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Up-Conversion Luminescent and Porous NaYF,:Yb**,
Er**@SiO, Nanocomposite Fibers for Anti-Cancer Drug

Delivery and Cell Imaging

Zhiyao Hou, Chunxia Li, Ping'an Ma,* Ziyong Cheng, Xuejiao Li, Xiao Zhang,

Yunlu Dai, Dongmei Yang, Hongzhou Lian, and Jun Lin*

Up-conversion (UC) luminescent and porous NaYF,:Yb*", EP**@SiO, nano-
composite fibers are prepared by electrospinning process. The biocompat-
ibility test on L929 fibrolast cells reveals low cytotoxicity of the fibers. The
obtained fibers can be used as anti-cancer drug delivery host carriers for
investigation of the drug storage/release properties. Doxorubicin hydrochlo-
ride (DOX), a typical anticancer drug, is introduced into NaYF:Yb%*, Er**@
SiO, nanocomposite fibers (denoted as DOX-NaYF,:Yb3, Er** @SiO,). The
release properties of the drug carrier system are examined and the in vitro
cytotoxicity and cell uptake behavior of these NaYF,:Yb3*, Er** @SiO, for
Hela cells are evaluated. The release of DOX from NaYF:Yb3*, E*@SiO,
exhibits sustained, pH-sensitive release patterns and the DOX-NaYF:Yb3",
Er’*@SiO, show similar cytotoxicity as the free DOX on Hela cells. Confocal
microscopy observations show that the composites can be effectively taken
up by Hela cells. Furthermore, the fibers show near-infrared UC lumines-
cence and are successfully applied in bioimaging of HeLa cells. The results
indicate the promise of using NaYF,:Yb**, Er** @SiO, nanocomposite fibers
as multi-functional drug carriers for drug delivery and cell imaging.

molecules, well-defined properties and
diversity in surface functionalization.!'"]
Meanwhile, the development of multifunc-
tional silica-based materials combining
porous and luminescent properties in the
drug delivery systems (DDSs) would meet
the requirements of disease diagnosis and
therapy, which show great potential appli-
cations in biomedical nanotechnology.
The combination of porous and lumines-
cence DDSs not only have high pore vol-
umes for the storage and delivery of drugs
but also possess luminescence properties
which can be tracked to evaluate the effi-
ciency of the drug release and can pro-
vide bi-functionalities of high sensitivity/
resolution fluorescence imaging. Up to
now, porous silica-based DDSs function-
alized with luminescent property have
potential applications in the fields of drug
delivery, cell label and image, and disease
diagnosis/therapy.[16-28]

1. Introduction

Silica-based materials, as an important family of inorganic
biomaterials, have attracted much attention for their poten-
tial applications in biomedical and biotechnological fields due
to their excellent biocompatibility, high surface areas with
abundant Si—~OH active bonds available for the loading of drug
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Many biological samples (such as bio-
logical tissues in human body, fluorescent drug molecules)
show auto-fluorescence under short-wavelength UV radiation,
which greatly decrease the signal-to-noise and detection sensi-
tivity. Compared with the down-conversion (DC) luminescent
materials, the lanthanides based up-conversion (UC) lumines-
cent materials can emit higher-energy visible photons after
being excited by lower-energy near-infrared (NIR) photons.?”!
Meanwhile, excitation with the NIR only results in a very weak
auto-fluorescence background because the UV-excitable biolog-
ical tissues and fluorescent drug molecules that interfered with
normal phosphor luminescence can no longer be excited by
NIR radiation.’% In addition, NIR light with strong penetration
ability is safe to the human body and less harmful to cells. Low
detectable toxicity UC nanocrystals (NCs) are widely expected
to be the most promising classes of luminescent probes, with
high sensitivity and low background fluorescence.l!l Therefore,
the design and development of the porous silica materials func-
tionalized with UC luminescence property as drug carrier is
undoubtedly of great importance in the field of drug delivery
and cell imaging. Unfortunately, the general synthetic protocols
to combine porous silica with diverse functional UC lumines-
cent materials for various bio-applications are still lacking.[32-3¢
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The electrospinning technique has been developed since
1934 for the synthesis of one-dimensional (1D) nanomate-
rials.’”] Electrospinning is an effective and simple method for
preparing nanofibers from a rich variety of materials,3** such
as polymers, inorganic and hybrid (organic-inorganic) com-
pounds. Although some silica materials prepared by electros-
pinning have been reported,*®-% to the best of our knowledge,
few porous SiO, fibers functionalized with photoluminescence
(PL) via electrospinning process have been really tested as drug
storage/release systems to demonstrate their potential applica-
tion. Recently, we have reported preparation of one-dimensional
fiber-like porous silica materials owing self-activated DC and
NaYF,:Yb*!, Er** decorated UC luminescent properties through
electrospinning process, resulting in the formation of multi-
functional materials, mainly focusing on the investigation of
their luminescence and drug storage/release properties.’”%8 As
a continuation of our former research, in this paper we intend
to prepare multifunctional (porous structure and UC lumines-
cence properties) NaYF,Yb*", Er** decorated SiO, nanocom-
posite fibers as anti-cancer drug carriers via the electrospinning
method. Hydrophobic oleic acid capped cubic (o) NaYF,:Yb*,
Er*" nanocrystals (NCs) were transferred into aqueous phase by
employing cetyltrimethylammonium bromide (CTAB) as a sec-
ondary surfactant. Then, the a-NaYF,Yb**, Er¥* NCs were dis-
persed into electrospinning precursor solution, followed by prep-
aration of hybrid precursor fibers containing o-NaYF,Yb*', Er3*
NCs via electrospinning process. After annealing at 550 °C,
porous SiO, nanocomposite fibers were obtained followed by
a phase transition of the cubic (o) NaYF,:Yb*, Er** to the hex-
agonal (B) NaYF,.Yb*, Er** inside the SiO, fibers. The sam-
ples were fully characterized by means of XRD, SEM, TEM, N,
adsorption and photoluminescence (PL) spectra, respectively.
Doxorubicin hydrochloride (DOX) is one of the most widely
used anti-cancer drugs due to its promising potential against
solid tumors. The obtained materials have been studied as a
DDS by using DOX as a model drug. The drug loading and
release properties, cytotoxicity, and cellular uptake behavior
were examined in detail. Furthermore, the effectiveness of
NaYF,YD*, Er**@SiO, nanocomposite fibers as a multifunc-
tional fluorescent probe has been demonstrated by in vitro UC
luminescence imaging.

