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ABSTRACT: Upconversion nanoparticle (UCNP) as a new
class of imaging agent is gaining prominence because of its
unique optical properties. An ideal UCNP for bioimaging
should simultaneously possess fine water dispersibility and
favorable functional groups. In this paper, we present a simple
but effective method to the synthesis of a UCNP-based
nanohybrid bearing a multihydroxy hyperbranched polyglycer-
ol (HPG) shell by the combination of a “grafting from”
strategy with a ring-opening polymerization technique. The
structure and morphology of the resulting UCNP-g-HPG
nanohybrid were characterized in detail by Fourier transform
infrared, '"H NMR, thermogravimetric analysis, and trans-
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mission electron microscopy measurements. The results reveal that the amount of grafted HPG associated with the thickness of
the HPG shell can be well tuned. UCNP-g-HPG shows high water dispersibility and strong and stable upconversion
luminescence. On the basis of its numerous surface hydroxyl groups, UCNP-g-HPG can be tailored by a representative
fluorescent dye rhodamine B to afford a UCNP-g-HPG-RB nanohybrid that simultaneously presents upconversion and
downconversion luminescence. Preliminary biological studies demonstrate that UCNP-g-HPG shows low cytotoxicity, high
luminescent contrast, and deep light penetration depth, posing promising potential for bioimaging applications.
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1. INTRODUCTION

Lanthanide (Ln)-doped upconversion nanoparticle (UCNP),
an emerging new class of luminescent nanomaterial, has shown
tremendous potential in labelling biological entities because of
its fascinating attributes, such as narrow emission peak, absence
of photodamage, high photostability, deep light penetration
depth, very low autofluorescence background, and low
toxicity.' ® To facilitate the imaging applications, an ideal
UCNP should simultaneously possess high water dispersibility
and favorable surface functional groups for further coupling.”

Generally, a water-dispersible UCNP can be achieved by two
strategies. One is to tailor the hydrophobic UCNP by
employin§ ligand exchange,m_12 ligand oxidation,™ ligand
capping,' ~16 surface silanization,'”" host—guest self-assem-
bly,"” and layer-by-layer (LBL) assembly”® techniques for the
introduction of hydrophilic components on the surface of a
UCNP. An alternative strategy is to directly synthesize a water-
dispersible UCNP by using hydrophilic polymers [e.g,
poly(ethylenimine),”"** poly(vinylpyrrolidone),*~** poly-
(acrylic acid),”® and poly(ethylene §lycol)23] or small
molecules (e.g, 6-aminohexanoic acid) 326 as ligands. For
both of the strategies, surface engineering of UCNPs with
polymers to form nanohybrids is a simple and effective
approach.”**® The polymers can not only enhance the

-4 ACS Publications  © 2014 American Chemical Society 7719

physical properties of the UCNP such as water dispersibility
and processability but also endow the UCNP with numerous
reactive functional groups and good biocompatibility. Although
a number of polymers have been utilized to functionalize
UCNPs, most polymers have no functional groups or only
possess charged functional groups that may cause nonspecific
interactions with biosubstrates during imaging applications.
Therefore, exploring a method to functionalization of UCNPs
with polymer ligands that contain multiple neutral functional
groups (e.g., hydroxyl groups) is desired.

Another key point for UCNP/polymer nanohybrids is the
thickness of the polymer shell on the surface of the UCNP. A
too thin polymer shell associated with very low polymer
content may not be able to impart sufficient desired properties
to the UCNP, while an excessively thick polymer shell may
result in the formation of a nanohybrid with extremely large
size, which would cause an adverse impact on the imaging
application. It is difficult to control the thickness of the polymer
shell by the reported approaches (e.g., ligand exchange, ligand
capping, and direct synthesis of UCNPs using polymers as

