009; Nelson and Cox,
2002). The Ho-166 nuclide is generated by radioactive capture reac-
tions, Ho165(n,γ)Ho166, with thermal and epithermal neutron cross
sections of 26 and 200 barns, respectively (Chart of Nuclides, 2017).
Holmium does not play biological interactions in human beings, and the
same in plants with holmium content found lower than a hundred parts
per trillion (Hammond, 2000; Emsley, 2011).

In this stage of research development, the main goal was the in-
vestigation of the in vitro holmium uptake in a breast cancer cell line at
specific incubation times in a solution of glucose. The hypothesis is the
cell uptake occurs due to metal complexation of holmium and glucose.
The Electrospray Mass Spectrometry was used to characterize the hol-
mium-glucose complexes in aqueous solution.

2. Materials and methods

2.1. Materials

In tissue culture development, the materials T-75 and T-25 flasks,
15.0 mL Falcon tubes and 1.0mL polyethylene bottles were used for
tissue culture. Controlled speed centrifuges, a CO2 incubator for cell
growth, an inverted microscope, a distiller, a deionizer and a cell de-
frost system were employed, with its respective instrumentations and
disposable materials from Sigma-Aldrich.

Complete RPMI-1640 (RPMI) with L-glutamine, glucose-free culture
medium (Sigma-Aldrich), fetal bovine serum (FBS) medium and phos-
phate buffered saline medium (PBS) were used. PBS is a buffer isotonic
and saline containing sodium chloride, sodium phosphate, potassium
chloride and potassium phosphate, for keeping the neutral pH of the
solution, prepared in distilled water and deionized water.

2.2. Methods

2.2.1. Cell culture
The cell lineage was established and maintained in vitro following

the protocols of literature. (Falcão et al., 2015) Cell cultures were
maintained in RPMI-1640 supplemented with 10% fetal bovine serum
medium and antibiotic Gentamicin (50 μg µL−1) and Streptomycin
(500mgmL−1), in the T-75 culture flasks in a humid atmosphere
containing 5% CO2 at 37 °C. Human breast carcinoma MDA-MB231
cells were donated by Dr. Mirian Paz from the Pharmacology Depart-
ment of Sciences Institute of Biology - ICB/UFMG. The lineage source of
breast adenocarcinoma has epithelial morphology, derived from a
metastatic site.

The T-75 flasks with cells in confluence were trypsinized and the
cells were placed in suspension. The RPMI complete medium was re-
moved, centrifugated for cell pellet formation, and the suspension re-
moved. The cell pellet was resuspended in PBS buffer medium and
centrifuged again. The procedure was repeated for removing the re-
sidues of the complete medium. Then, the cellular pellet was re-
suspended in PBS buffer medium. An aliquot was removed to be
counted in a hemocytometer. Three aliquots of 2.5mL with 2× 106 cell
each were transferred to three T-25 bottles and kept in the incubator for
2 h.

2.2.2. Ho-Glu solution preparation
Two primary solutions were prepared based on the following re-

agents: Ho(NO3)3·5H2O (Sigma-Aldrich) with 99.8% purity and anhy-
drous glucose and deionized water. Both aqueous solutions were pre-
pared with the concentrations of 1× 10−2 mol L−1 of glucose (GLU)
and holmium nitrate. An ionic solution was prepared in the proportion
of 1:1 of both primary solutions, namely Ho-Glu solutions.

2.2.3. Uptake assay
An amount of Ho-Glu solution had been added to the buffer medium

in each T-25 bottle, such as the MDAMB231 cell culture was exposed to
150 μg of Ho in 3.0mL medium. The control group was prepared with
MDA-MB231 cells in the same culture condition; however, in medium
without the holmium-glucose solution (control, n= 3). The bottles had
been returned to the incubator and kept in the humid atmosphere
containing 5% CO2 at 37 °C whose cells were incubated with Ho-Glu. At
the time of 10, 30 and 50min, the bottles were removed from the in-
cubator (for a specific time, n= 3). Cells of the T-25 bottles were re-
suspended by means of some refluxes, homogenized, and a whole
content was withdrawn and transferred to a Falcon tube. The Falcon
tubes were centrifuged, extracted the Ho-Glu solution, washed again
with pure PBS buffer medium, and later the pellet was resuspended in
0.5 mL. From each Falcon tube, the 0.5mL volume of the suspension
was transferred to the 1.0mL polyethylene vial used to NAA.