2. Results and Discussion

2.1. Physical and Chemical Characterization
of Nanocrystals and Composites

The physical and chemical properties of the obtained samples
were characterized by means of XRD, SEM, TEM, UC emission
spectra and N, adsorption/desorption analysis. Here we will
present and analyze these results.

The as-synthesized o-NaYF,:Yb**, Er** NCs are typically sta-
bilized with hydrophobic oleic acid ligands and can be dispersed
in nonpolar organic solvents. To conduct the electrospinning
experiment to form porous SiO, fibers, it is necessary to transfer
these hydrophobic ligand-capped NCs from organic phase
to aqueous phase. Hyeon et al.’! reported water-dispersible
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Figure 1. TEM image of water dispersed a-NaYF4Yb3*, Er3* NCs (a) with
its HR-TEM image (inset), SEM images of the as-formed a-NaYF,:Yb*,
Er**@precursor fibers (b) and 550 °C annealing derived NaYF,:Yb3*,
Er*@SiO, nanocomposite fibers (c), TEM (d) and HR-TEM (e) images
of NaYF,:Yb**, Er*@SiO, nanocomposite fibers.

Fe;0, NCs prepared using CTAB. We used a similar approach
to prepare water-dispersible o-NaYF,Yb*, Er** NCs by
employing CTAB as a secondary surfactant. Figure 1a shows
the TEM image, it can be clearly seen that o-NaYF,:Yb*", Er**
NCs dispersed in deionized water have good uniformity
and monodispersity with an average diameter around 5 nm.
After transferred to aqueous phase using CTAB, these NCs
still preserve good monodispersity and very narrow size dis-
tribution. The corresponding HR-TEM (inset of Figure 1la)
image shows clearly lattice fringes with interplanar spacing of
0.31 nm ascribed to (111) plane of o~-NaYF,. The UC emission
spectrum of the as-synthesized o-NaYF,Yb**, Er’* NCs are
shown in Figure Sla (Supporting Information). In the emission
spectrum for o-NaYF,:Yb**, Er** NCs, the spectral peaks can be
observed corresponding to the electron transitions of Er** ions:
*Hy12/*S3,~T15)2 (from 510 to 575 nm), *Hgp—*135), (660
and 675 nm),l% the characteristic emission peaks are similar
to those observed in previous study for the pure UC crystals.[5!
Figure S1b (Supporting Information) gives the digital photo-
graph of o-NaYF,:Yb*', Er’* NCs dispersed in deionized water,
as well as the luminescent photograph under 980 nm NIR laser
excitation (Figure Slc (Supporting Information)). The results
demonstrate that the as synthesized o-NaYF,:Yb*", Er** NCs
can be well dispersed in above solution and emit red light. The
triblock copolymers P123 is nonionic surfactant, which is com-
posed of poly(ethylene oxide) (PEO) and poly(propylene oxide)
(PPO). In dilute aqueous solutions, the PEO-PPO-PEO copoly-
mers may self-assemble to form micelles, with a hydrophobic
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core containing PPO, which is protected from the surrounding
water by a water swollen PEO corona. Initially, P123 formed
irregular micelles and rod-like micelles in ethanol solution con-
taining TEOS and CTAB stabilized o-NaYF,YD*", Er’* NCs.
Then PVP was added to adjust viscoelasticity of the solution,
forming a hybrid sol for electrospinning. Micelles and CTAB
stabilized o-NaYF,:Yb**, Er** NCs can exist in the electrospin-
ning precursor fibers. After being annealed at high tempera-
ture, porous SiO, fibers formed after removing PVP and P123
directing agent. Figure 1b and 1c show the SEM micrographs
of as-prepared NaYF,Yb*", Er* decorated precursor fibers
(labeled as o-NaYF,Yb*, Er¥*@precursor fibers) and those
fibers annealed at 550 °C (labeled as NaYF,Yb*, Er¥*@SiO,),
respectively. It can be seen that the samples consist of uniform
fibers with length of several tens to hundred micrometers. The
as-formed precursor fibers are smooth with diameters ranging
from 0.5 to 1.5 um (Figure 1b). After being annealed at 550 °C,
the fiber diameters decrease greatly to 150-500 nm due to the
decomposition of the organic species inside the fibers (Figure 1c).
Theporous structure of SiO, fibersis further characterized by TEM
technique. The typical TEM and HR-TEM images of NaYF,:Yb*",
Er**@SiO, annealed at 550 °C are shown in Figure 1d.e.
From Figure 1d, it can be seen that the diameter of SiO, fibers is
about 300 nm, which is well consistent with that observed from
the SEM image (Figure 1c). The porous structure of SiO, fibers
can be seen clearly from the high-magnification TEM image due
to the different electron penetrability. Moreover, the obvious lat-
tice fringes in the HR-TEM image (Figure le) confirm the high
crystallinity of NaYF, NCs in the SiO, fibers after high tem-
perature annealing. The distance of 0.21 nm between the adja-
cent lattice fringes of NaYF,:Yb*", Er¥*@SiO, is well consistent
with the dyy, spacing of the hexagonal B-NaYF, (JCPDS No.
16-0334). The above possible formation process of the porous
NaYF,YD*, Er¥*@SiO, nanocomposite fibers is schematically
shown in Figure S2 (Supporting Information).

Figure 2 shows the XRD patterns of the as-synthe-
sized NaYF,:Yb3*, Er3* NCs, the as-prepared NaYF,:Yb*, Er**@
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Figure 2. X-ray diffraction patterns for the as-synthesized o-NaYF,:Yb3*,

Er** NCs (a), a-NaYF.Yb*, Er¥*@precursor fibers (b) and 550 °C
annealing derived NaYF,:Yb%*, E**@SiO, nanocomposite fibers (c).

