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MATERIALS SCIENCE

Versatile synthesis of dendritic mesoporous rare

earth-based nanoparticles

Hongyue Yu't, Wenxing Wang'+, Minchao Liu', Tiancong Zhao', Runfeng Lin', Mengmeng Hou',
Yufang Kou', Liang Chen', Ahmed A. EIzatahryz, Fan Zhang', Dongyuan Zhao', Xiaomin Li'*

Rare earth-based nanomaterials that have abundant optical, magnetic, and catalytic characteristics have many
applications. The controllable introduction of mesoporous channels can further enhance its performance, such as
exposing more active sites of rare earth and improving the loading capacity, yet remains a challenge. Here, we
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report a universal viscosity-mediated assembly strategy and successfully endowed rare earth-based nanoparticles
with central divergent dendritic mesopores. More than 40 kinds of dendritic mesoporous rare earth-based (DM-REX)
nanoparticles with desired composition (single or multiple rare earth elements, high-entropy compounds, etc.),
particle diameter (80 to 500 nanometers), pore size (3 to 20 nanometers), phase (amorphous hydroxides, crystal-
line oxides, and fluorides), and architecture were synthesized. Theoretically, a DM-REX nanoparticle library with
393,213 kinds of possible combinations can be constructed on the basis of this versatile method, which provides
a very broad platform for the application of rare earth-based nanomaterials with rational designed functions and

structures.

INTRODUCTION

As a type of important strategic resource, rare earth elements in-
clude 15 lanthanide elements (La-Lu) with unique electron config-
urations of [Xe] 4f"'5d°6s* (n = 1 to 15) and two other elements
of scandium and yttrium (I). The unpaired 4f electrons of rare earth
ions are typically not involved in chemical bonding, resulting in
unique properties in terms of luminescence, electronic and magnetic
properties, catalytic activities, etc. (2-8). In many applications
(especially in catalysis), the performances always depend on the
surface exposure of the rare earth ions (9, 10). Benefiting from the
merits of high surface area, low density, and abundant pore archi-
tectures, the introduction of mesopore channels with controllable
architectures into the frameworks of rare earth-based nanoparticles
provides an excellent choice for the further enrichment of their fea-
ture sets and applications (11-16).

In particular, dendritic mesoporous nanoparticles with tunable
radial mesopore channels (3 to 20 nm) have been considered to be
an ideal architecture for the diffusion, transport, and loading of the
guest objects with different diameters, such as small molecules,
macromolecules, and even nanoparticles (17-22). Great efforts
have been devoted to synthesize mesoporous nanoparticles with
unique dendritic architecture, and a few novel routes have been
developed, such as growth kinetics control strategy, emulsion-
induced interface assembly, oil-water biphase (or nanoemulsion)
methods, etc. (23-25). However, the composition of the obtained
dendritic mesoporous nanoparticles is limited to SiO,, dopamine,
resorcinol formaldehyde, Au, Pd, Pt, and Al,O3 (26-32). The meso-
structure of the reported porous rare earth-based materials is disor-
dered, and its structural parameters are difficult to be regulated (33, 34).
There are many challenges in the synthesis of rare earth-based
nanoparticles with ordered and controllable mesostructure (35).
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First, the hydrolysis of rare earth precursors under alkaline conditions
is very fast, and the hydrolyzed oligomers are easy to be aggregated to
nonporous solid nanoparticles before they are co-assembled with the
mesostructured-directing agent. Second, the controllable assembly
and cross-linking among the oligomer/surfactants composite micelles
are still very difficult. Last but not least, because the hydrolysis of vari-
ous rare earth precursors are quite different, it is still a great challenge
to generically synthesize the rare earth mesoporous nanoparticles with
controllable composition, crystal phase, and architecture, especially for
the high-entropy compounds with multiple rare earth elements.

Viscosity is one of the most important properties of a fluid. In
chemical reactions, viscosity can affect the diffusion and aggregation
kinetics of substances (e.g., the aforementioned hydrolyzed oligo-
mers, surfactants, micelles, etc.). Inspired by this fact, here, we pro-
pose to regulate the micelles” diffusion and assembly kinetics by the
viscosity (i.e., viscosity-mediated assembly strategy), which can be
used to synthesize uniform dendritic mesoporous rare earth-based
(DM-REX) nanoparticles, including the rare earth hydroxides [DM-
RE(OH),], oxides (DM-REQy), or fluorides (DM-Na,REF,). More
than 40 kinds of DM-REX nanoparticles with single or multiple rare
earth elements, high-entropy compounds, etc. are reported. The pore
size of the obtained DM-REX with controllable particle size (80 to
500 nm) can be well tuned from 3 to 20 nm. This versatile viscosity-
mediated assembly approach is also suitable for the construction of
core@shell-structured nanocomposites regardless of the morphology,
composition, and surface properties of the cores [Au nanorods,
Prussian blue (PB) nanocubes, Fe;O3; nanospindles, SiO, nano-
spheres, and so on]. This study paves the way toward a reliable and
versatile platform to achieve rational design and synthesis of DM-
REX nanoparticles for various applications.

