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Selecting chelators for heavy metals: Integrating
coordination chemistry with in vivo decorporation
(An intra-individual proof-of-concept study)

Abstract

Purpose: To evaluate a proof-of-concept framework for selecting chelators for retained
heavy metals by integrating coordination-chemistry criteria with directly measured in vivo
decorporation, using gadolinium (Gd) as the principal model metal and lead (Pb), cadmium
(Cd), and mercury (Hg) as secondary comparators.

Materials and methods: A 64-year-old White male who had received 15 gadolinium-
based contrast agent (GBCA) administrations between 1989 and 2014, without symptoms
attributable to gadolinium toxicity, underwent four consecutive chelation administrations
approximately one month apart, in the following order: oral HOPO, oral DOTA, intravenous
(iv) Ca-DTPA, and oral Emeramide. The agents represented chemically distinct ligand
classes and delivery characteristics. Chelator performance was interpreted using metal-
ligand stability, kinetic and physiological accessibility, ability to form the complex under
physiological conditions, route of administration, and directly measured change in 24-hour
urinary metal elimination. For each agent, urine was collected 1-2 days before chelation
and beginning within 1 hour after administration. Twenty potentially toxic metals were
measured; Gd, Pb, Cd, and Hg were selected as representative metals. A threefold or greater
increase from pre- to post-chelation was considered substantial.

Results: Following iv Ca-DTPA, urinary Gd increased 164-fold, Pb 14.5-fold, Cd 20-fold,
and Hg 4.1-fold. Following oral HOPO, urinary Gd increased 9.4-fold and Hg 5.1-fold.
Oral DOTA and oral Emeramide produced no substantial increase in elimination of the four
selected metals under the tested conditions.

Conclusions: The findings support a staged method for chelator selection in which
coordination chemistry identifies plausible candidates, but physiologically feasible
complex formation and actual in vivo decorporation must also be demonstrated. In this
enriched intra-individual model, iv Ca-DTPA produced the greatest removal of Gd, Pb, and
Cd, whereas oral HOPO increased removal of Gd and Hg. The high retained-Gd burden
amplified the urinary Gd signal and provided a sensitive test of the selection framework.
Although Gd was the principal model metal, the methodology is potentially generalizable
to other retained heavy metals and warrants evaluation in larger controlled studies.
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Introduction

Selecting a chelator for a retained heavy metal is fundamentally
a coordination-chemistry problem that requires biological validation.
An intrinsic log stability constant describes thermodynamic
favorability under defined experimental conditions, but does not by
itself establish effective chelation in vivo. Rational selection should
also consider conditional stability at physiological pH, donor-
atom chemistry and coordination geometry, kinetic accessibility,
competition from endogenous ligands, and the ability to form and
retain the metal complex under physiological conditions.'? Route
of administration, absorption when relevant, tissue distribution, and
renal or hepatobiliary elimination then determine whether favorable
chemistry becomes useful decorporation.

Gadolinium provides an unusually informative model because
GBCAs are deliberately engineered metal-ligand complexes whose
safety depends on coordination chemistry. Chelation of retained Gd
represents the reverse task: a ligand must access retained Gd, compete
with its biological binding environment or capture Gd released from
that environment, retain the metal during transport, and carry it to

elimination. Intravenous Ca- and Zn-DTPA have increased removal
of retained Gd ,* and iv DTPA has also increased urinary elimination
of naturally accumulated Pb, Cd, and Hg in volunteers.® Gd therefore
provides both a target metal and a useful model for developing a more
general approach to chelator selection.

This intra-individual proof-of-concept study compared iv Ca-
DTPA with oral HOPO, DOTA, and Emeramide using standardized
pre- and post-chelation 24-hour urine measurements for Gd, Pb, Cd,
and Hg. Multiple prior GBCA administrations created an enriched
retained-Gd model intended to magnify differences among agents.
The objective was not simply to rank four chelators, but to test a
staged framework integrating coordination-chemistry plausibility,
physiological feasibility, and directly demonstrated in vivo
decorporation, thereby identifying principles and agents suitable for
larger comparative studies.

