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mer materials have played an increas-

ingly important part in a various range of
applications, such as diagnostics, drug de-
livery, and tissue engineering, as well as
biosensors and bioseparation systems.' 2
Stimuli-responsive polymers have been de-
signed as the multifunctional drug delivery
systems (DDS), which are able to specifically
accumulate in the required organ or tissue
and then penetrate inside target cells, re-
leasing the drugs.® ' To this end, many
strategies have been developed to fabricate
smart polymeric materials as drug carriers,
which are responsive to a wide variety of
external stimuli such as pH, temperature,
light, ionic strength, and magnetic field.">'*
Condsidering the above physiological ap-
plications, polymeric materials with both
temperature and pH value response have
attracted much attention. Poly(N-isopro-
pylacrylamide) (PNIPAM), a commonly used
thermo-responsive polymer, has a relatively
low critical solution temperature (LCST)
around 32—33 °C in water, which is soluble
below LCST but becomes insoluble above
the LCST."*~" Incorporating functional co-
monomers into the microgels changes the
LCST to higher or lower temperature, which
depends on the hydrophilic or hydrophobic
property of the co-monomers.'® 24

On the other hand, lanthanide-based up-
conversion fluorescent materials, which can
convert longer wavelength radiation (near-
infrared, NIR) to shorter wavelength fluores-
cence (UV or visible light) via a two-photon
or multiphoton mechanism, have attracted
atremendous amount of attention.> ' Com-
pared with conventional down-conversion
fluorescent labels which require ultraviolet or

In recent years, stimuli-responsive poly-
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ABSTRACT I this study, we report anew — maveavwrme:  Naveawmeasio, NATEIXpEr 0

@P(NIPAM.co-MAA)

controlled release system based on up-conver- OTEOS/MPS jé: NIPAM/MAA @@Q
sion luminescent microspheres of NaYF,:Yb* "/ T o \ /
Er" coated with the smart hydrogel poly[(V-

isopropylacrylamide)-co-(methacrylic add)]

(P(NIPAM-co-MAR)) (prepared using 5 mol % ﬁ 370C
of MAA) shell. The hybrid microspheres show - st /’

bright up-conversion fluorescence  under

980 nm laser excitation, and turbidity measurements show that the low aitical solution temperature
of the polymer shell is thermo- and pH-dependent. We have exploited the hybrid microspheres as
carriers for Doxorubicin hydrochloride (DOX) due to its stimuli-responsive property as well as good
biocompatibility via MTT assay. It is found that the drug release behavior is pH-triggered thermally
sensitive. Changing the pH to mildly acidic condition at physiological temperature deforms the
structure of the shell, causing the release of a large number of DOX from the microspheres. The drug-
loaded microspheres exhibit an obvious cytotoxic effect on SKOV3 ovarian cancer cells. The endocytosis
process of drug-loaded microspheres is observed using confocal laser scanning microscopy and up-
conversion luminescence microscopy. Meanwhile, the as-prepared NaYF:Yh**/Er* " @Si0,@P(NIPAM-
c0-MAA) microspheres can be used as a luminescent probe for cell imaging. In addition, the extent of
drug release can be monitored by the change of up-conversion emission intensity. These pH-induced
thermally controlled drug release systems have potential to be used for in vivo bioimaging and cancer
therapy by the pH of the microenvironment changing from 7.4 (normal physiological environment) to
acidic microenvironments (such as endosome and lysosome compartments) owing to endocytosis.

KEYWORDS: pH and temperature sensitivity - N-isopropylacrylamide -
Doxorubicin - drug delivery - up-conversion cell imaging
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Scheme 1. Schematic illustration of the preparation process of NaYF,:Yb>*/Er**@Si0,@P(NIPAM-co-MAA) hybrid micro-

spheres and controlled release of DOX.

stimuli-responsive polymer and functional inorganic
nanoparticles into one unit, have very promising ap-
plications in biomedical fields.>®* ¢ Soppimath et al.
used pH-triggered thermally responsive P(NIPAM-co-
N,N-dimethylacrylamide-co-10-undecenoic acid) as
drug carriers. In an acidic environment, the LCST is
below 37 °C and the particles become hydrophobic,
thus leading to the release of drug molecules.*’ Xia's
group has reported gold nanocages covered by
P(NIPAM-co-acrylamide) for controlled drug release.
Gold nanocages have strong absorption in the near-
infrared region and convert light into heat, which rise
in temperature and cause the polymer chains to
collapse to release the drug in the gold nanocages.*®
Many works have focused on joining the magnetic
nanoparticles and smart polymers together to form
a core—shell structure for magnetic targeting and
drug control and release.** >> Yang's group has
coated  P(NIPAM-co-N-hydroxymethyl acrylamide)
and P(NIPAM-co-MAA) on magnetic mesoporous silica
as a capped polymer to study drug control and release
behavior.>®*” However, as we know so far, there is no
report on the combination of lanthanide-doped up-
conversion luminescent materials with stimuli-respon-
sive polymers. Recently, our group has synthesized the
core—shell structured up-conversion luminescent and
mesoporous NaYF,:Yb*'/Er*"@nSiO,@mSiO, micro-
spheres, which have been attempted to be used as
drug carriers to load ibuprofen (IBU).3' Unfortunately,
the rate of drug release was only governed by free
diffusion, which led to a burst of drug release with
about 50% IBU liberated within 5 h in simulated body
fluid (SBF). The drug release profile is uncontrolled
by using this kind of mesoporous silica carrier. Ac-
cordingly, in this study, we propose new inorganic—
organic hybrid microspheres, which involve NaYFy:
Yb*/Er*" as the core and pH-induced thermo-sensitive
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P(NIPAM-co-MAA) as the shell. The obtained NaYF,:
Yb*/Er** @Si0,@P(NIPAM-co-MAA) core/shell micro-
spheres show bright up-conversion fluorescence un-
der 980 nm laser excitation and were successfully
applied in the imaging of cells. The hybrid micro-
spheres can also be used as drug carriers due to their
good biocompatibility via MTT assay. Doxorubicin
hydrochloride (DOX), a well-known anticancer drug,
was used as a model drug to evaluate the loading and
controlled releasing behaviors of the composite micro-
spheres. The hybrid microspheres with a smart hydro-
gel shell that can be rapidly collapsed when the pH of
the microenvironment changes due to endocytosis
from 7.4 (normal physiological environment) to acidic
microenvironments (endosomes/lysosomes) could ra-
pidly release a significant amount of DOX. The cyto-
toxic effect of the DOX-loaded microspheres against
human SKOV3 ovarian cancer cells was examined.
Meanwhile, the as-prepared NaYF,Yb*'/Er*"@SiO,@
P(NIPAM-co-MAA) microspheres can be used as excel-
lent up-conversion luminescent probes for cell ima-
ging, and the extent of drug release can be monitored
by the up-conversion emission intensity.