RESULTS

Controllable synthesis of dendritic

mesoporous—-gadolinium hydroxide

The DM-RE(OH), nanoparticles could be prepared via a viscosity-
mediated assembly strategy in the oil-water biphase system. Typically,
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cyclohexane can be used as the oil phase, while the aqueous phase is
a solution that contains hexadecyltrimethylammonium bromide
(CTAB) as a structure-directing agent, hexamethylenetetramine
(HMTA) as an alkali source, rare earth chlorides as precursors, and
citric acid as chelating agent to regulate the hydrolysis of rare earth
precursors and interaction between the hydrolyzed oligomers and
CTAB. After the addition of “viscosity regulator” (sodium salicylate),
the viscosity of water phase becomes very high (movie S1), which
further influences the hydrolysis speed of rare earth precursors and
the co-assembly of hydrolyzed oligomers and CTAB micelles, espe-
cially the diffusion and aggregation kinetics of oligomer/CTAB
composite micelles (see the mechanism section). By regulating the
viscosity, the uniform DM-REX nanoparticles with desired compo-
sition, particle diameter, pore size, crystal phase, and architecture
were synthesized.

Taking the dendritic mesoporous—gadolinium hydroxide [DM-
Gd(OH),] as a typical example, the scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) images show
that the obtained DM-Gd(OH), nanoparticles with a diameter of
200 nm are very uniform (Fig. 1, A to C, and fig. S1, A to C). The
dendritic radial mesopore channels can be observed. The element
mapping shows that gadolinium, oxygen, and carbon are evenly
distributed in the nanoparticles (Fig. 1D). The nitrogen sorption
isotherms of the DM-Gd(OH) prepared by the viscosity-mediated
assembly strategy exhibit typical type IV curves, and the Brunauer-
Emmett-Teller (BET) surface area is measured to be as high as
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~67 m*/g. The pore size is estimated to be ~10.8 nm, which is con-
sistent with the SEM and TEM observations (Fig. 1E). The small-angle
x-ray scattering (SAXS) pattern shows a well-resolved scattering peak
at q value of ~0.3 nm™!, indicating that the mesopores of DM-
Gd(OH), have good uniformity (fig. S1D). Fourier transform infrared
(FTIR) spectroscopy and thermogravimetric analysis (TGA) show
abundant hydroxyl group in the sample, suggesting that the DM-
Gd(OH), is a rare earth hydroxide compound (fig. S2).

In addition, the pore size of DM-Gd(OH), nanoparticles can be
well tuned from 3 to 20 nm by increasing the oil/water volume ratio from
0 to 2:5 and further decreasing the concentration of GdCl;-6H,O
from 1.5 to 0.5 mg/ml (Fig. 1F). With the increase in the pore size,
the mesopore walls become thinner and thinner, and the BET surface
area of the DM-Gd(OH), nanoparticles also increases from 52 to
112 m*/g (fig. $3). In addition, by simply adjusting the concentration
of citric acid chelating agent from 0.1 to 0.4 mg/ml, the particle size
of DM-Gd(OH); can easily be adjusted from 80 to 500 nm (Fig. 1G).

The generality of the synthesis approach

As shown in Fig. 2A, almost all rare earth elements in the periodic
table of elements can be fabricated into the DM-RE(OH), nanopar-
ticles with uniform spherical morphology, and opening dendritic
mesopore channels can be controllably synthesized. It can be seen
that the diameter and mesopore size of nanoparticles with different
rare earth components are different (fig. S4), even under the same
experimental conditions [e.g., the synthesis of DM-Ce(OH),,

Reducing Gd3*
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Fig. 1. Microstructure characterization of the DM-Gd(OH), nanoparticles and controllability of the viscosity-mediated assembly strategy. (A) SEM, (B and
C) TEM images with different magnifications, (D) element mappings, (E) nitrogen sorption isotherms, and pore size distribution of DM-Gd(OH), (STP means stan-
dard temperature and pressure). (F) Scheme illustrations and TEM images of DM-Gd(OH), nanoparticles with different pore sizes (3 to 20 nm) by tuning the amount
of cyclohexane: (i) 0 ml, (ii) 2.0 ml, (iii) 4.0 ml, and (iv) 4.0 ml (the amount of GdCl3-6H,0 were also decreased from 15 to 5 mq). (G) Scheme illustrations and SEM
images of DM-Gd(OH), nanoparticles with different particle sizes (80 to 500 nm) by simply tuning the concentration of citric acid: (i) 0.1 mg/ml, (i) 0.2 mg/ml, (iii) 0.3 mg/ml,
and (iv) 0.4 mg/ml. Scale bars, 50 nm (C and D), 100 nm (F and G), and 200 nm (A and B).
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DM-Nd(OH),, and DM-Eu(OH),], mainly because the solubility
product constant (Kp) of each RE(OH), is different. The K, of
RE(OH), products directly affects the nucleation and growth of
RE(OH), nanoparticles. The smaller the K, is, the easier it is to form
hydroxide precipitation, which corresponds to the lower critical
nucleation concentration, the increase in nuclei number, and the
decrease in particle size. Anyway, for the nanoparticles containing
specific rare earth elements, the variation rules of mesopore size
and nanoparticle diameter are consistent with that of DM-Gd(OH),
mentioned above.

