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X-rays offer low tissue attenuation with high penetration depth when used in medical applications and
when coupled with radioluminescent nanoparticles, offer novel theranostic opportunities. In this role,
the ideal scintillator requires a high degree of crystallinity for an application relevant radioluminescence,
yet a key challenge is the irreversible aggregation of the particles at most crystallization temperatures. In
this communication, a high temperaturemulti-composite reactor (HTMcR) processwas successfully devel-
oped to recrystallize monodisperse scintillating particulates by employing a core-multishell architecture.
The core–shell morphology of the particles consisted of a silica core over-coated with a rare earth (Re =
Y3þ , Lu3þ , Ce3+) oxide shell. This core–shell assemblywas then encapsulated within a poly(divinylbenzene)
shell which was converted to glassy carbon during the annealing & crystallization of the silica/rare earth
oxide core–shell particle. This glassy carbon acted as a delamination layer and prevented the irreversible
aggregation of the particles during the high temperature crystallization step. A subsequent low tempera-
ture annealing step in an air environment removed the glassy carbon and resulted in radioluminescent
nanoparticles. Twomonodisperse nanoparticle systemswere synthesized using theHTMcRprocess includ-
ing cerium doped Y2Si2O7 and Lu2Si2O7 with radioluminescence peaks at 427 and 399 nm, respectively.
These particles may be employed as an in vivo light source for a noninvasive X-ray excited optogenetics.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

An attractive aspect of the use of X-rays in theranostic medical
roles is the insignificant scattering of X-rays in tissue. This one
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Fig. 1. (i) Scheme for the high temperature multi-composite reactor (HTMcR)
process. Initially, a silica (SiO2) core is over-coated with a rare earth oxide (Re2O3)
shell. This SiO2/Re2O3 core–shell particle is then surface modified with 3-
(trimethoxysilyl) propyl methacrylate (MPS) to facilitate the attachment of an
AIBN initiated polymerized DVB (pDVB) shell around the assembly before the SiO2/
Re2O3/pDVB particles undergo an 1000 �C annealing step in an inert atmosphere to
convert the oxides to a radioluminescent rare earth pyrosilicate (RePS) phase.
During the annealing step, the organic pDVB shell carbonizes to glassy carbon and
frustrates particle to particle aggregation. After the RePS phase is formed, the
temperature is reduced to 800 �C, a temperature where sintering is unlikely, and
oxygen is introduced into the chamber to remove the glassy carbon. (ii) TEM images
of core–shell particles during the various stages of the HTMcR process. (a) The
initial SiO2 cores (122 � 18 nm) are (b) over-coated with yttrium hydrocarbonate
doped with cerium (SiO2/Y(HCO)3:Ce) and oxidized at 750 �C for 30 min forming
SiO2/Y2O3:Ce particles (132 � 21 nm). These latter particles are then (c) over-coated
with pDVB after being surface modified with MPS, resulting in SiO2/Y2O3:Ce/pDVB
(162 � 26 nm). (d) The SiO2/Y2O3:Ce/pDVB particles were carbonized in a nitrogen
environment for 36 h at 1100 �C to obtain SiO2/YPS:Ce/Cglassy (147 � 19 nm). (e)
Finally, the glassy carbon is removed by annealing at 800 �C in air to obtain SiO2/
YPS:Ce (127 � 17). Particle sizing based on a population of 100 particles. Inserts are
the particles size (dc) diameter and the number of particles (N(dc)).
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feature has opened the possibility of deep tissue imaging with
unrivaled spatial resolution and is the basis of X-rays many uses
in the medical & biological community, including computed
tomography, fluoroscopy, and radiotherapy [1–3]. Coupling these
techniques with contrast agents in the form of scintillating materi-
als has created new therapeutic and diagnostics tools, such as X-
ray luminescence optical tomography (XLOT) and X-ray-excited
optical luminescence (XEOL), as well as X-ray induced photody-
namic therapy (X-PDT) [4–9]. Scintillation (or radioluminescent)
materials emit visible photons when irradiated with X-rays and
represent a form of optical down-conversion [10].

