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Multi-functional GdEu,Tb;_, Oz (x = 0 to 1) nano-
particles: colour tuning optical properties, water
proton spin relaxivities, and X-ray attenuation
propertiest
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Multi-functional nanoparticles are useful for various applications, such as biomedical imaging, detection,
and display technologies. Colour-tunable GdEu,Tb;_,O3 nanoparticles were synthesized with emission
colour ranging from green (545 nm) to red (616 nm) by varying x (x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1).
These nanoparticles were surface-grafted with polyacrylic acid and a small quantity of 2,6-pyridinedicar-
boxylic acid. This modification aimed to ensure long-term colloidal stability (>1 year without precipitation)
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and high quantum yields (>30%) in agqueous media. Additionally, they exhibited long emission lifetimes
(~1 ms), high longitudinal water proton spin relaxivities (>30 s™*mM™), and high X-ray attenuation efficien-
cies (~10 HU mM™). These multiple exceptional properties within a single nanoparticle make them highly
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Introduction

The mixed lanthanide oxide (GdEu,Tb;_,O;) nanoparticles
exhibit various optical and magnetic properties essential for
applications in biology, medicine, and information techno-
logy, including biolabeling, diagnosis, and electronic
displays.’™ These properties stem from the intrinsic electronic
properties of 4f-electrons of the lanthanide elements,® and
their high atomic numbers, which enhance their X-ray attenu-
ation power.”

In this study, gadolinium (Gd), europium (Eu), and terbium
(Tb) were mixed to obtain GdEu,Tb;_,O; nanoparticles, with
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valuable for applications in biomedical imaging, noise-free signal detection, and colour display.

Gd maintained at a nearly constant level to adjust the emis-
sion colour between green (545 nm from Tb) and red (616 nm
from Eu)">® by varying x (x = 0-1). Gd*" is optically transpar-
ent in the visible region and has no effect on the colour.’
However, it significantly boosts longitudinal water proton spin
relaxivities (1) due to its exceptionally high 4f-electron spin (s
= 7/2) magnetic moment (u = 7.9-8.0 emu g~ "), valuable for
use as 7T, magnetic resonance imaging (MRI) contrast
agents.4'5’1°'12

Lanthanides, as optical probes, exhibit exceptional pro-
perties such as long-term photostability, a large Stokes shift
(the energy difference between excitation and emission wave-
lengths), sharp atomic-like transitions, long emission life-
times, and resistance to photobleaching.””"*'* Consequently,
they enable near background-free signal measurements with
high detection limits,'® surpassing organic dyes and quantum
dots (QDs). However, their drawback is low emission intensity
due to forbidden 4f-4f electronic transitions,"'®'” making
them less favoured as optical probes than organic dyes and
QDs. Nevertheless, this can be significantly improved through
photosensitization,®'®>° which is an electronic energy transfer
process from organic chromophores to lanthanides. The
photosensitized lanthanide materials in aqueous media emit
strongly with high quantum yields (QYs),***** comparable to
or even surpassing those®® of organic dyes.

Photosensitized GdEu,Tb,_,O; nanoparticles were created
in this study, embodying multiple-functionalities within a

This journal is © The Royal Society of Chemistry 2024
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single nanoparticle. Until now, achieving colour tuning using
Eu and Tb required varying doping ratios of Eu**/Tb*" ions in
various nano to micro solid-state matrices®>” > or mixing Eu**/
Tb*" complexes in different ratios.>*® In this study, colour-
tunable GdEu,Tb,_,O; nanoparticles with multiple properties
within a single nanoparticle, useful for various applications in
solid-states and colloidal forms in aqueous media, were syn-
thesized for the first time. After being grafted with hydrophilic
and biocompatible polyacrylic acid (PAA) and a small amount
of the organic photosensitizer 2,6-pyridinedicarboxylic acid
(PDA), the GdEu,Tb,_,O;@PAA/PDA nanoparticle colloids
maintained stability in aqueous media without precipitation
after synthesis for >1 year, while emitting photons with high
QYs. Photoluminescent (PL) spectra, colour tuning, absolute
QYs, emission lifetimes, water proton spin relaxivities, and
X-ray attenuation power of the nanoparticles were measured to
unveil their multi-functional properties. Their key properties
include colour tunability by varying x with high QYs, suitable
for colour display applications; long emission lifetimes, ben-
eficial for noise-free signal detection; and multiple imaging
properties, useful for optical imaging, T; MRI, and X-ray com-
puted tomography (CT).

