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Abstract: Hyperbranched polymers based on the polyamidoamine, HyPAM, were used to synthesize gadolinium phosphate 

nanowires under mild conditions. Control of the average particle size was obtained by adjusting polymer concentration. 

Proton relaxivity measurements reveal an optimum particle size, reaching relaxivity values as high as 55±9 mM
-1

.s
-1

 for r1 

and 67±11 mM
-1

.s
-1

 for r2. The colloidal stability of these hybrid systems were optimized through the use of functionalized 

core-shell polymers containing PEG segments and C18-PEG segments, structures which also offer the possibility of 

imparting additional function into the polymer-particle hybrids. 

A. Introduction 

Magnetic resonance imaging (MRI) is a powerful medical 

diagnostic tool, the efficiency of which is greatly improved by the 

use of MRI contrast agents. The two most common classes of 

contrast agents are
1,2

: (a) T1 or positive contrast agents that shorten 

proton longitudinal relaxation time and (b) T2 or negative contrast 

agents that shorten proton transversal relaxation time.  With seven 

unpaired electrons and a correspondingly large magnetic moment, 

molecular complexes of Gd
3+

 are most often employed as T1 

agents.
3,4

  On the other hand, superparamagnetic iron oxide 

nanoparticles (NPs) have seen the most widespread use as T2 

agents.
5,6

  There are a number of potential advantages to particle-

based agents, including easy surface modification for incorporating 

specific vectors and the opportunity to combine properties to give 

multimodal agents.
7,8

 Hence, there is interest in developing particle 

systems that are T1 agents, and recent reports have described NPs 

of gadolinium oxides (e.g. Gd2O3)
9–12

, fluorides (e.g. GdF3, 

NaGdF4)
13,14

 or phosphates (e.g. GdPO4),
15–21

 several of which offer 

relaxivities per mole of Gd comparable to the common molecular 

agents.  The particles require suitable coatings, such as polymers or 

organic ligands like dextran
17,18

 or DNA,
20

 to improve their 

biocompatibility and reduce their toxicity. 

The GdPO4 NPs are of special interest because of the combination 

of low solubility, ease of surface modification, and the variety of 

synthetic routes available to form particles.
22

 Hydrothermal 

synthesis
17–19,23,24

 and more recently microemulsion synthesis
20

 or a 

templated mineralization process
25

 were used to form well-defined 

GdPO4 NPs as nanorods or nanowires of tens to hundreds 

nanometers length. Nanoparticles of GdPO4, or even particles with 

GdPO4 modified-surfaces, have been shown to be compatible with 

biological media. For example, Li et al. recently demonstrated that 

pretreatment of rare earth oxide nanoparticles with phosphate 

protects against in vivo biological interference of gadolinium ions 

with Ca
2+

 involved in cell metabolism as well as pro-fibrogenic 

effects favored by the presence of Gd
3+

 ions.
26

 This result was 

further supported by cell toxicity and in vivo experimental assays 

performed with dextran-coated GdPO4NPs that showed no impact 

on cell viability, observed over long residence times in plasma.
17-18

  

Whereas a real interest on the use of GdPO4 NPs exists, chemical 

recipes to obtain size controlled GdPO4 NPs down to a few nm are 

still needed. In addition to practical advantages, achieving particle 

size control with a uniform surface coating will allow precise studies 

of the size dependence on relaxivity, as has been suggested for 

Gd2O3 NPs although with different surface coatings.
10

  To achieve 

this first objective, hyperbranched polymers are potentially 

materials of choice. Size controlled gold, silver or platinum NPs have 

been previously obtained by complexing appropriate precursors 

within hyperbranched architectures followed by a reduction 

process.
27–30

 To form gadolinium phosphate, a similar strategy can 

be followed that first sequesters Gd
3+

 within the polymer and then 

replaces chemical reduction with a precipitation step. For this, we 

choose here a hyperbranched structure based on the 

poly(amidoamine) HyPAM possessing amine or amide chemical 

functions (Scheme 1)
27–29

.  

Polymers with a HyPAM core functionalized with different shells 

based on poly(ethyleneglycol) (PEG) were also synthesized (see 

Scheme 1 and Supplementary Information) to confer stability, 

biocompatibility
31

 and drug-loading capacity to the hybrid NPs. As a 

novel synthetic route to GdPO4 NPs, the ability of such structures to 

act as both a growth controlling agent and a stabilizer is 

investigated in this article. The effect of polymer functionalization 
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on both colloidal stability and relaxivity measurements are also 

presented.  

 

 

Scheme 1. Hyperbranched polymer structures used for the synthesis of GdPO4 

nanoparticles. 

