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We report a simple, low cost and environmentally friendly method to prepare NaYF4:Yb**, Tm3* upcon-
version microphosphors (UCMPs) by thermal decomposition of rare earth-trifluoroacetate precursors
using paraffin as the high boiling non-coordinating solvent. The UCMPs exhibited cubic phase with
defined shape and bright upconversion luminescence. After coating with amphiphilic polymers of
phospholipid-polyethylene glycol, the NaYF4:Yb**, Tm*" UCMPs were highly dispersed in aqueous solu-
tions and exhibited low cytotoxicity. Furthermore, we explored the use of the micro-injected micro-
sized NaYF,:Yb®*, Tm>" particles for converting of near infrared into blue light in mice brain. The
in vivo macroscopic upconversion luminescence imaging results showed that UCMPs located at 1 mm
depth in the brain could be clearly distinguished. Microscopic upconversion luminescence imaging of
the brain sections in vitro revealed that the UCMPs embedded at the particular location in brain tissues
of mice were stable without significant diffusion in two weeks.

© 2017 Elsevier Inc. All rights reserved.
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ible light, have recently attracted increasing attention in bio-
related applications [1-3]. In comparison with traditional lumines-
cent materials, such as organic dyes [4,5] and quantum dots (QDs)
[6-8], the emission of upconversion phosphors were generated by
excitation of continuous wave NIR laser, which was beneficial for
enhancement the penetration depth and minimizing the autofluo-
rescence of biological tissues [9-11]. Therefore, rare-earth doped
upconversion nanophosphors (UCNPs) have been widely utilized
to light-up the cells in deep tissues for fluorescence diagnosis
[12-14], photodynamic therapy [15], and optogenetics [16]. How-
ever, the low upconversion efficiency of UCNPs is still far from per-
fect for such applications, particularly for optogenetics
manipulations, which have an excitation light threshold for activa-
tion [17]. For photoactivation applications such as fluorescence
diagnosis and photodynamic therapy, the phosphors are usually
given by intravenous injection and should be small enough for
long-time circulation in animals. In comparison, for optogenetics
applications, the phosphors are expected to be embedded at a par-
ticular location in the neuronal plasma membrane, where the neu-
rons are controlled by the exogenous expression of light-sensitive
ion channels. Hence, when using upconversion phosphors for opto-
genetic applications, the phospors should be designed with high
upconversion efficiency for photoactivation and suitable sizes to
avoid their diffusion in tissues. Comparing with rare earth doped
UCNPs, upconversion microphosphors (UCMPs), which are much
larger in size, usually present stronger upconversion emission
due to their smaller surface-to-volume ratio and less surface
quenching centers [18], promising for applications in optogenetic
studies. Although powders of UCMPs are commercially available
and used in for the visualization of IR radiation and security inks,
they cannot be well suspended in aqueous or organic solutions
to form colloidal dispersions, which limit their extending applica-
tions [19]. Thus, it is still valuable to explore facile methods for
synthesis of highly dispersed UCMPs [20].

Upconversion phosphors are typically composed of an inorganic
host lattice and rare-earth dopant ions embedded in the host lat-
tice. Sodium yttrium fluoride (NaYF4) has been widely used as a
host in upconversion luminescence process due to its appropriate
lattice matching with sensitizing ion (Yb®") and activating ions
(Er**, Tm3*, Ho®*) high efficient upconversion phosphors [21]. Thus
far, many approaches have been developed to synthesis rare-earth
doped NaYF, upconversion phosphors with high quality, low cost
and minimal toxicity [22-24]. The majority of these methods are
substantially based on the thermal decomposition of rare earth-
trifluoroacetate precursors in high boiling noncoordinating sol-
vents (e.g., octadecene [25], trioctylphosphine [26]) or liquid pre-
cipitation reaction between soluble rare-earth salts and alkali
fluorides. Along with others, we have reported the synthesis of
lanthanide-doped rare-earth fluorides UCNPs by using eco-
friendly paraffin liquid, instead of 1-octadecene, as the high boiling
noncoordinating solvent [27,28]. However, as far as we are aware,
the synthesis of NaYF,:Yb?*, Tm®* microphosphors has been rarely
reported.

