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ABSTRACT: Nanoscale drug delivery systems have been
widely investigated due to their well-recognized advantages
including controlled delivery of chemotherapeutic agents,
enhanced therapeutic effectiveness, and reduced adverse effects
compared to conventional chemotherapy with small mole-
cules. However, further progress in the use of nanoscale
delivery systems in clinical applications has been hampered by
pharmacokinetic studies in biological samples which were
associated with significant experimental challenges. Here, we
report a rational ratiometric approach to monitor drug release
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kinetics by quantitatively investigating luminescence resonance energy transfer (LRET) from upconversion nanoparticles to the
antitumor drug doxorubicin (DOX). Specifically, DOX molecules within the shell of mesoporous silica-coated upconversion
nanoparticles selectively quenched the green emission of upconversion nanoparticles, while the intensity of red emission was
essentially unaltered. Consequently, when DOX was gradually released, a steady recovery of green emission was observed. The
ability to monitor the intensity ratio of green-to-red luminescence enabled a rational design for real-time investigation of drug
delivery release kinetics. Importantly, the internal standard effect of red emission made this ratiometric approach suitable for

complex biological microenvironments.
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B INTRODUCTION

The enthusiasm for research on nanoscale drug delivery
systems is driven by their potential biomedical applications in
medical diagnostics and disease treatment with inherent
advantages for reducing common chemotherapy-associated
side effects.'* Despite the remarkable progress made in the
past decade, the pharmacokinetics of nanocarriers in biological
environments are not well understood and consequently
hamper their clinical applications.”® The delivery of drugs at
the required dose are critical for increasing therapeutic
effectiveness.*’

The extent of luminescence resonance energy transfer
(LRET) heavily depends on the distance between the energy
donor and acceptor, offering opportunities for sensing the
nanocarrier—drug molecule distance in drug delivery systems.
Importantly, LRET-based drug release monitoring systems
provide unique advantages such as highly sensitive, real-time,
and noninvasive systems. Currently, a number of LRET-based
drug release monitoring approaches have been proposed.®™'®
However, most of these systems employ small-molecule organic
dyes as the luminescent donor. The inevitable cellular
photodamage, low-depth tissue penetration due to UV/visible
light excitation as well as poor photostability and chemical
stability limit their potential use in biomedical applications.

Alternatively, lanthanide-doped upconversion nanophos-
phors (NaYF,:Yb,Er) have attracted considerable attention
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due to their inherent advantages of significant photostability,
sharp emission bandwidths, large anti-Stokes shifts, long
luminescence lifetime, and absence of autofluorescence under
low energy near-infrared (NIR) excitation.'™** Notably, these
nanoparticles are promising for bioapplications such as drug
delivery,>>** bioimaging,>>™** and biodetection.*® Very
recently, a few groups have demonstrated the rational strategy
of upconversion nanophosphors-based drug delivery sys-
tems.”’~*' However, the vast majority of existing drug release
monitoring approaches utilize emission intensity variability as
the tracked signal which may be affected by an unknown local
concentration of nanocarriers and uncontrolled microenviron-
ment change in biological samples. As a result, the reported
upconversion drug delivery systems are mainly focused on
solution systems not living cells. Here, we present a rational
design for ratiometric monitoring of drug release kinetics in
living cells through upconversion-based LRET process, using
mesoporous silica-coated NaYF,:Yb,Er nanocomposites loaded
with doxorubicin (NaYF,:Yb,Er@mSiO,-DOX). In this work,
the excited energy from the higher-lying energy level (green
upconversion luminescence, UCLg) of the NaYF,:Yb,Er
nanoparticles was selectively transferred to the drug DOX,
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Scheme 1. Schematic Illustration of LRET-Based Upconversion Nanocarriers for DOX Delivery (Left) and the Linear
Relationship between the DOX Release Percentage and UCL;/UCLy Ratio (Right)®
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“UCLg and UCLy denote green and red upconversion luminescence, respectively.

through the LRET mechanism. In addition, the red
upconversion emission (UCLy) from the lower-lying energy
level was essentially unchanged and used as an internal
standard. We demonstrated how the ratio of the higher-lying
UCL¢ and lower-lying UCLy intensity vary along with the
process of drug release (Scheme 1). We found a linear
relationship between the green-to-red emission intensity ratio
(UCLg/UCLy) and the percentage of DOX released. More
importantly, this ratiometric design employed red emission as
the internal standard and thus may offer an accurate and
reliable platform for localized drug delivery monitoring in living
cells, avoiding the influence of the internal microenvironment
and dosing errors.