Materials and methods

The participant was a 64-year-old White male who had received
15 GBCA administrations involving multiple linear and macrocyclic
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agents between 1989 and 2014 but had experienced no symptoms
attributable to gadolinium toxicity, a clinical profile consistent
with Gadolinium Storage Condition.” This combination of high
cumulative GBCA exposure and absence of symptomatic toxicity
was intentionally used as an enriched, information-rich screening
phenotype. The presumed larger retained-Gd pool was expected
to increase the analytical signal and magnify differences among
chelators. Four consecutive chelation administrations were performed
approximately one month apart, in the following order: oral HOPO,
oral DOTA, iv Ca-DTPA, and oral Emeramide. The interval between
administrations was intended to reduce carryover from depletion of
more accessible Gd reservoirs and to permit re-equilibration based on
Le Chatelier’s principle.

For this proof-of-concept analysis, chelator performance was
interpreted across three domains. First, chemical plausibility
included the known metal-ligand affinity, donor set, denticity and
coordination geometry, and available thermodynamic or conditional
stability information. Second, physiological feasibility included
kinetic accessibility, competition from endogenous ligands, route and
absorption, distribution, and the ability to form the complex under
physiological conditions. Third, functional validation required a
measurable increase in metal elimination after chelator administration.
Urinary decorporation was used as the common functional endpoint in
this study; for agents with substantial hepatobiliary elimination, stool
measurements would also be needed to estimate total decorporation.

HOPO is an oral medication that chelates the f-block elements
of the periodic table, including Gd but in theory does not chelate
any essential ions, including iron, zinc, and calcium.’ In preclinical
studies, it chelates and promotes the removal of a wide range of heavy
metals from the body. These include lead, cadmium, tin, and most
lanthanide and actinide elements. The reported stability constant with
Gd ranges from 20.1 to 20.3."12 The stability of these complexes is
thought to arise from the strong bonds formed between the oxophilic
Gd** center and the Lewis basic oxygen donor atoms.* HOPO
(Fandachem, China) was administered orally at 800 mg as a powder
mixed in 30 mL of extra virgin olive oil, followed by 60 mL of the
same olive oil, in a fasting state.

DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid)
is a cyclen-based chelator used as a supplement, with a reported
stability constant for Gd of 25.6'*!* and a conditional stability of
19.1.112 Dotarem/Clariscan uses the DOTA ligand, and DOTA-
based complexes are also used in positron emission tomography and
targeted cancer therapies. Importantly, the high final thermodynamic
stability of a macrocyclic Gd-DOTA complex does not establish
that uncomplexed DOTA will rapidly access retained Gd and form
that complex in vivo; DOTA complex formation proceeds through
kinetically controlled steps and intermediates.”” DOTA (Fisher
Scientific, USA) was administered orally in six capsules totaling 600
mg with 130 mL of filtered tap water in the fasting state.

The calcium (Ca) and zinc (Zn) salts of DTPA
(diethylenetriaminepentaacetic ~ acid) are chelating  agents
administered intravenously to treat internal contamination with
actinides, including americium, curium, and plutonium.'®* DTPA has
a reported thermodynamic stability of 22.46!'7'® and a conditional
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stability of 20.4''2 for Gd. As an open-chain aminopolycarboxylate,
DTPA can exchange Ca or Zn for metals with greater binding affinity
and form complexes that are cleared predominantly in urine. Human
post-chelation urinary data provide direct evidence that iv DTPA
can capture and increase elimination of retained Gd and several
other metals.>® Intravenous Ca-DTPA (Hameln, Germany) was
administered as a 1,000-mg dose (5 mL) by rapid hand push in normal
saline, approximating the standard GBCA injection rate used in MRI
studies. Emeramide is a thiol-redox antioxidant and a heavy metal
chelator.”” Emeramide is created as a carboxyl benzoate compound
with two cysteamine arms (located on the terminal end of Co-enzyme
A). Emeramide has also been termed Oxidative Stress Relief (OSR).
Presently, it is available as an Investigative New Drug (IND) in the
USA. To our knowledge, thermodynamic stability and conditional
stability for Gd and other heavy metals are unknown. Emeramide
(Fandachem, China) was administered at 1,000 mg in 6 capsules with
30 mL of peanut butter in the fasting state.

