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ARTICLE INFO ABSTRACT

Keywords: Chelator-impregnated resins have been studied earlier for the chemical separation of elements in aqueous
Chelator-impregnated resin solutions, but issues with their chemical stability have limited their use in the separation of (medical) radionu-
Radionuclide separation clides from their respective irradiated targets. We developed a polydimethylsiloxane (PDMS)-based chelator-

Medical radionuclides
Ac-225
PDMS

impregnated resin that showed a high chemical stability against leaching. Several different chelators were
tested in this study. After impregnation of the PDMS beads with the di-2-ethylhexylphosphoric acid (D2EHPA)
chelator, an in-flow separation study with various radionuclides (Y-90, La-140, and Ac-225) was conducted.
These three radionuclides have potential use in nuclear medicine and a production route through irradiation of
Sr-, Ba-, and Ra-targets respectively, necessitating their chemical separation. The D2EHPA-impregnated beads
achieved high adsorption efficiencies of 99.89% =+ 0.14%, 99.50% + 0.10%, and 98.51% + 0.25%, for Y-90,
La-140, and Ac-225, respectively, while co-adsorption of minor amounts (< 3%) of the targets were reported.
These results, together with the high chemical stability of the PDMS-based resin, highlight the potential of
chelator-impregnated resins in the rapidly growing field of (medical) radionuclide production.

1. Introduction produced radionuclide is separated from its respective target and the
target material is recovered to be re-used. This separation should be

In the field of nuclear medicine, antibodies, peptides, or small performed quickly, especially in the case of short-lived radionuclides
molecules labelled with radionuclides are used for nuclear imaging of (e.g., Ga-68 with a half-life of 1;,, = 67.71 minutes). The separation
a malignancy, or for the delivery of a therapeutic radiation dose to a
specific tumor site while minimizing the dose to surrounding healthy
tissue [1,2]. For decades, just a few radionuclides have been used in
clinical settings, including the positron (%) emitters Ga-68 and F-18
for positron emission tomography (PET) [3,4], the gamma (y) emitter
Tc-99 m for single-photon emission computed tomography (SPECT) [4],
and the alpha («) emitter Ra-223 for the treatment of bone metas-

should also result in a high chemical and radio chemical purity [8]
for further use in radiopharmaceutical production. Moreover, concerns
about good manufacturing practices (GMP), radiation safety, and cost
necessitate a simple, automatable separation process [9,10].

The most common method for the chemical separation of a product
radionuclide from its target is ion-exchange chromatography [11]. In

tases [5]. With technological advancements in targetry and irradiation ion-exchange chromatography, the separation of the radionuclide from
facilities, increasing numbers of radionuclides are researched for their its target material is commonly done by flowing an aqueous solution
potential use in nuclear medicine to maximize worldwide capacity and containing the product radionuclide and target material through a
availability of medical radionuclides [1,2,6]. Yet, few make it to clinical resin-packed column. The resin consists of a solid support with cova-
applications [1,2,6,7]. lently bound functional (charged) groups. The functional groups act as

One of the biggest challenges in realizing the full potential of a binding site, often adsorbing both the radionuclide and the target
these radionuclides lies in the production steps and the availability material. Hereafter, selective elution of the radionuclide, the target, and

of the enriched target material needed for the production [7]. Most
medical radionuclides are produced by irradiation of costly, enriched
target materials, either as solid or liquid targets. After irradiation, the

possible contaminants from the resin is done by subsequently flowing
aqueous solutions with a different pH through the column. This also
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Fig. 1. Illustration of the fabrication of chelator-impregnated PDMS beads (left) and their use in separating a product radionuclide of interest from its target material
(right). Cured PDMS foam sheets are immersed in a chelator-containing chloroform solution before being vacuum-dried and mechanically ground into beads. The chelator-
impregnated PDMS beads are loaded into a flow column, through which liquid containing the product radionuclide of interest and its target is flown. The radionuclide selectively
binds to the chelator on the beads, resulting in a separated target solution leaving the column. The radionuclide is subsequently collected by flowing an eluting solution with a

specific pH through the column.

necessitates multiple processing steps to recycle the expensive enriched
target material [12-16].

As an alternative to traditional ion-exchange resins, chelator-impr-
egnated resins have been studied. In this approach, a chelator or
extracting agent is impregnated onto polymer-based resin beads that
act as the solid support [17]. Chelators can have a high selectivity
towards the product radionuclide over its target material, forming
stable coordination bonds [18]. Due to this high selectivity, a lower
amount of resin, and, subsequently, lower volumes of chemicals are
needed [19]. Additionally, chelator-impregnated resins possibly allow
for direct recycling of the target when a liquid target is used [19],
because the target is not adsorbed on the resin. Despite the potential
advantages of chelator-impregnated resins, the chemical stability of
the resins remains an issue. When in contact with acidic solutions,
the chelator can be leached [20]. Consequently, the resins are no
longer usable, the expensive target solution can no longer be recycled
directly, and the chemical purity of the radionuclide solution decreases,
posing issues with GMP production. To overcome this, a highly stable
combination of support material, chelator, and impregnating method
with selective adsorption towards the product radionuclide needs to be
found [21].