Received: February 18, 2014
Accepted:  April 21, 2014
Published: April 21, 2014

dx.doi.org/10.1021/am500980z | ACS Appl. Mater. Interfaces 2014, 6, 7719-7727


www.acsami.org

ACS Applied Materials & Interfaces

Research Article

Scheme 1. Synthetic Route to UCNP-g-HPG and Modification of the Grafted HPG with Fluorescent Dye RhB
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ligands) except for the LBL assembly technique, which can tune
the thickness of the polyrner shell by manipulating the number
of repeated assemblies.”>** However, only charged polymers
are suitable for this approach. To well control the thickness of
the polymer shell, another promising approach is the direct
growth of the desired polymer from the surface of the UCNP
by using a surface-initiated living/controlled polymerization
technique. This approach has been successfully employed to
grow a polymer shell with controlled thickness on the surfaces
of other inorganic nanopartlcles (e.g, carbon nanotubes®® and
gold nanoparticles®). However, it has not been used to
functionalize a UCNP, possibly because of the low availability
of a UCNP with surface initiators.

In this paper, we report a novel water-dispersible NaYF,:Yb/
Er UCNP bearing a hyperbranched polyglycerol (HPG) shell
by using surface-initiated anionic ring-opening polymerization
(ROP; Scheme 1). As one of the most efficient host matrices
for upconversion luminescence (UL),**7*° NaYF, was chosen
as the host material in this study. HPG was carefully chosen as
the polymer shell because of its attractive merits such as high
water solubility, excellent biocompatibility, and numerous
hydroxyl groups.**™* Moreover, HPG can be synthesized
with high controllability by a one-step reaction. 3637 As
expected, the combination of UCNP and HPG gives birth to
a robust luminescent UCNP-g-HPG nanohybrid that shows
attractive merits such as a tunable HPG shell, good water
dispersibility, strong UL, low cytotoxicity, and versatile surface
functionality, which highlight the potential of UCNP-g-HPG

for bioimaging applications.

2. EXPERIMENTAL SECTION

Materials. Rare-earth chlorides (LnCly-6H,0, where Ln = Y, Yb,
Er), ricinoleic acid (RA), 1-octadecene, ammonium fluoride, glycidol,
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N,N'-dicyclohexylcarbodiimide (DCC), 4-(dimethylamino)pyridine
(DMAP), and rhodamine B (RhB) were purchased from Aladdin
Chemistry Co. Ltd. (Shanghai, China). A potassium methylate
solution in methanol (25 wt %, Aldrich) was used as received.
Glycidol and dioxane were distilled before use. All other chemicals
were of analytical grade and were used as received without further
purification. Milli-Q water (18.2 MQ) was used for all experiments.

Characterization. Fourier transform infrared (FTIR) spectra were
measured on a Thermo Nexus 470 FTIR spectrometer (KBr disk).
Thermogravimetric analysis (TGA) was carried on a Netzsch STA
449C analyzer with a heating rate of 20 °C/min in a nitrogen flow. 'H
NMR measurements were conducted on a Varian Mercury Plus 400
MHz spectrometer. The molecular weight was measured by gel
permeation chromatography (GPC; PE series 200), with polystyrene
as the standard and 0.01 M LiBr/dimethylformamide (DMF) as the
eluent at a flow rate of 1 mL/min. Powder X-ray diffraction (XRD)
spectra were taken on a Holland PANalytical X-Pert PRO X-ray
diffractometer with Cu Ka radiation. Transmission electron
microscopy (TEM) images were recorded on a JEM-2100 F high-
resolution transmission electron microscope at 200 kV. Samples were
prepared by placing a drop of a dilute aqueous dispersion on the
surface of a copper grid. Dynamic light scattering (DLS) and {
potential measurements were performed in aqueous solution using a
Malvern Zetasizer Nano ZS90 apparatus. Luminescence spectra were
recorded on a Varian fluorescence spectrophotometer. UL spectra
were measured using an external 0—1000 mW adjustable continuous-
wave laser (980 nm, Beijing Hi-Tech Optoelectronic Co., China) as
the excitation source, instead of the xenon source in the
spectrophotometer. Absorption spectra were recorded on a UV-3600
UV-—vis—near-IR (NIR) spectrophotometer (Shimadzu). Confocal
laser scanning microscopy (CLSM) images were recorded on a Zeiss
LSM 510 confocal laser scanning microscope (Jena, Germany)
equipped with a 980 nm NIR laser with an output power of S00
mW. Quantitative data were expressed as mean + standard deviation
unless specifically described. P values <0.05 were considered to be
statistically significant.
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Figure 1. TEM images of (a) UCNP-OH, (b) UCNP-g-HPGI, and (c) UCNP-g-HPG2. The scale bar in the corresponding inset is 10 nm.
Hydrodynamic radius distribution of (d) UCNP-OH, (e) UCNP-g-HPG]I, and (f) UCNP-g-HPG2 at a concentration of 0.2 mg/mL.