B RESULTS AND DISCUSSION

Synthesis of Oleic Acid (OA)-Capped NaYF,:Yb,Er
Nanocrystals. The oleic acid capped NaYF,:YbEr nano-
particles (OA-NaYF,:Yb,Er) were synthesized via a well-
established solvothermal route.”® The transmission electron
microscopy (TEM) image shows a highly uniform spherical
morphology of OA-NaYF,:Yb,Er with an average diameter of
30 nm (Figure la). The OA-NaYF,:YbEr demonstrated a
hexagonal phase showed by the X-ray diffraction (XRD) study
(Figure S1 in the Supporting Information, JCPDS card no. 16-
0334), which is consistent with the observed lattice fringes of
0.51 nm associated with (100) planes in high-resolution HR-
TEM image (Figure 1b).

Synthesis of NaYF,:Yb,Er@mSiO,. The mesoporous
silica-coated NaYF,:Yb,Er nanocomposite (NaYF,:YbEr@
mSiO,) was successfully fabricated by coating mesoporous
silica shell onto NaYF,:Yb,Er nanoparticles according to a
previously reported method.*” As shown in Figure lc and
Figure S2 in the Supporting Information, the prepared
NaYF,:Yb,Er@mSiO, were confirmed with a uniform size by
TEM and exhibited a mean hydrodynamic size of 80 nm by
dynamic light scattering (DLS). Energy-dispersive X-ray (EDX)
and elemental (Si, F) mapping analysis clearly confirmed that
silica was successfully deposited onto the NaYF,:YbEr
nanoparticles surface (Figures S3 and S4 in the Supporting
Information). It is should be noted that the thickness of
mesoporous silica layer could be tuned by adding different
amounts of tetraethylorthosilicate. For efficient energy transfer
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Figure 1. (a) TEM image and (b) HR-TEM image of the OA-

NaYF,:Yb,Er nanoparticles. (c) TEM image and (d) HR-TEM image

of the NaYF,:Yb,Er@mSiO, nanocomposites. (e) Nitrogen adsorp-

tion—desorption isotherm and pore diameter distribution (inset) of
NaYF,:Yb,Er@mSiO,.

to proceed,* a thin mesoporous silica shell about 20 nm was
used in our design as shown in Figure 1d. Nitrogen
adsorption—desorption analysis was further employed to
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evaluate the pore volume and pore size in the mesoporous
shell. The results showed that the silica shell had a pore volume
of 0.43 cm’/g of the total NaYF,:Yb,Er@mSiO, mass with a
pore size of 2.8 nm (Figure le). In addition, the surface area
was estimated to be 344 m?/ g using the Barret-Joyner-Halenda
(BJH) theory.

The upconversion emission spectra of the NaYF,:YbEr
nanoparticles and NaYF,:Yb,Er@mSiO, nanocomposites under
NIR irradiation at 980 nm were then measured and shown in
Figure 2a. Both NaYF,:Yb,Er and NaYF,:Yb,Er@mSiO,
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Figure 2. (a) Upconversion luminescence (UCL) spectra of the
NaYF,:Yb,Er nanoparticles in hexamethylene (1 mg/mL) and
NaYF,:Yb,Er@m$iO, in ethanol (1 mg/mL) and UV—vis absorption
spectrum (solid orange) of DOX in water (SO ug/mL) containing
0.9% NaCl and 0.5% tween 80 (w/w). (b) The upconversion emission
spectra of DOX-loaded NaYF,:Yb,Er@mSiO, (1 mg/mL) with
different amounts of DOX load efficiency. Inset: linear relationship
between ratiometric UCL;/UCLy value and the loaded percentage of
DOX.

nanomaterials exhibited characteristic green and red upconver-
sion emissions from 510 to 570 nm and 630 to 690 nm, which
can be attributed to *Hy,, *S3, = *Ii5/, and *Fy, = ;5
transitions of Er’*, respectively. Furthermore, NaYF,:Yb,Er@
mSiO, nanocomposites exhibit high chemical stability and
superior photostability compared with traditional luminescent
nanocarriers.

