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ABSTRACT:  Nanostructures called hybrid polyion com-

plexes (HPICs) are formed by adding metal ions to a solution 

of a double-hydrophilic block copolymer leading to the sponta-

neous formation of highly monodisperse nano-objects.  In this 

paper, we propose a simple strategy based on a mixture of metal 

ions: one chosen to achieve high chemical stability of the nano-

objects and the second included to provide a desired property to 

the nanostructure.  Using poly(ethylene oxide)-b-poly(acrylic 

acid) as the copolymer, zirconium ion added as ZrO2+, was se-

lected to insure strong interactions with the polymers to rein-

force the stability of the HPIC architecture.  The zirconyl ions 

were combined with lanthanide ions, which are often used in 

contrast agents for proton-magnetic resonance imaging.  Mix-

ing the two metal ions with the copolymer led to nano-objects 

with an average radius of ca 11-16 nm.  Increasing the zirconyl 

mole fraction inside the HPICs leads to excellent chemical sta-

bility of the nano-objects.  Unexpectedly, when paired with 

Gd3+, the mixed metal HPIC exhibits greatly enhanced mag-

netic relaxivity relatively to the single ion Gd3+ HPIC, when the 

zirconyl mole fraction increases.  This behavior was further 

studied by nuclear magnetic relaxation dispersion.  The result-

ing nano-objects are excellent contrast agent with a good bio-

compatibility.  In addition, there is significant potential for ex-

tending the mixed metal HPIC platform to other areas of study. 

1. INTRODUCTION 

Surfactants or polymers self-assemble in water leading to a 

variety of architectures with characteristic length scales from 

nanometers to micrometers.1  When the polymers are ionic or 

double hydrophilic block copolymers with an ionic block, they 

can co-assemble with compounds bearing the opposite charges 

producing nano-colloids named coacervates or polyion com-

plexes.2  The nature of the oppositely charged component 

ranges widely, with examples including polymers and den-

drimers, biopolymers including DNA and proteins, surfactants, 

nanoparticles, molecular complexes and polyvalent metal ions.  

The choice of block copolymer and counter ion partner allows 

dramatic modulation of structure and function, although to date, 

most achievements take advantage of components with biolog-

ical compatibility and biodegradability for biotechnology appli-

cations, often involving payload delivery. 

When the counter ions are simple polyvalent metal ions, 

block copolymers bearing negative charges can form micelle 

like nanostructures called hybrid polyion complexes (HPICs). 

Examples with Mn2+; Cu2+, Zn2+, Pt2+, Ca2+, Al3+ and lanthanide 

ions have been used to form such nanostructures.3-8  However, 

despite their relative simplicity, compared to other polyion 

complexes there has been relatively little focus on HPIC’s, and 

even among those examples, most use the HPIC’s as intermedi-

ates to subsequently form metal, semiconductor, or other min-

eral nanoparticles stabilized by the polymeric coating. Never-

theless, there is interest in simple HPICs wherein the complexed 

metal ions or metal complexes are the active elements, for ex-

ample in catalysis and sensing, or in imaging as was recently 

demonstrated with a Gd3+ HPIC MRI contrast agent. 2, 9 

The potential of mixed metal HPICs as a route to enhance 

function is largely unexplored. Formed from double hydrophilic 

block copolymers with a binary mixture of ions, the metal ions 

can be selected in order to confer a given property or a combi-

nation of properties to the final assembly.  In this study, we 



 

demonstrate the potential of mixed metal HPIC’s starting with 

the diblock polymer poly(ethylene oxide)-b-poly(acrylic acid) 