Synthesis of UCNP-OH. In a typical procedure,*' YCI;-6H,0 colorless. After being dried overnight under vacuum, the product
(0.78 mmol), YbCl,-6H,0 (0.2 mmol), and ErCl;-6H,0 (0.02 mmol) (designated as UCNP-g-HPG-RB) was obtained.
were dissolved in 2 mL of water before 15 mL of RA and 15 mL of 1- Cytotoxicity Evaluation. The cytotoxicity of the samples was
octadecene were added in a 100 mL flask. The mixture was heated to examined using methylthiazolyldiphenyltetrazolium (MTT) assay.
90 °C for 30 min and then vacuumed for another 30 min to form a MCEF-7 breast cancer cells were seeded in 96-well plates at a density
transparent solution. Subsequently, the solution was cooled to room of 4 X 10* cells/mL. After 24 h of incubation, the medium was
temperature and a methanol solution (12 mL) containing NaOH (100 replaced by the UCNP-g-HPG2 and UCNP-g-HPG-RB solutions with
mg, 2.5 mmol) and NH,F (185 mg, S mmol) was added. The mixture concentrations of 0, 0.1, 0.25, 0.5, and 0.8 mg/mL, respectively. The
was stirred for 15 min at room temperature, then transferred to a 100 cells were then incubated for 24 h. After the designated time intervals,

mL autoclave, purged with argon for § min, sealed, and hydrothermally the wells were washed twice with 1 X PBS buffer. A total of 0.1 mL of

treated at 180 °C for 24 h. After the autoclave was cooled to room a freshly prepared MTT (0.5 mg/mL) solution in a culture medium
was added to each well. The MTT medium solution was carefully

temperature naturally, the resulting product (designated as UCNP-
removed after 3 h of incubation. Dimethyl sulfoxide (DMSO; 100 uL)

OH) was separated by centrifugation, washed with ethanol, and dried

at 60 °C for 12 h. was then added into each well, and the plate was gently shaken for 10
Synthesis of UCNP-g-HPG. UCNP-g-HPG was synthesized by an min at room temperature to dissolve all of the precipitates. The
in situ ROP technique. Typically, UCNP-OH (80 mg) was mixed with absorbance of MTT at 570 nm was monitored by the microplate

reader. The cell viability was expressed by the ratio of absorbance of
the cells incubated with UCNP-g-HPG2 or UCNP-g-HPG-RB to that
of the cells incubated with a culture medium only. Note that UCNP-g-
HPG-RB shows weak absorption at 570 nm, and hence the real
absorbance of cells incubated with UCNP-g-HPG-RB at 570 nm was
calculated with the corresponding absorbance of a blank UCNP-g-
HPG-RB solution as the reference.

20 uL of a potassium methylate solution and 5 mL of anhydrous
tetrahydrofuran in a flask. The mixture was stirred at S0 °C for 1 h
before excess methanol was removed by a vacuum. A total of 10 mL of
anhydrous dioxane was added, and the flask was placed in an ultrasonic
bath for 15 min to ensure complete suspension of the UCNP-OH
initiator. The mixture was heated to 95 °C, and a 20 wt % glycidol