Adv. Funct. Mater. 2012, 22,2713-2722

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

precursor fibers and NaYF,:Yb*, Er**@SiO, nanocomposite
fibers, as well as the JCPDS cards for NaYF,, respectively. In
Figure 2a for NaYF,Yb*, Er’* NCs obtained by thermal
decomposition method, all the diffraction peaks for sample can
be indexed as a pure cubic o-phase, which coincides well with
the literature values (JCPDS No. 06-0342). Figure 2b shows the
XRD pattern for the precursor fibers containing o-NaYF,:Yb*,
Er’* NCs, in which the broad band is ascribed to the semi-
crystalline PVP, and the other peaks can also be indexed to
o-NaYF,. When the precursor sample is calcined at 550 °C
(Figure 2c), a broad peak centered at 26 = 22° can be observed
due to the characteristic reflection from amorphous SiO,
(JCPDS No. 29-0085), and o-phase NaYF, is drastically trans-
formed to the B-phase (hexagonal) with the minor o-phase. The
sharp diffraction peaks are in good agreement with the mixture
of hexagonal - phase and cubic o- phase structures known
from bulk - phase (JCPDS No. 06-0342) and o- phase (JCPDS
No. 16-0334) NaYF,. It is reported that the o—f transition is
exothermic, whereas f—o is endothermic, indicating that the
B-phase is a thermodynamically stable one.l®~%* The precursor
of NaYF, prepared by a co-precipitation method, for instance,
consisted of the a-phase, and then the annealing process at
the high temperature caused the transition to fB-phase. This
phenomenon is attributed to the ordered-disordered arrange-
ment of the cations.®*® In our preparation of NaYF,:Yb*,
Er**@SiO, nanoconposite fibers, the phase transformation of
NaYF, YD, Er®* from the cubic phase to the hexagonal phase
with minor cubic phase occurs when the precursor fibers are
annealed at 550 °C.

The respective N, adsorption/desorption isotherms of
NaYF,:Yb*, Er**@SiO, nanocomposite fibers and corre-
sponding pore size distribution (inset) are shown in Figure S3
(Supporting Information). It can be seen that the SiO, samples
show similar IV isotherms and the typical H;-hysteresis loops,
demonstrating the properties of a typical porous material. For
the NaYF,Yb*, Er**@SiO,, the BET surface area is about
260.67 m?/g, pore volume is about 0.418 cm?/g, and the pore
size distribution shows a narrow apex centered at 6.41 nm. The
uniform porous pore size (Figure S3 (Supporting Information),
inset) is advantageous and favorable for the drug delivery appli-
cations. The UC emission spectrum and UC mechanisms of
the as-prepared NaYF,:Yb*", Er**@SiO, are shown in Figure S4
(Supporting Information), respectively. Under 980 nm NIR
laser excitation, the UC emission spectrum of NaYF,:Yb*',
Er**@SiO, displays two typical emission bands upon excita-
tion with a 980 nm laser diode: at 510-570 nm, attributable
to the radiative transitions from *Hj /%S5 to *Iysp, and
at 630-700 nm from *Fy), to *I;5, of Er** (Figure S4a, (Sup-
porting Information)). Up-conversion spectrum is subject to
the surface properties of NaYF,:Yb3*, Er**, the presence of OH
groups and photonic band gaps in the NaYF,Yb*, Er¥*@SiO,
result in the quenching of green emission and enhancement
of red emission.l®~%"] Yan reported a novel UC photonic crystal
fabricated by embedding NaYF,:Yb*, Er** nanoparticles in
inverse opals, and manipulates the UC emission behavior. A
relatively intense red emission was observed, while the inten-
sity of green emission decreased sharply.l®l The photonic band
gap for the UC photonic crystal matches well with the green
emission of NaYF4Yb*', Er*", and the luminescence spectrum
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is affected by the 3D ordered structure and the green emission
from *Hyy,/*S5); to *Iy5; is suppressed significantly. The same
reason may hold for the current NaYF,: YD, Er**@SiO, fibers
to some extent. The UC mechanisms in Yb**, Er** codoped
materials are well investigated.®®% Initially, Yb** ions are
excited from 2F;), to ?Fs, level by 980 nm laser, and then an
excited Yb** transfers its energy to Er** (*I;1,). Just as the elec-
tron stays on the *I;; 12 level, a second 980 nm photon excites
Yb** ions, and then the energy is transferred to Er’*, resulting
in the electron population on higher “F;/, energetic state of the
Er** jons. The Er** ion can then relax nonradiatively by a multi-
phonon relaxation process to the 2Hy;;, and *S;); levels and
the dominant green 2Hy;/,—*I;5, and *S;,,—*1;5), emissions
occur. Alternatively, the electron can further relax and populate
the *Fg, level resulting in the occurrence of red *Fo,—*I;5),
emission. The above excitation, energy transfer and up-conver-
sion emission process is schematically shown in Figure S4b
(Supporting Information).

2.2. The Biocompatibility of the NaYF,:Yb**, Er**@SiO,
Nanocomposite Fibers

The biocompatibility of the carrier materials would be key
factor in evaluating the potential of DDSs. Only nontoxic car-
riers are suitable for drug delivery. It has been reported that
the lanthanides based UC luminescent materials exhibit no or
low cytotoxicity in vivo in some literatures.’>7%l The obtained
NaYF,:Yb*, Er¥*@SiO, nanocomposite fibers were incubated
with 1929 fibroblast cell, and MTT assay was used for the study
on the cell viability of NaYF,:Yb*, Er¥*@SiO,. Cell viability
is directly proportional to the amount of formazan produced
monitored by the absorbance at 490 nm. The NaYF,YDb*,
Er**@SiO, nanocomposite fibers were delivered over a range
of dosages (1.5625-100 pg/mL). Figure S5 (Supporting Infor-
mation) shows viability results, which indicate that more than
98% 1929 fibroblast cells viability was observed under the var-
ying concentration range, and showed satisfactory results that
supported the biocompatibility of the porous fibers in all dos-
ages. The result implies that the prepared NaYF,:Yb*, Er**@
SiO, nanocomposite fibers have good biocompatibility, which
is an important prerequisite of the carriers for biomedical
applications.