RESULTS AND DISCUSSION

Preparation and Characterization of NaYF,Yb*'/EP '@
Si0,@P(NIPAM-co-MAA). The procedure for the synthesis
of NaYF.Yb*'/Er"@Si0,@P(NIPAM-co-MAA) is pre-
sented in Scheme 1. First, the NaYF,:Yb>*/Er*" micro-
spheres were synthesized through a facile hydro-
thermal method. The as-prepared monodispersed
NaYF,:Yb**/Er*" microspheres were treated by the
sol—gel process to coat them with a thin layer of
silica. Then, the surface of the silica was modified
with the coupling agent methacryloxypropyltri-
methoxysilane (MPS), which has carbon—carbon
double bonds and can react with the monomer of a
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polymer in aqueous phase radical polymerization.
Subsequently, the polymerization of NIPAM, MAA,
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Figure 1. Wide-angle XRD patterns of the (a) NaYF,:Yb3*/
Er**, (b) NaYF,Yb>"/Er*"@SiO, and the standard JCPDS
card 06-0342 of NaYF,.

and BIS on the surface of silica was carried out in
deionized water.

Figure 1 shows the wide-angle XRD patterns of
NaYF,Yb*>*/Er** and JCPDS card (No. 06-0342) for
a-NaYF,. The diffraction peaks of NaYF,:Yb*>/Er** from
10 to 80 ° can be indexed as the standard data (JCPDS
No. 06-0342) with a space group of Fm3m(225).°% Ad-
ditionally, no other peaks were found in the patterns,
revealing that there is no impurity in the products.

The transmission electron microscopy (TEM) ima-
ges of the core/shell structured microspheres are dis-
played in Figure 2. The as-synthesized NaYF,:Yb*"/Er* "
particles by a hydrothermal process consist of uniform
spherical microspheres with an average diameter of
150 nm (Figure 2a,b). The obvious lattice fringes in the

Figure 2. (a) Low- and (b) high-magnification TEM images of NaYF,:Yb>/Er*™, (c) low- and (d) high-magnification TEM images
of NaYF,:Yb>/Er** @Si0,, () low- and (f) high-magnification TEM images of NaYF,:Yb>"/Er®* @Si0,@P(NIPAM-co-MAA). The

inset in panel b is the HRTEM image of NaYF,:Yb*>/Er®™.
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Figure 3. FTIR spectra of (a) NaYF,:Yb>"/Er** @Si0,, (b) MPS
modified NaYF,:Yb>'/Er**@Si0,, and (c) NaYFz:Yb®'/
Er**@Si0,@P(NIPAM-co-MAA).

high-resolution transmission electron microscopy
(HRTEM) images (Figure 2b, inset) confirm the high
crystallinity. The interplanar distances between adja-
cent lattice planes (0.317 nm) is well coincident with
the (111) plane of NaYF, (Figure 1). After being coated
with a thin silica layer by a modified Stober sol—gel
method, NaYF,:Yb*"/Er**@Si0, microspheres still re-
tain the morphological features of pure NaYF,:Yb*'/
Er®" and, as expected, have a uniform gray silica shell
with a thickness of 8 nm (Figure 2¢,d). The core/shell
structure for NaYF,Yb*/Er T @Si0,@P(NIPAM-co-MAA)
can be seen clearly due to the different electron
penetrability of the cores and polymer shells from
Figure 2e,f. The average thickness of P(NIPAM-co-MAA)
shells is 50 nm.

