
 
 

Delft University of Technology

Solvent extraction of Ac-225 in nano-layer coated, solvent resistant PDMS microfluidic
chips

Trapp, Svenja; Santoso, Albert; Hounat, Yassine; Paulssen, Elisabeth; van Ommen, J. Ruud; van Steijn,
Volkert; de Kruijff, Robin M.
DOI
10.1038/s41598-024-81177-5
Publication date
2024
Document Version
Final published version
Published in
Scientific Reports

Citation (APA)
Trapp, S., Santoso, A., Hounat, Y., Paulssen, E., van Ommen, J. R., van Steijn, V., & de Kruijff, R. M.
(2024). Solvent extraction of Ac-225 in nano-layer coated, solvent resistant PDMS microfluidic chips.
Scientific Reports, 14(1), Article 29988. https://doi.org/10.1038/s41598-024-81177-5

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1038/s41598-024-81177-5
https://doi.org/10.1038/s41598-024-81177-5


Solvent extraction of Ac-225 
in nano-layer coated, solvent 
resistant PDMS microfluidic chips
Svenja Trapp1,4, Albert Santoso2,4, Yassine Hounat2, Elisabeth Paulssen1,3,  
J. Ruud van Ommen2, Volkert van Steijn2 & Robin M. de Kruijff1

Separating medical radionuclides from their targets is one of the most critical steps in 
radiopharmaceutical production. Among many separation methods, solvent extraction has a lot 
of potential due to its simplicity, high selectivity, and high efficiency. Especially with the rise of 
polydimethylsiloxane (PDMS) microfluidic chips, this extraction process can take place in a simple 
and reproducible chip platform continuously and automatically. Furthermore, the microfluidic chips 
can be coated with metal-oxide nano-layers, increasing their resistance against the employed organic 
solvents. We fabricated such chips and demonstrated a parallel flow at a considerably large range of 
flow rates using the aqueous and organic solutions commonly used in medical radionuclide extraction. 
In our following case study for the separation of Ac-225 from radium with the chelator di(2-ethylhexyl)
phosphoric acid (D2EHPA), a remarkable extraction efficiency of 97.1 % ± 1.5 % was reached within 1.8 
seconds of contact time, while maintaining a near perfect phase separation of the aqueous and organic 
solutions. This method has the potential to enable automation of solvent extraction and faster target 
recycling, and serves, therefore, as a proof-of-concept for the applicability of microfluidic chip solvent 
extraction of (medical) radionuclides.

Keywords Microfluidics, Solvent extraction, PDMS, Parallel flow, Medical radionuclides, Ac-225

In nuclear medicine, radionuclides are utilized for imaging and treatment of various diseases1. Despite numerous 
existing potential radionuclides, only a handful reach clinical use, partly due to their limited availability2,3. 
Increasing the global supply requires a production system that is not only fast and efficient, but also continuous 
and automatable, incorporating the necessary steps to separate the produced radionuclide from its initial 
target material2,4. Solvent extraction, among other methods, offers a simple, selective, and efficient means of 
separation5. By bringing an aqueous solution that contains the product radionuclide as well as its target material 
in contact with an immiscible organic solution that contains a chelator, the chelator selectively binds to the 
product radionuclide5,6. As a result, the product radionuclide gets extracted into the organic solution, while the 
valuable target material stays in the aqueous solution, potentially ready to be recycled. To prepare the product 
radionuclide for further use, it needs to be transferred to a fresh aqueous solution, which is possible through a 
simple second (back-) extraction step. Microfluidic devices offer precise control over two-phase flows and their 
interfaces, enabling the design of a continuous and potentially automatable extraction system7–12. With short 
diffusion paths, these devices consistently achieve high extraction efficiencies for many radionuclides9.

Polydimethylsiloxane (PDMS), among the most used materials for microfluidic devices stands out as it (1) 
allows rapid prototyping through a simple molding technique13, (2) has a high radiation resistance as opposed 
to commercial membranes used for radionuclide separation14, and (3) resists solution with extreme pH used in 
the (back-) extraction step for the separation of medical radionuclides15–17. Furthermore, PDMS has also been 
used in medical industries, easily complying with regulatory demands15. The only downside is that it swells and 
deforms when it comes in contact with organic solutions commonly used for extraction18. To overcome this 
issue, direct contact between the organic solution and the PDMS microfluidic chip must be prevented. Recently, 
we developed a simple approach to coat the channels of PDMS chips with metal oxide nano-layers using atomic 
layer deposition (ALD)17. These nano-layers are grown by alternatingly flowing the two gaseous ALD reactants 
through the chips, a metal precursor and an oxidizing agent, with a purge of inert gas in between. The number of 
repeats allows high control over the layer thickness and its properties due to the self-limiting nature of the ALD 
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reactions19. This invention now opens the door to develop a PDMS-based microfluidic system for radionuclide 
solvent extraction.

