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Abstract

Controlling self-assembly processes is of great interest in various fields where
multifunctional and tunable materials are designed. We here present the versatility of
lanthanide-complex-based micelles (Ln-C3Ms) with tunable coordination structures
and corresponding functions (e.g. luminescence and magnetic relaxation
enhancement). Micelles are prepared by charge-driven self-assembly of a
polycationic-neutral diblock copolymer and anionic coordination complexes formed
by Ln(III) ions and the bis-ligand L,EQ4, which contains two dipicolinic acid (DPA)
ligand groups (L) connected by a tetra-ethylene oxide spacer (EO4). By varying the
DPA/Ln ratio, micelles are obtained with similar size but with different stability,
different aggregation numbers and different oligomeric and polymeric lanthanide(III)
coordination structures in the core. Electron microscopy, light scattering,
luminescence spectroscopy and magnetic resonance relaxation experiments provide
an unprecedented detailed insight in the core structures of such micelles.
Concomitantly, the self-assembly is controlled such that tunable luminescence or
magnetic relaxation with Eu-C3Ms, respectively, Gd-C3Ms is achieved, showing
potential for applications, e.g. as contrast agents in (pre)clinical imaging. Considering
the various lanthanide(Ill) ions have unique electron configurations with specific
physical chemical properties, yet very similar coordination chemistry, the generality
of the current coordination-structure based micellar design shows great promise for

development of new materials such as, e.g., hypermodal agents.
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Introduction

Self-assembly that leads to well-defined and tunable structures and functions is of
great interest, e.g., in the areas of sensing, catalysis and nanomedicine. " Particularly,
combining of different functional and structural building blocks, like lanthanide(III)
coordination complexes and polymers, allows for integrating the advantages of both
worlds into a single composite.3 *4 Lanthanide(I11) compounds possess unique optical
and magnetic properties arising from the electron configuration in the partially filled
f-shell.” For example, gadolinium(IIT) complexes with seven unpaired electron spins
dramatically decrease the spin-lattice relaxation time of proximate water molecules,
leading to their widespread application as MRI contrast agents in medical diagnosis.*
7 Other lanthanide ions, such as europium(IIl), terbium(IIl) and erbium(III), are
widely used as sensors and optical imaging probes because of their favorable
luminescent properties, like long lifetimes, sharp emission bands and high resistance

to photo bleaching.®’

The applications of bare lanthanide(Ill) coordination structures alone are strongly
limited by their constrained size and dynamic metal-ligand exchange properties.10 On
the other hand, designed polymers with versatile structures, lengths, and functional
groups have proven to be excellent frameworks for designing drug carriers and
localizing inorganic nanoparticles.'"'* Therefore, great potential lies in structures that
combine the lanthanide coordination structures and polymer building blocks. In fact,
several groups have focused on defining the parameters that control coordination
stoichiometry, stability and properties. As well-established strategy, chelating ligand
groups have been grafted selectively on different polymer blocks that can coordinate

lanthanide(III) ions in a self-assembly process yielding micellar structures with
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improved magnetic or optical properties depending on the applied lanthanides.">"°

Despite these outstanding achievements, controlling the coordination structures and
consequently the concomitant functions and properties is a challenge and, to date,
possibilities are restricted by designing and synthesizing complex -chelating
groups/polymers.17 Of particular interest are the approaches that rely on relatively
simple polymers and chelating groups, yet reach good control on the coordination
structures and functions. We have recently developed a lanthanide containing
coacervate micelles (Ln-C3Ms) from assembly of a polycationic-neutral diblock
copolymer with an anionic coordination polymer formed by Ln(IIl) and a bis-ligand,
L,EQ4, which contains two dipicolinic acid (DPA) groups (L) connected by a tetra-
ethylene oxide spacer (EO,)."® The formed Ln-C3Ms encapsulate several hundreds of
Ln(III) ions in the micellar core, and allow for combining different Ln(II) ions with a
controlled tunability on the mixing ratio and corresponding properties. Herein, we
exploit a new strategy to tune Ln-C3Ms, by varying the DPA/Ln ratio; this results in
Ln-C3Ms with similar size, but with different stability, different numbers of the Ln(III)
ions and different coordination structures in the micellar core. Using various
complementary techniques, it is possible to obtain detailed insight in the core-
structure of these micelles. Concomitantly, tunable luminescence and magnetic
relaxation rate with Eu(IIl), respectively, Gd(III) based micelles are achieved.