2.3. Drug Loading and Release Properties of NaYF,:Yb*",
Er3*@SiO, Nanocomposite Fibers

Doxorubicin hydrochloride (DOX), an anti-cancer drug, was
used as a model drug loaded into porous NaYF,Yb*", Er¥@
SiO, nanocomposite fibers, and the DOX release proper-
ties were examined. In our current DDS, the drug storage/
release process was investigated according to the previous
methods.[32833 During the loading and release process, the
DOX molecules can be adsorbed onto the surface of porous
materials in the impregnation process and liberated by a dif-
fusion-controlled mechanism.!'*2833 The concentration of
DOX in the DOX-NaYF,:Yb**, Er¥*@SiO, could be calculated
by [(Opox Rpox)/Opox]x100%, and the loading efficiency was
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Figure 3. Drug release profiles for DOX-NaYF,:Yb*, EP¥*@SiO, at pH =
7.5, 5.5 and 2 in PBS buffer.

12.2 wt.% (Opox is the original DOX content, and Rpox is
the residual DOX content). The cumulative drug release pro-
files for the DOX-NaYF,:Yb*, Er3*@SiO, DDS as a function
of release time in three different pH values phosphoric acidic
buffer solutions (PBS) over a time period of 60 h at 37 °C are
shown in Figure 3. In pH = 2.0 and 5.5 PBS, DOX showed
faster release and the amount released from DOX-NaYF,:Yb%*,
Er**@SiO, DDS reached 35% and 30% during the first 5 h,
followed by gradual increase to 46% and 41% after 60 h.
Meanwhile, the amount released was only 18% in the course
of 5 h and then leveled off (34%) at pH = 7.5. Upon dialysis,
approximately 31 wt.% of the drug was released within 42 h in
pH = 7.5 PBS, whereas in the case of pH = 5.5 and 2.0 PBS it
only took 8 h and 3 h to attain a comparable level of drug release.
The drug release behavior shows that the liberation of DOX
from NaYF,Yb*, Er¥*@SiO, is pH-dependent in the range
between 2.0-7.5 (The release properties of DOX in high basic
environment cannot be performed due to the change of DOX).
This pH-sensitive DOX release behavior can be elucidated
by the fact that the surface zeta-potential of the SiO, sample
becomes more positive with the decrease of the pH value, and
the weaken electrostatic adsorption force with positive charged
DOX molecules results in the faster drug release.l’*”>l Pure
NaYF,:Yb*, Er**@SiO, nanocomposite fibers showed nega-
tively charged surfaces (—18.92 and —8.13 mv) and a change
trend towards more positive with decreasing pH values
(pH = 7.5 and 5.5). The zeta-potential of the nanocomposite
fibers in pH = 2.0 PBS just reversed to be positive (+1.18 mv),
which seted up an electrostatic repulsion with the positive
charged DOX molecules. It is well known that the extracellular
pH of many solid tumors is lower than normal tissues and
presents an acidic microenvironment.’®”’] The pH-sensitive
DOX release might be beneficial at the reduced pH values in
intracellular lysosomes, endosomes and certain cancerous tis-
sues for targeted release and controlled therapy at the patho-
logical sites.l7678l
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(a) ' similar cytotoxicity to that of free DOX. This
0.78125 pg/mL 3.125 yg/mL may be attributed to the fact that the DOX-

200 - 1 1.5625 pg/mL 6.25 pg/mL. NaYF4 YD, Er¥*@SiO, can be taken up by
(I 3.125 pg/mL 12.5 pg/mL Fell. through endocytosis and release DOX

25 pg/mL inside to induce cell death. The ICs, values

N\ G2t pgiml. 50 pg/mL (the concentration of drug required to reduce

150 - B 12.5 pg/mL 100 pg/mL cell growth by 50%) of DOX-NaYF,Yb,
3 25 ug/mL 200 pg/mL Er*@SiO, and free DOX were 8.90 and

— 50 pg/mL T 5.34 ug/mlL, respectively. This may be signifi-

100 -

Cell Viability (%)

(42
o
1

= cant because DOX-NaYF,Yb%*, Er**@SiO,
i has comparable drug effect for inducing
cancer cells death while the side effect of
DOX was greatly abated due to the encapsu-
lation of the drug inside the composites. The
results indicate that the DOX-NaYF,Yb%*,
Er**@SiO, has a similar suppression effect
on cancer cells in vitro compared with free
DOX. Furthermore, compared with the HelLa
cells nucleus (Figure 4b), the nuclei became

Figure 4. In vitro Hela cell viabilities after incubation 24 h with free DOX, DOX-NaYF,:Yb3*,
Er*@SiO, and pure NaYF,.Yb*, Er*@SiO, at different concentrations (a). The nucleus of
blank HelLa cells (b). The nucleus of Hela cells incubated with DOX-NaYF,:Yb3*, EP*@SiO,
for 24 h (c).