This viscosity-mediated assembly strategy is also suitable for the
synthesis of DM-RE(OH), nanoparticles with multiple rare earth
elements. Regardless of the number of rare earth elements, the ob-
tained multicomponent DM-RE(OH), nanoparticles also have size
uniformity and dendritic mesostructures with a high mesoporosity.
The element mappings of the obtained DM-RE(OH), nanoparticles
from binary to denary show that rare earth elements are uniformly
distributed in the framework of the mesoporous nanoparticles
(Fig. 2, B to D, and fig. S5A). Energy-dispersive x-ray spectroscopy
(EDS) and the corresponding quantitative analysis of the denary
DM-RE(OH), nanoparticles show that the proportion of each rare
earth element is more than 5%, indicating that multicomponent
DM-RE(OH), nanoparticle is a kind of high-entropy material with
dendritic mesopores (fig. S5B).
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The transformation of DM-RE(OH), into DM-REO,
and DM-Na,REF,
The x-ray diffraction (XRD) pattern shows that the obtained DM-
Gd(OH), nanoparticles are amorphous (Fig. 3B). However, the
DM-Gd(OH), nanoparticles can be further transferred into crystal-
line dendritic mesoporous gadolinium oxide (DM-Gd,O3) nanopar-
ticles after the calcination in the atmosphere of nitrogen and air at
600°C (Fig. 3, A to E, and fig. S6). The dendritic radial mesopore
channels are retained very well in the DM-Gd,O3 nanoparticles,
which are composed by many small a-phase Gd,03 nanocrystals
(~6 nm) (fig. S7, A to C). As one of the most important crystalline
matrixes of the fluorescent nanomaterials, the cubic phase DM-
NasGdgFs, with unique dendritic radial mesostructure can also be
synthesized from the DM-Gd,O3 nanoparticles after the hydrother-
mal treatment with NaF at 180°C (Fig. 3, A, B, and F to H, and fig.
S7, D to F). Besides, these transformation strategies are also suitable
for the synthesis of other rare earth element DM-REO, and
DM-Na,REF, nanoparticles (figs. S8, S10A, and S11, A and B).
Similar with the monocomponent DM-RE(OH),, the amor-
phous multicomponents DM-RE(OH), nanoparticles can also be
transferred into crystalline high-entropy DM-REO, and DM-Na,REF,
with multiple rare earth elements after the calcination or hydro-
thermal treatment (Fig. 4 and figs. S9; S10, B to D; and S11). The
homogeneous distribution of rare earth ions makes the obtained
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Fig. 2. The generality of the strategy for the synthesis of DM-RE(OH), nanoparticles with controllable composites. (A) TEM images of the obtained DM-Er(OH),,
DM-Y(OH),, DM-Yb(OH),, DM-Eu(OH), DM-Nd(OH),, and DM-Ce(OH),, respectively. Scheme illustrations (B), TEM images (C), and element mappings (D) of DM-RE(OH),

with multiple rare earth elements. Scale bars, 100 nm.
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Fig. 3. Transformation of amorphous DM-Gd(OH), nanoparticles into crystalline DM-Gd,03; and DM-NasGdoFs; nanoparticles. (A) Scheme illustrations and
(B) XRD patterns of DM-Gd(OH),, DM-Gd,03, and DM-NasGdgF3; nanoparticles. TEM, high-resolution TEM images, and selected-area electron diffraction (SAED) patterns
of (C to E) DM-Gd,03 and (F to H) DM-NasGdgF3,. Scale bars, 50 nm (C and F) and 5 nm (D and G).

multicomponent DM-RE(OH), nanoparticles particularly suitable
for the synthesis of crystalline high-entropy compounds. The element
mappings of one typical high-entropy nanoparticle show that all the
expected rare earth ions are uniformly distributed in the framework
of the mesoporous nanoparticles (Fig. 4, E and K), even in the high-
entropy nanoparticle containing 10 kinds of rare earth elements.
The XRD patterns show that, regardless of the number of rare earth
elements, the crystal structure of the obtained high-entropy DM-
REO, and DM-Na,REF, nanoparticles is maintained without any
phase separation (Fig. 4, D and J). Notably, the peaks shift slightly to
lower angle in the high-entropy compounds, which can be attributed
to the increase in the average diameter of rare earth ions, and a
slightly expansion of unit cell. After the formation of high-entropy
compounds, the grain size of the small nanocrystals in the DM-REX
nanoparticles decreases, which further results in the broadening of
the diffraction peaks.

So—including the hydroxides, oxides, and fluorides—there are
393,213 (131,071 x 3) kinds of possible combinations for the DM-REX
(more than 40 typical examples have been verified in this work), which
is a big DM-REX nanoparticle library for different applications.