Radioluminescent materials are often composed of a host mate-
rial doped with a lanthanide since elements in this series have a
high atomic number which is favorable for X-ray absorption as
well as electronic energy states which can emit across the UV, vis-
ible, and near-infrared region (NIR) of the electromagnetic spec-
trum [11,12]. An irradiated host matrix with a high atomic
number element can generate high-energy electrons that can be
down-converted in energy by a suitable choice of lanthanide sen-
sitizers and emitters. Specific examples of these materials include
the well known lutetium oxyorthosilicate doped with cerium (Lu2-
SiO5:Ce, LSO:Ce) [13,14], as well as the cerium doped yttrium and
lutetium pyrosilicates, Y2Si2O7:Ce (YPS:Ce) and Lu2Si2O7:Ce (LPS:
Ce), respectively.

Nanotechnology refers to cellular, molecular, and engineered
materials which are distinguished by groups of atoms, molecules,
and molecular fragments. These nanoscale objects with dimen-
sions of approximately 100 nm can travel throughout the body
where size-exclusion plays a role in their available sampling space
[15]. The size-dependent permeability of the body can be exploited
by material designers to create systems that can readily interact
either on the exterior or interior of targeted biomolecules [16].
Radically new detection and treatment delivery systems have been
developed over the last 35 years due to the access that these
nanoscale devices have to specific regions within the body [17,18].

Optogenetics is a recently developed field of neuroscience that
focuses on controlling the function of genetically-modified neurons
with specific wavelengths of light [19]. This revolutionary technol-
ogy utilizes genetically engineered cells which express a light-
sensitive opsin, which is often an ion channel, G protein–coupled
receptor, or pump. Conformational changes of these opsins with
exposure to a specific wavelength of light leads to pump activation
or channel opening, cell depolarization or hyperpolarization, and
neural activation or silencing. Currently, light activation is predom-
inantly achieved with fiber optic wave-guiding to the neurons, a
relatively invasive procedure. An noninvasive technology, whereby
excitation energy can be delivered to the neurons through tissue, is
currently being explored with NIR absorbing up-converting
nanoparticles [20] as well as Ce-doped Gd3(Al,Ga)5O12 radiolumi-
nescent crystals [21]. In the latter effort, largemillimeter sized crys-
tals were embedded into mice to assess the in vivo scintillation-
mediated actuation of neurons. The crossing of nanoparticles across
the blood–brain barrier [22,23] suggests that opportunities exist in
extending this latter approach with radioluminescent nanoparti-
cles to achieve a fully noninvasive technology.

There have been a limited number of highly emissive non-
hygroscopic and non-toxic radioluminescent particles presented
in the literature, though the cerium doped lanthanide oxyorthosil-
icates and pyrosilicates are promising candidates [24–26]. One
common challenge in synthesizing radioluminescent nanoparticles
from rare earth silicates is the requirement of an annealing step at
temperatures greater than 1000�C to achieve the reaction between
the rare earth oxides and silica [27]. These elevated temperatures
will normally result in the sintering of the particles together [28]
and their irreversible aggregation, rendering them useless for
biomedical applications [29].
The current effort presents the high temperature multi-
composite reactor (HTMcR) process which is a general method
for synthesizing radioluminescent nanoparticles from cerium
doped lanthanide pyrosilicates, though other chemistries that
require a high temperature annealing step may also benefit from
the approach. The HTMcR process is demonstrated by synthesizing
nanoparticles composed of cerium doped yttrium and lutetium
pyrosilicates, YPS:Ce and LPS:Ce, respectively.
2. Results and discussion

Fig. 1i presents the general HTMcR process which can produce
radioluminescent silicate particles doped with various rare earth
(Re) species, while Fig. 1ii presents transmission electron micro-
scope (TEM) images of the actual particles throughout the process.
The procedure presented is general but was demonstrated with the
rare earth species Y3+, Lu3+, and Ce3+. Initially, a base catalyzed
Stöber process was employed to synthesize uniform spherical silica
particulates (122 � 18 nm; cf. Fig. 1ii(a)) [30]. Silica is often
employed as a passivation layer, a grafting agent platform, or a
seed for core–shell synthesis [31,32], but in the HTMcR process,
the silica core is repurposed as both a structural template and
chemical platform for the final nanoparticle. To that end, a Re-
hydrocarbonate (Re(HCO3)3) is next precipitated onto the silica
core by a seed mediated growth technique [33]. The hydrocarbon-
ate species on the silica cores were then oxidized at 750�C accord-
ing to

