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ABSTRACT

The addition of gallium ions to a solution of a double-hydrophilic block copolymer, i.e. poly(ethylene oxide)-
block-poly(acrylic acid), leads to the spontaneous formation of highly monodisperse micelles with a Hybrid
Polylon Complexes (HPICs) core. By combining several techniques, a precise description of the HPIC architecture
was achieved. In particular and for the first time, NMR and anomalous small angle X-ray scattering (ASAXS) enable
tracking of the inorganic ions in solution and highlighting the co-localization of the gallium and the poly(acrylic
acid) blocks in a rigid structure at the core of the micelle. Such a core has a radius of ca 4.3 nm while the complete
nano-object with its poly(ethylene oxide) shell has a total radius of ca 11 nm. The aggregation number was also
estimated using the ASAXS results. This comprehensive structural characterization of the Ga HPICs corroborates
the assumptions made for HPICs based on other inorganic ions and demonstrates the universality of the HPIC
structure leading, for example, to new families of contrast agents in medical imaging.
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INTRODUCTION

Self-assembly of amphiphilic compounds such as surfactants or copolymers has been the focus of numerous
studies for several decades. Micelles, worm-like micelles, vesicles, lyotropic phases etc. were then applied to
various fields ranging from material science to medicine.[1-4] Such assemblies are formed thanks to the
hydrophobic effect.[5] It is less energetically costly for the solvent (i.e. water) to interact with the hydrophilic
surface of aggregates whose hydrophobic parts are hidden from water, than to individually solvate free
amphiphilic molecules or macromolecules. Beyond this hydrophobic effect, purely hydrophilic compounds may
also self-associate. For instance, complex coacervates are formed thanks to electrostatic interactions between
oppositely charged macromolecules.[6-8] Coulombic interactions combined with an entropy gain resulting from
the release of counterions (and bound water molecules) explain the formation of micelles, vesicles and more or
less dense nanoparticles with typical sizes of few tens to hundreds of nanometers.

Among all the natural or synthetic hydrophilic polymers generating aggregates, double hydrophilic block
copolymers (DHBCs) have gained increasing attention.[9, 10] Typically, a neutral block (such as poly(ethylene
glycol)) is linked to a second block which can be either neutral (e.g. polyvinylalcohol...) or ionic (e.g. poly(acrylic
acid), poly(2-(diethylamino)ethyl methacrylate...). In the presence of a polymer of the opposite charge, the DHBC
will form micellar polyelectrolytes.[11] Instead of a second charged polymer, metal ions can be used to generate
coulombic interactions. For example, K. Kataoka and coll. analyzed mixtures of platinum ions with poly(ethylene
glycol)-block-poly(aspartic acid) copolymers.[12] Aluminum,[13, 14] manganese,[13, 15] iron,[16] copper,[14]
zirconium,[17] or lanthanides[14, 17, 18] were later studied. In such systems, coulombic interactions and
complexations between the metal centers and polymer functions (acting as ligands) are responsible for DHBC
aggregation.

The choice of the metal ion is often motivated by the expected final property of these hybrid polyion complexes
(HPICs) in material or medical science. However, the complete characterization of these nano-objects is often
difficult and, in particular, the localization of the metal ions in the HPIC structure is more deduced than
demonstrated. We thus put under scrutiny a copolymer — metal ions system and use a set of complementary
techniques to get a precise characterization of the hybrid structure. Two main techniques can help tracking the
metal ions in the ion-copolymer mixtures: Nuclear Magnetic Resonance (NMR) if the nucleus of the metal ion is
compatible, and Anomalous Small-Angle Scattering of X-rays (ASAXS) if the absorption edge of the metal ionisin
the right energy range. Gallium is one of the few elements that meet the above criteria. Furthermore, it can be
easily obtained as stable aqueous trivalent ions.

In this paper, we report the formation and the characterization (notably by NMR and ASAXS, but also by multi-
angle dynamic light scattering — DLS) of Ga HPICs using poly(ethylene oxide)-block-poly(acrylic acid) PEOsk-PAA3 2«
following the process described in Figure 1. We demonstrate that this formulation pathway is fast and leads to
weakly polydisperse nano-objects in which the gallium ions are trapped.
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Figure 1: Molecular structure of the PEOsk-PAAs2k diblock copolymer and scheme of the HPICs formation
triggered by the addition of gallium ions to a PEOsk- PAAs.2k polymer solution.



MATERIALS AND METHODS

Chemicals

Ga(NO0s)3:6H20 was purchased from Sigma Aldrich Co., Ltd. at highest purity available (99.9%) and used as
received. PEOsk-PAAs.2« was purchased from Polymer Source™ and used as received. Its PDI is estimated around
1.1 (1.05 for the poly(ethylene oxide block alone)) by the supplier (see Data Sheet S1 in the Supplementary
Information). The size of this copolymer was chosen as close as possible to the one used in a previous
publication.[18] Water was purified through a filter and ion exchange resin using a Purite device (resistivity 18.2
MQ:-cm).