B. Experimental Section 

B.1. Materials. Gadolinium (III) nitrate hexahydrate, sodium 

phosphate dibasic, N-hydroxysuccinimide, p-toluenesulphonic acid, 

1,18-octadecanedioic acid, methylacrylate, N, N'-

dicyclohexylcarbodiimide and Nile Red (9-diethylamino-5-benzo-α-

phenoxazinone) were purchased from Sigma Aldrich Co. Ltd. at 

highest purity available (≥99% and ≥98%) and used as received. 

Tris(2-aminoethyl)amine (Aldrich) was distilled under reduced 

pressure and stored under argon atmosphere before use. All 

solvents were purchased from Acros, Fluka or Aldrich and used as 

received. Water was purified through a filter and ion exchange resin 

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

performed with benzoylated 10 FT dialysis tubing from Sigma-

aldrich (molecular weight cut-off 2000 g mol
-1

). For this, a dialysis 

tube filled with 10 mL GdPO4 solution was dialyzed against 1L of 

deionized water for 24h at room temperature under stirring. Water 

was replaced three times.  

B.2. Polymer synthesis.  

Preparation of hyperbranched polyamidoamine core (HyPAM). The 

synthesis of the HYPAM cores were carried out following previously 

published work by our group
27,29,32

. Tris(2-

di(methylacrylate)aminoethyl)-amine was first obtained as follows. 

To 5.3 g of methylacrylate (61.6 mmol) in 6.5 mL of methanol was 

added dropwise a solution of 1.25 g of freshly distilled tris(2-

aminoethyl)amine (8.5 mmol) in 1.5 mL of methanol at 0°C under 

argon atmosphere. The mixture was then stirred at room 

temperature for two days. The product (5.9 g) was obtained, after 

elimination of the solvent under vacuum, as a light yellow oil and 

used without further purification steps. Then, 2.5 g of tris(2-

aminoethyl)amine (17.1 mmol) were mixed with 1.13 g of tris(2-

di(methylacrylate)aminoethyl)amine (1.7 mmol). The solution was 

stirred under argon atmosphere at 75°C during two days, at which 

time the products were dissolved in 5 mL CH2Cl2 and precipitated 

into 200 mL THF at 0°C. The polymer precipitated as a yellow gum, 

yielding 2.05 g. HyPAM: 
1
H NMR (DMSO-d6, 500 MHz): 2.24 (m, N-

CH2-CH2-N); 2.45 (m, CO-NH-CH2-CH2-N); 2.51 (DMSO and m, -CH2-

NH2); 2.63 (m, N-CH2-CH2-CO); 2.7 (m, N-CH2-CH2-CO); 3.1 (m, -CH2-

NH-CO-); 3.45 (NH); 
13

C NMR (DMSO-d6, 500 MHz): 33.79 (N-CH2-

CH2-N); 37.34 (-CH2-NH-CO-); 41.62 (N-CH2-CH2-CO); 46.15 (-CH2-

NH2); 47.43 (N-CH2-CH2-CO); 56.61 (CO-NH-CH2-CH2-N); 172.0 (CO); 

IR (HyPAM): ν�	= 3345, 3283, 3078, 2943, 2858, 2824, 1645, 1557, 

1460, 1354, 1291, 1096, 1062, 946, 915 cm
-1

.  

Double and single shell synthesis. Used to prepare the double-shell 

structure, the synthesis of the building block mPEG750-C17-COOH 

(1) has been previously described.
33

 Briefly, 1 eq. of mPEG750-OH, 4 

eq. of 1,18-octadecanedioic acid and 2.5 mol% p-toluenesulphonic 

acid (PTSA) in toluene were stirred under reflux in a flask equipped 

with a Dean-Stark trap for 24 h. The solution was then cooled down 

to 0 ºC, the excess of diacid was filtered off, and the mixture 

concentrated by removal of the solvent. Purification was achieved 

by flash chromatography with a gradient CHCl3:MeOH 10:0 to 10:1 

(v:v) as eluent. The single-shell building block mPEG750-COOH (2) 

was prepared by oxidation with Jones reagent adapting a procedure 

published elsewhere. Typically, 20 g of mPEG750-OH was dissolved in 

200 mL of acetone, 48.6 mL of Jones reagent (8.99 g of CrO3 

dissolved in 64.20 mL of water and the solution cooled down to 10 

°C. To this, 7.80 mL of concentrated H2SO4 were added dropwise 

under stirring and the mixture was allowed to reach room 

temperature.) was added and the solution stirred at room 

temperature over 20 h. The reaction was quenched by addition of 5 

mL of isopropanol. The crude product was concentrated and 

purified by silica gel column chromatography prepared with a 95:5 

(v:v) CHCl3:TEA mixture and using a gradient eluent of CHCl3:MeOH 

from 99:1 to 90:10 (v:v). A total of 6.41 g of pure mPEG750-COOH 

were recovered (Yield: 34%). 
1
H NMR (400 MHz, CDCl3) δ: 4.01 (s, O-

CH2-COOH); 3.80-3.44 (m large, PEG backbone); 3.35 (s, -O-CH3); 

3.04 (q, Et3N  traces: N(CH2-CH3)3); 1.25 (t, Et3N  traces: N(CH2-

CH3)3). 
13

C NMR (100 MHz, CDCl3) δ: 174.19 (-O-CH2-COOH); 71.86 (-

CH2-O-CH3); 70.49 (br PEG); 70.00 (-O-CH2-COOH); 58.95 (-O-CH3) 

ppm.  

