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Highly uniform YzAl,Gas;Oq,-based nanophosphors for
persistent luminescence bioimaging in the visible and NIR
regions

Y3 AlLGaz Oy, doped with Ce, Cr, and Nd is one of the most
interesting phosphors with persistent visible and NIR
emissions. This paper describes a synthesis method to
fabricate perfectly spherical and uniform nanoparticles

of this material. The nanospheres form very stable

colloids, present persistent luminescence, and absence

of cytotoxicity, which make them ideal candidates as
luminescent probes for bioimaging. Likewise, the possibility
of manufacturing garnet-based nanoparticles opens the
door to the development of new applications that require
nanoparticulated luminescent materials, such as devices for
data storage or anti-counterfeiting technology.
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Highly uniform YzAl,GaszO,,-based nanophosphors
for persistent luminescence bioimaging in the
visible and NIR regionsf

Encarnacién Arroyo, (22 Beatriz Torres Herrero, (2° Jesus M. de la Fuente,”
Manuel Ocaria ® ® and Ana |. Becerro (2 *@

In the last few years, persistent phosphors with a garnet crystal structure have attracted a great deal of
interest for a plethora of applications ranging from bioimaging to anti-counterfeiting technologies.
However, the development of synthesis methods to fabricate uniform garnet-based micro and nano-
particles, that are needed for such applications, is not mature at all. This study reports the synthesis of
highly uniform yttrium aluminum gallium garnet nanospheres. The method is based on homogeneous
precipitation in a polyol medium followed by silica coating and calcination. The nanoparticles resulting
after silica removal were also uniform and were easily functionalized with polyacrylic acid. The colloidal
stability of the latter in physiological media and their biocompatibility were analyzed. The luminescence of
the particles, doped with Ce®*, Cr**, and Nd**, was studied by recording emission and excitation spectra
and persistent luminescence decay curves. Due to their uniform morphology, high colloidal stability,
absence of toxicity, and persistent emission in the visible and near-infrared regions, the reported nano-
spheres show great potential as persistent luminescent bioimaging probes. In addition, the synthesis
method paves the way for future use of this persistent material in other applications that require the phos-
phor to be in the form of highly uniform nanoparticles.

with emission in the deep-red region centered at 695 nm.*”
Such emission wavelength is inside the first biological window

Persistent luminescence (PL) phosphors are materials showing
continuous luminescence, from several minutes to hours, after
the stoppage of the excitation with ultraviolet (UV) light,
visible light, or X-rays. PL phosphors are used in very different
applications, ranging from toys and security signaling to antic-
ounterfeiting, LED technology, and bioimaging."” PL phos-
phors are especially interesting for bioimaging applications
since they are charged before injection into biological tissues,
thus preventing tissues autofluorescence and resulting in a
higher signal to noise ratio of the bioimage.® In addition,
removal of external UV or X-rays illumination avoids the
damage to living tissues. This optical bioimage approach
motivated, since the beginning of the last decade, considerable
development of persistent phosphors based on ZnGa,0,:Cr*",
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(650-950 nm), where absorption and scattering from blood
and water in organisms are reduced and light penetration is
consequently increased. PL phosphors based on Y;Al;_,Ga,O1,
garnet (YAGG, x from 0 to 5) have also been the focus of
numerous studies in the last decade. In 2015, Tanabe’s group
developed YAGG:Cr** phosphors showing deep red PL. The
persistent radiance of the optimized composition
(Y3Als_,Ga,04,:Cr*" where x = 3) was even higher than that of
the ZnGa,0,:Cr*" persistent phosphor, which makes this phos-
phor an ideal candidate for bioimaging.® The same research
group also demonstrated that Y;Al,Ga;0y,:Ce*",Cr*",Nd**
phosphor showed near-infrared (NIR) long PL at multi-wave-
lengths of around 880, 1064, and 1335 nm after excitation with
blue light thanks to the efficient energy transfer (ET) from Ce**
to Nd** in garnet hosts, Cr’* ions acting as electron trapping.’
The intense NIR PL bands from Nd** match well with the first
and also with the second biological window (1000-1400 nm),
where radiation presents deeper tissue penetration and pro-
duces lower autofluorescence, thus resulting in higher spatial
and temporal bioimages compared to the first window."°