HPICs solutions

A HPIC solution was prepared with p = 3.[Ga**]/[AA] = 1 by adding an appropriate amount of a Ga(NOs)s stock
solution to an aqueous solution of PEOsk-PAAs.2«. The pH of the final mixture was possibly adjusted if required by
dropwise addition of NaOH (1 M) or HCI (1 M). The final polymer concentration in the mixture was 0.1 wt%.

For (A)SAXS experiments, more concentrated solutions were used with the concentration of Ga3* kept constant
(c =10 mM) while varying the PEOsk-PAA3 .2k content (up to 10 wt%). pH was adjusted to 7.0 £ 0.2.

Stopped flow light scattering technique

Stopped flow (SF) light scattering experiments were performed on a Bio-Logic SFM 400 stopped-flow module
equipped with a MOS 450 spectrometer, MPS70/4 syringe controller, PMS 450 photodetector and BioKine
software. The mixing module contained four independent 10 mL syringes driven by independent stepping
motors. Syringe 1 contained the PEOsk-PAA3.2k solution, syringe 2 the Ga salt solution, syringes 3 and 4 pure water.
Mixing was performed using a Berger Ball mixer to create turbulence under the most stringent conditions. An
FC-15 cuvette was used as the sample cell. The hard stop was installed on top of the observation head. The flow
rate was set to 9.1 mL.s%, which resulted in a dead time of 4.1 ms. Scattered light at a wavelength of 438 nm was
recorded at 90° using the PMT detector. The voltage applied to the detector was adjusted according to the signal
intensity to avoid saturation. It was set at 420V. For each mixing charge ratio p, three injections of water (syringe
3) were performed in a row to flush the cuvette. Three injections of the mixture (syringe 1 and 2) were then
performed and averaged to obtain the complexation kinetics. The standard deviations were found around 1.6%,
0.4%, 0.5% and 5% of the measured intensities, respectively for p =0.6, 0.8, 0.9 and 1.

NMR experiments

NMR experiments were recorded in D20 at 298K on a Bruker Avance 600 NEO spectrometer equipped with a
5 mm triple resonance inverse Z-gradient probe (TBI 1H, 31P, BB). 15 s relaxation delays were used to obtain
reliable 'H integration data (estimated error ca + 3%). The T: spin-lattice relaxation times (estimated error
ca + 5%) were measured by the inversion recovery method. *Ga spectra were acquired with an acquisition time
of 50 ms and a recycle delay of 50 ms. All chemical shifts for *H and 7*Ga are relative to TMS and Ga(NOs)s,
respectively. One series of 12 samples with various gallium/polymer ratios has been analyzed.

Dynamic light scattering

Multi-angle dynamic light scattering (DLS) experiments were performed on a 3D LS spectrometer from LS
instruments (Switzerland) at 25°C. Working with a laser at 660 nm, this instrument recorded the light scattered
at angles between 15 and 150° (typically more than ca 60 values). Typical acquisition time for each angle was set
to 30s. Five correlograms were recorded for each angle. All DLS data were then analyzed using a laboratory made
software program (named M-STORMS).[4] Cumulant or NNLS (Non-Negative Least Squares) method led to an
estimation of the decay rate I" for each angle. The linear dependency of I" versus the square of the scattering



vector q (T = g2%.D ) gives the diffusion coefficient of the nano-objects and therefore their radius through the
kT
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Stokes-Einstein equation: D = where T is the temperature and n the viscosity of the solution.

Generally, the correlograms of HPICs solution correspond to a simple narrow distribution in size (around
10-20 nm). Rarely, for low angles, a second peak (around 100-150 nm) was detected which disappears after a
simple filtration of the solutions. When present, the concentration of such larger objects was near or less than
10% % in number of the HPICs concentration. Size error was estimated by the standard deviation of all the
calculations (with cumulant and NNLS methods, ca 10-12 values per experiment) for all similar experiments
(4 experiments).

Mono-angle dynamic light scattering measurements were conducted using a Zetasizer Nano-ZS (Malvern
Instruments, Ltd, UK) with integrated 4 mW He-Ne laser at A = 633 nm. Light scattering intensity (at 173°) was
measured with instrumental parameters set to constant values for all the samples. The correlation function
(measured twice for each sample) was analyzed via the cumulant method to get the Z-average size of the colloids.
Standard deviation in the intensity and Z-average size are found for each sample respectively around 10% and
5%.