(PEO6k-b-PAA3k) complex with lanthanide ions and compare 

the nanostructure and properties of the mixed lanthanide/ZrO2+ 

HPIC.  This system was chosen because examples of HPICs 

formed from Gd3+ and PEO-b-PAA were shown to be effective 

T1 MRI contrast agents in vitro and in vivo. 9 These HPICs have 

a well-defined radius of ca 11 nm and their external PEO shell 

makes them biocompatible with low toxicity.  Importantly, the 

T1-weighted enhancement seen with the Gd3+ HPIC’s is largely 

independent of external magnetic field. Although promising, 

the initial HPIC systems are far from optimized and a key con-

cern is the stability of the hybrid micelles.  Zirconyl ion was 

chosen to enhance the stability of the HPIC nanoarchitecture as 

polymers bearing carboxylic functions have strong affinity for 

zirconium ions,10-11 while at the same time zirconium ions have 

long been used in medical applications without reported adverse 

effects.12 As shown in the following sections, consistent with 

our hypothesis, this mixed metal strategy (see Figure 1) greatly 

enhances the stability of the HPIC nano-objects.  However, an 

unexpected result is that the mixed metal HPICs also exhibit 

astonishingly improved proton relaxivity relative to the already 

impressive single ion Gd3+ HPICs.  To better understand this 

behavior, nuclear magnetic relaxation dispersion profiles are 

used to compare the single ion and mixed metal HPICs. 

 

Figure 1. Strategy used to develop efficient hybrid micelles. Mixtures of gadolinium and zirconyl 

ions are added to a double hydrophilic block copolymer (PEO6k-PAA3k) solution leading to spon-

taneous assemblies of HPICs (hybrid polyion complexes). 

2. RESULTS AND DISCUSSION 

Size, structure and stability 

To form the HPIC nano-objects, a mixture of Gd3+ and ZrO2+ 

ions, with a mole fraction of gadolinium noted Gd, is added to 

an aqueous solution of the diblock PEO6k-b-PAA3k copolymer 

(0.1%wt).  Electroneutrality is set between the positive charges 

due to the inorganic ions and the potentially available negative 

charges from the ionized or ionizable acrylic acid monomer 

units (AA).  In other words, the ratio charge was chosen to be 

close to unity: 

charge = (3[Gd3+] + 2[ZrO2+]) / [AA] = 1  (1) 

Gd = [Gd3+] / ([Gd3+] + [ZrO2+])   (2) 

For all Gd values, well-defined HPICs were formed. For pure 

Gd HPICs (Gd = 1), a radius of ca 11 nm is determined from 

DLS experiments.  When the mole fraction Gd decreases, 

meaning the content of zirconyl ions within the HPICs in-

creases, the radius becomes slightly larger, up to 16 nm (see 

Figure S1 and Table 1). Such change is also demonstrated by 

SAXS experiments which show that HPICs are nano-objects 

with a compact core and a highly hydrated PEO shell (see Fig-

ure S2). 

Table 1. Estimated mean radius of HPIC nano-objects con-

taining either gadolinium or europium mixed with zirco-

nium in various mole fractions. 

HPIC  

radius 

[nm]a) 

M = 100% 

(pure Gd or 

Eu HPIC) 

M = 50% M = 10% M = 0% 

(pure Zr 

HPIC) 

M = Gd 11.5 ± 1.2 13.6 ± 1.7 15.9 ± 1.9 15.1 ± 2.0 

M = Eu 13.7 ± 1.1 12.9 ± 1.7 15.7 ± 1.7 15.1 ± 2.0 

a) Radius (and standard deviation) estimated by cumulant analysis of multi-angle DLS experi-

ments of HPIC containing either gadolinium or europium (M = Gd or Eu) and zirconium (Zr).  The 

molar fraction of Gd or Eu is noted M. NNLS analysis of DLS data lead to slightly larger radii, up 

to 20 nm for the pure Zr HPIC system. 

The explanation of the size difference is complicated by un-

certainty surrounding the precise form of zirconium ions, ZrO2+ 

or Zr4+, in acetate complexes.10, 13-17  Even if the exact state of 

the zirconium ions within the HPICs is unknown, the presence 

of such ions has a paramount effect on the chemical stability of 

these nano-objects.  As shown in Figure 2, decreasing the pH 

below 4 of a pure Gd HPIC solution induces a large increase in 

Z-average size measured by DLS.  This behavior is explained 

by the chemical neutralization of the carboxylate functions 

leading to the destabilization and destruction of the HPIC nano-

objects.  The release of free copolymers induces the formation 

of very large undefined aggregates of polymers, which explains 

the strong increase in the Z average values.  The pKa
0 of PAA 

is expected to be around 4.3-4.5.18-19  In HPICs, the neutraliza-

tion of the carboxylate described by the following equation: 

