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Abstract

A method for determining the presence of unchelated trivalent gadolinium ion (Gd3+) in aqueous solution is demonstrated. Gd3+ is often present
in samples of gadolinium-based contrast agents as a result of incomplete reactions between the ligand and the ion, or as a dissociation product.
Since the ion is toxic, its detection is of critical importance. Herein, the design and usage of an aptamer-based sensor (Gd-sensor) for Gd3+ are
described. The sensor produces a fluorescence change in response to increasing concentrations of the ion, and has a limit of detection in the
nanomolar range (~100 nM with a signal-to-noise ratio of 3). The assay may be run in an aqueous buffer at ambient pH (~7 - 7.4) in a 384-well
microplate. The sensor is relatively unreactive toward other physiologically relevant metal ions such as sodium, potassium, and calcium ions,
although it is not specific for Gd3+ over other trivalent lanthanides such as europium(III) and terbium(III). Nevertheless, the lanthanides are not
commonly found in contrast agents or the biological systems, and the sensor may therefore be used to selectively determine unchelated Gd3+ in
aqueous conditions.

Video Link

The video component of this article can be found at https://www.jove.com/video/55216/

Introduction

The increasing importance of magnetic resonance imaging (MRI) in clinical diagnosis, which is limited by the inherent sensitivity of the technique,
has resulted in the rapid growth of research into the development of novel gadolinium-based contrast agents (GBCAs)1. GBCAs are molecules
that are administered to improve the image quality, and they typically have the chemical structure of a trivalent gadolinium ion (Gd3+) coordinated
to a polydentate ligand. This complexation is of critical importance as unchelated Gd3+ is toxic; it has been implicated in the development of
nephrogenic systemic fibrosis in some patients with renal disease or failure2. Consequently, detecting the aqueous free ion is instrumental in
ensuring the safety of GBCAs. The presence of unchelated Gd3+ in GBCA solutions often is the result of an incomplete reaction between the
ligand and the ion, dissociation of the complex, or displacement by other biological metal cations3.

Among the several techniques currently used for determining the presence of Gd3+, those relying on chromatography and/or spectrometry rank
highest in terms of versatility and applicability4. Among their strengths are high sensitivity and accuracy, the ability to analyze various sample
matrices (including human serum5, urine and hair6, wastewater7, and contrast agent formulations8), and the simultaneous quantification of
multiple Gd3+ complexes (a listing of studies prior to 2013 is described in a comprehensive review by Telgmann et al.)4. The only drawback is
that several of these methods require instrumentations (such as inductively coupled plasma-mass spectrometry)4 that some laboratories may
not have access to. Within the context of novel GBCA discovery at the research and proof-of-concept levels, a relatively more convenient, rapid,
and cost-effective spectroscopic-based method (such as UV-Vis absorption or fluorescence) may serve as a valuable alternative. With these
applications in mind, a fluorescent aptamer-based sensor for aqueous Gd3+ was developed9.

The aptamer (Gd-aptamer) is a 44-base long single-stranded DNA molecule with a specific sequence of bases that was isolated through the
process of systematic evolution of ligands by exponential enrichment (SELEX)9. To adapt the aptamer into a fluorescent sensor, a fluorophore is
attached to the 5' terminus of the strand, which is then hybridized with a quenching strand (QS) via 13 complementary bases (Figure 1). The QS
is tagged with a dark quencher molecule at the 3' terminus. In the absence of Gd3+, the sensor (Gd-sensor), comprised of a 1:2 mole ratio of Gd-
aptamer and QS respectively, will have minimal fluorescence emission due to energy transfer from the fluorophore to the quencher. The addition
of aqueous Gd3+ will displace the QS from the Gd-aptamer, resulting in an increase in fluorescence emission.
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Figure 1. The sensor (Gd-sensor) that consists of the 44-base long aptamer (Gd-aptamer) tagged with fluorescein (a fluorophore) and
the 13-base long quenching strand (QS) tagged with dabcyl (a dark quencher). In the absence of unchelated Gd3+, the fluorescence of the
sensor is minimal. With addition of Gd3+, displacement of the QS occurs and an increase in fluorescence emission is observed. Please click here
to view a larger version of this figure.