2ReðHCO3Þ3 !750�C Re2O3 þ 3H2Oþ CO2 ð1Þ
to remove any water and/or carbon dioxide that may interfere with
the HTMcR process, resulting in a Re2O3 shell on the particles (cf.
Fig. 1ii(b)).
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To prevent aggregation at temperatures greater than 1000 �C
that are needed to convert the oxide into a radioluminescent com-
pound, a polymer coating is employed to encapsulate the inorganic
core–shell particle. To accomplish this polymer overcoating, the
SiO2/Re2O3 surface of the particles were modified with 3-
(trimethoxysilyl) propyl methacrylate (MPS), which introduces
alkene functionality onto the particle’s surface that facilitates the
adherence of an in situ created polymer coating [34,35]. The
MPS-modified particles were redispersed in acetonitrile solution
containing the monomer divinylbenzene (DVB), and the free radi-
cal initiator azobisisobutyronitrile (AIBN) and underwent a precip-
itation polymerization to coat the particles. The polymerization of
the bifunctional DVB around the particles, with the inclusion of the
surface attached MPS [36], results in an adherent cross-linked
pDVB coating on the particles (cf. Fig. 1ii(c)) [37–39]. These SiO2/
Re2O3/pDVB particles are then heated in an inert gas environment
above 1000 �C to convert the pDVB into glassy carbon [40,41].
Simultaneously during the heating cycle to convert the pDVB to
glassy carbon, the two oxides react with a silica core and form
pyrosilicates (RePS) crystal:

Re2O3 þ 2SiO2 !1000�C
Re2Si2O7: ð2Þ

In the final step, the temperature of the system is lowered to 800 �-
C and air is introduced into the chamber to remove the glassy car-
bon and generate unaggregated radioluminescent nanoparticles.

Specifically focusing on cerium doped yttrium pyrosilicate
Y2Si2O7:Ce (YPS:Ce) shell particles, the TEM image of the final
SiO2 particles with a YPS:Ce shell is presented in Fig. 3a. During
the HTMcR process, on average, a 10.5 nm lanthanide hydrocar-
bonate shell grew on top of the silica size template (S1). After
annealing at 750 �C for 30 min, the hydrocarbonate species oxi-
dized and formed non-aggregated SiO2/Y2O3:Ce particles with an
average particle size of 132 � 21 nm (cf. Fig. 1ii(b)). The decrease
in particle size (ca. 11 nm) can be attributed to the loss of water,
carbon dioxide, and densification. It was also observed that the lan-
thanide shell had a darker contrast in TEM images. This could be
Fig. 2. (a) Different stages of the HTMcR particles dispersed in water and its r
due to the heavier atomic elements reducing electron penetration
through the particles. No difference in size was observed when the
SiO2/Y2O3:Ce particles were modified with MPS, however, the par-
ticles became hydrophobic due to the non-polar alkyl silane part in
MPS molecule. pDVB was successfully polymerized onto the sur-
face of SiO2/Y2O3:Ce with a shell thickness of ca. 15 nm as seen
by the triple contrast layer of the particles in Fig. 1ii(c). To form
a YPS:Ce shell, during the conversion of the pDVB to glassy carbon,
the reaction temperature was set to 1100 �CA_fter annealing in an
inert environment for 36 h, the particles (SiO2/YPS:Ce/Cglassy)
retained their spherical shape (cf. Fig. 1ii(d)) with an average par-
ticle size of 147 � 19 nm (n = 100). There is a statistical significant
15 nm increase (p < 0.01) in the diameter (shell thickness
ca. 7.5 nm) of the SiO2/YPS:Ce/Cglassy particles compared to their
SiO2/Y2O3:Ce precursor particles, indicating that the glassy carbon
is present on the former particles.

The glassy carbon was removed at 800 �C by introducing air
into the chamber, resulting in relatively monodisperse SiO2/YPS:
Ce (127 � 17 nm) particles; Fig. 3a presents a TEM image of the
particles after being annealed for 36 h at 1100 �C using the HTMcR
process. Fig. 3b presents a field emission scanning electron micro-
scope (FE-SEM) image of a set of final SiO2/YPS:Ce particles that
were annealed at 1100 �C for 24 h prior to removing the glassy car-
bon, while Fig. 3c presents particles that underwent the same pro-
cedure as the particles in Fig. 3b except no pDVB was used to coat
the particles Fig. 13. The particles in Fig. 3b were not aggregated
and exhibited a zeta potential of f = �47.8 mV in deionized water,
while the particles without the delamination layer afforded by the
glassy carbon sintered into large micron sized slabs. A zeta poten-
tial with an absolute value greater than 30 mV is usually consid-
ered a signature of a stable colloidal system [42]. In contrast, the
particles of Fig. 3c quickly settled to the bottom when dispersed
in water Fig. 2.