Core@shell-structured DM-RE(OH), nanocomposites
Besides high-entropy DM-REX nanoparticles with rare earth element
homogeneous distribution, the core@shell-structured multicomponent

Yu etal,, Sci. Adv. 8, eabq2356 (2022) 29 July 2022

DM-REX nanocomposites with unevenly distributed rare earth ele-
ments can also be rationally fabricated. As shown in Fig. 5A, the
DM-Y(OH), shell (with the pore size of 20 nm) can be uniformly
coated on the presynthesized DM-Gd(OH), nanoparticles (with the
pore size of 10 nm) to form the uniform core@shell-structured DM-
Gd(OH),@DM-Y(OH), nanocomposites with the hierarchical den-
dritic mesopore channels (fig. S12). All the expected rare earth
elements of Gd and Y can be detected and matched well with the
relative positions in the core@shell-structured nanocomposites.
Furthermore, the other non-rare earth functional entities can also
be integrated with DM-REX by constructing the core@shell struc-
ture. Regardless of the composition, geometry, or surface properties
of the core (Au nanorods, PB nanocubes, Fe;O3 nanospindles, and
SiO; nanospheres), the DM-Gd(OH), shell can be uniformly coated
on the functional cores without aggregation (Fig. 5, B to E, and fig.
S$13). In addition, the pore size of the shells surrounding the core
can also be well controlled (Fig. 5E).

The enhanced physicochemical properties

of the obtained DM-REX

After the introduction of mesopore channels, the rare earth-based
nanoparticles still show promising optical, magnetic, and catalytic
properties (figs. S14, S17, and S19). The open mesopore channels can
result in the increase in the contact interface between the DM-REX
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Fig. 4. The generality of the strategy for the synthesis of high-entropy DM-REO, and DM-Na,REF, nanoparticles with controllable composites. Scheme illustra-
tions, element mappings, TEM images, SAED, unit cells, and XRD patterns of DM-RE,Os (including Ce, Nd, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Y) (A to F) and DM-Na,REF, (in-
cluding Ce, Nd, Sm, Gd, Tb, Dy, Er, Tm, Yb, and Y) (G to L) with denary rare earth elements. Scale bars, 50 nm.

and external environment, leading to the extension and enhanced
applications. As a proof of concept, the amorphous DM-Gd(OH),
and crystalline DM-CeO, were used as the models to investigate the
biodegradability and catalytic activity of the obtained DM-REX com-
pounds. In physiological environment of glutathione (GSH), the
DM-Gd(OH), nanoparticles can react with GSH to generate small
molecular complex (36, 37). Because of the presence of open dendritic
mesopore channels, GSH in the solution can efficiently contact and
react with amorphous Gd(OH), framework. So, the degradation
rate of the DM-Gd(OH), nanoparticles with abundant mesopores
is faster than that of the nonporous dense Gd(OH), nanoparticles
(figs. S15 and S16), which further results in the improved magnetic
resonance imaging (MRI) of the tumor (fig. S17). CeO; is a typical
peroxidase-mimicking catalyst. In catalysis, the maximum exposure
of the active site is critical to the improvement of catalytic efficiency.
So, because of the variation in surface area, there are substantial differ-
ence in the peroxidase-mimicking reaction kinetics under the cataly-
sis of DM-CeO, with abundant mesopores (27 m%/ g) and dense CeO2
(13 m?/ g) nanoparticles (figs. S18 and S19). Compared to the dense
CeO; (1.8 x 107 mM/s), the calculated maximum velocity (Vinax) of
DM-CeO; is increased by 370% (6.7 x 107 mM/s).

DISCUSSION

The mechanism of the viscosity-mediated assembly strategy
In this oil-water biphase system, the presence of sodium salicylate,
which is used as a viscosity regulator, is the key to form the dendrit-
ic mesoporous nanoparticles. In the absence of sodium salicylate,

Yu etal,, Sci. Adv. 8, eabq2356 (2022) 29 July 2022

the morphology of the obtained product changes from dendritic
mesoporous nanospheres to irregular shapes (fig. S20). With the
increase in sodium salicylate concentration from 0 to 1.2 mg/ml, the
viscosity of the water phase initially remains unchanged (~1 mPa-s),
then markedly increases to ~15 mPa-s, and eventually drops and
stabilizes at ~8 mPa-s (fig. S21A). Three representative points
(marked with blue stars: 1, 4, and 8 mPa-s) are selected to investigate the
relationship between the viscosity of the solution and morphology
of the product. It was found that the morphology of the products
changed from irregular bulk material to dendritic mesoporous spheres
with the increase in system viscosity (figs. S21, B to D, and S22).

On the basis of the above results, the viscosity-mediated assembly
strategy is proposed for the synthesis of DM-REX nanoparticles.
CTAB surfactants co-assemble with rare earth oligomers to form
the composite micelles in the water phase with the assistant of citric
acid (Fig. 6A) (38, 39). The cyclohexane oil phase has two aspects of
influence on the formation and assembly of the micelles. (i) It can
swell the micelles by entering their hydrophobic cavity and, lastly,
result in the increase in mesopore size. (ii) The oil-water interface
provides two-dimensional interface for the heterogeneous aggrega-
tion of micelles to form the irregular bulk samples. Because of the
lower energy consumption of the heterogeneous nucleation at the
interface and the natural amphiphilic nature of surfactants, the critical
nucleation concentration of heterogeneous aggregation of micelles
at the oil-water interface (C;) is lower than that of homogeneous
assembly (C,) in the aqueous phase (Fig. 6, D and E) (40, 41).