Pre-chelation 24-hour urine collection (native elimination) began
at 9:00 am after the overnight urination and ended at 9:00 am the
following day, including the subsequent overnight urine. Samples
were processed according to the testing laboratory’s instructions
(Doctor’s Data, St. Charles, IL, USA) and shipped by 2-day delivery.
The identical procedure was used for all chelators. The laboratory
measured a panel of 20 metals, including Gd, Pb, Cd, and Hg, using
inductively coupled plasma mass spectrometry after acid digestion.
Results were reported as 1g/24 h. Post-chelation collection began after
the first post-chelation urination, within 1 hour after administration.
The immediate post-chelation urine was excluded because it had
largely formed before chelator administration. Post-chelation results
were divided by native values to calculate the fold increase in
elimination.

Results

The history of GBCA administration was as follows: Magnevist®
(linear agent), 2 doses (0.1 mmol/kg each administration) 1989
- 1990; Omniscan® (linear agent), 3 doses (0.1 mmol/kg each
administration) 1993 - 2002; Optimark® (linear agent), 1 dose (0.1
mmol/kg) 2001; MultiHance® (linear agent), 4 doses (0.1 mmol/ kg
each administration) 2007- 2014; Ablavar® (linear agent), 1 dose (0.1
mmol/kg) 2009; Gadavist® (macrocycle agent), 2 doses (0.1 mmol/kg
each administration) 2012, 2014; and Dotarem® (macrocycle agent),
2 doses (0.1 mmol/kg) 2013, 2014. Reasons for GBCA administration
included testing new GBCA agents for adverse effects and imaging
properties and testing novel organ imaging sequences or regimens.
No study was performed for a diagnostic indication. No noteworthy
history of other heavy metal exposures was present.

Table 1 presents the pre- and post-chelation Gd, Pb, Cd, and
Hg values for the four chelators. Figure 1 provides a graphical
representation. Figure 2 shows the Doctor’s Data reports for pre- and
post-chelation urine collections associated with iv Ca-DTPA, oral
HOPO, oral DOTA, and oral Emeramide. No serious adverse effects
occurred with any chelator. Prolonged gastric upset after HOPO was
interpreted as secondary to the volume of olive oil consumed with the
agent. There was no post-chelation heavy-metal removal flare and no
heavy-metal re-equilibration flare.’
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Table | The analysis of urinary elements (24-Hour Collections) was performed by ICP-Mass spectroscopy.

Variation Variation Variation Variation
Hopo Dota DTPA Emeramide .
P Hopo Dota DTPA Emeramide
Gd Pre 0.32 0.27 0.14 0.47
Gd 9.4x 0.9x 164x 0.6x
Gd Post 3 0.24 23 0.28
Pb Pre 0.43 0.42 0.6 0.53
Pb 0.9x 0.9x 14.5x 0.7x
Pb Post 0.4 0.4 8.7 0.38
Cd Pre 0.17 0.15 0.12 0.27
Cd 0.6x 0.8x 20x 0.5x
Cd Post 0.1 0.12 24 0.14
Hg Pre 0.13 0.39 0.07 0.23
Hg 5.1x 0.5x 4.1x 0.9x
Hg Post 0.66 0.21 0.28 0.2
Pre- and post-provocation (chelation) were reported as pg/24 h.
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Figure 2A (Pre-provocation).
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Figure 2B (Post-provocation).

Discussion

This proof-of-concept study demonstrated marked differences in
metal removal among the four chelators, but its broader purpose is
methodological. Iv Ca-DTPA produced by far the greatest urinary
removal of Gd, Pb, and Cd and also increased Hg elimination. HOPO
was the only oral agent producing substantial removal of Gd and Hg,
whereas oral DOTA and Emeramide produced no substantial increase
for the four selected metals. The central implication is that chemical
plausibility alone is insufficient: a candidate must also demonstrate
effective in vivo metal capture and elimination.