Scheme 1 shows the chemical structures of the bis-ligand, L,EQ,4, and the diblock
copolymer, P2MVP4;-b-PEO,¢s (BP). The BP has a linear structure and charge
independent of the concentration or solvent conditions, whilst the reversible Ln(III)-
L,EO4 coordination complexes show structures and overall negative charge that
strongly depend on concentration and the ligand/metal ratio, defined as DPA/Ln in

this work. Whereas monomeric and short oligomeric complexes are predominantly
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present at low concentration of L,EQ, and lanthanide, at higher concentration (> 50
mM) polymer networks are formed." *° Upon mixing with the cationic-neutral
diblock copolymer, P2MVPy4-b-PEO,¢s, the local concentration of [,EO; and
lanthanide ions in the micellar core increases to hundreds of millimolar, which
dramatically shifts the equilibria of the coordination structures to form coordination
polymers.21 From previous work on dendrimicelles (i.e. with negatively charged
dendrimers in the core of micelles formed with P2MVP4;-b-PEQO»5), we know that
charge and size of core-structures can strongly influence the micelle formation and
properties, providing parameters to tune and control the self-assembly.* In the current
study, we systematically investigated the effects of DPA/Ln ratio, from 2 to 3 and 6,
on the formation and properties of Ln-C3Ms, observing micelles with different
coordination structures in the core and complex charges strongly relying on the
DPA/Ln ratio.”

In a first approximation, assuming that predominantly the DPA and water molecules
will be coordinating ligands, basically four different types of Ln(IIl) complexes can
expected to be present in solution, each of which with a different net charge:
[Ln(DPA)(H20)0.3]>** with x an integer ranging from 0 to 3 (note, DPA represents
here one half of the bis-ligand L,EO4). In the case of a DPA/Ln ratio of 2,
coordination chains with one negative charge per coordination complex/unit are
expected in the micelle core.”* Increasing the DPA amount to DPA/Ln ratio of 3,
networks are found with three negative charges per coordination complex. At the ratio
of 6, predominantly, the mononuclear complex with one Ln(IIl) and three L,EO4
ligands could be expected, the whole structure carries nine negative charges,
[Ln(L,EO,);]”. We hypothesized that the different charges per complex could provide

different kinds of micelles (e.g. aggregation numbers). Note that, Scheme 2 represents
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the coordination structures in the micellar core and not the free Ln-L,EO4 complexes
in solution. The coordination complexes discussed here are the expected predominant
structures under the designed ratio, other complexes may co-exist due to the dynamic
aspects and reversibility of the Ln-DPA coordination bond.** In fact, and interestingly,
we find subtle differences between our hypothesized (Scheme 2, left) and observed
(Scheme 2, right) coordination structures in the micelle core as discussed in detail
below.

C3Ms normally form optimally around the charge stoichiometry, called PMC
(preferred micellization composition) point,”® where the charge compensation is
reached completely. To find out the PMC for our Ln-C3M micelles, we titrated the
P2MVPy4;-b-PEO,¢5 into Eu-L,EO4 solution (20 mM MES buffer at pH 6) under
DPA/Eu ratios of 2, 3 and 6; the concentration of Eu(IIl) was fixed at 0.5 mM, and the
bis-ligand concentration varied according to the designed DPA/Eu ratio. Figure la
shows the light scattering intensity as a function of added amount of BP. For Eu-
L,EQ, structures at all DPA/Eu ratios, addition of copolymer induces a clear increase
of the intensity, suggesting aggregation to occur immediately. The intensity keeps
going up with increasing BP and reaches a plateau, the PMC point, at certain amount
of BP which strongly depends on the DPA/Eu ratio used. CONTIN analysis (Figure
1b) indicates the Eu-C3Ms are mono-disperse with hydrodynamic radii around 21 nm
for DPA/Eu ratios of 2 and 3, and around 24 nm for ratio of 6 (Table 1).