Construction of LRET Pair and DOX Loading. For an
efficient upconversion-based LRET system, the absorption
wavelength of the energy acceptor should overlap with the
upconversion emission of the upconversion nanophosphors.
Herein, the drug DOX was chosen as the energy acceptor. The
absorption curve of DOX was recorded by a UV-—vis
spectrophotometer. As shown in Figure 2a, an excellent
spectral overlap between the absorption band of DOX and
the emission from the higher-lying energy orbital of
NaYF,:Yb,Er nanoparticles was observed, providing an
important prerequisite for LRET from upconversion nano-
particles to DOX.

Because of the high pore volume and high surface area of
mesoporous silica shell, the NaYF,:Yb,Er@mSiO, nano-
composites have the potential for drug adsorption. In a typical
experiment, the drug DOX was encapsulated in the pores of the
mesoporous silica shell by adding different amounts of DOX to
the nanocomposite solution. As shown in Figures S5 and S6 in
the Supporting Information, UV—vis absorbance curves and
Fourier transform infrared spectroscopy (FTIR) spectra
revealed the successful encapsulation of DOX into the
mesopores of NaYF,:Yb,Er@mSiO, nanocomposites.

Calculation of DOX Loading Efficiency by Upconver-
sion LRET Process. The DOX loading efliciency was
determined by measuring the variation of Abs. at 488 nm of
DOX/DMSO solution before and after the loading process.
Herein, by adjusting the amount of DOX added to the
nanocomposites solution, the loading efliciency of DOX could
be easily tuned. For example, when 4 mg/mL NaYF,:Yb,Er@
mSiO, nanocomposites and different concentrations (2 mg/
mL, 4 mg/mL, 8 mg/mL) of DOX were mixed, the loading
efficiency of DOX was determined to be 2.13%, 6.36%, and
8.44% (w/w), respectively, as shown in Figure 2b. Herein,
DOX-loaded NaYF,:Yb,Er@mSiO, was abbreviated as NaY-
F,:Yb,Er@mSiO,-DOX.

Because of the presence of the LRET process from green
UCL to the absorption band of DOX, it is reasonable that
NaYF,:Yb,Er@mSiO,-DOX with different DOX loading
efficiency show the changed ratio of green/red upconversion
intensities. Therefore, we studied the upconversion emission
properties of our drug carrier with and without DOX loading
under 980 nm laser irradiation. Expectedly, with the increase in
DOX loading efficiency of NaYF,:Yb,Er@mSiO,-DOX, a
steady decrease in green emission (510—560 nm) was
observed, which was attributed to distinct energy transfer
from green upconversion emission (UCLg) to DOX (Figure
2b). In contrast, the intensity of red upconversion emission
from 630 to 690 nm (UCLyg) remained constant, because there
was no significant overlapping between red upconversion
emission and DOX absorption band. Importantly, a linear
relationship was found between the ratio of green upconversion
emission to the red one (UCLg/UCLR) and the amount of
drug loaded (Figure 2b, inset). As a result, such a standard
curve was plotted as UCL;/UCLy = 0.89—0.07w. Herein, w
stands for the DOX loading efficiency in NaYF,:Yb,Er@mSiO,.
Taken together, we expect that construction of such a standard
curve may provide an opportunity for the study of drug release
kinetics and real-time sensing.

In Vitro Drug Release and Monitoring. To verify
whether this strategy can be used in drug release kinetics
studies, we determined the release profile in vitro of DOX from
the nanocarrier NaYF,:Yb,Er@mSiO,-DOX. In the cumulative
release curve of DOX shown in Figure 3, a burst release of
DOX within the first 5 h was observed from NaYF,:YbEr@
mSiO,-DOX and then the release of DOX was stable. The
percentage of DOX released was 50% and 88%, respectively, at
time point of 3 and 14 h. After 14 h, a negligible amount of
DOX was released.