The first stage of chelator selection is coordination chemistry.
Metal-ligand affinity, donor-atom matching, denticity and geometry,
intrinsic and conditional stability, and kinetic behavior determine
whether a candidate is chemically plausible. Stability constants are
specific to individual chelator-metal pairs and should not be generalized
between metals.'® They are equilibrium descriptors measured under
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defined conditions and do not represent the entire biological process.
Thus, a high stability constant can narrow candidate selection but
cannot alone identify the best in vivo chelator.

The second stage is physiological feasibility. A ligand must reach
the relevant reservoir, gain kinetic access to the metal, compete with
endogenous ligands, form the new complex within a biologically
relevant time, retain the metal during transport, and reach an
elimination pathway. These requirements are summarized by the
phrase “ability to form the complex under physiological conditions.”
DOTA illustrates the distinction: although Gd-DOTA has very high
thermodynamic stability, oral DOTA produced no substantial increase
in urinary Gd under the formulation and dose tested. This does not
establish intrinsic inability to bind Gd; gastrointestinal delivery,
distribution, kinetic accessibility, or slow complex-formation kinetics
may have limited performance. In contrast, iv Ca-DTPA increased
urinary Gd 164-fold, while HOPO produced a smaller but clear Gd
signal.

The third stage is functional validation by decorporation. Increased
excretion after chelator administration shows that the sequence of
access, binding, transport, and elimination has occurred. Standardized
pre- and post-chelation 24-hour urine collections provide a
practical integrated endpoint for predominantly renally eliminated
complexes and avoid reliance on a single serum concentration.
Urinary decorporation does not equal total-body burden and does not
quantify the fraction removed from durable reservoirs, but it directly
tests whether a candidate increases elimination under the studied
conditions. Agents with substantial hepatobiliary elimination would
also require fecal measurements.

Gadolinium is particularly useful for establishing this framework
because exposure can often be reconstructed from known GBCA
administrations and GBCA science already demonstrates the
importance of metal-ligand stability and kinetics. The framework
itself is not Gd-specific. Pb, Cd, Hg, actinides, and other metals differ
in donor preferences, oxidation states, tissue reservoirs, endogenous
competitors, and elimination pathways. Consistent with this metal
specificity, Ca-DTPA generated the largest signals for Gd, Pb, and
Cd, whereas HOPO generated the strongest Hg signal among the oral
agents. Chelator selection should therefore proceed metal by metal
rather than assuming that one chelator is optimal for all metals.

Safety is integral to this approach. Chelation may produce
decorporation, redistribution without elimination, or subsequent re-
equilibration. A chelator with insufficient affinity or kinetic persistence
could transiently mobilize a metal and release it before elimination.
This parallels GBCA design, in which the ligand must retain Gd
during distribution and elimination;'>?° lower-stability Gd complexes
are more prone to Gd release, with relevance to nephrogenic systemic
fibrosis and tissue deposition.?'"?” Decorporation requires the mirror
image: capture retained metal, maintain the complex during transport,
and minimize rerelease. EDTA was not included because early GBCA
work demonstrated lower stability of Gd-EDTA than Gd-DTPA and
related ligands.?*? Other candidates lacking sufficient coordination-
chemistry assurance were likewise excluded from this asymptomatic
volunteer study to reduce redistribution risk.

A further methodological point is enrichment of an initial
comparative population for the property being measured. Subjects
with little retained Gd may show only small post-chelation changes,
obscuring differences among agents. The participant had received
15 prior GBCAs without Gd-attributable symptoms, consistent
with Gadolinium Storage Condition,” and therefore provided an
information-rich model for detecting a removal signal. Larger early-
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phase studies could similarly favor asymptomatic volunteers with
multiple prior GBCA administrations before extending testing to
individuals with lower retained-Gd burdens. Controlled volunteer
DTPA studies have already demonstrated feasibility for naturally
accumulated Pb, Cd, and Hg.¢

