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Response of metal-coordination-based polyelectrolyte
complex micelles to added ligands and metals

Dynamic properties of polyelectrolyte complex micelles,
particularly component exchange with other surrounding
molecules, have remained elusive to date. The current work
shows how micelles based on metal-ligand coordination
complex coacervate-core micelles (M-C3Ms) respond to
addition of extra ligand and metal ions.
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Response of metal-coordination-based
polyelectrolyte complex micelles to added
ligands and metals¥

*3 Wenjun Guan,® Tianhong Tan,? Vittorio Saggiomo, {2°

@ and Aldrik H. Velders (2 *P

Junyou Wang,
Martien A. Cohen Stuart

Polyelectrolyte complex based micelles have attracted significant attention due to their potential
regarding bio-applications. Although the morphology and functions have been studied extensively,
dynamic properties, particularly component exchange with other surrounding molecules, have remained
elusive to date. Here, we show how micelles based on metal-ligand coordination complex coacervate-core
micelles (M-C3Ms) respond to addition of extra ligand and metal ions. The micelles are prepared from a
polycationic-neutral diblock copolymer and an anionic coordination polyelectrolyte, which is obtained by
coordination between metal ions (lanthanides Ln** and Zn?*) and a bis-ligand (LEQ) containing two
dipicolinic acid (DPA) groups connected by a tetra-ethylene oxide spacer (4EO). Our findings show that the
bis-ligand LEO is essential for the growth of coordination polymers and consequently the formation of
micelles, leading to equilibrium structures with the same micellar composition and structure independent of
the order of mixing. In other words, adding single DPA has no effect on the formed M-C3Ms. As for metal
exchange, we find that added Zn®** can replace some of the Ln** from Ln-C3Ms, leading to a hybrid
coordination structure with both Ln®* and Zn?*. We find that component exchange occurs in these
coordination polyelectrolyte micelles, but it is more favorable in the direction of replacing the weak binding
components with strong ones. Hence, the designed M-C3Ms based on the strong binding components,
such as Ln-C3Ms, shall be relatively stable in biological surroundings, paving the way for the application of
such particles as bio-imaging probes.

Introduction

Polyelectrolyte complex coacervate-core micelles (C3Ms) are
nanostructures that owe their existence to the electrostatic
attraction between polyion-neutral diblock copolymers and
oppositely charged polyelectrolytes.” Since the first report on
such micelles in the mid-90’s, these objects have attracted consi-
derable attention due to their great potential in bio-applications,
and extensive investigations followed.*™ Although good control
of the morphology and functions has been achieved, knowledge
of the internal structure and the dynamic properties of these
micelles’ subcomponents is still limited; in particular, exchange
of the ionic components with competing ions in solution is
relevant, e.g., in the context of biological fluids. Unfortunately,
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conventional techniques to study exchange encounter problems
because of the intrinsic properties of the micelles.® The hydrated
building blocks introduce significant amounts of water into the
micellar core, and consequently there is low contrast in imaging
and scattering.” Moreover, charge-driven formation of micelles
implies a large degree of charge compensation;® in particular, the
assembly of common synthetic polyelectrolytes shows a sharply
defined preferred composition around charge stoichiometry and
hardly tolerates an excess of any of the charged components.”°
This makes the study of dynamic exchange of components
by adding extra polyelectrolyte to the solution much more
challenging. Nevertheless, understanding the dynamics of
component exchange is very crucial for application of poly-
electrolyte micelles, particularly for bio-applications, because of
the presence of many competitive components in the surrounding
fluid." As an example, polyelectrolyte micelles designed for drug/
gene delivery are typically cross-linked after formation, for an
enhanced stability that is required for in vivo applications.'**?
Progress therefore relies on a novel experimental design that
allows investigation of the internal details and dynamic proper-
ties of polyelectrolyte micelles.