In this study, we present a PDMS-based microfluidic radionuclide extraction system, in which the PDMS 
is rendered inert against the use of organic solutions through a silicon oxide nano-layer deposited by means 
of ALD. Besides the nano-layer, a second important feature of the microfluidic chip is the difference in height 
between the channels for the organic phase containing the chelator and the aqueous phase containing the 
product radionuclide and its target material, see Fig. 1. The height difference ensures pinning of the interface20, 
securing stable parallel flow, even at the lowest flow rates. A third important feature is the wavy-wall near the 
exit, securing that the interface remains pinned, achieving perfect phase separation. As a proof of concept, we 
present a case study for the separation of actinium-225 (Ac-225) from radium, using di-2-ethylhexylphosphoric 
acid (D2EHPA) as the chelator, after initial experiments on the separation of lanthanum-140 (La-140) from 
barium as substitutes. Ac-225 is a medical radionuclide, that decays through a series of radioactive daughter 
nuclides to relatively stable bismuth-209 (Bi-209), emitting a total of 4 alpha (α)-particles in its decay chain. It is 
currently researched for targeted alpha therapy, showing very promising clinical results21–23. However, so far, the 
global supply of Ac-225 is severely limited and does not meet the predicted clinical demand3. Therefore, many 
efforts are made to produce Ac-225 via a plethora of different production routes24, including proton irradiation 
of radium-226 (Ra-226) targets through the 226Ra(p,2n)225Ac reaction or photon irradiation of Ra-226 leading 
to 226Ra(γ,n)225Ra → 225Ac3,25–27. The presented case study showcases a fast, continuous, and efficient process 
using microfluidic solvent extraction, with the potential for establishing an automated purification system for 
medical radionuclides.

Methods and materials
Microfluidic device
Working principle of the microfluidic device design
Two key requirements for continuous two-phase flow extraction are that the two phases (1) flow stably side by 
side through the main channel, without breaking up into slugs, and (2) leave the device separately via the two 
dedicated outlet channels. To accommodate these requirements, we adapted the geometry often used in solvent 
extraction5, namely a simple straight channel (500 µm wide and 11.6 mm long in our work) with a Y-junction 
for the introduction of the two phases and another Y-junction for their exit. Two important geometries were 
added to pin the interface throughout the device: a vertical guiding structure in the form of a step height20,28 and 
a lateral guiding structure in the form of a wavy wall at the outlet junction, see Fig. 1. The position of the step 
height in the main channel is determined by the estimated interface position of the two fluids. Assuming two-
dimensional flow and considering continuity of velocity and shear stress, the interface position is a function of 
the viscosity ratio and the flow rate ratio29–31. In this study, the viscosities of the fluids used for the radionuclide 
separations are of a comparable order of magnitude. Additionally, extraction is done at comparable flow rates. 
Therefore, the step height is placed in the middle of the main channel to account for most of the used operating 

Fig. 1. Illustration of continuous two-phase liquid-liquid extraction of radionuclides in a PDMS-based 
microfluidic chip, with the product radionuclide and its target supplied in the aqueous phase and the chelator 
in the organic phase. The silicon oxide nano-layer coated on the walls using atomic layer deposition renders 
the wall inert against the organic phase. The difference in height between the side where aqueous phase and the 
organic phase flow ensures pinning of the interface, ensuring stable parallel flow. The wavy wall near the exit 
pins the interface as well, ensuring perfect phase separation.
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conditions. The channel for the aqueous phase was 100 µm deep, while the channel for the organic phase was 
50 µm deep. This difference was based on preliminary experiments, in which we found that this step height was 
enough to guide the two phases without compromising the contact area too much.

Ideally, pinning of the interface near the outlet occurs at the outlet junction point. In case of unpinning, 
the wavy wall at the end provides a new pinning point, similar to the pinning in pillar-based or array-based 
microfluidic devices32,33. This wavy wall comprises of half-circles (diameter of 5 µm) pattern starting from the 
outlet junction point and extends for 1 cm into each outlet channel. The joining points between two half-circles 
facilitate the new pinning of the interface, lowering the risk of phase contamination from one side of the channel 
to the other.