In this paper, we report a green route for the synthesis of highly
dispersed NaYF,:Yb®", Tm®* UCMPs by thermal decomposition of
rare earth-trifluoroacetate precursors at 320 °C under ambient air
pressure without inert gas protection. The paraffin liquid was
employed as the high boiling noncoordinating solvent for the reac-
tions and citric acid was used as the surface active agent. Both
paraffin liquid and citric acid are natural products, with no toxicity
and no environmental pollution [29], which are beneficial for
wide-scale preparation of UCMPs. The UCMPs were then coated
with amphiphilic polymers to form hydrophilic hybrid composites,
abbreviated UCMPs@PEG. The morphology, structure and upcon-
version luminescence property of the UCMPs and UCMPs@PEG
were investigated by scanning electronic microscope (SEM), trans-

mission electron microscope (TEM), powder X-ray diffraction
(XRD), Fourier transform infrared (FTIR) spectrophotometry, ther-
mogravimetric analysis (TGA) and luminescence spectra measure-
ments. The cytotoxicity of UCMPs@PEG was determined by in vitro
cell studies. Furthermore, the UCMPs@PEG particles were microin-
jected into the brain of mice. Macroscopic upconversion lumines-
cence imaging of mice in vivo were carried out to investigate the
abilities of the UCMPs@PEG for in situ light upconversion from
near-infrared to blue in mice. Microscopic upconversion lumines-
cence imaging of the brain sections in vitro were performed to
study the long-term distribution of UCMPsS@PEG in brain tissues
of mice.

2. Experimental
2.1. Materials and instruments

Lanthanide oxides (Y,0s, Yb,03, Tm,03), trifluoroacetic acid,
sodium fluoride, oleic acid, paraffin, chloroform, ethanol, and
methanol were purchased from the Sigma Aldrich. 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-5000] (PEG) was purchased from Creative PEGWorks, Inc.
Cell-culture products were purchased from Gibco. All the chemi-
cals were used without any additional purification unless other-
wise mentioned. Deionized water prepared by a Hitech
Laboratory Water Purification System DW100 (Shanghai Hitech
Instruments Co., Ltd) was used for all experiments.

The morphology studies were performed using a JEOL JSM-
6360LV scanning electron microscope (SEM) and a Hitachi HT-
7700 transmission electron microscope (TEM). The average size
of the particles was calculated by measuring 100 particles from
SEM and TEM images. X-ray powder diffraction (XRD) was carried
out on a Japan Rigaku D/max rA X-ray diffractometer equipped
with a Cu Ko radiation. Dynamic light scattering (DLS) and zeta
potential measurements were conducted by using a Malvern Zeta-
sizer Nano ZS90 instrument. Triplicate samples were measured
three times each at room temperature. The measurements were
initiated within 3 min after sample preparation. Fourier transform
infrared (FTIR) spectra were collected using a PerkinElmer spec-
trum GX FTIR system. A TA Instrument with a heating rate of
10 °C was used for the thermogravimetric analysis (TGA). Lumines-
cence spectra of the NaYF, microphosphors was measured with a
PG2000 spectrometer (Ideaoptics Instruments, China), using a
980 nm laser as the excitation light. In vivo luminescence imaging
of mice was performed on a Maestro in vivo optical imaging system
(CRI, Inc. Woburn, MA) equipped with a commercial 980 nm laser.
Luminescence imaging of the brain slices of mice were acquired
using an Olympus FV1000 laser confocal microscope equipped
with a 980 nm laser.

2.2. Synthesis of NaYF,:Yb**, Tm>* upconversion microphosphors

In a typical synthesis approach of NaYF,:Yb3*, Tm** UCMPs,
0.025 mmol Tm;05, 0.25 mmol Yb,03, and 0.975 mmol Y,03 were
added to 20 mL of 50 % concentrated trifluoroacetic acid in a
250 mL flask. The mixture solution was heated to 80 °C to form a
homogeneous solution and then slowly evaporated to remove
water and excess trifluoroacetic acid, forming muddy mixture of
RE(CF3C00); (RE=Y, Yb, and Tm). Subsequently, 4.5 mmol NaF,
10 mL oleic acid and 30 mL paraffin liquid were added to the flask
under vigorous stirring conditions and the mixture solution was
slowly heated to 140 °C under vacuum for 20 min to remove water.
The resulting solution with a slight yellow color was then heated to
320 °C at a rate of 10 °C/min in air and was kept at 320 °C for 1 h.
Finally, the mixture was cooled to room temperature and precipi-
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tated by methanol and collected by centrifugation at 12000 rpm
for 30 min. The precipitate was washed with ethanol for three
times and the obtained microphosphors of NaYF,:Yb**, Tm>* were
dried in a vacuum oven for 24 h.