2.4. In Vitro Cytotoxicity Effect on Cancer and Normal Cells

To verify whether the released DOX was pharmacologically
active, the cytotoxicity of the DOX-NaYF,Yb*, Er**@SiO,
nanocomposite fibers on HelLa cells and 1929 fibroblast cells
are evaluated by MTT assay and the results were compared with
free DOX and pure NaYF,:Yb*, Er¥*@SiO,. Figure 4a shows
the cancer cell viabilities against free DOX, DOX-NaYF,:Yb*,
Er*@8Si0,, and NaYF,.Yb*, Er’*@SiO, for 24 h at different
concentrations. The concentration of NaYF,:Yb*, Er*@SiO,
was set at the same level as the NaYF,Yb*, Er*@SiO, con-
centration used in the DOX-NaYF,:Yb*", Er**@SiO,. The pure
NaYF,Yb*, Er¥*@SiO, without DOX has no adverse effect on
cells viability within the tested concentration range, showing that
NaYF, YD, Er**@SiO, itself has no obvious cytotoxic effect on
HelLa cells. In contrast, the inhibitory concentration values for
DOX and DOX-NaYF,Yb*, Er**@SiO, showed an increasing
inhibition against Hela cells with an increased concentration.
It is found that the DOX-NaYF,:Yb*", Er¥*@SiO, exhibits the

Adv. Funct. Mater. 2012, 22, 2713-2722
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)
fragmented (Figure 4c) after being treated

with DOX-NaYF,:Yb*", Er¥*@SiO,. Figure S6
(Supporting Information) shows the 1929
fibroblast cell (normal cell) viabilities against
free DOX, DOX-NaYF,Yb*, Er**@SioO,,
and NaYF,Yb*, Er¥*@SiO, for 24 h at dif
ferent concentrations. The DOX-NaYF,:Yb*",
Er**@SiO, exhibits the similar cytotoxicity
to that of free DOX, and the viability of L929
fibroblast cells is higher than that of Hela
cells at high concentration of DOX. The
results indicate that DOX-NaYF,:Yb**, Er*@
Si0, can not induce the extra effect to normal
cells with respect to free DOX, and about
50% 1929 fibroblast cells viability is observed
under 50 pg/mL of DOX. Therefore, we con-
clude that NaYF,Yb*, Er**@SiO, nanocom-
posite fibers have potential to be used as a
carrier for anti-cancer drugs.

2.5. Cellular Uptake and Biological Imaging of NaYF,:Yb3*,
Er3*@SiO, Nanocomposite Fibers

Porous NaYF,Yb*, Er**@SiO, nanocomposite fibers were
ultrasonically treated before drug loading and cellular uptake,
and the TEM image and dynamic light scattering data of fiber
fragments are shown in Figure S7 (Supporting Information).
From the TEM image (a), it can be seen that the length and
diameter of fragments range from 350 nm to 1.25 pm and
from 300 nm to 450 nm, respectively. The dynamic light scat-
tering result is given in the Figure S7b (Supporting Informa-
tion), which shows that the size of fiber fragments ranges from
90 nm to 3 um (both length and diameter). Thus, we know
that the ultrasonication can cut the long fibers (several hun-
dred micrometers) into short ones effectively. The uptake and
internalization of DOX-NaYF,:Yb*", Er¥*@SiO, were investi-
gated by confocal laser scanning microscope (CLSM) in Hela
cells incubated with DOX-NaYF,:Yb*, Er**@SiO, ([DOX] =
20 ug/mL) for 10 min (a—c), 30 min (d—f), 1 h (g-i), and 6 h
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(7-1) at 37 °C, respectively (Figure S8 (Supporting Informa-
tion)). With increase of the incubation time, the intensities of
red signal from DOX increase, that is, more DOX have crossed
the membrane and localized in the cytoplasm. The red signal of
DOX origins from DOX-composites or free DOX (DOX released
from composites in medium) uptake by Hela cells. Cellular
uptake of NaYF,Yb*, Er¥*@SiO, was also determined using
flow cytometry. The NaYF,:Yb*, Er¥*@SiO, was labeled with
FITC (fluorescent dye), and the cell uptake degree of the com-
posite fibers could be quantified with flow cytometry by deter-
mining the green fluorescence emitted from FITC-NaYF,:Yb*",
Er**@SiO, treated Hela cells. After incubation of Hela cells
with the sample for different times (10 min, 30 min, 1 h and
6 h), the cell-labeling ability of FITC-NaYF,Yb*, Er¥*@SiO,
was estimated by flow cytometry. As revealed by Figure 5, FITC-
NaYF,Yb*, Er¥*@SiO, nanocomposite fibers were taken up by
HelLa cells compared to the controlled cells, and the cell uptake
amount increases with incubation time. To further verify the
location of the fibers relative to the HeLa cells, the CLSM photo-
graphs of Hela cells incubated with FITC-labeled and DOX-
loaded NaYF,:Yb*", Er**@SiO, for 6 h are shown in Figure 6.
The green fluorescence from the covalently linked FITC (A, =
488 nm) and red fluorescence from DOX-NaYF,Yb*, Er¥@
SiO, (Aex = 575 nm) can be clearly seen in confocal images,
demonstrating that the fiber fragments have been taken up
by Hela cells. The above results confirm that the NaYF,:Yb3*,
Er¥*@SiO, nanocomposite fibers can be effectively taken up
by Hela cells. Thus, the effective therapy may result from the
enhanced intracellular delivery, the pH-sensitive release and
the protection of DOX extracellular by DOX-NaYF,:Yb**, Er¥*@
SiO,.

By utilizing a modified inverted fluorescence micros-
copy equipped with infrared laser excitation at 980 nm,
the interaction of Hela cells with the NaYF,: Yb*, Er¥*@
SiO, nanocomposite fibers was also investigated by up-
conversion luminescent microscopy (UCLM). HelLa cells
were incubated with NaYF,Yb*, Er**@SiO, (100 ug/ml) at
37 °C for 4 h for cell imaging (Figure 7). Bright-field meas-
urements after the treatment with NaYF,Yb*, Er’*@SiO,
confirmed that the cells are viable throughout the imaging
experiments (Figure 7a). Moreover, an intense UC lumi-
nescence signal can be observed from the Hela cells under
laser excitation at 980 nm (Figure 7b). Overlays of bright-
field and UC luminescent images further demonstrate
that the luminescence is evident in the intracellular region
(Figure 7¢). This indicates that NaYF,YDb*, Er**@SiO,
nanocomposite fibers penetrate the cell membrane of Hela
cells, agreeing well with the CLSM results. Thus, the result
of UCLM confirms that NaYF,Yb*, Er**@SiO, nanocom-
posite fibers are promising candidates for use as bioimaging
probes.