Experimental

Materials

Gadolinium(m) chloride hexahydrate (GdCl;-6H,0, >99%),
europium(m) chloride hexahydrate (EuCl;-6H,0, >99.9%),
terbium(m) chloride hexahydrate (TbCl;-6H,0, >99.9%), PAA
(M, = ~1800 amu), PDA (C;Hs5NO,, >98.0%), dimethyl sulfox-
ide (C,H¢OS, DMSO, >99.9%), tetramethylammonium hydrox-
ide solution (C4H;3NO, TMAH, 25 wt% in methanol), and
dialysis tubes [molecular weight cut-off (MWCO) = 500 and
2000 amu] were purchased from Sigma-Aldrich (USA). Ethanol
(C,H50H, >99.0%) and sodium hydroxide (NaOH, >99%) were
purchased from Duksan (South Korea). All chemicals were
used as received. The synthesized nanoparticles were washed
and dispersed using triple-distilled water.
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Synthesis of GdEu, Tb,__,O;@PAA nanoparticles

Fig. 1a schematically shows that 1 mmol GdCl;-6H,0, x mmol
EuCl3-6H,0, and (1 — x) mmol TbCl;-6H,0 (x = 0.1, 0.3, 0.5,
0.7, and 0.9) were dissolved in 15 mL DMSO with magnetic stir-
ring in a three-necked round-bottom flask at 35 °C under atmos-
pheric conditions. For x = 0 and 1, 1 mmol GdCl;-6H,0 and
0.3 mmol LnCl;-6H,0 (Ln = Eu or Tb) were used. After all precur-
sors dissolved, the transparent.
Subsequently, TMAH solution was added to maintain the solu-
tion pH at ~8, followed by 24 h of magnetic stirring to yield
mixed lanthanide oxide nanoparticles. In a separate beaker,
1 mmol of PAA was dissolved in 10 mL of DMSO under magnetic
stirring to prepare the PAA solution. This solution was sub-
sequently added to the nanoparticle solution, and TMAH solution
was added to maintain the solution pH at ~8. After 24 h of mag-
netic stirring, PAA-grafted nanoparticles were obtained. Ethanol
(200 mL) was added to the solution, followed by centrifugation at
4000 rpm to purify PAA-grafted nanoparticles. This step removed
top solutions containing DMSO, unreacted lanthanide precursors,
TMAH, and PAA. After three repetitions of the washing process,

were solution became

the nanoparticles were dispersed in triple-distilled water.
Subsequently, a 1 M NaOH solution prepared in triple-distilled
water was added to adjust the solution pH to ~8. The nano-
particles underwent further purification through 1 day of dialysis
(MWCO = 2000 amu).

PDA grafting to obtain GdEu,Th,;__,0;@PAA/PDA
nanoparticles

The PDA grafting is schematically shown in Fig. 1b. PDA solu-
tions at concentrations of 10, 20, 30, 40, and 50 pM were pre-
pared in triple-distilled water. These solutions were then
added to 4 mL of the prepared GdEu,Tb;_,O;@PAA nano-
particle solutions ([Eu] + [Tb] = 2 mM), and the mixtures were
gently shaken for 1 min to yield GdEu,Tb;_,O;@PAA/PDA
nanoparticles. The solutions underwent 1 day of dialysis
(MWCO = 500 amu) to remove excess PDA. The optimal PDA
concentration was determined by analyzing PL spectra to
achieve the highest PL intensity.