solution in dioxane was added dropwise over a period of 24 h. After Cell Imaging. MCE-7 cells were cultured in a RPMI 1640 medium
completion of monomer addition, the mixture was stirred for an containing 10% fetal bovine serum and 1% penicillin—streptomycin at
additional 6 h. After reaction, the mixture was quenched by methanol 37 °C in a humidified environment of 5% CO,. After 80% confluence,
and subsequently centrifuged and washed several times with methanol. the medium was removed and the adherent cells were washed twice
After repeated washing and centrifugation steps, the resulting solid with 1 x PBS buffer. The UCNP-g-HPG solution (50 yg/mL, 0.4 mL)
product was dried overnight under vacuum at 50 °C. The weight feed was then added to the chamber. After incubation for 2 h, cells were
ratios of glycidol monomer to UCNP-OH (R,,) for UCNP-g-HPG1 washed three times with 1 X PBS buffer and then fixed by 75% ethanol
and UCNP-g-HPG2 are 8.6:1 and 25.2:1, respectively. The for 20 min, which was further washed twice with 1 X PBS buffer. The
corresponding free HPG was collected from the supernatant by cells were imaged by a confocal laser scanning microscope (Nikon-A1)
precipitation with acetone. equipped with a 980 nm NIR laser and a Nikon digital camera.
Synthesis of UCNP-g-HPG-RB. Typically, 20 mg of UCNP-g- In Vivo Animal Imaging. Animal procedures were in agreement
HPG2, 5 mg of RhB, and 10 mL of DMF were placed in a dry flask with the guidelines of the Institutional Animal Care and Use
and treated in an ultrasonic bath for 3 min. Then, 18.6 mg of DCC and Committee. UCNP-g-HPG-RB was dispersed in a PBS solution (pH
S mg of DMAP were added to the flask, and the mixture was stirred at 7.4) before imaging application. Kunming mice were anesthetized with
80 °C for 24 h. The product was separated by centrifugation and ether. A total of 0.1 mL of UCNP-g-HPG-RB (S0 ug/mL) was
washed with ethanol repeatedly until the washed ethanol became injected subcutaneously at the leg and bottom of the ear regions,
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Figure 2. (a) FTIR spectra and (b) TGA curves of UCNP-OH, UCNP-g-HPG1. and UCNP-g-HPG2. (c) GPC curves of free HPG1 and free

HPG2. (d) 'H NMR spectrum of UCNP-g-HPG2 in D,0.

respectively. The depth of injection was estimated from needle
penetration. UL was observed in a darkened room under excitation of
a 980 nm laser and recorded using a digital camera.

3. RESULTS AND DISCUSSION

Synthesis and Characterization. In order to graft HPG
from the surface of the UCNP, a prerequisite is to obtain a

Table 1. Reaction Conditions and Selected Results for
Grafting HPG from the Surface of the UCNP-OH

sample R, fur (%)° M, e PDI°
UCNP-g-HPG1 8.6:1 17.5 5390 1.56
UCNP—g—HPGZ 25.2:1 36.8 14230 148

“Weight feed ratio of glycidol monomer to UCNP-OH. bWeight
fraction of grafted HPG calculated from the corresponding TGA data
between 150 and 650 °C. “M, and PDI of the corresponding free
HPG.

UCNP with surface hydroxyl groups (UCNP-OH) that can
initiate the ROP of the glycidol monomer.>¢738 Generally, the
reported UCNPs have no functional groups or only possess
charged amine or carboxylic groups.®”® Recently, we developed
a one-step approach to synthesize UCNP-OH via a
solvothermal technique by employing RA as the ligand.*!
TEM shows that the obtained UCNP-OH nanoparticles are
generally spherical in shape with an average diameter of 25 + 8
nm (Figure la). The crystalline structure of UCNP-OH was
measured by powder XRD (Figure S1 in the Supporting
Information, SI). The position and relative intensity of the
diffraction peaks are in good agreement with the standard
hexagonal phase structure of NaYF,:Yb/Er (JCPDS 28-
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1192).>>* 1t should be noted that the NaYF,:Yb/Er nano-
particles with hexagonal phase structure can exhibit much
highgg 4lépconversion efficiency than their cubic phase counter-
part.™

