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ABSTRACT: In this study, we present the synthesis of cationic
brush-type polyelectrolytes and their use in the stabilization of
GdPO4 particles in aqueous media. Polymers of various
compositions were synthesized via the RAFT polymerization
route. SEC equipped with triple detection (RI, DP, RALS, and
LALS) was used to determine the molecular parameters (Mn, Mw,
Mw/Mn). The exact composition of synthesized polymers was
determined using NMR spectroscopy. Cationic brush-type
polymers were used to improve the stability of aqueous GdPO4
particle dispersions. First, the IEPs of GdPO4 particles with
different morphologies (nanorods, hexagonal nanoprisms, and
submicrospheres) were determined by measuring the zeta potential
of bare particle dispersions at various pH values. Afterward,
cationic brush-type polyelectrolytes with different compositions were used for the surface modification of GdPO4 particles
(negatively charged in alkaline media under a pH value of ∼10.6). The concentration and composition effects of used polymers on
the change in particle surface potential and stability (DLS measurements) in dispersions were investigated and presented in this
work. The most remarkable result of this study is redispersible GdPO4 nanoparticle colloids with increased biocompatibility and
stability as well as new insights into possible cationic brush-type polyelectrolyte applicability in both scientific and commercial fields.

■ INTRODUCTION

The development of various novel nanomaterials and
nanostructures is among the most rapidly progressing fields in
a modern science. Due to their unique properties, which emerge
as the size of the particle or structure decreases to the nanoscale,
nanomaterials, regarding the application, frequently are far
superior to micro- and macromaterials.1−4 Newly developed
functional nanomaterials often offer revolutionary properties
and therefore are successfully applied in chemical, technological,
biological, medical, and other fields.5−9

Most scientific papers, reporting the development of nano-
particles, claim possible nanoparticle applicability in fields which
require colloidal stability (nanoparticles for biomedical
applications, etc.). Colloidal stability (preferably over a wide
pH range, including biological systems) is a crucial parameter
and limiting factor in overall nanoparticle applicability in the
mentioned fields because living organisms are commonly water-
based.10−14 Typically, nanoparticle colloidal stability is
evaluated visually by conducting zeta potential measurements.
In the ideal case, zeta potential measurements are supported by
DLS experiments. However, such ideal case scenarios of
nanoparticle stability evaluation are rather rare. Unfortunately,
the authors of papers, despite intended applications, rarely

evaluate the actual colloidal stability in aqueous media at
all.15−18

Rare-earth-doped nanoparticles are materials of great interest
lately.19,20 The type of nanoparticle which can be excluded from
the others would be those containing Gd3+ ions in their
composition. Gadolinium-based particles can potentially be
applied as MRI contrast agents because the Gd3+ ion has seven
unpaired electrons in its 4f orbital.21−23 There is plenty of
published research regarding the synthesis and investigation of
Gd-based nanoparticles such as GdPO4, GdF3, NaGdF4, and
Gd2O3. Gd-based nanoparticles are suitable hosts for doping
with lanthanide ions in order to enrich these materials with
additional luminescence properties.5,19,20,23−25 One the most
widely studied Gd-based particles is NaGdF4 doped with various
lanthanide ions. Such particles are often referred to as potential
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biomarkers in biomedicine.26−28 However, the commonly used
thermal decomposition29 synthesis method leads to hydro-
phobic nanoparticles due to employed oleic acid, which remains
on the particle surface.30−32 A hydrophobic surface prevents any
colloidal stability of NaGdF4 particles in aqueous media;
therefore, a change in surface ligands or additional surface
modification is needed in order to achieve the colloidal stability
of such particles in aqueous media.33

The necessity of novel Gd-based particles, which possess
desired properties such as a ligand-free surface, chemical and
thermal stability, and biological inertness, still exists. Ortho-
phosphates proved to be promising host materials to satisfy such
needs.34−36 One of the approaches to obtaining rare-earth
phosphate nanoparticles is hydrothermal synthesis. The main
advantages of such a method are its repeatability, possibility to
control the growth of the synthesized particles and, most
importantly, the fact that it does not require any hydrophobic
ligands (e.g., oleic acid).37,38 Hydrothermally obtained particles
typically have ligand-free surfaces and therefore are suitable for
further surface modifications. There are numerous papers
reporting the hydrothermal synthesis of GdPO4 particles.
Many of those claim that GdPO4 particles can be applied in
the biomedical field.39−45 However, due to some limitations,
such as reduced colloidal stability in aqueous media, GdPO4
particles are not applied in vivo very frequently.
Recently, a paper reporting the controlled hydrothermal

synthesis of GdPO4 particles and their stability investigation was
published.46 It is important to notice that particles reported in
this paper can form stable aqueous colloids. However, at neutral
pH values all investigated particles are close to their isoelectric
point, meaning that the surface charge of the particles is not high
enough to ensure the stability of their colloids in aqueous media.
Agglomeration, besides the observed GdPO4 stability, remains a
limiting factor for such nanoparticle applicability.
The stabilization of nanoparticles prevents the formation of

agglomerates. Nanoparticle stability in aqueous colloids can be
achieved either electrostatically or sterically. In most cases,
electrostatic stabilization, induced by charge repulsion, does not
ensure reliable-enough stability and the prevention of
agglomeration.38,47−49 Thus, steric stabilization, achieved by
attaching a surfactant to a particle surface (either by chemical
bonds or by electrostatic interactions), is more effective because
the created steric barriers prevent particles from approaching an
agglomerate too closely.50,51 In order to apply any nano- or
microsized particles, for example, GdPO4 mentioned above, in
fields which require superior colloidal stability (e.g., as
nanoprobes), it is necessary to additionally enhance the particle
stability. For this reason, various low-molecular-weight
surfactants such as TWEEN, CTAB, and TRITON are used
to enhance the stability of various nanoparticle sys-
tems.23,39,52−55 Even though the use of various commercial
surfactants often prevents particles from agglomerating, such
surfacemodification cannot always ensure the desired stability of
nanoparticles, especially in water. There is currently no effective
universal way to ensure the colloidal stability of various nano-
and microsized particles in aqueous colloids.
We believe that a viable solution for the discussed issues could

be the use of cationic brush-type polymers. It is already known
that polymeric brush-type electrolytes have a high potential for
the surface modification and stabilization of nanoparticles (e.g.,
SiO2, TiO2).

51,56,57 In fact, studies show that the use of such
brush-type polymers for the stabilization of particles is a more
effective approach than using low-molecular-weight equivalents.

However, no study on the stabilization of various morphology
nanoparticles of the same crystalline phase using similar brush-
type polymers exists.
In this work, we demonstrate a successful stabilization of

GdPO4 nanoparticles with different morphologies (nanorods,
hexagonal nanoprisms, and submicrospheres) using cationic
brush-type polyelectrolytes with different charge densities. The
focus of this research was to investigate and determine the
correlation among the zeta potential of GdPO4 particles with
different morphologies, the quantitative adsorption of different
custom-made cationic brush-type copolymers on the particle
surface, and the overall stability of GdPO4 particle colloids.
Redispersible GdPO4 nanoparticle colloids with increased
colloidal stability were obtained during this study. Not only
the stability in aqueous media but also the biocompatibility of
GdPO4 particles is greatly enhanced after the surface
modification with the p(METAC-stat-PEO19MEMA) polyelec-
trolyte. The enhanced biocompatibility is due to PEO chains
originating from p(METAC-stat-PEO19MEMA). GdPO4 par-
ticles are also suitable hosts for doping with rare-earth ions to
enrich them with luminescence. We believe previously discussed
benefits, such as increased nanoparticle stability and redis-
persibility from dry powder, suggest that the p(METAC-stat-
PEO19MEMA) polyelectrolyte, along with similar cationic
brush-type polymers, can successfully be applied in both
biomedical and commercial fields.