H+  +  Gd-RCOO–  =  Gdfree  +  RCOOH 

is associated with an apparent pKa
app of the carboxylic func-

tions.  From Figure 2, we can assume that pKa
app is lower than 

4.  The difference pKa
0 - pKa

app is linked to the strength of the 

metal ion/carboxylate interactions.  When zirconyl is added, the 

neutralization of the PAA polymers becomes more difficult and 

is even not observed for 75% Zr – 25% Gd HPICs, which are 

perfectly stable at pH as low as 1.5.  Therefore, the difference 

pKa
0 - pKa

app is much larger with ZrO2+/Zr4+ than for Gd3+, 

demonstrating stronger interactions between the zirconyl ions 

and the carboxylate functions.  In brief, when the Zr content in 

the HPICs is increased, the nano-objects are increasingly stable.  

However, either with or without zirconyl, gadolinium appears 

to be released from the HPICs for pH less than 4 (see Figure 

S3): the pKa
app of the carboxylic functions interacting with Gd3+ 

is not modified by the HPIC structure induced by the zirconyl 

ions.  

Due to the similar chemical behavior of europium and gado-

linium ions,20 Eu HPICs should provide a good structural model 

for Gd HPICs, enabling europium fluorescence as a tool for elu-

cidating details of the metal ion coordination. 



 

Figure 2. Effect of pH on the average size of the nano-objects contained in solutions of HPICs with 

gadolinium and zirconyl ions in various molar proportions (full circle: 100% Gd – 0% Zr; open circle: 

75 % – 25 % Zr; full square: 50% Gd – 50% Zr; open square: 25% Gd – 75% Zr).  The average size 

is the Z average diameter measured by a single-angle DLS apparatus. Lines are just guides for the 

eye. 

As shown in Table 1, both assemblies indeed have similar 

size.  Europium luminescence experiments on Eu HPIC solu-

tions were performed in water and heavy water in order to esti-

mate the number of water molecules bound to lanthanide ions.21  

Since radiationless de-excitation due to OH groups in the inner 

sphere of the lanthanide is more effective than OD, the differ-

ence between lifetimes in H2O or in D2O is related to the num-

ber of water linked to the lanthanide.22  For Eu-Zr mixed HPICs, 

the lifetime H
2
O was found close to 0.22±0.02 ms whereas D

2
O 

is 1.95 ±0.38 ms. 

 

Figure 3. Determination of the number of coordinated water molecules on the europium ions inside 

mixed Zr – Eu HPICs.  The mean value of this number (corresponding to the dashed line) is 4.1 ± 

0.4. 

Using the equation proposed by R.M. Supkowski et al.,23 the 

number (n) of water molecules coordinated to the europium ions 

within the HPICs was estimated by: 

n = 1.11*[ 1/H
2
O - 1/D

2
O – 0.31]  (3) 

This number is found equal to 4.1 ± 0.4 (see Figure 3) and 

remains constant for all Eu.  If we assume the water coordina-

tion number is also the same for gadolinium in HPICs, the first 

coordination sphere of gadolinium contains 4 water molecules 

and an average of 3 carboxylate functions, as expected from 

electroneutrality, in an eight or nine coordinate complex typical 

for lanthanides, and does not appear to change with Gd. 