The micelles’ heterogeneous assembly at the oil-water interface
(Fig. 6, D and E, green line) and homogeneous assembly in the
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A

Fig. 5. The core@shell-structured DM-RE(OH), nanocomposites. (A) TEM image, element mappings, and compositional line profiles of core@shell-structured DM-
Gd(OH),@DM-Y(OH),. (B to D) Scheme illustrations and TEM images of DM-Gd(OH), with different cores of Au nanorods, PB nanocubes, and spindle-shaped Fe,0s, respectively.
(E) Scheme illustrations and TEM images of core@shell SiO,@DM-Gd(OH), with different pore sizes. Scale bars, 50 nm (A) and 100 nm (B to E).

aqueous solution (Fig. 6, D and E, red line) have a competitive rela-
tionship, which is closely related to the diffusion kinetic of the
micelles from the aqueous phase to the oil-water interface. According
to the theoretical simulation results, the diffusion kinetics of the
micelles in the solution can be regulated by the tuning the viscosity
of the solution (fig. $23). At a low viscosity (Fig. 6D), micelles in
aqueous phase can rapidly diffuse to the oil-water interface and het-
erogeneously nucleate and cross-link at the interface to form irregu-
lar bulk samples (C;, green line). In this case, the concentration of
micelles in aqueous phase is difficult to accumulate and increase to
the homogeneous critical nucleation concentration (C, red line).
On the contrary, in the high-viscosity system (Fig. 6C), the diffusion
of micelles to the oil-water interface is greatly suppressed, resulting
in the rapid accumulation and increase in micelle concentration in
the aqueous solution (red line), over homogeneous critical nucle-
ation concentration (C,), and we lastly realize the homogeneous as-
sembly of the micelles to form dendritic mesoporous nanoparticles.

Besides the sodium salicylate, some other viscosity regulator
(e.g., sodium benzoate and Gemini surfactant) can also be used for
the synthesis of DM-RE(OH),, (fig. S24, A and B). In addition, the
micelle assembly manner can be controlled by adjusting the tem-
perature (equivalent to adjusting the viscosity of the solution),
which further verifies the mechanism of viscosity-mediated micelles’
homogenous assembly strategy (fig. S24, C and D).

Yu etal., Sci. Adv. 8, eabq2356 (2022) 29 July 2022

The changes of other reactants in the system can affect the mes-
opore size and diameter of the obtained nanoparticles. With the
increase in cyclohexane content (oil/water volume ratio), more cy-
clohexane can transfer into the hydrophobic core of micelles, which
further results in the expansion of the mesopore. However, there
is a limitation for the expansion effect of cyclohexane to CTAB
micelles (the maximum is 15 nm). By reducing the content of
GdCl;-6H,0, the thickness of the mesopore wall can be reduced, which
further results in the expansion of mesopore to 20 nm. The addition
of more citric acid can enhance the acidity of the system, which is
not conducive to the reaction, and the decrease in nucleation num-
ber of the system, further leading to the increase in particle size.

In summary, the viscosity-mediated assembly strategy is devel-
oped for the synthesis of dendritic mesoporous rare earth nanoparticles
with monodispersed diameter. Theoretically, a DM-REX nanoparticle
library with 393,213 kinds of possible combinations can be con-
structed on the basis of this versatile method (including hydroxides,
oxides, and fluorides with single or multiple rare earth elements,
high-entropy compounds, etc.). The pore size (3 to 20 nm) and
particle diameter (80 to 500 nm) of the obtained dendritic meso-
porous rare earth nanoparticles can be well controlled. Furthermore,
this viscosity-mediated assembly approach also shows very broad
applicability in the construction of rare earth-based core@shell-
structured nanocomposites regardless of the morphology, composition,
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Fig. 6. The mechanism of the viscosity-mediated micelles’ assembly strategy. (A) The scheme illustrations of the formation and assembly of the micelles in the dif-
ferent viscosity solutions. (B and C) The different diffusion behaviors of micelles in different viscosity systems. In low-viscosity system (left), the micelle diffusion rate is
faster, so it is easier to diffuse from aqueous phase to the oil-water interface. In the high-viscosity system (right), the micelle diffusion is limited by high viscosity, and the
micelle concentration at the oil-water interface is greatly different from that in the aqueous phase. (D and E) The scheme illustrations of the micelle concentration in the
solution (homogeneous nucleation) and at the oil-water interface (heterogeneous nucleation) over time under different viscosity conditions. On the basis of LaMer mod-
el, in the solution with low viscosity (D), the heterogeneous nucleation of the micelles at the oil-water interface (green line) dominates the assembly of micelles to form
the irregular bulk samples. In the solution with high viscosity (E), the homogeneous nucleation of the micelles in the aqueous phase (red line) dominates the assembly of
micelles to form the dendritic mesoporous nanoparticles.

and surface properties of the cores. Last but not least, the mecha-
nism of the viscosity-mediated assembly strategy is described. In-
troducing viscosity as a new variable into the synthetic system is
expected to provide ideas for the synthesis of other inorganic mate-
rials. In addition to the promising optical, magnetic, catalytic prop-
erties of rare earth, the introduction of abundant mesopore channels
can further enhance the applications of rare earth nanomaterials.
We also expect that, with the unique dendritic mesoporous struc-
ture, the rare earth-based nanoparticles will show more excellent
feature sets and applications in the future.