Add PAAin  Cool to room
GdCl,, EuCl,,  Dissolve, 35 C Add TMAH, 24 h ' DMSO, 24 h temperature
ThCl; in DMSO Magnetic stirring, pH=~8 Add TMAH,
atmospheric conditions pH=~8 PAA, Mw = 1,800 amu
(a) Washing with Add NaOH 5
ethanol thrice solution Dialysis, 1 day % ‘\\;( =
Centrifugation, pH=~8 MWCO = ~2,000 = :
O; 0
4,000 rpm amu
o e 3+
O: i 3+
PDAin watcer, o c= \_,N----?;‘an"’
shake 1 min Dialysis, 1 day g L
(b) PDA o O- 1.n3>

Room temperature,
atmospheric conditions

MWCO =~500 amu

Lni, Ln2, Ln3 = Eu or Gd or Tb

Fig. 1 Syntheses of (a) GdEu,Tb;_,Oz@PAA nanoparticles and (b) GdEu,Tb;_,O3@PAA/PDA nanoparticles (x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1).
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Characterizations

The synthesized nanoparticles underwent various analyses, as
previously detailed.® These characterizations included particle
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diameter measurements using high-resolution transmission
electron microscopy (HRTEM), metal composition determi-
nation using energy-dispersive X-ray spectroscopy (EDS),
crystal structure analysis using X-ray diffraction (XRD), zeta

Table 1 Physicochemical properties of GdEu,Tb;_,O3;@PAA/PDA nanoparticles

ICP-AES (atomic %)

EDS (atomic %)

x Gd Eu Tb Gd Eu Tb davg (N) ¢ (mv) 5 (Wt%) & (nm™?) Npaa©
0 72.7 0 27.3 56.5 0 43.5 1.8 —27.3 67.3 (28.1) 1.8 18
0.1 51.6 5.3 431 47.0 6.2 46.8 2.0 —21.9 62.8 (30.4) 1.7 22
0.3 51.2 16.0 32.8 48.2 14.8 37.0 2.0 -32.9 62.1(26.3) 2.0 25
0.5 50.4 26.6 23.0 47.9 23.6 28.5 2.2 —23.4 63.3 (27.9) 2.1 31
0.7 50.0 36.5 13.5 48.0 33.3 18.7 2.0 -26.9 63.9 (28.8) 1.8 23
0.9 49.4 46.3 4.3 48.3 431 8.6 2.3 -34.7 60.4 (27.9) 2.0 34
1 68.0 32.0 0 77.7 22.3 0 2.0 -26.9 69.1 (27.5) 2.0 26

“ Surface-grafting wt% of PAA and PDA, with values in parentheses indicating the wt% relative to GdEu,Th;_,O; nanoparticles. ? Surface-grafting
density,*® representing the average number of PAA polymers covering a nanoparticle unit surface area. © Average number of PAA polymers cover-

ing a nanoparticle surface (= 5 X dayg”).

05 1.0 15 20 25 3.0 35
d (nm)

CLRRiRRL
x=0 01 03 05 07 09 1

'EE R XY S

x=0:0.1 03 05 0.7 09 1
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Fig. 2 GdEu,Tb; ,O3;@PAA/PDA nanoparticles (x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1): (a) HRTEM images, (b) log—normal function fits depicting the
observed particle diameter distributions, (c) images of solution samples (top), showing good colloidal stability in aqueous media, and powder

samples (bottom), and (d) zeta potential curves and Gaussian function fits.
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potential measurements using a zeta size analyzer, metal com-
position determination and metal concentration analysis in
aqueous media using inductively coupled plasma-atomic emis-
sion spectroscopy (ICP-AES), surface-grafting assessment of
PAA and PDA on nanoparticle surfaces using Fourier-trans-
form infrared (FT-IR) absorption spectroscopy, surface-grafting
quantity determination of PAA and PDA using thermo-
gravimetric analysis (TGA), Ultraviolet (UV)-visible absorption,
PL, and excitation spectra, and fluorescence lifetimes
measured with a PL spectrometer, absolute QYs assessed
using an integration sphere in a PL spectrometer, phantom
images and X-ray attenuation power measured using a CT
scanner, water proton spin relaxivities and map images
acquired using a 3 T MRI scanner at 22 °C, and evaluation of
cellular cytotoxicity on two cell lines purchased from American
Type Culture Collection (Manassas, VA, USA): normal alpha
mouse liver 12 (AML12) and immortalized human embryonic
kidney (Hek293) cells using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) assay.