Magnetic Relaxivity 

Contrast agents help enhance the accuracy of the MRI diag-

noses, thanks to their capability to locally decrease the proton 

relaxation times in normal or pathological tissues.24  Positive 

contrasts25 (i.e. induced by the changes in longitudinal magnetic 

relaxation, T1, of the contrast agent) are often preferred as they 

are easier to detect than changes in transverse magnetic relaxa-

tion, T2.
26-27  The efficiency of a contrast agent is determined by 

the longitudinal and transverse relaxivities, r1 and r2, respec-

tively, defined as the paramagnetic relaxation enhancements in 

the longitudinal and transverse relaxation rates of water protons 

at one millimolar concentration of the agent.28  As discussed 

further below, nanoparticles based on Gd3+ are often employed 

as T1 agents.29  However, the potential toxicity of metallic ions30 

such as Gd3+ on living systems has been known since the 

1960’s.31-33  Therefore, the challenge to develop new safer con-

trast agents with lower Gd-ion content but similar or better per-

formance is again a high priority.  This challenge should also 

take into account the tendency toward higher magnetic fields in 

modern MRI scanners.  While improving image resolution, 

higher magnetic fields result in less efficient relaxation pro-

cesses and a dramatic decrease of the longitudinal relaxivity.34 

Although the zirconyl content has no effect on the first coor-

dination sphere of gadolinium ions, it clearly affects the mag-

netic properties of the HPICs.  The water proton relaxivity at 

1.4 T almost doubles when adding zirconium in the HPICs (Fig-

ure 4), with a first increase as the zirconium mole fraction 

reaches ca 50% and then a second increase as the zirconium 

content tends to 100%. 

As shown in Figure 4, a decrease of gadolinium content by a 

factor 20 in the Gd – Zr HPIC system effectively doubles the 

relaxivity.  Although it is nonmagnetic, the presence of zirco-

nium ion appears to play an important role in this astonishing 

result.  Indeed, when the nonmagnetic ion Ga3+ is used instead 

of the zirconyl, the relaxivity increases up to a maximum of 

30%, but is followed by a large decrease for higher fraction of 

gallium (see Figure 4), in contrast to the response seen for the 

Gd – Zr HPICs.  To better understand the magnetic properties 

of the Gd – Zr systems, nuclear magnetic relaxation dispersion 

(NMRD) experiments were performed. 
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Figure 4. (Left) Longitudinal and transverse relaxivity measurements at 1.4 T and 25 °C of Gd – Zr or Gd-Ga HPICs and simple Gd – Zr ion mixtures in water (i.e. without copolymers) for various molar fractions 

of gadolinium.  Full red square: r
2
 of Gd-Zr HPICs, full blue circles r

1
 of Gd – Zr HPICs, open green circles r

1
 of Gd – Ga HPICs, open red square: r

2
 of Gd – Zr solutions without polymer, open blue circles r

1
 

of Gd – Zr solutions without polymer. The relaxivity is expressed per mol of Gd
3+

 ion. Lines are just guides for the eye. (Right) NMRD profiles of Gd – Zr HPICs solution at 25°C for various mole fractions of 

gadolinium. The lines are the results of the fitting by the NMRD model (see experimental section). 

 

Table 2. Relaxation parameters deduced from NMRD profiles obtained on Gd-Zr HPIC solutions. a) 


Gd

 5% 10% 25% 40% 60% 75% 100% 


t 
(cm-1) 0.022 0.023 0.024 0.026 0.029 0.032 0.036 


v
 (ps) 10 11 13 16 23 23 26 


R
 (ns) ≳ 5 


M

 (s) 0.47 0.54 0.57 0.64 0.76 0.96 1.1 

ZFS (cm-1) 0.047 0.055 0.057 0.060 0.064 0.065 0.067 

 61 64 63 61 58 62 60 

a) t mean squared fluctuation of the transient ZFS; V correlation time of the instantaneous distortion of the gadolinium coordination polyhedron; R rotational correlation time; M proton exchange lifetime 

; ZFS static zero-field splitting parameter;  polar angle describing the orientation of the principal static ZFS axis with respect to the principal dipole–dipole axis of the proton and electron spin; fixed parameters: 

3.05 Å for the distance between the gadolinium atom and the protons in fast exchange, 4 water molecules coordinated to the gadolinium atom. 

 