Later, the samples were dried in oven 60 °C for 1 h. The residues of
the PBS buffer together with the contained cells were dried, generating
a film in the vial bottom. It produced a residual mass of cells that had
been incubated with Ho-Glu solution, possible internalized during the
specific incubation time with the established 50 µgmL−1 concentration.
The same was made for the control samples, where cell aliquots in pure
PBS buffer only were removed and dried, without washing.

2.2.4. NAA measurements
The metal mass were evaluated by Neutron Activation Analysis -

NAA method performed in the TRIGA MARK I IPR-R1 research reactor,
CDTN/CNEN, Belo Horizonte, on the k0-method. The requirements of
elemental standards were used in the analysis for NAA (De Corte,
1986). The thermal neutron flux was about 6.35×1011 ncm−2s−1 at
100 kW, the time of exposition was 8 h, and the major k0-method
parameters were f was 22.32 and α −0.0022 (De Corte, 1986), on the
PI-7 irradiation position (Menezes and Jacimovic, 2006). The sample
had been conditioned in the polyethylene vial. After neutron
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irradiations, the sample activities and spectra had been analyzed in the
Gamma Spectrometry System associated to a gamma detector HPGe and
Genie 2000 software for spectra acquisition and electronic association
from CANBERRA. The spectra had been analyzed in HyperLab®
(HyperLab, 2013; Simonits et al., 2003) and the elemental concentra-
tions had been calculated in the Kayzero code for Windows® (Kayzero
for Windows, 2011).

2.2.5. Mass Spectrometry protocol
The ESI-MS of Ho-Glu solution was conducted in an LCQFleet mass

spectrometer (Thermo Electron). The electrospray source conditions
were as follows: positive mode; spray voltage 5 kV, capillary voltage
36 V, tube lens voltage 65 V sheath gas flow rate (N2) 8 arb, and ca-
pillary temperature 275 °C. The m/z range analyzed was 50–2000. The
samples were introduced directly in the electrospray source at 20-
µL min−1 using a syringe pump.

3. Results

3.1. Ho cell uptake

The holmium mass recovered in the dried samples of MDAMB231
cells incubated with 150 μg of Ho in 3.0 mL of medium, in incubation
times of 10, 30 and 50min, were 3.6 ± 0.1, 6.8 ± 0.2, and 9.7 ± 0.3
in μg, with difference statically significant, respectively. At 0 µgmL−1,
the Ho concentration was lower than a detectable value. Thus, the Ho
element was not found in the control samples. At 50 µgmL−1, the
holmium the uptake increases linearly in function of 10, 30 and 50min
of incubation time.

3.2. Mass spectroscopy analysis

The ESI-MS spectrum of the Ho-Glu solutions is shown in Fig. 1,
whose complexion was prepared with cold nuclide. The m/z ion of
major intensity 649 was attributed to species containing Ho+3, two
molecules of glucose and two ions NO3

-. The other m/z ions at 523, 586,
991 and 1054 had also been attributed to the positive species con-
taining Ho+3 and deprotonated glucose molecules. The deprotonation
of the glucose-lead complex under ESI-MS condition was previously
reported by Salpin and Tortajada (2003). Following the same analysis,
our findings can point to the formation of Ho-Glu complexes in solution.

The molecular weights evaluated to the theoretical assignment of
the chemical formulae were presented in Table 1. The m/z experimental

signals were found equivalent to the m/z theoretical signals of the as-
signment chemical formulae, based on Isotope Patterns Calculator,
taken into consideration the uncertain order of the measurements in
ESI-MS experiments.

4. Discussion

The natural high uptake in heart and brain predicts a clinical failure
of a possible radiation therapy with 166Ho-glucose. Contra measure-
ments can be taken to overcome such clinical situation.
Radiopharmaceutical can have different vascular assessments, as in-
tratumoral, peritumoral or directly in a specific artery of the target
organ. A suitable infusion time-rate shall be chosen to obey the diffu-
sion and absorption parameters of the tumor. A short-time control of
the natural glucose tissue-uptake based on the management of the
physiological hormonal dependence may be also a contra measurement,
in cases of the cancer cells does not respond similarly.