The radii of the micellar cores have been estimated from the Cryo-TEM images
(Figure 2) and shell thicknesses were calculated based on the hydrodynamic and core
radius (Table 1). Although the size does not vary much for the different DPA/Ln
ratios, the composition in the micellar cores changes significantly, as can be seen from

the aggregation numbers obtained from the static light scattering data (Table 1, Figure
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S3). For micelles with DPA/Eu ratio of 2, we find around 900 Eu(III) ions, 900 L,EO,
ligands and 25 P2MVP blocks from BP per micelle core (Table 1). The number of
lanthanide ions per micelle decreases rapidly and the number of BP increases steadily
upon increasing the DPA/Eu ratio, resulting in about 300 Eu(III) ions and 48 P2MVP
blocks in the micellar core for ratio 6, whilst the number of bis-ligand is about 663.
Clearly the assembly driven by the electrostatic interactions leads to different
combinations of the three components in the core and the final structure is regulated
by charge compensation. Importantly, these findings indicate that we can control the
lanthanide number (density) and coordination structures (properties) in coacervate
micellar cores without changing the micellar size (Figure 3).

As the charge stoichiometry is reached at PMC, based on the consumed amount of BP,
we calculated the negative charges per coordination complex/unit of the Eu-L,EO4
oligomer/polymer structures. For the DPA/Eu ratios of 2 and 3, coordination
complexes are found to have a net negative charge of 1 and 3, respectively, per
complex, so corresponding to the expected values based on the [Ln(DPA )y (H>0)o.3x]>"
> formula (see Table 1). For the DPA/Ln ratio 6, we find the charge numbers per
coordination unit to be around 6.2, so lower than expected for Ln(L,EO4);]” (Table 1).
As one DPA carries 2 negative charges and one Ln(III) carries 3 positive charges, the
6.2 charge/unit corresponds to a DPA/Ln ratio about 4.6 in the micellar core (x*2—
+ 3 = —6.2). This deviation indicates that around 12% of the bis-ligand present is not
involved in the micelle assembly.

To corroborate the incomplete incorporation of L,EO, in the micelles at DPA/Eu ratio
of 6, we ran "H-NMR experiments on the micelles to trace the free L,EO4 in solution.
The protons on the aromatic ring from DPA show a chemical shift around 7.7 ppm,

(square area, Figure 4) which is indicative for the free ligand. As shown in Figure 4,
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spectra of micelles at 2 and 3 ratios show nothing at 7.7 ppm, confirming all the
ligands stay in the micelles. However, the spectrum at 6 ratio gives a clear peak at 7.7
ppm, the amount of free ligand is about 14% as estimated with an internal standard
TSP (0 ppm). This value agrees well with the number obtained from light scattering
data, confirming there is indeed free ligand at this DPA/Eu ratio.