As shown in Figure 4, the NMRD profiles have the typical 

high field peak which is present when the field dependent elec-

tron relaxation time of gadolinium is shorter than the reorienta-

tion time of the nanoparticles. In this case, the electron relaxa-

tion time dictates the correlation time for the dipole-dipole in-

teraction between the electron magnetic moment and the nu-

clear magnetic moment.  In general, an increase of the reorien-

tation time, 𝜏𝑅, yields a larger r1 at low fields, provided the life-

time is shorter than the T1 of the dipole-dipole interacting pro-

tons, although it can result in a smaller r1 at high fields.35-37  

Strategies to graft the Gd complexes to large or rigid molecules 

or macromolecules,38-43 or to confine the complexes,44-45 have 

been shown to increase the value of 𝜏𝑅 and thus enhance the 

efficiency contrast agents up to fields of about 1 T.  The tuna-

bility of co-polymers or of multi-block copolymers has there-

fore logically led to efforts to form polymers with a high load-

ing of gadolinium complexes,46-48 similar to our original moti-

vation for exploring Gd-HPICs.  The rotational correlation time 

of the HPICs, expected of several ns, is considerably larger than 

for DOTAREM (0.2 ns) or Magnevist (0.05 ns).35  The globular 

structure as well as the localization of the gadolinium at the bar-

ycenter of the HPICs are in favor of a much larger R as well as 

an increase of the relaxivity.49  The NMRD profiles were fitted 

according to the modified Florence NMRD model, which takes 

into account the effect of static zero field splitting, with four 

water molecules regularly coordinated to the Gd3+ ion.  The ob-

tained best fit values are reported in Table 2.  As expected, the 

profiles are reproduced with a rotational correlation time of sev-

eral ns. Notably, it was impossible to fit all profiles with the 

same electron relaxation parameters (t and v).  The estimated 

values of t and v in pure Gd HPICs are close to those of com-

mercially available Gd-contrast agents50 and drop by ca 30% 

when 95% of the gadolinium is replaced by zirconyl.  The 

smaller electron relaxation times, determined from the values of 

t and v, with increasing the gadolinium content suggests that 

magnetic coupling occurs in pure Gd HPICs and that the cou-

pling decreases with increasing zirconyl concentration.  The re-

sult is lower efficiency of each paramagnetic site when the Gd3+ 

ions are close to one another at the core of the nano-object than 

when the sites are well separated.  In other words, the addition 

of ZrO2+ separates the Gd3+ ions thereby enhancing the effi-

ciency of each individual ion.  This effect is also partially ob-

served with gallium ions (Figure 4).  
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The fit also shows a decrease in the lifetime of the coordi-

nated protons (M), and thus an increase in the water proton ex-

change rate, on passing from 100% to 5% gadolinium.  This 

increase may partially compensate for the neglected and un-

known coefficient in the expression for the electron-nucleus di-

pole-dipole relaxation, resulting from the magnetic coupling be-

tween electron spins and depending on the populations of the 

electron spin levels of the magnetically coupled system..51-52  

On the other hand, such a change in the M may be due to the 

large change in the gadolinium environment when zirconyl are 

present. Indeed, water diffusion within the polymeric PEO-

PAA assemblies should be slower compared to bulk water dif-

fusion.  The polymer chains impose physical barriers as well as 

provide hydrogen binding sites that slow water diffusion in and 

out of the nano-objects.  Furthermore, a high density of metal 

ions can cause water molecules to coordinate the metals multi-

ple times while within the nano-object, further slowing the ef-

fective water exchange with the bulk.  Whereas the Gd3+ ions 

coordinate four water molecules, the zirconium ions are ex-

pected to bind fewer, one or two at most.  This would favor a 

faster water exchange between the bulk and the nano-objects as 

the zirconyl content increases.  Whatever the exact origin of this 

change in M, the values estimated for the HPICs with just a few 

percent of gadolinium ions are close to those of many Gd com-

plexes used as MRI contrast agents.50 

The 5%Gd – 95%Zr HPICs have a magnetic relaxivity much 

higher than that of DOTAREM (ca 4 mM-1.s-1) and close to that 

of the most efficient agents proposed in the literature 53 but with 

a much lower Gd loading.  For this mole fraction, the average 

polymer chain contains one gadolinium ion and 19 zirconyl 

ions.  Therefore, this system has a gadolinium load of 1.4 % in 

weight, much lower than the ca 28% for DOTAREM, 20% for 

the pure Gd HPICs, or 7-8 % for star polymers or dendrimers 

loaded in gadolinium 40, 54. 