In the FTIR spectrum of the UCNP-OH sample (Figure 2a),
two obvious bands at 2850 and 2928 cm™ associated with C—
H stretching and two strong bands at 1150 and 3400 cm™
respectively corresponding to C—O—C and —OH groups are
observed, indicating that the RA ligands have been anchored
onto the surface of the UCNP. The content of the organic
moiety on the surface of the UCNP-OH was determined by
TGA. The UCNP-OH sample shows a weight loss of 1.94 wt %
between 150 and 650 °C (Figure 2b), confirming the presence
of RA on the surface of the UCNP, and the corresponding
density of the hydroxyl groups is ca. 0.065 mmol/g. Such a
relatively high density of the initiator offers a good platform for
the successful grafting of HPG. Although the presence of
hydrophilic hydroxyl groups makes UCNP-OH water-disper-
sible, the formed aqueous dispersion is not stable enough and
precipitation could be clearly observed after about 12 h because
of the low content of the hydrophilic component on the surface
of the UCNP-OH.

Growth of HPG on the surface of the UCNP-OH was
realized by the combination of a “grafting from” strategy and a
living ROP technique, as depicted in Scheme 1. The hydroxyl
initiators of UCNP-OH were deprotonated by CH;0K before
the very slow addition of glycidol. Note that slow monomer
addition is required for fine adjustment of the amount of
grafted HPG because of the decrease of self-initiation of the
glycidol monomer.>**” After polymerization, the resulting
UCNP-g-HPG nanohybrid was washed repeatedly with water

dx.doi.org/10.1021/am500980z | ACS Appl. Mater. Interfaces 2014, 6, 7719-7727
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Figure 3. (a) Upconversion emission spectra (A, = 980 nm) of UCNP-g-HPG1 and UCNP-g-HPG2. Inset: photographs of the corresponding
samples in water (1 mg/mL) under daylight (left) and 980 nm laser illumination (right). (b) pH, (c) NaCl concentration, and (d) BSA
concentration-dependent upconversion emission spectra of UCNP-g-HPG2 (1 mg/mL; 4., = 980 nm).

to remove ungrafted HPG (also called free HPG). In order to
probe whether the amounts of grafted HPG can be tuned or
not, several UCNP-g-HPG with different values of the weight
feed ratio of glycidol to UCNP-OH (R,,) were synthesized by
keeping the other parameters constant (see Table 1). FTIR
spectra of UCNP-g¢-HPG1 (R, = 8.6:1) and UCNP-g-HPG2
(R, = 25.2:1) show that the intensity of the absorption bands
at 1150, 2850, 2928, and 3400 cm™ are greatly enhanced
compared with UCNP-OH (Figure 2a), implying that HPG
components have been grafted from the surface of the UCNP-
OH. The contents of grafted HPG calculated from the TGA
curves for UCNP-g-HPG1 and UCNP-g-HPG2 are 17.5 and
38.6 wt % (Figure 2b), respectively, demonstrating that the
amounts of grafted HPGs can be well tuned by adjusting R,,.
Because the grafted HPGs are very stable on the surface of the
UCNP-g-HPG, the molecular weight and molecular weight
polydispersity index (PDI) of grafted HPGs cannot be
determined directly. On the other hand, a widely used
approach under such circumstances is to investigate free
polymers and then to speculate the information on the grafted
polymer indirectly.”® The molecular weight and molecular
weight PDI of the free HPGs were determined by GPC (Figure
2c). The number-average molecule weight (M,) of the free
HPG increases from 5390 to 14230 with increasing R, from
8.6:1 to 25.2:1. Meanwhile, both HPG1 and HPG2 show
narrow molecular weight PDIs (<1.6). These results are in
accordance with the typical characteristic of a living/controlled
polymerization technique.*> The chemical structure of UCNP-
gHPG was further confirmed by 'H NMR, as depicted in
Figure 2d. The spectrum is similar to that of pure HPG***° and
other HPG-functionalized inorganic nanomaterials such as
nanodiamond.** The proton resonances belonging to —OH of
the HPG can be found at ca. 44—4.7 ppm. The proton
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resonances of —CH,— and —CH— of HPG are observed at
3.2—3.8 ppm.