Grafting of PEG750-C17-COOH or PEG750-COOH onto the HYPAM core. 

N-hydroxysuccinimide (SuOH) (1 eq.) and N, N'-

dicyclohexylcarbodiimide (DCC) (1.05 eq.) were added to 1 eq. of (1) 

or (2) in THF. The mixture was stirred at room temperature for 12-

20 h and then kept at 50 °C overnight to crystallize 1,3-

dicyclohexylurea (DCU). After filtration this procedure was repeated 

several times until no more DCU visibly crystallized. The solvent was 

removed in vacuo and the obtained shell building blocks and were 

used without further purification. For coupling, the shell building 

block (1.05 eq.) was added to the hyperbranched core HyPAM (1 

eq. of NH2 groups) in methanol and stirred for 24 h at room 

temperature. The resulting core-(multi)shell structures were 

purified by dialysis in methanol for 3 days with three solvent 

changes. HYPAM-PEG:  
1
H NMR (400MHz, D2O) δ: 3.71 (br, -O-CH2-

CH2-O- from mPEG); 3.34 (s, -O-CH3 from mPEG); (3.39 (br, -CO-NH-

CH2-); 2.79 (br, N-CH2-CH2-CO); 2.79 (br, NH2-CH2-); 2.67 (br, N-CH2-

CH2-NH-CO); 2.67 (br, N-CH2-CH2-N-); 2.45 (br, -CH2-CO-) ppm. 
13

C 

NMR (100 MHz, D2O) δ: 174.5 ( -NH-CO-CH2 from HYPAM core and 

core-shell link); 71.02 (-CH2-O-CH3); 69.7 ( -O-CH2-CH2-O); 60.4 (-O-

CH3); 58.1 (NH-CO-CH2-CH2-O); 51.4-53.6 (N-CH2-CH2-N and CONH-

CH2-CH2-N); 52.4, 49.2-50.3 (N-CH2-CH2-CO); 37.1 (CO-NH-CH2- CH2-

O) ppm. IR (KBr):  ν(cm
-1

) = 1107, 1539, 1644, 1733, 3428. HYPAM-

C18-PEG: 
1
H NMR (400MHz, CDCl3) δ:  4.18 (t, -COO-CH2); 3.82-3.40 

(br , -O-CH2-CH2-O- from mPEG ); 3.35 (s, -O-CH3); 3.21 (br, -CO-NH-

CH2-); 2.69 (br, CO-NH-CH2-CH2-N- from NHCO-CH2-CH2-N- from 

HYPAM); 2.52 (br, -N-CH2-CH2-N- and -NH-CH2-CH2-NH- from 

HYPAM); 2.30 (t, -CH2-COO-); 2.19 (br, NHCOCH2);  1.58 (br, NHCO-

CH2-CH2-(CH2)12-CH2-CH2-COO); 1.21 (m, NHCO-CH2-CH2-(CH2)12-

CH2-CH2-COO-) ppm. 
13

C NMR (100 MHz, CDCl3) δ: 174.1 (-NH-CO-

CH2 from HYPAM core and core-shell link); 173.7 (-CH2-COO-); 71.9 

(-CH2-O-CH3); 70.5 ( -O-CH2-CH2-O); 69.1 (-COO-CH2-CH2-); 63.3 (-

COO-CH2); 58.9 (-O-CH3); 53.4 – 55.1 (N-CH2-CH2-N); 51.1-52.4 
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(CONH-CH2-CH2-N); 49.4-50.6 (N-CH2-CH2-CO); 37.6 (-CO-NH-CH2-

CH2-N-); 36.4 (CO-NH-CH2- from the core-shell link); 34.1 (NH-CO-

CH2); 28.8-30.9 (NHCO-CH2-CH2-(CH2)12-CH2-CH2-COO-); 25.9 (-NH-

CO-CH2-CH2-); 24.8 (-CH2-CH2-COO-) ppm. IR (KBr): ν(cm
-1

) = 1032, 

1530, 1644, 3280. 

B.3. Methods.  