There is at present, one commonly used spectroscopic-based method for detecting aqueous Gd3+. This assay uses the molecule xylenol
orange, which undergoes a shift in the maximum absorption wavelength from 433 to 573 nm upon chelation to the ion10. The ratio of these two
absorbance maxima can be used to quantify the amount of unchelated Gd3+. The aptamer sensor is an alternative (may also be complementary)
to the xylenol orange assay, as the two methods have different reaction conditions (such as pH and composition of the buffer solutions used),
target selectivities, linear ranges of quantification, and detection modalities9.

Protocol

NOTE: Molecular biology grade water is used in all buffer and solution preparations. All disposable tubes (microcentrifuge and PCR) and
pipet tips are DNase- and RNase-free. Please consult the material safety data sheet (MSDS) for all chemicals prior to use. Use of appropriate
personal protective equipment (PPE) is strongly recommended.

1. Preparation of the Aptamer Stock Solutions

1. Purchase 2 strands of polydeoxynucleotide commercially. Order both strands with purification via high performance liquid chromatography
(HPLC).
 

Strand 1 (Gd-aptamer):
 

5'-/56-FAM/AGGCTCTCGGGACGACCAGTTGGTCCCGCTTTATGTGTCCCGAG-3'
 

Strand 2 (QS):
 

5'-GTCCCGAGAGCCT/3Dab/-3'
2. Dissolve each strand in water to make 100 μM individual stock solutions of the Gd-aptamer and the QS.
3. Store these solutions at -20 °C. The solutions are stable thus far, for 3 years.
4. To minimize freeze-thaw cycles, store the stock solutions in 10 μL aliquots.

2. Preparation of the 2x Gd-sensor Solution

1. Prepare the assay buffer (20 mM HEPES, 2 mM MgCl2, 150 mM NaCl, 5 mM KCl). Adjust the pH to ~7.4 with NaOH and HCl, and filter
through sterile disposable bottle top filters with 0.2 μm PES membrane. Store in sterile bottles. If filtered and stored properly (at room
temperature), the buffer is stable thus far, for 2 years.

2. Dilute 1 μL of the Gd-aptamer stock solution (from step 1.2) and 2 μL of the QS stock solution (from step 1.2) in 497 μL of the assay buffer.
Mix well using a vortex. Their concentrations in the 2x Gd-sensor solution are 200 nM and 400 nM, respectively.
 

NOTE: The volume of the 2x Gd-sensor solution prepared in this step is 500 μL, which is sufficient to test 6 - 7 varying concentrations of Gd3+

for the calibration curve and the contrast agent solutions (step 3). Each sample will give duplicate wells in a 384-well plate.
1. Adjust the volume of the 2x Gd-sensor solution according to the number of Gd3+ solutions that needs to be tested.

3. Transfer the 2x Gd-sensor solution into 9 PCR tubes, with 50 μL into each tube. Place the tubes in a thermal cycler.
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4. Set the program in the thermal cycler to heat the solution in the tubes to 95 °C, hold for 5 min, and then slowly cool the solutions to 25 °C
over ~15 min (at the rate of ~0.05 - 0.1 °C/s). The heating and cooling cycle is to ensure optimal hybridization between the Gd-aptamer and
the QS. Partial hybridization results in incomplete quenching and a higher background fluorescence of the sensor. If a thermal cycler is not
available, carry out this process using a hot water bath instead.

5. Once cooled to 25 °C, immediately use the solution, or keep in the thermal cycler (up to about 2 h) until ready to be used. When a water bath
is used for the heating, leave the tubes in the bath as the water slowly cools to room temperature.

3. Constructing the Fluorescence Calibration Curve and Detecting the Presence of
Unchelated Gd3+ in a Solution of Gd Contrast Agent

1. Dissolve GdCl3 solid in the assay buffer (the same buffer as in step 2.1).
2. Through serial dilution, prepare 100 μL each of 6 different Gd3+ solutions in microcentrifuge tubes at double of the final desired

concentrations for the calibration curve (2x solutions).
1. For example, to construct a calibration for 0 (buffer only with no GdCl3), 50, 100, 200, 400, and 800 nM of Gd3+, prepare solutions

containing 0, 100, 200, 400, 800, and 1,600 nM of the ion. Make sure to always include the 'blank' with 0 nM Gd3+ as the negative
control.

3. Dissolve the contrast agent to be tested in the assay buffer. Prepare 2 or 3 different concentrations of the contrast agent solutions via serial
dilution.
 

NOTE: Testing 3 different concentrations of the contrast agent solution is recommended. This is to ensure that these concentrations are
within the linear range. If the samples tested do not display a linear relationship, reduce the concentrations of the contrast agent used.

