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The temperature increase inside mesoporous silica nanoparticles induced by encapsulated smaller superparamagnetic nanocrystals in an oscillating
magnetic field is measured using a crystalline optical nanothermometer. The detection mechanism is based on the temperature-dependent intensity ratio
of two luminescence bands in the upconversion emission spectrum of NaYF,:Yb> ", Er* . A facile stepwise phase transfer method is developed to construct a
dual-core mesoporous silica nanoparticle that contains both a nanoheater and a nanothermometer in its interior. The magnetically induced heating inside
the nanoparticles varies with different experimental conditions, including the magnetic field induction power, the exposure time to the magnetic field, and
the magnetic nanocrystal size. The temperature increase of the immediate nanoenvironment around the magnetic nanocrystals is monitored continuously
during the magnetic oscillating field exposure. The interior of the nanoparticles becomes much hotter than the macroscopic solution and cools to the
temperature of the ambient fluid on a time scale of seconds after the magnetic field is turned off. This continuous absolute temperature detection method
offers quantitative insight into the nanoenvironment around magnetic materials and opens a path for optimizing local temperature controls for physical

and biomedical applications.
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erromagnetic compositions generate

heat under a high-frequency oscillat-

ing magnetic field (OMF) as a result of
hysteresis energy loss and Neel or Brown
relaxation.~ Numerous magnetic materials
have been designed to conduct hyperther-
mia therapy for cancer treatment, benefiting
from the higher sensitivity of lesions to raised
temperatures compared to normal tissues.*”
With the advance of nanomedicines, hypo-
theses have suggested single cell heating,
termed “intracellular hyperthermia”, based
on the idea that magnetic nanoparticles are
able to raise the temperature of their immedi-
ate surroundings more efficiently than that of
the overall volumeZ It was proposed to pro-
vide a more selective heating to targeted
cells, which is thus superior to the intercellu-
lar hyperthermia method. However, several
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theoretical thermal studies analyzed the heat
generation and heat flow by nanoparticles
and argued that the temperature rise loca-
lized in the magnetic particle surroundings
is negligible and that the entire occupied
volume should have a homogeneous tem-
perature distribution.®'°

In an effort to solve the puzzle by experi-
mental methods, researchers have exam-
ined chemical and biological evidence of
local heating in the vicinity of magnetic
nanoparticles."' '3 Either thermal-sensitive
chemical bond breaking or temperature-
regulated protein activity has been moni-
tored after applying the OMF, and the results
indicated that a higher local temperature
was achieved compared to the macroscopic
temperature. However, indirect temperature
characterizations do not carry quantitative
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information with high sensitivity and could not dis-
tinguish between events that happened during the
exposure or afterward. Given the fast heat processing
on the nanoscale, a continuous direct measurement
method is required for accurate understanding. To
date, the nanoenvironment temperature change induced
by magnetic materials during the oscillating magnetic
field exposure has not been quantified and remains
crucial in the efficiency evaluation and development of
nano-hyperthermia therapy.

A facile, direct, and sensitive detection method is
needed for the nanoscale experimental measurement.
Instead of the temperature-dependent properties that
are used in bulk analyses, such as density and resis-
tance change, a temperature-sensitive optical signal
is more accessible and offers enhanced spatial and
temporal resolution. Previously, Polo-Corrales et al.
observed a larger fluorescence intensity increase of a
copolymer when placed in the oscillating magnetic
field compared to that when the field was off, even
though the monitored solution temperature was the
same, suggesting a different local temperature envi-
ronment in the vicinity of magnetic nanoparticles.'*
Later on, Freddi et al. used the excited-state lifetime
of rhodamine B electrostatically absorbed in a polymer
matrix to monitor the surface temperature of gold
nanoparticles with different shapes.'> Compared to
other spectral changes such as fluorescence intensity
quenching,’® a thermal responsive intensity ratio var-
iation in the spectra has the advantages of absolute
measurement, high sensitivity, and simpler equipment
requirements and is less subject to environmental
perturbations. The ratiometric method of temperature
detection has been achieved either by incorporating
two fluorophores with one of them showing a strong
thermal response, such as a semiconducting polymer
particle with organic dye molecules,'” or, for some
fluorophores, by intrinsic thermally coupled excited
states, as demonstrated by Vetrone et al. in their
work of cell temperature mapping.'® The upconversion
fluorescence spectra of Yb*>*- and Er¥*-doped NaYF,
nanocrystals have two green emission bands, from
which the intensity ratio is a function of temperature,
independent of the total luminescence intensity
changes caused by experimental variations.'®~%3