It is well established that the use of probes for biological
applications requires nanoparticulated materials with uniform

This journal is © the Partner Organisations 2022
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shape and appropriate size (<200 nm).'' Moreover, nano-
particles (NPs) should be colloidally stable in physiological
media and present no toxicity, the latter being especially
important for in vivo assays.'” Despite the interesting PL pro-
perties of YAGG-based phosphors, which exceed the perform-
ance of most other persistent phosphors, it is surprising that
the development of synthesis methods to fabricate uniform
YAGG micro and nanoparticles is not mature at all. YAGG-
based PL phosphors were fabricated by the authors cited above
by solid-state reaction at 1600 °C, which produces highly sin-
tered material. Other synthesis methods like the Pechini sol-
gel,"®'" modified Pechini sol-gel,"” and coprecipitation,'® fol-
lowed by calcination at high temperature, were also employed
to synthesize YAGG-based PL phosphors. All these methods
led to ceramic materials with uncontrolled shape and size, not
useful for the aforementioned bio-applications. The only syn-
thesis method with a certain control over particles growth was
that reported by Wu et al.,'” consisting of a salt microemulsion
method. The method rendered irregular YAGG nanoparticles
with an average size of 92 nm and hydrodynamic diameter of
255 nm, which indicated that the NPs were aggregated in
water. It is highly desirable, therefore, to exploit new methods
for the synthesis of colloidally stable YAGG-based nano-
particles with controlled shape and size and long NIR PL, and
absence of toxicity, which can substantially promote their
application in bioimaging.

In this study, we describe the synthesis of highly uniform
Y;A1,Ga304,:Ce*",Cr** ,Nd** nanophosphors through solvo-
thermal reaction in polyol medium at 225 °C. The reaction ren-
dered perfect nanospheres that were subsequently covered
with a silica shell and calcined at high temperature to improve
their luminescence properties. After silica removal, the NPs
were functionalized with poly(acrylic acid) (PAA), and their col-
loidal stability was thoroughly evaluated in different physio-
logical media. The luminescence properties of the resulting
Y;Al,Gaz0,,:Ce’*,Cr*",Nd** NPs were analyzed in terms of exci-
tation and emission spectra and PL decay curves of the visible
and NIR emissions. Finally, cytotoxicity was thoroughly
assessed in MIA PaCa-2 cell line by MTT ((3-(4,5-dimethyl-
thiazol-2-y1)-2,5-diphenyltetrazolium bromide) assay to evalu-
ate the applicability of YAGG-based NPs as PL bioprobes. This
is, to the best of our knowledge, the first time that colloidal
YAGG-based nanoparticles are reported in the literature.

2. Experimental

2.1. Materials

2.1.1. Chemicals. Chemicals used for particles synthesis:
yttrium(m) acetate hydrate ((CH3CO,);Y-xH,O, Sigma Aldrich,
99.9%), aluminum isopropoxide (Al[OCH(CH3;),];, Sigma
>98%), aluminum acetylacetonate (C;5H,,AlOg, Sigma Aldrich,
99.99%), gallium(ur) acetylacetonate (C;5H,;GaOg, Sigma
Aldrich, 99.99%), gallium(m) nitrate hydrate (Ga(NOs);-xH,O,
Sigma  Aldrich  99.9%), cerium(m) acetate hydrate
((CH3CO,)3Ce-xH,0, Sigma Aldrich, 99.99%), chromium(u)
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acetate hydroxide ((CH3CO,),Cr;(OH),, Sigma Aldrich), neody-
mium(m) acetate hydrate ((CH;CO,);Nd-xH,0, Sigma Aldrich,
99.9%), 1,4-butanediol (BG, Sigma Aldrich, 99%), diethylene
glycol (DEG, Sigma Aldrich, 99%), ethylene glycol (EG, Sigma
Aldrich, 99.8%), glycerol (Gly, Sigma Aldrich, >99.5%).

Chemicals used for silica coating: ethanol absolute for ana-
lysis (Emsure), ammonia (NH;, Panreac, 30%), TEOS (30% tet-
raethyl orthosilicate (CgH,00,Si, Sigma Aldrich), hydrochloric
acid (HCI, Panreac, 37%).