4. Take the PCR tubes containing the 2x Gd-sensor solution from step 2.5 out of the thermal cycler.
5. Add 50 μL of each Gd3+ solution from step 3.2 into 6 of the 9 PCR tubes containing the 2x Gd-sensor solution. Mix by pipetting up and down.

Each PCR tube now contains the desired concentration of Gd3+ to be tested, 100 nM Gd-aptamer, and 200 nM QS.
6. To the remaining PCR tubes containing the 2x Gd-sensor solution, add 50 μL of the contrast agent solutions from step 3.3. Mix well by

pipetting up and down a few times.
7. Incubate the solutions in the PCR tubes for around 5 min at room temperature. They may be left to stand for up to 30 min.
8. Transfer 45 μL of each tube into a 384-well plate. Each PCR tube will give duplicate wells.
9. Record the fluorescence of each well on a plate-reader. The fluorophore (FAM) used in the Gd-sensor design has excitation and emission

maxima of 495 and 520 nm respectively, as listed on the supplier's website. Choose appropriate excitation and emission wavelengths or
filters depending on whether the plate-reader is monochromator- or filter-based.

10. Plot the graph of fluorescence in arbitrary fluorescence units (AFU) against concentration of Gd3+.
11. Plot the graph as fluorescence fold change against concentration of Gd3+. Calculate the fluorescence fold change by dividing the AFU of

each concentration by the AFU of the 'blank' solution (with 0 nM of Gd3+). The fluorescence fold change will allow for the normalization of the
results, should the AFU display some periodical (different days, etc.) variations.

12. Compare the fluorescence emission of the solution containing the contrast agent and the 'blank', which is the solution containing 0 nM GdCl3
(buffer only).
 

NOTE: A higher fluorescence of the GBCA solution implies the presence of unchelated Gd3+, which may necessitate further purification of the
contrast agent. The amount of unchelated Gd3+ present may be estimated using the calibration curve constructed in step 3.10 or 3.11.

Representative Results

A typical fluorescence change of the Gd-sensor solution in the presence of unchelated Gd3+ is shown in Figure 2. The emission may be plotted
as the fluorescence fold change (Figure 2A) or the raw fluorescence reading (Figure 2B) in arbitrary units (AFU). Both plots yield very similar
calibration curves with a linear range for concentrations of Gd3+ below 1 μM and saturation of the signal at > 3 μM. The limit of detection is ~100
nM with a signal-to-noise ratio of 3.

In solutions containing the GBCA of interest, the presence of unchelated Gd3+ will be translated into a fluorescence increase of the sensor when
compared to the 'blank' solution. The fluorescence changes in solutions of 2 different batches of Gd-DOTA complex, one of higher purity than
the other, are shown as examples of representative results (Figure 3). Gd-DOTA (gadoteric acid) is a gadolinium complex of Gd3+ surrounded
by an organic ligand DOTA that is found in a commercial contrast agent. The batch of higher purity does not display a significant increase in
emission up to 20 mM of Gd-DOTA. When unchelated Gd3+ is present, a change that is noticeable even at Gd-DOTA concentrations below 5
mM is observed. In this example where the data points are plotted as fluorescence fold change of the sensor, quantification of the amount of
unchelated Gd3+ may be estimated using the calibration curve in Figure 2A.
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Figure 2. Representative Gd-sensor fluorescence calibration curve plots. All data points were performed at least in duplicates and the
average values plotted with standard deviation as the error bars. (A) A calibration curve obtained using 100 nM Gd-aptamer and 200 nM QS.
The graph is plotted with fluorescence fold change as the y axis. (B) The same calibration curve as in (A) with raw fluorescence in arbitrary units
(AFU) as the y axis. Please click here to view a larger version of this figure.

 

Figure 3. Representative Gd-sensor fluorescence change when testing the presence of unchelated Gd3+ in samples of Gd-DOTA
molecule. Two different batches of Gd-DOTA complex solutions are shown in this plot, one of higher purity (circle marker) and the other
containing unchelated Gd3+ (blue triangle marker). Each data point is an average of two readings with standard deviation as the error bars.
Please click here to view a larger version of this figure.
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Discussion

Using the aptamer-based Gd-sensor, an increase in fluorescence emission that is proportional to the concentration of unchelated Gd3+ is
observed. To minimize the amount of sample used, the assay may be run in a 384-well microplate with a total sample volume of 45 μL per
well. In this design, the choice of fluorescein (FAM) and dabcyl (Dab) was primarily based on the cost of the reagents; to modify the emission
wavelength, a different pairing of fluorophore and quencher may be used11.