Besides these excellent relaxivity properties, these HPICs are 

also biocompatible.  As shown in Figure 5, the mixtures of gad-

olinium and zirconyl ions present statistically significant tox-

icity on the human HCT-116 colorectal cancer cells at high con-

centrations.  This is expected from the slight toxicity of zirconyl 

chloride55 added to  the one of gadolinium.  Similar results are 

found for the PEO-PAA copolymer alone.  However, the HPICs 

made by mixing ions and copolymers have no statistically rele-

vant toxicity outside of a slight decrease in the cell viability is 

observed for the highest concentrations.  The PEO shell of the 

HPICs is thus responsible for such decrease in the toxicity.  

High relaxivity and low toxicity make these HPICs highly 

promising for MRI and in vivo experiments on animals are 

planned. 

3. CONCLUSIONS 

We demonstrate that nano-objects made of double hydro-

philic block copolymers organized by zirconyl ions and con-

taining a low mass ratio of gadolinium ions are highly stable in 

vitro with a well-defined radius between 11 and 16 nm.  Their 

astonishing efficiency of the nano-objects as potential MRI con-

trast agents was demonstrated in solution where the low gado-

linium content clearly improved their magnetic properties as 

well as stability.  This efficiency may be due to a larger average 

distance between gadolinium ions, increasing the effectiveness 

of each gadolinium site, combined with more efficient water 

diffusion within the polymer matrix due to a lower number of 

water complexation sites in the polymer assemblies when zir-

conyl is mixed with gadolinium.  Such results demonstrate the 

efficiency of the proposed strategy: combining ions having dif-

ferent roles within the HPICs.  They show the potentiality of the 

HPIC platform which can lead to nano-objects designed for 

many type of applications and functionality.  

 

 

Figure 5. Cytotoxicity of the Zr – Gd HPICs with molar ratio 2/3 Zr and 1/3 Gd and of its individual 

components assessed in vitro on human HCT-116 colorectal cancer cells after 24 h of incubation.  

Top: Polymer alone with [PEO-PAA]0 = 0.18% wt.  Middle: a mixture of zirconyl and gadolinium 

ions with [Zr]0 = 3.35 mM and [Gd]0 = 1.16 mM.  Bottom: HPIC solution with [PEO-PAA] = 0.19% 

wt, [Zr] = 3.34 mM and [Gd] = 1.11 mM corresponding to a concentration of HPICs noted [HPICs]0. 

 

 

 



 

4. EXPERIMENTAL SECTION 

Materials 

Gd(NO3)3·6H2O, ZrOCl2·8H2O, Eu(NO3)3·5H2O and 

Ga(NO3)2·6H2O were purchased from Sigma Aldrich Co., Ltd. 

at highest purity available and used as received.  PEO6k-b-

PAA3k was purchased from Polymer SourceTM and used as re-

ceived.  Water was purified through a filter and ion exchange 

resin using a Purite device (resistivity 18.2 MΩ·cm).  D2O was 

obtained from Eurisotop. 

 

Characterization 

Luminescence 

Luminescence lifetime measurements were performed on a 

LS-50B Perkin-Elmer spectrofluorimeter equipped with a 

xenon flash lamp source.  The luminescence decays were ana-

lyzed with a single exponential function. 

Dynamic light scattering 

Multi-angle dynamic light scattering experiments were per-

formed on a 3D LS spectrometer from LS instruments (Switzer-

land) at 20°C.  Working with a laser at 660 nm, this instrument 

recorded light scattering for scattering angles between 15 and 

150°.  Typical acquisition time for each angle was set to 30 s.  

All DLS data were then analyzed using a laboratory made soft-

ware program (named M-STORMS).56 Cumulant or NNLS 

method led to an estimation of the decay rate  for each angle.  

The linear dependency of  versus the square of the scattering 

vector q gives the diffusion coefficient of the nano-objects and 

therefore their radius through the Stokes-Einstein equation.  

Generally, the correlograms correspond to a simple narrow dis-

tribution in size (around 10-20 nm).  Rarely, for low angles, a 

second peak (around 100-150 nm) was detected which can often 

disappear by a simple filtration of the samples. When present, 

the concentration of such larger objects was near or less than 

10-4 % of the concentration of the HPICs. 