Chemicals used for particles functionalization and study of
colloidal stability: poly(acrylic acid) (PAA, average M,, ~ 1800,
Sigma Aldrich), 2-(N-morpholino)ethanesulfonic acid (MES,
CeH;13NO,S-H,0, Sigma Aldrich, >99%), phosphate-buffered
saline (PBS, Sigma Aldrich), physiological saline solution
(NaCl-0.9%, Braun), sodium hydroxide (NaOH, >98%, Sigma
Aldrich).

Chemicals used for cytotoxicity study: MIA-PaCa-2 cells,
complete Advanced Dulbecco’s Modified Eagle Medium
(cDMEM; Gibco®, Thermo Fisher Scientific), fetal bovine
serum (FBS, BioWhittaker™), glutaMAX™, penicillin/strepto-
mycin (Gibco®, Thermo Fisher Scientific), Triton X-100,

MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide).
2.1.2. Synthesis of Y;Al,Ga;04,:Ce**,Cr**,Nd** nano-

particles (AP-NPs). YAGG:Ce®",Cr’*,Nd** nanoparticles with
nominal composition (Y;.955C€0.015Ndg.03)(Al1.999CT0.001)Ga3015
were fabricated following a solvothermal method. Doping con-
centration was taken from Xu et al.® Yttrium acetate (7.3875 x
10~" mmol), aluminum isopropoxide (4.9975 x 10~' mmol),
gallium acetylacetonate (7.5 x 10~' mmol), cerium acetate
(3.75 x 10~* mmol), chromium acetate (2.5 x 10~* mmol), and
neodymium acetate (7.5 x 10~> mmol) were dissolved in a total
volume of 5 mL, mixture of BG/DEG (volumetric ratio 90/10).
The suspension was stirred at 60 °C for 24 h at 400 rpm. The
resultant milky solution was poured into a Teflon-lined hydro-
thermal reactor (V; = 25 mL) and heated at 225 °C for 7 days.
The white precipitate collected was washed three times with
ethanol and twice with distilled water using an ultracentrifuge.
The as-prepared NPs will be called AP-NPs from now on.

2.1.3. Coating AP-NPs with SiO, (AP-NPs@8SiO,). To avoid
aggregation during thermal treatment, the AP-NPs were coated
with a silica layer following a modified Stober method'® and
optimizing the parameters of the synthesis to obtain the
desired shell thickness. Briefly, the method was as follows:
5 mL of an ethanol suspension of AP-NPs (3.03 mg mL™") was
prepared with help of sonication. This dispersion was poured
in a Pyrex tube with the addition of distilled water (0.050 mL
water per mL EtOH), NH; (0.150 mL NH; per mL EtOH), and
TEOS (4.805 pL TEOS per mL EtOH). The resulting mixture was
stirred at 200 rpm in a water bath at 50 °C for 1 hour. After
being aged, it was washed three times with EtOH and twice
with distilled water by centrifugation. The obtained suspen-
sion was dried at 60 °C. The resultant NPs will be called
AP-NPs@SiO, from now on.

2.1.4. Calcination of AP-NPs@8SiO, and removal of silica
shell (C-NPs). The AP-NPs@SiO, were annealed at 1000 °C in
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air for 4 h at 10 °C min™" using an alumina well covered by
another alumina well. The calcined sample (28 mg) was sus-
pended in 0.745 mL of diluted (3%) HF and stirred at 20 °C for
3 h at 300 rpm. The resulting dispersion was washed three
times with distilled water by centrifugation. The resultant NPs
will be called C-NPs from now on.

2.1.5. Functionalization of C-NPs (C-NPs@PAA). The NPs
obtained after calcination and removal of silica shell were
functionalized with PAA to improve their colloidal stability in
physiological media. For this purpose, 10 mg of C-NPs were
dispersed in 10 mL of Milli-Q water and the pH was increased
to 10 using 1 M NaOH solution. Subsequently, 20 mg PAA were
added and the pH was increased to 10 with NaOH. The resul-
tant suspension was stirred at 20 °C for 1 h at 250 rpm and the
product was washed three times with distilled water by
centrifugation.