To measure the local nanoenvironment temperature
change around magnetic nanocrystals, a hybrid dual-
core mesoporous silica nanoparticle (MSN) is synthe-
sized. MSNs were chosen as the container because they
are studied extensively as a biocompatible platform for
drug delivery,*~2° catalysis,”’*® and hyperthermia.?®>°
A detailed interior temperature examination of MSNs
would provide quantitative guidelines for optimizing
designs for magnetically induced on-demand drug
delivery and hyperthermia. The controlled synthesis of
an organized mesoporous silica scaffold embedded
with two types of nanocrystals is much more difficult
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than that of a solid silica shell structure,®"3? due to the
sensitivity of the self-assembling of the templating
surfactants to perturbations. In this study, by using a
stepwise phase transfer method, the NaYF,:Yb*", EFF*
optical thermometer nanocrystal (UCNC) and the super-
paramagnetic Fe3O, nanocrystal (MNC) are encapsu-
lated in the same mesoporous silica nanoparticle that
provides the rigid structure support. The construction is
designed to immobilize the thermometer next to the
nanoheater in a nanoenvironment that is distinct from
the bulk surroundings. Upon the exposure to a high-
frequency oscillating magnetic field, the superparamag-
netic iron oxide nanocrystals generate heat inside the
MSNs. The upconversion nanocrystal encapsulated in
the same MSN senses the temperature change and
gives a direct luminescence read-out of this nanoenvir-
onment temperature.

In this paper, we describe the synthesis of the dual-
core mesoporous silica nanoparticles, quantify the
nanoparticle interior temperature changes initiated
by nanoheaters during an oscillating magnetic field
exposure, and measure the temperature gradient be-
tween the nano- and macroenvironment as it evolves.

RESULTS AND DISCUSSION

The UCNCs were synthesized by a modified thermo-
lysis approach using lanthanide chlorides as the pre-
cursors and oleic acid as the stabilizing surfactant.333*
These single crystalline nanorods have a narrow size
distribution (49 + 2 nm long and 23 + 1 nm wide,
Figure 1a). The hexagonal lattice structure of 5-NaYF,
is confirmed by high-resolution transmission electron
microscopy images (HRTEM, Figure 1b) and X-ray
power diffraction (XRD, Supplementary Figure S1).
The MNCs of two different sizes were obtained
from a commercial source, and the average size is
6.4 + 1.0 nm for MNC5 and 17 + 2 nm for MNC20
(Supplementary Figure S2).