Cells use endocytosis for uptake of nutrients, down-regula-
tion of growth factor receptors and as a master regulator of the
signalling circuitry. There are several different types of endocy-
tosis, all based on formation of intracellular vesicles following
invagination of the plasma membrane or ruffling giving rise to
larger vesicles. Phagocytosis (cell eating) is used for uptake of
large particles, and is the first step in uptake and degradation
of particles larger than 0.5 um. Pinocytosis (cell drinking) is

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Flow cytometry analysis of the control cells (a,b) and Hela
cells incubated with FITC-NaYF,:Yb**, Er*@SiO, for 10 min (c,d), 30
min (e,f), T h (g,h) and 6 h (i,j).

used to internalize fluid surrounding the cell, implying that all
substances in the fluid phase area of invagination are taken up
simultaneously. There are multiple types of endocytic pathways
distinguished by specific molecular regulators. Nanoparticles
and large particles taken up by endocytosis are enclosed within
the early endosomes, phagosomes or macropinosomes./’?! After
ultrasonically treating, the fragments of nanocomposite fibers
belong to large particles, the fragments loading DOX taken up
by endocytosis are enclosed within phagosomes, and then fuse
with lysosomes. During the period of HelLa cells incubated
with DOX-composites, DOX can be released from compos-
ites in the medium. These free DOX in the fluid phase area

Adv. Funct. Mater. 2012, 22, 2713-2722
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Figure 6. Confocal laser scanning microscopy (CLSM) images of Hela cells incubated with
FITC-labeled and DOX-loaded NaYF,:Yb3*, Er¥*@SiO, for 6 h. The images can be classified
to the nuclei of cells (being dyed in blue by Hoechst 33324), FITC-labeled NaYF,Yb**, EF*@
SiO,, DOX-loaded NaYF,:Yb**, EP¥*@SiO,, and the merged images of all above, respectively.

Scale bars for all images are 50 um.

of invagination taken up by endocytosis are enclosed within
the early endosomes, these vesicles with DOX then mature
down the degradative pathway and become multivesicular
bodies/late endosomes which fuse with lysosomes. Both endo-
somes (pH = 5.0-6.0) and lysosomes (pH = 4.0-5.0) have an
acidic micro environment, which are distinct with the normal
physiological environment (pH = 7.4). Compared with the

www.afm-journal.de

normal tissues, solid tumors have a weakly
acidic extracellular environment of pH < 7
due to the hypoxia-induced coordinated
upregulation of glycolysis. The NaYF,:Yb3*,
Er**@SiO, nanocomposite fibers can release
the anti-cancer drug to induce apoptosis
in endosomes and lysosomes acidic micro
environment after the DOX-composites are
internalized by the cancer cells through the
endocytosis process.

3. Conclusions

In summary, oil-dispersible o-NaYF,Yb*,
Er’* NCs were synthesized by thermal
decomposition methodology and trans-
ferred to polar solvents-soluble using CTAB.
o-NaYF,:Yb*, Er¥**@precursor fibers were
prepared with electrospinning process using
precursor solution containing a-NaYF YD,
Er¥* NCs, and NaYF,Yb*, Er**@SiO,
nanocomposite fibers were obtained after
high temperature annealing (550°C). The
as-prepared NaYF,:Yb*, Er**@SiO, nano-
composite fibers show the attracting proper-
ties of regular fiber-like morphology, porous
structure, good biocompatibility, and UC
emission, which are suitable for anti-cancer
drug (DOX) storage/release as a drug carrier.
It is found that the liberation of DOX from
NaYF,Yb*, Er**@SiO, are pH-sensitive
release pattern. DOX is shuttled into cell by
porous NaYF,Yb*, Er**@SiO, carriers and
released inside cells after endocytosis, and
the DOX-NaYF,Yb*', Er¥*@SiO, exhibits the similar cytotox-
icity with free DOX. Moreover, UCLM images of NaYF,Yb?",
Er**@SiO, uptake by cells shows bright NIR UC emission,
making the NaYF,:Yb*", Er¥*@SiO, promising candidates for
use as bioimaging agents. Therefore, the porous NaYF,:Yb*",
Er**@SiO, nanocomposite fibers may find potential applica-
tions in the fields of anti-cancer drug storage and cell imaging.

Figure 7. Inverted florescence microscope images of Hela cells incubated with NaYF,:Yb**, Er¥*@SiO, nanocomposite fibers, bright-field image
(a), UC luminescent image (b) and the overlay of bright-field and UC luminescent images (c).

Adv. Funct. Mater. 2012, 22,2713-2722
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4. Experimental Section

Chemicals and Materials: Sodium oleate (Cy5H33NaO,, chemically pure,
C. P.) and n-hexane (CgH;4, analytical reagent, A. R.) were purchased
from Sinopharm Chemical Reagent Co., Ltd. Polyvinylpyrrolidone
(PVP, M, = 1,300,000), Oleic acid (OA), 1-Octadecene (ODE),
aminopropyltrimethoxysilane  (APTMS), (EO),0(PO)7(EO),0 (P123,
M,, = 5800) and Fluorescin isothiocyanate (FITC) were purchased from
Aldrich. Trichloromethane (CHCl;, A. R.) and Sodium fluoride (NaF,
guaranteed reagent, G. R.) were purchased from Beijing Fine Chemical
Company. Tetraethyl orthosilicate (TEOS, analytical reagent, A. R.) and
Cetyltrimethylammonium bromide (CTAB, 99%) were purchased from
Beijing Yili Fine Chemicals Co., Ltd. Doxorubicin hydrochloride (DOX)
was purchased from Nanjing Duodian Chemical Regent Co., Ltd. All the
initial chemicals in this work were used without further purification.