Microfluidic device fabrication
We fabricated our microfluidic devices using soft lithography34. In short, a 4-inch silicon wafer was spin-coated 
at 2000  rpm for 30  seconds with a negative photoresist (SU8-2050, Kayaku Advanced Materials, Inc.) and 
soft-baked at 100◦C for 15 minutes. The thickness of this first layer of photoresist was 50 µm as determined 
by a profilometer (DektakXT 2, Bruker, Billerica, US). Instead of transferring the two-dimensional channel 
design to the coated wafer by exposing it through a patterned mask as commonly done in soft lithography, the 
design made in AutoCAD 2023 (Autodesk) was directly written on the coated wafer with a tabletop LaserWriter 
(µmLA, Heidelberg Instruments, Germany; raster scan with 1 µm laser beam at 365 nm), using an exposure dose 
of 300 mJ/cm2. The patterned wafer was then post-exposure-baked at 100◦C for 5 minutes. To obtain the step 
height, a second 50 µm thick layer of SU8-2050 photoresist was spin-coated on top of the post-exposure-baked 
wafer. After aligning the design of the second layer to the design of the first layer using the embedded inspection 
camera of the LaserWriter, the second layer was written. The wafer was then post-exposure-baked at 100◦C for 5 
minutes. After this second post-exposure-bake, the fully patterned wafer was developed using propylene glycol 
monomethyl ether acetate (Sigma-Aldrich, 99.5 %), washed with isopropyl alcohol (Sigma-Aldrich, 70 %), and 
hard-baked at 200◦C for 20 minutes. Before its first use, the patterned wafer was silanized by exposing it to 
1H,1H,2H,2H-perfluorooctyltrichlorosilane (Sigma-Aldrich, 95 %) vapour in a vacuum desiccator for one hour 
to prevent polydimethylsiloxane (PDMS) from sticking to the wafer.

The microfluidic devices were made from PDMS. They were prepared by mixing polymer elastomer and 
curing agent (Sylgard 184 Elastomer Kit, Dow Corning Comp.) in a mass ratio of 5:1. After degassing the 
mixture in a vacuum desiccator, it was poured over the patterned wafer in a glass 5-inch Petri dish and cured at 
150◦C for at least 2 hours17. The cured PDMS was then gently removed from the patterned wafer and cut to size. 
The inlets and outlets were subsequently punched using a 1.5 mm biopsy puncher. The chips were cleaned with 
ethanol (Sigma-Aldrich, 70 %) and dried using compressed air, before being bonded on a glass slide spin-coated 
with a 20 µm thick layer of PDMS (2000 rpm for 2 minutes, Laurell WS-650Mz-23NPPB) after oxygen plasma 
treatment for 140 seconds at 0.2-0.4 mbar (Harrick, PDC-002). The microfluidic devices were stored at 70◦C for 
at least 12 hours before further modification to allow the PDMS to recover to its hydrophobic state.

Atmospheric pressure atomic layer deposition in microfluidic devices
To coat a thin layer of silicon oxide on the inner walls of the microfluidic channels in order to render the walls 
inert against the solvents used in the extraction experiments, a home-built atomic layer deposition setup was 
used17,35,36. In-channel growth of a layer of silicon oxide was achieved by sequentially flowing gas phase ALD 
precursors through the microchannels as described in our recent work37. In short, silicon tetrachloride (Alfa 
Aesar) was used as the metal precursor, while ozonated air (Sander Certizon) combined with deionized water 
was used as the oxygen precursor. A gas flow rate of 0.2 L/min was used, with the metal precursor flowing for 
10 seconds and the oxygen precursor for 30 seconds, with nitrogen purges for 100 seconds in between. Each 
microfluidic channel was coated with 25 of such ALD cycles (i.e., the described sequence was repeated 25 times), 
carried out at 60◦C.

Stability of parallel two-phase flow in bare and ALD-treated PDMS microfluidic devices
We studied the stability of the two-phase flow over a wide range of flow rates (0.1-150 µL/min) of the aqueous 
and organic solutions. As model liquids, we used a 1 M nitric acid (HNO3, 65 %, Merck Sigma) solution as 
the aqueous phase and chloroform (CHCl3, Merck Sigma) as the organic phase. While other solvents might 
be equally applicable, chloroform is chosen due to its ability to dissolve almost every chelator. Moreover, 
chloroform is a harsh solvent for PDMS, so demonstrating the nano-layer-coated microfluidic chip’s resistance 
to chloroform supports its compatibility with a wide range of alternative solvents.