As indicated earlier the particle size of SiO2/Y2O3:Ce is 132 nm,
on average the volume of the Y2O3:Ce shell encompasses 30% of
the particles volume. After annealing the particulate through the
HTMcR process, the final particle has a interior silica shell and
espective counterpart particle without the sacrificial delamination layer.



Fig. 3. (a) SiO2/YPS:Ce particles annealed at 1100 �C for 36 h without any aggregation. (b) A non-sintered agglomerate of SiO2/YPS:Ce particles synthesized by the HTMcR
process and annealed for 24 h, while (c) the corresponding particles synthesized without pDVB and annealed at the same conditions sintered to micron sized particles.
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YPS:Ce shell with a average particle size of 127 nm. The final SiO2/
YPS:Ce particle has a YPS:Ce shell that accounts for 55% of the par-
ticle’s volume. The volume percent difference between the two
stages of the particle’s would imply that the YPS:Ce reached a den-
sification of 87%. The overall volume shrinkage of the particle dur-
ing the HTMcR process can be attributed to many factors such as
densification of the silica core, recrystallization to the triclinic
phase with a space group of P�1 (cf. Fig. 4), and loss of hydroxyls
and gases in the pores of the particles In addition, all particulates
exhibited the same space group when annealed at 1100 �C, with
diminishing growth in crystallite size after two hours of annealing
(cf. inset of Fig. 4).

The elemental distribution spectroscopy (EDS) of the SiO2/YPS:
Ce particles from scanning transmission electron microscopy in
dark field indicated that cerium, due to its low concentration in
the particles, appears to be uniformly distributed throughout the
particle as indicated by the line scan of Fig. 5, while, as expected,
the yttrium is concentrated in the shell of the particles [43,44].
The Y/Si and Ce/Y ratio in the final particles were 0.31 and 0.09,
respectively ðS4Þ. This indicates that the rare earth species were
fully incorporated onto the silica template since these ratios are
similar to the element ratios employed in the synthetic process
(0.30 and 0.08, respectively) and are within the 0.01% error of EDS.

The photoluminescence excitation (PLE) spectra of the dry SiO2/
YPS:Ce particles indicated three distinct peaks at 252 nm, 300 nm,
and 341 nm when monitored at 400 nm (cf. Fig. 6a). The excitation
peaks can be attributed to cerium’s charge transfer and the transi-
Fig. 4. Diffraction pattern of SiO2/YPS:Ce particles annealed at 1100 �C compared to
a lanthanide pyrosilicate single crystal (ICSD#171882). Inset is the calculated
crystallite size of the different annealed SiO2/YPS:Ce particles.
tion from the 4F7=2 and 4F5=2 state to the 5d orbital [45]. A singular
photoluminescence (PL) peak at 400 nm was observed when the
particles were excited at 340 nm which can be attributed to the
relaxation of electrons in the 5d orbital to its F states [46]. In order
to compare the total light output of various nanoparticles, the inte-
grated intensities of the PL spectrum were compared between
SiO2/YPS:Ce particles annealed at 1100 �C for different periods
and is presented in Fig. 6b. Based on the maximum integrated PL,
the particles that underwent a 24 h annealing period were optimal.
Extending the annealing period past 24 h reduced the overall inte-
grated luminescence and its hypothesized that a prolonged heating
period may have (1) incorporated the glassy carbon into the parti-
cles creating unintentional defect sites that act as traps for radia-
tive energy and/or (2) cerium oxidized from its active oxidation
state (Ce3+) to its non-emitting oxidation state (Ce4+) [47]. Compar-
ing the optically and X-ray excited emission of the particles indi-
cates a slight red shift to ca. 427 nm with a low energy tail when
the SiO2/YPS:Ce particles are excited by X-rays (cf. Fig. 6a). This
difference in the two luminescence spectra could be attributed to
the architecture of the core–shell particles. Optical excitation ener-
gies can only penetrate the periphery of the particles and the
resulting emission is localized to a volume within the shell, while
the X-ray excitation has a deeper penetration depth. It is believed
that this deep penetrating excitation energy would influence the
overall X-ray luminescence spectra of core–shell nanoparticles.
The silica core occupies 45% of the annealed nanoparticle’s volume
which was measured from the lighter contrast of the SiO2/YPS:Ce
TEM images. Correspondingly, the deep penetrating X-rays used
as an excitation source may have excited both the YPS:Ce shell
and the silica core, the latter having a X-ray luminescence peak
at 450 nm [48]. This may have influenced the X-ray emission sig-
nature of the core–shell nanoparticle when compared to an optical
excitation, resulting in a broad and red shifted X-ray luminescence.