2.2. Characterization techniques

2.2.1. Morphological and structural characterization. The
morphology of the NPs was examined by using a transmission
electron microscopy (TEM, JEOL2100Plus). The micrographs
were used to estimate the mean particle size by measuring
several hundreds of particles using the free software Image].
The hydrodynamic diameter of the NPs was measured by
using a Malvern Zetasizer Nano-ZS90. A JASCO FT/IR-6200
IRT-5000 instrument was used to measure FTIR spectra of a
pellet with the powdered sample diluted in KBr. A Panalytical
X*Pert Pro diffractometer (CuKa) with an X-Celerator detector
over an angular range of 10° < 20 < 120°, step width of 0.05 °20
and 1 s measuring time per step, was used to examine the crys-
talline phase of the NPs.

2.2.2. Optical characterization. An Edinburgh FLS100 spec-
trofluorometer equipped with a PMT NIR detector was used to
record the excitation and emission spectra of the powders in a
quartz cell (20-C/Q/0.5, Starna Scientific). The same equipment
was used to record Ce*" (Aem = 520 nm) and Nd** (lem =
880 nm) PL decay curves after illumination at 430 nm for
5 minutes. The excitation and emission slits were opened to
maximize the intensity and a neutral density filter (OD 3) was
placed in the emission pathway to avoid saturation of the
detector during the excitation. The filter was quickly removed
to record the PL decay curves.

2.2.3. Cytotoxicity study. The effect of C-NPs@PAA on
MIA-PaCa-2 cells was studied by evaluating the cell viability by
MTT. Cells were cultured at 37 °C in a 5% CO, atmosphere in
c¢DMEM supplemented with 10% FBS, 2 mM glutaMAX™, and
100 U mL™" of penicillin/streptomycin. Briefly, MIA-PaCa-2
cells were seeded in 96 well plates at 5000 cells per well. The
cells were incubated for 48 h under cell culture standard con-
ditions and exposed to C-NPs@PAA at different concentrations
of 8, 16, 31, 62.5, 125, 250, 500, and 1000 pug mL™. 0.5% of
Triton X-100 was used as a death control. Cells were further
incubated for 24 h. After exposure, 10 pL of 5 mg mL™" MTT
solution was added and incubated light-protected under
culture conditions for 2 hours. Absorbance intensity at 540 nm
was recorded using a Multiskan™ FC Microplate Photometer.

2456 | Inorg. Chem. Front, 2022, 9, 2454-2461
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Untreated cells were used as the control. Viability was deter-
mined with respect to the untreated cells.

3. Results and discussion

3.1. Synthesis and characterization of Y;Al,Ga;04,:Ce*",Cr*",
Nd** nanoparticles

In this study, Y;Al,Ga;0;,:Ce*",Cr** Nd*" nanoparticles have
been prepared by precipitation from homogeneous solutions
making use of the complexing ability of polyols.'® Fig. 1 (top,
a) shows TEM micrographs, taken at different magnifications,
of the precipitate obtained after aging, at 225 °C for 7 days, a
BG/DEG (volumetric ratio 90/10) solution containing stoichio-
metric amounts of yttrium, cerium, neodymium, and chro-
mium acetate, aluminum isopropoxide, and gallium acetyl-
acetonate. The method rendered well-dispersed nanospheres

230 =10
270 e =10 270
. 240- 240
g 184 nm (c = 8) B
> 2104 ° 163 nm(c— 17)_210
N
7 180 1 180
150 | ° 150
120 -120
AP-NPs C-NPs

Fig. 1 Top: TEM micrographs recorded at different magnifications of (a)
as-prepared NPs (AP-NPs), (b) AP-NPs covered with a silica shell
(AP-NPs@SiO,), and (c) AP-NPs@SiO, after calcination and HF washing
(C-NPs). Bottom: Size distribution curves obtained from the TEM micro-
graphs of the AP-NPs (green dots), AP-NPs@SiO, (blue dots), and C-NPs
(red dots). ¢ stands for standard deviation.
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(called here AP-NPs) with an average diameter of 185 (¢ = 8)
nm (as indicated by the histogram shown in Fig. 1 (bottom)).
The nanospheres could be easily dispersed in water as shown
by their hydrodynamic diameter (228 nm, Fig. S1}), which was
very similar to the value measured on the TEM micrographs,
indicating the practical absence of particle aggregation.