■ EXPERIMENTAL SECTION
Materials. Poly(ethylene glycol) methyl ether methacrylate

(PEO19MEMA, Mn 950, Aldrich) and [2-(methacryloyloxy)ethyl]
trimethylammonium chloride (METAC, 80% aqueous solution,
Aldrich) were purified of inhibitors by passing the monomers through
a column filled with basic alumina (type 5016A, Fluka). Methanol
(MeOH, 99.8%, Aldrich), acetone (99%, Aldrich), ethylene glycol (EG,
99.5%, Fluka), diethyl ether (Et2O, 99%, Aldrich), carbon disulfide
(CS2, 99.9%, Aldrich), 1-butanthiol (99%, Aldrich), sodium hydride
(NaH, 60% dispersion in mineral oil, Aldrich), iodine (I2, 99.8%,
Aldrich), and 4,4′-azobis(4-cyanovaleric acid) (ACVA, 98%, Fluka)
were used as received. Gd2O3 (99.99%, Tailorlux), ammonium
dihydrogen phosphate (NH4H2PO4, 99.9%, EuroChemicals), nitric
acid (HNO3, 70%, EuroChemicals), ammonium hydroxide (NH4OH,
25%, EuroChemicals), and tartaric acid (99.99%, EuroChemicals) were
used as received. Gd(NO3)3 was prepared by dissolving the required
amount of Gd2O3 in nitric acid.

Synthesis of GdPO4 Particles with Controlled Different
Morphologies. Particles with different morphologies (nanorods,
hexagonal nanoprisms, and submicrospheres) were synthesized by a
hydrothermal route according to the previously published procedure
with minor adjustments.46 The morphology of synthesized particles
was controlled by the variation of the initial molar ratio of Gd3+ to
PO4

3−. The morphological features of synthesized GdPO4 particles
were investigated using SEM (Scanning Electron microscopy) and
TEM (transmission electron microscopy).

The crystalline phase (hexagonal rhabdophane; PDF ICDD 00-039-
0232, space group P3121) of particles was determined using XRD (X-
ray powder diffraction) equipment. The synthesis procedure, analysis
conditions, and XRD data in detail are provided in the Supporting
Information (SI, Figure S1).

Synthesis of Cationic Brush-Type Polyelectrolytes. Cationic
brush-type polyelectrolytes p(METAC-stat-PEO19MEMA) were pre-
pared via the RAFT (radical addition−fragmentation chain transfer)
polymerization method from three different monomer feeds, METAC/
PEO19MEMA = 25:75, 45:55, and 65:35 mol %, according to the
previously described procedure51 with minor modifications. (Different
chain-transfer agent 4-(((butylthio)carbonothioyl)thio)-4-cyano-pen-
tanoic acid (BCPA) was used). BCPA was freshly synthesized before
use according to the published data.58 The synthesis scheme of
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p(METAC-stat-PEO19MEMA) with different morphologies is pro-
vided in Figure 2.

In all three cases, the molar ratio of initial synthesis components
[M]0/[BCPA]0/[ACVA]0 was the same (i.e., equal to 100:3:1, where
[M]0 represents the sum of themolar concentrations of bothmonomers
in the reaction feed). RAFT copolymerization of METAC and
PEO19MEMA was carried out in a round-bottomed flask sealed with
a silicone septum under an inert N2 atmosphere in a 70:30 (v/v)
mixture of ethylene glycol and water. The polymerization mixtures with
an overall 15%monomer concentration weremagnetically stirred for 12
h at 70 °C. After synthesis, the mixture was cooled and the flask was
opened to air to quench the polymerization. Synthesized polymers were
purified by ultrafiltration (10 kDa MWCO) against a 0.15 M NaCl
aqueous solution and later against deionized water. Polymer solutions
were concentrated using a rotary evaporator and separated by freeze-
drying.
The NMR and SEC techniques (detailed analysis conditions in

Figures S2 and S3) were applied to determine the composition and
exact macromolecular parameters (number average molecular weight
(Mn), dispersity (Đ), and calculated degrees of polymerization) of the
synthesized polymers, respectively. Themacromolecular parameter and
exact composition of cationic polyelectrolytes used in this study are
provided in Table 1.

Preparation of Dispersions. A colloidal 1 or 10 mg/mL
dispersion was prepared by dispersing GdPO4 particles with a particular
morphology in Milli-Q water. The pH of each suspension was set to
10.6 using 1.0 M and then 0.1 M ammonium hydroxide (NH4OH)
solutions. All dispersions were treated with ultrasound in an ultrasonic
bath for 15 min to disassemble nanoparticle agglomerates. Afterward,
appropriate amounts of cationic brush-type polyelectrolytes p-
(METAC-stat-PEO19MEMA) were added to the dispersion (up to
200 mg of polymer per gram of dry GdPO4 particles) and ultrasonically
treated again for 15 min.

Determination of the Isoelectric Point (IEP) of GdPO4
Particles. The IEP point values of bare and modified GdPO4 particles
with different morphologies were determined by measuring zeta
potentials under different pH values in aqueous dispersions. The pH of
GdPO4 dispersions was adjusted from 2 to 10 using 0.1 M HNO3 and
0.1 M NH4OH solutions, respectively. Zeta potential values were
measured with a Malvern Zetasizer Nano ZS using the Smoluchowski
model at 25 °C.

Determination of Polymer Adsorption and Surface Poten-
tial. The adsorbed amount of cationic polyelectrolyte on the surface of
GdPO4 particles was evaluated by measuring the change in zeta
potential as a function of the amount of polymer added to alkaline
aqueous (pH 10.6) dispersions.

The equilibrium polymer adsorption is observed at the point where
the value of the zeta potential reached the plateau. Cationic
polyelectrolytes with three different compositions were evaluated,
and thus the effectiveness of all three polyelectrolytes was compared.

Determination of the Colloidal Stability of Aqueous GdPO4
Dispersions. The colloidal stability of bare and modified GdPO4

dispersions at different pH values was evaluated by measuring the
particle size distribution using the dynamic light scattering (DLS)
method. DLS measurements were carried out using a ZetaSizer Nano
ZS (Malvern) equipped with a 4 mW He−Ne laser emitting at a
wavelength of 633 nm. Measurements were performed at 25 °C and an
angle of 173° using noninvasive backscattering (NIBS) technology.
Using NIBS, the particle size detection range was 0.3 nm−10 μm. The

Figure 1. (a−c) SEM and (d−f) TEM images of GdPO4 nanoparticles with different morphologies. Images represent the NH4H2PO4/Gd
3+ molar

ratio impact upon particle morphology: (a, d) 10, (b, e) 50, and (c, f) 100, respectively.

Figure 2. Synthesis scheme of cationic brush-type p(METAC-stat-
PEO19MEMA) polyelectrolytes via the RAFT method.

Table 1. Characteristics of the Synthesized p(METAC-stat-PEO19MEMA) Copolymersa

no. copolymer charge [METAC]0/ [PEO19MEMA]0 Mn, kDa
b Đ DP [METAC]/ [PEO19MEMA]c

1. low 25:75 28.5 1.15 38 27:73
2. medium 45:55 24.6 1.16 41 47:53
3. high 65:35 19.4 1.12 42 65:35

aPolymerization conditions: [M]0/[CTA]0/[I]0 = 100:3:1, T = 70 °C, t = 12 h. bDetermined using size exclusion chromatography (SEC).
cCalculated from 1H NMR spectra.
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size distribution data was analyzed using Zetasizer software from
Malvern.