(PEL, M,, = 25,000) were purchased from Sigma-Aldrich. HMTA
[chemically pure (CP)], citric acid [guaranteed reagent (AR)], ammo-
nium hydroxide solution [28 weight % (wt %) NH3 in H,O], ethanol,
iron(III) chloride hexahydrate (FeCls-H,O, 99%), ethylene glycol (AR),
AgNO; (AR), sodium acetate (98%), HCI (37 wt %), chloroauric acid
(HAuCly, AR), ascorbic acid (99.7%), thiourea (98%), and cyclohexane
(AR) were purchased from Shanghai Chemical Reagents Co. Ltd.
Gadolinium chloride hexahydrate (GdCls3-6H,0, 99.9%), other
rare earth chlorides, tetraethyl orthosilicate (TEOS; 99%), trisodium
citrate, K3[Fe(CN)g]-3H,O (99.95%), NaBH, (98%), sodium oleate
(97%), sodium benzoate (99%), sodium fluoride (NaF; 99.99%), so-
dium citrate dihydrate (99.0%), and sodium salicylate (99.5%)
were purchased from Aladdin Reagent Co. Ltd. Fetal bovine serum
(FBS), penicillin-streptomycin, trypsin, and RPMI 1640 medium
were provided by Gibco Life Technologies Co. All the chemicals
and regents were used as received without any purification.

MATERIALS AND METHODS
Chemicals and reagents

CTAB (99%), octadecene (90%), polyvinyl pyrrolidone [PVP; weight-
average molecular weight (M,,) = 44,000], and polyethyleneimine
Yu et al., Sci. Adv. 8, eabq2356 (2022)
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Synthesis of DM-RE(OH), nanoparticles

The DM-RE(OH), nanoparticles were synthesized via a viscosity-
mediated micelle assembly strategy. Taking DM-Gd(OH), as an
example, 2.0 mg of citric acid, 20.0 mg of CTAB, 12.0 mg of sodium
salicylate, 3.0 mg of HMTA, and 15.0 mg of GdCl;-6H,0 were con-
tinuously added into 10.0 ml of water. After adding 2.0 ml of cyclo-
hexane, the mixture was stirred vigorously for 1 hour. After reaction
at 70°C for 7 hours, the product was separated by centrifugation
and washed three times with ethanol. Last, the product was dis-
persed into 100 ml of ethanol, refluxed at 60°C for 4 hours, and re-
peated four times to remove the CTAB surfactant.

The pore size of the obtained DM-Gd(OH), nanoparticles is
about 10 nm, which can be adjusted by tuning the amount of cyclo-
hexane and GdCl;-6H,0. For example, the pore size is about 3 nm
when 0 ml of cyclohexane and 15.0 mg of GdCl3-6H,O were used,
the pore size is about 15 nm when 4.0 ml of cyclohexane and 15.0 mg
of GdCl;-6H,0 were used, and the pore size is about 20 nm when
4.0 ml of cyclohexane and 5.0 mg of GACl5-6H,O were used.

The particle size can be adjusted by tuning the amount of citric
acid. The diameter is about 80, 200, 350, and 500 nm when 1.0, 2.0,
3.0, and 4.0 mg of citric acid were used, respectively.

All the synthetic processes for other DM-RE(OH), nanoparti-
cles are the same, except for the rare earth chlorides precursors and
the amount of citric acid. A total of 2.0 mg of citric acid was used to
synthesize DM-Ce(OH),, DM-Nd(OH),, DM-Eu(OH)j,, and multi-
ple rare earth elements DM-RE(OH),, and 4.0 mg of citric acid was
used to synthesize DM-Er(OH),, DM-Yb(OH),, and DM-Y(OH)),.
The composites of the obtained DM-RE(OH), nanoparticles with
multiple rare earth elements were summarized in table S1.

Synthesis of DM-REO, nanoparticles

Taking the DM-Gd,0Oj3 as an example, DM-Gd(OH), nanoparticles
were calcinated in a tubular furnace under N, with a ramp of 2°C/
min to 600°C and held at 600°C for 6 hours. After that, the sample
was further calcinated in air with a ramp of 3°C/min to 600°C for
2 hours to remove the residual carbon. All the calcination processes
for different DM-REO, nanoparticles are the same, except that the
calcination temperature of multiple-element DM-REO; is changed
to 650°C in N,. The composites of the obtained DM-REO, with
multiple rare earth elements were summarized in table S2.

Synthesis of DM-Na,REF, nanoparticles

Taking the DM-NasGdyF3, nanoparticles as an example, 10.0 mg of
DM-Gd,05 and 15.0 mg of NaF were dissolved in 10.0 ml of deion-
ized water. After stirring for 10 min, the mixture was transferred
into a 25-ml Teflon-lined stainless steel autoclave, sealed, and heated
at 180°C for 4 hours. The autoclave was allowed to cool down to
room temperature naturally, and the products were separated by
centrifugation and washed three times with deionized water. The
composites of the obtained DM-Na,REF, with multiple rare earth
elements were summarized in table S3.