Next, we compared a series of upconversion emission results
at predetermined time points, as plotted in Figure 3 inset.
Accompanying with the drug release process, the UCLg
intensity gradually recovered, while the UCLy intensity
remained unaltered. The recovered green emission was likely
due to the reduced LRET efficiency caused by the increased
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Figure 3. In vitro release of DOX from NaYF,:Yb,Er@mSiO,-DOX.
Inset: change in upconversion emission spectra of NaYF,:YbEr@
mSi0,-DOX at different time intervals (0—25 h) during DOX release
process, under excitation at 980 nm.

distance between the upconversion nanoparticles donor and
DOX acceptor along with the DOX release process.

To determine the capability of NaYF,:Yb,Er@mSiO,-DOX
nanocomposite in studying the drug delivery kinetics in vitro,
the relationship between DOX release and upconversion
emission properties was analyzed. It is noteworthy that, with
the prolongation of DOX release time, the same trend was
observed in the UCLy/UCLy, profile (Figure 4a). By analyzing
available optical data, we obtained a linear relationship between
UCLg/UCLy and the percentage of DOX released (Figure 4a
inset). The potential of the ratiometric imaging method was
examined by visualizing the drug release process in a 96-well
plate using a small-animal upconversion emission imaging
system.”* We compared the UCLg (500—600 nm), UCLg
(647—673 nm), and ratiometric (UCL;/UCLg) imaging as a
function of DOX release time with 980 nm laser irradiation, as
shown in Figure 4b. We noted that, in the NaYF,:YbEr@
mSiO,-DOXgroup, the intensity of UCLg/UCLy imaging
gradually increased and the ratiometric images exhibited good
chromatic contrast during the course of DOX release. Whereas,
in the control NaYF,:YbEr@mSiO, group, no obvious
difference was observed (Figure 4b bottom). Taken together,
the ratiometric drug delivery system was successfully employed
for drug release monitoring in vitro.

Internal Standard Effect of the Ratiometric Approach.
The real-time local concentration of nanocarriers in biological
samples is unknown and may even be dynamic, thus the
internal standard within the ratiometric imaging based drug
release monitoring approach has unique advantages compared
to the single intensity approach. To illustrate these advantages,
we conducted a comparative study by using two different
concentrations of NaYF,:Yb,Er@mSiO,-DOX (0.1 mg/mL, 0.5
mg/mL) as shown in Figure S. By comparing the single
luminescence emission signal with UCLg/UCLyg ratiometric
images, we observed that the intensities of green and red
upconversion emissions changed with the change of concen-
tration of nanocarriers, while the intensities of ratiometric
images were almost unaltered (Figure 5). Furthermore, the
corresponding quantitative results are shown in the bar charts
(right panel). The values of UCL;/UCLy were independent of

12281

o
©
1

o
3

o
o

UCLg/UCLR

o
[9)]
1

o
'S
1

20 40 60 80
Released DOX (%)

100

i
w

25

UCLG
High 1.0

ucLg

UCLg/UCLg

NaYF.:Yb/Er@msiO,-DOX E

ucLg

UCLp

NaYFYb/Er@msSiO,

UCLg/UCLg

cCoOoes

Figure 4. (a) UCL;/UCLg of NaYF,:YbEr@mSiO,-DOX as a
function of time during the DOX release. Inset: curve of linear fitting
UCLg/UCLg versus percent of cumulative released DOX. (b) UCLg
(500—600 nm), UCLy (647—673 nm), and UCLg/UCLy channel
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NaYF,:Yb,Er@mSiO,-DOX (top panel) and NaYF,:YbEr@mSiO,
(bottom panel). The bar charts quantitatively represent the relative
intensities of corresponding images of either single luminescence
emission or ratiometric imaging.

the nanocarrier concentrations. Therefore, the ratiometric
method could offer a practical and reliable platform for
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precisely monitoring the drug release kinetics in biological
samples.