Results and discussion

Colloidal stability, particle diameter, zeta potential, and crystal
structure

The GdEu,Tb;_,O;@PAA/PDA nanoparticles were labelled as x
=0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1, representing the mole compo-
sitions used in the synthesis. The actual compositions (x) were
estimated from ICP-AES and EDS analyses (Table 1). The EDS
spectra are provided in Fig. S1 (ESIT), confirming the presence
of Eu, Gd, and Tb in the nanoparticles. As illustrated in the
HRTEM images (Fig. 2a), the particle diameters of the nano-
particles were ultrasmall, ranging from 1 to 3 nm. The average
particle diameters (dq.es) were estimated at 1.8, 2.0, 2.0, 2.2,
2.0, 2.3, and 2.0 nm for x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1,
respectively, using log-normal function fits (Fig. 2b & Table 1).
Fig. 2c presents the nanoparticle solution and powder sample
images. The solution samples remained transparent without
nanoparticle precipitation after synthesis (>1 year), demon-
strating strong colloidal stability in aqueous media due to the
hydrophilic PAA polymer grafting on the nanoparticle surfaces.
Despite the photosensitizer PDA, having low water solubility,*”
its minor amount during synthesis did not affect colloidal
stability. The colloidal dispersion of the nanoparticles in
aqueous media was confirmed through laser light scattering,
known as the Tyndall effect (Fig. S2 in ESIt). The high negative
zeta potentials ({ < —20 mV) were observed (Fig. 2d & Table 1),
confirming their good colloidal stability in aqueous media.
Eu*", Tb*, and Gd*" can be homogeneously mixed within
mixed lanthanide oxide nanoparticles due to their identical
cubic crystal structure®®** and similar ionic radii.** The
nanoparticles exhibited an amorphous pattern due to their
ultrasmall particle diameters (Fig. S3a in ESI{). However,
distinct sharp peaks indicative of the cubic structure were
observed after TGA owing to the heat treatment** (Fig. S3b
in ESIf). The lattice constants after TGA were consistent

This journal is © The Royal Society of Chemistry 2024
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with mole-percent averaged values of those of individual
bulk Ln,O; (Ln = Eu, Gd, and Tb)**™*° (Table S1 in ESIf),
confirming the homogeneous mixing of the different Ln**
within the nanoparticles.
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Fig. 3 FT-IR absorption spectra of PAA, PDA, GdEu,Tb; ,Oz@PAA
nanoparticles (labelled as “no PDA"), and GdEu,Tb;_,Oz@PAA/PDA
nanoparticles (labelled as “PDA") (x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1).
Subscripts “AS" and “SS” indicate asymmetric and symmetric stretchings,
respectively.
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Fig. 4 TGA curves of GdEu,Tb;_,Os@PAA/PDA nanoparticles (x = O,
0.1, 0.3, 0.5, 0.7, 0.9, and 1) under air flow.
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Surface grafting of PAA and PDA on the nanoparticle surfaces

PAA and PDA are grafted on the nanoparticle surfaces through
electrostatic interaction between their -COOH groups and the
Ln** ions of the nanoparticles. In addition, the nitrogen of PDA
can contribute to the interaction. The binding structure of PAA
and PDA is proposed in Fig. 1. Multiple binding between each
PAA and a nanoparticle is possible because of ~27 -COOH
groups per PAA and numerous Ln*" ions on each nanoparticle
surface. The FT-IR absorption spectra of GdEu,Tb,;_,O;@PAA/
PDA nanopatrticles (x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1), and their
references, including GdEu,Tb;_,O;@PAA nanoparticles, PAA,
and PDA, are presented in Fig. 3. Before binding to the nano-
particles, the C=0 stretching peak of PAA at ~1700 cm™" red-
shifted and split into COO™ antisymmetric stretching vibrations