We developed a synthetic method to assemble a
mesoporous silica nanoparticle system that encapsu-
lates simultaneously both the superparamagnetic
nanocrystals and the temperature-sensitive upconver-
sion nanocrystals. This approach starts with the step-
wise phase transfers of the hydrophobic nanocrystals
into the aqueous solutions, featuring a thorough mix of
two types of nanocrystals and a facile preparation for
the construction of MSNs later on. The as-synthesized
UCNCs were first transferred from chloroform to water
by coating them with the surfactant hexadecyltri-
methylammonium bromide (CTAB) and then evapor-
ating the organic solvent. The aqueous solution
dispersed with UCNCs was then mixed with the MNCs
in chloroform. The CTAB-stabilized UCNCs help the
MNCs to transfer from the hydrophobic phase to
the hydrophilic phase and promote the mixing of the
MNCs into their coating matrix. Compared to the direct
blending of two types of nanocrystals in the same
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Figure 1. Transmission electron microscopy (TEM), high-
resolution transmission electron microscopy (HRTEM), and
scanning transmission electron microscopy (STEM) images
of nanoparticles. (a) TEM image of UCNCs with an average
crystal size of 49 + 2 nm long and 23 + 1 nm wide. The inset
shows the hexagonal side of the nanocrystals. (b) HRTEM
of UCNCs, confirming the hexagonal lattice structure. (c, d)
TEM and STEM image of control group UCNC@MS. (e) TEM
images of dual-core nanoparticles UCNC:MNC5@MS (arrows
point to the MNCs). (f) TEM images of dual-core silica
nanoparticles UCNC:MNC20@MS, with both the UCNCs
and the 20 nm MNCs. Scale bars, 100 nm (a, ¢, d), 50 nm
(e, f), 20 nm (a inset), 5 nm (b).

phase, this stepwise phase transfer method uses the
surface-coated surfactants on one nanocrystal to ex-
tract a different nanocrystal over the phase boundary,
reduces the surface tension, offers more control of a
homogeneous distribution, and prevents the aggrega-
tion of nanocrystals. The aqueous solution containing
both nanocrystals was introduced into the sol—gel
reaction solution, followed by adding the silica pre-
cursor to construct the dual-core mesoporous silica
nanoparticles. The nanocrystal ratio and the surfactant
amount were carefully tuned to facilitate the forma-
tion of a one-to-one composition in MSNs. To further
enhance the homogeneity, a magnet was used to
separate particles that contain the MNCs, so that
the temperature of only the silica nanoparticles that
encapsulate both the MNCs and the UCNCs is studied.
The measurement is the sum of all mesoporous silica
nanoparticles under detection. A control sample of
MSNs with only the UCNCs (UCNC@MS) was also
synthesized (Figure 1¢,d). Both 5 and 20 nm spherical
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Fe304 MNCs are used in this study for size comparison
(Supplementary Figure S2). UCNC:MNC5@MS contains
both the UCNCs and the 5 nm MNCs (Figure 1e), and
UCNC:MNC20@MS has both the UCNCs and the 20 nm
MNCs (Figure 1f, Figure 2a).

The energy-dispersive X-ray (EDX) spectra and ele-
ment mappings confirm that both MNC and UCNC are
embedded in the same UCNCMNC20@MS nano-
particles (Figure 2). The average distance between
the UCNC and the MNC is about 8 and 9 nm
(Supplementary Table S1). After the magnet separa-
tion, the population of nanoparticles with a 1:1 ratio
between UCNC and MNC is about 70 percent by
statistical analyses (Supplementary Table S1). Another
10 percent of nanoparticles contain two heating nano-
crystals. A portion of particles have only MNCs em-
bedded, but they do not give an optical signal. The
mesoporosity of the two samples was analyzed by
N, adsorption—desorption, and the calculated pore
volume is 0.792 cm®/g for UCNC&MNC5@MS and
0.631 cm*/g for UCNC&MNC20@MS (Supplementary
Figure S3).