The principal limitation is the single-participant, intra-individual
design. Results apply only to the doses, formulations, routes, and
timing tested and do not establish population-level efficacy. Failure
of oral DOTA or Emeramide to increase Gd elimination does not
prove that either compound is intrinsically ineffective; absorption,
formulation, dose, kinetic accessibility, or physiological complex
formation may have limited performance. The high cumulative GBCA
exposure also means that the magnitude of Gd removal should not be
extrapolated to individuals with fewer administrations, although this
enrichment was advantageous for screening. A single post-chelation
collection is not a measure of total-body burden and reflects only
the accessible metal pool at that time. Larger studies should evaluate
interindividual variability, dose-response, repeated dosing, route and
formulation, longer-term reservoir depletion, and clinical outcomes.

This study supports a staged strategy for chelator evaluation:!
use coordination chemistry to identify plausible metal-ligand pairs;?
determine whether the candidate can access the metal and form a
durable complex under physiological conditions; and® demonstrate
actual in vivo decorporation before larger efficacy studies. Gd provides
a sensitive proof-of-concept model, but the logic is potentially
applicable to other heavy metals. The results therefore support a more
rigorous method of chelator selection rather than a universal hierarchy
of chelators.

Acknowledgements

None.

Conflict of interest

Authors declare that there is no conflict of interest.

References

1. Lancelot E, Raynaud JS, Desche P. Current and future MR contrast agen-
ts: seeking a better chemical stability and relaxivity for optimal safety and
efficacy. Invest Radiol. 2020;55(9):578-588.

2. Do QN, Lenkinski RE, Tircso G, Kovacs Z. How the chemical pro-
perties of GBCAs influence their safety profiles in vivo. Molecules.
2022;27(1):58.

3. Semelka RC, Ramalho M, Jay M, et al. Intravenous calcium—/zinc—dieth-
ylene triamine penta—acetic acid in patients with presumed gadolinium
deposition disease: a preliminary report on 25 patients. Invest Radiol.
2018;53(6):373-379.

4. Maecker HT, Siebert JC, Rosenberg—Hasson Y, et al. Acute chelation the-
rapy—associated changes in urine gadolinium, self-reported flare severi-
ty, and serum cytokines in gadolinium deposition disease. Invest Radiol.
2021;56(6):374-384.

5. Semelka RC, Ramalho M. Gadolinium deposition disease: current state of
knowledge and expert opinion. /nvest Radiol. 2023;58(8):523-529.

6. Tominaga T, Shimomura S, Tanosaki S, et al. Effects of the chelating
agent DTPA on naturally accumulating metals in the body. Toxicol Lett.
2021;350:283-291.

7. Semelka RC, Ramalho M, AlObaidy M, et al. Gadolinium in humans: a
family of disorders. AJR Am J Roentgenol. 2016;207(2):229-233.

8. Allahverdyan AE, Galstyan A. Le Chatelier’s principle in replicator dy-
namics. Phys Rev E Stat Nonlin Soft Matter Phys.2011;84(4 Pt 1):041117.

Citation: Semelka RC, Ramalho M. Selecting chelators for heavy metals: Integrating coordination chemistry with in vivo decorporation (An intra-individual proof-
of-concept study). | Appl Biotechnol Bioeng. 2026;13(4):117—-121. DOI: 10.15406/jabb.2026.13.00425