Gd
3+

/HyPAM interactions. The interactions between the 

hyperbranched structure and the gadolinium ions were assessed by 

NMR. In order to limit relaxation phenomenon promoted by the 

presence of free gadolinium ions, a substoichiometric amount Gd
3+

 

relative to polymer capacity was used for these analyses.  Moreover 

in order to obtain a reasonable NMR signal to noise ratio a polymer 

concentration one hundred times higher than the one used during 

the synthesis of NPs was required. Stock solutions of HyPAM (2.10
-4

 

mol/L) and Gd(NO3)3 (4.10
-4

 mol/L) were prepared in D2O. Aliquots 

of 1 mL were prepared by addition of 500 µL of HyPAM, 0 to 500 µL 

of Gd(NO3)3 and completed at 1 mL with D2O. The pH of each 

aliquot was then carefully adjusted between 8 and 9 with NaOD (1 

mol/L). 
1
H NMR spectra were recorded on a BrukerARX500 

equipped with a cryogenic probe (400 MHz for 
1
H). Calibration was 

performed using the chloroform peak at 7.26 ppm for 
1
H. 

GdPO4/polymer nanowire synthesis and analysis. 250μL of Gd(NO3)3 

(1.10
-3 

mol/L) aqueous stock solution were added to 1 mL of various 

polymer concentrations (from 0 to 8 µM) in water and constitute 

the precursor n°1. 250 μL of NaH2PO4 (1.10
-3 

mol/L) diluted in 1.25 

mL of water constitute the precursor n°2. The pH of precursor 1 was 

adjusted to pH 8-9 with NaOH (0.01 M) or HCl (0.01 M). Precursor 2 

was then dropwise added to precursor 1, using a syringe pump with 

a flowrate = 1.6mL/h, (Neolus needle Ø0.8mm) under stirring. A 

drop of each aliquot was then placed on a formvar carbon-coated 

copper TEM grid (Ted Pella Inc.) and left to dry under air. The 

samples were analyzed with a MET Hitachi HT7700 transmission 

electron microscope operating at 80 kV accelerating voltage. Size-

distribution histograms were determined by using magnified TEM 

images and by measuring a minimum of 200 particles of each 

sample, using ImageJ software (http://imagej.nih.gov/ij/). The size 

distributions observed were analyzed in terms of Gaussian statistics 

(wc (σ)). 

Selected area electron diffraction (SAED) characterization. SAED 

patterns were obtained on a JEOL-2010F transmission electron 

microscope to determine the composition of the GdPO4 NPs and 

crystallographic parameters.  

Relaxivity measurements. All MR relaxation time measurements 

were carried out at 1.4 T on a Minispec mq60 TD-NMR contrast 

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

temperature of 37 °C. T1 relaxation times were measured using an 

inversion recovery pulse sequence (t1_ir_mb); T2 relaxation times 

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

(t2_cp_mb). In order to avoid the presence of residual Gd
3+

 free 

ions, solutions were dialyzed prior to relaxivity measurements.  

The Gd-ion content of the GdPO4 NPs was evaluated using a Perkin 

Elmer Optima 3200 RL inductively coupled plasma atomic emission 

spectrometer (ICP-AES). Nitric acid was added to complete digest 

the GdPO4 NPs and measurements were performed at a 

concentration near 25 ppm.   

Determination of hydrodynamic diameter. Dynamic light scattering 

experiments (DLS) were performed using a Zetasizer Nano-ZS 

(Malvern Instruments, Ltd, UK) with integrated 4 mW He-Ne laser, λ 

= 633 nm. DLS analysis was used to extract Zaverage values, derived 

count rate, intensity and number average distributions for each 

studied nano-object sample. Zaverage was obtained from five 

different runs of the number plot. Standard deviations were 

evaluated from the diameter distribution. The correlation function 

was analyzed via the general purpose method (NNLS) to obtain the 

distribution of diffusion coefficients of the solutes. Then, the size of 

the particle may be estimated from D after making assumption on 

the shape of the object. In the simple case of spherical particles, 

one will use the Stokes-Einstein equation. For anisotropic objects, 

the single exponential decay of the auto-correlation function is still 

observed for objects typically less than 150 nm. For such particles, 

various models have been developed to estimate a geometrical 

parameter of the particles (generally the length assuming a 

particular thickness over length ratio) from the translational 

diffusion. For longer objects, the auto-correlation functions are no 

more a single exponential decay and are influenced by both the 

translational and rotational diffusion coefficients. Here the 

hydrodynamic diameter given correspond to the one obtained with 

Stoke Einstein model. Therefore these values should be taken only 

as indicative ones for NPs with strong anisotropic shape (see also 

supporting information for further discussions).     

NaCl Stability study. 100 µL of NaCl (0.02 M, 0.2 M and 2 M) stock 

solutions were added to 100 µL of GdPO4 nanowires aliquots 

synthesized with HyPAM, HyPAM-PEG, or HyPAM-C18-PEG (5 µM). 

These solutions were left 15 days to equilibrate and then analyzed 

though DLS. 