The viscosity of 1  M HNO3 at 20◦C is estimated to be 0.99  mPa.s (measured using a VWR falling ball 
viscometer, comparable with reported values in the literature38). The viscosity of chloroform at 20◦C as provided 
by the supplier is 0.57  mPa.s. To estimate the interfacial tension between 1  M HNO3 and chloroform, we 
conducted pendant drop tensiometry (Kruss easydrop) by forming a 10 µL chloroform droplet (Worthington 
number was ∼139) in a cuvette filled with 1 M HNO3. Using the Young-Laplace equation, the interfacial tension 
was calculated to be 31.6 mN/m, comparable to reported values in the literature40.

The liquids were loaded in separate 5 mL syringes (Beckton-Dickinson, Discardit II) with a plastic plunger. 
The syringes were connected to the inlets of the microfluidic device with polytetrafluorethylene (PTFE) tubing 
(outer diameter 1.6  mm, inner diameter 0.5  mm, length 300  mm, Diba, 008T16-050-200) and the liquids 
were driven into the device using individual syringe pumps (Harvard Apparatus Pump 11 Pico Elite Plus). 
The aqueous phase was injected at the inlet leading to the deeper part of the main channel, while the organic 
phase was injected at the inlet leading to the shallower part. Snapshots of the flow were taken using a camera 
(ImagingSource DFK33UX273) through an LWD plan phase 10X lens on a microscope (Euromex Oxion Inverso 
PLPH).
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To rationalize the flow stability experiments, we compared the outcome against an available simple theoretical 
model41. In short, the transition between stable and unstable parallel flow is expected when the difference in 
organic and aqueous phase pressure drop over the length of the main channel due to viscous flow exceeds the 
difference in organic and aqueous phase pressure due to interfacial forces, known as the Laplace pressure jump. 
At the onset of this transition, small perturbations in the flow, for example due to the step motor of a syringe 
pump42–44 lead to unpinning of the interface at the step height. The Laplace pressure jump (∆PLaplace) can be 
estimated using the following expression28

 
∆PLaplace = 2γ sin (θ − 90◦)

d
, (1)

where γ represents the interfacial tension between two liquids, θ represents the solid-liquid-liquid contact angle, 
and d represents the height between the ceiling of the main channel and the step (i.e., 50 µm in our work). A 
simple estimate of the pressure drop over the channel (∆PF ) in both the aqueous and the organic phase is 
obtained through the pressure drop of a single phase flow in a rectangular channel28,30,45, i.e.,

 
∆PF = 12QηL(

1 − 0.630 d
w

)
d3w

, (2)

where Q represents the flow rate of the considered phase, η represents the dynamic viscosity of the considered 
phase, L represents the length of the main channel, and d and w represent the height and width of considered 
phase (approximated as 100 µm × 250 µm for the aqueous phase and 50 µm × 250 µm for the organic phase. 
The transitions between stable and unstable parallel flow is estimated as

 |∆PF,aqueous − ∆PF,organic| = ∆PLaplace. (3)

Radionuclide separation experiments
Radiotracer production and radioactivity measurements
Initial experiments were focused on the separation of La-140 from Ba(NO3)2 in Milli-Q. The radiotracers Ba-139 
and La-140 were produced by neutron irradiation of BaO and La2O3 (Merck Sigma), respectively, at the Hoge 
Onderwijs Reactor (HOR) of the TU Delft Reactor Institute (the Netherlands) with a thermal neutron flux of 
4.69  ·1016 s-1m-2 for 3 hours. They were subsequently dissolved in 1 M HNO3, dried down, and redissolved 
in ultrapure water (Milli-Q; Merck Milli-Q Advantage A10). Ac-225 was supplied in 0.05 M HCl by Eckert & 
Ziegler, and Ra-223 was supplied as 223RaCl2 (Xofigo) by GE Healthcare (Leiderdorp, the Netherlands). Ba-
139, La-140, and Ra-223 were measured directly with the Wallac Wizard2 3’ 2480 Automatic Gamma Counter 
(Perkin Elmer). Ac-225 was measured indirectly at equilibrium (> 30 minutes after experiments) through its 
daughter Fr-221, emitting 218 keV γ-rays. Additional experiments for the separation of Sc-46 from Ca(NO3)2 
and Y-90 from Sr(NO3)2 are presented as Supplementary Information.