The HTMcR process is a generalized methodology to produce
scintillating non-aggregated nanoparticles and this versatility
was demonstrated by synthesizing SiO2/Lu2Si2O7:Ce(LPS:Ce)
nanoparticles in addition to the SiO2/YPS:Ce particles. Fig. 7a pre-
sents SiO2/LPS:Ce particles that were annealed at 1300 �C for 1 h.
Similar to the SiO2/YPS:Ce particles, the final SiO2/LPS:Ce particles



Fig. 5. Elemental distribution in SiO2/YPS:Ce particles annealed at 1100 �C for 24 h.
Scanning transmission electron microscope in dark field.

Fig. 6. (a) PLE (kemit = 400 nm), PL (kexcite = 340 nm), and X-ray luminescence spectra
of SiO2/YPS:Ce particles. (b) Integrated PL intensities (kexcite = 340 nm) of the
nanocrystal with annealing time at 1100 �C.

Fig. 7. (a.) SiO2/LPS:Ce particles synthesized by the HTMcR process for 1 h at
1300 �C. (b.) Crystallization of SiO2/LPS:Ce particles with a lattice spacing of
0.22 nm at higher magnification. (c.) Phase transformation of SiO2/LPS:Ce particles
from the triclinic P�1 to monoclinic C2=m (ICSD#412249).
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were non-aggregated spheres with a diameter of 123 � 14 nm and
exhibited crystallinity with lattice fringes of ca. 0.22 nm, indicated
by Fig. 7b. X-ray diffraction spectra (cf. Fig. 7c) of the particles indi-
cated a conversion from a mixture of P�1 and C2/m polymorphs to
C2/m when the particles were annealed from 1100 �C to 1300 �C
respectively.

The SiO2/LPS:Ce nanoparticles synthesized by the HTMcR pro-
cess have a X-ray emission spectrum with a peak at ca. 399 nm
(cf. Fig. 8). Published X-ray and optically-excited emission spectra
of bulk LPS:Ce crystals exhibit an asymmetric emission profile with
a dominate peak at 380 nm [49]. In low temperature optically-
excited emissions, this asymmetry is clearly due to two emission
peaks at 380 nm and 415 nm, and is in agreement with the relax-
ation of the lowest 5d energy level to the 2F5=2 and 2F7=2 states,
respectively [50]. The discrepancy between the X-ray emission of
the SiO2/LPS:Ce nanoparticles and its bulk counterpart is due to a
greater probability of electrons relaxing from the lower 5d energy
level to the 2F7=2 state based on the peak emission wavelength (see
Fig. 9).

Both the SiO2/LPS:Ce and SiO2/YPS:Ce nanoparticles have scin-
tillating properties that originate from the inclusion of cerium.
Despite the similar synthetic route for the two particles, the
SiO2/LPS:Ce X-ray emission is blue shifted relative to its counter-
part SiO2/YPS:Ce. This could be attributed to the greater X-ray
absorption cross-section of the heavier atomic species lutetium
where X-rays are primarily absorbed by the LPS:Ce shell [51]
rather than the silica core, which has X-ray emission peak at
ca. 450 nm [48]. The efficiency of LPS:Ce to absorb X-ray photons
compared to YPS:Ce has been observed to increase light yield
[52] and thus silica’s dim radioluminescence is not observed for
SiO2/LPS:Ce synthesized using the HTMcR.