2.3. Preparation of DSPE-mPEG coated NaYF,:Yb**, Tm>* upconversion
microphosphors

Typically, 400 pL dispersion of NaYF,4:Yb**, Tm3* UCMPs in chlo-
roform (10 mg/mL) was injected into 1 mL DSPE-mPEG solution in
chloroform (10 mg/mL). The mixture solution was then evaporated
and dried under vacuum in a rotary evaporator, following which
the residuum was gently heated at 70 °C. Next, 500 puL of water
was added to the obtained solid mass, and the solution was soni-
cated for 1 min. The resulting DSPE-mPEG coated NaYF,:Yb**,
Tm>" UCMPs (UCMPs@PEG) were stored at 4 °C for further use.

2.4. Cytotoxicity analyses

The mouse fibroblast cell lines (NIH-3T3) were used for cytotox-
icity studies of DSPE-mPEG coated upconversion microphosphors.
The cells were grown in Dulbecco minimum essential medium
(DMEM) supplemented with 10% heat-inactivated fetal bovine
serum and seeded in 35 mm cultivation dishes. The cells were
divided at random into 5 groups, and each group contained 6
dishes of cells. Pre-determined amounts of UCMPs@PEG were
added to the five groups of cells to achieve a final concentration
of 0, 50, 100, 150 and 200 pg/mL, respectively. After the cells were
incubated with UCMPs@PEG for 24 h and 48 h, the viabilities of the
cells were assessed by 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) assay [30]. We assumed that the
viability of control cells without UCMPs@PEG treatment was
100%, and estimated the relative viability of cells treated with
UCMPs@PEG of various concentrations. The data shown is an aver-
age of three experiments.

2.5. In vivo imaging

Five experimental mice (18-21 g male black mice, C57 line)
were microinjected with 0.2 pL aqueous dispersion of UCMPs@PEG
(0.2 pL per mouse, 1 mg/mL in 1 x PBS, pH = 7.4) through micro-
surgery. The relatively accurate XY-Z (depth) position where the
UCMPs@PEG particles located was determined by counting the
scale on the microinjection instrument [31]. In our experiment,
the depth of injected UCMPs@PEG particles was adjusted as
1 mm. The in vivo upconversion luminescence imaging of UCMP-
S@PEG in the brain of mice was carried out by Maestro in vivo opti-
cal imaging system (CRI, Inc. Woburn, MA), equipped with a
980 nm laser (LWIR980nm, Beijing Laserwave Optoelectronics
Technology Co., Ltd, China). A liquid crystal tunable filter was auto-
matically tuned with 10 nm increments from 700 nm to 900 nm
while the camera captured the image at each wavelength with a
constant exposure time (500 ms).

3. Results and discussion

The synthesis of NaYF,:Yb>*, Tm3* nanophosphors by thermal
decomposition route has been intensively investigated in the past
decade, but seldom have the chemical reaction equations been put
forward in the literature. In Fig. 1a, we present the possible process
and chemical reactions involved in the formation of NaYF4:Yb®*,
Tm?>* crystals in our route. Generally, rare earth-trifluoroacetate
precursors (RE(CF5CO,)3) were prepared using lanthanide oxides
(RE;03) and trifluoroacetic acid (CF3CO,H) by double decomposi-
tion reaction. The thermal decomposition of RE(CFsCO,); in paraf-

fin liquid at 320 °C produced REF; seeds and gases (i.e. CF3COF, CO
and CO,). At the same time, the REF; reacted with Na+ and F— to
generate NaREF, crystal nuclei, which then quickly grew via the
Ostwald ripening process, resulting NaREF, microcrystals with
well-defined cross sections. The carboxy groups of oleic acid could
coordinate with electronpoor metal atoms at the surfaces of the
NaREF, crystals while the exposed hydrophobic alkyl chain on
the surface enabled the NaREF, microparticles to be dispersed in
nonpolar solvents. The paraffin was adopted as the solvent, which
made environment pollution reduced and production cost
decreased, compared with the previous route for NaYF, using octa-
decene as the solvent.