Small-Angle and Anomalous Small Angle X-ray Scattering

Small-Angle X-ray Scattering (SAXS) measurements were performed at the high brilliance ID02 beamline of the
European Synchrotron (ESRF, Grenoble, France).[19] The 2D SAXS patterns were collected using a Rayonix MX-
170HS ccd detector. A sample-to-detector distance of 1 m was employed in order to cover a g-range, 2 x 1072 <
g <2 nm~t where g is the scattering wave vector defined as g = (4r/A) sin 8/2, A being the wavelength (A ~ 1.2 A)
close to the K absorption edge of Gallium and ¥ the scattering angle. Measurements were performed in a flow
through quartz capillary (diameter of about 1.8 mm) which allows a reliable background subtraction and to
exclude radiation induced by the x-ray exposure by refreshing the sample. The measured two-dimensional SAXS
patterns were corrected for detector artefacts, normalized to absolute intensity scale and azimuthally averaged
to obtain the intensity profile /(g) as a function of g using standard procedures.[20] The background scattering
was subtracted from each averaged sample intensity profile using the SAXSutilities analysis package.[21] These
measurements were performed on one series of samples with different gallium/polymer concentration ratios.
The error of the SAXS measurements shown in Figure 6 is basically covered by the size of the symbols. For the
ASAXS measurements shown in Figure 7, just the relative intensity variation as a function of X-ray energy is
meaningful. Also for this case the statistical error is within the size of the symbols shown in the insets.

The SAXS background-subtracted scattered intensity /(g) can then be expressed as:
I(q) = NV°Apsi’P(q)S(q) (Eq. 1)

where N is the number of particles per unit volume V, Aps: is the difference in the scattering length densities
(SLD) between the particles and the medium, P(q) and S(g) are the form and the structure factors, describing the
shape and interaction between particles, respectively.

The low-q region (plateau) of the data set can be used to derive the gyration radius, Rg, according to the Guinier
analysis using the expression:

—R2
1) = Lexp (5q%)  (Ea.2)
allowing estimating the overall size of the particles.[22]

The SAXS intensity profiles were modelled using the form factor of polydisperse spherical core-shell particles
P(qg)cs, assuming that the structural factor S(q) is close to 1 (low concentration).
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Ve and Ve indicate the volumes of core and whole particle, Rc the radius of the core, Re is the external radius, and
Apcs, Apsm, are the relative scattering length density differences between core (PAA) - shell (PEO) and shell (PEO)
- medium (solvent), respectively.

An additional contribution describing the spatial fluctuations of the polymer chains was also added to model the
high-g behavior of the scattering data (Ornstein-Zernike term). Therefore, the total SAXS intensity /(q) is
described as:

1(q) = P(q@)¢es + 1(q@)oz (Eq.48)

where 1(q)oz = uéﬁ with & the internal correlation length and d the fractal exponent which was fixed to -

1.6 as expected for swollen polymer chains in good solvent.

Complementary to SAXS, anomalous small angle X-ray scattering (ASAXS) measurements were performed, by
tuning the x-ray energy close to the Gallium K-edge. As described in detail in the literature, such technique
enables element specific contrast variation and hence the possibility to determine the spatial location of the Ga3*
counterions.[23, 24] The contrast variation in ASAXS is given by the energy dependence of the relative atomic
scattering factor Af (E):

ME) =Afo +f(E) +if”(E) (Eq.5)

where the non-resonant term fo is the atomic number of the element, f and f”” are the real and imaginary part
of f as a function of the incident x-ray energy E.

As a result, the energy dependence of the radial scattering length density profile Aps. can be calculated as:

Apsi(r,E) = V(r) re Af(E) = Apsi®(r) + V(r) re [f(E) + if (E)] (Eq. 6)

with r) being the spatial distribution of the anomalous scattering units (i.e. Ga ions), re the classical electron
radius and Aps.(r) the non-resonant scattering length density profile (i.e. the usual contrast well below the
absorption edge).

Therefore, the total scattering intensity /(g, E) can be expressed as follows:

1(q,E) = F§(q) + 2f"(E)Fo(@)v(q) + [f'(E)* + f"(E)*v*(q)] (Eq.7)

where the term FZ(q) denotes the non-resonant intensity, depending on the total electron density of the
material, v2(q) is the energy dependent resonant term which denotes the counterion (Ga**) self-contribution
and Fy(q)v(q) is the cross-term, containing information about both the resonant and non-resonant terms. The
energy dependence of the atomic scattering factors close to the Ga3* K-edge is shown in Figure S1. For ASAXS
experiments, SAXS patterns were collected at different energies below and above the Ga3* absorption edge
(AE=-117,-47,-27,-11, -3, -1, +1, +13 and +53 eV).

A first data analysis of the ASAXS data was done by decomposing the measured data in the three partial
intensities according to Eq. 6 (see discussion in the according paragraph).