These scintillating particles may find use in a range of novel bio-
related applications, such as optogenetics, where the light emis-
sion for opsin modulation can be achieved through radiolumines-
cent nanoparticles [21] and the surface of the particles can be
further modified with targeting moieties. To that end, cytotoxicity
studies were performed on both the SiO2/YPS:Ce and SiO2/LPS:Ce
particles in human embryonic kidney 293T cells (HEK-293T)(S5).
For a 48 h incubation time, no change in cell growth relative to
the control was observed with the SiO2/YPS:Ce and SiO2/LPS:Ce
nanoparticles at concentrations up to 7.31 � 105 and 5.42 � 105

particles per HEK-293T cell, respectively. Previous cell viability
studies on monodisperse 100 nm amorphous silica nanoparticles
indicated a 50% reduction in EAHY926 cell viability (TC50) when sil-
ica particles were dosed at ca. 1 � 1012 particles per cm2 of cell cul-
ture [53]. The maximum dosage of the SiO2/YPS:Ce and SiO2/LPS:Ce
particles were approximately 15% and 11%, respectively, of this
TC50 value and indicated that the particles do not exhibit any pro-
found toxicity to the HEK-293T cells over 48 h of incubation.

In summary, a high temperature multi-composite reactor
(HTMcR) process was successfully developed to isolate and recrys-
tallize nanoparticles at temperatures that would traditionally sin-
ter these systems into large micron-sized monoliths. This was
demonstrated with two different types of radioluminescent
ca. 100 nm silicate nanoparticles that require temperatures over
1000 �C to crystallize. Control of the particle’s optical and scintil-
lating properties could be exerted through an annealing process
which dictated both level and type of crystallinity. While the focus



Fig. 8. Radioluminescence of SiO2/LPS:Ce particles.

Fig. 9. (a) Silica synthesized by the Stöber process (122� 18 nm) and (b) deposition
of Y(HCO3)3:Ce (143 � 20 nm) on the silica size template.
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of this communication was to demonstrate how the HTMcR pro-
cess can create radioluminescent nanoparticles with a reduced
aggregation, the technique developed here can explore different
activators in new host lattices.
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Appendix A. Experimental

A.1. Materials and methods

All reagents were purchased from Alfa Aesar, Sigma Aldrich, and
Acros Organics. Tetraethyl orthosilicate (TEOS) and 3-
(Trimethoxysilyl) propyl methacrylate (MPS) were distilled under
vacuum. Divinyl benzene (DVB) was purified by passing through
a basic alumina oxide filter to remove the inhibitor. AIBN was
recrystallized from methanol. All other reagents were used with-
out any purification.

A.2. Synthesis of silica core

Silica particles were synthesized by a modified Stöber process
with TEOS (67.18 mmol, 15.0 mL) dissolved in ethanol (150 mL),
followed by addition of water (15.0 mL) and then an aqueous solu-
tion of NH4OH (29.38% v/v, 5.0 mL) was added dropwise. The reac-
tion was stirred vigorously for 48 h. Silica was then separated and
washed two times with water via centrifugation. A 95% yield of sil-
ica (3.8 g) was obtained by evaporation of aliquots in the suspen-
sion. The silica particles (122 nm) were dispersed in water
(190 mL) for subsequent use.

A.3. Seed mediated growth of yttrium hydrocarbonate doped with
cerium on silica

The suspension of the silica spheres (16.64 mmol, 1.00 g) in
water (500 mL) was stirred vigorously. Yttrium nitrate hexahy-
drate (5.48 mmol, 2.10 g) and cerium nitrate hexahydrate
(0.44 mmol, 0.19 g) was then added to the reaction vessel. Sodium
bicarbonate (16.67 mmol, 1.40 g) was dissolved in water (300 mL)
and added dropwise into the main reaction vessel at a rate of
2.5 mL/min. After the sodium bicarbonate solution was fully incor-
porated, the reaction was stirred for an additional hour at room
temperature. The SiO2/Y(HCO3)3:Ce particulates was separated
and washed two times with water via centrifugation. Once dried,
the SiO2/Y(HCO3)3:Ce particles was portioned for analytical charac-
terization and further processing. A yield of 96% was obtained
(2.52 g).

A.4. Oxidation of cerium doped yttrium hydrocarbonate shell

The SiO2/Y(HCO3)3:Ce particulates were oxidized to form SiO2/
Y2O3:Ce at 750 �C for 30 min, with a mass loss of 26.5%.

A.5. Modification of SiO2/Y2O3:Ce particles with MPS

The core–shell SiO2/Y2O3:Ce particulates (1.20 g) was dispersed
in 180 mL of a mixed solution of methanol and water (9:1, v/v)
with MPS (1.01 mmol, 0.24 mL) and ammonia hydroxide
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(1.68 mL). The reaction was mixed for 16 h at room temperature
and then refluxed for 2 h under vigorous stirring conditions. The
SiO2/Y2O3:Ce/MPS particulates was washed two times in methanol
via centrifugation.