Soft Matter, 2020, 16, 2953-2960 | 2953


http://orcid.org/0000-0002-4693-850X
http://orcid.org/0000-0001-7196-602X
http://orcid.org/0000-0001-6880-7861
http://orcid.org/0000-0002-6925-854X
http://crossmark.crossref.org/dialog/?doi=10.1039/c9sm02386k&domain=pdf&date_stamp=2020-03-13
http://rsc.li/soft-matter-journal
https://doi.org/10.1039/c9sm02386k
https://pubs.rsc.org/en/journals/journal/SM
https://pubs.rsc.org/en/journals/journal/SM?issueid=SM016012

Published on 24 February 2020. Downloaded on 4/29/2020 1:22:58 PM.

Paper

We propose the following approach. Some time ago, we
reported a novel type of polyelectrolyte micelles based on a
polycationic-neutral diblock copolymer, and a polyanionic
coordination polymer, which is obtained by coordination
between metal ions and a bis-ligand containing two dipicolinic
acid (DPA) moieties connected by a tetra-ethylene oxide spacer
(4E0)."™™ We call these micelles ‘metal-containing complex
coacervate core micelles’, for short M-C3Ms. Unlike micelles
formed by organic, (bio)macromolecular polyelectrolytes,
M-C3Ms contain hundreds of metal ions in their micellar core.
The enhanced contrast arising from these heavy elements
makes the M-C3Ms clearly visible under the electron microscope.'®
Moreover, introducing metal ions not only provides novel func-
tional properties, e.g., magnetic and fluorescence properties
from lanthanides, but also introduces probes for investigating
the internal structure using, e.g., the optical spectrum and
fluorescence life time."”>° More importantly, we find that these
micelles do not have a narrow range of preferred composition:
an excess of coordination complexes in solution cannot undo
the coacervation needed for micellization, because the supra-
molecular polyelectrolytes are reversible structures that pre-
dominantly form inside the micellar core.”® This behavior is
totally different for polyelectrolyte micelles in which the core-
polyelectrolyte consists of normal polymers, and an excess or
shortage of that with respect to the second (block copolymer)
polyelectrolyte will destabilize the micellar structure.® This asym-
metric effect offers us a good system to explore the dynamics of
micelles by recording their response to added extra components,
and this is discussed in detail in the present work. Although
the current study focuses on a special case of polyelectrolyte
micelles, it reveals for the first time the occurrence of compo-
nent exchange in polyelectrolyte complex core micelles. Our
study will inspire the design of more investigations in this
direction to shed light on the dynamic properties of poly-
electrolyte micelles, and thereby take a next step towards the
application of such particles in complex, e.g. biological, settings.

Results and discussion

The molecular system involved in this study is shown in
Scheme 1. Bis-ligand and 4-hydroxypyridine-2,6-dicarboxylic
acid are presented as LEO and DPA, respectively. The diblock
copolymer (BP), P2MVP,,5-b-PEO,, has a linear structure and
a fixed number of charges, independent of the pH, due to its
pyridinium groups. In the absence of the block copolymer, the
coordination structure and overall negative charges of the
metal and bis-ligand (M-LEO) depend on concentration and
the M/LEO ratio. Monomeric and short oligomeric complexes
are predominantly present at low concentrations of M-LEO,
whilst coordination polymers are formed at high concentrations.*
Upon mixing with the cationic blocks, the local concentration of
M-LEO in the assemblies increases hundreds of times, which
dramatically shifts the equilibria of the coordination structures
towards coordination polymers.”>>* In this study, the Zn/LEO ratio
is kept at 1/1, at which Zn-LEO can form linear coordination
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polymers, such that each coordination site carries a net charge
of —2. For lanthanides (Ln), we fix the Ln/LEO ratio at 1/1.5,
thereby producing 3D network structures such that each coordina-
tion unit carries 3 negative charges®® (Scheme 1). These anionic
coordination polymers assemble strongly with the cationic
P2MVP,,5-b-PEO,;; copolymers and provide well-controlled
polyelectrolyte micelles (M-C3Ms), with a core with a linear
supramolecular polymer in the case of Zn, and branched
supramolecular polymer in the case of Ln. This has no major
consequences on the size of the micelles. In the following
experiments, we focus on the response of M-C3Ms to either
added DPA or excess metal ions, according to various scenarios
regarding the order of addition of the different components.

