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Abstract

Polyaminopolycarboxylate-based ligands are commonly used to chelate lanthanide ions, and the resulting complexes are useful as contrast
agents for magnetic resonance imaging (MRI). Many commercially available ligands are especially useful because they contain functional
groups that allow for fast, high-purity, and high-yielding conjugation to macromolecules and biomolecules via amine-reactive activated esters
and isothiocyanate groups or thiol-reactive maleimides. While metalation of these ligands is considered common knowledge in the field of
bioconjugation chemistry, subtle differences in metalation procedures must be taken into account when selecting metal starting materials.
Furthermore, multiple options for purification and characterization exist, and selection of the most effective procedure partially depends on the
selection of starting materials. These subtle differences are often neglected in published protocols. Here, our goal is to demonstrate common
methods for metalation, purification, and characterization of lanthanide complexes that can be used as contrast agents for MRI (Figure 1). We
expect that this publication will enable biomedical scientists to incorporate lanthanide complexation reactions into their repertoire of commonly
used reactions by easing the selection of starting materials and purification methods.

Video Link

The video component of this article can be found at https://www.jove.com/video/2844/

Protocol

1. Metalation using LnCl3 salts

1. Dissolve the ligand in water to produce a solution of 30-265 mM. The ligand 2-(4-isothiocyanatobenzyl)-diethylenetriamine pentaacetic acid
(p-SCN-Bn-DTPA) was used in this video at a concentration of 73 mM.

2. Adjust the pH of the solution of ligand to between 5.5 and 7.0 by adding 1 M NH4OH. In this video, 0.2 mL of the 1 M NH4OH solution was
used.

3. Dissolve 1-2 equivalents of LnCl3 in water to produce a solution with a concentration of 5-1000 mM. In this video, EuCl3 and GdCl3 were used
in concentrations of 111 mM. An excess of metal is often used to drive the metalation to completion and consequently simplify purification.

4. Add the solution of LnCl3 to the solution of ligand while stirring.
5. After the addition of LnCl3, adjust the pH of the resulting reaction mixture to between 5.5 and 7.0 by adding 0.2 M NH4OH. A total of 0.5 mL of

the 0.2 M NH4OH solution was used in this video. If your ligand contains acid-sensitive functional groups, adjust the pH multiple times during
this step. CAUTION - If the solution becomes too basic, any base sensitive functional groups, like isothiocyanate, will be rendered unusable
for conjugation.

6. Monitor the reaction via pH measurements. The reaction is complete when the pH remains constant.

2. Raising pH workup (not included in this video, but good for ligands without base-
sensitive functional groups)

1. Add concentrated NH4OH to the reaction mixture to adjust the pH to ≥11. This step will precipitate any uncomplexed metal as the insoluble
hydroxide.

2. Filter the supernatant through a 0.2 μm filter. If the reaction mixture clogs the filter, centrifuging and decanting prior to filtering is
recommended.

3. If dialysis will not be performed, remove solvent under reduced pressure (rotary evaporation or freeze drying is recommended).
4. Steps 2.1-2.3 can be repeated if free lanthanide remains.
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3. Dialysis workup

1. Cut the dialysis tubing to an appropriate length (follow the manufacturer’s guidelines) to hold the sample volume while leaving extra length
(approximately 10% of the sample volume). In this video, a 100-500 dalton molecular weight cut-off (MWCO) membrane was used, but
larger MWCO tubing can be used as appropriate if conjugation is performed prior to metalation. Also, dialysis cassettes can be used as an
alternative to dialysis tubing if desired.

2. If appropriate based on the manufacturer’s guidelines, soak the cut dialysis tubing in water for 15 min at ambient temperature.
3. Fill a dialysis reservoir (a 1 L beaker was used in this video) with water (dialysate). The dialysate volume should be approximately 100x that

of the sample.
4. Fold one end of the tubing twice and secure the folded portion of the tubing with a dialysis closure clamp. Wrap the end of the closure with a

rubber band to ensure that it remains closed during dialysis.
5. Filter the reaction mixture through a 0.2 μm filter, and load the filtrate into the open end of the tubing being careful not to tear the tubing. Be

sure to leave enough head space to close the tubing.
6. Fold the remaining open end of the tubing twice, secure with a closure, and wrap the closure with a rubber band as in step 3.4.
7. Attach a glass vial containing air to the clamp on one end of the dialysis tubing using a rubber band. Attach a vial containing sand to the other

clamp. These vials ensure that the tubing stays immersed in the dialysate.
8. Place the full tubing in the dialysis reservoir that contains dialysate.
9. Stir the dialysate using a magnetic stir plate at a slow speed (no vortexing) at ambient temperature.
10. Change the dialysate 3x over the course of a day (in this video, the dialysate was changed at 2.5, 6.5, and 11.5 h), and then allow dialysis to

continue overnight (for a total of 20-28 h of dialysis).
11. Remove the dialysis tubing from the dialysate and carefully open one closure to remove the sample. Wash the dialysis tubing 3x with water

and combine the washings with the sample.
12. Remove the water under reduced pressure. Freeze drying is used in this video.