To gain direct evidence to the formation of the HPG shell on
the surface of the UCNP, the morphology of UCNP-g-HPG
was determined by TEM. As shown in Figure 1b,c, the HPG
shell on the surface of the UCNP can be clearly seen.
Furthermore, the thicknesses of the HPG shell for UCNP-g-
HPGI1 and UCNP-g-HPG2 are 4 and 10 nm (the average sizes
of UCNP-g-HPG1 and UCNP-g-HPG2 are 29 + 7 and 34 + 7
nm, respectively), respectively, implying that the thickness of
the HPG shell can be tuned by changing R,. This fine
tunability is very important because only a polymer shell with a
suitable thickness is desired for bioapplications of UCNPs. To
further investigate the hydrodynamic sizes of the products, DLS
measurements were conducted (Figure 1d—f). The sizes of
UCNP-g-HPG1 and UCNP-g-HPG2 obtained from DLS are
larger than the results from TEM. This is presumably due to
the fact that the HPG shells are outspread in aqueous solution
but highly shrunken after drying on copper grids. In addition,
the UCNP-OH sample shows aggregation with a relatively wide
PDI. After polymerization, the size of the PDI of the product
decreases obviously with increasing HPG content, suggesting
that the introduction of a hydrophilic HPG shell is beneficial to
improving the water dispersibility.

Optical Properties. Benefiting from the presence of the
HPG shell, the as-prepared UCNP-g-HPG shows excellent
dispersibility not only in aqueous solution but also in polar
organic solvents such as DMSO, DMF, and ethanol (Figure S2
in the SI). This robust solution dispersibility paves the way for
applications of UCNP-g-HPG in light-emitting devices, solar
cells, and bioimaging. As shown in Figure 3a, both UCNP-g-
HPGI1 and UCNP-g-HPG2 in aqueous solution (1 mg/mL)
present high transparency under daylight and strong UL under

dx.doi.org/10.1021/am500980z | ACS Appl. Mater. Interfaces 2014, 6, 7719-7727
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Figure 4. (a) Upconversion emission spectra (4, = 980 nm) of
UCNP-g-HPG-RB. Inset: photograph of the UCNP-g-HPG-RB in
water (1 mg/mL) under 980 nm laser illumination. (b) UV—vis
absorption (black line) and emission (red line) spectra of UCNP-g-
HPG-RB in aqueous solution (A = 540 nm). Inset: photograph of
UCNP-g-HPG-RB (1 mg/mL) in water under 365 nm UV-light
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Figure S. Cell viability of MCF-7 cells after incubation with UCNP-g-
HPG2 and UCNP-g-HPG-RB at various concentrations for 24 h.

the illumination of a 980 nm laser. Correspondingly, their UL
spectra were measured under excitation of a 980 nm laser. As
can be seen from Figure 3a, they exhibit similar spectral
character. Four typical emission peaks at 407, 524, 542, and 656
nm associated with the *Hy ), — *I;5/5, "Hyy o = 150 *S50 =
*I15/» and *Fy), = I}, transitions for Er**, respectively, can be
clearly observed (also see Figure S2 in the SI).** The ratio of
the UL intensity at 656 to 542 nm (I4s6/Is,,) is ca. 0.41 for both
UCNP-g-HPGI and UCNP-g-HPG2.
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Figure 6. (a and b) UL (4, = 980 nm) and (c and d) downconversion
luminescence (A, = 543 nm) images of MCF-7 cells upon incubation
with UCNP-g-HPG-RB (50 pg/mL) for 2 h.