Drug loading capacity. 1 µL of Nile Red (9-diethylamino-5-benzo-α-

phenoxazinone) stock solution (1.10
-3 

M in THF) was added to 

aliquots of GdPO4 NPs synthesized with HyPAM, HyPAM-PEG, or 

HyPAM-C18-PEG.  Aliquots were prepared by diluting 200 µL of 5 µM 

suspensions of polymers to 1 mL total volume in water. 

Fluorescence measurements were then performed on a PTI® 

(Photon Technology International) apparatus with a xenon lamp 

EIMAC of 175W. The spectrofluorimeter was set with excitation and 

emission slits of 4 nm. Excitation and emission spectra were 

recorded with λem=660 nm and λex=590 nm respectively, quartz cells 

of 10 mm path length and 4 nm slit.  

Cytotoxicity measurements. The cytotoxicity of GdPO4/HyPAM and 

GdPO4/HyPAM-PEG nanoparticles against CCRF-CEM (human T-cell 

acute lymphoblastic leukemia cell line) cancer cells was evaluated 

using the trypan blue (Sigma-Aldrich, St. Louis, MO, USA). The cells 

(100 μL of 4 × 10
5
 cells/mL) were added to each test well on a 96-

well plate followed by 10 μL of GdPO4/HyPAM or GdPO4/HyPAM-

PEG at different concentrations. The resultant cell mixture was 

incubated at 37°C under a 5% CO2 atmosphere for 24 h. After 

incubation, 10 μL of the cell mixture was taken from each test well 

and mixed with 10 μL of 0.4% trypan blue solution. Then fill the 

hemocytometer chamber with 10 μL mixture and incubate the 

hemocytometer and cells for 1.5 minutes at room temperature, 

following by counting cells under microscope. Non-viable cells will 

be stained by trypan blue, whereas viable cells will be unstained. In 

addition, bright field images of the trypan blue treated CEM cells 

were recorded using a confocal laser scanning microscope (Olympus 

FV 500-IX81). 
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Figure 1. TEM images of GdPO4 nanoparticles synthesized with increasing amounts of HyPAM ([Na2HPO4]i=5.10
-4 

mol.L
-1

; [Gd(NO3)3]= 5.10
-4 

mol.L
-1

; [HyPAM]=0-8 µmol.L
-1

 ; 

pHadjusted = 8-9) , before dialysis, scale bars = 200nm (see enlargement of TEM picture in Figure S5A and S5C). 

C. Results and discussion 

The synthesis of the hyperbranched polymer core (noted HyPAM) 

with a similar structure to PAMAM dendrimers was based on the 

reaction of a hexaester with a trisamine. This method has the 

advantage to lead to the hyperbranched structure in a single step 

and can be carried out in large quantities. Its main drawback is to 

yield polymers with broad molecular weight distributions. The 

molecular weight of the polymers was easily adjusted by changing 

the ratio between the triamine and the hexaester. Molar ratios 

close to 10:1 led to polymers with molecular weight close to those 

of 4
th

 generation PAMAM. The HyPAM core was then functionalized 

with linear hydrophilic or amphiphilic building blocks formed by 

alkyl diacids (C0 or C18) connected to monomethyl poly(ethylene 

glycol) (mPEG750: PEG with 14 glycol units on average). The 

attachment of the single or double shell was carried out according 

to an already published procedure (Figure S1A in ESI).
32

 Primary 

amino groups were functionalized above 90% as demonstrated by 
1
H NMR (Figure S1B in ESI). The molecular weight of the HYPAM 

core was evaluated by size exclusion chromatography in a 

carbonate buffer at a pH of 10 as previously described.
32

An average 

molecular weight of 13000 g/mol was estimated with a dispersity of 

1.4.  

Grafting of the single shell induced an increase of molecular 

weight compatible with the expected theoretical value if estimating 

90% of primary terminal amino groups are modified (54000 g/mol). 

In the case of hyperbranched polymers with a double shell 

structure, such analysis could not be properly performed, as 

aggregation phenomenon occurring in water induced a strong 

overestimation of the molecular weight. However, NMR analysis 

indicating 90% amine functionalization leads to a molecular weight 

estimate of 69000 g/mol. 

Gadolinium nanoparticles were synthesized under mild 

conditions by adding an aqueous solution of NaH2PO4 (1.10
-3 

M) 

dropwise onto an aqueous solution of Gd(NO3)3 (1.10
-3 

M) 

containing various concentrations of hyperbranched HyPAM-based 

polymers (see further details in details in experimental section). 