Fig. 5 Images of (a) aqueous solution samples and (b) powder samples
of GdEu,Tb,;_,Os@PAA/PDA nanoparticles (x = 0, 0.1, 0.3, 0.5, 0.7, 0.9,
and 1) under 254 nm UV irradiation, illustrating the colour tuning
between green and red by adjusting x. (c) CIE (1931) chromaticity
system, showing the colour tuning between green and red.
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at ~1548 cm™' and symmetric stretching vibrations at
~1396 cm™" after binding to the nanoparticles®>*® (Fig. 3). This
shift and splitting indicate bidentate*” electrostatic (ie., hard
acid-base*®) binding of COO™ groups of PAA to the Ln®* of the
nanoparticles. The C=O0 stretching peak intensity at ~1700 cm™"
increased after PDA binding to the nanoparticles compared to
that before binding (Fig. 3), confirming the successful electro-
static binding of COO™ groups of PDA to the Ln** of the nano-
particles. Key absorption peak frequencies, supporting the suc-
cessful PAA and PDA grafting on the nanoparticles, are provided
in Table S2.}

Surface-grafting amount of PAA

The major grafting ligand on the nanoparticle surfaces was
PAA, given its larger quantity (1 mmol) compared to PDA
(10-50 pmol) used during synthesis. Surface-grafting amounts
(S) were determined in wt% from TGA curves. Fig. 4 illustrates
mass drops due to water and air desorption between room
temperature and ~110 °C. Afterward, PAA and PDA were
removed from the nanoparticles at temperatures up to ~410 °C
due to a combustion reaction with flowing hot air. Estimated
grafting amounts for PAA and PDA were ~63% (Table 1), after
accounting for water and air desorption. Then, TGA curves
remained flat, indicating remaining mixed lanthanide oxide
nanoparticles with a wt.% of ~28% (Table 1), as confirmed by
the crystalline XRD patterns after TGA (Fig. S3 in ESIf). The
average number of PAA polymers grafting a nanoparticle unit
surface area, ie., surface-grafting densities (5)," and the
average number (Npya) of PAA polymers grafting a nanoparticle
surface were estimated to be ~1.9 nm™> and ~25, respectively
(Table 1). These estimates relied on the above-estimated
surface-grafting wt% of PAA polymers (excluding minor PDA
surface-grafting wt%), d,,,s obtained from HRTEM images,
and mole% averaged bulk densities®® of different Ln,O; (Ln =
Eu, Gd, and Tb).

Optical properties: colour tuning, excitation and PL spectra,
absolute QYs, and emission lifetimes

Colour tuning. The lanthanide ion concentrations used for
all optical property measurements are provided in Table S3.}

Table 2 Optical (lex, absolute QY, and 1) properties, water proton spin relaxivities (r; and r,), and X-ray attenuation efficiency () of
GdEu,Tb,_,Os@PAA/PDA nanoparticles in aqueous media (x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1)

Absolute QY

(%) 7 (ms) RAETTmMTY) RYETTmMTY) g (HUmM Y
x dex(nm) NoPDA PDA 616 nm peak (Eu) 545 nm peak (Tb) No.PDA PDA No.PDA PDA 35kvp 50kvp 75kvp
0 290 7.9 35.8 — 1.850 — — — — 12.0 10.0 9.7
0.1 289 5.8 36.2 1.113 1.447 43.4 31.3 95.7 58.6 — — —
0.3 289 7.3 34.1 0.700 1.222 45.2 26.1 88.0 484 — — —
0.5 287 3.8 39.7 0.910 1.369 49.0 34.7  88.0 63.8 — — —
0.7 289 2.5 31.2 0.843 1.361 — — — — — — —
09 288 2.3 20.0 0.811 1.429 60.8 38.2 95.6 706 — — —
1 288 6.9 51.6  0.413 — — — — — 10.8 9.0 9.1

“For ry, 1, and 7, total concentration of (Eu + Gd + Tb) was used.
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Eu and Tb emit red (616 nm) and green (545 nm) light,"*>®
respectively, while Gd is optically transparent in the visible
range.’ Fig. 5a & b show GdEu,Tb,_,0;@PAA/PDA nanopatrticle

300 -
0
250' '_0.1
> | 0.3
< 200 -y
(]
£ 150 ___g;
T 1001 1
50
0"