Because a complex physiological environment may disturb
the optical properties of many luminescent probes, the optical
properties of UCNP-g-HPG in aqueous media were examined
under diverse conditions. UCNP-g-HPG2 was chosen as the
representative. First, the effect of the pH on the UL change of
UCNP-g-HPG?2 is studied (Figure 3b). Less than 5% variation
in the emission intensity is detected when the pH is changed
from 3 to 11, implying the stable UL of UCNP-g-HPG2 in both
acidic and basic solutions. This compares favorably to
semiconductor quantum dots, which show obvious fluorescence
quenching under acidic or basic conditions.” UCNP-g-HPG2
also shows a high ionic resistance performance. No obvious
spectral change is detected even when the concentration of
NaCl s up to 2.0 M (Figure 3c). In addition, the UL stability of
UCNP-g-HPG2 is also investigated in the presence of bovine
serum albumin (BSA), a typical protein that has been widely
reported to interact with fluorophores in aqueous media.** To
our delight, UCNP-g-HPG2 exhibits almost no UL change to
BSA (Figure 3d). The excellent UL stability of UCNP-g-HPG2
can be attributed to its unique composition. The relatively
stable UCNP core associated with a neutral HPG shell can
effectively minimize interferences from the pH change, ionic
strength variation, and protein interaction. As can be seen in
Figure S3 in the SI, the apparent { potential value of UCNP-g-
HPG?2 is very close to zero (—0.09 mV) compared with the
negatively charged UCNP-OH (—7.22 mV).

Postfunctionalization Studies. Because a variety of
targeting drugs or functional molecules are required to bind
with luminescent probes in practical biological applications, it is
essential for luminescent agents to have multiple reactive
functional groups. Fortunately, the as-prepared UCNP-g-HPG
possesses numerous hydroxyl groups and thus offers a 5good
platform for further conjugation with desired molecules.*”° To
demonstrate the postmodification of UCNP-g-HPG, fluores-
cent dye RhB was chosen as a representative molecule to
couple with the partial hydroxyl groups of UCNP-g-HPG2
(Scheme 1). The reaction process was monitored by FTIR
spectra, as depicted in Figure S4 in the SI. Compared with
UCNP-g-HPG2, the resulting UCNP-g-HPG-RB presents a

dx.doi.org/10.1021/am500980z | ACS Appl. Mater. Interfaces 2014, 6, 7719—7727
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Figure 7. Digital photographs of a Kunming mouse after subcutaneous injection of 100 uL of saline (a and b) and UCNP-g-HPG-RB (50 ug/mL; c
and d) at the leg (a and c) and bottom of the ear (b and d) regions under 980 nm laser illumination.

new peak at 1734 cm™' corresponding to the O—C=O0
stretching, demonstrating successful reaction with RhB. The
optical properties of UCNP-g-HPG-RB in aqueous solution
were studied as shown in Figure 4. It still exhibits strong UC
under excitation of a 980 nm laser (Figure 4a), indicating that
UCNP-g-HPG2 possesses stable UC against chemical mod-
ification. In addition, the apparent { potential value (Figure S3
in the SI) and hydrodynamic radius distribution (Figure SS in
the SI) of UCNP-g-HPG-RB are similar to those of UCNP-g-
HPG2. However, I¢s4/I54, of UCNP-g-HPG-RB is 0.74, which
is much higher than that of UCNP-gHPG2 (ca. 0.41).
Meanwhile, a new emission peak at 588 nm assigned to the
characteristic emission peak of RhB appears in the spectrum.
These variations of the UL spectrum compared with those of
the UCNP-g-HPG samples are attributed to the presence of
fluorescence resonance energy transfer (FRET).51 On the one
hand, the UCNP core works as a donor in this system. Part of
the emission light at the UL peak of 542 nm is absorbed by
RhB because RhB exhibits strong a absorption peak at around
550 nm (Figure 4b). On the other hand, the RhB acceptor can
emit fluorescence at 588 nm after absorbing light derived from
UL of the UCNP. It is worth noting that FRET is strongly
dependent on the distance between the donor and acceptor.>!
It is possible to deduce that the UCNP-g-HPG samples are
promising for sensing applications by constructing a specific
FRET system on the basis of its multiple hydroxyl groups and
controllable shell thickness. Moreover, UCNP-g-HPG-RB also
exhibits intensive downconversion luminescence because of the
presence of the RhB moiety (Figure 4b). A dual-modal
luminescent nanohybrid is pursued for advanced bioimaging
applications.” Therefore, the grafted HPG not only improves
the water dispersibility of UCNP but also serves as a versatile
platform for further modification to yield new materials with
desirable properties.