Solution preparation
The aqueous solutions used in the solvent extraction experiments were prepared by dissolution of different 
amounts of Ba(NO3)2 (Merck Sigma) in Milli-Q water and subsequent addition of radiotracers with activities 
of 10-15 kBq/mL. Note that for the separation of Ac-225 from Ra-223, rather than using 0.1 M Ra(NO3)2 as the 
(target) solution, we used 0.1 M Ba(NO3)2. This is justified by the chemical similarities of Ra and Ba, making it an 
often used substitute46,47. The organic solution used in the solvent extraction experiments contains the chelator 
di-2-ethylhexylphosphoric acid (D2EHPA, reagent grade < 98 %; Merck Sigma) and was prepared as a 10 %v/v 
D2EHPA in chloroform (Merck Sigma) solution. D2EHPA was chosen due its prior use for the separation of 
Sr48, Ca49 and La50.

Batch solvent extraction experiments
Batch extraction experiments were performed to determine the equilibrium extraction efficiency, which is the 
highest possible extraction efficiency that can be obtained in the continuous-flow microfluidic experiments 
for a given combination of solutions and chelator. Next to these (forward) extraction experiments, also back-
extraction experiments were performed to determine the optimal conditions, i.e., the lowest HCl concentration 
required for maximum back-extraction.

The batch forward extraction experiments were done in Eppendorf vials at a 1:1 volumetric ratio, with 
0.5 mL of the aqueous and 0.5 mL of the organic solution. The vials containing both solutions were shaken on a 
Vortex-Genie 2 mixer (Scientific Industries, Inc.) for 1 minute at the highest speed setting, to reach equilibrium. 
Afterwards, the solutions were separated by pipetting and the radioactivity of both solutions was measured in 
order to determine the extraction efficiency. The extraction efficiency of the batch experiments (EE%batch) was 
defined as the radioactivity of the organic solution after extraction (Aorg,out) relative to the radioactivity of the 
aqueous solution before extraction (Aaq,in), i.e.,

 
EE%batch = Aorg,out

Aaq,in
× 100%. (4)

The extraction efficiency was determined for the ‘produced’ radionuclide as well as for the target material.
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The batch back-extraction experiments were performed in a similar manner, to release the ‘produced’ radionuclide 
from the organic solutions into an aqueous solution for further use in radiopharmaceutical production. The 
organic solution obtained after forward extraction containing the complexed radionuclide was brought into 
contact with an aqueous HCl (Merck Sigma) solution. The organic and aqueous solution were pipetted into 
a vial at equal volumes, shaken on the Vortex mixer for 5 minutes (to ensure equilibrium even when low acid 
concentrations were used), and subsequently separated by pipetting. Different HCl concentrations were tested, 
ranging from 0-0.1 M to determine the lowest HCl concentration necessary. This might simplify the subsequent 
radiopharmaceutical production. The back-extraction efficiency (BEE%batch) was defined as the radioactivity 
in the resulting aqueous HCl solution (AHCl,out) relative to the total radioactivity of the HCl and the organic 
solution (AHCl,out + Aorg,out), i.e.,

 
BEE%batch = AHCl,out

AHCl,out + Aorg,out
× 100%. (5)

All batch experiments were done in triplicate and errors in the obtained values of the extraction and back-
extraction efficiency were given as one standard deviation of the mean.

Microfluidic continuous-flow solvent extraction experiments
Microfluidic extraction experiments were performed in ALD-treated PDMS microfluidic chips. The aqueous, 
radionuclide-containing Ba(NO3)2 solution and the D2EHPA/CHCl3 organic solution were loaded into 2.5 mL 
syringes, which were loaded on two separate syringe pumps (AL-1000 Programmable Syringe pumps 941-371-
1003, World Precision Instruments, Inc.) and connected to the chips using PTFE tubing (outer diameter 1.6 mm, 
inner diameter 0.5 mm, length 200 mm). The extraction efficiency was studied for different contact times (0.1 
- 1.8 seconds) between the two phases in the microfluidic chips. The contact times were adjusted by varying the 
total volumetric flow rate of the two solutions, while keeping the ratio of flow rates at 1:1. This means that the 
expected input/output volume of both solutions was equal although the superficial velocity of each phase differs 
one from another depending on their respective cross-sectional area. For simplification, the contact time t was 
calculated as t = L/v, with the length L of the main channel being equal to 11.63 mm and the average velocity v 
estimated from the sum of the volumetric flow rates (Qaq + Qorg) over the cross-sectional channel area (S), i.e., 
v = (Qaq + Qorg)/S, with S equal to the sum area of both rectangular channel parts (deeper and shallower). 
At the outlet of the chip the organic solution, enriched in the ‘produced’ radionuclide with radioactivity Aorg,out
, and the aqueous solution, depleted in the ‘produced’ radionuclide with radioactivity Aaq,out, were collected 
separately and measured for their radioactivity to determine the extraction efficiency (EE%continuous) determined 
as