To derive even more details about the spatial distribution of the counterions and to assess the density of the
gallium ions in the system, quantitative model fitting of the ASAXS curves was performed using an analytic model
developed as plugin in the SAXSutilities package [23]. Based on the qualitative results by decomposition, as the
partial intensities according to Eq. 7 show a similar intensity distribution for the energy independent SAXS term
and the contribution originating from the counterions (see text for more details), the model used for the fitting
of ASAXS curves assumes the counterions distribution to be arranged in a similar core-shell structure as PEOsk-
PAAs.2«. Moreover, by analogy with the work of Dingenouts, et al.,[25] an Ornstein-Zernike term (OZ) was added
to simulate the high-q tail contribution of the density fluctuation not only in the distribution of PEO/PAA but
also in the counterions distribution. The OZ term in the latter case scales according to the energy dependent
contrast variation of the Ga3* counterions.

Therefore, the total ASAXS intensity /(g,E) is described as:

1(q,E) = P(qQ)¢es + 1(q@)oz + P(,E )esga + 1(q,E)oz6a (Eq. 8)



P(q).s uses the relative scattering length density differences of PAA, PEO and solvent according to Eq. 3, whereas
P(q,AE ) 564 Uses in the same equation the radial scattering length density profile based on the spatial
distribution of Ga ions according Eq. 6. It should be emphasized, that all contributions in Eq. 8 use the same
unique set of structural parameters derived already from the SAXS analysis for fitting the scattering curves
recorded at different energies. One should emphasize that all contributions to Eq. 8 use the same and unique set
of (1) structural parameters derived already from the SAXS analysis and (2) the density of the Ga ions in the core
and the shell (see Table S1) for fitting the scattering curves recorded at different energies. Only the scattering
contrast of the Ga ions varies according to Eq. 5. Due to its higher complexity, the polydisperse model needs to
be calculated numerically (taking into account a size distribution of the core).

RESULTS AND DISCUSSION

Formation of the Ga HPICs

To an aqueous solution of the PEOsk-PAA3.2k block copolymer, various amounts of a concentrated solution of
gallium nitrate were added in order to adjust the charge ratio, p, between the positive and negative charges of
the gallium ions and the ionized or ionizable carboxylic functions of the PAA block respectively:

_ 3]6a®*]
T [44)

(Eq. 9)

At charge stoichiometry, when p is equal to 1, the fully ionized PAA chains are theoretically electroneutralized
by the gallium ions. The final polymer concentration in the different mixtures was kept constant and equal to
0.1 wt%. The gallium/polymer solutions were then analyzed by light scattering. A solution of pure PEOsk-PAA3 2«
block copolymer is characterized by a very weak scattered intensity and the corresponding correlogram is
associated to a Z-average size above 100 nm. This was supposedly due to traces of poorly defined self-
associations of the copolymers.[18] As suggested in a M. Muthukumar’s paper, such associations may have a
microgel-like structure “where the physical cross-links arise from dipole—dipole pairings with each dipole
originating from an adsorbed counterion to a charged monomer belonging to the polymer”.[26]
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Figure 2: Typical evolutions of the scattered light intensity (in blue) and Z-average size (diameter in nm, in red)
measured by a mono-angle DLS instrument from gallium/ PEOsk-PAAz 2« mixtures versus the ratio p. The lines are



just a guide for the eyes. Because of self-assembly of the polymers existing initially in the pure copolymer
solution, the Z-average size obtained for p below ca 0.9 corresponds to polydisperse nano-objects (symbolized
by the dashed red line). Above p ~ 0.9, the size distribution is mono-modal.

As shown in Figure 2, the intensity of the scattered light increases with gallium amount. This increase is more or
less linear with p up to 1. Above 1, the intensity is approximately constant (or slightly decreasing). Such evolution
suggests that objects containing several macromolecules were formed by addition of the gallium ions until
electroneutrality was reached. Analysis of the DLS correlograms reveals a polydisperse population of objects in
the solution for p lower than ca 0.9. The ill-defined copolymer aggregates present in the initial solution as
impurities/micro-gel (p=0) are subsequently disaggregated by gallium ions that interact strongly with carboxylate
groups, resulting in an apparent z value that decreases to p=1. This led to a clean mono-modal population for p
close to or higher than 1. Such evolution can be followed as a function of the Z-average diameter of the particles,
for which a clear breaking in the slope versus the ratio p is recorded around unity. Well-defined polymeric
nanoparticles were then formed by addition of gallium ions. Such a behavior is similar to that described with
gadolinium ions and a similar copolymer.[18] Before any structural analysis of these hybrid polymer micelles, a
good knowledge of the aggregation kinetics is necessary to avoid any artifact due to the metastability of the
mixtures. Stopped-flow experiments were then undertaken. The fast mixing of gallium and copolymer solutions
at different charge ratios p was monitored as a function of time by light scattering.
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Figure 3: HPIC complexation kinetics monitored by stopped-flow experiments. The flow rates of gallium and
copolymer stock solutions were adjusted to be equivalent for the different charge ratios p. The solid black line is
an example of fitting the data for p = 1 with three exponential decays.