The upconversion luminescence spectra of UCNCs
were collected at different bulk temperatures, and
the emission peak intensity ratios were plotted as a
function of the temperature to generate a working
curve (Figure 3 and Supplementary Figure S4). After
two sequential energy transfers from Yb*" ions to
Er®" ions, the excited Er*" ions undergo nonradiative
relaxations to the thermally coupled ?H;;,» and *S;,
states and radiatively transfer back to the ground state,
giving rise to two green emission bands (Figure 3a).?®
The fine peak structures in the bands are due to the
energy level splittings in the crystal field.3> The rela-
tive populations respond to the temperature: as the
temperature increases, the higher level gains more
population, while that of the lower level decreases.
The natural log of this intensity ratio is linearly related
to the inverse of the temperature according to the
Boltzmann distribution (see eq 1), where I5;0 and Is49
are the peak intensities, AE is the energy gap between
the two excited states, k is the Boltzmann constant, and
T is the absolute temperature. The thermal sensi-
tivity of intensity ratio is about 28.8 x 10~ /K for the
nanocrystals (see the Supporting Information). After
collecting the emission spectra, they were fitted by a
multipeak fitting program with fixed peak positions
(Figure 3b). The reason for the peak fitting calculation
instead of direct integration of peak areas is that the
520 nm and the 540 nm peak overlap around 535 nm. To
distinguish the contribution from the two peaks in this
area, the peak fitting procedure is necessary. The spectra
collected at different temperatures and the correspond-
ing working curve are shown in Figure 3c and d.
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Figure 2. STEM image and elemental analysis of UCNC:MNC20@MS. (a) STEM image, scale bar: 50 nm. The spots A and B have
different EDX spectra as shown in (c). (b) EDX element mappings of Y, Fe, and Si in the same nanoparticle and their merged
picture. The first STEM image circles the detected particle (scale bar: 20 nm), and the second STEM image was obtained with an
element mapping process (scale bar: 50 nm). (c) EDX spectra of spots A and B in (a), verifying that the two different types of

nanocrystals are both embedded in the same MSNs.

The magnetically induced heating is examined by
comparing the spectra of UCNCs before and after
the OMF exposure (Supplementary Figure S5). The
oscillating magnetic field was generated using a five-
turn induction coil and an oscillation frequency of
375 kHz (see the Supporting Information). The following
paragraphs discuss the impact of the magnetic nano-
particle size, the magnetic field induction power, and
the OMF exposure length.

The heating rate is faster for the 20 nm MNCs than
for the 5 nm MNCs at a constant magnetic field induc-
tion power. The temperature increase in the UCNC:
MNC20@MS is almost double that of the UCNC:MNC5@
MS (Figure 4a), and the same trend is observed for
different exposure times. UCNC:MNC20@MS (Figure 4a
inset black squares) shows a higher rate increase in
the exposure time dependency plot as a result of
higher specific loss power expected for larger single
domain superparamagnetic particles.? Similar trends
are observed when the magnetic field induction power
is reduced by half (Figure 4b).

The possible heating from the Yb®* and the Er* " ions
in an OMF, both of which are paramagnetic in their
ground and excited states, was also examined. UCNC@
MS were studied as the control group. As shown in
Figure 4a (left columns), with a 30, 60, and 90 s OMF
exposure, their temperature increases are much smaller
than those of the MNC-embedded samples.
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The heating is directly proportional to the induction
power of the oscillating magnetic field. For UCNC:
MNC20@MS, a linear dependency of temperature
increase on the magnetic field induction power is
observed for various exposure times (Figure 4c). The
linear relation can be explained by the correlation
between the induction power and the MNC heat
dissipation power. The magnetic field induction power
(P,) is proportional to the square of electrical current,
and thus proportional to the square of the magnetic
amplitude (H), P; =< H2. The dissipation power (Pg) from
a MNC under an OMF is also proportional to the square
of the magnetic amplitude, Py = uomyfH>." Thus, the
MNC dissipation power is linearly related to the field
induction power, P; < P4. Assuming that the thermal
conductivity and heat capacity of the nanoenviron-
ment are not strongly temperature dependent, the
temperature increase inside the nanoparticle depends
only on the dissipation power of the MNCs and thus
the induction power of the magnetic field. A similar
linear dependency of the temperature increase on the
input energy has been observed previously in polymer
capsules with gold nanoparticles in optical heating
systems.3¢