In this paper, we present the synthesis and application of chelator-
impregnated polydimethylsiloxane (PDMS) beads with high selectivity
towards the radionuclide of interest and a high chemical stability
against leaching, for the separation of selected medical radionuclides,
as illustrated in Fig. 1 and detailed in Patent No. 203,7212 [22]. Unique
when compared with other supporting materials used for chelator-
impregnated resins, PDMS has a high resistance against acids, but
swells upon contact with common organic solvents in which most
chelators can be dissolved [23]. This allows the incorporation of
a chelator inside the PDMS, before the PDMS shrinks back upon
removal of the organic solvent [24], both physically trapping the
chelator and hydrophobically binding it to the surface. This improves
the chemical stability of the chelator-impregnated resin and subse-
quently prevents leaching of the chelator, a known problem in the
applications of chelator-impregnated resins [21,25]. Making use of
this feature of PDMS, we demonstrate the fabrication of chelator-
impregnated PDMS beads for three different types of chelators: N-
benzoyl-N-phenylhydroxylamine (BPHA), di-2-ethylhexylphosphoric
acid (D2EHPA), and dithizone (DTZ), all dissolved in chloroform.
The selection of the chelators was made due to their demonstrated

applicability for the separation of the medical radionuclides Ac-225,
Cu-64 [26,27], and Ga-68 [28], respectively. We subsequently demon-
strate our concept with a case study using D2EHPA-impregnated PDMS
beads for the separation of Yttrium and Lanthanum (both possessing
medically interesting radionuclides such as the g+ emitting Y-86 and
La-132 [29,30]) from their respective Strontium and Barium targets, as
well as Actinium from Radium, motivated by the increasing attention
for the use of Ac-225 in targeted alpha therapy [31,32].

2. Methods and materials
2.1. Fabrication of chelator-impregnated PDMS beads

PDMS beads were fabricated by suspending the PDMS elastomer
(dime-thylsiloxane, Sylgard 184 Elastomer Kit, Dow Corning) in water
with a mass ratio of 1:5. The suspension was then mixed with a vortex
mixer (Vortex Genie 2, Scientific Industries) for 10 minutes before a
PDMS curing agent (methyl hydrosilane, Dow Corning) was added with
a mass ratio of 1:2 to the elastomer. The mixture was then remixed with
the vortex mixer for another 2 minutes before slowly being poured into
a beaker containing 10 times as much water by weight at 100 °C. After
pouring, an opaque solid foam-like sheet formed on the surface of the
boiling water. This PDMS foam sheet was taken out and cured in an
oven at 200 °C for at least 10 h.

Impregnation of the cured PDMS foam sheet with a chelator was
done by immersing the sheet in a chloroform solution containing the
dissolved chelator at a concentration ranging from 0.01 M to 0.75 M,
depending on the solubility of the chelator used and its common
practice [33-35]. Three different chelators were studied: N-benzoyl-N-
phenylhydroxylamine (BPHA, > 98%, VWR), di-2-ethylhexylphosphoric
acid (D2EHPA, > 98%, Merck Sigma), and 1-anilino-3-phenyliminot-
hiourea (dithizone, DTZ, > 98%, Merck Sigma). After immersion for
10 h at 25 °C and atmospheric pressure in a container open to the
atmosphere of a fume hood, the remaining chloroform was removed
by placing the container in a vacuum desiccator (~10=2 mbar) for
30 minutes.

Chelator-impregnated PDMS beads were obtained by grinding the
chelator-impregnated PDMS foam sheets in an electric coffee mill
grinder (PCKSW 1021 N) for 5 minutes. Initial tests on bare PDMS
beads were performed to determine the influence of the operating
parameters of the grinder on the diameter of the beads, see Figure
A.1. With the chosen operating parameters, the median diameter of
the chelator-impregnated beads was 0.4 + 0.1 mm.
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2.2. Characterization of the PDMS beads

To characterize the diameter of the PDMS beads, brightfield im-
ages of the beads were recorded using a camera (ImagingSource
DFK33UX273) mounted on an optical microscope (Oxion Inverso)
through a 4x Plan Phase LWD Infinity Corrected IOS objective. The
obtained images were processed using ImageJ software [36]. From
the two-dimensional images, the median diameter of the beads was
determined using Martin’s diameter. Martin’s diameter is defined as
the maximum measured distance between opposite sides of the non-
spherical beads and was measured transverse to the beads on a line that
bisects the projected area [37]. The median diameter of the beads was
obtained by measuring Martin’s diameter of 100 beads. The PDMS bead
diameter was used to obtain a conservative estimate of the available
surface area of the PDMS beads.

The impregnation of the chelators was characterized using atten-
uated total reflection Fourier-transform infrared spectroscopy (ATR-
FTIR, Thermo Nicolet NEXUS) with a wavelength range of 4000 to
500 cm~!. To observe the surface structure of the chelator-impregnated
PDMS beads, we conducted field emission scanning electron micr-
oscopy (FE-SEM, Hitachi Regulus SU8230) at a beam current of 1 pA
and electron energy of 3-5 keV. To approximate the mass of the impreg-
nated chelators in the PDMS beads, a thermogravimetric analysis (TGA,
METTLER TOLEDO SF/1100) was performed by heating the beads to
800 °C at a rate of 10 °C min~! under nitrogen (100 mL min~1).
Since PDMS starts degrading at temperature above 320 °C [38], while
the chelators degrade at lower temperatures (200 °C to 300 °C for
BPHA [39], 120 °C to 270 °C for D2EHPA [35,40], and 150 °C to
250 °C for DTZ [41]), the weight difference at 310 °C was used to ap-
proximate the chelator mass [40,42]. To gain insights on the impregna-
tion mechanism, X-ray photoelectron spectroscopy (XPS, ThermoFisher
Scientific Nexsa) was performed using an XPS spectrometer equipped
with a monochromatic Al Ka radiation source and a pass energy of
30 eV for the survey scan. Since the XPS beam source and detector are
placed at an angle, the XPS reading on particles with random shapes
and relatively large sizes can be less reliable. We therefore performed
the XPS measurements on a flat layer of PDMS, spin-coated on a
silicon wafer [43], and immersed in the chelator-containing chloroform
solution, following the method described before. A depth profiling was
then conducted by etching the surface using Art ions (2 keV with a
raster size of 1 mm) while the differential charging was compensated
using a flood gun. CASA-XPS software was used to post-process the
XPS peak profiles, where the spectra were charge-corrected with the
adventitious carbon peak at 284.8 eV.