As shown in Figure 3 and in agreement with Figure 2, the overall scattered intensity increases with p toward
unity. The stabilization of the scattered intensity versus time is very fast below 0.8. When p is close to 1, a neat
increase of the intensity is observed. The data were then modeled by multi exponentially decaying functions
giving rise to characteristic times that are not modified by the charge ratio p. Average values and standard
deviations (calculated for experiments with p equal to 1 and 0.9) were then extracted: ca 0.08 £0.01s



(associated to ca 0.4% of the signal), 1.8 £ 0.2 s (ca 4% of the signal) and 39 +1 s (ca 95% of the signal). The first
two shorter times likely correspond to a monomodal but relatively broad distribution of characteristic times as
discussed in Kuehn et al.[27]. The longest characteristic time, which accounts for more than 95% of the signal, is
equivalent to that measured during the formation of polyelectrolyte complex micelles. It may be related to the
compositional equilibration of the HPICs by exchanging either unimers or ions. The first two smaller times are
shorter compared to those measured in the aggregation of two polyions that may well describe the formation of
metastable pre- or large scale aggregates.[27] Whatever the exact process associated with these characteristic
times may be, the average kinetic constant of such process is 0.2 + 0.02 s. This suggests that both ions and
copolymers reached a pseudo-equilibrium quickly after mixing. This was confirmed by DLS data, which showed
no significant changes in the scattering properties of the solution between a few minutes and a few days.
Furthermore, from these stopped-flow experiments we can hypothesize that polymer aggregates with p close to
1 and below 0.7-0.8 might not have the same morphology. Such interpretation is also supported by SAXS data
(see below) and DLS experiments (see Figure S2).

To get more information on the formation of the hybrid aggregates, 'H NMR experiments were performed. As
depicted on Figure 4A, while the peaks related to PEO units around 3.7-3.3 ppm remained roughly constant with
p, the ones associated to the carboxylate functions at 2.3-1.9 and 1.7-1.4 ppm (respectively due to the hydrogen
in a.and B of the carboxylate functions) progressively disappeared when p increased. The longitudinal relaxation
time (T 1) of the proton that can be associated with the mobility of molecular chains was measured (Figure 4B).
It was observed that T1 of protons in 3 position at 1.32 ppm of carboxylate units remained constant at ca. 100 ms
for ratio below 0.75 and then rapidly increased to reach 2000 ms for p = 2. The evolution of T1 evidenced the
formation of HPICs for ratio above 0.75 with restricted motion of polymer chains. Below this value, no
aggregation was evidenced and the polymer roughly behaved as isolated or poorly associated chains. These T1
values were further taken into account to acquire *H NMR spectra in quantitative conditions and to determine
the evolution of the integral ratio of the proton associated to the carboxylate unit to the PEO unit (Figure 4B).
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Figure 4: A) Evolution of *H NMR spectra of HPIC solutions (in D20, 298 K) as a function of p. B) Evolution of the
integral ratio (in blue) of the proton associated to the carboxylate unit to the PEO unit and T1 (in red) as a function
of p deduced from NMR spectra. T1 was measured on the carboxylate signal at 1.32 ppm.

Concomitant with the observed evolution of Ty, the integral ratio decreased for ratios above 0.75 corresponding
mainly to the disappearance of the signal arising from hydrogen near the carboxylate units. The selective
suppression of these peaks suggested the preferential Ga®* binding on PAA residues as expected from the
intrinsic chelating capability of acrylates and the rigidification of the PAA blocks. Indeed, the NMR signal
disappearance is due to a strong broadening of the NMR resonances associated to very short T, transverse
relaxation times caused by slow local tumbling motions. Meanwhile, integration relative to PEO chains only
slightly evolved suggesting a higher mobility of these chains in aqueous solution. This might be ascribed to the
formation of HPICs with a core-shell structure with a PAA/Ga core surrounded by PEO chains.

The interaction of Ga3* with the polymers was further evidenced by ?*Ga NMR analysis (Figure S3). Gallium has
two NMR active quadrupolar nuclei (spin 1=3/2): %°Ga and 7'Ga; the latter being more sensitive and producing
narrower signals despite a lower natural abundance. 72Ga NMR signal can only be observed when Ga3* ions are
in a cubic or octahedral symmetric local environment because its strong quadrupolar moment leads to very broad
signal in the other cases. In aqueous solution, only the octahedral [Ga(H20)s)3* and the tetrahedral [Ga(OH)a]
can thus be observed among the different species.[28] Hence, whereas pristine free Ga'" solutions gave a peak
at 0.3 ppm corresponding to the hexa - aqua ion, [Ga(H20)e]**, this peak disappeared for ratio p lower than 1,
indicating that Ga"'ions were no longer available to form such highly symmetric species due to interactions with
PAA and/or were trapped within the HPIC structure.