■ RESULTS AND DISCUSSION
Surface Potential and Colloidal Stability of Bare

GdPO4 Particles with Different Morphologies. The main
object of this investigation was GdPO4 particles with three
different morphologies (i.e., nanorods, hexagonal nanoprisms,
and submicrospheres). The change in the GdPO4 particle
surface potential was evaluated by measuring zeta potential
values in aqueous colloidal dispersions in the pH range from 2 to
10 (Figure 3a). Zeta potential values of the synthesized GdPO4

particles slightly differ and are dependent on the particle
morphology. For example, the zeta potential value of submicro-
spheres in aqueous alkaline media (pH 10.6) is −64.7 mV.
Under identical conditions, the measured zeta potential values
for hexagonal nanoprisms and nanorods are observed to be
higher, −53.8 and −43.8 mV, respectively. It is interesting that
GdPO4 particles with different morphologies possess different
isoelectric points. (The isoelectric point is determined by the pH
value, where the zeta potential is equal to 0, which will be
referred to as the IEP.) The determined IEP value for nanorods
is 6.53. IEP values of hexagonal nanoprisms and submicro-
spheres are shifted to lower pH values, 6.03 and 5.61,
respectively. These differences in IEP could be related to
different phosphate group density on differently shaped GdPO4
particle surfaces since the surface potential of the particles is
related to the number of surface-exposed PO4

3− groups. The

shape of template GdPO4 particles and therefore the number of
such surface-exposed phosphate groups were manipulated by
varying the NH4H2PO4/Gd

3+ molar ratio by employing a
hydrothermal synthesis route as reported in the literature.46

NH4H2PO4/Gd
3+ molar ratios of 10, 50, and 100 were used for

the hydrothermal synthesis of nanorods, hexagonal nanoprisms,
and submicrospheres, respectively.
The colloidal stability of bare GdPO4 particles with different

morphologies in aqueous media under various pH values was
measured using DLS equipment (Figure 3b). Typical unstable
zones were observed during stability measurements of bare
GdPO4 particle dispersions. Regardless of particle morphology,
agglomeration and fast sedimentation of particles in an aqueous
dispersion occurred if absolute values of the zeta potentials of
particles were lower than |22| mV. Almost identical GdPO4
particle agglomeration and sedimentation due to changes in
electric repulsion forces were reported in our earlier studies of
particle stabilization.46

Surface Modification of Different GdPO4 Particles
Using Cationic Brush-Type Polyelectrolytes in Alkaline
Media. For the surface modification of GdPO4, three
p(METAC-stat-PEO19MEMA) polyelectrolytes with different
compositions were synthesized. Different polymer compositions
were obtained by the variation of the initial molar ratio of
METAC and PEO19MEMA (Table 1). METAC groups contain
positively charged quaternary ammonium groups that could
electrostatically anchor to the negatively charged surface of
GdPO4 particles. Moreover, the PEO19MEMA polymer can be
additionally defined as an inert, biocompatible macromonomer
containing relatively long PEO substituents. These substituents
are responsible for a steric barrier that prevents other particles
from approaching too closely; therefore, agglomeration is
avoided. PEO-stabilized particles are also known to possess
good biocompatibility.59 According to the number of quaternary
ammonium groups in the copolymer composition, different
p(METAC-stat-PEO19MEMA) copolymers were classified as
having low, medium, and high charge, where low means that the
copolymer consist of 27 mol %; medium, 47 mol %; and high, 65
mol % METAC groups in composition.
The adsorption of a cationic brush-type polyelectrolyte on

oppositely charged surfaces of GdPO4 particles with different
morphologies was evaluated by measuring the change in the
particle zeta potential. Measurements were carried out in
alkaline media (pH 10.6), where GdPO4 particles have a highly

Figure 3. (a) Zeta potential and (b) particle size of bare GdPO4
particles with different morphologies in aqueous dispersions at various
pH values: nanorods (□), nanoprisms (○), and submicrospheres (Δ).

Figure 4. Dependence of the zeta potential of GdPO4 particles in alkaline aqueous media (pH 10.6) as a function of polymer concentration: (a)
nanorods, (b) nanoprisms, and (c) submicrospheres.

Langmuir pubs.acs.org/Langmuir Article

https://dx.doi.org/10.1021/acs.langmuir.0c01130
Langmuir 2020, 36, 7533−7544

7536

https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01130?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01130?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01130?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01130?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01130?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01130?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01130?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01130?fig=fig4&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c01130?ref=pdf


expressed negative charge. The effect of the amount of
copolymer on the change in zeta potential of GdPO4 particles
with different morphologies in aqueous dispersions is presented
in Figure 4.
During the addition of copolymer, the change in the zeta

potential value and thus the charge on the GdPO4 particle
surface are affected by both the polymer charge density and the
particle morphology (Figure 4.). Clearly, the charge density of
polymers has a greater effect. For example, during the addition of
a low-charge-density polymer to an aqueous dispersion with rod-
like GdPO4 nanoparticles, the full charge compensation is not
achieved, and the surface of GdPO4 nanorods remains negative
(−5.1 mV) even when using a large amount of polymer (200 mg
per gram of GdPO4 particles in dispersion). Different behavior
was observed using polymers with medium or high charge
density. Surface charge inversion was observed during the
physical adsorption of polymers with both medium and high
densities of positively charged quaternary ammonium groups
(METAC units). This behavior is explained in the literature,51

where similarly structured cationic brush-type polyelectrolytes
were applied for the stabilization of TiO2 particles in aqueous
media. The charge inversion effect is induced by an excess
number of METAC groups on the particle surface during
adsorption. The surface charge of GdPO4 nanorods after the
addition of medium- and high-density polymers (200 mg/g)
reached +8.9 and +15.0 mV, respectively. Similar effects were
observed during the investigation of GdPO4 hexagonal nano-
prisms. The zeta potential values of GdPO4 hexagonal
nanoprisms treated with low-, medium-, and high-charge
p(METAC-stat-PEO19MEMA) polyelectrolytes (amount of
200 mg/g) reached −2.1, +8.2, and +19.1 mV, respectively.
Different from nanorods and hexagonal nanoprisms, the
negatively charged surface of GdPO4 submicrospheres after
treatment with polymers was fully compensated for (+0.35 mV)
using even a low-charge-density (27 mol % charged groups)
polyelectrolyte. The medium- and high-charge p(METAC-stat-
PEO19MEMA) polyelectrolytes that were used led to the
described charge inversion effect, and the zeta potentials of
submicrosphere GdPO4 particles were +12.2 and +20.8 mV,
respectively.
Colloidal stability was evaluated and observed throughout all

GdPO4 particle treatment with the p(METAC-stat-
PEO19MEMA) procedure by measuring the particle size
distribution (PSD) using dynamic light scattering equipment.
A colloidal stability evaluation of differently shaped GdPO4
particles is presented in Figure 5. Note that particles were

treated using three different cationic brush-type polymers with
different charge densities (low, medium, and high).
Regardless of the morphology, all GdPO4 particles are stable

in alkaline aqueous media (pH 10.6) without added polymer. In
such cases, the stability of particles is ensured by electrostatic
repulsion forces between highly (negatively) charged particles.
Zeta potential values of GdPO4 with the morphology of
nanorods, hexagonal nanoprisms, and submicrospheres in
alkaline media (pH 10.6) were observed to be −43.8, −53.8,
and −64.7 mV, respectively.
The amount of polymer in such dispersions plays an

important role. After the addition of a certain amount of
polymer, dispersions became unstable. For example, during the
treatment of GdPO4 nanorods, particle dispersions were stable
for up to 100 mg/g of added low-charge-density polymer. The
addition of a larger amount of such a polymer in a dispersion led
to the formation of agglomerates of up to 1800 nm. The addition
of medium- and high-charge polymers to GdPO4 particle
dispersions showed different behavior. In these cases, GdPO4
nanorod dispersions had typical zones of instability if the
amount of polymer in the dispersion was insufficient. Instability
zones of identical GdPO4 nanorod dispersions stabilized using
medium- and high-charge p(METAC-stat-PEO19MEMA) poly-
mers were determined to be from 30 to 150 and from 20 to 60
mg/g, respectively. In these zones, particles existed in an
agglomerated state, and the measured PSD showed values of up
to 3000 nm. After increasing the amount of polymer over these
ranges, dispersions of GdPO4 nanorods became stable again.
The determined PSDs of modified GdPO4 nanorods in alkaline
media were ∼80 nm using both medium- and high-charge
polyelectrolytes. The determined PSD values using DLS were
relatively close to those measured using TEM and SEM (Figure
1). The unstable zones that occurred during the study could be
related to the particle zeta potential. During treatment with
polymers, the change in particle surface potential mainly
depends on the amount of polymer added and the density of
positively charged quaternary ammonium groups within the
polymer itself. It was found that p(METAC-stat-PEO19MEMA)
polymers with a high charge density had the greatest impact on
the zeta potential values of GdPO4 particles. A smaller amount of
such polymers was needed to reach the same value of the zeta
potential in comparison to polyelectrolytes containing a small
number of positively charged groups. Similar results were
obtained during the stability study of GdPO4 particles with other
morphologies (hexagonal nanoprisms and submicrospheres)
and are summarized in Table 2. It is important to note that