2.3. Chemical stability test of chelator-impregnated PDMS beads

We tested the stability of the impregnated beads in pure Milli-Q
water and the following acidic solutions: 1 M HCI, 12 M HCl (ACS
reagent 37%, Merck Sigma), and 1 M HNO; (65%, Merck Sigma).
To this end, we immersed 0.5 g of the chelator-impregnated PDMS
beads in 5 mL of the acidic solution in a 15 mL Falcon tube, which
was continuously shaken (IKA Vibrax VX-2) for short (5 minutes) and
long (8 h) immersion times. The beads were subsequently washed with
pure Milli-Q water before being characterized using XPS. In addition,
all immersion solutions were characterized using an ultraviolet-visible
spectrophotometer (UV-Vis, NanoDrop 2000/2000c) with a wide scan
reading (300-800 nm).

As a reference, we also tested the stability of chelator-impregnated
silicon (IV) oxide powder (Silica, 99.5%, Millipore, 0.063-0.200 mm),
where the powder was impregnated with the chelators following a
similar methodology to the impregnation of PDMS beads. The chelator-
impregnated silica powder was subsequently immersed in the same
acidic solutions. Once the powder was separated, the immersion liquid
was characterized using UV-Vis. Since the concentration of the chela-
tors leached from the silica powder was higher than the concentration
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from the PDMS beads, the immersion liquid was diluted 1000 times
before being measured with UV-Vis. Please note that the concentration
of the leached BPHA and DTZ from silica powder after dilution was
within the detection limit of the UV-Vis. However, the leached D2EHPA
was in the liquid phase at room temperature. Due to its relatively high
concentration, the leached D2EHPA from silica powder was highly dis-
persed in the immersion liquid, resulting in an opaque liquid. This high
opacity reduced the reliability of UV-Vis measurement, even after be-
ing diluted 10° times. Therefore, to quantify the leached D2EHPA from
the chelator-impregnated silica powder reliably, the opaque D2EHPA
immersion liquid was left in the fume hood for 24 h to partition. After
24 h, two liquid phases separated and a clear boundary between the
two phases was observed. The top liquid was decanted and the bottom
liquid was weighed, indicating the mass of the leached D2EHPA.

To evaluate the interaction between the chelator and the PDMS
responsible for the chemical stability (i.e., minimal leaching), the
extended Derjaguin-Landau-Verwey—Overbeek theory (EDLVO) was
used [44-51]. More specifically, we determined the Gibbs free en-
ergy, which is an indicator of the interaction strength between the
chelator and the PDMS. The details of the calculation can be found
in Supplementary Information.

2.4. Radiotracer production and radioactivity measurements

The radiotracers Y-90, La-140, and Cu-64 were produced by neutron
irradiation of Y,03, La;O5 (Merck Sigma), and Zn-foil, respectively, at
the Hoger Onderwijs Reactor (HOR) of the TU Delft Reactor Institute,
the Netherlands. The Zn-foil was irradiated at a thermal neutron flux
of 424 . 107 m2s7 for 6 h, and subsequently, dissolved in 8 M nitric
acid (HNO3), slowly dried down on a heating plate, and redissolved in
Milli-Q water. Y503, and La,05 were irradiated at a thermal neutron
flux of 4.69 - 10'® m2s! for 3 h and subsequently, dissolved in 1 M
HNO; solution, slowly dried down on a heating plate, and redissolved
in Milli-Q water. The radiotracer Ga-68 was eluted from an Eckert
& Ziegler IGG100 GMP Ge-68/Ga-68 generator (generously supplied
by Erasmus MC, the Netherlands) in 0.1 M HCIl. The radiotracer Ac-
225 was supplied by Eckert & Ziegler and Ra-223 was supplied by GE
Healthcare.

Radioactivity measurements of the radiotracers were performed
as follows: The Wallac Wizard2 3” 2480 Automatic Gamma Counter
from Perkin Elmer (Groningen, the Netherlands) was used for gamma-
radiation measurements of La-140, Cu-64, Ga-68, and Ra-223, while the
beta-emitting Y-90 was measured with a Liquid Scintillation Counter
(tri-carb 2750TR/LL, Packard). Ac-225 was measured indirectly at equi-
librium (> 30 minutes after experiments) with its y-emitting daughter
Fr-221 (#1,5 = 4.9 minutes).

2.5. Separation of radionuclides with chelator-impregnated PDMS beads

2.5.1. Sorption capacity

To measure the sorption capacity of chelator-impregnated PDMS
beads for different radionuclide-chelator combinations, 10 mg of the
impregnated beads was submerged in 1 mL aqueous solutions with
known concentration of Y (1 pM), La (1 uM), Cu (1 nM), or Ga (1 nM).
The corresponding radioactive tracers Y-90, La-140, Cu-64, and Ga-68
were added to their respective solutions at concentrations between 1-
10 kBg/mL. For Y and La, PDMS beads impregnated with the chelator
D2EHPA were selected. For Cu and Ga, DTZ and BPHA were chosen,
respectively, due to their use in prior studies on microfluidic solvent
extraction of Cu-64 [26,27] and Ga-68 [28]. The solutions containing Y
and La had a pH of 6, the Cu solution had a pH of 0, and the Ga solution
had a pH of 2, according to the optimal pH for the extraction with
these chelators, as determined by solvent extraction experiments [26—
28]. The vials containing the aqueous solutions and PDMS beads were
put on a Vortex-Genie 2 (Scientific Industries, Inc) at the highest speed
for 1 h to ensure equilibrium was reached. Afterwards, the aqueous
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Fig. 2. Chromatography columns with chelator-impregnated PDMS beads used
for the separation of radionuclides from their target. D2EHPA-impregnated PDMS
beads in a column with an inner diameter of 1.5 mm used for the in-flow separation
of Y and La (top; loading 20 mg) and in a column with an inner diameter of 0.5 mm
used for the in-flow separation of Ac-225 (bottom; loading 5 mg).

solutions were pipetted out of the vials, avoiding the PDMS beads.
The concentration of Y, La, Cu, and Ga in the aqueous solutions was
determined by measuring the radioactivity A of their corresponding
radiotracers, which are representative of the total concentrations. The
sorption capacity was calculated by subtracting the measured amount
of Y-90, La-140, Cu-64, or Ga-68 after the adsorption (11,q depleted) from
the initial amount (n,q, injtial)> and dividing the adsorbed amount by the
mass of the chelator-impregnated PDMS beads (mpeaqs), i-€.,

mol] _ Naq, initial [mOI] — Naq, depleted [1'1‘101]
Mpeads (gl

Experiments were done in triplicate and errors are given as one stan-
dard deviation of the mean.