Scheme 2 demonstrates the various scenarios, that is, the
different preparation routes to arrive at the micellar system, in
order to investigate whether there is an exchange of LEO and
DPA. We first prepared the micelles with LEO (mixture A), then
challenged the micelles by adding DPA to the micelle solution
(keeping the total amount of ligand the same); the final state is
indicated as A’. Alternatively, we could also mix the metal ions,
DPA and BP, (B) then add LEO to the mixture (B’) and record
the changes undergone by the system. Finally, we first mix
metal ions, LEO and DPA, (C) and then add BP to the mixture to
obtain C’, and see which ligand (LEO or DPA) is selected to be
taken up into the micelles. Obviously, A’, B and C’ have the
same overall composition of components in solution, but
they are obtained by different preparation routes. Specifically,
stock solutions were prepared first, then designed amounts of
different components were selected and mixed for the for-
mation of the micelles and the study of LEO-DPA exchange
(ESIL sample preparation). Given as an example, for A and A’
samples, we prepared them separately. Sample A was prepared
by taking the designed volumes of different components. For
sample A’, all the components except for the DPA were mixed
first, and the obtained micelle solution was left for 1 hour to
equilibrate completely. Then, DPA that contained the same
amount of chelate groups as that of LEO was added to the
solution, followed by 1-2 min vortex and another hour of
equilibration before the analysis. Samples for scenario B and
C were prepared by the same method.

We first consider lanthanum-containing micelles, La-C3Ms.
Fig. 1 shows that La-LEO together with diblock copolymers (A)
forms micelles with a hydrodynamic radius of around 22 nm,
and a narrow size distribution. Adding DPA (A’) has no effect on
either the light scattering intensity or the size distribution.
In system B, the mixture with La®", DPA and BP, without the
bis-ligand, shows no scattering intensity, which means that
there is no aggregation or formation of micelles in that
solution. Upon adding LEO to the mixture (B’), the intensity
rises sharply, reaching a value similar to that of La-C3Ms
(A and A'). Finally, the La-LEO-DPA mixture (C) also shows
no light scattering intensity, while adding BP (C’) leads to a
comparable intensity and size to that in A’ and B’, indicating
that similar micelles are formed in the solution. All these
results suggest that La-DPA oligomers (DPA-coordinated La**)
cannot induce micellization; micelles only form with the LEO

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 (a) Structure of the molecules: bis-ligand (LEO), mono-ligand (DPA) and block copolymer P2MVP;,g-b-PEQ,477. (b) Different coordination
structures formed by the metal and LEO, (c) micelle formation, metal and ligand exchange of the polyelectrolyte micelles. Black and red dots represent

Zn?* and Ln** metal ions, respectively.
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Scheme 2 Different scenarios to prepare micelles and investigate LEO-DPA
exchange of M-C3Ms. Note that A starts with micelles in solution, while

B and C (dotted circles) could not form micelles with the designed
composition. For micelle preparation and exchange details, see the ESI.{

bis-ligand that has coordination sites on both ends and therefore
allows coordination polymers to form.>*?¢

The light scattering data clearly prove that micelles always
select the LEO bis-ligand, independently of the preparation
routes. This still leaves the question whether DPA is found
inside the micelle, or entirely free in the solution. To answer
this question, we performed 'H NMR measurements with an

This journal is © The Royal Society of Chemistry 2020

internal standard (TSP) to collect not only chemical shifts
but also quantitative intensity information regarding the com-
ponents in the solution. Note that the components inside the
micelles cannot be detected due to the long rotation correlation
time of the micelles, leading to extensive peak broadening that
effectively removes these signals from the high-resolution
spectrum. In other words, only the free LEO or DPA is observed
from the "H NMR spectrum. For the La~-LEO-BP mixture (A),
the proton of pyridine on LEO is invisible in the 'H NMR
spectrum of the La-C3Ms solution, indicating that all the LEO is
encapsulated in the micelles. Adding DPA into the solution
hardly disturbs the LEO, while a new peak appears at 7.1 ppm
from the proton of DPA; from the integrated intensity, we
conclude that almost all the added DPA is free in the solution
(Fig. S2, ESIf and Table 1). For the La-DPA-BP mixture (B),
where the light scattering shows no micelle formation, the
'"H NMR spectrum shows only around 57% DPA free in the
solution, indicating that a part of the La-DPA complexes is
associated with P2MVP;,4-b-PEQ,,, chains, which induces a
decrease of the NMR signals of DPA. Interestingly, the complete
release of DPA takes place after adding LEO to the mixture,
indicating that LEO can displace DPA from the coordination
structures, thereby inducing micellization; as a result, 98%
DPA is released free into the solution (Fig. 2, Fig. S3, ESIt
and Table 1).