Further characterization of Eu-C3Ms was performed with luminescence spectroscopy.
DPA is a well-known antenna ligand that can sensitize the Eu(IIl)-luminescence
exciting in the UV. However, here direct excitation of the Eu(Ill) at 395 nm was
selected, first, to avoid inner filter effects,”’ and, second, because the concentration of
Eu(Ill) was fixed for micelles at all DPA/Eu ratios. Figure 5 shows the emission
spectra from Eu-C3Ms at different DPA/Eu ratio, the typical transitions of Eu(III)
from Dy to the ground state 'Fy are evident with emissions located at 580 (J = 0), 593
(J=1), 614 (J =2), 649 (J = 3), and 688, 693, 703 nm (J = 4).”® Luminescence life
time (SI, Figure S6) provides complementary information about the internal
coordination structures. Since the micelles contain hundreds of Eu(III) ions in the core,
and different coordination structures may co-exist, it is impossible to identify the
exact coordination state for each unit. However, one can still estimate the number
(Gaverage) Of inner sphere H,O molecules (Table 1, Figure 3), which are the H,O
molecules directly coordinated to the metal center, based on the life times (1) of
micellar solutions in H,O and D,0O (Figure S6).29 The Eu-C3Ms formed at DPA/Eu
ratio of 2 show a Qayerage around 1.2, which is much lower than the expected 3. This
difference is most likely due to the ill-defined heterogeneous mixture of possible
complexes at this metal-ligand ratio; all complexes of the type [Ln(DPA)(H,0)o.3x]*"
X with x an integer ranging from 0 to 3 might be present, and also coordination of

counter ions to the lanthanides might be contributing to the average number observed.
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For micelles at DPA/Eu ratio of 3, we find the 0 and tpyo are about 1.2 and 2.7 ms,
respectively (Table 1), in accordance to reported values for saturated Eu-DPAj
structures;>* 2 the Qaverage 18 ~ 0.27. Given the high DPA/Eu ratio, no Eu-DPA species
are expected and we can consider only the structures Eu(DPA), (q = 3) and Eu(DPA);
(q = 0). Then the qayerage, 0f 0.27, suggests around 91% of the Eu(IIl) to be present as
the fully coordinated structures Eu-DPAj; in the micellar core.’ The Qaverage Of the
micelles prepared at the DPA/Ln ratio 6 is around -0.1, corresponding to 0 within the
error range as suggested in other studies.” Hence, all the Eu(III) ions in the micellar
core are fully coordinated with three DPA groups. We note that the data fitting and
analysis are simplified for such a complex micellar assembly system, still, the
numbers are close enough to those from other studies working on Eu-DPA in solution,
and nicely complement the results from light scattering and the steady state
luminescence.

Luminescence properties (steady-state and life time) strongly depend on the local
coordination of the Eu(Ill) ion, whilst light scattering informs on the charges and
aggregation numbers in the micelles and hence indicating the structure of the Eu-
L,EO4 complexes. Combining the results from both techniques, we conclude the Eu-
L,EO4 in the micellar core at DPA/Eu ratio of 2 consists of a heterogeneous mixture
of different polymeric structures, whilst at the DPA/Eu ratio of 3, practically an ideal
network structure is present (Scheme 2). At the DPA/Eu ratio of 6 not (only) the
mononuclear [Ln(LzEO4)3]9' is present, but likely several types of multinuclear
structures with lower charge-per-complex, such as dimers, trimers and oligomers.
Such kind of structures leave part of L,EO4 ligands free in solution whilst all Eu(III)
ions remain anyways fully coordinated with three DPA groups. Although we cannot

define the distribution of different oligomeric structures in the core, interestingly, the
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trinuclear [Ln3(L2EO4)6]19' provides on average 6.3 charges per Ln(IIl) complex and a
DPA/Ln ratio of 4.6 in the core. This corresponds perfectly to the charge neutral
DPA/Ln ratio calculated from the DLS data, and hence is presented as the
predominant species in the micelle core (Scheme 2).