(€8]

Sorption capacity [

2.5.2. In-flow separation

To test the in-flow separation of Y from Sr and La from Ba, 20 mg
of D2EHPA-impregnated PDMS beads were loaded into a tubing with
a diameter of 1.5 mm (Fig. 2, top). The solutions consisted of 1 M
Sr(NO3), with 100 pM [*°Y]Y(NOs), or 0.1 M Ba(NO3), with 10 M
['0La]La(NO;),, dissolved in Milli-Q water (nomenclature adapted
from [52]). For the Ac-225 separation from [?22Ra]Ba(NO;),, only
5 mg of D2EHPA-impregnated PDMS beads were loaded into a tubing
with a diameter of 0.5 mm (Fig. 2, bottom), because of the significantly
lower Ac-225 concentration in the solution (in the picomolar range,
compared to the micromolar range for Y and La). The solution consisted
of 0.1 M Ba(NO3), with ~ 10 kBq/mL Ac-225 and ~ 10 kBg/mL
of Ra-223. These model solutions were used for the experiments to
collect results, upon which future experiments with irradiated targets
can be designed. The aqueous solutions containing the radionuclides
were filled into syringes and pushed through the column by a sy-
ringe pump (AL-1000 Programmable Syringe pump 941-371-1003 from
World Precision Instruments Inc.) at various flow rates in the range
of 0.1-6 mL/min. The adsorption efficiency (AE) was defined as the
relative difference in measured radioactivity before (Aj,;4) and after
(Aafter adsorption) the in-flow separation, i.e.,

Aafter adsorption

AE[%]:(I— 1

> %X 100%. 2)
initial
After the adsorption, the radionuclide of interest needs to be eluted
from the beads into another aqueous solution. Herefore, different HCI
concentrations were tested, ranging from 0.1 M to 4 M HCI, to see if a
difference in acidity leads to a difference in elution speed. The flow rate
was kept at 0.1 mL/min. 100 pL fractions were collected consecutively
and their radioactivity was measured as described above.
Co-adsorption of Sr, Ba, and Ra-223, from 1 M Sr(NO3), for Sr, and
0.1 M Ba(NO3), for Ba and Ra-223, was also studied in-flow using
the above procedure and the adsorption efficiency was determined
according to Eq. (2). Of note, for Sr and Ba, instead of the ratio of the
radioactivities, we used the ratio of the concentrations before and after
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the in-flow separation as measured by inductively coupled plasma mass
spectrometry (ICP-MS, Perkin Elmer, NexION 2000).

For the separation of Ac-225 from Ra-223 a separation factor (S)
was calculated additionally, for the results at the optimal flowrate of
0.3 mL/min, according to Eq. (3), where D is defined as the ratio of
the adsorbed and not adsorbed radioactivity.
Dy
DRa

S = 3
The co-adsorption of the potential metal contaminants Ni, Fe, Cu,
Zn, Pb, Al, and Ca to the D2EHPA-impregnated PDMS beads was
studied as well. These contaminations are commonly found in irra-
diated targets [53]. They are essential to study, since one important
parameter for the use of the already separated radionuclides is the
specific activity, which is the radioactivity per unit mass. A solution
consisting of 100 pg/L of each metal contaminant was flown through
the column as described above. We used a flow rate of 0.3 mL/min,
which was identified as the optimal flow rate for Ac-225 adsorption
as explained later. The initial concentrations and concentrations after
the adsorption, as well as the elution into 0.1 M HCI (in which Ac-225
is collected), were measured by ICP-MS and the AE was calculated as
described above. The total recovery of the contaminants was calculated
as

Total recovery [%] = Celution x 100%, 4)
Cinitial

where cgyution 1S the measured concentration of the contaminant in the

elution and c¢;;;4 is the initial concentration of the contaminant in the

solution during the in-flow separation. All experiments were executed

in triplicate and errors are given as one standard deviation of the mean.

3. Result and discussion
3.1. PDMS beads impregnated with three different chelators

Fig. 3 shows the FTIR spectra of bare PDMS beads and PDMS beads
impregnated with three different chelators. These spectra confirm the
presence of the chelators on the impregnated beads, evident from peaks
in the spectra specific to the specific bonds in the molecular structure
of the different chelators. For BPHA, its presence is confirmed by the
peak on the wavelength of 1622 cm™! associated with the G=O bond
of BPHA and on the wavelength of 3171 em~! associated with the O-
H bond [50], see Fig. 3(a). For D2EHPA, its presence is confirmed by
the peak on 1230 cm~! corresponding to the P=0 bond of D2EHPA
and by extra stretching in the 3000-2900 cm~! region, see Fig. 3(b).
Although DTZ is harder to observe than the other two chelators as most
of its characteristic peaks overlap with the peaks of PDMS, we confirm
the presence of DTZ by the peaks in the 3000-2900 cm™! region, see
Fig. 3(c).