Small Angle X-ray Scattering 

SAXS was performed at European Synchrotron Radiation 

Facility (ESRF) in Grenoble (beamline ID02 equipped with a 

Rayonix MX-170HS ccd detector to collect the 2D SAXS pat-

tern).57  In order to guarantee an accurate background subtrac-

tion and minimize damage of the samples because of beam ex-

posure, the solutions were loaded in a flow through capillary of 

1.6 mm diameter.  The measured SAXS profiles were normal-

ized to an absolute scale using the standard procedure reported 

elsewhere.58  The SAXS utilities analysis package59 was used 

for averaging the intensity profiles for each sample and back-

ground scattering subtraction. A sample to detector distance of 

1.5 m was employed in order to cover a q-range, 5.6 × 10−2 < q 

< 5 nm−1. The scattering wave vector q is defined as q = (4π/λ) 

sin ϑ/2, (λ ∼ 1 Å) and ϑ the scattering angle. 

Inductively Coupled Plasma analysis 

Inductively coupled plasma - atomic emission spectroscopy 

(ICP-AES) analysis were performed by Antellis company 

(http://www.antellis.com).  

Magnetic Relaxation 

Magnetic relaxation time measurements in solution were car-

ried out at 1.4 T on a Minispec mq60 TD-NMR contrast agent 

analyzer (Bruker Optics, Billerica, MA, USA) at a constant 

temperature of 25 °C.  T1 relaxation times were measured using 

an inversion recovery pulse sequence; T2 relaxation times were 

measured using a Carr–Purcell–Meiboom–Gill pulse sequence.  

The delay between the first and final pulses was set to 6500 ms.  

Experiments were performed on solutions with 0.1 %wt of pol-

ymers (see below). 

Water 1H nuclear magnetic relaxation dispersion (NMRD) 

profiles were acquired using a high sensitivity fast field cycling 

relaxometer (Stelar, Mede, Italy).  The longitudinal relaxation 

rates were extracted by single exponential fitting of magnetiza-

tion decay or magnetization build-up curves at 1H Larmor fre-

quencies ranging from 0.01 to 40 MHz.  The errors of the col-

lected relaxation rates were below 1%. 

Paramagnetic relaxivity profiles were calculated from the dif-

ference between the relaxation rates measured for the paramag-

netic samples and those of the analog diamagnetic samples, nor-

malized to 1 mM gadolinium(3+) concentration. 

The modified Florence NMRD model50, 60-62, developed to an-

alyze the paramagnetic relaxometry profiles when deviations 

from the Solomon-Bloembergen-Morgan (SBM) theory are ex-

pected due to the presence of static zero-field splitting (ZFS), 

has been used.  From this analysis, the values of the reorienta-

tion time (τR), of the water proton lifetime (τM), and of the pa-

rameters describing electron relaxation (t and v) can be deter-

mined. 

Methods 

Gd – Zr / PEO6k-b-PAA3k HPIC formation 

HPICs were formed by mixing solutions of PEO6k-b-PAA3k 

(0.1 %wt) (i.e. [AA] = 0.51.10-3 mol.L-1) with solutions con-

taining Gd(NO3)3·6H2O and ZrOCl2·8H2O.  Gadolinium and 

zirconium concentrations were adjusted in order to have a molar 

fraction of gadolinium Gd(see main text equation (2)) between 

5 and 100% within the HPICs.  The ratio charge (see main text 

equation (1)) between the charges due to the metallic ions and 

that due to the polymers was set to be close to unity for all ex-

periments.  After mixing, the pH of the solutions was adjusted 

to 6.8 – 7. 

Gd – Ga / PEO6k-b-PAA3k HPIC formation 

HPIC formation was done by mixing solutions of PEO6k-b-

PAA3k (0.1 %wt) (i.e. [AA] = 0.51.10-3 mol.L-1) upon solutions 

containing addition Gd(NO3)3·6H2O and Ga(NO3)2·6H2O. Gad-

olinium and gallium concentrations were adjusted in order to 

have a molar fraction of gadolinium Gd= [Gd3+] / ([Ga3+] + 

[Gd3+]) between 5 and 100% within the HPICs.  The ratio charge 

= (3.[Gd3+] + 3.[Ga3+]) / [AA] between the charges due to the 

metallic ions and ones due to the polymers was set to be close 

to unity for all experiments (see main text).  After mixing, pH 

of the solutions was adjusted to 6.8 - 7. 