Figure 5. Dependence of the GdPO4 particles size in alkaline aqueous media (pH 10.6) as a function of polymer concentration and polymer charge
density: (a) nanorods, (b) nanoprisms, and (c) submicrospheres.
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instability zones of GdPO4 particles, regardless of particle
morphology, are observed when the absolute zeta potential value
of particles was in the range of |12| mV (Figure 4).
Determination of the Equilibrium Polymer Adsorp-

tion of GdPO4 with Different Morphologies. The
equilibrium quantity of cationic brush-type polyelectrolyte
adsorption on oppositely charged surfaces of GdPO4 particles

with three different morphologies (nanorods, hexagonal nano-
prisms, and submicrospheres) was evaluated by measuring zeta
potential values of particles treated with 200 mg/g polymers
(low, medium, and high charge density). For this purpose,
nanoparticles which were used for these measurements were
washed three times by centrifuging and redispersing them in
Milli-Q water employing ultrasonic treatment (Table 3).

Table 2. Stability Results of GdPO4 Particles with Different Morphologies during Treatment with Different Polymers in Alkaline
Aqueous Media (pH 10.6)

nanorods hexagonal nanoprisms submicrospheres

unstable zone unstable zone unstable zone

polymer charge density polymer amount, mg/g ζ, mV polymer amount, mg/g ζ, mV polymer amount, mg/g ζ, mV

low >125 >−8.9 >100 >−8.4 >50 >−8.7
medium 35 to 150 −8.5 to +7.4 22.5 to 100 −8.9 to +7.8 15 to 70 −9.3 to +7.4
high 20 to 60 −9.5 to +10.9 15 to 50 −8.9 to +11.3 12.5 to 45 −9.1 to +11.9

Table 3. Zeta Potential and Calculated Equilibrium Adsorption of Cationic Polyelectrolytes on GdPO4 Particles with Different
Morphologies in Alkaline Aqueous Media (pH 10.6)

polymer charge density

low medium high

GdPO4 morphology ζ, mVa ζ, mVb
equilibrium adsorption,

mg/gc ζ, mVa ζ, mVb
equilibrium adsorption,

mg/gc ζ, mVa ζ, mVb
equilibrium adsorption,

mg/gc

nanorods −5.2 −17.0 39.2 +8.9 −8.3 36.5 +15.0 +3.2 36.8
hexagonal
nanoprisms

−2.1 −23.3 23.0 +8.2 −8.9 21.8 +19.1 +1.0 23.4

submicrospheres +0.35 −32.3 8.7 +12.2 −17.3 11.1 +20.8 −6.8 13.3
aZeta potential of GdPO4 in alkaline aqueous media (pH 10.6) before washing. bZeta potential of GdPO4 in alkaline aqueous media (pH 10.6)
after washing with Milli-Q water (three times). cEquilibrium adsorption of p(METAC-stat-PEO19MEMA) with different charge density on the
surface of GdPO4 particles, calculated from the curves presented in Figure 4.

Figure 6.Dependence of the (a−c) zeta potential and (d−f) size of modified GdPO4 particles as a function of the pH of the medium: (a, d) nanorods,
(b, e) nanoprisms, and (c, f) submicrospheres.
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The results presented in Table 3 suggest that the equilibrium
adsorption (independent of that of the used polymers) on
GdPO4 nanorods is higher in comparison to that of particles
with other morphologies (hexagonal nanoprisms and submicro-
spheres). For example, the equilibrium adsorption of low-
charge-density p(METAC-stat-PEO19MEMA) on GdPO4

nanorods is 39.2 mg/g if compared to 23.0 and 8.7 mg/g on
hexagonal nanoprisms and submicrospheres, respectively. It can
be explained through the particle size because it is well known
that the surface area of particles is inversely proportional to the
particle size, meaning that GdPO4 nanorods are the smallest
particles used in this study (Figure 1). To support this claim,
nitrogen gas adsorption using the BET (Brunauer−Emmett−
Teller) technique was conducted. During this analysis, the
surface area was determined to be 47 m2/g for nanorods, 24 m2/
g for hexagonal nanoprisms, and 20 m2/g for submicrospheres.
Surface Potential and Colloidal Stability of Modified

GdPO4 Particles with Different Morphologies. Stable
aqueous GdPO4 particle dispersions (1 mg/mL) of each
morphology were prepared by using dry GdPO4 particles,
which previously were washed and dried. The pH values of
prepared GdPO4 dispersions were then adjusted from ∼2 to
10.6 using 0.1 M HNO3 and NH4OH solutions, respectively.
The zeta potential and particle size distribution were measured
at different pH values for all GdPO4 particle morphologies and
are presented in Figure 6.
The IEPs of particles determined independently of the

GdPO4 particle morphology are shifted to the alkaline pH
region. The p(METAC-stat-PEO19MEMA) containing the
largest number of charged groups (67 mol %) affected the IEP
of the studied particles the most noticeably. For example, the
IEPs of GdPO4 nanorods modified with low- and medium-
charge polymers were 7.23 and 8.65, respectively, whereas the
IEP of nanorods stabilized with high-charge p(METAC-stat-
PEO19MEMA) was shifted to highly alkaline pH values (>11).
The IEPs of GdPO4 hexagonal nanoprisms were 6.99, 8.51, and
∼10.60 for particles modified using p(METAC-stat-
PEO19MEMA) with low, medium, and high charge densities,
respectively. In the case of GdPO4 submicrospheres, IEPs were
determined to be 6.61, 7.96, and 8.98, respectively.

After GdPO4 particle modification using cationic brush-type
p(METAC-stat-PEO19MEMA) polymers with different compo-
sitions, the stability range of GdPO4 dispersions was expanded.
It is important to notice that good stability is observed in the
biological range (pH 6.6−7.4). The best results for the
stabilization of GdPO4 particles was achieved for rod-like
particles. For comparison, bare GdPO4 nanorods (IEP 6.53)
were extremely unstable in the pH range from 4.2 to 9.1 (Figure
3b). Hence, after stabilization with polyelectrolytes, nanorods
demonstrate perfect stability in the pH range from 2 up to 5.6,
7.2, and 8.3 using low-, medium- and high-charge polymers,
respectively. The study of GdPO4 particle stabilization with
particles with other morphologies (hexagonal nanoprisms and
submicrospheres) produced comparable results, which also
suggest greatly increased colloidal stability (Figure 6).
The results obtained during this research imply that the most

suitable investigated polymer for the stabilization of GdPO4
particles tends to be the cationic brush-type p(METAC-stat-
PEO19MEMA) polyelectrolyte with the highest density of
positively charged quaternary ammonium groups in its
composition (65 mol %). The observed increase in GdPO4
particle stability after surface modification was achieved as a
combination of both steric and electrostatic stabilization
because polymer-coated particles tend to possess positive
surface charge, which provides additional electrostatic repulsion
forces among modified particles. Therefore, this surface charge
additionally enhances the particle stability.
Nanoparticles are often claimed to be potential candidates for

biomedical (nanoprobes) and anticounterfeiting (security ink)
applications. Low toxicity and good biocompatibility are highly
desired properties for such nanoparticle systems, whereas
superior colloidal stability is an absolute necessity.60−63

Long-TermEmpirical Stability Experiment ofModified
GdPO4 Particles with Different Morphologies. One of the
most remarkable results of this study is that after a relatively
simple nanoparticle surface modification they can be easily
redispersed from the dry powder and still form stable colloids.
This, however, was not the case for the uncoated nanoparticles.
Both nanoparticle preparation and their surface modification
procedures are rather quick, easy, and simple and, most
importantly, exhibit nearly perfect reproducibility, what is