Similar hyperbranched structures have previously demonstrated 

higher efficiency relative to their linear counterparts as stabilizers in 

the synthesis of gold NPs.
34

 SAED pattern of GdPO4 NPs (see Figure 

S2 in ESI) highlights amorphous nanowires. The electron diffraction 

pattern confirms the formation of GdPO4, the normal 

crystallographic phase formed out of water, although the exact 

extent of hydration is not determined.
17 

Whereas large nanowires 

with low colloidal stability were obtained in the absence of HyPAM, 

the addition of polymer enables formation of stable colloidal 

solutions of the gadolinium phosphate NPs. Moreover, as illustrated 

with TEM images in Figure 1 (and Figure S4C in Supporting 

information), low polymer concentration leads to nanowires but the 

GdPO4 NPs morphology becomes isotropic with smaller average size 

at higher polymer concentration. The same trend is observed 

independent of the functionalization of the hyperbranched core 

(Figure 2). Therefore the average length of the nanowires can be 

adjusted by changing the polymer concentration (Figure 2). More 

polymer leads to a decrease of the average nanowire length from 

120±39 nm to 6±2 nm, with nearly isotropic NPs forming at the 

higher polymer concentration (above 3.5 µmol.L
-1

). Size control 

likely results from two effects.  Firstly, 
1
H NMR evidenced a shift 

and widening of the tertiary amine of vicinal proton upon adding 

Gd
3+

 to the HyPAM polymers (see Figure S3 in supplementary 

information), indicating interactions between the HyPAM tertiary 

amines and Gd
3+

 prior to the addition of sodium phosphate. 

Secondly, HyPAM can interact with the gadolinium phosphate 

surface, stabilizing the NPs, as suggested by their higher colloidal 

stability in the presence of the polymers. Both factors contribute to 

control over the nucleation and growth processes upon the addition 

of phosphate.  

This polymer-mediated synthesis is the first reported for 

gadolinium phosphate NPs, affording size control down to 5 nm 

under aqueous and room temperature conditions. Compared to 

previous published results, which produced nanorods with lengths 

above 20 nm, this is a significant achievement towards the 

synthesis of small GdPO4 NPs.
17-25

 Moreover different length 

nanowires can be assessed and stabilized within the same 

environment, allowing systematic analyses of size effects. 

 

 

Figure 2. Average lengths of GdPO4 NPs determined from TEM analysis, versus increase 

concentration of HyPAM, HyPAM-PEG, and HyPAM-C18-PEG (standard deviation relative 

to length were given in supporting information in Figure S3 and S4). 
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Figure 3. GdPO4/HyPAM size dependence on r1 and r2 relaxivities (1.4 T). Particle 

lengths were determined before dialysis. Lines are guides to the eye. Standard 

deviation relative to both length and relaxivity were given in supporting information in 

Figure S4. 

Transversal and longitudinal relaxation times T1 and T2 were 

recorded to assess any size dependence effect (Figure 3).  Dialysis 

to remove any free Gd
3+

 and ICP analysis of Gd content were 

performed on the samples before relaxivity measurements (see 

experimental section and supplementary information Figure S4). In 

Figure 3, a clear dependence of r1 and r2 on nanowire length is 

demonstrated. Moreover the plot indicates an optimum particle 

size for maximizing relaxivity, similar to the trends reported by Park 

et al. for Gd2O3 nanoparticles.
10

 For the hybrid GdPO4/HyPAM 

nanowires, the optimal length was found to be 23±11 nm with 

exceptionally high relaxivity values of r1=55±9 mM
-1
⋅s

-1
 and 

r2=67±11 mM
-1
⋅s

-1 
([HyPAM]=3.5 µmol/L).  To assure the result is 

intrinsic to the particle hybrids and not the result of trace Gd
3+

 ions 

still strongly bound to the nanohybrids, a large excess of phosphate 

was added.  After dialysis, no significant modification of NPs size or 

relaxivity was observed.  

These values are higher than those found for molecular T1 agents 

and are higher than most gadolinium based particles explored to 

date. For example, Hifumi et al. previously reported gadolinium-

based hybrid nanoparticles (PGP/dextran-K01) with r1 and r2 of 13.9 

and 15.0 mM
-1
⋅s

-1
 (at 1.5 T).

17
 Johnson et al. has studied relaxivity 

dependence of NaGdF4 nanoparticles of different sizes, with the 

smallest size of 2.5 nm showing r1 of 2.8 mM
-1
⋅s

-1
.
35

 Another 

example is ultrasmall gadolinium hydrated carbonate nanoparticles, 

studied by Liang et al.,
36

 showing high r1 of 34.8 mM
-1
⋅s

-1
.  

The particle size dependences of r1 and r2 show a maximum for 

the 23 nm particle sample, with lower values of relaxivity for both 

larger and smaller particles. Similar observations of an optimal 

particle size have been observed for other particle systems,
10,37

 

including NaGdF4 and Gd2O3, and is attributed to contributing 

factors influencing relaxivity that have opposite particle size 

corelations. The first is the availability of Gd
3+

 ions at the surface, as 

direct chemical exchange of water molecules is the largest 

contributor to proton relaxation.  The surface to volume ratio (S/V) 

increases as particle size gets smaller, accounting for the most often 

observed increase in relaxivity as particles become smaller.  On the 

other hand, correlation times and therefore tumbling times are 

another factor.
2,4,35,38

 Tumbling times depend on the medium 

viscosity and hydrodynamic volume of the particles.  If we assume 

the viscosity does not change for the different particle suspensions, 

then for a reasonable range of particle sizes, relaxivity should 

increase with hydrodynamic volume.  For this series with the same 

chemical coating, the apparent hydrodynamic diameter follows the 

same linear trend as the increase of NP length from ~10 to ~100 

nm, allowing us to consider the NP length as the key parameter.   