The temperature increase is proportional to the
OMEF exposure time. Proportional correlations are pre-
served for both the UCNCMNC20@MS and UCNC:
MNC5@MS under full magnetic field induction power
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Figure 3. Upconversion luminescence mechanism and the
temperature conversion working curve. (a) lllustration of
the upconversion mechanism. The Yb®' ions absorb the
980 nm photons and transfer the energy to the Er*" ions.
After two sequential energy transfers, the excited Er** ions
relax to the thermally coupled states ?H;,,» and *Ss,, (via
nonradiative decays) and transit back to the ground state,
corresponding to the green emissions centered at 520 and
540 nm. (b) lllustration of peak fitting process in calculating
the emission band intensities. The black curve is the col-
lected spectrum, the green curves are the fitting peaks, and
the red curve is the sum of all fitting peaks. The coefficient of
determination for this fitting is 99.55%. (c) Emission spectra
of UCNCs collected at different temperatures. (d) Linear
working curve correlating the emission intensity ratios and
the inverse temperatures for UCNC. 559 and Is4 stand
for the peak intensities in the luminescence spectra. The
populations of states 2H,/, and *S;/, follow the Boltzmann
distribution. As the temperature increases, the 2H;,,, level
gains more population, while the S, level loses population,
resulting in the increase in emission intensity ratio.

(Figure 4a inset) and reduced power (Figure 4b inset).
However, we observed an eventual saturation as the
exposure time approaches 5 min (Figure 4d and Sup-
plementary Figure S6). The UCNC:MNC20@MS tempera-
ture increase grows with the longer exposure time, but
the rate decreases at times longer than 90 s. The longer
exposure time leads to a higher temperature gradient
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and thus more efficient heat dissipation. The balance
between the heating and the dissipation results in
the leveling off of the temperature change rate as the
exposure time increases.

The magnitude of the temperature difference (if any)
between the interiors of the silica particles and the
surrounding liquid is monitored using a “field on”
experiment where the temperatures were recorded
during the OMF exposure. (A control study was carried
out to confirm that the OMF did not affect the intensity
ratio in the emission spectrum of the UCNCs, Supple-
mentary Figure S7.) The in situ nanoparticle interior
temperature change was recorded at different time
intervals during the exposure period. In a parallel
experiment, the UCNCs were suspended directly in
the solution, but the MNCs were embedded in the
MSNs, forming the single-core nanoparticles (MNC20@
MS, Supplementary Figure S8), such that the nano-
heaters are separated from the nanothermometers
and the nanothermometers measure the bulk solu-
tion temperature. The mesoporous nanoparticles in
the two cases have similar particle sizes, and the same
silica surfaces are exposed to the solution. Thus, they
do not have any differences between the heating
center distances.?” Figure 5a shows the “field on”
temperature evolution for both the nanoparticles and
the bulk solution for a 90 s exposure, and Figure 5b
is that for a 5 min exposure. In both cases, the nano-
particle interior temperature (red dots) rises much
faster than that of the bulk solution (black squares). For
a 5 min exposure, the temperature change inside
the nanoparticles is 42 °C compared to 19 °C for that
of the bulk solution. Immediately after the exposure,
the heating stops and the nanoparticle interior tem-
perature quickly decreases. The solution continues to
absorb heat from nanoparticles until its temperature
equilibrates with the nanoparticles. The system gra-
dually dissipates heat to the ambient environment
and recovers to room temperature in 15 to 20 min
after the exposure. In order to reduce the heat dis-
sipated from the nanoparticles and examine the
temperature change, we lowered the magnetic
field induction power to the point that the solu-
tion temperature was almost constant over the ex-
posure time. In this case, we still observed the
temperature increase inside the dual-core nano-
particles, confirming that the temperature gradient
exists between the nano and bulk environment
(Supplementary Figure S9).