Synthesis of core@shell-structured

DM-Gd(OH),@DM-Y(OH), nanocomposites

The DM-Gd(OH), core was prepared by adding 1.0 mg of citric
acid, 20.0 mg of CTAB, 12.0 mg of sodium salicylate, 3.0 mg of
HMTA, and 15.0 mg of GdCl;-6H,0 into 10.0 ml of water. After
adding 2.0 ml of cyclohexane, the mixture was stirred vigorously for
1 hour. After reaction at 70°C for 7 hours, the product was separated
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by centrifugation and washed three times with ethanol. The nano-
particles were dispersed into 10.0 ml of water.

Then, 2.0 mg of sodium citrate, 20.0 mg of CTAB, 12.0 mg of
sodium salicylate, 3.0 mg of HMTA, 5.0 mg of YCl3-6H,0, and
5.0 ml of cyclohexane were added into the obtained water solution
of DM-Gd(OH), (10.0 ml). The mixture was stirred vigorously for
1 hour. After reaction at 70°C for 7 hours, the product was separated
by centrifugation and washed three times with ethanol.

Synthesis of core@shell-structured SiO,@DM-Gd(OH)j
nanocomposites with controllable pore size

SiO; nanoparticles with a diameter of 100 nm were prepared by a
modified Stober method (42). In general, 3.0 ml of TEOS was
added to a solution containing 75.0 ml of ethanol, 10.0 ml of de-
ionized water, and 1.0 ml of ammonia aqueous. After stirring and
reaction for 5 hours, the products were collected by centrifuga-
tion and washed several times with ethanol and water. The ob-
tained SiO; nanoparticles were, lastly, dispersed in 50 ml of water
for further use.

Before the DM-RE(OH); shell coating, the SiO, nanoparticles
were surface-modified with PEI as follows. A total of 0.5 ml of
SiO; nanoparticle solution was added to 1.5 ml of water contain-
ing 0.5 mg of PEL After the ultrasonic dispersion for 20 min, the
PEI-modified SiO, nanoparticles were centrifuged and washed
three times with water. The nanoparticles were redispersed into
10.0 ml of water.

Then, 1.0 mg of citric acid, 20.0 mg of CTAB, 6.0 mg of sodium
salicylate, 3.0 mg of HMTA, and 15.0 mg of GdCl;-6H,0 were added
into the obtained water solution of SiO,-PEI nanoparticles (10.0 ml).
The mixture was stirred vigorously for 1 hour. After reaction at
70°C for 7 hours, the product was separated by centrifugation and
washed three times with ethanol. The pore size of the obtained
DM-Gd(OH)y is about 3 nm, which can be adjusted by tuning the
amount of cyclohexane. For example, the pore size is about 10 nm
when 2.0 ml of cyclohexane was used, and the pore size is about
20 nm when 4.0 ml of cyclohexane was used.

Synthesis of core@shell-structured

Au@DM-Gd(OH), nanocomposites

Au nanorods were synthesized according to previous report (43).
Typically, 10.0 ml of 0.5 mM HAuCl, was added into 10.0 ml of
0.2 M CTAB solution (marked with solution A). Then, 1.2 ml of
0.01 M NaBH, was diluted to 4.0 ml of water (marked with solution
B). The B solution was added to the solution A under stirring to
obtain the solution C. The color of the solution changed from yel-
low to brownish yellow. To prepare the growth solution, 3.5000 g of
CTAB and 617.0 mg of sodium oleate were dissolved in 125.0 ml of
water. Then, 9.0 ml of 4 mM AgNOj; solution was added. The mix-
ture was kept undisturbed at 30°C for 30 min. After that, 125.0 ml
of 1 mM HAuCly solution was added. The solution became color-
less after 90 min, and 0.75 ml of HCI (37 wt %) was added. After
15 min, 0.625 ml of 0.064 M ascorbic acid was added and stirred for
1 min. Last, 0.2 ml of solution C was added. The mixture was stirred
for 1 min and left undisturbed at 30°C for 24 hours. The final prod-
ucts were isolated by centrifugation and redispersed in 250 ml of
water. The coating procedures are the same as those for the synthe-
sis of SiO,@DM-Gd(OH),, except that 10.0 ml of obtained Au na-
norods was used as the cores, and the amount of other reactants are
summarized in table S4.
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Synthesis of core@shell-structured

PB@DM-Gd(OH), nanocomposites

PB nanoparticles were synthesized according to previous report
(44). Typically, 3.0 g of PVP and 132.0 mg of K3[Fe(CN)s]-3H,0
were added to 40.0 ml of HClI solution (0.01 M) under stirring. After
magnetic stirring for 5 min, a clear solution was obtained. The solu-
tion was heated at 80°C for 20 hours. Then, the precipitates were
collected by centrifugation and washed three times with ethanol.
The PB nanoparticles were dispersed in 300 ml of water for further
use. The coating procedures are the same as those for the synthesis
of SiO,@DM-Gd(OH),, except that 10.0 ml of obtained PB nanopar-
ticles was used as the cores, and the amount of other reactants are
summarized in table S4.

Synthesis of core@shell-structured Fe,0;@DM-Gd(OH),
nanocomposites

Spindle-shaped Fe,O3 nanoparticles were synthesized through a
hydrothermal method reported previously (45). The Fe;O3 nano-
particles were prepared by aging 75.0 ml of solution of 0.02 M FeCl;
and NaH,PO4 (0.2 mM) at 105°C for 50 hours. After cooling down
to room temperature, the product was washed with distilled water
and ethanol and, lastly, dispersed in 250 ml of water for further use.
The coating procedures are the same as those for the synthesis of
SiO,@DM-Gd(OH)j, except that the 10.0 ml of obtained spindle-
shaped Fe;03 nanoparticles was used as the cores, and the amount
of other reactants is summarized in table S4.