https://doi.org/10.15406/jabb.2026.13.00425
https://pubmed.ncbi.nlm.nih.gov/32776767/
https://pubmed.ncbi.nlm.nih.gov/32776767/
https://pubmed.ncbi.nlm.nih.gov/32776767/
https://www.mdpi.com/1420-3049/27/1/58
https://www.mdpi.com/1420-3049/27/1/58
https://www.mdpi.com/1420-3049/27/1/58
https://pubmed.ncbi.nlm.nih.gov/29419708/
https://pubmed.ncbi.nlm.nih.gov/29419708/
https://pubmed.ncbi.nlm.nih.gov/29419708/
https://pubmed.ncbi.nlm.nih.gov/29419708/
https://pubmed.ncbi.nlm.nih.gov/33449576/
https://pubmed.ncbi.nlm.nih.gov/33449576/
https://pubmed.ncbi.nlm.nih.gov/33449576/
https://pubmed.ncbi.nlm.nih.gov/33449576/
https://pubmed.ncbi.nlm.nih.gov/37058336/
https://pubmed.ncbi.nlm.nih.gov/37058336/
https://pubmed.ncbi.nlm.nih.gov/34371142/
https://pubmed.ncbi.nlm.nih.gov/34371142/
https://pubmed.ncbi.nlm.nih.gov/34371142/
https://pubmed.ncbi.nlm.nih.gov/27224028/
https://pubmed.ncbi.nlm.nih.gov/27224028/
https://pubmed.ncbi.nlm.nih.gov/22181097/
https://pubmed.ncbi.nlm.nih.gov/22181097/

Selecting chelators for heavy metals: Integrating coordination chemistry with in vivo decorporation (An

intra-individual proof-of-concept study)

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Bunin DI, Chang PY, Doppalapudi RS, et al. Dose—dependent efficacy
and safety toxicology of hydroxypyridinonate actinide decorporation
agents in rodents: towards a safe and effective human dosing regimen.
Radiat Res. 2013;179(2):171-182.

Werner EJ, Datta A, Jocher CJ, et al. High—relaxivity MRI contrast agen-
ts: where coordination chemistry meets medical imaging. Angew Chem
Int Ed Engl. 2008;47(45):8568-8580.

Faulkner S, Blackburn OA. The chemistry of lanthanide MRI contrast
agents. In: Long NJ, Wong WT, editors. The Chemistry of Molecular Im-
aging. Ist ed. John Wiley & Sons; 2015:179-197.

Doble DM, Melchior M, O’Sullivan B, et al. Toward optimized high—re-
laxivity MRI agents: the effect of ligand basicity on the thermodynamic
stability of hexadentate hydroxypyridonate/catecholate gadolinium(III)
complexes. Inorg Chem. 2003;42(16):4930—4937.

Clough TJ, Jiang L, Wong KL, et al. Ligand design strategies to increase
stability of gadolinium—based magnetic resonance imaging contrast
agents. Nat Commun. 2019;10(1):1420.

Rashid HU, Martines MAU, Jorge J, et al. Cyclen—based Gd3+ complex-
es as MRI contrast agents: relaxivity enhancement and ligand design.
Bioorg Med Chem. 2016;24(22):5663-5684.

Moreau J, Guillon E, Pierrard JC, et al. Complexing mechanism of the
lanthanide cations Eu3+, Gd3+, and Tb3+ with 1,4,7,10—tetrakis(car-
boxymethyl)-1,4,7,10-tetraazacyclododecane (DOTA): characterization
of three successive complexing phases. Chemistry. 2004;10(20):5218—
5232.

Cassatt DR, Kaminski JM, Hatchett R, et al. Medical countermeasures
against nuclear threats: radionuclide decorporation agents. Radiat Res.
2008;170(4):540-548.

Port M, Idée JM, Medina C, et al. Efficiency, thermodynamic and kinetic
stability of marketed gadolinium chelates and their possible clinical con-
sequences: a critical review. Biometals. 2008;21(4):469-490.

Dojindo Molecular Technologies, Inc. Metal chelates: table of stability
constants. 2026.

Secor JD, Kotha SR, Gurney TO, et al. Novel lipid—soluble thiol-redox
antioxidant and heavy metal chelator, N,N’—bis(2—mercaptoethyl)isoph-

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Copyright:

©2026 Semelka etal. 121

thalamide (NBMI) and phospholipase D—specific inhibitor, 5—fluoro—2—
indolyl des—chlorohalopemide (FIPI) attenuate mercury—induced lipid
signaling leading to protection against cytotoxicity in aortic endothelial
cells. Int J Toxicol. 2011;30(6):619-638.

Rogosnitzky M, Branch S. Gadolinium-based contrast agent toxicity: a
review of known and proposed mechanisms. Biometals. 2016;29(3):365—
376.