The experimental XRD pattern of the AP-NPs is shown in
Fig. 2 (top). The reflections matched well with those of
Y;Al,Gaz04, reported in PDF 01-075-0556. No additional reflec-
tions were observed in the pattern, which demonstrates the
purity of the reaction product. The XRD pattern was analyzed
using the Rietveld method to obtain the unit cell parameters
of the YAGG crystal structure. The starting structural para-
meters were taken from Nakatsuka et al'® for undoped
Y;Al1,Ga;04,. The resulting calculated pattern is shown in
Fig. S2,7 together with the experimental one and the difference
curve. It can be observed that all reflections could be success-
fully fitted on the basis of a cubic unit cell with space group
Ia3d (230), corresponding to the crystal structure of all
members in the yttrium aluminum garnet family. The cubic
cell parameter of the AP-NPs was 12.196(1) A, which is slightly

El
g
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g
O
=
Q
n
o
< N\
Q;H “\ “\O.L /’//\“\‘ \
T T~ @ e o VY
3750 3000 2250 1500 750

Wavenumber (cm™)

Fig. 2 Top: XRD patterns of the AP-NPs (a) and C-NPs (b) together with
the reflections corresponding to YzAl,GazOi, garnet (PDF 01-075-
0556). Bottom: FTIR spectra of the AP-NPs@SiO, (a), C-NPs (b), and
C-NPs@PAA (c).
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larger than that reported for wundoped Y;Al,Gaz;0q,,
(12.155 A).*® This result can be explained as the effect of Ce**
and Nd** dopants, replacing smaller Y**, on the unit cell size.

The experimental conditions described above for the syn-
thesis of uniform Y;Al,Ga;0;,:Ce*",Cr** ,Nd** NPs were found
to be very restrictive, as the change of any of them, keeping the
rest constant, did not result in the precipitation of small,
uniform particles as those in Fig. 1. For example, the use of
gallium isopropoxide or gallium nitrate instead of gallium
acetylacetonate resulted in heterogeneous, aggregated nano-
particles (Fig. S3a and b,T respectively). Likewise, the use of
aluminum acetylacetonate instead of aluminum isopropoxide
did not render uniform particles (Fig. S3ct). The nature of the
polyols used as solvent had also a drastic influence on the
morphology of the precipitate. Specifically, the use of EG or
glycerol instead of DEG in the BG/DEG mixture gave rise to the
precipitation of heterogeneous particles (Fig. S3df) and an
amorphous precipitate (Fig. S3ef), respectively. The BG/DEG
ratio determined the NPs size so that both higher and lower
BG/DEG ratios (Fig. S3f and g, respectively) gave rise to bigger
NPs than those in Fig. 1. Reaction times shorter than 7 days
resulted in a mixture of small NPs plus an amorphous precipi-
tate (Fig. S3hf). The amount of the latter decreased with
increasing reaction time and it fully disappeared after 7 days.
The reaction temperature was found crucial to obtain uniform
nanospheres, as heating at a lower temperature (170 °C) did
only result in the precipitation of an ill-defined precipitate
(Fig. S3it). Finally, the use of double or half reactants concen-
tration than those described in Fig. 1 led to, respectively, a
heterogeneous precipitate (Fig. S3jT) and to spherical NPs with
a broad size distribution (Fig. S3kt), respectively.

This is, to the best of our knowledge, the first time that
nanoparticles of Y;Al,Ga;0,,:Ce®",Cr**,Nd*>" with a well define
shape and uniform size are reported in the literature. The syn-
thesis of uniform nanoparticles of other garnet-based struc-
tures with interesting optical properties such as Gd;Al,Ga;04,
or Y3;Sc,GazO;, is missing in the literature, while limited
examples of uniform Y;Al;04,-based NPs can be found in a
recent review by Berends et al.*°