The FTIR spectra of NaYF,:Yb®>"/Er** @SiO, (a), MPS
modified NaYF,:Yb>"/Er**@SiO, (b), and NaYF,:Yb>*/
Er*"@Si0,@P(NIPAM-co-MAA) (c) are shown in Figure 3.
In Figure 3a, the peaks at 1088 and 800 cm ' are
attributed to the vibration bands of Si—O—Si, whereas
the peaks at 946, 1634, and 3433 cm™' belong to
Si—OH, H,0, and —OH, respectively.’” The weak peak
at 2979 cm ™' corresponds to —CHs, which results from
EDTA during the hydrothermal synthesis of NaYF,:Yb,
Er. After modification with MPS, the bands assigned to
—C=0 (1705 cm ") and —CH, (2929 cm ") are appar-
ent (Figure 3b), which confirm the successful modifica-
tion of MPS onto the surface of NaYF,Yb*'/Ert@
5i0,.>% In the spectrum of NaYF,Yb*/Er¥*@SiO,@
P(NIPAM-co-MAA) (Figure 3c), the characteristic peaks
at 1657 and 1534 cm ™' are attributed to the secondary
amide C=0 stretching.>® The peaks at 1388, 3340, and
2975 cm~ ' belong to —C(CH5),, N—H, and —CHs,
respectively. These results confirm that we have suc-
ceeded in polymerizing NIPAM and MAA onto the
surface of the microspheres, which is consistent with
the TEM observation. Meanwhile, the FTIR spectrum of
NaYF,:Yb>*/Er’** @Si0,@P(NIPAM-co-MAA) does not
show SiO; characteristic peaks very clearly due to large
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Figure 4. (A) Temperature dependence of light transmit-
tance of NaYF,:Yb>'/Er’*@Si0,@P(NIPAM-co-MAA) solu-
tion at (a) pH = 7.4 and (b) pH = 5.0 PBS buffer at 450 nm.
(B) Hydrodynamic diameter measured by DLS of NaYF,:
Yb3*/Er* " @Si0,@P(NIPAM-co-MAA) solution at (a) pH = 7.4
and (b) pH = 5.0 PBS buffer.

quantities of P(NIPAM-co-MAA) at the surface of NaYF:
Yb3*/Er*t@Si0, and a thin layer of SiO-.

Turbidity measurements of NaYF.Yb*'/Er '@
SiO,@P(NIPAM-co-MAA) in PBS with different pH va-
lues at 450 nm using a UV—vis spectrometer are shown
in Figure 4A. At pH = 5.0, the optical transmittance
exhibited no changes in the range of 25—34 °C. The
transmittance decreases abruptly from 90 to 4% at
35—37 °Cdue to the collapse of P(NIPAM-co-MAA) and
thereafter introducing aggregation of hybrid micro-
spheres. We define the temperature at 50% light
transmittance of the solution as LCST of the thermo-
responsive polymer. So the LCST of the polymer shell is
35 °Cat pH=5.0. However, when the pH of the solution
is changed to 7.4, the optical transmittance decreases
slowly from 90 to 30% at 50—65 °C and the corre-
sponding LCST of microspheres is defined to be 56 °C
at pH = 7.4 PBS buffer. Moreover, dynamic light
scattering (DLS) is used to further investigate the
swelling/shrinking behavior of the polymer shell, and
similar results were obtained with turbidity measure-
ments. As shown in Figure 4B, the average hydrody-
namic diameter of the hybrid microspheres decreases
by increasing the temperature at both pH values. The
hydrodynamic diameter of the hybrid microspheres at
pH = 7.4 is larger than that at pH = 5.0 at the same
temperature. In addition, the hydrodynamic diameter
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Figure 5. (A) Up-conversion emission spectra of NaYF,:
Yb**/Er* " @Si0,@P(NIPAM-co-MAA). (B) Schematic energy
level diagrams, up-conversion excitation, and visible emis-
sion processes for the Yb*> " —Er®" systems. The black, color-
ized, dotted arrows, and curly lines represent excitation,
emission, energy transfer processes, and multiphonon re-
laxation, respectively.

changes greatly when the temperature changes from
34 to 36 °C at pH = 5.0. Therefore, the LCST of the
polymer shell is near 35 °C at pH = 5.0 by DLS
measurement, which is in good agreement with tur-
bidity measurements (Figure 4A). However, when the
pH of the solution is changed to 7.4, the hydrodynamic
diameter decreases slowly below 40 °C, indicating that
the LCST of the polymer shell is higher than 40 °C at
pH = 7.4. As we know, PNIPAM has a LCST of around
32 °C in pure water, and the LCST can be altered by
copolymerization with other functional monomers. We
use 5 mol % of MAA as copolymer monomers, which
change the LCST by the protonated process of car-
boxylic acid groups. The hybrid microspheres exhibit a
pH-dependent LCST. The pK, of PMAA is 5.5." There-
fore, at pH = 5.0, there are a large number of free
hydrogen ions in the solution. As a result, most of the
carboxylic acid groups of the PMAA are protonated
due to the inter-reaction between the H* and the
COO™. Then, the methacrylic acid segments are rela-
tively hydrophobic at pH = 5.0 due to protonation of
the carboxylate groups, which decrease the LCST of the
copolymer shell to 35 °C at pH = 5.0.2' In contrast, at
pH = 7.4, the carboxylic acid groups are essentially
ionized and the hydrophilic PMAA part induces the
LCST up to 56 °C. Meanwhile, the electrostatic repulsion
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Figure 6. L929 fibroblast cell viability after incubating with
NaYF,:Yb* " /Er* " @Si0,@P(NIPAM-co-MAA) microspheres for
24 h and quantitative assays by standard MTT method.

between the deprotonated carboxylic acid groups is
strong, which enables the copolymer shell to swell in
water.>®