Evaluation of Cytotoxicity. In an attempt to assess the
cytotoxicity of NaYF,:Yb,Er@mSiO, nanoparticles, methyl
thiazolyl tetrazolium (MTT) assay was conducted in HeLa
cells involving different nanocarrier concentrations ranging
from 12.5 to 400 g/mL. As shown in Figure 6, in the
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Figure 6. Cellular cytotoxicity studies by the MTT proliferation test
versus different incubation concentration of NaYF,:Yb,Er@mSiO, and
NaYF,:Yb,Er@mSiO,-DOX.

concentration ranges used in this study, no significant
cytotoxicity was observed after the cells were incubated with
NaYF,:Yb,Er@mSiO, for 24 h, indicating the nanocarrier
NaYF,:Yb,Er@mSiO, has no obvious cytotoxicity. Therefore, it
confirmed the proposal that the nanocarrier act merely as

vehicles for the drug. Thus, any cytotoxicity observed mainly
attributed to the effects of the released drug alone. In a parallel
experiment, NaYF,:Yb,Er@mSiO,-DOX treated cells exhibited
a dose-dependent cytotoxicity. When 200 ug/mL NaY-
F,:Yb,Er@mSiO,-DOX was incubated with the cells for 24 h,
about 50% of cells died. This is mainly due to, following 24 h
incubation, DOX released from the surface layer of the
NaYF,:Yb,Er@mSiO,-DOX and led to cell death, which
indicating the successful delivery of DOX into the cells.

Monitoring Intracellular Drug Release via Ratiometric
Upconversion Imaging. To shed light on drug release
monitoring in living cells, we recorded a set of laser scanning
upconversion luminescence microscopy (LSUCLM)* images
to visualize the intracellular drug release at 1, 3, S, or 7 h
(Figure 7). During the imaging process, the laser exposure time
is shorter than 100 us to avoid heat effect-induced cell damage.
As presented in the second and third columns of Figure 7, a
similar trend in the enhancement on UCL (510—560 nm) and
UCLg (630—690 nm) signals were observed as increasing in
incubation time. It should be noted that the concentration of
intracellular nanocarriers changed continually during the
incubation period (the third column in Figure 7), as indicated
by red upconversion luminescence, which was significant
dependent on the NaYF,:Yb,Er@mSiO, concentration. In
this case, therefore, if a traditional single luminescent intensity-
based method (For example, using UCL; (510—560 nm) was
chosen as signal), which may lead to unreliable or erroneous
results for monitoring intracellular drug release, since intensity
variation can be caused by the changing of intracellular
nanocarriers amount.

UCL ratiometric imaging

I
UCL(510~560 nm)

Brightfield ____High]

Low

UCLR (630~690 nm)

1
UCLg/UCLg

Ajo W 1.0] Brlghtfleld + Ratio

Figure 7. Confocal microscopic images of HeLa cells treated with NaYF,:Yb,Er@mSiO2-DOX at selected emission channels in the course of DOX
release time. Column 1, bright-field view; column 2, green upconversion emission signals; column 3, red upconversion emission signals; column 4,
UCLg/UCLg ratiometric images; column 5, overlap of bright-field view and UCLg/UCLy ratiometric images. The scale bar: 20 ym.
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Figure 8. (a) Confocal fluorescence images of the cells incubated with NaYF,:Yb,Er@mSiO,-DOX at a different incubation time of 1, 3, S, or 7 h.
The fluorescence of DOX at 560—660 nm was collected under excitation at 488 nm. The scale bar: 20 ym. (b) Flow cytometry measurements for
the intracellular accumulation of DOX released from NaYF,:Yb,Er@mSiO,-DOX (4., = 488 nm, A, = 575 + 25 nm).

By calculating the upconversion emission value of the 510—
560 nm and 630—690 nm channels, UCL;/UCLy were
visualized and expressed in the form of color images in the
fourth column of Figure 7. A relatively low UCLg;/UCLy, value
of 0.31 was observed after 1 h incubation of NaYF,:Yb,Er@
mSiO,-DOX and then gradually increased over time. After 7 h,
the UCL/UCLy value (0.69) was close to the control group
incubated with NaYF,:Yb,Er@mSiO, (Figure S11 in the
Supporting Information), indicating that DOX was almost
completely released from the NaYF,:Yb,Er@mSiO,-DOX
nanocarriers. Different from the single luminescent intensity-
based method, the ratiometric UCLg;/UCLy value only
corresponds to the percentage of DOX released from the
nanocarriers as indicated by the above-mentioned results.
Therefore, our ratiometric method could offer more precise
results during drug release monitoring by avoiding the local
concentration effect of nanocarriers.