Flora SJ, Pachauri V. Chelation in metal intoxication. Int J Environ Res
Public Health. 2010;7(7):2745-2788.

Malikova H. Nephrogenic systemic fibrosis: the end of the story? Quant
Imaging Med Surg. 2019;9(8):1470-1474.

Ramalho J, Semelka RC, Ramalho M, et al. Gadolinium-based contrast
agent accumulation and toxicity: an update. A/NR Am J Neuroradiol.
2016;37(7):1192-1198.

McDonald RJ, McDonald JS, Kallmes DF, et al. Intracranial gado-
linium deposition after contrast-enhanced MR imaging. Radiology.
2015;275(3):772-782.

Kanda T, Fukusato T, Matsuda M, et al. Gadolinium—based contrast agent
accumulates in the brain even in subjects without severe renal dysfunc-
tion: evaluation of autopsy brain specimens with inductively coupled
plasma mass spectroscopy. Radiology. 2015;276(1):228-232.

Ramalho J, Castillo M, AlObaidy M, et al. High signal intensity in globus
pallidus and dentate nucleus on unenhanced T1-weighted MR images:
evaluation of two linear gadolinium—based contrast agents. Radiology.
2015;276(3):836-844.

McDonald RJ, McDonald JS, Kallmes DF, et al. Gadolinium deposition in
human brain tissues after contrast-enhanced MR imaging in adult patien-
ts without intracranial abnormalities. Radiology. 2017;285(2):546-554.

Tweedle MF, Eaton SM, Eckelman WC, et al. Comparative chemical
structure and pharmacokinetics of MRI contrast agents. /nvest Radiol.
1988;23(suppl 1):S236-S239.

Tweedle MF, Hagan JJ, Kumar K, et al. Reaction of gadolinium chelates
with endogenously available ions. Magn Reson Imaging. 1991;9(3):409—
415.

Citation: Semelka RC, Ramalho M. Selecting chelators for heavy metals: Integrating coordination chemistry with in vivo decorporation (An intra-individual proof-
of-concept study). | Appl Biotechnol Bioeng. 2026;13(4):117—-121. DOI: 10.15406/jabb.2026.13.00425