Synthesis of DM-Gd(OH), nanoparticles with sodium
benzoate viscosity regulator

A total of 2.0 mg of citric acid, 5.0 mg of CTAB, 8.0 mg of sodium
benzoate, 3.0 mg of HMTA, and 15.0 mg of GdCl3-6H,0 were con-
tinuously added into 10.0 ml of water. After adding 4.0 ml of cyclo-
hexane, the mixture was stirred vigorously for 1 hour. After reaction
at 70°C for 7 hours, the product was separated by centrifugation
and washed three times with ethanol.

Synthesis of DM-Gd(OH), nanoparticles with viscosity
regulator of Gemini surfactant

Gemini surfactant (Cy4.5.14) Was synthesized according to previous
report (46). A total of 30.0 mg of Gemini surfactant was dissolved in
10.0 ml of water at 60°C. After cooling to room temperature, 3.0 mg
of citric acid, 3.0 mg of HMTA, and 15.0 mg of GdCl3-6H,O were
added in turn. After adding 4.0 ml of cyclohexane, the mixture was
stirred vigorously for 1 hour. After reaction at 70°C for 7 hours, the
product was separated by centrifugation and washed three times
with ethanol.

Synthesis of dense Gd(OH),

Dense Gd(OH), nanoparticles were synthesized by adding 2.0 mg
of citric acid, 3.0 mg of HMTA, and 15.0 mg of GdCl;-6H,0 into
10.0 ml of water, and the mixture was stirred vigorously for 1 hour.
After reaction at 70°C for 7 hours, the product was separated by
centrifugation and washed three times with ethanol.

Simulation methods

The simulation is done using MATLAB. The length of the diffusion
path is 1 mm. The solution of micelles (2 mg/ml) was placed at the
middle of the diffusion path to diffuse freely. The diffusion obeys
Fick’s second law. Diffusion coefficient (D) was calculated from the
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experiment data, which the size of micelle is about 10 nm and the
viscosity of solution is 1 and 8 mPa:s.

In vivo experiments

All the animal experiments were approved by the Shanghai Science
and Technology Committee and performed in agreement with the
guidelines of the Department of Laboratory Animal Science, Fudan
University. For in vivo experiment, 4- to 6-week-old female Balb/c
mice were commercially supplied by Slac Laboratory Animal Co.
Ltd. (Shanghai, China). 4T1 cells were purchased from the cell bank
of Chinese Academy of Science (Shanghai, China). The cells were
cultured in standard RPMI 1640 medium supplemented with 10% (v/v)
FBS, streptomycin (100 mg/ml), and penicillin (100 U/ml) at 37°C
in a humidified incubator with 5% CO,. 4T1 cells were detached
from culture flask and suspended in FBS. Then, 4 x 10° cells were
subcutaneously injected into the right back leg of mice. When
the tumors grew large enough, 10 ul of DM-Gd(OH), and dense
Gd(OH), (5.0 mg/ml) were intratumorally injected. The MRI was
performed 24 hours later.

Characterization

TEM, high-resolution TEM, and the corresponding selected-area
electron diffraction measurements were conducted on a JEM-2100F
microscope (JEOL, Japan) operated at 200 kV coupled with EDS. SEM
images were captured using field-emission SEM (FESEM; Hitachi
S-4800, Japan). Samples used for TEM and FESEM analyses were
prepared by dropping of the dispersions in ethanol on amorphous
carbon-coated copper grids and silicon substrates, respectively.
Wide-angle XRD data were recorded with a Bruker D8 powder
x-ray diffractometer (Germany) using Cu K, radiation (40 kV,
40 mA). SAXS measurements were taken on a NanoSTAR U SAXS
system (Bruker, Germany) using Cu K, radiation (40 kV, 35 mA).
Nitrogen adsorption-desorption measurements were conducted
to obtain information about the porosity. The measurements were
conducted at 77 K with ASAP 2420 and Micromeritcs TriStar 3020
analyzer (USA). Before measurements, the samples were degassed
in vacuum at 180°C for at least 12 hours. The BET method was used to
calculate the specific surface areas, and the Barrett-Joyner-Halenda
model was used to calculate the pore volumes and the pore size dis-
tributions derived from the adsorption branches of isotherms.
TGAs were conducted on a Mettler Toledo TGA/SDTA851 analyz-
er from 25° to 800°C in Ny/air (20 ml/min) at a ramp rate of 10°C/
min. The viscosity is measured by Usher viscometers. FTIR spectra
were recorded using FTIR spectrometer (Thermo Fisher Scientific,
Nicolet iS10, USA). The size distribution and zeta potential of the
samples were recorded by using Zetasizer Nano ZS apparatus
(Malvern, UK). MRI results were acquired by CG NOVILA 7.0 T
(T,-weighted images) from Shanghai Chenguang Medical Tech-
nologies Co. Ltd.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq2356
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