The up-conversion (UC) luminescence of rare-earth
ions has been investigated extensively owing to their
unique optical properties, which allow minimization of
autofluorescence and photodamage as well as enable
high penetration depth in tissues under a 980 nm NIR
light laser excitation. In our present work, up-conver-
sion fluorescent properties of NaYF,:.Yb* ' /Er* T@SiO,@
P(NIPAM-co-MAA) under 980 nm excitation are shown
in Figure 5A. The single emission band at 653 nm and
double band at 523 and 541 nm can be assigned to
*For—"1572, *Hi1/2—"15/2, and *S3,—;5/, transitions
of Er*", respectively. The UC mechanism of Er¥",Yb®"
co-doped UC emission process is shown in Figure 5B.
First, under the 980 nm NIR light, an electron of the
Yb3* ion is excited from the °F,, to °Fs, level due to
strong absorption at 980 nm of the Yb>" ion. Then the
electron transfers back to the ground state (F,),
while simultaneously the energy is nonradiatively
transferred to Er®", resulting in a population of Er*"
from *l;s/> to “lI11,5. A second 980 nm photon trans-
ferred by the excited Yb*" ion can then populate a
higher *F,,, energetic state of the Er*" ion, whose
energy lies in the visible region. The Er** ion can then
relax nonradiatively by a fast multiphonon decay
process to the *Hyq,, and #Ss,, levels. Finally, radiant
transitions from these levels yield emissions at 523 nm
CHi12—"hs), 541 nm (*S3,—"15,2), and 653 nm
(4F9/2_’4|1 5/2)-35

In Vitro Cytotoxicity and Controlled Drug Release. To eval-
uate the biocompatibility of NaYF,:Yb*'/Er*t@Si0,@
P(NIPAM-co-MAA) microspheres, the standard MTT cell
assay was performed on L929 fibroblast cells. As shown
in Figure 6, the NaYF,:Yb*"/Er* " @Si0,@P(NIPAM-co-
MAA) microspheres do not show cytotoxicity against
the L929 fibroblast cells. More than 100% cell viabilities
were observed at a high concentration of NaYF,:Yb>"/
Er’ " @Si0,@P(NIPAM-co-MAA) microspheres of 200 ug/mL
after incubation for 24 h. The MTT results indicate that
the hybrid NaYF,:Yb>/Er**@Si0,@P(NIPAM-co-MAA)
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microspheres have good biocompatibility as drug
carriers.

We further examined the drug loading and release
abilities of the NaYF,:Yb>'/Er**@SiO,@P(NIPAM-co-
MAA) hybrid microspheres. Doxorubicin hydrochlor-
ide, a commonly used chemotherapeutic drug for
cancer therapy, was selected as a model drug to
evaluate the loading and controlled releasing behav-
iors of the composite microspheres. The actual loading
level of DOX in the microspheres is calculated to be
4.9% in weight, which is determined by the character-
istic DOX optical absorbance at 480 nm. Figure 7A
shows in vitro release profiles of DOX from the micro-
spheres in PBS buffer solutions of different pH values
(7.4 and 5.0) at 37 °C. Only 22% of DOX is released from
the microspheres even after 72 h at pH = 7.4 and 37 °C.
On the contrary, more than 90% of DOX is released
within 24 h in mildly acidic conditions (pH = 5.0, 37 °C).
Therefore, a pH-responsive control release system has
been successfully prepared. Actually, the above release
behavior can be explained by pH-induced thermally
responsive P(NIPAM-co-MAA) shell. At pH = 7.4 and
37 °C, the LCST of polymer is 56 °C from turbidity
measurement, which is just above the normal body
temperature. The shells of the microspheres are hydro-
philic and keep the swollen condition. Therefore, only a
small quantity of DOX was leached out based on a
diffusion-controlled release mechanism. However, in
the mildly acidic conditions (pH = 5.0), the LCST
changes to 35 °C, which is lower than the normal body
temperature. The polymer shell becomes hydrophobic,
which leads to the collapse and precipitation of the
microspheres. Then DOX is squeezed out from the
polymer shells and has a faster drug release profile.
In addition, the absence of electrostatic adherence
between PMAA and positive-charged DOX at pH =
5.0 might play an important role for accelerating the
drug release. These results indicate that the hybrid
microspheres with a pH-induced thermally responsive
drug release property have potential as a smart drug
carrier that can be maintained as they circulate in
blood (pH = 7.4) and release DOX in mildly acidic
environments (pH = 5.0) after cancer cell uptake.
Meanwhile, we can monitor the cumulative release
of DOX by changing the UC emission intensity of
the DOX-NaYF,:Yb>*/Er* " @Si0,@P(NIPAM-co-MAA) hy-
brid microspheres. First, in order to exclude the de-
pendence between the internsity of UC fluorescence
and the pH value, the up-conversion fluorescence of
NaYF,.Yb®> " /Er’* @SiO,@P(NIPAM-co-MAA) under 980 nm
excitation in PBS buffer with different pH values
(7.4 and 5.0) is measured under the same condition.
As shown in Figure S1 (Supporting Information), there
is no obvious intensity difference between pH 7.4 and
5.0. We believe that the pH value of the solution does
not affect the PL intensity of the up-conversion ma-
terials in this work. Therefore, we can monitor the
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Figure 7. (A) Cumulative DOX release from NaYF,:Yb3'/
Er**@Si0,@P(NIPAM-co-MAA) at (a) pH =7.4 and (b) pH =
5.0 PBS buffer. (B) Emission intensity of DOX-loaded NaYF,:
Yb,Er@SiO,@P(NIPAM-co-MAA) microspheres as a function
of release time at pH = 5.0 and 37 °C PBS buffer. (C) UV—vis
absorption spectrum of pure DOX dissolved in PBS buffer
(pH =7.4).