In scenario C, the La-LEO-DPA mixture produces both
‘free’ LEO and DPA signals, indicating the presence of ‘free’

Soft Matter, 2020, 16, 2953-2960 | 2955
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Fig. 1 (a) Light scattering intensity of different La-C3Ms and mixtures. (b) CONTIN analysis of the size and size distribution of the different La-C3Ms and
mixtures. No micelles form in B and C mixture solutions, so, there is no size information.

Table 1 Fractions of free DPA and LEO in different La-C3Ms and mixture
solutions. The amounts are based on the integrals in the *H NMR spectrum
with TSP as an internal standard. '/" indicates no NMR signals due to the
absence of the compound and ‘—" means hardly detectable integral. For
calculation details, see the ESI

A A’ B B’ C c’
DPA / 98% 57% 98% 93% 91%
LEO — — / — 96% —

(fast rotating, small) coordination structures in the solution,
probably a mix of different monomeric and oligomeric complexes.

A

!
4

B |

Adding BP leads to a final solution with no free LEO but 91% free
DPA, which is consistent with the light scattering result that LEO is
required to form micelles (Fig. 2, Fig. S4, ESIt and Table 1). In
other words, all DPA, even though it can form coordination
structures with La**, remains free in the solution as soon as
there is LEO, which implies that it has no effect on the formation
of La-C3Ms.

Let us now turn our attention to coordinated Zn*, and study
the LEO-DPA exchange with Zn-C3Ms. As shown in Fig. 3,
Zn-LEO-BP forms micelles with a hydrodynamic radius of
about 26 nm. Adding DPA to the solution neither changes the

N cC_ J

'
c_J

-
-
é-JLL
-

- -

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15

1.0 05 00

Fig. 2 H NMR spectra of different La-C3Ms and mixtures. All samples were prepared in D,O under the designed combination with TSP as an internal

standard.
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(a) Light scattering intensity of different Zn-C3Ms and mixtures. (b) CONTIN analysis of the size and size distribution of the different Zn-C3Ms.

No micelles form in B and C mixture solutions, so there is no size information.

light scattering intensity (A’) nor the size and size distribution.
This finding confirms that the DPA hardly affects the formed
micelles. For case B, the Zn-DPA-BP mixture, we did not find
any LEO in the mixture (B’), which agrees well with what
happens for La-C3Ms. Also, scenario C' ends up with similar
intensity and size as A’ and B'.

Fig. 4 shows the NMR spectra of Zn-C3Ms corresponding
to LEO-DPA exchange measurements. A Zn-LEO-BP micelle
solution gives hardly any free LEO in the mixture, which does
not change upon adding DPA in the solution (A’, Fig. S5, ESIt
and Table 2). Meanwhile, a new peak at 7.2 ppm appears,

B — >

A‘J

cC__J

(lD' JL A

indicating that around 99% DPA is free in the solution. For
Zn-DPA-BP mixtures, (B) the broad 7.4 ppm peak indicates that
the Zn-DPA complexes may not be free in the solution, but
most likely associated with P2MVP;,4-b-PEO,5, chains creating
macromolecule-aggregates with a relatively long correlation time.
It is not unlikely that the Zn** ions can coordinate to the non-
quaternized pyridine moieties present in the BP. The quaterniza-
tion degree of 87% leaves plenty of opportunity for the Zn>* ions to
coordinate. Micelles form upon adding LEO into the mixture,
leaving 96% DPA outside the micelles (B’, Fig. S6, ESIt and
Table 2). Scenario C/C’ (Fig. S7, ESIt and Table 2) suggests that