Fig. 2a-c shows the morphology of UCMPs investigated by both
SEM and TEM, which demonstrated that the as-synthesized UCMPs
were hexagonal prism shaped particles with average side length of
1+0.18 um and thickness of 0.5+ 0.1 um (Fig. 2d). The XRD pat-
tern of as-synthesized UCMPs was shown in Fig. 2e. All the peak
positions agree well with those calculated for the cubic phase of
NaYF, crystal (JCPDS 39-0724). The well-resolved four peaks
between 20° and 60° in 26 value could be assigned to (11 1),
(200), (220), and (311) planes of cubic NaYF, crystal. Fig. 2f
shows the TGA curve of UCMPs in air. The significant weight loss
of UCMPs in the temperature range of 300-500 °C was attributed
to the elimination of oleic acid ligands. X-ray energy dispersive
spectroscopy (EDS) spectrum taken from the UCMPs (Fig. S1) con-
firm that the particles mainly consisted of Na, F, Y and Yb. The C
and O elements were also detected, which were attributed to the
oleic acid molecules on the surface of the UCMPs. However, the
Tm elements were not detected due to the limited sensitivity of
the EDS measurements. The proportion of the elements for UCMPs
(Table S1) was different than the feed reactants, which was caused
by the low efficiency of mass transfer in the flask. Development of
novel reactors with high mass transfer efficiency for preparation of
UCMPs should be an interesting topic for follow-up studies [11].

Fig. 3a shows the schematic illustration for the preparation of
UCMPs@PEG composites. During the mixing of solid lipidic mass
(i.e. UCMPs and DSPE-mPEG-5000) and addition of water under
continuous sonication, the hydrophobic lipid segments of DSPE-
mPEG-5000 tended to be embedded in the hydrophobic UCMPs
core and the hydrophilic PEG chains of DSPE-mPEG-5000 extended
into the aqueous phase to render the UCMPs@PEG with water dis-
persibility and excellent biocompatibility [32]. Fig. 3b presents a
typical SEM image of UCMPs@PEG particles, from which we could
see the UCMPs@PEG exhibited similar morphology with UCMPs
and particles were highly dispersed with no significant aggregates
observed. The inset of Fig.3b shows a typical digital photo of
water-based suspension containing UCMPs@PEG (1 mg/mL), which
was milky white translucent solution, due to the light scattering by
microparticles. The monodispersity of UCMPs@PEG in an aqueous
environment was also confirmed by DLS measurements. Two peaks
of the size distribution (intensity) were observed due to the prism
shape of UCMPs@PEG (Fig.3c). The two peaks were located at
around 580 nm and 900 nm respectively, which were essentially
in agreement with the average thickness and average side length
of UCMPs observed by SEM. The average zeta potential of UCMP-
S@PEG in aqueous solution was measured to be —20.7 £5.9 mV
(Fig. S2). The negative charge was attributed to the PEG coating
on the surface of UCMPs and can repel one another to overcome
the natural tendency of aggregation of particles [33,34]. Therefore,
PEG coated UCMPs@PEG present engouth dispersion stability in
aqueous solution. It was also reported that NPs with negatively
charged surface showed a reduced plasma protein adsorption
and low rate of nonspecific cellular uptake [35,36]. Although it is
difficult to observe the thin layer of PEG on the surface of UCMPs
in either SEM or TEM images due to the low electron contrast
between the PEG layer and UCMPs, the presence of a PEG layer
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Oleic acid # REF; seed NaREF, nucleus Oleic acid coated NaREF,
RE,0;+6CF;CO,H —x>2RE(CF;CO,);+ 3H,0
2RE(CF;CO0,); x> 2REF;+3CF;COF1 +3CO 1+3CO, 1
REF; + Na*+ F- —> NaREF,
RE=Y, Yb, Tm...