To examine the above monitoring results, we observed the
signals of intracellular DOX fluorescence intensity (4., = S60—
660 nm, under 488 nm excitation) using confocal fluorescent
microscopy. During the course of incubation, DOX was
released into the cytoplasm and entered into the cell nuclej,
accompanied by an increase in fluorescence intensity (Figure
8a). In comparison, the control experiments showed faster
accumulation of DOX in cells (Figure S12 in the Supporting
Information). These results were also consistent with the
intracellular DOX accumulation results quantified by flow
cytometry. As shown in Figure 8b and Figure S13 in the
Supporting Information, intracellular DOX accumulated in a
delayed manner in NaYF,:Yb,Er@mSiO,-DOX treated group,
whereas free DOX entered cells faster.

To further demonstrate the capabilities of our strategy, a
semiquantitative analysis was also carried out by quantifying the
pictorial information (Figure 9 and Figure S14 in the
Supporting Information). The ratios of UCLg/UCLy were
determined and plotted in Figure 9 (dotted line). Simulta-
neously, the fluorescent intensity value of DOX in the cells
were also extracted (Figure 9, histogram). The results indicated
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Figure 9. Corresponding semiquantitative results of UCLg/UCLy and

intracellular fluorescence intensity (Iy) of released DOX for cell
images shown in Figure 7 column 4 and Figure 8a, respectively.

a consistent upward tendency during the process of DOX
release. Taken together, these results suggest that our
ratiometric design could be successfully employed for drug
release monitoring in living cells with the avoidance of
unknown local concentration effects.

B CONCLUSION

In conclusion, a ratiometric upconversion approach was
developed for monitoring drug release in living cells through
upconversion-based luminescence resonance energy transfer
(LRET) process. For DOX-loaded upconversion nanocompo-
site NaYF,:Yb,Er@mSiO,-DOX, a linear relationship between
the UCLg/UCLg value and the amount of drug released was
found and could be used as a standard curve to evaluate the
drug-released efliciency. Complementary to conventional
LRET-based drug release monitoring systems, our results
enable a better understanding of drug release kinetics in living
cells by excluding the unknown local concentration effect using
red emission as the internal standard. The method can also be
rationalized to visualize the process of drug delivery and extend
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for semiquantitative analysis in living cells. Therefore, the
design offers new possibilities for advanced drug delivery
research and clinical translation by expanding the pharmacy
scope using abundant lanthanide-based luminescent nanoma-
terials with less cellular damage and deeper light penetration.

B METHODS

Materials. The chemical of 1-octadecene (ODE, >90%), oleic acid
(OA, >90%), and (3-aminopropyl) triethoxysilane (APS, 98%) were
purchased from Alfa Aesar. Ammonium fluoride (NH,F, 99.99%),
sodium hydroxide (NaOH, 99.9%), acetic acid (95%), and
tetraethylorthosilicate (TEOS, 99%) were obtained from Sinopharm.
Hexadecyltrimethylammonium bromide (CTAB, 98%) was purchased
from Aladdin Chemical Company, Inc. Rare-earth oxides (Ln,O;,
99.999%, Ln*" = Y**, Er**, Yb**) were purchased from Beijing Lansu
Co. Ltd. Doxorubicin (DOX) was purchased from Shanghai Hualan
Chemical Company. All the chemicals were used as received unless
otherwise noted. Deionized water was used throughout. Rare-earth
chloride (LnCly, Ln®" = Y**, Er**, Yb**) solutions were prepared at a
concentration of 0.5 M by dissolving the corresponding Ln,0O; in
hydrochloric acid at 120 °C.