cumulative release of DOX by changing the UC emis-
sion intensity of the DOX-NaYF,Yb*'/Er'@SiO,@
P(NIPAM-co-MAA) hybrid microspheres. As given in
Figure 7B, the luminescence emission intensity from
500 to 600 nm of NaYF,:Yb*"/Er* " @Si0,@P(NIPAM-co-
MAA) hybrid microspheres was significantly quenched
after loading DOX. In contrast, the luminescence emis-
sion intensity at 650—700 nm was unchanged. We
explain the reason by the spectral overlap between
UC emission of NaYF,:Yb>*/Er’**@SiO,@P(NIPAM-co-
MAA) hybrid microspheres and absorbance of DOX. As
shown in Figure 7C, the absorbance of DOX is between
400 and 580 nm, and there is no absorbance beyond
600 nm. The DOX absorption peak overlaps with the
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green emission of the hybrid microspheres. Therefore,
the green emission intensity of DOX-NaYF,:Yb*'/Er* @
SiO,@P(NIPAM-co-MAA) hybrid microspheres increases
with the cumulative release of DOX. This allows the
hybrid microspheres to be used as a bioprobe for
tracking and monitoring drug release by the efficiency
of UC fluorescence.

In Vitro Cytotoxic Effect and Cell Uptake. To test the
pharmacological activity of the DOX-loaded hybrid
microspheres, the cytotoxic effect of DOX-loaded
NaYF,:Yb*>*/Er** @Si0,@P(NIPAM-co-MAA) on human
SKOV3 ovarian cancer cells was evaluated in vitro
via MTT assay. Figure 8 shows the cell viabilities
against free DOX, DOX-loaded NaYF,Yb*'/Er¥'@
Si0,@P(NIPAM-co-MAA), and blank NaYF:Yb*"/Er** @
SiO,@ P(NIPAM-co-MAA) at different concentrations
after incubation for 48 h. It is found that the blank
NaYF,:Yb* " /Er T @Si0,@P(NIPAM-co-MAA) microspheres
have no obvious cytotoxic effect on cancer cells even
after 48 h treatment with the samples at a concentra-
tion as high as 200 ug/mL. The concentrations of free
DOX were set to be the same as the DOX-loaded NaYF,:
Yb*"/Er** @Si0,@P(NIPAM-co-MAA). The viability of
cells incubated with both free DOX and DOX-loaded
NaYF,:Yb>*/Er** @5i0,@P(NIPAM-co-MAA) decreased
with increasing concentrations. At the lower concen-
tration, free DOX exhibited a slightly higher cytotoxi-
city than DOX-loaded microspheres. However, the
DOX-loaded microspheres exhibited similar cytotoxi-
city with free DOX when the concentration of DOX is up
to 12.5 ug/mL. This may be attributed to the reason
that small molecules like DOX can be diffused into cells
rapidly whereas the microspheres have to be endocy-
tosed to enter the cells.®® Therefore, free DOX is faster
than the DOX-loaded microspheres by cellular uptake.
When the concentration is higher, more and more
DOX-loaded particles can be endocytosed to enter
the cancer cells and release drug inside to introduce
cell death. At the cellular level, most internalization of
nanoparticles will occur via endocytosis. After being
engulfed by cells, normally the nanoparticles enter
early endosomes, late endosomes, and finally fuse with
lysosomes.®’ Both endosomes (pH = 5.0—6.0) and
lysosomes (pH = 4.5—5.0) have an acidic microenviron-
ment, which are distinct from the outside of the cells
(pH = 7.4).5% In addition, compared with the normal
tissues, solid tumors have a weakly acidic extracellular
environment of pH < 7 due to the hypoxia-induced
coordinated upregulation of glycolysis.%® It is well-
known that DOX is a potent, broad-spectrum che-
motherapeutic drug, which is extensively used in
clinical medicine. However, it has been reported that
DOX has toxic effects on normal tissues, including brain
tissue and cardiac toxicity, which is even fatal in some
cases.®* In the present study, we load DOX in the pH-
responsive nanocarriers, which prefer to release at the

DAI ET AL.

140 [EEER 0.781259/mL EY12.50g/mL

N EEE1.562509/mL. N 25.0ng/mL

B 0.125ug/mL : Y 50.0pg/mL

1204 [ 6. 25mg/mL . EESY100ug/mL

‘\; B 12.50g/mL ) 200pg/mL
<1001
8 N
© N
< 601 N
> L
L
= L
G 401 L
o L
L
20- NN

DOX DOX-NaYF ;¥ i0,

@PNIPAM/PMAA

NaYF ;Y 0,

2
@PNIPAM/IPMAA

Figure 8. In vitro human SKOV3 ovarian cancer cell viabil-
ities after 48 h incubation with free DOX, DOX-loaded NaYF,:
Yb*"/Er* " @Si0,@P(NIPAM-co-MAA), and bare NaYF,:Yb*'/
Er**@5i0,@P(NIPAM-co-MAA) microspheres at different
concentrations.

target therapy sites and can effectively decrease the
side effects and toxicity of DOX.