Characterization of the size and structure of the Ga HPICs



The size of the HPICs formed by the gallium ions was estimated using DLS. The correlograms measured (see insert
of Figure 5) were perfectly fitted using the cumulant method. This is a direct evidence for the narrow size
dispersion of the HPICs. Generally, NNLS analysis confirmed the narrow size distribution (around 10-20 nm).
Rarely, for low angles, a second peak (around 100-150 nm) was detected, which often disappeared by a simple
filtration of the samples. When present, the concentration of such larger objects was close to or less than 10 %
of the HPICs concentration.
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Figure 5: Analysis of typical multi-angle DLS data for a Ga HPIC solution (p = 1). Decay rate I, estimated using the
cumulant method, versus the scattering vector g. Insert: Typical g2 correlogram (red circles) obtained for a
Ga HPIC solution at a scattering angle of 148°. In black, best fit using the cumulant method (second order) with
the M-STORMS software.

Multi-angle DLS experiments were then performed in order to get the best possible accuracy on the
hydrodynamic size of the Ga HPICs. As shown in Figure 5, the dependence of I" with the square of the scattering
vector q is linear, demonstrating that the HPIC nano-objects exhibited a Brownian motion. The slope of I" versus
g2 gave the diffusion coefficient of the nano-objects and thus their radius through the Stokes-Einstein equation.
From these data, an average hydrodynamic radius of 11 + 3 nm was obtained for the Ga HPICs (see Table 1). This
size is quite in line with that obtained for gadolinium or copper HPICs (respectively 11.5+ 1.2 nm and
14.5+ 2 nm).[17, 29]

To get detailed information on the HPIC internal structure, SAXS experiments were performed on HPIC solution.
Firstly, SAXS structural investigations were performed on the mixtures of gallium and PEOsk-PAAs.2« polymer at
different ratios p with the gallium concentration being constant. As shown in Figure 6, the SAXS scattering signal
for p below 0.8 resembles that of the pure copolymer. Above this value, the forward scattered intensity increased
until the electroneutrality was reached. Above p =1, the further decrease of polymer (or increase of gallium ion)
concentration had no effect (not shown). Such a behavior is in total agreement with the DLS and stopped-flow
experiments. Therefore, for p below ca 0.6-0.8, nano-objects formation is not detected and electrostatic
interactions between charged PAA chains are the dominant feature of the SAXS scattering curves partially
screened by gallium ions interacting with the macromolecules. Indeed, approaching the electroneutrality, the
electrostatic repulsions were fully screened and nano-objects with an average radius of gyration Rg of 7.5 nm
were formed (see Table 1).
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Figure 6: Evolution of the SAXS scattering signal of gallium-copolymer solutions as a function of the ratio p at a
fixed Ga3* concentration of 10 mM. Solid lines: best fitting according to Eq. 4 of the SAXS scattering signal of
Ga HPICs solution with p from 0.8 to 1. For clarity, only 10°% of the experimental points are plotted. Insert: The
electron density profiles (ASLD) for the core-shell particle deduced from the best fittings.

The ratio Rg/Rn is found around 0.68, a lower value than the theoretical ratio of 0.78 (i.e. (3/5)/?) for a
homogeneous and dense sphere. This suggests a core-shell structure for the HPICs, the shell being swollen by
water. Therefore, to get more information than the radius of gyration, SAXS intensity profiles were modelled
using the form factor of polydisperse spherical core-shell particles (see Materials and Methods). In the insert of
Figure 6, examples of such modelling are shown as well as the corresponding electron density profiles. The
quality of the fitting strongly supports the assumption concerning the core-shell structures of the HPICs. All the
parameters deduced from these fits are available in Table S1. Table 1 lists structural data obtained for p = 1.

Table 1. Structural parameters deduced from DLS and SAXS experiments for Ga HPICs (at p = 1).

Core radius® External radius® | Gyration radius? Hydrodynamic radius©

Rc (nm) Re (nm) Rg (nm) Rn (nm)

43+0.9 11+3 75+04 11+3

deduced from SAXS experiments: a Guinier analysis, b model fitting; ¢ deduced from DLS experiments

SAXS experiments led to interesting structural information but the localization and density of the gallium ions
remained unclear at this stage. Complementary to SAXS, anomalous small angle X-ray scattering
measurements[30, 31] were then performed, since ASAXS is a method which is element sensitive. In Figure 7,
the measured intensities for different values of the incident energy are reported for a Ga HPIC solution with
p =1. The intensity clearly varies with incident energy as it approaches the Ga® threshold. Such an energy
dependence of the scattering intensity allows one to extract information about the gallium ion localization within
the HPICs solution.
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Figure 7. Scattered intensity versus the scattering wave vector g, as a function of the incident energy (HPIC
solution with p = 1 and pH 6.8). For clarity, only five energies are shown, corresponding to the difference AE to
the absorption K-edge of Ga3* counterions: -117 eV, -27 eV, -11 eV, -3 eV and -1 eV. Inserts. Results of direct
modelling of the ASAXS data presented in two magnified views: the relative change of the scattered intensity at
the different energies directly depends on the number of the bound ions and allows to determine the density of
the gallium ions. The arrow is a guide for the eyes illustrating the intensity change while approaching the energy
of the absorption edge of Ga.