Figure 7. Visual evaluation of the aqueous dispersion stability (pH 6.5) of GdPO4 particles with different morphologies ((nanorods (1 bare, 2
modified), hexagonal nanoprisms (3 bare, 4modified), and submicrospheres (5 bare, 6modified)) over time: (a) 0, (b) 1, (c) 3, (d) 24, (e) 72, and (f)
168 h.
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crucial for scientific and commercial applications. It is also very
important to notice that GdPO4 particle surface modification
using the p(METAC-stat-PEO19MEMA) polyelectrolyte not
only enhances the particle stability but also improves its
biocompatibility.64 Hence, we believe that the results achieved
during this research may are important to the scientific
community working in the field of nanoscience and colloid
chemistry and could be applied in commercial applications.
In order to support our previous statement regarding

nanoparticle stability and redispersibility, an additional experi-
ment was planned and conducted. The main objective of this
experiment was to evaluate the colloidal stability and
redispersibility of both bare and modified nanoparticles. For
this purpose, aqueous colloids (six colloids in total) were
prepared using bare GdPO4 nanoparticles with different
morphologies (nanorods, hexagonal nanoprisms, and submicro-
spheres) and GdPO4 particles (same morphology) modified
with a high-charge-density (65 mol % quaternary ammonium
groups) p(METAC-stat-PEO19MEMA) polyelectrolyte. First,
in order to evaluate the initial dispersibility, particles were
redispersed from the dry state in neutral aqueous media (pH
6.5). It was noticed immediately that bare GdPO4 nanorods,
whose isoelectric point value is close to neutral pH values
(Figure 3a), were redispersed considerably slower than GdPO4
nanorods with modified surfaces. This observation was
documented and can clearly be seen in a video (SI video). In
a vial on the left-hand side there are bare GdPO4 nanorods that
were dried, whereas in a vial on the right-hand side there are the
same GdPO4 nanorods whose surfaces were modified with the
polyelectrolyte. After the shaking of both vials, the bare GdPO4
nanorods precipitate readily, while the surface-modified
particles are disperses into the water and remain stable.
Another experiment involved the observation of GdPO4

colloidal suspension stability in a time frame of up to 168 h (1
week). For this purpose, aqueous colloids of GdPO4 particles
(both bare and modified) with different morphologies were
prepared and documented over the given time. Visual colloidal
stability over time is represented in Figure 7. All samples were
redispersed by treating the colloids in an ultrasonic bath for 5
min.
It is important to notice that differently shaped GdPO4

nanoparticles possess different zeta potential values at the
same pH value. This means that in the same aqueous media (for
example, during this experiment) they also have to have different
zeta-potential values. This is because the isoelectric point (and
therefore the zeta potential value) is dependent on the particle
morphology, as discussed above. During this experiment (in
which the pH of aqueous media was set to 6.5), zeta potential
values of bare GdPO4 nanoparticles were +0.56, −9.0, and
−18.6 mV for nanorods, hexagonal nanoprisms, and submicro-
spheres, respectively. Meanwhile, identical aqueous colloids
(pH 6.5) were prepared by dispersing GdPO4 particles modified
with the high-charge-density p(METAC-stat-PEO19MEMA)
polyelectrolyte. Zeta potential values of such colloids were ca.
+22 mV for all morphologies identical to those presented in
Figure 6a−c. Because modified GdPO4 particles of all
morphologies have almost identical zeta potential values, it is
possible to additionally evaluate the effectiveness of cationic
brush-type polymers as a function of the shape of the modified
particles. It is known that due to the electrostatic repulsion
forces even insignificant nanoparticle surface charge could affect
the overall stability of such particle colloids. Therefore,
according to Figure 3b, bare GdPO4 hexagonal nanoprisms

and submicrospheres should exhibit better colloidal stability
during this experiment in comparison to bare GdPO4 nanorods.
No obvious visual difference between colloids of the same

morphology was observed after ultrasonically redispersing both
bare and modified GdPO4 particles of various morphologies in
aqueous media (pH 6.5) (Figure 7a). However, it should be
noticed that the aqueous colloid of bare GdPO4 nanorods
(Figure 7a, 1) was slightly hazier in comparison to the colloid
obtained by redispersing modified GdPO4 nanorods (Figure 7a,
2). After 1 h (Figure 7b), a transparent layer developed and is
observed in the upper part of the bare GdPO4 nanorod colloids
(Figure 7b, 1). This indicates the sedimentation of bare GdPO4
nanorods. This transparent layer broadens over time and
becomes more highly expressed in images taken after 3 h (Figure
7c, 1). In the case of GdPO4 nanoprisms (3 and 4) and
submicrospheres (5 and 6), no obvious differences between bare
and modified aqueous colloids were observed in the time frame
of up to 3 h (Figure 7c). Twenty-four hours after the beginning
of the experiment, the sedimentation of bare GdPO4 nanorods
(Figure 7d, 1) becomes even more evident, while modified
GdPO4 nanorod colloids show no signs of sedimentation
(Figure 7d, 2). Controversially, dispersions of both bare and
modified GdPO4 hexagonal nanoprisms (3 and 4) even after 24
h remain in the state of stable aqueous colloids (Figure 7d, 3 and
4). Slight settling is observed for both bare and modified GdPO4
submicrospheres (Figure 7d, 5 and 6). Visual observations 72 h
after the beginning of the experiment revealed that bare GdPO4
nanorods have completely precipitated, whereas modified
GdPO4 nanorod colloids remained stable. Both bare and
modified hexagonal nanoprism colloids show signs of
sedimentation after 72 h of experiment, though modified
prism settling is less expressed in comparison with that of bare
prisms (Figure 7e, 3 and 4). Regardless of modified or bare,
particle-weight-related settling of submicrospheres continues 72
h after the start of the experiment (Figure 7e, 5 and 6). By the
end of the experiment (after 168 h), bare GdPO4 nanorods
(Figure 7f, 1) were completely precipitated, whereas modified
GdPO4 nanorods were only slightly settled (Figure 7f, 2) but
were still in the state of stable aqueous colloids. Also, a more
rapid sedimentation of bare hexagonal nanoprisms (Figure 7f, 3)
becomes more noticeable over time because after 168 h bare
prisms were clearly more settled if compared to modified
hexagonal nanoprisms (Figure 7f, 4). The difference in the
colloidal stability of bare and modified hexagonal nanoprisms
could indicate the possible agglomeration of bare hexagonal
nanoprisms. Both bare and modified GdPO4 submicrospheres
completely precipitated after 168 h (Figure 7f, 5 and Figure 7f,
6). The reason for such sedimentation of submicrospheres could
probably be related to the relatively large mass and dimensions
(>100 nm) of GdPO4 submicrospheres (if compared to those of
GdPO4 nanorods and hexagonal nanoprisms). We emphasize
that it is not accurate to evaluate particle agglomeration only by
judging the visually observed sedimentation of particles. Zeta
potential values of both bare and modified submicrospheres in
observed colloids are rather high (i.e., −18.6 and +22.7 mV,
respectively). Such zeta potential values should be high enough
to induce a strong enough electrostatic repulsion force to
prevent submicrosphere agglomeration. So to conclude, this
sedimentation is likely to be caused by gravity accompanied by
the relatively large weight of GdPO4 submicrospheres.
Until this moment, colloidal stability during this experiment

was evaluated only visually. However, such an approach does not
really tell us anything about the real scale of particle
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agglomeration. In order to justify our claims and hypotheses
derived from visual observations of GdPO4 colloids during this
experiment, dynamic light scattering measurements were
conducted. After the visual experiment ended (colloids
withstood 168 h), aqueous dispersions were prepared for DLS
measurements by simply shaking GdPO4 colloids for 20−30 s
(no ultrasonic treatment was used). After that, DLS measure-
ments were performed and the particle size distribution was
determined (Figure 8). Additional DLS measurements were
conducted again 3 weeks after the initial redispersion of
particles.
DLS measurements revealed that after 168 h (1 week) bare