Free Ho3+ ions are found in Ho(NO3)3·5H2O solution, as similar to
Ho3+ from HoCl3 aqueous solution. Thus, uptake of Ho3+ ions from
HoCl3 provides similar data to holmium nitrate in solution. Indeed, Ho-
free ions uptake data can be recalled to address this issue. Zolghadri
et al. (2013), investigated the uptake of free Ho3+ ions in solution,
among other radiopharmaceuticals. The free Ho-ion uptakes in sto-
mach, skin, xyphoid, lung, intestine of rats were lower than 0.25% of
the Injectable Dose (ID) per gram of the extracted organ, i.e. %ID.g−1.
The large uptake of 2.5% at 2 h was in the excretion system (kidney)
that fallen down to 1% up 24 h. The brain did not uptake free Ho ions.
The uptake in heart, blood, and lung dropped from 0.5% (2 h) to lower
than 0.2 up to 4 h. Zolghadri et al. (2013), addressed the Ho3+ cation
excretion in vivo, with earth accumulation in liver and excreted through
hepatobiliary excretion route, leading to the reduction in liver

Fig. 1. The ESI-MS spectrum of Ho-Glu solution.

Table 1
Attributions of the m/z signals in the spectrum of the Ho-Glu solution, the
theoretical assignment of the chemical formula, molecular weight and possible
ion species in the formations.

m/z Theoretical MW Proposed species
Assignment (a.m.u.)

523 C12H22O12Ho 523,229 [Ho(Glu)2 – 2H]+

586 C12H23O15HoN 586,242 [Ho(Glu)2NO3 – H]+

649 C12H24O18HoN2 649,255 [Ho(Glu)2(NO3)2]+

991 C18H33O24Ho2N2 991,318 [Ho2(Glu)3(NO3)2 – 3H]+

1054 C18H34O27Ho2N3 1054,331 [Ho2(Glu)3(NO3)3 – 2H]+
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accumulation to about 0.7% of the activity after 24 h. A late uptake in
the bone was identified 4–24 h at 0.7% ID g−1. Soft-tissues incorporated
non-significant later uptake larger than 0.05% ID g−1 showing the ion
incapacity of internalization in tissue cells.

The formation of metal complexes of mono-, oligo-, and poly-
saccharides has been attracting interest (Alekseev et al., 1998). Angyal
et al. (1974) had already observed interactions of lanthanide ions and
polyols in aqueous solution.

Previous Ho-Glu characterization studies with 166Ho-radioactive
were carried out; however, those did not prosper in separating an Rf for
the Ho-Glu complexes, maybe due to the presence of a diversity of
complexes. The ITLC system presented a low resolution for such studies.
Thus, the mass spectroscopy was considered to analyze the complexes.

The Ho-Glu complexes were characterized by mass spectroscopy.
The ESI-MS has been mainly used in the analysis of biomolecules in
solution. The ESI-MS is an accurate technique for specifying the masses
of the complexes (Eberlin et al., 2011). Electrospray ionization provides
ion transfers directly from the solution to the gaseous phase and thus
allows their analysis of masses, becoming a suitable technique for the
ionic complex studies (Ho et al., 2003).

A Ho-Glu solution in a 50 µgmL−1 concentration was chosen in our
experiment, which means that 1 g of PBS-buffer solution holds 50 μg of
holmium or 6.08×10+19 atoms of holmium per gram of the solution.
This amount was chosen in the analogy of the measurements of the
boron concentration in blood after fructose-boron-phenylalanine, a
non-toxic compound, following injection in clinical trials in patients
treated with BNCT – Boron Neutron Capture Therapy, which found a
boron concentration of 45–50 µgmL−1 in blood (Brandão and Campos,
2015).