These opposing contributions of surface area and hydrodynamic 

volume are then expected to give rise to an optimum particle size 

for any set of conditions, as observed in Figure 3. It is important to 

realize that correlation times will be affected by other parameters, 

also, such as medium viscosity and applied magnetic field strength, 

so any ‘optimum’ particle size will depend on the application. 

Furthermore, since the tumbing time depends on the hydrodynamic 

volume of the composite polymer-particle object, the polymer 

mediated preparation affords the potential for tuning the response 

through synthetic variation of both the inorganic particle size and 

the thickness of the polymer coating. 

The hyperbranched polymer mediated synthesis of GdPO4 NPs 

was extended to the functionalized core-shell HyPAM analogues, 

HyPAM-PEG and HyPAM-C18-PEG, in order to confer additional 

properties such as biocompatibility, additional colloidal stability and 

drug-loading capacity. Similar size control was achieved with these 

other hyperbranched polymers, as confirmed by TEM analyses in 

Figure S4 in the ESI. As expected, coating the nanoparticles with 

these PEG derivatives shifts zeta potential values close to zero, 

compared to ζ = +28±4 mV  for the HyPAM-coated particles 

resulting from protonation of the amine functions at pH values 

close to 7.  

The stability of colloidal suspensions of the polymer stabilized 

gadolinium phosphate hybrids was followed with dynamic light 

scattering, measuring the average hydrodynamic radius under 

different conditions of added salt, Figure 4. Before the addition of 

salt, even after filtration, correlograms for HYPAM-PEG and HYPAM-

C18-PEG present small bumps at high correlation times (see Figure 

S6B). They correspond to the formation of aggregates in solution. 

Their existence can be ascribed to the tendency of those polymers 

to form agglomerates as previously demonstrated by R. Haag et 

al..
33

 Moreover their presence hampered the accurate 

determination of hydrodynamic diameter of corresponding 

particles and explained differences observed between number and 

intensity weighted values (see Table 1).  Whereas GdPO4 NPs coated 

by HyPAM alone aggregate upon addition of NaCl, the PEG 

functionalized core-shell polymers ensure high stability of the 

polymer-particle hybrids against ionic strength, up to 1 M NaCl (see 

Figure S6 in ESI). In the case of HYPAM-C18-PEG, there was also no 

evidence of destabilization in the presence of albumin serum. The 

high affinity of Gd
3+

 ions for phosphate prevents any significant 

leaching of ions in these conditions. The successful stabilization of 

the GdPO4 nanowires by the hyperbranched polymers is in line with 

studies of other hybrid organic/inorganic systems
28,29,39,40

. 

Furthermore, other examples have shown that pegylated hybrid 

systems can be dried and easily redispersed in water or organic 

solvents compatible with the PEG moieties
30,32

, a property that 

could be exploited for storage or transport of these potential 

contrast agents.  

The polymer-particle hybrids can impart additional functions 

beyond solubility and colloidal stability.  For example, the 

hydrophobic C18 layer of core-double shell HyPAM-C18-PEG colloids 

has also been exploited for it drug loading capacity
31

. To highlight 

the possibility of this added function, the well-known polarity probe 

Nile Red
41–43

 was added as a surrogate for a hydrophobic drug and 

the resulting fluorescence intensities were recorded to assess the 

potential for molecule uptake (see Figure S7 in ESI). As expected, 
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the GdPO4/HyPAM and HyPAM-PEG polymer-particle hybrids do not 

exhibit any shift of their maximum emission wavelength compared 

to water or GdPO4 controls as would be indicative of a change in 

environment of the Nile red, and thus do not possess any potential 

as drug carriers. On the other hand, the GdPO4/HyPAM-C18-PEG 

systems possess an apolar layer in which the Nile Red becomes 

localized, resulting in a shifted emission wavelength corresponding 

to a dielectric constant of about ε = 30, illustrating the potential of 

this hybrid system to act as drug carrier combined with imaging 

probe.  

 

Figure 4. DLS measurements of the GdPO4/hyperbranched polymers  (5 µmol/L) upon 

NaCl addition (0, 0.01, 0.1, 1 mol.L
-1

); Standard deviations: σHyPAM(0,1M)= 490 nm ; 

σHyPAM(1M)= 940 nm. 