GdPO4 nanorods were in an agglomerated state (Figure 8a) with
an agglomerate size varying around 2700 nm. Additional DLS
measurements after 504 h (3 weeks) indicated the further
agglomeration of bare GdPO4 nanorods (Figure 8a), with the
agglomerate size increasing up to around 3600 nm. Such a result
was expected as bare GdPO4 nanorods are close to their
isoelectric point (ζ = +0.56 mV) in neutral media (pH 6.5).
These particles are completely unstable and therefore are
inapplicable in all intended applications. According to the DLS
measurements, GdPO4 nanorods modified with p(METAC-
stat-PEO19MEMA) cationic brush polyelectrolytes are perfectly
stable, with a size of around 70 nm even after 3 weeks of storage.
Contrary to bare GdPO4 nanorods, GdPO4 hexagonal nano-
prisms have a slightly expressed negative zeta potential value of
−9.0 mV at a pH value of 6.5. Such a zeta potential value is
enough to inhibit the agglomeration of particles but not enough
to ensure the overall colloidal stability of GdPO4 hexagonal
nanoprisms over extended periods of time. Complete agglom-
eration of bare GdPO4 hexagonal nanoprisms, with the
agglomerate size varying around 2300 nm, was observed 3
weeks after the initial redispersion (Figure 8b). Therefore, under
the given conditions, hexagonal nanoprisms are more stable if
compared to rod-like GdPO4 nanoparticles, but their colloidal
stability is still far from superior. PSD curves, obtained by
volume means of DLS, show a bimodal distribution in aqueous
colloids of bare GdPO4 hexagonal nanoprisms after 1 week
(Figure 8b). One peak representing particles of around 105 nm
in size can be attributed to stable particles, and other peaks
represent hexagonal nanoprism agglomerates of around 1100
nm in size. The PSD curve of bare hexagonal nanoprisms
indicates complete agglomeration 3 weeks after the initial
redispersion, with the agglomerate size varying around 2300 nm
(Figure 8b). As expected, PSD curves of modified GdPO4

nanoprisms (Figure 8b) show a monomodal distribution,
indicating that no agglomeration processes occurred during
the 3 weeks of the experiment.
Further DLS measurements revealed that even after 1 week of

observation both bare and modified GdPO4 submicrospheres
were completely settled due to the relatively large values of the
zeta potential (−18.6 and +22.7 mV for bare and modified
particles, respectively), and these particles show no agglomer-
ation. As seen in Figure 8c, PSD is monomodal with its
maximum value at around 180 nm. DLS measurements
indicated that no signs of agglomeration were observed even 3
weeks after the initial redispersion. Such results confirmed our
hypothesis that the sedimentation of submicrospheres was
induced only by a relatively large particle weight.
This work leads to the conclusion that the visual evaluation of

nanoparticle colloidal stability, which is very typical in many
papers, is not sufficient. Such visual stability evaluation in
scientific papers and research is inappropriate and could even be
referred to as incorrect. Indeed, if evaluated particles are
observably unstable, as it was with bare GdPO4 nanorods in our
case, then it can be concluded that aqueous colloids are unstable,
even though it takes time for visual sedimentation to occur.
Meanwhile, if particles have relatively large surface charge (as
with GdPO4 submicrospheres in this work) but they sediment
over time as well (as discussed above, the sedimentation of
stable GdPO4 submicrospheres occurred due to particle
weight), then they can be wrongly considered to be
agglomerates. Therefore, we strongly suggest that the colloidal
stability of aqueous dispersions should be confirmed not only
visually but also by means of light-scattering measurements
(either dynamic or static).

Stability of GdPO4 Particles in Biological Aqueous
Media.One of the most remarkable features of this study is that
the described concept of particle stabilization could be
successfully applied in biological media. To prove this statement,
an additional experiment was carried out by dispersing both bare
and modified GdPO4 in protein-rich aqueous media (consisting
of 10 vol % human blood plasma, pH 6.5). First, particle
dispersions were observed visually. It was noticed that bare
particles, regardless their morphology (nanorods, hexagonal
nanoprisms, or submicrospheres), have a greater tendency to
sediment compared to modified particles. The visual stability
observations are presented in Figure S4. The dry GdPO4
powders (both bare and modified) were dispersed in protein-
rich aqueous media and incubated for 3 h. Then the dispersion

Figure 8. Particle size distribution in aqueous dispersions (pH 6.5) of GdPO4 particles with different morphologies after different periods of storage (as
dispersed, after 1 week and after 3 weeks): (a) nanorods, (b) hexagonal nanoprisms, and (c) submicrospheres.
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was centrifuged (10 000 rpm for 15 min) and particles were
washed with DI water (procedure repeated three times) to
remove the excess proteins. Washed particles were redispersed
in water (pH 6.5), and the PSD of nanoparticle−protein
conjugates was measured via DLS (Figure S5). The protein
antifouling properties of modified particles were also evaluated
by comparing the change in the zeta potential of particles
incubated in protein-rich media with those dispersed in protein-
free aqueousmedia (pH 6.5). The obtained results are presented
in Figure 9.

The smaller change in the zeta potential of modified GdPO4
particles (more than twice regardless of the particle morphol-
ogy) indicates that a smaller amount of proteins is adsorbed by
(surrounds) the particles. Significant differences in the zeta
potential change prove that PEG substituents existing on the
surfaces of modified GdPO4 particles provide antifouling
properties and significantly reduce protein binding. Therefore,
these results are in perfect correlation with the results obtained
by measuring the PSD, where modified particle−polymer
conjugates exhibited a smaller size if compared to bare
particle−protein ones, which were nonstable and sedimented
rapidly (Figure S5).

■ CONCLUSIONS
Cationic brush-type polyelectrolytes p(METAC-stat-
PEO19MEMA) with three different compositions were synthe-
sized and applied with the aim of stabilizing aqueous dispersions
of bare GdPO4 particles (nanorods, hexagonal nanoprisms, and
submicrospheres). Colloidal stability and zeta potential studies
of bare GdPO4 particles revealed that exhibited IEP values of
GdPO4 particles are dependent on their morphology and are
6.53, 6.03, and 5.61, for nanorods, hexagonal nanoprisms, and
submicrospheres, respectively. Regardless of their morphology,
particles had typical unstable zones if the absolute zeta potential
is lower than |22| mV. Cationic brush-type p(METAC-stat-
PEO19MEMA) copolymers had a significant effect on the
surface potential and overall stability of GdPO4 particles.
Apparently, the p(METAC-stat-PEO19MEMA) polyelectrolytes
with the largest number of charged groups (65 mol %) have the
largest impact on the surface charge of GdPO4 particles. During
titrations using such polymers, the charge inversion effect was
observed independently of the morphology of GdPO4 particles
used. The stability and zeta potential of modifiedGdPO4 particle

dispersions at different pH values were evaluated. The unstable
zones of surface-modified GdPO4 particles were narrowed, and
the determined isoelectric point values were shifted to the
alkaline region if compared to the bare particles. Highly charged
p(METAC-stat-PEO19MEMA) brush polyelectrolytes used to
modify the surfaces of GdPO4 particles enabled superior particle
stability in the biological pH range, which could extend the
applicability of such unique particles in the biotechnology field.
Long-term stability measurements (DLS) indicated a mono-
modal PSD for all investigated modified GdPO4 nanoparticles
with no signs of agglomeration after 3 weeks from the initial
redispersion. In the case of bare GdPO4 nanoparticles, complete
agglomeration is observed. The stability experiment in protein-
rich aqueous media (consisting of 10 vol % human blood
plasma) showed that PEG substituents on the surface of
modified GdPO4 particles provide antifouling properties that
significantly reduce the formation of particle−protein con-
jugates.
We also point out that the most remarkable feature of the

nanoparticle modification with the brush-type polyelectrolytes
during this research is that such modified nanoparticles can be
dried and later easily redispersed without any negative effects on
the colloid stability. This approach has huge advantages in both
scientific and commercial fields. For the former, it is much easier
to prepare the desired nanoparticle concentration from the
powder, whereas for the latter the handling, storage, and
shipping of dry powders instead of diluted colloids are alsomuch
easier and more cost-effective. Moreover, particles whose
surfaces are modified/covered with polymers containing PEO
substituents tend to have reduced toxicity and improved
biocompatibility.
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Ocaña, M. A Novel 3D Architecture of GdPO4 Nanophosphors:
Multicolored and White Light Emission. Cryst. Growth Des. 2013, 13
(2), 526−535.
(35) Achary, S. N.; Bevara, S.; Tyagi, A. K. Recent Progress on
Synthesis and Structural Aspects of Rare-Earth Phosphates. Coord.
Chem. Rev. 2017, 340, 266−297.
(36) Lai, H.; Bao, A.; Yang, Y.; Tao, Y.; Yang, H. Selective Synthesis
and Luminescence Property of Monazite- and Hexagonal-Type
LaPO4:Eu Nanocrystals. CrystEngComm 2009, 11 (6), 1109−1113.
(37) Patra, C. R.; Alexandra, G.; Patra, S.; Jacob, D. S.; Gedanken, A.;
Landau, A.; Gofer, Y. Microwave Approach for the Synthesis of