A.6. Encapsulation of SiO2/Y2O3:Ce particles with pDVB

The SiO2/Y2O3:Ce/MPS particulates (1.00 g) was dispersed in
solution of acetonitrile (163 mL) with DVB (7.02 mmol, 1.00 mL)
and AIBN (0.43 mmol, 0.07 g). The reaction vessel was degassed
with N2. Afterwards, the reaction vessel was heated to 55 �C for
20 h. The reaction was allowed to cool to room temperature and
then washed two times with methanol via centrifugation.

A.7. High temperature annealing of SiO2/Y2O3:Ce/pDVB

Once dried, portions of the SiO2/Y2O3:Ce/pDVB particles was
transferred to a high temperature tube furnace, purged with nitro-
gen at a rate of 15 L/min for 20 min, and annealed at 1100 �C for
varying time points. Afterwards, the black glassy carbon from
SiO2/YPS:Ce/Cglassy particles was combusted at 800 �C with a con-
stant flow of air at 15 L/min for 1 h. The final particulates obtain
was SiO2/YPS:Ce.

A.8. Encapsulating and thermal treatment of SiO2/Lu2O3:Ce particles
with pDVB

The synthesis of SiO2/LPS:Ce particulates followed the same
process as the SiO2/YPS:Ce particulates, with the exception of the
annealing process where the SiO2/Lu2O3:Ce/pDVB particulates
was annealed at various temperatures.

A.9. Material characterization

A Hitachi 4800 field emission scanning electron microscope was
used for FE-SEM image acquisition, the particles were mounted
onto a stub with double sided carbon tape followed by plasma
coating with platinum for 1 min. A Hitachi 7600 TEM, Hitachi
HT7830, and a Hitachi 2000 STEM was used to acquire TEM and
EDS maps of the particulates, all samples were dispersed in metha-
nol and drop casted onto a Formvar/Carbon 200 mesh TEM grid. RL
of the different particulates were excited by a Amptek Mini-X
tungsten source operating at 25 kV and 158 lA. RL measurements
were taken in a free space environment where emitted light is
directed from a 2 inch concave mirror to a MicroHT (Horiba Jobin
Yvon) monochromator and a cooled synapse Horbia Jobin Yvon
CCD detector with a grating of 300 mm and blaze of 500 nm. Sam-
ples were packed in a 6.5 mm � 1.5 mm round flat washer on a
quartz slide. UV luminescence measurements were taken on a
Jobin Yvon Fluorolog 3–222 spectrometer. The powder X-ray
diffraction (pXRD) measurements were carried out on a Rigaku
Ultima IV diffractometer using CuKa radiation (k = 1.5406 Å). The
powder diffraction data was recorded in 0.02� increments over a
2h range of 5� to 65� at a scan speed of 1�/min. The crystallite size
were calculated from the pXRD data using the Scherrer equation.
Experimental pXRD patterns were compared to single crystal
structures reported in the ICSD.

A.10. Cultured and MTS assay of human embryonic kidney (HEK) cells

HEK-293T cells were obtained from American Type Culture Col-
lection (CRL-3216) and were cultured in Dulbecco’s modified
eagle’s media (DMEM) containing 50 mL of heat inactivated fetal
bovine serum and 5 mL of glutamine in a 500 mL solution. Cells
were cultured at 37 �C in a humidified atmosphere of 95% air/5%
CO2. The HEK cells were then plated in 96 well plates at a cell den-
sity of 4000 cells per well. After the cells were plated for 24 h, the
cells were incubated with the different particulates (SiO2/YPS:Ce
and SiO2/LPS:Ce). For SiO2/YPS:Ce, the concentrations were
7.31 � 103, 7.31 � 104, and 7.31 � 105 particles per HEK cell. For
SiO2/LPS:Ce, the concentrations were 5.42 � 103, 5.42 � 104, and
5.42 � 105 particles per HEK cell. At each concentrations the cells
were incubated for 24 and 48 h. At the end of each time point, the
cell viability was measured using a [3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium],
inner salt (MTS) assay. The media was removed and the plates
were washed several times with phosphate buffer solution before
adding a solution containing 200 lL of DMEM media and 40 lL
of MTS assay reagent. After 3 h the absorbance was measured using
a plate reader at OD = 490 nm.
Appendix B. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.jcis.2020.07.125.
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