4. Assessment of the presence of free metal

1. Dissolve the metal complex in acetate buffer (buffer preparation: Dissolve 1.4 mL of acetic acid in 400 mL water, adjust the pH to 5.8 with 1 M
NH4OH, and add water to produce a total volume of 500 mL) and add the xylenol orange indicator (16 μM in pH 5.8 buffer). In this video, 0.3
mg of complex was dissolved in 0.3 mL of buffer and 3 mL of indicator solution was added.

2. Detect the presence of free metal via observation of a color change of the indicator from yellow to violet.
3. If desired, the amount of free metal can be quantified by creating a calibration curve1. Alternatively, the dye arsenazo III can be used instead

of xylenol orange2. If free metal remains, the sample should be further purified using dialysis, a desalting column, or high-performance liquid
chromatography (HPLC) prior to characterization.

5. Determination of water-coordination number (q)

1. Prepare a solution of the EuIII-containing complex (~1 mM) in H2O and another solution of the same concentration in D2O. Prior to analysis,
the D2O solution must be evaporated and dissolved in D2O three times to remove residual H2O.

2. Add the water solution to a clean cuvette, and place the cuvette into a spectrofluorometer.
3. Perform excitation and emission scans to determine the maxima for each (~395 nm and ~595 nm, respectively).
4. Perform a phosphorescence time-decay experiment using the following parameters: excitation and emission wavelengths determined from

step 5.3, excitation and emission slit widths (5 nm), flash count (100), initial delay (0.01 ms), maximum delay (13 ms), and delay increment
(0.1 ms). These conditions are appropriate for most complexes, but the maximum delay and increment values can be increased or decreased
for species with extremely long or extremely short decay times.

5. Repeat step 5.4 with the D2O solution prepared in step 5.1.
6. From the luminescence-decay data obtained in 5.4 and 5.5, plot the natural log of intensity versus time. The slope of these lines are the

decay rates (τ-1) (Figure 2). In this video, Microsoft Excel 2007 was used to generate the natural log plots from the raw data. Use the decay
rates in the equation developed by Horrocks and coworkers (eq 1)3. If your ligand contains OH or NH groups coordinated to the metal, then
the equation must be modified before use3.

eq 1:   

6. Relaxivity measurements

1. Select the desired application mode on the relaxation time analyzer: T1 (longitudinal relaxation time) or T2 (transverse relaxation time).
2. Prepare a series of samples that contain different concentrations of GdIII-containing complex in an aqueous solvent. In this video, water was

used as the solvent and solutions of 10.0, 5.00, 2.50, 1.25, 0.625, and 0 mM were prepared. Other aqueous solvents or buffers could be
used, but it is important to use the solvent as the blank. The final volume of the sample is specific to the instrument that is being used.

3. Place a sample in the instrument and let it sit for 5 min to equilibrate to the temperature of the instrument (37 °C in this video).
4. Determine the relaxation time (in units of s) by adjusting the parameters of the software to obtain a smooth exponential curve for T1 or T2

(representative curves for T1 and T2 are shown in Figure 3).
5. Repeat steps 6.3 and 6.4 for all samples including the blank.
6. Calculate the inverse of the measured T1 or T2 values in units of s-1.
7. Plot the T1

-1 or T2
-1 values versus GdIII concentration (in units of mM). Because of the hygroscopic nature of GdIII-containing complexes,

confirm the concentration of GdIII using atomic absorption spectrophotometry or inductively coupled plasma mass spectrometry. Fit the plot
with a straight line. A representative plot is shown in Figure 4.
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8. The slope of the fitted line is the relaxivity (r1 or r2 for T1 and T2, respectively) and has units of mM-1s-1.

7. Representative Results

Representative data for the steps in this protocol have been included in the Tables and Figures section. In addition to the water-coordination
number and relaxivity characterization described in the protocol, it is important to characterize final products using standard chemical techniques.
The identity of the compound can be obtained using mass spectrometry, and representative mass spectra showing the diagnostic isotope
patterns for GdIII- and EuIII-containing complexes are shown in Figure 5. Furthermore, for non-GdIIIlanthanide-containing complexes, NMR
spectroscopy can be used for identification of the product. To characterize the purity of the complex, HPLC or elemental analysis or both can be
used.

 

Figure 1. General scheme for metalation and purification: Scheme depicting the general procedure for metalation and reasons for choosing
different purification routes.

 

Figure 2. Luminescence-intensity plot: Representative plot of the natural log of intensity versus time from section 5. The slopes of the lines
generated from similar curves acquired for water and D2O solutions are used with eq 1 to characterize the water-coordination number of EuIII-
containing complexes.

 

Figure 3. Relaxation decay time curves: Representative data for (left) T1 and (right) T2 acquisition. Deviations from these curve shapes would
produce unreliable data.
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Figure 4. Relaxivity determination: A representative plot of 1/T1 versus the concentration of GdIII. The slope of the fitted line is relaxivity and has
units of mM-1s-1.