200 300 400 500 600 700 800
Wavelength (nm)

Fig. 6 PL spectra of GdEu,Tb;_,Os@PAA/PDA nanoparticles in aqueous
media (x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1) obtained using Ae,s (Table 2).
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solution and powder sample images under 254 nm UV light
irradiation, demonstrating colour tuning between green and red
with strong emission intensity by varying x from 0 to 1.
Additionally, the colour tunability is displayed in the
Commission International de TIEclairagein (CIE) (1931)
system®®**?® (Fig. 5¢) with CIE chromaticity coordinates (,b) for
all values of x listed in Table S4 (ESIt). The approximate colour
corresponding to each CIE coordinate (a,b) in Fig. 5¢ is provided
in Table S4.F Fig. 5¢ shows that the CIE coordinates (a,b) align
with previous studies,”*® and CIE coordinate ‘b’ varies linearly
with ‘@’ as b = 0.77715-0.65297a, consistent with the findings of
Qin and Tang.*! The CIE coordinates for reddish orange (x = 1; a
= 0.6197, b = 0.3706) and yellowish green (x = 0; @ = 0.3141, b =
0.5674) of the nanoparticles closely match the red (0.67, 0.33) and
green (0.21, 0.71) coordinates of the National Television Standard
Committee (NTSC),>* suggesting the suitability of the nano-
particles for colour display applications. Although not studied
here, the GdEu,Tb,_,O;@PAA/PDA nanoparticles may also emit
visible photons under X-ray irradiation,”*>* valuable for use as
X-ray scintillators in X-ray imaging.
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Fig. 7 TRF spectra of GdEu,Tb;_,O3@PAA/PDA nanoparticles in aqueous media (x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1). The ey, Aem. and 7, (LN = Eu or
Tb) indicate excitation wavelength, emission wavelength, and photoemission lifetime, respectively. The intensity was normalized relative to that at

time = 0.
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Excitation spectra

To determine the excitation wavelengths (1) for taking PL
spectra, excitation spectra of GdEu,Tb;_,O3;@PAA/PDA nano-
particles in aqueous media (Fig. S41) were measured using the
most intense emission peaks of Tb at 545 nm and Eu at
616 nm as references. The resulting A.x values are provided in
Table 2. These A, values closely match the strong absorption
peaks of PDA at ~275 nm in its pure and conjugated nano-
particle (x = 0, 1) UV-visible absorption spectra (Fig. S5t). This
similarity indicates that PDA, acting as a photosensitizer,
efficiently absorbs photons at 260-295 nm and transfers
energy to the GdEu, Tb,;_,O3;@PAA/PDA nanoparticles.

PL spectra

The PL spectra of GdEu,Tb;_,O;@PAA/PDA nanoparticles in
aqueous media showed strong emission from Eu*" and Tb** at
the determined As (Fig. 6). The transition wavelengths and
assignments are detailed in Table S5 (ESIf). The peaks exhibited
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sharp, atomic-like transitions [full widths at half maximum
(FWHM) = ~10 nm] and significant Stokes shifts (>200 nm).
These exceptional optical properties contrast with organic dyes
with typically broad emission peaks and smaller Stokes shifts
(<50 nm). Similarly, QDs exhibit somewhat narrow peak FWHMSs
(~20 nm) but smaller Stokes shifts (<50 nm).>

Absolute QYs

The absolute QYs measured in aqueous media are presented
in Table 2. These values are 7 to 10 times higher than those
without PDA (Table 2), demonstrating the crucial role of photo-
sensitization for the lanthanides. These QY values are compar-
able to or higher than those of organic dyes.>®

Photoemission lifetimes and energy transfer efficiencies

The photoemission lifetimes (z5) of GdEu,Tb;_,O;@PAA/PDA
nanoparticles in aqueous media were estimated from time-
resolved fluorescence (TRF) spectra and by fitting the spectra

80

(b) With PDA .