Blood glucose achieves a usual measurement of 108 mg dL−1 or 6
mmolL−1 after a meal. Since the usual plasma concentration holds 55%
of the blood, with 1.053 gcm−3 of mass density, the glucose con-
centration of 1.08mgmL−1 in blood represents 1.96 mgmL−1 or
1.86mg g−1 (%w) of plasma. Let us consider this value as a limit of the
number of glucose molecules on the plasma. Taking the glucose molar
mass of 180 gmol−1, 1.86mg g−1 of glucose represents 6,22×10+18

glucose molecules per gram of plasma. Our experiment predicted 1
glucose-molecules per holmium cation in the complexes of greater in-
tensity; therefore, 150 μg in 3.0mL of Ho means 3.47× 10+17 mole-
cules per gram of the Ho-Glu complex. It produces an in vivo ratio of Glu
in vitro per Glu in plasma Ho-Glu/Glu of ~1:36, which means 1 co-
ordinate compound per 36 glucose molecules in the blood. Thus, our in
vitro concentration is small when we compare and translate this data
into an in vivo ratio of 1:36. Thus, a large concentration of Ho-Glu
complexes can be expected to be injected in vivo, which means a pos-
sible larger uptake in cancerous cells in vivo.

The experimental condition imposes an MDAMB231-cell starving
condition during a period of 2 h in PBS buffer, and a long-term glucose-
starvation condition in the RPMI medium, since the buffer and the
medium were glucose-free. Such condition was followed by a short-time
exposition to Ho-GLU solution for 10–50min. Thus, such experimental
condition may be induced by a large Ho-GLU cell uptake in a short time
period. Measurements of Ho uptake in cells increased since the mass
recovery were 3.3 up to 9.7 μg from 10m to 50min exposition in accord
to the experimental conditions. The metal uptake increased with time
when cells were incubated to Ho-GLU solution, achieving a holmium
mass concentration in cancerous cells of ~1:23 taken the wet mass of
cells.

The average percentage of Ho mass was 0.11% in relation to a total
wet cell mass, considering a recovering cell rate of 40% in the in vitro
assay that means 2.106 cells with a total mass of 8.796mg. Taken
9.7 ± 0.3 μg Ho mass recovery in the cells at 50min, the concentration
ratio of Ho in the cells in relation to the solution can be estimated. A
value of 150 μg of Ho was present in 3.0 mL of solution, while 9.7 μg of
Ho in 8.796mg of cell mass. Therefore, a concentration ratio of 1:23 of
Ho in the cell mass was obtained. If a ratio of 1:1 were considered on

cells in relation to Ho concentration in the solution, no detectable data
should be found by NAA. A concentration ratio of solution-tissue of
1:23 is suitable for radiation therapy.

A possible clinical Ho-Glu/RT protocol must be defined having a
maximum exposition of the target tissue and lower toxicity in the
Organs at Risk (OARs), which means that clinical contra measurements
are adopted to reduce radiotoxicity in OARs. The activity in a possible
RT will be defined by the maximum tolerated dose (MTD) in OARs, as
heart and brain, taken into consideration the percentage of the total
injected activity uptake in OARs. Such local OARs activities will be
translated to a possible tolerant blood activity. Based on in vitro assay
data, uptake ratio, as found 1:23, are applied to estimate the target
activity (tumor or metastasis) and the target-dose, as consequence.

Despite the amount of counting cells of 2×106 cell mL−1 was
seeded in the T-25 bottles and held up to 02:50 h (including 50min
exposed to Ho-GLU solution), there was no possibility to have counted
the final number of cells enclosed in polyethylene bottle after dried.
Although the number of cells was not estimated at the experimental
end, the cell dilution in the T-75 medium, followed by the same volume
transferred to each T-25 flask, held the equivalent cell number in each
T-25 flasks.

The ESI-MS experimental spectra provided a set of peak mass-charge
ratios versus intensities, related to the ion presences. Theoretical spectra
were evaluated by the Isotope Patterns Calculator, provided by sup-
posing chemical formulae related to the elemental chemical con-
stituents of the reagents. (ChemPutter, 2018) The analysis was per-
formed matching the theoretical and experimental m/z intensity data.
The supposed chemical formulae in Table 1 were proposed in order to
meet the experimental data. Thus, exact masses were evaluated, using
the proposed chemical formula.