Fig. 1. Schematic diagram of the process and possible chemical reactions involved in the formation of NaYF,:Yb**, Tm3* UCMPs.
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Fig. 2. SEM (a, b) and TEM (c) images of as-synthesized UCMPs; (d) shape and size illustration of the UCMPs; XRD pattern (e) and TGA curve (f) of the UCMPs.
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Fig. 3. (a) Schematic illustration of UCMPs@PEG preparation from self-assembly; (b) a typical SEM image of the obtained UCMPs@PEG particles; the inset: a digital photo of
UCMPs@PEG dispersion in water (1 mg/mL); (c) DLS results of UCMPs@PEG in water (1 mg/mL); (d) FTIR spectra and (e) TGA curves of PEG, UCMPs and UCMPs@PEG.

on the UCMPs was confirmed by FTIR and TGA. Fig. 3d shows the
spectra of PEG, UCMPs and UCMPs@PEG. Both of the UCMPs and
UCMPs@PEG demonstrated a broad absorption band over
3000 cm™!, which corresponds to the O-H stretching vibration.
The peaks at around 2920 cm~! were significantly increased in
the UCMPs@PEG sample due to a large number of -CH,- groups
in the PEG coating. In addition, two bands at 1729 and
1109 cm ' in the FTIR spectrum of UCMPs@PEG were observed,
which were assigned to the stretching vibration of the carboxyl
ester and the ether bond of PEG chains, respectively [37,38]. These
results demonstrated the successfully coating of PEG on the surface
of UCMPs. From the TGA curve of UCMPs@PEG in Fig. 3e, the
weight loss of the UCMPs@PEG in the temperature range of 300-
500 °C was much larger than that of UCMPs, due to the PEG coating
on UCMPs. The UCMPs/PEG weight ratio in the UCMPs@PEG was
determined to be about 9:1 according to the TGA results. The
XRD pattern of UCMPs@PEG in Fig. S3 exhibited the same structure
as UCMPs in Fig. 2e, demonstrating that the crystal structure of
UCMPs was not affected by the PEG coating.

Fig. 4a shows a typical upconversion luminescence spectrum of
NaYF4:Yb**, Tm*" microphosphors under the excitation of a
980 nm laser. The sample exhibits five upconversion emission

peaks including a strong NIR emission peak at 800 nm, two blue
emission peaks at 450 nm and 475 nm, and two weak red emission
peaks at 650 nm and 700 nm. The insert of Fig. 4a shows a digital
photo of UCMPs@PEG aqueous suspension under a 980 nm laser
excitation, exhibiting bright blue luminescence, which was in
agreement with the upconversion luminescence spectrum in the
visible range. It is generally known that Tm>" ions serve as the acti-
vator to generate tunable upconversion emissions spanning the
visible spectral region [1,2]. Yb*" ions are added to serve as a sen-
sitizer that enhances the infrared-to-visible upconversion effi-
ciency due to the strong energy transfer from Yb>* to neighboring
Tm?>" ions [3]. NaYF, is the host, which shows no upconversion
emission under NIR light excitation. Fig. 4b shows the energy level
diagrams of Yb®*" and Tm>" ions and the upconversion lumines-
cence mechanism of sample under the excitation of 980 nm. The
upconversion emission peaks of NaYF,:Yb3*, Tm3* at 450, 475,
650, 700, and 800 nm correspond to the 'D, — 3F4, G4 — 3Hsg,
1G4 - 3F4, 3F3 > 3Hg and 3F, —» 3Hg. transitions of Tm3* ions,
respectively [34].

To investigate potential bio-related applications for the
UCMPs@PEG, we performed in vitro cytotoxicity studies on
the UCMPs@PEG in terms of cell viability by MTT assay. The
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Fig. 4. (a) Typical upconversion luminescence spectrum of NaYF,:Yb*, Tm3*
UCMPs@PEG excited by a 980 nm CW laser. Inset: a digital photo of aqueous
dispersion of UCMPs@PEG under irradiation of 980 nm CW laser; (b) Energy level
diagrams of Yb** and Tm>* ions and the probable upconversion mechanism under
the excitation of 980 nm light.

relative cell viabilities of NIH-3T3 cells treated with UCMPs@PEG
at various concentrations after 24 h and 4h incubation were
shown in Fig. 5. Even when cells were incubated with UCMPs@PEG
(200 pg/mL) for up to 48 h, no significant decrease in cell viability
was observed, indicating a low cytotoxicity for the UCMPs@PEG.
Due to the unique upconversion luminescence by NIR excitation
which was beneficial for enhancement the penetration depth,
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©
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0 50 100 150 200
Concentration (ug/mL)
Fig. 5. Cell viability from MTT assays of NIH-3T3 cells incubated with UCMPs@PEG

at various concentrations for 24 h and 48 h, respectively. Error bars represent the
standard deviation of the mean.