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15

10 05 00

Fig. 4 'H NMR spectra of different Zn-C3Ms and mixtures. All samples were prepared in D,O under the designed combination with TSP as an internal

standard.
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Table 2 Fractions of free DPA and LEO in different Zn-C3Ms and mixture
solutions. The calculation is based on the *H-NMR spectrum with TSP as
an internal indicator. “/” indicates no NMR signals due to the absence of
the compound and “—" means hardly detectable integral. For calculation
details, see the ESI

A A B B C c’
DPA / 99% — 96% 90% 91%
LEO — — — — 93% —

all the bis-ligand LEO is taken up in the micellar core, while
91% DPA is free in the solution. Combining the light scattering
and NMR results, we conclude that LEO is essential for the
micellization of Zn-C3Ms as well.*”*®

To avoid any further speculation, we add additional
preparation routes D and D’, that is, we first mix DPA, LEO
and BP together, then add metal ions, La or Zn into the
mixture. Samples were prepared by the same strategy as that
of the previous scenarios (A, B, and C; see the experimental
part). As shown in Fig. S12 (ESIf), mixture D indicates no
micelle formation, and D’ displays comparable intensity with
A’, for both La- and Zn-based micelles, confirming the results
from A, B and C scenarios, that is, LEO is indeed essential for
micelle formation.

In Scheme 3, we explain the strategy for studying metal
(zinc-lanthanide) exchange of M-C3Ms. For the lanthanide, we
select Eu®" this time because Eu®* and La®* show similar
coordination chemistry with LEO, and provide micelles with
comparable intensity and radius®**° (Fig. 1a, A and Fig. 5a, X).
In addition, Eu®*" has the useful feature that its fluorescence
can be applied to investigate the internal coordination struc-
ture in the micelles.’”*> We fixed the LEO amount in all
micellar solutions, implying that the Zn/Eu ratio must be kept
at 3/2, so that both Zn** and Eu®** can be fully coordinated
with LEO, and can then form linear and network structures,

X x

Zn-LEO A
+ + " LEO |
BP BP
Zn?t Eu3* BP

[ ] [ ] [}

X' Y' &
Scheme 3 Different scenarios to investigate Zn—Eu metal exchange of
M-C3Ms. X and Y start with the designed micelles in solution, while the Z
mixture (dotted circles) only forms coordination structures without adding

BP. Micelles were prepared based on a similar method to the ABC scenario,
see details in the ESI.}
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respectively. For scenario X, Eu-C3Ms are prepared first, and
then Zn" is added into the solution. Alternatively, Zn-C3Ms can
be prepared (Y) followed by adding Eu®" into the solution (Y').
In scenario Z, we first mix Zn**, Eu** and LEO together, which
gives no intensity and accessible size, confirming that only free
coordination structures form in the mixture. Note that it is
difficult to get well-resolved "H NMR spectra of these complexes
as the paramagnetic properties of Eu®* disturb the NMR
signals.*® It is only with the added BP (Z') that we obtain
intensity and size information, as well as '"H NMR spectra
due to the uptake of Eu®* in the micelles. Fig. 5 shows that
the intensity and hydrodynamic radius of Eu-C3Ms hardly
change after introducing Zn>" into the solution. Compared
with Eu-C3Ms, Zn-C3Ms have a higher intensity and bigger
size. After adding Eu**, both the intensity and radius decrease.
Scenario Z' ends with a similar intensity and size as that of X’.