Since the final application of the chelator-impregnated PDMS beads
is to adsorb radionuclides, the chelators are preferably located at the
outer surface, where most of the adsorption takes place. While FTIR
spectra indicate the presence of the characteristic peaks corresponding
to the chemical groups of the chelators, its penetration depth is rela-
tively high (in pm range), and it does not reveal where the chelators
are present. Therefore, we approached this hypothesis with additional
FE-SEM and XPS measurements. The FE-SEM images show that the
surface morphology changes with the impregnation, see Figure A.2.
More specifically, particle-like structures are seen on the surface of the
PDMS beads impregnated with BPHA and DTZ, while a smoothening-
like effect is observed on the surface of the PDMS beads impregnated
with D2EHPA. This difference may arise from the fact that D2EHPA
is in liquid form at room temperature, while DPHA and DTZ are in
powder form when dissolved in chloroform. Furthermore, the XPS
survey spectra show the presence of characteristic atomic peaks on the
first few nanometers of the surface of the samples: a nitrogen peak on
the PDMS impregnated with BPHA, a phosphorus peak on the PDMS
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Fig. 3. Presence of the chelators on the impregnated PDMS beads by FTIR. FTIR spectra of bare PDMS beads and PDMS beads impregnated with the chelators BPHA (a),
D2EHPA (b), and DTZ (c), along with their corresponding chemical structure. The spectra of bare PDMS beads are in red, the spectra of the impregnated PDMS beads are in grey,
and the peaks characteristic for the chelators are highlighted in the green boxes. The FTIR of the pure chelators can be found in literature [35,50,54].

impregnated with D2EHPA, and a nitrogen peak, and a sulfur peak
on the PDMS impregnated with DTZ, see Figure A.3. The XPS survey
scans on the surface thus agree with the visual FE-SEM inspections,
which indicates that the chelators may be present on the surface of the
PDMS beads. Interestingly, the depth profiling of the samples shows
the characteristics peaks even after etching of 400 seconds, see Figure
A.3. This indicates infiltration of the chelators inside the PDMS beads.
This infiltration is explained by the entrapment of the chelators in
the matrix of PDMS during the chloroform swelling process [55]. This
swelling process hence is important, increasing the loading capacity of
the chelators in the PDMS beads.

To investigate further whether the chelators are chemically or phys-
ically sorbed, the XPS survey scans of Si2p are resolved. The Si2p peaks
are chosen as they are exclusive peaks present in PDMS beads and
not in the chelators. Figure A.4 shows the scan of Si2p where both
bare PDMS and PDMS impregnated with three different chelators have
comparable peaks, indicating no chemical changes in the Si atomic
bond. This result implies the absence of a chemical interaction between
the chelators and the Si atoms of the PDMS beads. Additionally, we
conducted and resolved XPS survey scans of C1S. From Figure A.4,
there are extra peaks visible in the Cls scans (at 288.1 eV) of the
chelators-impregnated PDMS beads when compared with the Cls scans
of bare PDMS beads. These peaks correspond to the presence of C—
O bonds in the samples. However, this C-O bond is typically present
in BPHA, D2EHPA, and DTZ. Thus, to infer the presence of chemical
interaction between PDMS beads and the chelators from this bond
is difficult. Furthermore, most Cls peaks (as well as the Ols peaks)
also experience broadening and shifts, common occurrences in non-
conductive samples such as PDMS beads. The broadening and the shifts
of the peaks make the inferring of the resolve less reliable. From the
resolves of Si2p, we hence argue that the impregnation process, as
indicated by other works [20,56], is a physisorption process, with a
swelling-induced transport of chelators into the matrix of the PDMS
beads.

Since the maximum sorption capacity is limited by the amount of
chelators present, it is important to quantify the amount of impregnated
chelators on the PDMS beads. We determined this amount based on
thermogravimetry. We measured the mass of the beads at temperatures
increasing from 25 °C to 800 °C and calculated the mass of the samples
impregnated with the three types of chelators at various concentrations
relative to the initial mass of the samples at 100 °C. Following the
common practice of assuming that the mass decline between 25 °C and
100 °C is due to sample dehydration, we consider the mass difference
between bare PDMS beads and impregnated PDMS beads at 310 °C,
where bare PDMS starts decreasing in mass, as an approximation of

the total mass of the impregnated chelators. For BPHA-impregnated
PDMS beads, the mass difference increases from 1.8% +0.1% for PDMS
beads impregnated with 0.10 M BPHA in chloroform to 3.7% +0.1%
and 9.7% + 0.2% for PDMS beads impregnated with 0.25 M and
0.75 M BPHA in chloroform, respectively, see Fig. 4(a). This indicates
an increasing BPHA amount impregnated in the PDMS beads as the
available BPHA in chloroform increases. Since the solubility of BPHA in
chloroform is around 155 g L~! (equivalent to 0.72 M [33]), we suspect
that the impregnated BPHA amount does not increase further. This
hypothesis is supported by the TGA results of DTZ-impregnated PDMS
beads where the beads impregnated with 0.01 M DTZ in chloroform
show a mass difference of 1.4% + 0.1%, while the beads impregnated
with DTZ solutions of 0.10 M and 0.25 M, above their saturation con-
centration (solubility of DTZ is 17 g L1 or 0.075 M in chloroform [34])
show no significant difference in their mass difference (7.4% + 1.0%,
and 8.9% + 1.7%, respectively), see Fig. 4(c). For D2EHPA, liquid
at room temperature, a similar trend of increasing mass difference
between PDMS beads impregnated with 0.10 M and 0.25 M D2EHPA
in chloroform is observed, from 21.0% =+ 0.9% to 30.9% =+ 1.1%, see
Fig. 4(b). The difference does not significantly increase when the beads
are impregnated with 0.75 M (31.3% + 1.2%), indicating the maximum
capacity of the PDMS matrix in accommodating D2EHPA. To confirm
this hypothesis about PDMS matrix capacity, we conduct an additional
swelling test. We immerse bare PDMS bead samples in chloroform
for 10 h and measure a volumetric increase of 16.0% + 2.2% and a
mass increase of 23.4% + 3.1%. This PDMS volumetric increase due
to swelling corresponds well with the mass increase, as the density
of chloroform is 1.489 g mL™!, indicating the filling of the PDMS
matrix with chloroform. However, when we apply a similar calculation
to 0.25 M D2EHPA-impregnated PDMS beads samples, the expected
mass increase (15.6%, the density of D2EHPA is 0.976 g mL™1) due
to D2EHPA impregnation is lower than the measured mass decrease
by TGA (30.9% =+ 1.1%). This difference could happen due to the ad-
sorption of D2EHPA on the surface of the PDMS beads. To resolve this,
we reduce the surface adsorption effect by immersing a PDMS block
with a lower surface-to-volume ratio (1 cm X 1 ecm X 1 c¢cm) in a similar
chloroform solution containing 0.25 M D2EHPA. We then conduct TGA
measurements on the cut samples to approximate the amount of the
impregnated D2EHPA. The result shows a much lower mass decrease
(15.8%) compared to the bead samples. This measured mass decrease is
closer to the calculated mass increase due to swelling. From both tests,
we argue that the total impregnated chelator amount is the sum of the
amount of D2EHPA accommodated inside the PDMS matrix and the
amount of D2EHPA located on the surface. This result also emphasizes
the importance of the PDMS beads’ diameter, where a smaller diameter
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Fig. 4. Quantification of the amount of chelator impregnated in the PDMS beads using thermogravimetry. Thermogravimetry of PDMS beads impregnated with BPHA (a),