 

Figure 5. Mass spectra: Representative mass spectra showing the diagnostic isotope patterns for (left) GdIII-containing complexes and (right)
EuIII-containing complexes. The black Gaussian peaks represent the theoretical isotope distribution and the red lines are the actual data.

Discussion

Given the increasing number of publications that include lanthanide-based contrast agents4-14, it is important that care is taken in preparing,
purifying, and characterizing products to ensure reproducible and comparable results. These complexes are often considered challenging to
purify and characterize relative to organic molecules due to their paramagnetic nature and the sensitivity of any functional groups that could
be used for bioconjugation. We have described common methods for the synthesis, purification, and characterization of lanthanide complexes.
However, when choosing one of these methods it is important to consider the specific system being studied.

In complexation reactions, a variety of metal salts that are commercially available can be used, and the selection of salt depends on the goal of
the study. For example, an advantage of using the chloride (or triflate or nitrate) salts is that relatively mild conditions are required with respect
to temperature. However, these methods require careful monitoring of pH and produce salts as byproducts. If the system being studied is
particularly sensitive to changes in pH, then careful monitoring and controlling of pH must be performed. Also, if the salt byproducts would be
detrimental to the system being studied, they must be removed or an alternative synthesis should be used. With the lanthanide hydroxide (or
oxide) starting materials, higher temperatures must be used because of the low solubility of these species, but the only byproduct of metalation is
water. This method is ideal for reactions that would be difficult to desalt, but it would not work for temperature-sensitive systems. It is also worth
mentioning that these metalation reactions are extremely robust with respect to the concentrations of metal and ligand. The concentration ranges
listed in part one span the range of concentrations that we could find in the literature.

In addition to thoughtful selection of metal starting material, it is important to emphasize that both the metal and ligand likely have closely
associated water and solvent molecules-even if they appear to be dry. These extra molecules are often enough to greatly distort the
stoichiometry of a reaction. Consequently, it is helpful to have well characterized starting materials (elemental analysis) so that accurate amounts
of these materials are used in the reaction.

In this article, we stress the importance of maintaining the pH of the reaction mixture. This pH control is critical because of the multiple aspects
of the reaction that can fail if the pH is allowed to deviate from near neutral. For the metalation reaction to occur, the carboxylic acids on the
ligand must be deprotonated (near neutral or higher pH) while the lanthanide ion must stay soluble (near neutral or lower pH). If the pH is too
high, insoluble hydroxide complexes of the lanthanide ion will precipitate and stop the reaction. Alternatively, if the pH is too low, the carboxylic
acids will remain protonated and the ligand will not coordinate to the metal. Furthermore, at extreme pH values, reactive functional groups will
decompose and render the complex inert toward subsequent bioconjugation reactions. To further complicate matters, as the metalation reaction
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occurs, the pH of the reaction mixture is lowered as the carboxylic acids are deprotonated. While the pH balancing act of the metalation might
appear complex, it can be easily controlled with careful addition of base.

There are many strategies for metalation with subtle differences. In this article we chose to describe the use of excess metal. It is also acceptable
to use excess ligand or equivalent amounts of ligand and metal (based on elemental analysis of starting materials). There are advantages and
limitations of each route. The primary advantage of using excess metal is that the ligand is often the most expensive starting material, and this
method can save money. However when metal is used in excess, the removal of the excess metal is of critical importance because any free
metal can dramatically influence important properties including relaxivity and toxicity. If dialysis against water is insufficient to remove excess
metal, dialysis against citrate buffer can be performed followed by dialysis with water to remove citrate buffer. Alternatively, a desalting column
or HPLC can be used as long as care is taken to ensure that pH neutrality of the mobile phase is used. When ligand is used in excess, there
is no longer the critical need to remove excess metal and excess ligand will likely not influence relaxivity; however, free ligand will remain.
For subsequent bioconjugation reactions, this excess ligand can be problematic and result in inhomogeneous conjugates that are difficult to
separate. To remedy this issue, metal complexes can be precipitated from anhydrous diethyl ether or HPLC can be used to separate metal
complex from excess ligand. Ideally, ligand and metal would be used in a 1:1 ratio resulting in no metal- or ligand-based byproducts. However,
elemental analysis for both starting materials is needed prior to each reaction, and if there is a slight deviation from a 1:1 ligand-to-metal ratio,
then the reaction will fall into either the ligand-in-excess or metal-in-excess categories, resulting in the need for purification.

We have demonstrated metalation where the resulting complex is ready for bioconjugation15-17. An alternative to this strategy is conjugation
of ligand and biomolecule first followed by metalation18,19. With this conjugate-then-metalate strategy, the same factors need to be taken into
consideration when deciding on a metalation route (pH sensitivity and temperature sensitivity of the biomolecule as well as the ability to purify
product from salts).
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