.05 M
v 0.9
+ 0.1
<« 0.3

AT,
> 05 2
« 0.9
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Gd+Eu+Tb concentration (mM)
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Fig. 8 Plots of 1/T; and 1/T, against concentrations (mM) of Eu + Gd + Tb for (a) GdEu,Tb;_,O3z@PAA nanoparticles and (b) GdEu,Tb;_,Oz@PAA/
PDA nanoparticles in aqueous media (x = 0.1, 0.3, 0.5, and 0.9). The slopes represent ry and r, values, respectively. Ry and R, maps with varying Eu +
Gd + Tb concentrations (mM) for (c) GdEu,Tb;_,Os@PAA nanoparticles and (d) GdEu,Tb,_,Os@PAA/PDA nanoparticles in aqueous media. The values

below the maps indicate 1/T; (= Ry) and 1/T> (= R») values (s™3).
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to an exponential decay function (Fig. 7). The obtained z
values were ~1 ms (Table 2), significantly 10°> to 10° times
longer than those of organic dyes (~10° s)°**” and QDs
(~107® 5).°>%® These longer emission lifetimes are highly valu-
able as they enable background-free signals through time-
delayed signal measurements, a capability not achievable with
organic dyes and QDs. Note that 7 values of Eu*" (x = 0.1 to
0.9) increased with respect to that of x = 1 whereas 7 values of
Tb** (x = 0.1 to 0.9) decreased with respect to that of x = 0.
This is attributed to the energy transfer from Tb*" to Eu®** in
GdEu,Tb,_,0;@PAA/PDA nanoparticles.’® ! The energy trans-
fer efficiency (7gr) was estimated using the formula gy = 1 —
(72/70) in which x = 0.1 to 0.9. The estimated ngr values were
~0.25, as provided in Table S61 and plotted in Fig. S6.1 These
appreciable ygr values indicate an efficient energy transfer
between nearby electronic energy levels of Tb*" and Eu®" in the
nanoparticles.

Water proton spin relaxivities

The water proton spin relaxation times and map images were
measured before and after the conjugation of PDA to the
GdEu,Tb,_,O;@PAA nanoparticles. Four samples (i.e., x = 0.1,
0.3, 0.5, and 0.9) were measured since Gd primarily affects
water proton spin relaxation due to its very high 4f-electron
spin (s = 7/2). Longitudinal (r;) and transverse (r,) water proton
spin relaxivities were estimated from the slopes of inverse
longitudinal (T;) and transverse (T,) water proton spin relax-

View Article Online
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ation times plots versus (Eu + Gd + Tb) concentrations (Fig. 8a
& b and Table 2). All r; and r, values were considerably higher
than those (4-5 s mM ') of commercial Gd(m)-chelates for
T, MRI contrast agents."®* R, and R, map images exhibited
clear dose-dependent contrast enhancements (Fig. 8c & d),
indicating the potential of GdEu,Tb;_,O;@PAA and
GdEu,Tb,;_,O;@PAA/PDA nanoparticles as superior T; MRI
contrast agents compared to commercial Gd-chelates. These
results are owing to a high density of Gd** (s = 7/2) ions per
nanoparticle, combined with good colloidal stability of the
nanoparticles. Given that r,/r; ratios are small (<2), the
GdEu,Tb,_,O;@PAA and GdEu,Tb,_,O;@PAA/PDA nano-
particles are better suited as 7; MRI contrast agents rather
than T, MRI contrast agents, similar to Gd(m)-chelates.'®™
The water-attracting capacity of the nanoparticles, and conse-
quently, their r; and r, values are affected by surface-grafting
materials. As shown in Table 2, the r; and r, values of the
GdEu,Tb;_,O3;@PAA/PDA nanoparticles were lower than those
of the GdEu,Tb;_,O;@PAA nanoparticles due to PDA being
less hydrophilic than PAA, reducing the water-attracting
capacity of the nanoparticles.