D2EHPA (b), and DTZ (c) at various concentrations of these chelators in chloroform.

leads to an increase in surface area and subsequently an increase in
the impregnation amount. While this study focuses on a fabrication
method using simple kitchen equipment, there have been many studies
on increasing the surface area of PDMS beads (e.g., PDMS beads with
a median diameter of 1 pm obtained using droplet microfluidics [57]
or porous PDMS using template moulding [58]). We note that Fig. 4
also implies that the chelator-impregnated PDMS beads are stable at
temperatures below 120 °C.

3.2. Chemical stability of the chelator-impregnated PDMS beads

A known problem in the applications of chelator-impregnated resins
is the low chemical stability, leading to leaching of the impregnated
chelator over time, causing contamination during elution [21,25]. To
assess the chemical stability of the chelator-impregnated PDMS beads,
we immerse the beads in three solutions of different acidity: Milli-Q wa-
ter, 1 M HCI, and 12 M HCI. For D2EHPA-impregnated PDMS beads, the
XPS spectra obtained after washing and drying are shown in Fig. 5(a).
P2p peaks are observed in all samples, indicating the presence of
D2EHPA in all the samples. Furthermore, the phosphorus atom remains
in a phosphate form (at 134 eV) with no significant chemical state
change even after washing it with 12 M HCl. The CI2p spectra show no
chlorine sorbed into the PDMS beads, reducing the possibility of con-
tamination during the separation of the radionuclides. Complementing
the XPS results, Fig. 5(b) shows the UV-Vis spectra of the immersion
solutions. Pure D2EHPA (100%(v/v)) shows a peak at 274 nm [59],
while no peaks are observed in all liquid samples after 5 minutes of im-
mersion, indicating at least no detectable D2EHPA. The liquids remain
visibly clear and no fluid separation after 24 h is observed. On the other
hand, the immersing liquid from D2EHPA-impregnated silica powder is
opaque and cloudy, indicating the presence of dispersed D2EHPA. After
decanting, these impregnated silica samples show a D2EHPA release of
220 mg/g + 13 mg/g, 45 mg/g + 11 mg/g, and 52 mg/g + 12 mg/g in
Milli-Q water, 1 M HCl, and 12 M HC], respectively. When we challenge
the stability of the D2EHPA-impregnated PDMS beads by immersing
them in both 1 M HCl and 12 M HCI for a longer period (8 h), as well
as in a different acid (1 M HNOj3), we find no indication of leached
D2EHPA aside from the samples immersed for 8 h in 12 M HCI, see
Fig. 5(b).

To compare with the D2EHPA-impregnated PDMS beads, we carry
out the stability tests for BPHA-impregnated PDMS beads and DTZ-
impregnated PDMS beads along with BPHA- and DTZ-impregnated sil-
ica powder. As expected, all BPHA-impregnated PDMS samples (washed
and non-washed) show the presence of N1s peaks in the XPS spectra,
while no BPHA-indicative peaks are found in the immersing liquids
around 200 nm (indicating the N-phenylhydroxamide group [60]) in
the UV-Vis spectra, see Figure A.5(a) and (c), respectively. Please note
that the shape of the N1s peaks in the XPS spectra of non-washed
BPHA-impregnated PDMS samples is different from those washed due

to protonation of BPHA, as reported in previous work [61]. Similar
behaviour is observed for all DTZ-impregnated PDMS samples, with
the presence of N1s XPS peaks for washed and non-washed beads,
while no peaks are found in the immersing liquids around 450 nm
and 618 nm (indicative for DTZ [62]), see Figure A.5(b) and (d),
respectively. In contrast, all immersion liquids of the impregnated silica
powder samples show intense peaks in the UV-Vis spectra, see Figure
A.5(e) and (f). Please note that in Figure A.5(f), the peaks shifted due
to possible oxidization of DTZ [62].

To understand the reason behind the stability of the impregnated
chelator on PDMS beads, we evaluated the interactions between the
chelator and PDMS in an aqueous medium using the extended
Derjaguin-Landau-Verwey—-Overbeek (EDLVO) theory [47,63]. We de-
termined the Gibbs free energy using this theory, complemented by a
series of contact angle measurements. The Gibbs free energy indicates
the presence (or absence) of hydrophobic interactions, a common inter-
action found in polymeric materials, where a negative Gibbs free energy
indicates the presence of hydrophobic interactions [46,48,64]. Fig. 6(a)
shows the measured contact angle of three different liquids on PDMS
and the three different chelators. Additionally, reference measurements
were performed on silica. Our reported contact angle values for PDMS
and silica are comparable with previous works [65-68]. Fig. 6(b)
shows the subsequently calculated Gibbs free energy. The interaction
between PDMS and all three chelators shows a negative Gibbs free
energy, indicating the presence of hydrophobic interaction. This is
consistent with previous works on PDMS [69-71]. From Fig. 6(b), most
of the negative Gibbs free energy for the PDMS-chelator combinations
is contributed by the acid-base interaction (ranging from —20 kT to
—60 kT), while the Lifshiftz-van der Waals interaction contributes much
less (~—1 kT). This suggests that the resulting hydrophobic interaction
is due to hydration repulsion towards the chelators instead of a direct
attraction force of PDMS [72,73]. Furthermore, while the interaction
between PDMS and D2EHPA, and PDMS and DTZ show comparable
negative values, the interaction between PDMS and BPHA shows a less
negative Gibbs free energy, implying a relatively weaker hydrophobic
interaction. This result is in line with the theoretical use of the octanol-
water partition coefficient (K,,,) of the chelators to predict the sorption
behaviour (and sorption strength) of the chelators [74] on hydrophobic
material. A positive K, indicates a partition preference of the chelators
in octanol (as opposed to water), with higher K, indicating a higher
octanol partition, and subsequently stronger hydrophobic interaction.
Previous works indicate K,,, of 4 for D2EHPA [75]; 3-4 for DTZ [76]
and 2-3 for BPHA [77].