In order to further ensure the biosafety of the
materials, we evaluate the cytotoxic effect of DOX-
loaded NaYF,:Yb>*/Er**@Si0,@P(NIPAM-co-MAA) on
L929 fibroblast cells in vitro via MTT assay. Figure S2
(Supporting Information) shows the L929 fibroblast cell
viabilities against free DOX, DOX-loaded NaYF,:Yb*"/
Er’* @Si0,@P(NIPAM-co-MAA), and NaYF,:Yb* ' /Er’ @
SiO,@P(NIPAM-co-MAA) for 48 h at different concen-
trations. It was observed that DOX had a strong killing
effect for a normal L929 cell line. However, the viability
of L929 fibroblast cells is higher than that of human
SKOV3 ovarian cancer cells under identical DOX con-
centrations (Figure 8), especially in the lower concen-
tration, indicating that DOX has a slightly selective
inhibition for cancer cells. Meanwhile, it is found that
free DOX exhibited higher cytotoxicity to L929 fibro-
blast cells than DOX-loaded microspheres at the lower
concentrations. This result suggests that DOX-loaded
microspheres may reduce the side effect of DOX to
normal cells at the lower concentration. In this study,
DOX is absorbed and entrapped in the polymer shell,
and they are expected to minimize drug release in the
blood circulation (pH = 7.4) to eliminate the toxicity to
normal tissues and accelerate drug release in tumor
tissue. In addition, the blank NaYF,:Yb3*/Er**@Si0,@
P(NIPAM-co-MAA) microspheres have no obvious cy-
totoxic effect on L929 fibroblast cells even after 48 h.

To facilitate the observations of cell uptake of the
microspheres, the confocal laser scanning microscopy
(CLSM) photographs of human SKOV3 ovarian cancer
cells incubated with DOX-loaded NaYF,:Yb*'/Er¥*@
SiO,@P(NIPAM-co-MAA) for 10 min, 1 h, and 6 h at
37 °C were performed, as shown in Figure 9. In the first
10 min (Figure 9a—c), only a few of microspheres could be
taken up by SKOV3 cells. It is clear that the red-emitting
particles accumulated near the nucleus apparently
increased after incubation for 1 h (Figure 9d—f). If the

voL.6 = NO.4 = 3327-3338 = 2012 ACNJANIC)

Y

WWww.acsnhano.org

3333



Figure 9. Confocal laser scanning microscopy (CLSM) images of human SKOV3 ovarian cancer cells incubated with DOX-
loaded NaYF,:Yb>*/Er* T @Si0,@P(NIPAM-co-MAA) ([DOX] = 20 ug/mL) for 10 min (a—c), 1 h (d—f), and 6 h (g—i) at 37 °C. Each
series can be classified to the nuclei of cells (being dyed in blue by Hoechst 33324 for visualization), DOX-loaded NaYF4:Yb,
Er@SiO,@P(NIPAM-co-MAA), and a merge of the two channels of both above, respectively. The excitation wavelength of

Hoechst 33342 and DOX are 405 and 543 nm, respectively.

incubation time was prolonged to 6 h (Figure 9g—i),
the red fluorescence from DOX was observed in both
the cytoplasm and the cell nucleus. The time course
CLSM images suggest that the intracellular pathway
that the DOX-loaded NaYF,:Yb*>"/Er’** @SiO,@P(NIPAM-
co-MAA) used to deliver DOX comprised rapid internali-
zation, microsphere localization in the cytoplasm, and
DOX localization in the cell nucleus.

Near-infrared (NIR) radiation has proven to be a
promising tool for both in vivo imaging and photo-
thermal cancer treatment. Within the safe power, NIR
light can penetrate the human body to a high depth
owing to its minimal absorbance by skin and tissue.
However, commonly used NIR chromophores have
certain drawbacks, such as high toxicity of quantum
dots or poor stability due to photobleaching of organic
dyes. Therefore, lanthanide-doped up-conversion ma-
terials have attracted a tremendous amount of at-
tention due to their good properties including no
bleaching, high stability, high signal-to-noise ratio,
sharp absorption, and emission lines.>~®® In our pre-
sent work, we also used time course up-conversion
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luminescence microscopy (UCLM) to investigate the
interaction between SKVO3 ovarian cells and the
NaYF,:Yb>/Er**@Si0,@P(NIPAM-co-MAA) hybrid mi-
crospheres. SKVO3 ovarian cells were incubated with
NaYF,:Yb*>/Er** @Si0,@P(NIPAM-co-MAA) for 10 min,
1h,3h,and 6 hat 37 °C, and the luminescence images
were taken with an external 980 nm laser as the
excitation source. After rinsing with abundant PBS to
remove surface-attached microspheres, the cells were
investigated by UCLM. The results for luminescence
imaging are shown in Figure 10. We can see that the
SKVO3 ovarian cells showed a bright green lumines-
cence in the dark, which is in good agreement with the
UC luminescent spectrum of NaYF,:Yb*"/Er¥*@Si0,@
P(NIPAM-co-MAA). Meanwhile, more and more NaYF,:
Yb?* /Er** @Si0,@P(NIPAM-co-MAA) hybrid microspheres
were internalized into the cells as the time was pro-
longed from 10 min to 6 h. These results demonstrate
that the as-prepared NaYF,:Yb*>'/Er* @SiO,@P(NIPAM-
co-MAA) microspheres can be used as an excellent
luminescent probe for cell imaging and monitoring the
cell endocytosis process.
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Figure 10. Inverted fluorescence microscope images of human SKOV3 ovarian cancer cells incubated with NaYF,:Yb>*/
Er**@5i0,@P(NIPAM-co-MAA) for 10 min (a—c), 1 h (d—f), 3 h (g—i), and 6 h (j—I) at 37 °C. Each series can be classified to the
bright-field (left column), up-conversion luminescent images (middle column) in dark-field, and overlay of both above (right

column), respectively. All scale bars are 50 um.