From light scattering and luminescence data, we clearly find a change in the
coordination structure and a decrease on the average number of inner sphere water
molecules with increasing DPA/Ln ratio. To further validate the general applicability
of Ln-C3Ms, we studied both the Eu-C3Ms and Gd-C3Ms for their luminescence, and
magnetic relaxation properties, respectively. Eu-C3Ms at all DPA/Ln ratios show the
typical sharp-line emission from Eu(Ill), and the main emission at 614 nm is collected
and plotted as a function of DPA/Eu ratio in Figure 6a. Apparently, micelles formed
with more ligand involved per Eu(Ill) ion provide a stronger emission due to the
decrease of the luminescence quenching by coordinated water molecules. This is
consistent with the observed decay of qayerage Upon increasing the DPA/Ln ratio. With
Gd-C3Ms, on the other hand, we expect a decrease of the relaxation rate enhancement
upon increasing DPA/Gd ratio, as it is inversely proportional to the number of
coordinated water molecules (qavemge).6 As shown in Figure 6b, we indeed see a
decrease on the relaxation rate and a clear decay of the contrast on the T,-map images
at 3 T, the clinically relevant magnetic field strength. These findings corroborate that
our method is generally applicable in different lanthanide systems and shows promise
for on demand tuning of multi-modal imaging probes. Different imaging modalities

have different sensitivities and having tools to adapt the specific modality-related

windows for useful and comparable contrast enhancement is of paramount importance.

C3Ms are sensitive to ionic strength and dissociate completely above a critical salt

concentration (CSC).3 435 We have titrated NaCl into the micellar solution and the

10
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typical titration curve is shown in Figure 7a. The intensity goes down upon increasing
salt concentration, and the jump on the decay curve is related to a deformation of the
micelles which has been found also in previous studies on C3Ms.** 7 The critical salt
concentrations of micelles at different DPA/Eu ratios are plotted in Figure 7b. CSC of
micelles at 1/2 is around 150 mM, in the same range as the C3Ms from linear

polyelectrolytes,* " 3*

suggesting the Eu-L,EQ, structures in the micellar core may
still be mainly the linear coordination polymer structures with a wide distribution.
Network structure of Eu-L,EO4 polymers with more charges enhance the stability
dramatically, the SCS of micelles at DPA/Ln ratio of 3 is found around 650 mM.
Interestingly, this number does not decay for Eu-C3Ms at 6. As we believe the
mononuclear structure with one Eu(Ill) and three L,EO4 ligands (Scheme 2) cannot
form micelles with high stability as much as that of more highly charged networks
formed with ratio of 3. This observation confirms that cross-links occur in the
micellar core, leading to dimers, trimers and even bigger net-works, with concomitant
increase of the total negative charges, consequently, a high stability of the micelles.

In conclusion, lanthanide ions provide excellent spies to investigate the core structure
of micelles. We have demonstrated a micellar system incorporating tunable lanthanide
coordination structures in the micellar core without changing the particle size. Ln-
C3Ms form based on the self-assembly of a polycationic-neutral diblock copolymer,
P2MVPy;-b-PEO,¢5 and dynamic Ln-L,EQ4 coordination structures. Upon increasing
the DPA/Ln ratio, the coordination structures change from widely distributed chains
(2) to well-defined polymeric network structures (3) and eventually to a limited
number of oligonuclear structures (6), which corresponds to less and less coordination

sites of the Ln(III) ions being occupied by water molecules. This decrease of the inner

sphere water molecules induces further a gradual increase of luminescence with Eu-

11
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C3Ms and a clear decrease of the magnetic relaxation rate with Gd-C3Ms, providing a
major tool for general application in, e.g., multimodal imaging agents. The overall
charge of the coordination structures also varies with changing DPA/Eu ratio, leading
to different stabilities of the micelles against salt. Our approach provides a good
example how self-assembly can be applied to tune the structure and functions in a
facile manner, and may open new way to build up novel sensors or functional
materials. The coordination chemistry of the lanthanide(III) ions is very similar which
allows to develop general assembling schemes providing compounds with the specific
physical-chemical properties selective for the lanthanide(s) chosen. As such, one can
envision lanthanide coordination structures could play a big role in the design of

hypermodal agents for diagnostic as well as therapeutic applications. > *

12
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Scheme 1

Scheme 1: Molecular structures of (a) the ligand L,EO4 and (b) P2MVP4;-b-PEOy¢s
diblock copolymer (BP) and, (c) formation of micelles from Ln-L,EO, (Eu(IIl),
Gd(IIT)) coordination structures and diblock copolymer. The numbers 2, 3, 6 indicate

the DPA/Ln ratio in the starting solutions.