The AP-NPs were subsequently coated with a uniform silica
shell using the modified Stober method. The coating aimed to
preserve the shape and size of the particles during calcination
through the formation of a silica layer around the spheres that
could be removed after the thermal process. The TEM micro-
graphs in Fig. 1 (top, b) demonstrate that the method yielded a
uniform shell on the NPs surface. The size of the AP-NPs
increased from 185 (o = 8) to 230 (¢ = 10) nm after the coating
process (Fig. 1, bottom), which corresponds to a shell thick-
ness of 22 nm. The FTIR spectrum of the coated NPs (Fig. 2,
bottom) confirms the success of the silica coating, as revealed
by the strong doublet band located at 1090 cm™ and
1220 em™" and a weaker band at around 948 cm™", which orig-
inate from the characteristic vibrational stretching Si-O modes
and surface silanol (Si-OH) groups, respectively.”’ The FTIR
spectrum shows as well two intense bands located at low wave-
numbers (795-250 cm™") that are assigned to metal-oxygen

Inorg. Chem. Front., 2022, 9, 2454-2461 | 2457
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vibrations of the garnet lattice’® and the characteristic stretch- infrared (NIR) long PL in the NIR region due to 4f electronic
ing (~3400 cm™') and bending (~1637 cm™') modes of water transitions of Nd* ions after excitation with blue light thanks
molecules adsorbed on the NPs surface. to the efficient energy transfer (ET) from Ce®* to Nd** in garnet

The AP-NPs@8SiO, were subsequently calcined at 1000 °C in  hosts, Cr’* ions acting as electron trapping. The green curve in
air and the calcination product was then washed with HF Fig. 3a corresponds to the photoluminescence emission spec-
giving rise to highly uniform NPs (C-NPs) (Fig. 1, top, c¢) with  trum of the AP-NPs recorded under 430 nm excitation (corres-
an average diameter of 163 (¢ = 17) nm (Fig. 1, bottom). The ponding to the 4f-5d, transition in Ce** ions).>® The spectrum
lower size of the C-NPs compared with the AP-NPs could be showed a typical Ce®*":5d-4f strong broad band emission cen-
due to the shrinkage caused by the calcination process. Their tered at 520 nm. A weak peak can also be observed at 692 nm
hydrodynamic diameter (228 nm) (Fig. S1t), only slightly corresponding to the emission of Cr’* ions (*E — “A,).
larger than the size obtained from the TEM micrographs, indi- However, despite the highly efficient Ce** — Nd** energy trans-
cated that the C-NPs were well dispersed in water. The C-NPs  fer described in garnet hosts,*** no emission from Nd** could
showed the same crystalline phase as the AP-NPs (Fig. 2, top) be detected in this sample. The reason behind this could be
and a very similar cubic cell parameter (12.205(1) A). The the temperature of the solvothermal method used here to syn-
characteristic bands of SiO, are absent in the FTIR spectrum thesize the AP-NPs. This temperature, much lower than those
of C-NPs (Fig. 2, bottom), which demonstrates the efficacy of used in classical solid-state reactions, leads to defect crystal
HF washing to fully remove the silica coating. lattices that considerably reduce the intensity of the lumines-
cent emission.>” To minimize this effect, the AP-NPs were sub-
mitted to calcination preceded by silica coating to avoid NPs
aggregation, as described above. The emission spectrum of the
Xu et al.” demonstrated that Y;Al,Ga;O4,: Ce®",Cr*",Nd*" bulk resulting C-NPs (Fig. 3a, blue line) did clearly show, in
phosphor synthesized by solid-state reaction showed near- addition to more intense Ce** and Cr’* bands, several sharp