Synthesis of Water-Dispersible o-NaYF,:Yb3, Er** NCs: Synthesis of
Rare Earth Oleate Complexes: A literature method for the synthesis of
iron-oleate complex®) was adopted to prepare the rare earth oleate
complexes. 10 mmol of rare earth chloride RECl; (RE = 80%Y + 17%Yb
+ 3%Er) and 30 mmol of sodium oleate were dissolved in a mixture
solvent composed of 20 mL of ethanol, 15 mL of distilled water, and
35 mL of hexane. The resulting solution was added into a 250 mL round-
bottomed flask with a reflux condenser, and then heated to 70 °C and
kept at that temperature for 4 h. After the reaction was completed, the
reaction mixture was transferred into a separatory funnel. The upper
organic layer was separated and washed three times with 30 mL of
distilled water. After being washed, rare earth oleate complexes were
produced in a waxy solid form by evaporating off the remaining hexane.

Synthesis of Oleic Acid Stabilized o-NaYF,;Yb*, Er¥* NCs: Oleic
acid capped -NaYF,Yb3*, Er** NCs were synthesized by thermal
decomposition methodology developed by Chen et. al.l®2 In a typical
procedure for the preparation of o-NaYF,:Yb*, Er** NCs, 1 mmol of
RE (oleate); (RE =80%Y+ 17%Yb + 3%Er), 12 mmol of NaF, 10 mL of OA
and 10 mL of ODE were added to the three-neck round-bottom reaction
vessel and subsequently heated to 120 °C under a vacuum with magnetic
stirring for 30 min to remove residual water and oxygen, and flushed
periodically with N,. The reaction was kept at 280 °C for 0.75 h in N,
atmosphere under vigorous stirring. When the reaction was completed,
the transparent yellowish reaction mixture was allowed to cool to 80 °C,
and the NCs were precipitated by the addition of ethanol and isolated
via centrifugation. The finally obtained NCs could be readily dispersed in
nonpolar solvents such as cyclohexane, toluene, and chloroform to form
a colorless transparent colloid solution.

Transferring into Aqueous Phase of Oleic Acid Stabilized o-NaYF . Yb*,
Er’*: The synthesized oleic acid stabilized monodisperse NCs dispersed
in 0.5 mL of chloroform was added to a 5 mL of aqueous solution
containing 0.1 g CTAB. After vigorous stirring, the resulting solution was
heated at 60 °C to induce evaporation of the chloroform of the solution,
which generated aqueous-phase dispersed nanoparticles.!

Synthesis of UC Luminescent and Porous NaYF;Yb*, EF*@SiO,
Nanocomposite Fibers: UC luminescence functionalized porous SiO,
fibers were prepared by electrospinning process using P123 as structure
directing agent and TEOS as silicon source. Typically, 0.25 g P123 was
dissolved in 6.3 mL C;HsOH and 0.2 mL water soluble a-NaYF,:Yb**,
Er** NCs solution with magnetically stirring at room temperature for
0.5 h. Then TmL TEOS was added dropwise to the solution with stirring
at room temperature for 0.5 h. Finally, 0.59 g PVP was added to adjust
the viscoelastic behavior of the solution. The solution was stirred for
3 h to obtain a homogeneous precursor sol for further electrospinning.
The distance between the spinneret (a metallic needle) and collector
(a grounded conductor) was fixed at 20 cm and the high-voltage supply
was maintained at 10 kV. The spinning rate was controlled at 1.0 mL/h
by a syringe pump (TJ-3A/W0109-1B, Baoding Longer Precision Pump
Co., Ltd, China). The as-prepared hybrid precursor samples were
annealed at 550 °C with the heating rate of 1 °C/min and held there
for 3 h in air. Finally, NaYF,:Yb*" Er*@SiO, nanocomposite fibers were
obtained. Porous NaYF,Yb*", EF*@SiO, were treated with ultrasonic
before fluorescein label, drug loading and cellular uptake. FITC was
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labeled to NaYF,:Yb3*, Er*@SiO, as follows: 2 mg FITC and 45 uL
APTMS were dissolved in 1 mL ethanol and stirred at room temperature
for 12 h in the dark. Then 20 mg composites dispersed in 20 mL ethanol
was added in 20 pL above solution and the mixture was refluxed at
80 °C for another 12 h. The composites were separated by centrifugation,
washing with ethanol and dialysis against water (cutoff molecular weight:
800010000 Da).

The Biocompatibility of the NaYF.Yb*, EF*@SiO, Nanocomposite
Fibers: To evaluate the biocompatibility of the NaYF,:Yb**, Er¥*@SiO,
nanocomposite fibers, MTT cell assay was used on the L929 cell. MTT
is a standard test for screening the toxicity of biomaterials and is carried
out in accordance with ASTM standards. Briefly, L929 fibroblast cells
were plated out at a density of 5000-6000 cells per well in a 96 well
plate and incubated overnight at 37 °C in a humidified atmosphere of
5% CO, to allow the cells to attach to the wells. The NaYF,:Yb**, Er**@
SiO, were sterilized by autoclaving, and then serial dilutions of the fibers
at concentrations of 1.5625, 3.125, 6.25, 12.5, 25, 50 and 100 pg/mL
were added to the culture wells to replace the original culture medium
and incubated for another 24 h in 5% CO, at 37 °C. 5 mg/mL stock
solution of MTT [3—(4,5—-dimethylthiazol-2—yl)-2,5—diphenyltetrazolium
bromide] was prepared in PBS and this stock solution (20 uL) was
added to each well containing a different amount of the monodisperse
NaYF,Yb**, Er*@SiO,, and the plates were incubated at 37 °C for
4 h. The medium and MTT were then removed, and the MTT-formazan
crystals were dissolved in 150 pL of DMSO, and place on a shaking table,
150 rpm for 5 minutes, to thoroughly mix the formazan into the solvent.
The absorbance of the suspension was recorded under a microplate
reader (Thermo Multiskan mk3) at 490 nm.