The specific absorption rate (SAR) of the iron oxide
nanoparticles, calculated from the measured nano-
particle and solution temperature changes, is about
500 W/g under our experimental conditions (see Sup-
porting Information). This value is in close agreement
with experimental results and theoretical calculations
previously reported for iron oxide nanocrystals under
similar magnetic field conditions.>>
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Figure 4. Nanoparticle temperature change under various experimental conditions. (a) Nanothermometer-detected tempera-
ture changes of UCNC@MS, UCNC:MNC5@MS, and UCNC:MNC20@MS with a 30, 60, and 90 s OMF exposure. The UCNC:
MNC20@MS experiences more heating than the UCNC:MNC5@MS. The control sample UCNC@MS shows neither a significant
temperature increase nor an exposure time dependency. The inset shows the temperature change in response to the exposure
time for UCNC:MNC5@MS (red triangles) and UCNC:MNC20@MS (black squares) and their linear fittings. A proportional increase
is observed as the exposure time increases. (b) Parallel study to (a), when the magnetic field induction power is reduced to half.
(c) UCNC:MNC20@MS temperature change under variable OMF induction power. The 30 s (light blue triangles), 60 s (blue dots),
and 90 s (dark blue squares) indicate the exposure time. A linear dependency is present because the magnetic field induction
power is proportional to the heat dissipation power of the nanocrystals. (d) UCNC:MNC20@MS heating effect as a function of OMF
exposure time. The temperature increase is linearly related to the exposure time initially (gray dashed line) and eventually
saturates as the length approaches 5 min, as a result of the greater temperature gradient with the environment and the faster
heat dissipation rate. Error bars are experimental standard deviations. See Supporting Information for error propagation analysis.
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Figure 5. In situ nanoparticle temperature detection during and after exposure to the oscillating magnetic field. (a)
Nanoparticle (red dots) and bulk solution (black squares) temperature changes during and after a 90 s OMF exposure. (b)
Nanoparticle and bulk solution temperature changes during and after a 5 min OMF exposure. During the OMF exposure (gray
area), the nanoparticle inside has a much higher heating rate than the bulk solution and the temperature gradient grows with
time. At the end of the exposure, the nanoparticle temperature is about twice that of the solution. After the exposure, the
nanoparticle temperature quickly decreases while the bulk solution slightly increased to equilibrate with the nanoparticles.
Then the system gradually dissipates heat and recovers its initial state.

CONCLUSION

We have developed a method of measuring the
interior temperature of dual-core silica nanoparticles
based on the luminescence intensity ratios in the
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spectra of NaYF.Yb®", Er¥" nanocrystals and have
quantified the nanoenvironment temperature change
induced by the superparamagnetic nanocrystals. A novel
synthetic approach was developed to incorporate two

A N N S
VOL.8 = NO.5 = 5199-5207 = 2014 K@L%{\j

WWwWW.acsnano.org

5204



types of nanocrystals with a one-to-one ratio in the same
mesoporous silica nanoparticle. The UCNC nanothermo-
meter detected the MSN temperature changes initiated
by the superparamagnetic nanocrystals. The nanoparti-
cle interior temperatures were studied under variable
OMF exposure times and induction powers and also with
different magnetic nanocrystal sizes. The temperature
increase is proportional to the magnetic field induction
power and initially increases linearly with the exposure
time. During the OMF exposure, a temperature gradient

METHODS

Materials. Cetyltrimethylammonium bromide (CTAB) (95%,
Aldrich), tetraethyl orthosilicate (TEOS) (98%, Aldrich), hexane
(98.5%, Fisher), 1-octadecene (95.0% Aldrich), toluene (99.5%,
Aldrich), methanol (99.9%, Firsher), oleic acid (90%, Aldrich),
yttrium(lll) chloride (99.99%, Aldrich), ytterbium(lll) chloride
hexahydrate (99.9%, Aldrich), erbium(lll) chloride hexahydrate
(99.9%, Aldrich), chloroform (99.8%, Fisher), ethanol (99.5%,
Fisher), ammonium fluoride (98.0%, Aldrich), and iron oxide-
(I, 1) magnetic nanoparticles (Aldrich) were used. All chemicals
were reagent grade and used without further purification or
modification.