Preliminary Biological Evaluation. Because low toxicity
is crucial for bioapplications, the cytotoxicities of UCNP-g-
HPG2 and UCNP-g-HPG-RB were evaluated for MCF-7 breast
cancer cells by using standard MTT cell-viability assay. Figure 5
shows the cell viability results after incubation with a sample
solution at various concentrations for 24 h. The cell viabilities
are close to 100% at concentrations of 0.1—0.25 mg/mL and
remain over 90% at a concentration of 0.8 mg/mL within 24 h
for both UCNP-g-HPG2 and UCNP-g-HPG-RB, suggesting
very low cytotoxicity of the UCNP-g-HPG samples. The good
biocompatibility of UCNP-g-HPG may benefit from the
presence of a biocompatible HPG shell.>**

On the basis of its dual-modal luminescence performance
and low cytotoxicity, the application of UCNP-g-HPG-RB in
cell imaging was studied by a confocal laser scanning
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microscope equipped with a 980 nm NIR laser. MCE-7 cells
were incubated in a culture medium with a UCNP-g-HPG-RB
solution for 2 h. It is noted that the concentration of UCNP-g-
HPG-RB used for bioimaging (50 yg/mL) is much lower than
that for MTT assay. Figure 6 shows the CLSM images of cells
after incubation with UCNP-g-HPG-RB for 2 h. It can be
clearly seen that the cells exhibited bright-green UL under an
excitation of 980 nm (Figure 6a,b), confirming that UCNP-g-
HPG-RB is efficiently internalized by MCF-7 cells. This result
also indicates that UL of UCNP-g-HPG-RB is strong enough
for cell imaging. In contrast, no UL can be observed for the
cells without incubation of UCNP-g-HPG-RB (Figure S6 in the
SI). In addition, the content of Y** uptake by MCE-7 cells was
determined by inductively coupled plasma mass spectrometry
(Agilent 7500cx) after treatment of the incubated cells with
aqua regia. It is calculated that about 82—87% of UCNP-g-
HPG-RB was internalized by the MCF-7 cells. When the cells
were imaged under an excitation of 543 nm (Figure 6¢,d),
strong red fluorescence derived from the RhB moiety is
observed in the cytoplasm around the nuclei (blue, stained by
DAPI), further demonstrating the feasibility of using UCNP-g-
HPG-RB as an imaging agent. In addition, we also studied the
use of UCNP-g-HPG-RB for imaging of deep tissue
preliminarily. A total of 100 4L of a UCNP-g-HPG-RB solution
(50 pg/mL) was injected respectively at the leg and bottom of
the ear regions of anaesthetized Kunming mice. In contrast to
saline without UL, obvious UL could be seen at the injection
positions with the naked eye even when the depths of injection
reached 4 mm (Figure 7). In addition, this result is highly
reproducible. On the basis of the above studies, we believe that
the UCNP-g-HPG nanohybrid holds promise for bioimaging
applications.

4. CONCLUSION

In summary, we have demonstrated an effective approach to
fabricating a robust UCNP-g-HPG nanohybrid composed of a
NaYF,:Yb/Er core and a tunable HPG shell via a surface-
initiated ROP technique. The unique structure and composi-
tion endow UCNP-g-HPG with desired features for bioimaging
application such as good water dispersibility, strong and stable
UL, low cytotoxicity, and favorable light penetration depth.
Furthermore, the numerous hydroxyl groups of UCNP-g-HPG
allow for further functionalization, as exemplified by the
synthesis of a dual-modal luminescent UCNP-g-HPG-RB
nanohybrid. The concept of grafting HPG can also be extended
to other UCNPs to yield advanced upconverting nanohybrids
with desirable physicochemical properties for various imaging,
sensing, and drug-delivery applications.
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