Preparation of Drug Storage/Delivery Systems: 10 mg of NaYF,Yb3*,
Er*@SiO, dispersing in 0.5 mL water was mixed with 4 mL of DOX
aqueous solution (1 mg/mL). After stirred for 24 h under dark
conditions, the DOX-loaded sample was collected by centrifugation
and denoted as DOX-NaYF,Yb**, Er¥*@SiO,. Then, DOX-NaYF,Yb3*,
Er*@SiO, were transferred to a dialysis tube and immersed in 2 mL
pH = 7.5, 5.5 and 2 phosphoric acidic buffer solutions (PBS) at 37 °C
with gentle shaking. At predetermined time intervals, PBS was taken
by centrifugation and replaced with an equal volume of fresh PBS. The
amounts of released DOX in the supernatant solutions were measured
by UV-vis spectrophotometer at a wavelength of 480 nm. To evaluate
the DOX-loading efficiency, the supernatant and washed solutions were
collected and the residual DOX content (Rpox) Was obtained by UV-vis
measurement at a wavelength of 480 nm. The loading efficiency of DOX
can be calculated as follows: [(Opox Rpox)/Opox|x100%, in which Opox
is the original DOX content.

In Vitro Cytotoxicity of DOX-NaYF ;Yb*, EP*@SiO, Against HelLa and
L929 Cells: HelLa and L929 cells were plated out in 96-well plates at a
density of 8000 cells per well and were allowed to attach and grow for
24 h to allow the cells to attach. The free DOX, DOX-NaYF,:.Yb*", Er*@
SiO,, and NaYF,Yb**, Er*@SiO, were added to the medium, and the
cells were incubated in 5% CO, at 37 °C for 24 h. The concentrations
of the fibers were 3.125, 6.25, 12.5, 25, 50, 100, 200 pg/mL, respectively.
The concentrations of DOX were 0.78125, 1.5625, 3.125, 6.25, 12.5, 25,
50 pg/mL, respectively. At the end of the incubation, the media
containing the nanocomposite fibers was removed, and 20 uL of MTT
solution was added into each cell and incubated for another 4 h. The
supernatant in each well was aspirated 150 UL of DMSO was added
to each well before the plate was examined using a microplate reader
(Therom Multiskan MK3) at the wavelength of 490 nm.

Cellular Uptake of the Porous NaYF;Yb*, Er*@SiO, Nanocomposite
Fibers: Cellular uptake by Hela cells was examined using flow cytometry
and confocal laser scanning microscope (CLSM), respectively. For flow
cytometry studies, Hela cells (1 x 10°% were seeded in 6-well culture
plates and grown overnight. The cells were then treated with FITC-
labeled NaYF,:Yb**, Er*@SiO, at 37 °C for 10 min, 30 min, 1 h and
6 h. Asingle cell suspension was prepared consecutively by trypsinization,
washing with PBS, and filtration through 35 mm nylon mesh. Thereafter,
the cells were lifted using a cell stripper (Media Tech. Inc.), and analyzed
using a FACSCalibur flow cytometer (BD Biosciences) for FITC. The
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excitation wavelength and emission wavelength were 488 nm and
525 nm, respectively.

For CLSM, the Hela cells were seeded in 6-well culture plates (a clean
cover slip was put in each well) and grown overnight as a monolayer,
and were incubated with DOX-NaYF,:Yb3*, Er¥*@SiO, at 37 °C for
10 min, 30 min, 1 h and 6 h (or FITC-labeled and DOX-loaded NaYF,:Yb%*,
Er*@SiO, at 37 °C for 6 h). Thereafter, the cells were rinsed with PBS
three times, fixed with 2.5% formaldehyde at 37 °C for 10 min, and
then rinsed with PBS three times again. For nucleus labeling, fixed cells
were incubated with Hoechst 33342 solution (from Molecular Probes,
20 mg/ml in PBS, 1 ml/well) for 10 min and then washed with PBS three
times. The cover slips were placed on a glass microscope slide, and the
samples were analyzed using CLSM for FITC and DOX.

UC Luminescent Imaging of the Porous NaYF.Yb%, Er*@SiO,
Nanocomposite Fibers: The instrument of up-conversion luminescence
microscopy (UCLM) was rebuilt on an inverted fluorescent microscope
(Nikon Ti-S), an infrared laser excited unit (FF735-Di01-25 x 36, Nikon)
and laser diode driver (KS3-11312-312, BWT). UC luminescence (UCL)
bioimaging of HelLa (5 x 10%/well) were seeded in 6-well culture plates
(a clean cover slip was put in each well) and grown overnight as a
monolayer, and were incubated with DOX-NaYF,Yb*, Er*@SiO, at
37 °C for 4 h. Thereafter, the cells were washed with PBS three times,
fixed with 2.5% formaldehyde at 37 °C for 10 min, and then washed
with PBS three times again. UCLM imaging was performed with the
reconstructive Nikon Ti-S. Cells were excited by infrared laser at 980 nm
(BWT Beijing LTD, China) with output power of 250 mW.

Characterization: The X-ray diffraction (XRD) patterns of the samples
were carried out on a D8 Focus diffractometer (Bruker) with use of Cu
Ko radiation (A = 0.15405 nm). The UV-vis adsorption spectral values
were measured on a U-3310 spectrophotometer. The morphology of
the samples was inspected using a field emission scanning electron
microscope (Philips XL 30). Transmission electron microscopy (TEM)
micrograph was obtained from a FEI Tecnai G2 S-Twin transmission
electron microscope with a field emission gun operating at 200 kV.
Nitrogen adsorption/desorption analysis was measured using a
Micromeritics ASAP 2020 M apparatus. The specific surface area was
determined by the Brunauer—Emmett—Teller (BET) method using the
data between 0.05 and 0.35. The pore volume was obtained from the
t-plot method. The UC emission spectra were obtained using a 980 nm
laser from an OPO (optical parametric oscillator, Continuum Sunlite,
USA) as the excitation source and detected by a R955 (HAMAMATSU)
from 400 to 700 nm. Confocal laser scanning microscopy (CLSM)
images were observed by confocal laser scanning microscope (Olympus,
FV 1000). The photos of up-conversion luminescence were obtained
digitally on a Nikon multiple CCD camera (DS-Ri1). A flow cytometry
(FCM, BD Biosciences) with an excitation wavelength of 488 nm was
used to quantify the transfection efficiency of each sample.
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