It is important to note that to obtain the best result with the sensor, one of the critical steps is the heating to 95 °C and slow cooling (step 2.4)
in the assay buffer to achieve optimal hybridization between the Gd-aptamer and the QS strands. As previously mentioned in the protocol, if a
thermal cycler is not available, the incubation at 95 °C may be carried out in a water bath. Another key parameter to control is the compositions
of the buffer solutions; the use of the assay buffer listed in step 2.1 to dissolve the contrast agent is recommended, or deionized water may also
be used. However, solutions that contain potential interferents should be avoided. An example of such a buffer is one that contains phosphate
anions, which can coordinate to unchelated Gd3+ to form insoluble gadolinium phosphate12. The precipitate will not react with the sensor,
resulting in a false negative result.

A few steps in the experiments may be modified without affecting the outcome. First, to simplify the assay and calculation, prepare both the Gd-
sensor solution and the aqueous GdCl3 for the calibration curve at 2x concentrations. If desired, other dilution factors may be used (for example,
10x solutions), provided that the final assay concentrations of the Gd-aptamer and the QS are maintained at 100 nM and 200 nM, respectively.
Second, the assay buffer does not have to be exactly pH 7.4. Any value between 7 - 7.4 will produce the desired fluorescence increase, as long
as the same buffer is used throughout the experiment. Third, once the fluorescence emission reading is obtained, the data points may be plotted
either as raw fluorescence in arbitrary unit (AFU) or as fluorescence fold change. To calculate the fluorescence fold change, the raw fluorescence
reading of each concentration is normalized to (divided by) the reading of the negative control (0 nM Gd3+). As shown in Figures 2A and B, the
fluorescence emission trends in both plots are almost identical. The fold change may be a more convenient way to analyze the data if the plate
reader displays some variations in the raw readings recorded at different times. Finally, if the laboratory is equipped with a fluorometer, but not
a plate reader, each data point may be measured using a cuvette, instead of a microplate. Depending on the size of the available cuvettes, the
volumes of the solutions prepared in the assay may need to be adjusted.

The method reported herein provides an alternative to chromatographic- and/or spectrometric-based techniques for detecting aqueous Gd3+.
Compared to the latter, the Gd-sensor assay is more limited in terms of sensitivity, accuracy, and ability for simultaneous detection of multiple
species. On the other hand, the spectroscopic-based sensor requires an instrumentation that may possibly be more readily available, may be
performed within a shorter time period, and the sample preparation is minimal. The contrast agent may be simply dissolved in the buffer solution,
mixed with the Gd-sensor solution, and the fluorescence emission directly measured. Furthermore, the sensor is able to detect a much lower
concentration of unchelated Gd3+ than the xylenol orange indicator (about 2 orders of magnitude difference between the two methods) and has a
higher selectivity for Gd3+ over several other biologically important and transition metal ions9.

There are two drawbacks of this assay that may restrict its use under some experimental conditions. One limitation is that the sensor is not
specific for Gd3+; it displays a response to other lanthanide ions (such as Eu3+ and Tb3+)9. However, these are not ions commonly found in
contrast agents or the biological systems and therefore, their interference are minimal. The second point to note is that at higher concentrations
(above ~10 μM) of Gd3+, a gradual decrease in the Gd-sensor fluorescence emission is observed. The effect of quenching by lanthanide ions
is a well-documented phenomenon13 that has also been used as a technique for detecting and quantifying them14. While this limits the utility of
the sensor for measuring high concentrations of Gd3+, the goal of this design is to detect small amounts of the free ion in the solution to ensure a
higher purity of the contrast agent.

In this work, the use of a convenient fluorescence-based technique for detecting toxic unchelated Gd3+ in aqueous solution has been described.
This assay is meant for the early-stage evaluation of gadolinium-based contrast agent purity, specifically during the synthesis and formulation
for in vitro experiments. With the current growth of magnetic resonance imaging in diagnosis, an increasing number of novel contrast agents are
continually being designed and tested. The aptamer-based Gd-sensor will facilitate this development by providing a means for rapidly detecting
the presence of sub-micromolar concentrations of unreacted or dissociated Gd3+ in aqueous solution at ambient pH. Furthermore, since the
sensor displays cross-reactivity with other trivalent lanthanide ions, its application may be extended to these areas of research.
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