Characterization. Transmission electron microscopy (TEM) was
carried out on a JEM1200-EX (JEOL) instrument. High-resolution
transmission electron microscopy (HRTEM), scanning transmis-
sion electron microscopy (STEM), and energy disperse X-ray (EDX)
analysis were performed using a Titan S/TEM (FEI, 300 kV). Powder
X-ray diffraction (XRD) spectra were collected using a Philips
X'Pert Pro diffractometer equipped with Cu Kr radiation. A
TechnicaLaser MLL--980-2w laser emitting 2 W at 980 nm was
utilized as the exciting source. An Instrument SA HR 320 spectro-
graph/monochromator together with a PI-MAX intensified CCD
camera from Princeton Instruments was used to record the
luminescence spectra. The oscillating magnetic field was pro-
vided by a Magnetic Hyperthermia System manufactured by MSI
Automation, Inc. The five-turn coil diameter was 50 mm, and the
depth was about 50 mm. The oscillation frequency was 375 kHz,
and the full induction power was 5 kW. A 700 nm cut-on filter from
Newport (10SWF-700-B) was employed to filter out the exciting
light at the detector window.

Synthesis of UNNC. The upconversion nanocrystals were syn-
thesized by a modified thermolysis method using lanthanide
chlorides as the precursors.3*3* A 156 mg amount of YCls,
70 mg of YbCls;, and 8 mg of ErCl; were mixed with 15 mL of
1-octadecene and 12 mL of oleic acid and heated to 120 °C
for half an hour. In a separate container, 100 mg of NaOH and
149 mg of NH4F were dissolved in 10 mL of methanol. After the
lanthanide solution was cooled to 50 °C, the NH4F methanol
solution was added into the lanthanide solution and slowly heated
to 80 °C to remove the methanol. The mixed solution was then
purged with argon gas and reacted at 300 °C for an hour. After the
solution was cooled to room temperature, an excess amount of
ethanol was added to precipitate the UCNCs. The nanocrystals
were washed several times with hexane and ethanol and then
suspended in chloroform at a concentration of 20 mg/mL.

Synthesis of UINC@MS. The synthesis of upconversion nano-
crystal embedded core—shell mesoporous silica nanoparticles
(UCNC@MS) started with changing the hydrophobicity of the
nanocrystals with the help of CTAB.>*?° A 2 mL amount of UCNC
chloroform solution was added into 20 mL of H,O containing
400 mg of CTAB. The solution was sonicated thoroughly and
slowly heated to 65 °C to evaporate the chloroform. A 1.5 mL
portion of this UCNC aqueous solution was added into 13.5 mL
of H,0 and heated to 80 °C. After the temperature was stabi-
lized, 110 uL of 2 M NaOH and 150 uL of TEOS were added.
The reaction was maintained at 80 °C for 2 h before further
centrifugation and washing with H,O and methanol.
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between the nanoparticles and the bulk solution was
observed, and it increased over the exposure period. To
our knowledge, this is the first study of ratiometric optical
measurement of the nanoenvironment temperature
with temporal resolution. This unique nanothermometer
technique opens a path for experimental quantification
of both the temperature in nanoenvironments and heat
transfer on the nanoscale, and it provides a novel method
for small-scale temperature characterization in biomedi-
cal hyperthermia applications.

Synthesis of UINC:MNC5@MS. The incorporation of two types of
nanocrystals into the MSNPs was based on stepwise phase
transfers of the nanocrystals. UCNCs and the 5 nm MNCs were
both suspended in chloroform at a concentration of 20 mg/mL
prior to this experiment. A 2 mL sample of UCNC chloroform
solution was added into 20 mL of H,O containing 400 mg
of CTAB. The mixture was sonicated thoroughly and slowly
heated to 65 °C to evaporate the chloroform. A 1.5 mL amount
of this solution was mixed with 18.8 uL of MNC chloroform
solution. Again, it was sonicated thoroughly and slowly heated
to 65 °C to evaporate the chloroform. This aqueous solution
was stirred overnight and added into 13.5 mL of H,0. From
there, the reaction followed the same procedure as that for
the UCNC@MS. A magnet was used to make sure all collected
particles contain FesO4 nanocrystals.