Characterization. The morphology and size of the NaYF,:Yb,Er
and NaYF,:Yb,Er@mSiO, particles were observed using a trans-
mission electron microscope (TEM) (JEOL JEM-2010F, Japan). X-ray
powder diffraction (XRD) measurements were carried out on a Bruker
D4 diffractometer at a scanning rate of 1° min™' in the 26 range of
10—80°. Upconversion luminescence spectra was recorded on an
Edinburgh LFS-920 spectrometer, where an 0—3 W tunable CW laser
at 980 nm (Connet Fiber Optics, China) as the excitation source.
Dynamic light scattering (DLS) experiments were performed on
Zetasizer Nano (Malvern Instruments, Herrenberg, Germany).

Synthesis of Oleic Acid (OA) Coated NaYF,:Yb,Er Nano-
particles (OA-NaYF,:Yb,Er). OA-NaYF,:Yb,Er nanoparticle was
synthesized usinsg the solvothermal procedure according to the
previous report.”> Typically, a solution of YCI; (0.78 mmol), YbCl,
(0.20 mmol), ErCl; (0.02 mmol) was added into 8 mL of oleic acid
and 15 mL of 1-octadecene mixture in a 100 mL flask. The resulting
mixture was heated at 150 °C to form a homogeneous solution and
then cooled down to room temperature. Shortly thereafter, 8 mL of
methanol solution containing NaOH (2.5 mmol) and NH,F (4 mmol)
was slowly dropped into the flask and stirred for 45 min. Subsequently,
the solution was slowly heated to 120 °C for 30 min to remove the
methanol. The reaction was then heated to 300 °C under nitrogen
protection and maintained for 1 h. The OA-NaYF,:Yb,Er nanoparticle
was collected by centrifugation at 8000 rpm for 15 min and washed
with ethanol/cyclohexane three times prior to use.

Synthesis of Mesoporous Silica Coated NaYF,:Yb,Er Nano-
composites (NaYF,:Yb,Er@mSiO,). NaYF,:YbEr@mSiO, was
synthesized via a modified procedure as described in detail in a
previous report.*” OA-NaYF,:Yb,Er in cyclohexane was added in a
CTAB aqueous solution (0.1 g, 20 mL of distilled water) and then
stirred overnight at 30 °C. After the cyclohexane was evaporated, 10
mL of this NaYF,:Yb,Er-CTAB solution was added to a round-bottom
flask containing 20 mL of distilled water, 3 mL of ethanol, and 150 uL
of NaOH solution (2 M). Thereafter, 200 uL of tetraethylorthosilicate
(TEOS) was added to the above mixture and kept at 70 °C for 2 h
before cooling down to room temperature. The resulting nanoparticles
was washed with ethanol and centrifuged at 10000 rpm S times.
Subsequently, the obtained NaYF,:YbEr@mSiO, nanoparticle was
dispersed in 50 mL of ethanol solution containing 0.3 g of NH,NO;,
stirred for 2 h to remove CTAB, and redispersed in ethanol.

DOX Loading. DOX loaded NaYF,:Yb,Er@mSiO, nanoparticles
(NaYF,:Yb,Er@mSiO,-DOX) were prepared as follows: briefly, 10 mg
of NaYF,:Yb,Er@mSiO, and 20 mg of DOX were dispersed in S mL
of DMSO, followed by stirring at room temperature for 48 h, the
resulting nanoparticles were precipitated by centrifugation at 14 000
rpm for 20 min and then dried in a vacuum oven for 24 h to remove
DMSO. The as-prepared nanoparticles were then washed thoroughly
with ethanol/water (1:19, v/v) until the supernatant was colorless and

centrifuged at 8000 rpm for 15 min to obtained NaYF,:Yb,Er@mSiO,-
DOX nanoparticles. An infrared spectrometer was used to monitor the
loading of DOX in NaYF,:Yb,Er@mSiO, nanoparticles.

In Vitro DOX Release. In total, 2 mg of NaYF,:Yb,Er@mSiO,-
DOX was dispersed in 4 mL of 0.9% NaCl and sealed in a boiled water
pretreated dialysis bag (molecular weight cutoff (MWCO): 14 000).
The dialysis bag was incubated with 18 mL of aqueous solution
containing 0.9% NaCl and 0.5% tween 80 (w/w) in a 40 mL light-
sealed tube. The tube was kept at 37 °C with gentle shaking at 200
rpm. To satisfy the sink condition, 2 mL of the incubation medium
was extracted and an equal amount of fresh incubation medium was
supplemented at certain time intervals. The concentration of released
DOX was calculated using its absorption at 488 nm according to a
standard curve.