CONCLUSION

In summary, a new kind of core/shell NaYF4:Yb*"/
Er’t@Si0,@P(NIPAM-co-MAA) microsphere has been
successfully prepared. The obtained core—shell struc-
tured materials have spherical morphology and narrow
size distribution, which show bright up-conversion
fluorescence under 980 nm laser excitation. The lower
critical solution temperature (LCST) of the polymer
shell was pH-dependent due to 5 mol % of PMAA copoly-
merization in the shell. We have exploited the hybrid
microspheres as carriers for the DOX because of its good
biocompatibility via MTT assay, and the DOX release was
also pH-dependent, which can be reasoned by the
change of LCST of the polymer shell. The drug-loaded

MATERIALS AND METHODS

Chemicals and Materials. Y,05 (99.99%), Yb,03 (99.99%), and
Er,053 (99.99%) were purchased from Science and Technology
Parent Company of the Changchun Institute of Applied Chem-
istry. Ethylenediaminetetraactic acid disodium salt (EDTA) (A.R.),
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microspheres exhibit an obviously cytotoxic effect on
cancer cells. The endocytosis process of drug-loaded
NaYF,Yb*!'/Er* " @Si0,@P(NIPAM-co-MAA) by human
SKOV3 ovarian cancer cells is demonstrated through
confocal laser scanning microscopy photographs and
up-conversion luminescence microscopy. Meanwhile,
the as-prepared NaYF,:Yb*>'/Er* " @Si0,@P(NIPAM-co-
MAA) microspheres can be used as excellent lumines-
cent probes for up-conversion cell imaging. The above
results demonstrate that this pH-induced thermally
responsive controlled release system can be used as
luminescent bioprobes and rapidly release the antic-
ancer drug after endocytosis by cancer cells (pH = 5.0,
37 °C) from normal body environment (pH =7.4, 37 °C).

NaF (A.R.), K;S,0g (A.R.), NH;OH (25%), and isopropyl alcohol
(A.R.) were purchased from Beijing Chemical Regent Co., Ltd.
Methacrylic acid (MAA), N,N'-methylenebisacrylamide (BIS),
and methacryloxypropyltrimethoxysilane (MPS) were obtained
from Aladdin. DOX is obtained from the Nanjing Duodian
Chemical Limited Company. All of the above chemicals were
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used without further purification. N-Isopropylacrylamide (Acros
Organics, 99%) was recrystallized from hexane. Y(NOs)s, Yb(NO3)s,
and Er(NOs); stock solutions were prepared by dissolving respec-
tive rare-earth oxides in dilute HNOs, drying at elevated temper-
atures to evaporate water and the excessive HNOs, and dissolving
in water.

Synthesis of NaYF,:Yb*'/Er'". The spherical NaYF,:Yb>*/Er*"
particles were prepared according to the literature.®® Typically,
0.8 mmol of ethylenediaminetetraactic acid disodium salt
(EDTA) was dissolved in deionized water. A total 4 mL of Y(NOs)s,
Yb(NOs)s, and Er(NOs); (0.2 M) (lanthanide ion molar ratio, Y/Yb/
Er = 80:18:2) was added into the above solution and stirred at
room temperature for 1 h. Then, 12 mL of NaF aqueous solution
(0.8 M) was added into the above solution and stirred for
another 1 h. The as-obtained mixing solution was transferred
into a Teflon bottle held in a stainless steel autoclave, sealed,
and maintained at 180 °C for 2 h, and then allowed to cool to
room temperature naturally. The precipitates of NaYF,Yb>*/
Er*" in the autoclave were separated by centrifugation and
washed several times with deionized water and ethanol and
then dried in air at 80 °C for 12 h.

Synthesis of NaYF,:Yb*"/Er’*@Si0,-MPS:NaYF,. Yb*>™/Er*"@SiO,
core/shell nanoparticles were prepared by a modified Stober
method.”® Typically, 50 mg of NaYF.Yb*>'/Er*", 70 mL of
isopropyl alcohol, 7.5 mL of H,0, and 0.5 mL of NH,OH (25%)
were mixed together and stirred at room temperature for 1 h.
Then, 0.05 mL of TEOS was added into the above solution and
stirred for another 2 h. The product was collected by centrifuga-
tion and washed with ethanol. To functionalize the surface of
NaYF.:Yb>*/Er*T@Si0, microspheres, the NaYF,Yb*™/Er¥'@
SiO, microspheres were redispersed in 140 mL of ethanol,
and 1.0 mL of MPS was added to the dispersion. After being
stirred for 48 h at 30 °C, the NaYF,:Yb> ! /Er* " @SiO,-MPS micro-
spheres were washed with ethanol several times.

Synthesis of NaYF;:Yb® ' /Er* " @Si0,@P(NIPAM-co-MAA). NaYF,:Yb> '/
Er*T@Si0,@P(NIPAM-co-MAA) composites were achieved by a
conventional emulsion polymerization according to the mod-
ified reported process.”’ Typically, 100 mg of NaYF,Yb>*/
Er*T@Si0,-MPS was dispersed in a solution containing 0.45 g
of N-isopropylacrylamide (NIPAM), 34.07 mg of BIS, 18.78 uL of
methacrylic acid (MAA), and 100 mL of deionized water. The
solution was heated to 40 °C to obtain an emulsion with the
protection of N,. Then the solution was heated to 75 °C. Another
solution containing 1 mg of potassium peroxodisulfate (KPS)
and 1 mL of deionized water was rapidly added into the above
solution. The polymerization proceeded for 4 h at 75 °C. The
resulting turbid solution was then cooled to room tempera-
ture. The NaYF.Yb*"/Er¥"@Si0,@P(NIPAM-co-MAA) compo-
sites were washed with water three times.