 
EE%continuous = Aorg,out

Aaq,out + Aorg,out
× 100%. (6)

Microfluidic back-extraction experiments were performed by injecting the organic solutions containing the 
‘produced’ radionuclide and different aqueous HCl solutions (between 0.1 M and 4 M HCl) through microfluidic 
chips for contact times between 0.1 and 1.8 seconds. The aqueous solution with radioactivity AHCl,out and the 
organic solution with radioactivity Aorg,out were collected at the outlets and the continuous back-extraction 
efficiency (BEE%continuous) was determined as

 
BEE%continous = AHCl,out

Aorg,out + AHCl,out
× 100%. (7)

All microfluidic experiments were done in triplicate and errors in the obtained extraction and back-extraction 
efficiency were given as one standard deviation of the mean.

Please note that in practice, the final processing parameters depend on the geometry of the microfluidic chip 
(length, width, and depth). This is determined by the chosen extraction system, the required contact time, and 
the stability of the parallel flow and therefore, formulation of design rules based on dimensionless number 
analysis helps in design and optimization of future systems.

Results and discussion
Stability of parallel two-phase flow in bare and ALD-treated PDMS microfluidic devices
Figure 2a shows the three possible flow profiles taking place in the ALD-treated PDMS microfluidic chip when 
using 1 M HNO3 as the aqueous phase and CHCl3 as the organic phase: stable parallel flow with the interface 
pinned at the step height, unstable parallel with the interface not pinned at the step height, and break-up of the 
parallel flow into slugs. A map of these flow profiles shows that stable parallel flow with a pinned interface (filled 
squares) is obtained for a relatively wide range of flow rate combinations, see Fig. 2b. This window of stable 
operation is much larger than in microfluidic chips without the guiding structure29–31, especially at a low flow 
rate, indicating the importance of the guiding structure. For the larger flow rates studied in this work, parallel 
flow is still observed, but with the interface not pinned to the step height over the full length of the microchannel 
(open squares). For this flow profile, we observe occasional break-up of the unpinned interface into slugs. For 
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the highest flow rate ratios, the unpinned interface breaks-up downstream the Y-junction and slug flow (red 
circles) is observed. The transition between parallel flow with (partly) pinned interface (squares) and slug flow, 
represented by the solid lines, is reasonably well captured by the simple model (Equations 1–3).

For reference, we attempted to perform the same measurements in a bare (untreated) microfluidic chip. 
As expected, during these experiments, many chips leaked due to the swelling and deformation of PDMS 
under exposure to organic solvents51. The employed CHCl3 induces matrix swelling inside the microfluidic 
channel, estimated at around 1.39 (length swelling ratio18). Swelling also reduces the channel space, leading to 
an undefined flow profile. While the experiments in ALD-treated chips were reproducible, we observed strong 
variations from experiment to experiment in untreated chips. An example experiment in a single untreated 
chip is shown in Fig. 2c, illustrating the importance of the silicon oxide nano-layer of the ALD-treated chip to 
increases the organic solvent resistance of PDMS by preventing direct contact between the organic solvent and 
PDMS, as further detailed in our earlier work17,37.

Visual inspection of the organic and aqueous solutions after parallel flowing in the microfluidic chip showed 
no droplets in both phases, indicating the complete phase separation of the two solutions.

Batch solvent extraction
Batch extraction of La-140 (simulated ‘produced’ radionuclide) from Ba (simulated target material) and of Ac-
225 from Ra-223 (in 0.1 M Ba(NO3)2) showed high extraction efficiencies (> 98  %) for all tested solutions, 
see Fig. 3a. With a mixing time of (less than) 1 minute, the complexation of D2EHPA is considered very fast. 
Simultaneously, co-extraction of the target material into the organic phase remained low in all solutions: below 
2 % for Ba-139 and below 0.3 % for Ra-223. In practice, the co-extraction percentage in the final solution can 
even be further lowered using a second, commonly employed purification step, although it is outside the scope 
of this proof-of-principle study. It should also be noted that the aqueous solution did not consist purely of Ra, 
but a Ra-223 tracer dissolved in a 0.1 M Ba(NO3)2 solution (commonly written as [223Ra]Ba(NO3)2). Because 
of the chemical similarities of group 2 and 3 elements, we additionally conducted extraction experiments for 
the separation of Y from Sr and Sc from Ca, which can be found in the Supplementary Information. All the 
extractions also show considerably high efficiency (> 80 %), as expected.