In Vitro Monitoring of DOX Release. Visualization of the in vitro
drug release process was conducted using a small-animal UCL imaging
system.”* Specifically, the NaYF,:YbEr@mS$iO,-DOX and NaY-
F,:Yb,Er@mSiO, nanoparticles were added to a 96-well plate at
predetermined time points during the drug release process. The
imaging channels of green and red upconversion emission were 500—
600 nm and 647—673 nm, respectively, upon excitation with a 980 nm
laser. To illustrate the internal standard effect in the ratiometric
approach, we studied single luminescence intensity and the UCLg/
UCLy ratiometric images of nanocarriers (NaYF,:Yb,Er@mSiO,-DOX
and NaYF,:Yb,Er@mSiO,) at different concentrations (0.1 mg/mL,
0.5 mg/mL). Image] was employed to calculate ratiometric images and
quantitative measurements.

Cell Culture. Human epithelial cervical cancer cell line (HeLa) was
provided by Shanghai Institutes for Biological Sciences (SIBS),
Chinese Academy of Sciences (CAS, China). Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (FBS), 100 units/mL penicillin G sodium, and 100 ug/
mL streptomycin sulfate and maintained at 37 °C in a humidified and
5% CO, incubator.

Cell Viability Assays. The in vitro cytotoxicity of NaYF,:Yb,Er@
mSiO, and NaYF,:YbEr@mSiO,-DOX against HeLa cells were
evaluated via the methyl thiazolyl tetrazolium (MTT) assay. Cells
were seeded in 96-well cell-culture plate with a density of 1 X 10* per
well and allowed to incubate for 12 h. After the medium was aspirated,
the cells were treated with NaYF,:Yb,Er@mSiO, and NaYF,:Yb,Er@
mSiO,-DOX at various concentrations of 12.5, 25, 50, 100, 200, 400
ug/mL (100 uL/well) for the cytotoxicity study. Followed by
incubation for 24 h, 20 uL of MTT (5 mg/mL) was added to each
well and incubated for another S h. Then the medium was discarded
and 100 uL of DMSO was added to each well to dissolve the formazan
crystals. The absorption value of each well was measured at 570 nm by
a Tecan Infinite M200, with a background subtraction at 690 nm. The
viability of cell growth was determined by comparing the absorption
value of the NaYF,:YbEr@mSiO,-DOX treated group with control
wells.

Intracellular DOX Release and Confocal Microscopic
Imaging. Confocal microscopy luminescence imaging was carried
out using a modified OLYMPUS FV1000 laser scanning confocal
fluorescence microscope. HeLa cells (1 X 10%/dish) were seeded onto
a glass coverslips in a 35 mm diameter culture dish and incubated for
12 h prior to experimentation. Thereafter, NaYF,:Yb,Er@mSiO, and
NaYF,:Yb,Er@mSiO,-DOX (200 ug/mL) were added to the culture
dishes, respectively. Subsequently, confocal microscopy luminescence
imaging was taken at scheduled times. DOX fluorescence was detected
at 530—630 nm under excitation at 488 nm. Upconversion
luminescence of NaYF,:Yb,Er nanoparticles was detected at 500—
600 nm for green emission (UCLg) and at 600—700 nm for red
emission (UCLg), under excitation at 980 nm. Image] was employed
for image calculation and quantitative measurements.

Flow Cytometry Analysis. Here, a flow cytometer was utilized to
quantitatively determine the intracellular accumulation of DOX. HeLa
cells were exposed to free DOX and NaYF,:Yb,Er@mSiO,-DOX for 1,
3, 5, and 7 h, respectively. The treated cells were then washed
thoroughly and stored in PBS buffer prior to analysis. The flow
cytometer (Gallios, Beckman Coulter) was conducted with excitation
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and detection wavelength set at 4., = 488 nm and A, = 575 + 25 nm,
respectively, and the obtained results were analyzed by FlowJo.
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