Langmuir pubs.acs.org/Langmuir Article

https://dx.doi.org/10.1021/acs.langmuir.0c01130
Langmuir 2020, 36, 7533−7544

7543

https://dx.doi.org/10.1021/acs.chemrev.6b00566
https://dx.doi.org/10.1021/acs.chemrev.6b00566
https://dx.doi.org/10.1002/pssc.201600039
https://dx.doi.org/10.1002/pssc.201600039
https://dx.doi.org/10.3762/bjnano.9.98
https://dx.doi.org/10.3762/bjnano.9.98
https://dx.doi.org/10.1039/C8NR02278J
https://dx.doi.org/10.1039/C8NR02278J
https://dx.doi.org/10.1039/C8NR02278J
https://dx.doi.org/10.1021/acs.jmedchem.5b01975
https://dx.doi.org/10.1021/acs.jmedchem.5b01975
https://dx.doi.org/10.1021/acsnano.7b04855
https://dx.doi.org/10.1021/acs.bioconjchem.7b00664
https://dx.doi.org/10.1021/acs.bioconjchem.7b00664
https://dx.doi.org/10.1038/s41467-017-02269-7
https://dx.doi.org/10.1038/s41467-017-02269-7
https://dx.doi.org/10.1038/s41565-019-0470-6
https://dx.doi.org/10.1038/s41565-019-0470-6
https://dx.doi.org/10.1021/la204913t
https://dx.doi.org/10.1021/la204913t
https://dx.doi.org/10.1021/la204913t
https://dx.doi.org/10.1002/smll.200801647
https://dx.doi.org/10.1002/smll.200801647
https://dx.doi.org/10.1021/acsanm.8b01558
https://dx.doi.org/10.1021/acsanm.8b01558
https://dx.doi.org/10.1021/acsanm.8b01558
https://dx.doi.org/10.1021/acs.nanolett.9b01688
https://dx.doi.org/10.1021/acs.nanolett.9b01688
https://dx.doi.org/10.1021/acs.jpcc.9b00913
https://dx.doi.org/10.1039/c2ra20070h
https://dx.doi.org/10.1039/c2ra20070h
https://dx.doi.org/10.1016/j.apsusc.2018.12.262
https://dx.doi.org/10.1016/j.apsusc.2018.12.262
https://dx.doi.org/10.1021/acsomega.9b00444
https://dx.doi.org/10.1021/acsomega.9b00444
https://dx.doi.org/10.1039/C4DT00249K
https://dx.doi.org/10.1039/C4DT00249K
https://dx.doi.org/10.1039/C4DT00249K
https://dx.doi.org/10.1021/cr4001594
https://dx.doi.org/10.1021/cr4001594
https://dx.doi.org/10.1021/cr4001594
https://dx.doi.org/10.1021/nn202378b
https://dx.doi.org/10.1021/nn202378b
https://dx.doi.org/10.1039/C7TB00382J
https://dx.doi.org/10.1039/C7TB00382J
https://dx.doi.org/10.1186/s40824-018-0130-1
https://dx.doi.org/10.1186/s40824-018-0130-1
https://dx.doi.org/10.1021/acsbiomaterials.8b01126
https://dx.doi.org/10.1021/acsbiomaterials.8b01126
https://dx.doi.org/10.1021/acsbiomaterials.8b01126
https://dx.doi.org/10.1039/b810586c
https://dx.doi.org/10.1039/b810586c
https://dx.doi.org/10.1007/s10853-007-2070-3
https://dx.doi.org/10.1007/s10853-007-2070-3
https://dx.doi.org/10.1007/s10853-007-2070-3
https://dx.doi.org/10.2147/IJN.S221433
https://dx.doi.org/10.2147/IJN.S221433
https://dx.doi.org/10.1038/s41467-018-04813-5
https://dx.doi.org/10.1021/acs.chemrev.6b00073
https://dx.doi.org/10.1021/la302690h
https://dx.doi.org/10.1021/la302690h
https://dx.doi.org/10.1021/la302690h
https://dx.doi.org/10.1021/nl070235+
https://dx.doi.org/10.1021/nl070235+
https://dx.doi.org/10.1021/nl070235+
https://dx.doi.org/10.1021/ja906971y
https://dx.doi.org/10.1021/ja906971y
https://dx.doi.org/10.1039/c2ce06578a
https://dx.doi.org/10.1039/c2ce06578a
https://dx.doi.org/10.1039/c2ce06578a
https://dx.doi.org/10.1039/C4CS00186A
https://dx.doi.org/10.1039/C4CS00186A
https://dx.doi.org/10.1039/C4CS00186A
https://dx.doi.org/10.1021/cg301023k
https://dx.doi.org/10.1021/cg301023k
https://dx.doi.org/10.1016/j.ccr.2017.03.006
https://dx.doi.org/10.1016/j.ccr.2017.03.006
https://dx.doi.org/10.1039/b818877g
https://dx.doi.org/10.1039/b818877g
https://dx.doi.org/10.1039/b818877g
https://dx.doi.org/10.1039/b415693e
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c01130?ref=pdf


Rhabdophane-Type Lanthanide Orthophosphate (Ln = La, Ce, Nd,
Sm, Eu, Gd and Tb) Nanorods under Solvothermal Conditions. New J.
Chem. 2005, 29 (5), 733−739.
(38) Tsuda, A.; Venkata, N. K. The Role of Natural Processes and
Surface Energy of Inhaled Engineered Nanoparticles on Aggregation
and Corona Formation. Nano Impact 2016, 2, 38−44.
(39) Hifumi, H.; Yamaoka, S.; Tanimoto, A.; Citterio, D.; Suzuki, K.
Gadolinium-Based Hybrid Nanoparticles as a Positive MR Contrast
Agent. J. Am. Chem. Soc. 2006, 128 (47), 15090−15091.
(40) Sahu, N. K.; Shanta Singh, N.; Ningthoujam, R. S.; Bahadur, D.
Ce3+-Sensitized GdPO4:Tb

3+ Nanorods: An Investigation on Energy
Transfer, Luminescence Switching, and Quantum Yield. ACS Photonics
2014, 1 (4), 337−346.
(41) Ren, W.; Tian, G.; Zhou, L.; Yin, W.; Yan, L.; Jin, S.; Zu, Y.; Li, S.;
Gu, Z.; Zhao, Y. Lanthanide Ion-Doped GdPO4 Nanorods with Dual-
Modal Bio-Optical and Magnetic Resonance Imaging Properties.
Nanoscale 2012, 4 (12), 3754−3760.
(42) Yan, R.; Sun, X.; Wang, X.; Peng, Q.; Li, Y. Crystal Structures,
Anisotropic Growth, and Optical Properties: Controlled Synthesis of
Lanthanide Orthophosphate One-Dimensional Nanomaterials. Chem. -
Eur. J. 2005, 11 (7), 2183−2195.
(43) Yi, Z.; Lu, W.; Qian, C.; Zeng, T.; Yin, L.; Wang, H.; Rao, L.; Liu,
H.; Zeng, S. Urchin-like Ce/Tb Co-Doped GdPO4 Hollow Spheres for
in Vivo Luminescence/X-Ray Bioimaging and Drug Delivery. Biomater.
Sci. 2014, 2 (10), 1404−1411.
(44) Xu, Z.; Cao, Y.; Li, C.; Ma, P.; Zhai, X.; Huang, S.; Kang, X.;
Shang, M.; Yang, D.; Dai, Y.; Lin, J. Urchin-like GdPO4 and
GdPO4:Eu