The findings of the in vitro assay and the mass spectrometry at ESI-
MS environment suggested a suitable holmium cell uptake, increased in
function of incubation time, due to the presence of glucose and hol-
mium interactions in solution. Therefore, glucose has been acted in our
experiments emerging as a facilitator to Ho internalization, possible due
to the formation of Ho-Glu complexes in aqueous solution, stabilized by
inorganic anions. Further experiments shall be addressed to test our
findings in vivo, especially the stability of such complexes in serum.

5. Conclusion

Holmium uptakes in vitro were demonstrated in breast cancer cells,
with concentration increased in function of the incubation time in a
glucose and holmium solution. Characteristic m/z ions reported the
interaction of holmium and glucose, which were demonstrated by ESI-
MS. The findings in the in vitro assay and on the ESI-MS environment
suggested that the holmium cell uptake emerged with the presence of
glucose, as a facilitator to Ho internalization, through the Ho165-glucose
interactions.

Acknowledgements

Authors are thankful to the Spectrometric Laboratory at the
Chemistry Department, Universidade Federal de Minas Gerais, due to
the Mass Spectrometry (MS) measurements; Laboratory of Nuclear
Reactor from Centro de Desenvolvimento de Tecnologia Nuclear - CDTN,
whom kindly pursued the MS and Nuclear Ativation Analysis, re-
spectivily. Authors are thankful to the Conselho Naconal de
Desenvolvimento Científico e Tecnológico (CNPq) by support, REBRAT-
SUS.

Conflicts of interest

The authors declare no conflict of interest.

I. Dalmazio, T.P.R. Campos Applied Radiation and Isotopes 145 (2019) 193–197

196



References

Alekseev, Yu.E., Garnovskii, Alexander D., Zhdanov, Yu.A., 1998. Complexes of natural
carbohydrates with metal cations. Russ. Chem. Rev. 67.8, 649–669.

Angyal, Stephen J., Greeves, Diane, Pickles, Victor A., 1974. Stereospecific contact in-
teractions in the nuclear magnetic resonance spectra of polyol–lanthanide complexes.
J. Chem. Soc., Chem. Commun. 15, 589–590.

Bleeker-Rovers, C.P., Vos, F.J., Van der Graaf, W.T.A., Oyen, W.J.G., 2011. Nuclear
medicine imaging of infection in cancer patients (with emphasis on FDG-PET) (online
2011 Jun 16). Oncologist 16 (7), 980–991. https://doi.org/10.1634/theoncologist.
2010-0421.

Brandão, S., Campos, T.P.R., 2015. Intracavitary moderator balloon combined with 252Cf
brachytherapy and boron neutron capture therapy, improving dosimetry in brain
tumor and infiltrations. Br. J. Radiol. 88 (1051), 20140829. https://doi.org/10.
1259/bjr.20140829.

Chart of Nuclides, 〈http://www.nndc.bnl.gov/chart〉/(Accessed 2 February 2017).
CRC, 2009. Handbook of Chemistry and Physics, David R. Lide Editor-in-Chief, 90th

Edition §11.
Das, B.K., 2007. Role of radiosynovectomy in the treatment of rheumatoid arthritis and

hemophilic arthropathies. Biomed. Imaging Interv. J. 3 (4), e45. https://doi.org/10.
2349/biij.3.4.e45.

De Corte F., 1986. The k0 - standardization method; A move to the optimization of
neutron activation analysis, Ryksuniversiteit Gent, Faculteit Van de Wetenschappen.

Eberlin, L.S., Liu, X., Ferreira, C.R., Santagata, S., Agar, N.Y.R., Cooks, R.G., 2011. DESI
and MALDI mass spectrometry imaging of lipid and protein distributions in single
tissue sections. Anal. Chem. 83 (22), 8366–8371. https://doi.org/10.1021/
ac202016x.

Emsley, John, 2011. Nature’s Building Blocks: An A-Z Guide to the Elements, ISBN-13:
978-0199605637.

Falcão, P.L., Motta, B.M., Lima, F.C., Vieira, L.C., Campos, T.P.R., 2015. Aumento de
viabilidade de clones radiossensível (PBMC) e resistente (MDA-MB-231) na co-
baltoterapia em taxa de dose reduzida. Radiol. Bras. 48, 158–165. https://doi.org/10.
1590/0100-3984.2014.0022.