13



Soft Matter Page 14 of 24

Scheme 2
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Scheme 2 Summary of the alternative designed and observed Eu-L,EQO4 coordination

structures and DPA/Eu ratios in the micellar core.
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Figure 1
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Figure 1 a: Light scattering titration of Eu-L,EO4 coordination structures at different
DPA/Eu ratio; the intensity is represented at excess Rayleigh ratio and is plotted as a
function of amount of P2MVPy4;-b-PEO,5 added. b: CONTIN analysis of the size and
size distribution of Eu-C3Ms at different DPA/Eu ratios. The micelles are prepared in

20 mM MES buffer at pH 6, and Eu(III) concentration is fixed at 0.5 mM.
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Figure 2

Figure 2 Cryo-TEM images of Eu-C3Ms. From left to right, the DPA/Eu ratio

changes from 2 to 3, to 6.
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Table 1

TH20 D20

ﬁigand Rh Rcore Hshell Aggregation Number

PDPABLT N 1 o) | o) | om) | o) [y [ g0, | mp | () | (ms) | S
2 1.1 - 21 7 14 | 910 | 910 25 1 0.67 | 2.66 | 1.04
3 3.1 - 21 7 14 | 413 | 620 37 | 1.18 | 2.70 | 0.27
6 6.2 12 24 9 15 | 293 | 663 48 | 1.78 | 2.53 | -0.1°

Table 1 Summary of the parameters related to coordination structure and formed
micelles. Nig is the charge number per Eu(Ill)-coordination unit based on the light
scattering titration. fjigang: fraction of free ligand in solution; Ry: hydrodynamic radius;
Reore: core radius; Hgpep: shell thickness. z: life time of Eu-C3Ms (Aex =395 nm, [Eu] =
0.5 mM). Qaverage: @average number of inner sphere water molecules. *: corresponding to
Qaverage = 0 within the error range, see ref. 20. Data fitting and calculations are in

Supporting Information.
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Figure 3
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Figure 3 Variations of the normalized hydrodynamic radius (Ry), number of Eu(III)
within one micelles (Ngyamr) and the average number of inner sphere water molecules
(Qaverage) at different DPA/Eu ratio. For details on data analysis, calculations and the

absolute numbers, see Table 1 and Supporting Information.
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Figure 4

: L
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Figure 4 'H-NMR spectrum of the Eu-C3Ms at different DPA/Eu ratio. TSP is applied

as an internal standard. DPA/Eu ratio are 2, 3, 6 from top to bottom.
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Figure 5
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Figure 5 Luminescence emission of Eu-C3Ms prepare at different DPA/Eu ratio. (Aex

=395 nm, [Eu] = 0.5 mM, in 20 mM MES buffer at pH 6).

Page 20 of 24



Page 21 of 24

Intensity (normalized)

Soft Matter

Figure 6

Relaxation rate (s")

T T 0

DPA/Eu DPA/Eu

Figure 6 a: Luminescence emission intensity (614 nm) of Eu-C3Ms at different
DPA/Eu ratios normalized by the highest intensity at DPA/Eu ratio of 6. (Aexe: 395 nm
for spectrum and 295 nm (xenon lamp) for the image). b: T;-map MR images (at 3 T)
and relaxation rates (at 0.7 T) of Gd-C3Ms at different DPA/Gd ratio ([Gd]: 0.5 mM).

The small rings in the images are from the glass capillaries used to distinguish the

different solutions.
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Figure 7
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Figure 7 a: Intensity decay upon adding NaCl into Eu-C3Ms solution at DPA/Eu of 2,
micelles at other ratios show similar titration curves (Supporting Information). b:

CSC (critical salt concentration, indicated by the arrow) of Eu-C3Ms prepared at

different DPA/Eu ratio.
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