In sharp contrast to the interaction between the chelators and
PDMS, we find that all interactions between the chelators and silica
show a positive Gibbs free energy, explaining the high release of
the chelators when immersed in an aqueous medium (Figure A.5).
Please note that this approach neglects a plausible complementary
phenomenon where the chelator molecules are physically trapped in
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the PDMS matrix and therefore become immobile. While this compli-
mentary effect is not incorporated, the comparison to the silica samples
already shows that chelators are more strongly bound to PDMS beads
than to silica powders.

3.3. Sorption capacity of PDMS beads with different chelators

Table 1 shows the measured sorption capacity of D2EHPA-, DTZ-,
and BPHA-impregnated PDMS beads, for Y, La, Cu, and Ga, respec-
tively. The results show a much higher sorption capacity of the D2EHPA-
impregnated PDMS beads over the DTZ- and BPHA-impregnated PDMS
beads. More specifically, the D2EHPA-impregnated PDMS beads have
a six orders of magnitude higher sorption capacity towards Y and
La than the DTZ-impregnated PDMS beads have towards Cu, and a

Table 1
Sorption capacity. Sorption capacity of PDMS beads with different chelators,
specific for Yttrium (Y), Lanthanum (La), Copper (Cu), and Gallium (Ga)
(n=23).

Chelator Element Sorption capacity
D2EHPA Y 2.75 + 0.53 mg/g
D2EHPA La 4.03 + 0.41 mg/g
DTZ Cu 4.0 + 1.1 ng/g
BPHA Ga 0.329 + 0.092 ng/g

seven orders of magnitude higher sorption capacity than the BPHA-
impregnated PDMS beads have towards Ga. This proves again the
significantly higher integration of D2EHPA into the PDMS compared to
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BPHA and DTZ, with the underlying reasons discussed in the previous
section.

In comparison to other commercial ion-exchange resins, the
D2EHPA-impregnated beads show a lower sorption capacity. For ex-
ample, the Dowex 50W-X8 resin has a sorption capacity towards rare
earth elements between 191 and 294 mg/g [78], Ln resin has a
sorption capacity of 30.67 mg/g for Eu [79], the Amberlite IR120H
(AIR120H) resin has a sorption capacity of 8.2 mg/g for Ce [80], and
HDEHP-loaded microcapsules (impregnated) have a sorption capacity
of 58.07 mg/g for Eu [79]. While the primary focus of this work is on
the development of a selective and stable resin, we note that optimizing
the sorption capacity for the chelator-impregnated beads is outside the
scope of the present work. We expect that higher sorption capacities
can be obtained, for example by optimization of the diameter and the
porosity of the beads for example as shown by [81] and [57]).

3.4. In-flow separation with D2EHPA-impregnated PDMS beads

Given the high chemical stability and the higher sorption capacities
of the D2EHPA-impregnated PDMS beads for Y and La, we continued
with in-flow separation and elution studies using a chromatography
column with these combinations of chelator and radionuclides. For the
separation of La from its Ba target, we prepared an aqueous 10 pM La
(and a La-140 radiotracer with 0.1 M Ba(NOs3),) solution and injected
the mixture at various flow rates in the column to study the influence
of the residence time on the adsorption efficiency. For the separation
of Y from its Sr target, an aqueous solution containing 100 pM Y (and a
Y-90 radiotracer) and 1 M Sr(NO3), was prepared, and injected in the
column.

For the lowest range of flow rates studied, we observe that both
Y and La are adsorbed to the D2EHPA-impregnated PDMS beads with
almost 100% adsorption efficiency, see Fig. 7(a). For increasing flow
rates, i.e., decreasing residence times, the adsorption efficiency de-
clines. A notable decline is observed for flow rates above 1 mL/min
and 4.5 mL/min for Y and La, respectively. Apart from this difference in
onset, we also observe a clear difference in slope. While the adsorption
efficiency already decreases from 99.89% + 0.14% at 1 mL/min to
77.5% + 1.8% at 2.6 mL/min for Y, it only decreases from 99.50% =+
0.12% at 4.5 mL/min to 91.1% =+ 1.4% at 6 mL/min for La. The differ-
ence in onset and slope might be explained by (I) the concentration of Y
being ten times higher than the concentration of La in their respective
solutions and (II) the smaller ionic radius of Y.

For the application of the chelator-impregnated PDMS beads in the
field of nuclear medicine, it is not only important that the adsorption
efficiency of the radionuclide of interest is close to 100%, but also
that the adsorption efficiency of the corresponding target is as low
as possible. We therefore also measured the co-adsorption of the Ba
and Sr target solutions at the largest flow rates that still result in high

adsorption efficiencies of La and Y. Ba co-adsorption was measured to
be 1.28% + 0.45% at a flow rate of 4 mL/min and Sr co-adsorption
was 1.24% =+ 0.57% at a flow rate of 1 mL/min. From these results,
the co-adsorption of the corresponding target material is low, showing
a promising application in the clinical field.