11

3.2. Luminescent properties of Y;Al,Ga;04,:Ce**,Cr** Nd**
nanoparticles

o (5) N gy (b)
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Fig. 3 (a) Emission spectra, under 430 nm excitation, of the AP-NPs (green curve) and C-NPs (blue curve). The latter was recorded using two
different PMTs: a red PMT up to 900 nm and a NIR PMT from 900 nm. The insets are magnifications of the Cr>* emission region for both spectra. (b)
Photographs of the C-NPs sample taken while illuminating with a white LED at 8500 K (i), with a Xe lamp at 428 nm recording emission in the visible
range (ii) and with a blue LED recording emission at 2 > 900 nm (arbitrary color) (iii). (c) Excitation spectrum of the C-NPs monitored at the character-
istic Cr>* emission at 692 nm (orange curve), Ce>* emission at 505 nm (green curve), and Nd*>* emission at 880 nm (blue curve). (d) PL decay curves
of the C-NPs recorded at 520 nm (green curve) and at 880 nm (blue curve), after being illuminated with a xenon lamp at 430 nm for 5 minutes.
Background counts are represented at the end of each curve.
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emission bands at around 880 nm, 1063 nm, and 1335 nm,
that correspond to the f-f transitions in Nd** ions, as labeled
in the figure. Therefore, the C-NPs, under Ce®" excitation,
showed emission in the NIR region (first and second biological
windows), due to Cr*" and Nd*" ions, as well as in the visible
region, due to Ce®" ions. Fig. 3b shows photographs of the
C-NPs sample under natural light (i) and under blue excitation
recording the visible emitted light (ii) and the emission at 1 >
900 nm (iii).

The excitation spectrum of the C-NPs recorded at 520 nm
(the emission wavelength characteristic of Ce*” ions), is shown
in Fig. 3c (green line). It shows two broad bands centered at
350 nm and 430 nm, corresponding to the transitions from
the °F5;, ground state to the °B;, and ’A;, excited states,
respectively, of Ce®" ions.>® The same figure (orange line)
shows the excitation spectrum of the C-NPs recorded at the
emission wavelength characteristic of the Cr’* ion (695 nm). It
shows two low-intensity broad bands at ~450 nm and
~620 nm that are assigned to the Cr** transition from *A, to
*T, and *T,, respectively. Both Cr’* and Ce®" bands are
observed, overlapped by several sharp excitation bands, in the
excitation spectrum of the same sample, recorded while moni-
toring the characteristic emission of Nd** at 880 nm (Fig. 3c,
blue line). The sharp bands correspond to electronic tran-
sitions from the Iy, ground state to several excited states of
Nd*', as labeled in the figure. The observation of the Ce** and
Cr’" excitation bands while monitoring the Nd*" emission is a
clear evidence of the Ce** — Nd*" and Cr*" — Nd** energy
transfer in Y;Al,Ga;0;,:Ce’",Cr** Nd**.16:2¢

The persistent luminescent decay curve, monitoring the
Ce®" emission at 520 nm, in the C-NPs samples after being illu-
minated with 430 nm blue light for 5 minutes is shown in
Fig. 3d (green curve). Despite the Ce* — Nd*" ET, the Ce’*
ions still showed a strong green emission that could be
detected for more than 2 hours. This long persistence of green
light, to which the human eye is very sensitive, makes these
nanophosphors very attractive as luminescent markers for
medical use without the need for any electronic detector. In
addition, the C-NPs showed persistence in the NIR region, as
demonstrated by the decay curve recorded while monitoring
the Nd** emission shown in Fig. 3d (blue curve). PL in the NIR
region is of high interest for in vivo use as such radiation
suffers very low absorption and scattering from blood and
water, which significantly facilitates and improves light
detection.

The persistent luminescence mechanism of Y3;Al,GazOq,:
Ce*",Cr**,Nd** phosphor was described by Xu et al. for the
bulk material obtained through solid state reaction at
1600 °C.° It consists essentially of Ce®" excitation with blue
light followed by jumping of the excited electron into the con-
duction band of the garnet and trapping by Cr*" ion. The cap-
tured electron is then thermally released from the trapping
center and suffers recombination with Ce** giving rise to the
excited state of cerium ion (Ce®™*). Cerium ion then relaxes
radiatively resulting in a characteristic green emission. At the
same time, energy transfer from Ce*™* to Nd*" takes place,

This journal is © the Partner Organisations 2022
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giving rise to the NIR emissions. Given that the persistent
luminescence of the Y;Al,Ga;0;,:Ce*",Cr*" Nd** NPs fabri-
cated here was observed after sample calcination, we think
that it should follow the same mechanism as in the bulk
phosphor.