Firstly, decomposition of the ASAXS signal from a Ga HPIC solution (p =1 at pH 6.8) was obtained according to
Eg. 7 and is shown in Figure 8. The term FZ(q) (i.e. the non-resonant intensity due to the polymer mainly) and
the term v2(q) (i.e., the energy dependent resonant term related to the gallium) have similar q dependence.
This indicates that the spatial distribution of both the copolymers and the counterions within the HPICs has a
similar dependence on the radial distance r. For information, the Fo(q)v(q) cross-term (deduced from the
decomposition of the ASAXS signal and containing information about both the resonant and non-resonant terms)
is also plotted in Figure 8.

The individual contributions of the non-resonant (spherical nano-objects) and the resonant (Ga**counterions)
terms are represented for different ratios p in Figure S4. The resonant term v2(q), originating from the localized
Ga* counterions, becomes weaker as p decreases. Simultaneously, SAXS data present a characteristic
polyelectrolyte peak and an intensity upturn at low-q for p < 0.8. Therefore, Ga** counterions are not localized
anymore and may diffuse freely in the solution without any particular structural organization. The counterion
condensation is only detected once the nano-objects are structured. Such a behavior is in agreement with the
previous results obtained by NMR, stopped-flow and DLS experiments.



I(q) (mm™”)

Figure 8. Decomposition of the measured ASAXS intensity according to Eq. 7, for a Ga HPIC solution (p = 1 at
pH 6.8). In red (upper curve), the FZ(q) term. In orange (middle curve), the Fy(q).v(q) term. In blue (lower
curve), the v2(q) term. The solid line represents the best SAXS fit to Eq. 4 as already presented in Figure 6. It has
been scaled down (grey line) as guide to the eye to the intensity of the v?(q) term, to illustrate the similarity in
the q dependence.

Secondly, in order to derive quantitative information about the distribution of the Ga ions, simultaneous fitting
of the ASAXS datasets recorded at several energies was performed. More details about the used model can be
found in the Materials and Methods section.

Figure 7 shows the best result of the modellization, according to Eq. 8, performed on the scattering curves
measured at -117 eV, -27 eV, -11 eV, -3 eV and -1 eV below the absorption edge. The relative change of the
scattered intensity at the different energies directly depends on the number of the bound ions and allows to
determine the density of the gallium ions, des, in the system without further assumptions. This is shown for the
sake of clearness for two selected q ranges in the insets of Figure 7.

According to the ASAXS modelling, Ga ions are concentrated in the core. However, a small fraction of counterions
(ca 7%) is also present at the interface and along the PEO chains. It should be noted that the presence of Ga3*
ions in the PEO shell may simply be related to a slight excess of ions compared to the electroneutrality. This is
related to the somewhat poor accuracy of the ratio p due to the slight polydispersity of the copolymer. One can
safely conclude that, at p = 1, the nano-objects present a core rich in PAA polyions. The counterion distribution
in the core and shell shows density fluctuations, i.e. an organization into ion-rich/ion-poor regions (“blobs”), the
nature of which, however, cannot be determined from the fitted Ornstein-Zernike term. The presence of an
Ornstein-Zernike contribution in the SAXS signal (non-resonant term) also indicates the presence of PAA rich (or
poor) zones in the core and of PEO respectively in the shell.

Finally, the aggregation number Nag (i.e. the average number of macromolecules associated in one hybrid
micelle) can be estimated from the SAXS and ASAXS results.

Indeed, assuming that the core of the HPICs has a density similar to that of polyacrylate or zinc diacrylate (data
available in the literature - unfortunately no information concerning a theoretical gallium triacrylate was found-),
Nagg can be calculated from the following equation:

Nagg= (4/37'[) Nav Rc3. dAA/MPAA (Eq- 10)



where Nav is the Avogadro’s number, Mpaa is the molar mass of the PAA block i.e. 3.2 kg/mol, daa the hypothetical
density of the HPIC core (ca 1.3 £+ 0.1).