Geng, F., Song, K., Xing, J.Z., Yuan, C., Yan, S., Yang, Q., Chen, J., Kong, B., 2011. Thio-
glucose bound gold nanoparticles enhance radio-cytotoxic targeting of ovarian
cancer. Nanotechnology 22, 285101. https://doi.org/10.1088/0957-4484/22/28/
285101.

Hammond, C.R., 2000. The elements. In: Handbook of Chemistry and Physics, 81st ed.
CRC press.

Ho, C.S., Lam, C.W.K., Chan, M.H.M., Cheung, R.C.K., Law, L.K., Lit, L.C.W., Ng, K.F.,
Suen, M.W.M., Tai, H.L., 2003. Electrospray ionisation mass spectrometry: principles
and clinical applications. Clin. Biochem. Rev. 24 (1), 3–12.

HyperLab, 2013. HyperLab Software. 〈www.hlabsof.com〉.

Kayzero for Windows, 2011. User’s Manual, for reactor neutron activation analysis (NAA)
using the k0 standardization method, Ver. 2.42. k0-ware, Heerlen, The Netherlands.

Labak, C.M., Wang, P.Y., Arora, R., Guda, M.R., Asuthkar, S., Tsung, A.J., Velpula, K.K.,
2016. Glucose transport: meeting the metabolic demands of cancer, and applications
in glioblastoma treatment. Am. J. Cancer Res. 6 (8), 1599–1608. 〈www.ajcr.us〉
(ISSN:2156-6976/ajcr0036453).

Lima, C.F., Campos, T.P.R., 2002. Sinovectomia Radioisotópica através do
Macroagregado de Hidróxido Férrico para Tratamento da Artrite Crônica. Rev. Bras.
De. Pesqui. e Desenvolv. v.4, 1475–1478.

Lima, C.F., Campos, T.P.R., 2005. Dosimetric evaluation in radiation synovectomy. Braz.
Arch. Biol. Technol. (Impresso) 48, 153–158. https://doi.org/10.1590/S1516-
89132005000700022.

Liu, T., Zhang, J., Wang, X., Yang, J., Tang, Z., Lu, J., 2014. Radiolabeled glucose deri-
vatives for tumor imaging using SPECT and PET. Curr. Med. Chem. 21, 24–34.

McDougall, I.R., 2000. Systemic radiation therapy with unsealed radionuclides. Semin.
Radiat. Oncol. 10 (2), 94–102.

Menezes, M.Â.B.C., Jacimovic, R., 2006. Optimised k0-instrumental neutron activation
method using the TRIGA MARK I IPR-R1 reactor at CDTN/CNEN. Belo Horizonte,
Brazil. Nucl. Instrum. Methods Phys. Res. A - Accel. Spectrometers. Detect. Assoc.
Equip. 564, 707–715.

Nelson D.L., Cox M.M., 2002. Lehninger – Princípios de Bioquímica. 3ed. São Paulo:
Sarvier.

Nuclear Data, 2018. International Atomic Energy Agency. Nucl. Data Serv. 〈https://
www-nds.iaea.org/〉 (Accessed 2 February 2018).

Payen, V.L., Porporato, P.E., Baselet, B., Sonveaux, P., 2016. Metabolic changes asso-
ciated with tumor metastasis, part 1: tumor pH, glycolysis and the pentose phosphate
pathway. Cell Mol. Life Sci. 73 (7), 1333–1348. https://doi.org/10.1007/s00018-
015-2098-5.

Salpin, J.-Y., Tortajada, J., 2003. Gas-phase reactivity of lead(ii) ions with D-glucose.
Combined electrospray ionization mass spectrometry and theoretical study. J. Phys.
Chem. A 107, 2943. https://doi.org/10.1021/jp022553x.

Shan, X.H., Wang, P., Xiong, F., Gu, N., Hu, H., Qian, W., Lu, H.Y., Fan, Y., 2016. MRI of
high-glucose metabolism tumors: a study in cells and mice with 2-DG-mod-
ified superparamagnetic iron oxide nanoparticles. Mol. Imaging Biol. 18, 24Y33.
https://doi.org/10.1007/s11307-015-0874-0.

Simonits, A., Östör, J., Kálvin, S., Fazekas, B., 2003. HyperLab: a new concept in gamma-
ray spectrum analysis. J. Radioanal. Nucl. Chemistry 257, 589–595.