3.3. Functionalization and colloidal stability in physiological
media

The colloidal stability of the C-NPs was evaluated in three
different buffer solutions (MES, PBS, and saline solution) to
assess their suitability for biomedical applications. Fig. 4 (blue
lines) shows the DLS curves obtained in all three media. The
corresponding average hydrodynamic diameters (D) are also
shown in the figure. The D, values were, in all cases, larger
than that calculated from the TEM micrographs (163 nm),
especially for the PBS suspension. The DLS measurements
indicated therefore that an aggregation process takes place
when the NPs are suspended in the studied physiological
media, the larger aggregation degree occurring in PBS. To
improve the colloidal stability in physiological media, the
C-NPs were functionalized with PAA. The effective coating of
the C-NPs with PAA was checked by FTIR. The FTIR spectrum
of the C-NPs@PAA (Fig. 2, bottom) showed, in addition to the
vibrational bands observed for the nude C-NPs, an extra band
at ~1550 cm™' (marked with an asterisk) that can be assigned

(a)
267 (83) nm 337 (147) nm
=)
Q
'5 M | T R T L
: (b)
2
= 323 (90) nm 899 {585) nm
G
c
3
(c)
307 (82) nm 457 (109) nm
10 100 1000 10000

Hydrodynamic diameter (nm)

Fig. 4 DLS curves of C-NPs (blue curves) and C-NPs@PAA (red curves)
suspended in MES (a), PBS (b), and saline physiological medium (c). The
hydrodynamic diameters are also shown in red for the nude NPs and in
black for the functionalized ones.
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Fig. 5 Cell viability studies of MIA-PaCa-2 cell line exposed to different
concentrations of C-NPs@PAA for 24 h. The results are normalized
against the control (cells in DMEM, 10% FBS, considered 100%). A posi-
tive control (PC) of cell death was also included in the experimental
design (0.5% Triton X-100). Data are represented as mean + SEM, values
of n = 3 independent experiments are given. Statistical analysis was
done by one-way ANOVA analysis followed Dunnett's multiple compari-
son test (**p < 0.01, ****p < 0.0001) and compared to control cell with
no NPs exposure (NC).

to PAA,”” which confirmed the presence of such polymer on
the NPs surface.

PAA functionalization considerably improved the colloidal
stability of the C-NPs, as inferred from the DLS curves, which
became narrower and shifted towards lower values in all three
cases, as observed in Fig. 4 (red lines). The Dy, values were
267 nm, 323 nm, and 307 nm, for the MES, PBS, and saline
solution suspensions, respectively, which indicate a very small
degree of aggregation of the C-NPs@PAA particles in the three
media.

3.4. Cytotoxicity studies

The in vitro cytotoxicity of the C-NPs@PAA nanoparticles was
tested by MTT with the human pancreatic carcinoma cell line
MIA PaCa-2 (CRL-1420™). The percentage of cell viability
slightly decreased with increasing NPs concentration but, the
most remarkable is that it remained above 70% for the assay
with 0.5 mg mL™" of NPs (Fig. 5). These preliminary results
revealed the great biocompatibility of the nanospheres exhibit-
ing minimal cytotoxicity at the highest concentrations.

4. Conclusions

Y;Al,Gaz0,,:Ce®*,Cr*",Nd** nanospheres have been syn-
thesized by homogeneous precipitation in a mixture of BG and
DEG (volumetric ratio 90/10) heated at 225 °C for 7 days. The
experimental conditions for the synthesis of uniform NPs were
found to be very restrictive, as the change of any of them,
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keeping the rest constant, did not result in the precipitation of
uniform NPs. The NPs obtained after the solvothermal reac-
tion were silica-coated and calcined at 1000 °C to improve
their luminescence properties. After silica removal with HF,
highly uniform NPs were obtained that could be easily dis-
persed in water. The sample emitted green and NIR light
(inside biological windows I and II) after excitation with blue
light and both emissions persisted for long time after the stop-
page of the excitation. The NPs could be easily functionalized
with PAA and showed high colloidal stability in three different
physiological media (MES, PBS, and saline solution). Likewise,
the cytotoxicity studies demonstrated that the NPs were bio-
compatible up to, at least, 0.5 mg mL™". This study paves the
way towards the use of garnet-based phosphors not only as bio-
imaging probes but also for other applications that require the
phosphor material to be in the form of well-dispersed
nanoparticles.
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