Lastly, r1 and r2 relaxivity measurements were performed for the 

GdPO4 particles stabilized with the PEG-containing hyperbranched 

polymers. By using the same concentration of polymer, NPs with 

similar size can be compared (Figure 1), differing only in the nature 

of the outer shell of the polymer-particle hybrid. Comparisons of 

the GdPO4 relaxivities for the different particles are gathered in 

Table 1. The apparent hydrodynamic diameter and NP length were 

not significantly different for the three studied systems, allowing 

the influence of the chemical coating to be compared.  

Table 1. Relaxivity comparison of GdPO4 coated with HYPAM and functionalized 

HYPAM polymers (field 1.4 T, [Polymer]=5 µmol.L
-1

).  

 HyPAM HyPAM-PEG HyPAM-C18-PEG 

r1 (mM
-1

.s
-1

) 
26.2 ±0.3 

 

23.8 ±0.8 

 

13.9 ±0.1 

 

r2 (mM
-1

.s
-1

) 

33.5 ±0.3 

 

36.8 ±1.2 

 

17.2 ±0.2 

 

r2/r1 1.3 1.5 1.2 

Length (nm) 15 ±7 15 ±5 18 ±10 

Dh
a 

 

47±17(66%) 

(28 ± 8) 

56±15 (61%) 

30 ± 6 

44 ± 10 (42%) 

25 ± 5 
a
 Dh : hydrodynamic diameter obtained from intensity-weighted 

size distribution (and number-weighted size distribution). 
Differences between those two values illustrates the presence of 
aggregates in solution that strongly impact intensity-weighted 
values (see complete size distribution in Figure S6A and 
discussion in supporting information).  

 

The GdPO4 nanowires stabilized by HyPAM and HyPAM-PEG have 

hydrophilic coatings and therefore exhibit similar r1 and r2 values, 

due to the similarly hydrated environment around the inorganic 

particle that these two coatings provide. In contrast, the HyPAM-

C18-PEG stabilized GdPO4 nanoparticles exhibit lower r1 and r2 

values, most likely as a result of the hydrophobic C18 layer of the 

hyperbranched structure, which reduces the diffusion of water 

molecules between the particle surface and the bulk solvent. 

Nevertheless, the relaxivities of the HyPAM-C18-PEG stabilized 

particles are still quite reasonable, even if they should be taken, at 

this step, as indicative values. Indeed their accurate determination 

is still hampered by the presence of a small fraction of aggregates in 

solution. Cytotoxicity tests enable evaluation of the efficiency of the 

PEG shell to render those nanoparticles suitable for biological 

assays. With GdPO4/HyPAM nanoparticles, decreasing viability of 

CEM cells was recorded with high hybrid nanoparticle 

concentrations (Figure 5a and 5d). As already observed in the case 

of PAMAM structures,
44

 this result should be related to the 

cytotoxicity of the amine functions of the HyPAM polymers. On the 

contrary, GdPO4/ HyPAM-PEG or HYPAM-C18-PEG shows no toxicity 

to CEM cells with concentration up to 38.4 μmol L
-1

 (Figure 5b, 5e 

and Figure S8 in supporting information), confirming the potential 

for use of the GdPO4 covered by HyPAM-PEG as clinical MRI 

contrast agents.  

 

 

 

Figure 5. Cell viability of CEM cells in presence of (a) GdPO4/HyPAM and (b) 

GdPO4/HyPAM-PEG nanoparticles at different concentrations. Bright field images of 

CEM cells incu-bated (a) without nanoparticles; (b) with GdPO4/HyPAM (33.6 μM); (c) 

with GdPO4/HyPAM-PEG (38.4 μM). All the samples are imaged after trypan blue 

staining. Scale bar 10 μm. 

Conclusions 

Hyperbranched polymers and functionalized core-shell polymers 

based on the polyamidoamine HyPAM were used to govern the 

synthesis of size-controled GdPO4 nanowires in aqueous solutions 

at room temperature. The GdPO4 nanowires were obtained in a 

range of 120±39 nm down to 6±2 nm with micromolar 

concentrations of the HyPAMs. Relaxivity measurements of the 

HYPAM-coated particles over the range of GdPO4 particle sizes 

revealed an optimal length at ca. 23±11 nm for which promising r1 

and r2 values were obtained (r1= 55±9 mM
-1

.s
-1

; r2= 67±11 mM
-1

.s
-1

). 

The functionalized core-shell polymers HyPAM-PEG and HyPAM-C18-

PEG were then used to form similar polymer-particle hybrids in 

order to improve stability, in vitro toxicity and potentially permit 

payload loading. These promising properties still necessitate 

assessing the effectiveness and viability of these hybrid NPs as MRI 

contrast agents under in vivo conditions.  Nevertheless, the rather 

facile synthetic method presented here could also be easily applied 
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to other families of polymers, and studies are under way to explore 

the scope of these approaches.  
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