Zolghadri, S., Jalilian, A.R., Naseri, Z., Yousefnia, H., Bahrami-Samani, A., Fazaeli, Y.,
Pouladi, M., Ghannadi-Maragheh, M., Afarideh, H., 2013. The synthesis, radi-
olabeling and first biological evaluation of a new 166Ho-complex for radiotherapy of
bone metastases. Radiochim. Acta 101, 445–451. https://doi.org/10.1524/ract.2013.
2042.

I. Dalmazio, T.P.R. Campos Applied Radiation and Isotopes 145 (2019) 193–197

197

http://refhub.elsevier.com/S0969-8043(18)30335-X/sbref1
http://refhub.elsevier.com/S0969-8043(18)30335-X/sbref1
http://refhub.elsevier.com/S0969-8043(18)30335-X/sbref2
http://refhub.elsevier.com/S0969-8043(18)30335-X/sbref2
http://refhub.elsevier.com/S0969-8043(18)30335-X/sbref2
https://doi.org/10.1634/theoncologist.2010-0421
https://doi.org/10.1634/theoncologist.2010-0421
https://doi.org/10.1259/bjr.20140829
https://doi.org/10.1259/bjr.20140829
http://www.nndc.bnl.gov/chart
https://doi.org/10.2349/biij.3.4.e45
https://doi.org/10.2349/biij.3.4.e45
https://doi.org/10.1021/ac202016x
https://doi.org/10.1021/ac202016x
https://doi.org/10.1590/0100-3984.2014.0022
https://doi.org/10.1590/0100-3984.2014.0022
https://doi.org/10.1088/0957-4484/22/28/285101
https://doi.org/10.1088/0957-4484/22/28/285101
http://refhub.elsevier.com/S0969-8043(18)30335-X/sbref9
http://refhub.elsevier.com/S0969-8043(18)30335-X/sbref9
http://refhub.elsevier.com/S0969-8043(18)30335-X/sbref10
http://refhub.elsevier.com/S0969-8043(18)30335-X/sbref10
http://refhub.elsevier.com/S0969-8043(18)30335-X/sbref10
http://www.hlabsof.com
http://www.ajcr.us
http://refhub.elsevier.com/S0969-8043(18)30335-X/sbref12
http://refhub.elsevier.com/S0969-8043(18)30335-X/sbref12
http://refhub.elsevier.com/S0969-8043(18)30335-X/sbref12
https://doi.org/10.1590/S1516-89132005000700022
https://doi.org/10.1590/S1516-89132005000700022
http://refhub.elsevier.com/S0969-8043(18)30335-X/sbref14
http://refhub.elsevier.com/S0969-8043(18)30335-X/sbref14
http://refhub.elsevier.com/S0969-8043(18)30335-X/sbref15
http://refhub.elsevier.com/S0969-8043(18)30335-X/sbref15
http://refhub.elsevier.com/S0969-8043(18)30335-X/sbref16
http://refhub.elsevier.com/S0969-8043(18)30335-X/sbref16
http://refhub.elsevier.com/S0969-8043(18)30335-X/sbref16
http://refhub.elsevier.com/S0969-8043(18)30335-X/sbref16
https://www-nds.iaea.org/
https://www-nds.iaea.org/
https://doi.org/10.1007/s00018-015-2098-5
https://doi.org/10.1007/s00018-015-2098-5
https://doi.org/10.1021/jp022553x
https://doi.org/10.1007/s11307-015-0874-0
http://refhub.elsevier.com/S0969-8043(18)30335-X/sbref21
http://refhub.elsevier.com/S0969-8043(18)30335-X/sbref21
https://doi.org/10.1524/ract.2013.2042
https://doi.org/10.1524/ract.2013.2042

	Glucose-holmium for radiotherapy: Characterization and in vitro assays
	Introduction
	Materials and methods
	Materials
	Methods
	Cell culture
	Ho-Glu solution preparation
	Uptake assay
	NAA measurements
	Mass Spectrometry protocol


	Results
	Ho cell uptake
	Mass spectroscopy analysis

	Discussion
	Conclusion
	Acknowledgements
	Conflicts of interest
	References