Titration by ICP-AES of free Gd 

Solutions of PEO6k-b-PAA3k polymers (0.1 %wt) with vari-

ous amount of Gd3+ and ZrO2+ were prepared to get HPICs so-

lutions with charge= 1 and Gd= 100%, 25% or 10% in 2 mL 

of MilliQ water.  After adjustment of the pH of the solutions to 

ca 6.8 – 7, the pH was decreased by addition of HCl solution.  

The samples were then filtered with centrifugal filters (molecu-

lar weight cut-off 3 kDa) (Ultracel®-3K - Millipore Ireland Ltd) 

at 6500 rpm for 40 min.  The filtered solution were then ana-

lyzed by ICP-AES. 

Average number of coordinated water molecules on Euro-

pium ions in HPICs 

http://www.antellis.com/


 

Solutions of PEO6k-b-PAA3k polymers (0.1 %wt) with vari-

ous amounts of Eu3+ and ZrO2+ were prepared to get HPICs so-

lutions withcharge= 1 and Eufrom 100% to 5%.  After adjust-

ing of the pH of the solutions to ca 6.8 – 7, luminescence of the 

solutions was measured.  The solutions were freeze-dried the 

redispersed in D2O with final concentrations equivalent to that 

in water.  DLS experiments on such redispersed solution sug-

gest that the HPICs are maintained during this process. Lumi-

nescence of the D2O solutions was then recorded.  Using the 

equation proposed by R.M. Supkowski et al.,23 the number (n) 

of water molecules coordinated to the europium ions within the 

HPICs was estimated. 

In vitro cytotoxicity 

Human HCT-116 colorectal cancer cells (CCL-247) were 

purchased from ATCC and grown in DMEM containing 4.5 g.l-

1 glucose, GLUTAMax and supplemented with 10% of heat-

inactivated fetal bovine serum and 100 U/ml penicillin, and 100 

µg.ml-1 streptomycin.  Cells were maintained at 37°C in a hu-

midified atmosphere containing 5 % CO2.  Throughout the ex-

periments, cells were tested negative for mycoplasma (MycoAl-

ert mycoplasma detection kit, Lonza).  The day before the ex-

periments, 20,000 HCT-116 were seeded in 96-well plates.  The 

day of experiment, cells were incubated for 24 h at 37 °C with 

increasing concentration of Zr – Gd HPICs (molar ratio: 2/3 in 

Zr and 1/3 Gd) and its individual components, respectively, 

PEO-PAA polymer and Zr/Gd mixtures alone, at similar con-

centrations as those tested for HPICs.  Viability was then as-

sessed using PrestoBlue reagent (Invitrogen) according to the 

manufacturer’s instructions.  Briefly, after 24 h of incubation, 

cell culture medium was removed and cells were incubated for 

30 min at 37 °C with 100 µl of 1X PrestoBlue reagent diluted 

in PBS, before reading absorbance on a plate reader at 570 nm 

and 600 nm Synergy H1 (Biotek, Winooski, VT, USA). Six bi-

ological replicates were produced and analyzed for each condi-

tion.  Data analysis was performed using GraphPad Prism 8 

(GraphPad Software, Inc., La Jolla, CA, USA) and data were 

expressed as mean ± SEM.  Statistical comparisons were per-

formed using one-way analysis of variance (ANOVA) followed 

by Dunnett's post-test in comparison to the control condition. 

*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. 

The concentration of the solutions used for these experiments 

were the following: polymer alone [PEO-PAA] = 0.18% wt.; 

mixture of zirconyl and gadolinium ions solutions alone [Zr] = 

3.35 mM and [Gd] = 1.16 mM; HPIC solution with [PEO-PAA] 

= 0.19% wt, [Zr] = 3.34 mM and [Gd] = 1.11 mM. 

ASSOCIATED CONTENT  

Supporting Information. Additional results (DLS correlograms, 

gadolinium release, relaxivity measurements of Gd-Ga HPICs) can 

be found in the supporting information section. This material is 

available free of charge via the Internet at http://pubs.acs.org.  
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