Elution of Y and La from the D2EHPA-impregnated PDMS beads
was studied for elution solutions of different acidity. We observe that
elution of Y is incomplete after 1 mL and only around 65%, while the
elution of La is about 85% in the first 1 mL, see Fig. 7(b) and (c).
The difference in behaviour might be due to the higher concentration
of Y, necessitating higher volumes to increase the total elution. The
acidity of the solutions does not significantly influence the elution
profiles. Additionally, the smaller ionic size of Y leads to a more stable
complex with D2EHPA. This trend of increasing complex stability with
increasing charge density (i.e., decreasing ionic radius) is often found
in chelate complexation [82] and was shown before for lanthanide and
actinide complexes [83], making it more difficult to fully elute in small
volumes.

A radionuclide that currently receives increasing attention for its
potential in targeted alpha therapy is Ac-225. For this reason, we
also studied the in-flow separation Ac-225 from its target Ra-223
and its subsequent elution in a chromatography column loaded with
D2EHPA-impregnated PDMS beads. Since the total concentration of
Ac-225 compared to Y and La was significantly lower by nine orders
of magnitude, only 5 mg of PDMS beads was used. The results again
show an adsorption efficiency close to 100% for the lower range of flow
rates, with a decline in adsorption efficiency for increasing flow rate,
see Fig. 8(a). At a flow rate of 0.3 mL/min, the adsorption efficiency of
Ac-225 is 98.51% =+ 0.25%, while the co-adsorption of its target Ra-223
is 0.94% + 0.57%.

Elution of Ac-225 was achieved with 0.1 M HCI at a flow rate of
0.1 mL/min. 80.3% + 0.9% of Ac-225 was eluted in the first 1 mL and
93.2% + 1.7% in the first 2 mL, see Fig. 8(b). The final eluted solution
contains 0.053% + 0.014% of the initial amount of Ra-223 in the first
1 mL and a total of 0.068% + 0.015% in 2 mL, resulting in a separation
factor that averages over 6000. We note that we washed the column
before the elution of Ac-225 with the 0.1 M HCI solution with Milli-Q
water, which reduced the amount of Ra-223 in the elution solution by
90.8% =+ 2.5%.

A known problem that may arise during the production of Ac-225
is the contamination of the Ac-225 solution with metal contaminants
during production as reported by Ramogida et al. [53]. For this reason,
we studied the in-flow separation and elution of metals as well. Table 2
shows the adsorption efficiency and the total recovery. From all mea-
sured metal contaminants only Zn is co-adsorbed at 15.7% + 7.1% and
also fully eluted in 0.1 M HCI, resulting in a total recovery of 15.1%
+ 7.1% in the elution fraction. While Fe shows a high AE of 82.8%
+ 4.6%, it is not eluted in 0.1 M HCI and only 1.38% =+ 0.24% of the
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Table 2

Adsorption of metal contaminants during the separation of Ac-225. Adsorption efficiency (AE) and total recovery of the metal contaminants in the 0.1 M
HCI elution. The concentrations of the metals were 100 pg/L. Experiments were done in triplicate and errors are given as one standard deviation of the mean.

Ni Fe Cu Zn Pb Al Ca
AE [%] 0.99 + 0.86 82.8 + 4.6 0.95 + 0.64 157 £ 7.1 145 + 6.6 481+ 1.8 11.78 + 0.88
Recovery [%] 0.020 + 0.003 1.38 + 0.24 0.92 + 0.06 151 + 7.1 48 +1.5 0.13 + 0.08 3.81 + 0.97

initial amount is present in the elution solution, meaning that it is also
cleared from the target solution. All other tested elements are neither
co-adsorbed nor eluted in significant amounts. These results indicate a
high decontamination during the Ac-225 separation with the presented
D2EHPA-impregnated PDMS beads.

Overall, the D2EHPA-impregnated PDMS beads have proved suc-
cessful in the separation of Ac-225 from [?2°Ra]Ba(NO5), with around
93% of Ac-225 and below 0.1% of Ra-223 in the first 2 mL of elution.
In comparison, multiple other methods have been investigated in the
literature for the separation of Ac-225 from radium targets, includ-
ing ion-exchange column chromatography (using AG50 x 8 [84] or
AG50X4 [85], Ln- [86] or DGA resin [87]), microfluidic ion-exchange
[85], as well as solvent impregnated resins [88]. While all of these
methods achieve a good separation of Ac-225, they all show different
drawbacks, such as the need for (i) large volumes of chemicals [84,
87,88], (ii) highly acidic solutions for elution [84,85,88], (iii) slow
processing [85,88], or (iv) additional clean-up steps [86]. Furthermore,
it has been reported that DGA resin is highly sensitive to radiolysis
and extra washing steps are needed to reduce radiolytic degradation
products [87], partially due to the characteristic water loading [89].
While it remains to be shown if the presented D2EHPA-impregnated
PDMS beads have a higher radiation stability, D2EHPA and PDMS
separately are reportedly highly resistant against radiation [90,91].
Thus, in comparison with existing separation methods, the presented
chelator-impregnated PDMS beads are promising to separate medical
radionuclides in a commercial setting.

4. Conclusions

We presented chelator-impregnated PDMS beads that allow the
selective and efficient separation of the medically-interesting radionu-
clides (Y-90, La-140, and Ac-225) from their liquid target (St(NO3),,
Ba(NO3),, and [*22Ra]Ba(NOs),), with minimal leaching of the chela-
tor from the beads when contacted with the acidic solutions used for
adsorption and subsequent elution of the radionuclides. This mini-
mal leaching is beneficial for the purity of the radionuclide solution
and at the same time offers the possibility of direct liquid target
recycling. The simple fabrication of the chelator-impregnated PDMS
beads together with the ability to impregnate PDMS with different
types of chelators offers a versatile approach towards increasing the

applicability of chelators for the simple, automatable separation of
medical radionuclides.
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