This leads to an estimate of Nag around 80 for Rc = 4.3 nm. Since the Rc value (mean 4.3 nm, standard
deviation 0.9 nm) lies most probably between 3.4 nm (4.3-0.9 nm) and 5.2 nm (4.3+0.9 nm), Nagg should likely be
in the 40-140 range. This estimated value is not far from the one already calculated for other HPIC systems.
Indeed, the association between poly(sodium(sulfamate-carboxylate)isoprene)is.sk-block-poly(ethylene
oxide)14.8« and cadmium ions was described with an aggregation number around 90.[32] This is also close to the
40-70 aggregation number reported for complex coacervates micelles obtained with two block
copolyelectrolytes.[33] Y.-H. Jong et al. have estimated that ca 80 to 390 platinum ions were trapped in the
polymeric structure formed with poly(acrylic acid)-block-poly(ethylene glycol methacrylate) or poly(acrylic acid)-
block-poly(ethylene glycol).[34] In our case, an aggregation number of 80 suggests that about 1100 Ga ions are
trapped on average in one hybrid micelle: the Ga density should therefore be around 3.4 ions per nm?in the core
or 0.2 ion per nm? in the full nano-object. For comparison, in a previous system with HPICs formed with copper
ions,[29] Cu HPICs were found by SAXS (data not shown) with a smaller core radius of 3.2 nm: aggregation
number is then estimated close to 33 and the number of copper per micelle around 690. We must underline that
3.4 ions per nm? is a rough estimation of the Ga density due to the error in the core radius and the uncertainty
in the density of the AA chains in the core, daa.

Complementarily, as already stated, fitting of the ASAXS curves offers a direct means to determine the density
of the Ga ions and therefore to estimate the aggregation number. Indeed, the relative change of the scattered
intensity at the different energies directly depends on the number of bound ions and enables determining the
density of the gallium ions, dga, in the system without further assumptions. dea was found around 5 + 1 ions per
nm? (i.e. ca 1700 ions per HPIC). This is slightly higher than the previous estimation (3.4 ions per nm? see above).
Assuming a DP, of 44 for the PAA block and 3 carboxylate functions per gallium, this leads to an evaluation of
the aggregation number of the HPICs around 120 and most probably in the 60-180 range. The large error
originated from the 20% of error on the value of R..

Stability of the Ga HPICs with pH

The colloidal stability of the Ga HPICs is ensured by the PEO shell which explains the near zero zeta potential of
these nano-objects. As shown for previous HPICs, one of the principal factors that can destabilize the object is
the pH. Indeed, the protonation of the carboxylate groups of the copolymer induces release of the metal ions
and disassociation of the copolymer chains. In the case of Ga HPICs, this is easily observed by DLS experiments
(see Figure 9).
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Figure 9. Evolution of the Z-average diameter of the Ga HPICs (p = 1) as a function of the pH of the solution
(starting at a pH close to 7). The solid line is just a guide for the eyes.

When the pH of the Ga HPIC solution decreased, no change in the Z-average size of the nano-objects was
observed until pH 2. Then, below pH 2, a large increase of this average size demonstrated the change of structure
of the HPICs. As mentioned above, the apparent increase in size may be due to poorly defined association of free
copolymers either because of a lower solubility due to their neutralization or to interactions through free gallium
ions. This change is recorded for a much lower pH than that of gadolinium HPICs.[18] This shows that the
interaction between gallium and carboxylates is much stronger than the one between gadolinium and
carboxylates. This behavior is similar to that observed with zirconium ions.[17]

As a further evidence, structural investigations by ASAXS were also performed with decreasing pH from 6.8 to 2.
Disaggregation was observed for a value of pH equal to 2 with a transition from globule to coil structure
(Figure S5). The value of the radius of gyration drops from 7.5 to 2.7 nm, the latter corresponding to the average
coil size of the block copolymer. Counterion condensation is observed for pH 6.8 and 4.0, as shown in Figure S6.
Again, the same dependence on the radial distance r is observed for the counterions and the polyion at the
different pHs. At pH 2, counterions appear to be free, as no q dependence of the resonant scattering can be
determined.

CONCLUSION

This work has demonstrated that addition of gallium ions to a PEOsk-PAAs 2« block copolymer solution led to the
formation of well-defined nano-objects having a core-shell structure. These nano-objects are rapidly in
equilibrium and start to form only when the charge ratio, p, between the positive gallium ions and the negative
PAA polyanions is higher than 0.6-0.7. At charge stoichiometry (p = 1), all gallium ions and polymers form
electroneutral HPICs. These nano-objects present a core-shell structure with a very low polydispersity in size. The
core contains gallium interacting with the carboxylate functions in a somewhat rigid architecture (at the time
scale of the NMR). The shell made of PEQ is relatively free to move. The core-shell structure has an overall radius
around 11 nm with a core radius close to 4.5 nm. Roughly speaking, each HPIC contains around 100 polymers
and 1400 gallium ions. These studies demonstrate, in particular, the utility of ASAXS for tracking inorganic ions
in the solution or within the nano-objects and for corroborating data obtained with other techniques. Further



studies with other polymers are in progress in order to improve the chemical stability of the nano-object in
solution at various pHs. The biocompatibility of Ga HPICs is also currently under study. Using radioactive ®8Ga
ions, the Ga HPICs will then be used as radiopharmaceutical for positron emission tomography imaging. Such
application of Ga HPICs will be assessed in vivo in the mouse.
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