X-ray attenuation properties

The X-ray attenuation power increases with increasing atomic
number (2).”°*% Considering that Eu (Z = 63), Gd (Z = 64),
and Tb (Z = 65) have similar atomic numbers, two samples of
GdEu,Tb,;_,O;@PAA/PDA nanoparticles (x = 0 and 1) under-
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Gd+Eu+Tb or | concentration (mM)

(a) X-ray phantom images and (b) X-ray attenuation power plots of GdEu,Tb; ,Os@PAA/PDA nanoparticles in aqueous media for x = 0

(53.9 mM [Gd + Tb]) and x = 1 (73.4 mM [Eu + Gd]) at X-ray source voltages of (i) 35, (ii) 50, and (iii) 75 kVp. Water and Ultravist were used as

references.
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went X-ray phantom image measurements in aqueous media.
Additionally, the Ultravist, a commercial iodine (Z = 53)-based
CT contrast agent, was measured for comparison. As shown in
Fig. 9a, the phantom images of the nanoparticle samples in
aqueous media appeared brighter than those of Ultravist at
similar atomic concentrations, indicating the superiority of
GdEu,Tb,_,O;@PAA/PDA nanoparticles over iodine-based CT
contrast agents. To demonstrate this quantitatively, the X-ray
attenuation power was estimated using the phantom images in
Hounsfield units (HU). The formula HU = 1000 (¢sample —
Hwater)/ Hwater Was used, where u represents the linear attenu-
ation coefficient of the materials estimated from the phantom
images. As illustrated in Fig. 9b, the samples exhibited higher
X-ray attenuation power than Ultravist across X-ray source vol-
tages of 35, 50, and 75 kVp. X-ray attenuation efficiencies (1;
HU mM ') were ~10 HU mM ™" (Table 2), obtained by dividing
observed X-ray attenuation power by atomic concentration
(53.9 mM [Gd + Tb] and 73.4 mM [Eu + Gd]), ~2 times higher
than those of Ultravist (4.0, 5.3, and 5.9 HU mM " at X-ray
source voltages of 35, 50, and 75 kVp, respectively, estimated
from the slopes in Fig. 9b-i, b-ii, & b-iii). These findings affirm
the potential of GdEu,Tb,_,O;@PAA/PDA nanoparticles as CT
contrast agents.

Cell viability

Given that all nanoparticle samples contain Eu, Gd, and Tb,
two samples of GdEu,Tb;_,O;@PAA/PDA nanoparticles (x = 0
and 1) underwent MTT cell viability assay. Fig. 10 illustrates
that cell viabilities for AML12 and Hek293 cells remained

(a)x=0 mmAML12 mmHek293

100

\,
¢

Cell viability (%)
8

)
o

0 10 50 100 200 500
Tb+Gd concentration (uM)

(b)x=1 mEAML12 mm Hek293
100-

75
50

25

Cell viability (%)

10 50
Eu+Gd concentration (uM)

100 200 500

Fig. 10 MTT cell viability assay results for AML12 and Hek293 cells fol-
lowing a 48 h incubation with GdEu,Tb,;_,Os@PAA/PDA nanoparticles [x
=(a) 0 and (b) 1.
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>90% at concentrations of up to 500 pM [Eu + Gd] and [Gd +
Tb] for the two samples, indicating low cytotoxicity and thus
the suitability of GdEu,Tb;_,O;@PAA/PDA nanoparticles for
biomedical applications.

Conclusions

In summary, GdEu,Tb,_,O;@PAA/PDA nanoparticles (x = 0,
0.1, 0.3, 0.5, 0.7, 0.9, and 1) were synthesized with d,,, =
~2.0 nm. These nanoparticles exhibited colloidal stability (no
precipitation in aqueous media for >1 year) and high cell viabi-
lity (>90%). They demonstrated multiple exceptional properties
within a single nanoparticle, suitable for various applications
as follows:

1. The nanoparticles can transition between green (545 nm)
and red (616 nm) by adjusting x, along with high absolute QYs
(>30%) and long emission lifetimes (~1 ms) in aqueous media.
This capability, facilitated by PDA conjugation as a photosensiti-
zer, makes the nanoparticles suitable for optical imaging, noise-
free signal detection, and colour display applications.

2. They exhibited r; values ~10 times higher than those of
commercial Gd-chelate-based T; MRI contrast agents, with
small r,/r; ratios (<2), and 5 values ~2 times higher than those
of commercial iodine-based CT contrast agents, making them
suitable as both T; MRI and CT contrast agents.
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