3+ Hollow Spheres - Hydrothermal Synthesis, Luminescence
and Drug-Delivery Properties. J. Mater. Chem. 2011, 21 (11), 3686−
3694.
(45) Rodriguez-Liviano, S.; Becerro, A. I.; Alcańtara, D.; Grazu,́ V.; de
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S1. Instrumental analysis methods

S1.1. Size exclusion chromatography (SEC) measurements. The macromolecular 

parameters of the synthesized p(METAC-stat-PEO19MEMA) copolymers such as number 

average and weight average molecular weights (Mn and Mw), and dispersity (Ð = Mw/Mn) were 

determined by size exclusion chromatography (SEC). Viscotek TDAmax (Malvern) system 

equipped with a triple detection array (TDA305) consisting of a differential refractive index 

detector (RI), light scattering detector (LS) simultaneously measuring the scattered light (laser 

3 mW, 670 nm) at two angles – right-angle (90°) and low-angle (7°), and four-capillary bridge 

viscosity detector (IV) was used. Viscotek (Malvern) columns AGuard (50 × 8.0 mm) and 

A6000M General Mixed Aq (300 × 8.0 mm) filled with porous polyhydroxymethacrylate, 

particle size 13 µm, nominal pore size 1.5 × 104 Å, exclusion limit Mw (for Pollulan) < 

2·107 g/mol, were employed for the separation of hydrophilic polymeric samples. A 250 mM 

sodium acetate buffer (pH 4.0) was used as an eluent, flow rate was 0.5 mL/min. The 

temperature of the column oven and of the detectors was maintained at 30.0 °C. The prepared 

diluted polymer samples with concentration of 2-4 mg/mL were injected into SEC equipment 

(constant injection volume 100 µL). SEC measurements of the diluted aliquots were triplicated. 

SEC data were collected and processed using OmniSEC software (Malvern, v. 5.12).

Normalization of the constant values of the SEC detectors (RI, LS, IV) was performed 

using PEO standards for triple calibration PolyCALTM TDS-PEO-N (Mw 24 kDa, Malvern) at a 

concentration of 2.468 mg/mL.

S1.2. Nuclear magnetic resonance (NMR) measurements. The NMR experiments were 

conducted at a temperature of 22 °C using a Bruker Ascend™ 400 MHz spectrometer (Bruker). 
1H NMR measurements were performed employing a 90° single-pulse sequence for 128 scans 

with a 5 s recycle delay. 1H NMR spectra of p(METAC-stat-PEO19MEMA) copolymers with 

three different compositions were recorded in D2O. The concentration of the samples was 

20 mg/mL. 

S1.3. X-Ray diffraction (XRD) measurements. Crystalline phase of the particles was 

identified by performing powder XRD measurements on a Bruker D8 Advance da Vinci design 

diffractometer working using parallel beam geometry.
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S1.4. Scanning electron microscope (SEM) measurement. The morphology and size of 

sintered GdPO4 particles was investigated using scanning electron microscopy (SEM). SEM 

images were taken with high-resolution scanning electron microscope (FE SEM) Hitachi SU-70, 

with accelerating voltage up to 10 kV. Samples for SEM were prepared by dispersing particles in 

distilled water and adding 20 μL of aqueous dispersion on a Si plate.

S1.5. TEM measurements. For morphology, size, shape and coating evaluation, FEI 

Tecnai F20 X-TWIN transmission electron microscope (TEM) was used. Measurements were 

carried out using 200 kV accelerating voltage, images obtained by using Gatan Orius CCD 

camera.

S2. Controlled hydrothermal synthesis of GdPO4 particles with different 

morphology. 

S2.1. Synthesis procedure. Gd(NO3)3 (0.5 mL, 0.4 mmol) was dissolved in 20 mL of 

deionized water and stirred for 15 min. Later, tartaric acid (1.20 g, 8 mmol) dissolved in 20 mL 

of deionized water was dropwise added to Gd(NO3)3 solution and allowed to stir for additional 

30 min at room temperature to form Gd-tartaric acid complex. After complex formation the pH 

value of aqueous mixture was set to 10 by using ammonium hydroxide. Then, required amount 

of NH4H2PO4 (depending on desired morphology of the particles to be obtained) was dissolved 

in 20 mL of deionized water and added dropwise into solution of Gd-tartaric acid complex, under 

vigorous stirring. The volume of reaction mixture was adjusted to 80 mL by adding distilled 

water. Afterwards, the mixture was poured into Teflon bottle autoclave, sealed and placed into 

hydrothermal reactor (Berghof) equipped with BTC-3000 Temperature Controller and Data 

Logger (Berghof) for 12 h at 160 °C temperature. Finally, the reaction product was separated by 

centrifugation at 7500 rpm (centrifuge model Eppendorf 5804), and washed four times with 

deionized water, dried to constant weight under reduced pressure at 40 °C. 
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S2.2. Crystallographic data. After performing X-ray diffraction analysis synthesized 

GdPO4 particles were identified to possess rhabdophane crystalline phase. Reference card 

No. PDF ICDD 00-039-0232.
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Figure S1. XRD patterns of synthesized GdPO4 particles with different morphology: nanorods 

(b), hexagonal nanoprisms (c), submicrospheres (d); XRD reference pattern of GdPO4 (a). 



S5

S3. Investigation of synthesized cationic brush-type polyelectrolytes

S3.1. SEC data. Molecular weight distribution (MWD) curves of 

p(METAC-stat-PEO19MEMA) samples with different composition is presented in Fig. S2. The 

unimodal distribution of molecular weight and low dispersity proves a well-controlled character 

of the RAFT polymerization process.
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Figure S2. Molecular weight distribution curves of synthesized p(METAC-stat-PEO19MEMA) 

containing different charge density (different amount of METAC monomeric groups in 

composition): 65 mol % (high, (a)), 47 mol % (medium) (b)) and 27 mol % (low (c)).

S3.2. NMR data. The structure of synthesized p(METAC-stat-PEO19MEMA) 

copolymers were proved from 1H NMR spectra (Fig. S3). The exact composition was calculated 

by comparing integrals of typical peaks of each monomer (see magnified area in Fig.S3) using 

Eq. S1: 
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 (S1),

where F1 – the positive charge containing ammonium groups (of METAC monomer) in 

copolymer composition (mol %),  and  represent the integrals of chemical shift of 

−N(CH3)3 (9H) groups (in METAC) and −OCH3 (3H) groups in PEO19MEMA, respectively.
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Figure S3. 1H NMR spectra of p(METAC-stat-PEO19MEMA) with high (a), medium (b), and 
low (c) charge density.
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S4. Stability of GdPO4 particles in biological aqueous media.

 
Figure S4. Visual evaluation of GdPO4 particles ((nanorods (1 bare, 2 modified), hexagonal 
nanoprisms (3 bare, 4 modified), submicrospheres (5 bare, 6 modified)) stability in biological 
aqueous media (consisting 10 vol. % human blood plasma, pH 6.5 (Ref.)) over time: (a) 0 h; (b) 
1 h; (c) 2 h; (d) 3 h.
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Figure S5. Particle size distribution in aqueous dispersions (pH 6.5) of GdPO4 particles with 
different morphologies (nanorods (a), hexagonal nanoprisms (b) and submicrospheres (c)) after 
incubation in protein-rich aqueous media (consisting 10 vol. % human blood plasma, pH 6.5). 
1 − the initial PSD; 2 – bare particles; 3 – modified particles.
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