Synthesis of UNC:MNC20@MS. A similar experiment was carried
out to that for UCNC:MNC5@MS to make the 20 nm MNC
embedded MSNPs. Instead of adding the 5 nm MNC chloroform
solutions, 37.5 uL of a 20 nm MNC chloroform solution was used.
All other procedures were the same.

Synthesis of MNC20@MS. Similar to the synthesis of UCNC@MS,
37.5 uL of a 20 nm MNC solution was added into 15 mL of H,O
with 30 mg of CTAB and sonicated thoroughly. The chloroform
was evaporated. The solution was heated to 80 °C,and 110 uL of
2 M NaOH was added followed by 150 uL of TEOS. The reaction
was continued for 2 h before further washing.

Working Curve. Upconversion luminescence spectra were
collected to generate the working curve between temperature
and peak intensity ratios. All samples were dispersed in toluene
at a concentration of ~10 mg/mL and placed on a stir heater
plate. The hot plate was turned on to heat the solution slowly
while stirring, and the temperature was monitored by a K-type
thermocouple immersed in the solution. The whole setup was
placed in front of the monochromator and the CCD camera.
A 980 nm infrared laser was used as the exciting source. After
the temperature reached a recording point, the laser was
turned on briefly and a spectrum of the sample was collected.
A luminescence background baseline was also collected under
the same conditions when the excitation laser was off.

The luminescence spectra were analyzed to calculate the
intensity ratios between the 520 and 540 nm emission peaks.
After subtracting the baseline, the spectra were fitted by a
multipeak fitting program with the peak positions fixed. An
example of a peak fitting result is shown in Figure 3b. The reason
for the peak fitting calculation instead of direct integration
of peak areas is that the 520 and 540 nm peaks overlap around
535 nm. To distinguish the contribution from the two peaks
in this area, the peak fitting procedure is necessary. The fitted
peak areas were then summed up, and the area ratios between
the two peaks were calculated. For each sample, the ratios were
plotted against the inverse of absolute temperature and then
fitted with a linear function. The working curve graphs and
luminescence spectra for UCNC, UCNC@MS, UCNC:MNC5@MS,
and UCNC:MNC20@MS are illustrated in Figure S2.

In Situ Luminescence Detection Setup. The exciting beam (cross
section is about 8 mm x 4 mm) was focused with an 80 cm focal
length plano-convex lens. The coil of the magnetic hyperther-
mia system was placed horizontally in front of the CCD detector.
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A polystyrene foam frame was placed inside the coil to secure
the sample and to prevent direct heat conduction. The nano-
particle sample was contained in a 2 mL glass vial placed in the
polystyrene foam in the center of the coil. The emitted light was
collected with a 10 cm focal length convex lens placed between
the CCD detector and the coil. A 6 cm plano-convex lens was
in front of the monochromator slit to focus the light. The coil
was tilted about 30 °C from the axis that connected the CCD
detector and the collecting lens, due to the position limitations.
A 700 nm cut-on filter was placed in front of the CCD detector
window to filter out the excitation light (Supplementary Figure S11).
For the pure UCNC luminescence detection, the detector slit
size was 0.5 um and spectrum integration time is 0.5 s. For all
other nanoparticles, a slit size of 1 um and an integration time
of 1 s were used. The CCD camera gain was set as zero for all
experiments.

The sample was placed inside the current coil of a magnetic
hyperthermia system to characterize the induced heating effect. A
background spectrum without the excitation laser was used for
data processing. The IR laser was on for 1 s to record the lumi-
nescence spectra of the nanoparticles at the initial state. The OMF
was turned on for a defined exposure time, and the luminescence
spectra of the sample under the OMF influence were collected at
regular intervals, depending on the experiment. The same muilti-
peak fitting program used in generating the working curves was
then applied to calculate the peak area ratios for the spectra, and
the ratios were then converted to temperatures according to the
working curve. The experiment was repeated three to five times to
generate the experimental deviations. The induction power of the
magnetic field was tunable on the magnetic hyperthermia system
for the induction power dependent study.
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