Back-extraction experiments show back-extraction efficiencies over 98 % for both La-140 and Ac-225 (as 
well as for Ba-139 and Ra-223) when using 0.1 M HCl, see Fig. 3b. These efficiencies decrease with decreasing 
HCl concentration. When using 0.01  M HCl as back-extraction solution, the back-extraction efficiency is 
significantly higher for Ac-225 compared to La-140. These results indicate a higher complex stability of 140La-
D2EHPA over 225Ac-D2EHPA. The complex stability is dependent on the electronegativity and the ionic size and 
therefore, on the charge density, resulting in a lower complex stability for the larger Ac. This trend of decreasing 
complex stability with decreasing charge density is often found in chelate complexation52 and was shown for La 
and Ac before53. Our back-extraction results, including the results shown in the Supplementary Information for 
the separation of Y from Sr and Sc from Ca, are in line with this trend.

Fig. 2. (a) Optical microscopy photos taken in an ALD-treated PDMS microfluidic chip, illustrating the 
three types of two-phase flow observed at different combinations of the flow rate of the aqueous and organic 
solution. The solution in the upper and lower half of the channel is 1 M HNO3 and CHCl3, respectively. (b) 
Flow map of 1 M HNO3 and CHCl3 inside ALD-treated PDMS microfluidic chips (n=3). The stars correspond 
to the photos shown in (a). The lines represent the calculated transition between stable and unstable parallel 
flow using Equations 1–3. (c) Flow map of 1 M HNO3 and CHCl3 inside a bare (untreated) microfluidic chip 
(n=1).
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Microfluidic continuous-flow solvent extraction
The batch experiments were instrumental in determining the maximum achievable extraction efficiency with 
the continuous-flow microfluidic experiments. We used the insights from the batch experiments to design 
and perform the microfluidic (forward) extraction experiments with (target) solution concentrations of 0.1 M 
Ba(NO3)2 and 1 µM Ba(NO3)2 in Milli-Q for La-140 and 0.1 M Ba(NO3)2 for Ac-225. Additionally, the back-
extraction experiments were designed and performed with HCl solutions with concentrations higher than 
0.1 M. For La-140 extraction from the 0.1 M and 1 µM Ba(NO3)2 solutions, the extraction efficiency for the 
longest contact time (1.7 seconds) was 97.4 % ± 0.7 % and 99.0 % ± 0.2 %, respectively, see Fig. 3c. For Ac-225 

Fig. 3. (a) Batch extraction of Ba-139, La-140, Ac-225, and Ra-223 for varying target concentrations. (b) 
Batch back-extraction of Ba-139, La-140, Ac-225, and Ra-223 for varying HCl concentrations. (c) Microfluidic 
extraction of La-140 from two different Ba(NO3)2 solutions for varying contact times. (d) Microfluidic back-
extraction of La-140 into different HCl solutions for varying contact times. (e) Microfluidic extraction of 
Ac-225 from 0.1 M Ba(NO3)2 solutions for varying contact times. (f) Microfluidic back-extraction of Ac-225 
into different HCl solutions for varying contact times. All experiments were done in triplicate and error bars 
represent the standard deviation of the mean.
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extraction from the 0.1 M Ba(NO3)2 solution, a comparable extraction efficiency of 97.2 % ± 1.5 % was obtained 
for the same contact time, see Fig. 3e.

The speed of extraction is slightly influenced by the target concentration, as seen from the two curves in 
Fig.  3c, which are different in target concentration by 5 orders of magnitude. The salting-out-effect, usually 
increasing extraction efficiency and separation because of a higher ionic strength of the solution, only has a 
minor influence on the results. A comparison of the curves in Fig. 3c and e suggests that the speed of extraction 
is insensitive to the radionuclide concentration, which is six orders of magnitude higher for La-140 than for 
Ac-225. Usually, the metal concentration (both radionuclide and target) plays a major role during the extraction 
in a microfluidic device because the concentration drives the diffusive flux54. Our results indicate that the 
concentration of the radiometal that is to be extracted does not have a large influence on the extraction when 
using D2EHPA. Others have shown before that the D2EHPA concentration and its reaction kinetics have the 
highest influence on the extraction speed55,56. Based on the molecular structure of D2EHPA illustrated in Fig. 4a, 
Sun et al. (2021)57 proposed that D2EHPA first transfers into the aqueous phase where it forms a complex 
with the product radionuclide, which subsequently transfers into the organic phase, see Fig. 4b, shortening the 
diffusion distance of the radiometal. These steps, including the electrostatic pull of D2EHPA towards the metal 
ions58, influence the extraction speed. While the full set of Ac-225 extraction experiments was performed with 
fixed radionuclide and target concentrations, we expect based on the aforementioned reasons that the Ba (or Ra) 
target concentration and the Ac-225 concentration have no major influence on Ac-225 extraction.