NaYF,:Yb**, Tm3* phosphors, especially upconversion nanophos-
phors, have been utilized for various biomedical applications, such
as fluorescence diagnosis, photodynamic therapy, and optogenet-
ics. Although the UCMPs exhibited bright upconversion lumines-
cence, they were too large to be given by intravenous injection in
animals for targeted diagnosis. As for optogenetics, the phospors
are expected to be embedded at a particular location and should
be large enough to avoid their diffusion in tissues. In this work,
we performed the in vivo upconversion luminescence imaging of
mice after microinjection of UCMPs@PEG in the brain tissue of
mice (Fig. 6a). The depth of the UCMPS@PEG in the brain was
1 mm in our experiments. Fig. 6b shows the whole body in vivo
image of a black mouse injected with UCMPs@PEG, from which

Microinjection

JJIL:

UCMPs@PEG

S 80+

0 . ; .
700 750 800 850 900
Wavelength (nm)

Fig. 6. (a) A diagram of microinjection of UCMPs@PEG particles in a mouse brain;
(b) in vivo upconversion luminescence imaging of mice injected with UCMPs@PEG
particles under excitation of 980 nm light; (c) spectra of the luminescence signal
from UCMPsS@PEG in mice brain observed in (b); (d) a typical upconversion
luminescence image of the brain tissue slice from mice injected with UCMPs@PEG
particles in the brain for 2 weeks. The blue color revealed the distribution of
UCMPs@PEG particles.
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the emission of UCMPs@PEG was observed with high contrast. It is
generally known that the skin, tissues, blood and trauma region of
mice present no autofluorescence in the visible light region when
excited by 980 nm NIR laser [39]. Therefore, the observed lumines-
cence signals were generated from the UCMPs@PEG particles. The
upconversion luminescence spectrum of the UCMPs@PEG (Fig. 6¢)
with a wavelength range from 700-900 nm also testifies that the
980 nm laser light greatly excited the UCMPs@PEG to emit upcon-
version luminescence. In general, the distribution depth of cerebel-
lum and cerebral cortex of small mice were less than 800 pm in
their brains [31]. UCMPs can achieve such a depth for in situ light
upconversion from near-infrared to blue, and it will be very helpful
to potential in vivo optogenetic applications. To investigate the
long-term distribution of UCMPsS@PEG in brain tissues of mice,
the mice was put down after microinjection of UCMPs@PEG for
two weeks, and their brain sections were imaged by microscopic
upconversion luminescence imaging. As a typical image shown in
Fig. 6d, the UCMPs@PEG distribution was concentrated a very
small area of 500 pm x 500 pm x 50 pm. These primary results
demonstrated the potential of using NaYF4:Yb>*, Tm>* microphos-
phors for in vivo optogenetic studies.

4. Conclusion

We developed a simple and green route for the synthesis of
highly dispersed NaYF4:Yb**, Tm>* UCMPs. The paraffin, an
eco-friendly solvent, was used as the high boiling non-
coordinating solvent during the thermal decomposition of rare
earth-trifluoroacetate precursors. Choosing paraffin as the reaction
medium without expensive and not environmentally friendly octa-
decene, significantly simplified the reaction for green and low-cost
synthesis of the NaYF,:Yb®", Tm3* UCMPs. Furthermore, we
explored the use of the PEG coated NaYF,:Yb**, Tm>* UCMPs for
converting of near infrared into blue light in mice brain, based
on their bright upconversion luminescence and low cytotoxicity.
The in vivo macroscopic upconversion luminescence imaging
results showed that UCMPs located at 1 mm depth in the brain
could be clearly distinguished. The long-term distribution of
UCMPs@PEG in brain tissues of mice were investigated by micro-
scopic upconversion luminescence imaging of the brain sections,
demonstrating that the UCMPs@PEG were stable without signifi-
cant diffusion in two weeks. Compared with upconversion
nanoparticles that are easily uptaken by cells [40] or flow into cir-
culatory systems [41], the UCMPs are large enough to be fixed at a
specific locations without diffusion in tissues, facilitating the in situ
light conversion at that particular area of the cortex in animals.
Our demonstration represents a new strategy to utilize the upcon-
version phosphors for biomedical studies. Further investigations
are underway to investigate the potential applications of rare-
earth doped upconversion microstructures in optogenetic studies.
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