In Vitro DOX Loading and Release. Six milligrams of NaYF,:Yb*"/
Er3+@SiOZ@P(NIPAM—co—MAA) was dispersed in 2 mL of deio-
nized water, and 2 mL of DOX (1 mg/mL) was added into the
above solution. The mixture was shaken for 24 h at room
temperature to reach the equilibrium state. Then the solution
was centrifuged to collect the DOX-loaded NaYF,Yb*"/ErT@
SiO,@P(NIPAM-co-MAA) sample. The supernatant solutions
were collected, and the content of DOX was determined by
UV—vis spectral measurement at the wavelength of 480 nm.
DOX-loaded NaYF,:Yb>/Er* " @Si0,@P(NIPAM-co-MAA) sample
was immersed in 1 mL of phosphate buffered saline (PBS) (pH =
7.4 or 5.0) solution at 37 °C. At selected time intervals, buffer
solution was taken and replaced with fresh buffer solution. The
amounts of released DOX in the supernatant solutions were
measured by a UV—vis spectrophotometer.

In Vitro Cytotoxicity of DOX-Loaded NaYF,:Yb* " /Er’ * @Si0,@P(NIPAM-
c0-MAA) Microspheres and Cell Viability. /n vitro cytotoxicity of NaYF,:
Yb*/Er* T @Si0,@P(NIPAM-co-MAA) microspheres was assayed
against human SKOV3 ovarian cancer cells and L929 cells.
Human SKOV3 ovarian cancer cells and L929 cells were seeded
in a 96-well plate at a density of 8000 cells per well and cultured
in 5% CO, at 37 °C for 24 h. Then free DOX, DOX-loaded NaYF:
Yb*/Er* T @Si0,@P(NIPAM-co-MAA) microspheres, and NaYF:
Yb*/Er* T @Si0,@P(NIPAM-co-MAA) blank microspheres were
added to the medium, and the cells were incubated in 5% CO,
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at 37 °C for 48 h. The concentrations of the nanospheres were
12.5,25.0,50.0, 100, and 200 xg/mL. The concentrations of DOX
were 0.78125, 1.5625, 3.125, 6.25, and 12.5 ug/mL. At the end of
the incubation, the medium containing the nanospheres was
removed, and 20 uL of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphe-
nyltetrazolium bromide (MTT) solution (diluted in a culture
medium with a final concentration of 0.8 mg/mL) was added
into each cell and incubated for another 4 h. The supernatant in
each well was aspirated. Then, 150 uL of dimethyl sulfoxide
(DMSO) was added to each well before the plate was examined
using a microplate reader (Therom Multiskan MK3) at the
wavelength of 490 nm. Meanwhile, cell viability was also
determined using MTT assay, which was the same as the
procedure for cytotoxicity assay for NaYF,Yb*>'/Er**@Si0,@
P(NIPAM-co-MAA) microspheres.

Confocal Laser Scanning Microscopy (CLSM) Observation of the
NaYF,.:Yb’*/Er”@SiOz@P(NIPAM-co—MAA) Microspheres. For CLSM, the
SKOV3 ovarian cancer cells were seeded in 6-well culture
plates (a clean coverslip was put in each well) and grown
overnight as a monolayer and were incubated with
DOX-loaded NaYF,:Yb>t/Er**@5i0,@P(NIPAM-co-MAA) mi-
crospheres (DOX = 20 ug/mL) at 37 °C for different times.
Thereafter, the cells were rinsed with PBS three times, fixed
with 2.5% formaldehyde (1 mL/well) at 37 °C for 10 min, and
then rinsed with PBS three times again. In order label the
nucleus, the nuclei were stained with Hoechst 33342 solution
(from Molecular Probes, 20 mg/mL in PBS, 1 mL/well) for
10 min and then rinsed with PBS three times. The coverslips
were placed on a glass microscope slide, and the samples
were visualized using CLSM (FV10-ASW).

Up-Conversion Luminescence Microscopy (UCLM) Observation of the
NaVF :Yb* " /E " @Si0,@P(NIPAM-co-MAA) Microspheres. The instrument
of UCLM was rebuilt on an inverted fluorescence microscope
(Nikon Ti-S), and an external CW 980 nm diode laser was
illuminated onto the samples. UC luminescence (UCL) imaging
of SKVO3 cells (5 x 10*well) were seeded in 6-well culture
plates and grown overnight as a monolayer and were incubated
with NaYF,:Yb>t/ErT@Si0,@P(NIPAM-co-MAA) at 37 °C for a
different time of 1 h. Thereafter, the cells were washed with PBS
three times, fixed with 2.5% formaldehyde (1 mL/well) at 37 °C
for 10 min, and then washed with PBS three times.

Characterization. The X-ray diffraction (XRD) measurements
were performed on a D8 Focus diffractometer (Bruker) with Cu
Ko radiation (A = 0.15405 nm). Transmission electron micro-
scopy (TEM) was obtained using FEI Tecnai G2 S-Twin with a
field emission gun operating at 200 kV. Fourier transform
infrared spectra were measured on a Vertex Perkin—Elmer
580BIR spectrophotometer (Bruker) with the KBr pellet tech-
nique. The UV—vis adsorption spectral values and light trans-
mittance of microspheres in PBS (3 mg/mL) were measured on a
Hitachi U-3100 spectrophotometer. The hydrodynamic dia-
meter of the hybrid microspheres was measured by dynamic
light scattering (DLS) using an autosizer Zen3600 (Malvern). The
UC emission spectra were taken on an F-7000 spectrophot-
ometer (Hitachi) equipped using a 980 nm laser as the excita-
tion source. Confocal laser scanning microscopy (CLSM) images
were observed by confocal laser scanning microscope (Olympus,
FV 1000).
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