The back-extraction efficiency of La-140 into 0.1 M, 1 M, and 4 M HCl solutions exceeded 99 % within 
1.7 seconds of contact time, see Fig. 3d. The back-extraction efficiency of Ac-225 with the same contact time is 
considerably lower, i.e., 80 % ± 1 % and 40 % ± 6 % for extraction into 4 M and 0.1 M HCl solutions, respectively, 
see Fig. 3f. While the speed of back-extraction depends on the used HCl concentration, the extraction efficiency 
plateaus within 1.7  seconds for all three used HCl concentrations for La-140. For Ac-225, the plateau is not 
visible within 1.7 seconds. A comparison of the La-140 and Ac-225 back-extraction experiments for the same 
HCl concentrations suggests that the concentration of the radionuclide/D2EHPA complex has a higher influence 
on the back-extraction speed compared to the speed of the (forward) extraction. This implies that diffusion plays 
a more prominent role in back-extraction. Additionally, the now-neutral charge of the complex does not offer 
the ability of electrostatic pull of the complex near the interface. Therefore, the movement to the interface is 
slower. An increase in the back-extraction efficiency of Ac-225 could likely be accomplished by increasing the 
HCl concentration or increasing the contact time.

Overall, excellent extraction and back-extraction efficiencies can be achieved with the developed microfluidic 
solvent extraction method for both La-140 (97.4 % ± 0.7 % and 99.8 % ± 0.1 %, respectively) and Ac-225 (97.2 % ± 
1.5 % and 80.1 % ± 0.7 %, respectively). Ac-225 currently receives enormous attention for its potential in targeted 
alpha therapy. Other commonly used methods for the separation of Ac-225 include the use of ion-exchange 
column chromatography3,59,60, microfluidic ion-exchange61, or solvent impregnated resins62. While achieving 
comparable results for the total recovery (the combination of extraction and back-extraction efficiency) of Ac-
225, the developed microfluidic solvent extraction method exceeds the above-mentioned methods in terms of 
minimizing chemical volumes59,60,62, reducing the acidity of the final solution59,61,62, or lowering processing time 
to only a few minutes, depending on the size and number of microfluidic chips61,62, as well as the total volume 
of the radionuclide-containing solution. Thus, the developed microfluidic solvent extraction of Ac-225 presents 
a promising alternative to conventional separation methods. The newly developed nano-layer coated PDMS 
microfluidic chip with a step-height and wavy outlet geometry solves the issue of insufficient phase separation 
and unstable parallel flow in microfluidic chips, and enables the future use and automation of solvent extraction 
for the separation of medical radionuclides.

Conclusion
We developed a microfluidic PDMS-based chip for fast, continuous, and efficient solvent extraction of 
radionuclides. To overcome the general issue that PDMS is incompatible with common organic solvents used 
in solvent extraction experiments, we used our recently developed atomic layer deposition method to deposit a 
layer of silicon oxide on the inside of the microchannels, rendering them inert. Two key features incorporated 

Fig. 4. (a) Structure of D2EHPA. (b) Illustration of the extraction mechanism proposed by Sun et al.57 
showing that D2EHPA transfers into the aqueous phase where it forms a complex with the product 
radionuclide, which subsequently transfers into the organic phase.
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in the microfluidic chip, a difference in height in the channel for the organic and aqueous phase and a wavy wall 
near the exit, proved essential to obtain a stable parallel flow and a near-perfect separation of the phases at the 
exit. With the newly designed microfluidic chip and using the chelator D2EHPA in chloroform as the organic 
solution, a high extraction efficiency of 97.2 % ± 1.5 % of Ac-225 was accomplished in less than 1.8 seconds of 
contact time, while only co-extracting a maximum of 0.293 % ± 0.034 % of Ra, according to batch experiments. 
Back-extraction can be achieved in 0.1 M HCl, where increasing the contact time or the HCl concentration 
was found to speed up the back-extraction process. The presented proof-of-concept showcases the potential of 
microfluidic chips, for fast, continuous, and potentially automatable liquid-liquid extraction for the separation 
of medical radionuclides.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.
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