The following experiments exploit different techniques in
order to understand the Zn-Eu exchange and variations in light
scattering data in more detail. First of all, the '"H NMR spectra
in Fig. 7 confirm that no LEO is released in any of the mixture
solutions, indicating that the supposed exchange could only
have happened between Zn>" and Eu®*" metal ions (Fig. $8-510,
ESIT). We expect that the excess metal ions are free in the
solution; in order to prove that, we centrifuged the mixture
gently (2000 rpm, 5 min) in the tube with a cut-off membrane
that allows the metal ions to pass through but retains the
micelles. The metal concentration in the filtrate was analyzed
with ICP-AES. For Eu-C3Ms, around 3% Eu®* (mole fraction
with respect to the overall amount) appears in the filtrate;
obviously, no Zn**(u) ions are found there (Fig. 6a, X). In the
case of Eu-C3Ms with added Zn**, we find that around 29% Eu**
and 50% Zn>" are present in the filtrate (X'). For Zn-C3Ms (Y),
around 9% Zn>" is found after centrifugation. Adding Eu** to
these micelles (Y') leads to amounts of 31% Eu®" and 49% Zn*",
respectively, in the filtrate; these values are similar to those of
mixtures X’ and Z'. All these findings suggest that the metal
ions in the micellar core can exchange with those in the
solution. The light scattering intensity responds, too, which
may have many possible reasons. The micelles eventually
contain 70% Eu®* and 50% Zn”* for all three final mixtures.
In other words, 50% Zn>* can replace 30% Eu®* in the micelle.
At the end of the exchange experiments, the overall compositions
in all systems are the same, and the metal partitioning between
micelle and solution is almost the same, but the sizes are still
different. Apparently, there is incomplete equilibration, and the
size of the micelles is partly controlled by kinetic factors. The
Zn-Eu exchange is confirmed by fluorescence. We fix the excitation
wavelength at 275 nm, where the DPA groups on LEO are excited,
transferring their energy to Eu®", which leads to emission (FRET
effect).***" Since this energy transfer only happens when Eu®" is in
close proximity to DPA groups on LEO, the fluorescence intensity
decay after adding Zn** to Eu-C3Ms (X, Fig. 6b) can be assigned
to the breaking of the Eu-LEO contacts. Other scenarios end in
similar fluorescence intensities (Y’ and Z’), which agrees with the
ICP data, suggesting that different mixing scenarios lead to similar
final metal compositions in the micelles.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Free metal concentration (a) and fluorescence emission (b) of different M-C3Ms and mixtures. The blue and red columns represent Eu and Zn
fractions, respectively. Note that the mixture Z contains only Zn—-Eu—-LEO coordination structures, but no micelles, so neither the filtration, nor the
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Fig. 7 H NMR spectra of different M-C3Ms and mixtures. All samples
were prepared in D,O under the designed combination with TSP as an
internal standard.

Conclusions

In conclusion, we have investigated the responses of M-C3Ms to
added ligand and metal ions. For both Ln-C3Ms and Zn-C3Ms,
the bis-ligand LEO is essential for the growth of coordination

This journal is © The Royal Society of Chemistry 2020

polymers and the formation of micelles. Adding the mono-
ligand DPA has no effect on M-C3Ms. This has implications for
the use of such micelles in vivo: since small biomolecules can
hardly bind with metal ions as much as the terdentate DPA
does, we tentatively conclude that M-C3Ms are stable enough to
survive in biological fluids. We also find that added Zn** can
replace some Ln’* from Ln-C3Ms, and the released lanthanide
ions may constitute a risk for bio-applications. However, the
typical concentration of coordinating metal ions like Cu®** or
Zn*" in biological fluids is so small that the risk is presumably
negligible. Together with the excellent magnetic and fluores-
cence properties, we think that Ln-C3Ms are promising imaging
probes for in vivo bio-applications. Moreover, we find that charge
driven assembly has the ability to selectively take up the stronger
binding component, which could be the case for classical
organic macromolecular polyelectrolyte systems as well. These
initial findings are just the tip of the iceberg to be revealed and
further investigations are required to gain insight into the
complex dynamic behaviour of polyelectrolyte micelles, in parti-
cular regarding the core subcomponent exchange. Studies on
thermodynamic and kinetic aspects, as well as exchange under
non-stoichiometric and non-equilibrium conditions, with more
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https://doi.org/10.1039/c9sm02386k

Published on 24 February 2020. Downloaded on 4/29/2020 1:22:58 PM.

Paper

complex mixtures of metal ions, are just a few of the interesting
next steps to investigate.
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