https://doi.org/10.15406/jabb.2026.13.00425
https://pubmed.ncbi.nlm.nih.gov/23289385/
https://pubmed.ncbi.nlm.nih.gov/23289385/
https://pubmed.ncbi.nlm.nih.gov/23289385/
https://pubmed.ncbi.nlm.nih.gov/23289385/
https://pubmed.ncbi.nlm.nih.gov/18825758/
https://pubmed.ncbi.nlm.nih.gov/18825758/
https://pubmed.ncbi.nlm.nih.gov/18825758/
https://www.chem.ox.ac.uk/publication/517784/web-science-lite
https://www.chem.ox.ac.uk/publication/517784/web-science-lite
https://www.chem.ox.ac.uk/publication/517784/web-science-lite
https://pubs.acs.org/doi/10.1021/ic0493447
https://pubs.acs.org/doi/10.1021/ic0493447
https://pubs.acs.org/doi/10.1021/ic0493447
https://pubs.acs.org/doi/10.1021/ic0493447
https://www.nature.com/articles/s41467-019-09342-3
https://www.nature.com/articles/s41467-019-09342-3
https://www.nature.com/articles/s41467-019-09342-3
https://pubmed.ncbi.nlm.nih.gov/27729196/
https://pubmed.ncbi.nlm.nih.gov/27729196/
https://pubmed.ncbi.nlm.nih.gov/27729196/
https://chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/chem.200400006?__cf_chl_tk=txKAL0FWhGmkwieN4vY_DytSAn5USlbMRskZLdkcce8-1788844524-1.0.1.1-dJC43mYAIYllAW84t1EfzxK8DkYZC4EtcewWovLxJwM
https://chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/chem.200400006?__cf_chl_tk=txKAL0FWhGmkwieN4vY_DytSAn5USlbMRskZLdkcce8-1788844524-1.0.1.1-dJC43mYAIYllAW84t1EfzxK8DkYZC4EtcewWovLxJwM
https://chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/chem.200400006?__cf_chl_tk=txKAL0FWhGmkwieN4vY_DytSAn5USlbMRskZLdkcce8-1788844524-1.0.1.1-dJC43mYAIYllAW84t1EfzxK8DkYZC4EtcewWovLxJwM
https://chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/chem.200400006?__cf_chl_tk=txKAL0FWhGmkwieN4vY_DytSAn5USlbMRskZLdkcce8-1788844524-1.0.1.1-dJC43mYAIYllAW84t1EfzxK8DkYZC4EtcewWovLxJwM
https://chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/chem.200400006?__cf_chl_tk=txKAL0FWhGmkwieN4vY_DytSAn5USlbMRskZLdkcce8-1788844524-1.0.1.1-dJC43mYAIYllAW84t1EfzxK8DkYZC4EtcewWovLxJwM
https://pubmed.ncbi.nlm.nih.gov/19024661/
https://pubmed.ncbi.nlm.nih.gov/19024661/
https://pubmed.ncbi.nlm.nih.gov/19024661/
https://pubmed.ncbi.nlm.nih.gov/18344005/
https://pubmed.ncbi.nlm.nih.gov/18344005/
https://pubmed.ncbi.nlm.nih.gov/18344005/
https://pubmed.ncbi.nlm.nih.gov/21994240/
https://pubmed.ncbi.nlm.nih.gov/21994240/
https://pubmed.ncbi.nlm.nih.gov/21994240/
https://pubmed.ncbi.nlm.nih.gov/21994240/
https://pubmed.ncbi.nlm.nih.gov/21994240/
https://pubmed.ncbi.nlm.nih.gov/21994240/
https://pubmed.ncbi.nlm.nih.gov/27053146/
https://pubmed.ncbi.nlm.nih.gov/27053146/
https://pubmed.ncbi.nlm.nih.gov/27053146/
https://pubmed.ncbi.nlm.nih.gov/20717537/
https://pubmed.ncbi.nlm.nih.gov/20717537/
https://pubmed.ncbi.nlm.nih.gov/31559176/
https://pubmed.ncbi.nlm.nih.gov/31559176/
https://pubmed.ncbi.nlm.nih.gov/26659341/
https://pubmed.ncbi.nlm.nih.gov/26659341/
https://pubmed.ncbi.nlm.nih.gov/26659341/
https://pubmed.ncbi.nlm.nih.gov/25742194/
https://pubmed.ncbi.nlm.nih.gov/25742194/
https://pubmed.ncbi.nlm.nih.gov/25742194/
https://pubmed.ncbi.nlm.nih.gov/25942417/
https://pubmed.ncbi.nlm.nih.gov/25942417/
https://pubmed.ncbi.nlm.nih.gov/25942417/
https://pubmed.ncbi.nlm.nih.gov/25942417/
https://pubmed.ncbi.nlm.nih.gov/26079490/
https://pubmed.ncbi.nlm.nih.gov/26079490/
https://pubmed.ncbi.nlm.nih.gov/26079490/
https://pubmed.ncbi.nlm.nih.gov/26079490/
https://pubmed.ncbi.nlm.nih.gov/28653860/
https://pubmed.ncbi.nlm.nih.gov/28653860/
https://pubmed.ncbi.nlm.nih.gov/28653860/
https://pubmed.ncbi.nlm.nih.gov/3198352/
https://pubmed.ncbi.nlm.nih.gov/3198352/
https://pubmed.ncbi.nlm.nih.gov/3198352/
https://www.sciencedirect.com/science/article/pii/0730725X9190429P
https://www.sciencedirect.com/science/article/pii/0730725X9190429P
https://www.sciencedirect.com/science/article/pii/0730725X9190429P

	Title
	Abstract 
	Keywords
	Introduction
	Materials and methods 
	Results 
	Discussion 
	Acknowledgements 
	Conflict of interest 
	References 
	Table 1 
	Figure 1 
	Figure 2A
	Figure 2B

