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An Upconversion Nanoprobe Operating in the First
Biological Window

Qiang Ju,* Xian Chen,* Fujin Ai,” Dengfeng Peng,* Xudong Lin,” Wei Kong,"
Peng Shi,”® Guangyu Zhu,”® and Feng Wang®"*

Upconversion nanoparticles capable of converting low-energy excitation into higher-energy
emission have been proved useful for sensitive biodetection due to the largely eliminated
background autofluorescence and light scattering effects. However, the existing techniques
have been constrained due to the absorption of excitation and emission light by water and
hemoglobin in biological settings that typically result in low light penetration depth and
potential thermal damage to biological samples. In this work, a core—shell—shell nanostructure
is described to realize photon upconversion in the first biological spectral window (650—900
nm) where the absorption of water and biological specimen is minimal. We synthesized
core—shell—shell nanoparticles with small feature size (~30 nm) that display dominant emission
in the far red (660 nm) spectral region on excitation at 808 nm. The as-synthesized
core—shell—shell nanoparticles were further developed as optical bioprobes that offer sensitive

biodetection in the presence of tissue wrapping.

Introduction

The development of luminescent bioprobes has enabled precise
decipherment of chemical information and rapid molecular detection
in complex biological systems.! Luminescent bioprobes with the
emission and excitation both located in the first biological window
(i.e., ~650-900 nm) are particularly useful for biological research
and biomedical applications, attributed to the minimal light
absorptions by hemoglobin and water components in biological
tissues within this spectral region (Figure S1).> In principle, optical
imaging and detection operating in the biological window can
achieve high tissue penetration depth along with largely eliminated
photo-toxicity or overheating effect associated with the irradiation
light. However, spectral conversions in the range of far red to near
infrared (NIR) typically involves the use of organic dyes or quantum
dots. These systems suffer from several intrinsic problems including
poor photochemical stability and high long-term toxicity, thus
posing limitations in practical applications.

As an attractive alternative to organic dyes and quantum dots,
lanthanide-doped nanoparticles have been developed as a new class
of luminescent bioprobes that are characterized by narrow emission
bandwidths (<20 nm), reduced long-term toxicity to tissue, and high
resistance to optical blinking and photochemical degradation.’ In
addition, lanthanide-doped nanoparticles can convert low-energy
excitation radiation into higher-energy emissions through a unique
photon upconversion process.” The effect has been proven useful to
increase detection sensitivity and to improve imaging contrast by
eliminating background autofluorescence inevitably accompanying
the use of Stokes-shifting biolabels.” Particularly, lanthanide ions
featuring enormously complex energy levels can result in a wealth of
optical transitions. Uniting different lanthanide ions by means of
energy transfer can give rise to highly designable upconversion
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processes, provided that the nonradiative deactivation is largely
eliminated.®

Recently, several attempts have been made to optimize the
upconversion properties for biomedical applications by taking
advantage of nanostructural engineering to integrate incompatible
lanthanide ions. For example, core—shell nanoparticles have emerged
as a new platform to integrate incompatible lanthanide ions for
creating new upconversion properties, which has expedited the
development of Nd**-sensitized upconversion featuring an excitation
maximum at ~800 nm. Excitation with 800 nm laser typically avoids
sample overheating in biological systems owing to the reduced light
absorption by water.” However, most of the Nd*'-sensitized
upconversion nanoparticles displays dominant emission bands in the
blue and green spectral regions, which are not clinically preferred

Fig. 1 Schematic design of the core-shell-shell nanoparticles for performing
upconversion in the medical transparent windows. The core and shell layers
are highlighted with different background colours. Nd** is doped in the core
layer to harvest the NIR excitation light at 808 nm. Er* in the inner shell
layer is used to convert excitation light into 660-nm emission through the
4F9/2 — 4|15/2 transition. The outermost NaGdF, shell is designed to protect
the upconversion process against surface quenching.
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Fig. 2 Synthesis and characterization of the core-shell-shell nanoparticles.
(a) Schematic illustration for the layer-by-layer growth process. (b—d) TEM
images of the NaYbF;:Nd (45 mol %) core, the NaYbF;:Nd@NaGdF,:Yb/Er
(78/2 mol %) core-shell, and the NaYbF;:Nd@NaGdF,;:Yb/Er@NaGdF,
core-shell-shell nanoparticles, respectively. (e) TEM image of randomly
selected nanoparticles for compositional analysis. (f-g) Element maps of Nd,
Yb, and Gd in the nanoparticles shown in (e). (i) XRD pattern of the
core-shell-shell nanoparticle and the corresponding line pattern of
hexagonal phase NaYbF, (JCPDS standard card no. 27-1427).

due to attenuation of the emission light by biological samples.
Herein, we describe a core—shell—shell nanoparticle platform for
independent tuning of the excitation and emission spectra of
upconversion  nanoparticles. We  synthesize quasi-spherical
core—shell—shell nanoparticles featuring small particle size (~30 nm)
and high dopant concentration of Yb** (78 mol%). We demonstrate
that the nanoparticles display dominant emission at 660 nm in
biological settings by 808-nm excitation, offering sensitive detection
of single-strand DNAs and cancer cells in the presence of tissue
wrapping.

We chose to realize the desired upconversion property in a
NaYbF,;:Nd@NaGdF,: Yb/Er@NaGdF, core—shell—shell nanoparticle
(Figure 1). Nd** and Er’* are confined in separate layers to avoid
nonradiative deactivations. Yb®' network across the core—shell
interface are designed to initiate Nd** — Yb*" — Er'" energy
transfer and to tune the optical emission of Er’* through Er*" — Yb**
back-energy-transfer. Notably, in previous studies on Nd*'-
sensitized upconversion core—shell nanoparticles the activator ions
(i.e., Er'") are typically encoded in the core layer.” © To retain a
relatively small particle size that is essential for facilitating interlayer
energy transfers, the Yb*" content in the core layer should be
carefully designed (Figure S2), which imposes serious constraints on
tuning the emission spectra. Our strategy alleviates this limitation by
composing the Er**-doped upconversion layer on Nd**-doped core
nanoparticles featuring small particle size (Figure S2), which can
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Fig. 3 Optimization of the red upconversion emission of Er*". (a) Proposed
energy transfer mechanism that facilitates red upconversion emission of
Er’"  after excitation into Nd*. (b) Emission spectra of the
NaYbF,;:Nd@NaGdF,:Yb/Er@NaGdF, core-shell-shell nanoparticles as a
function of Yb* concentration in the inner shell layer. The spectra were
normalized to the green emission band of Er’' at 542 nm. Inset:
luminescence photographs of the corresponding nanoparticle colloids.

serve as a template to direct the growth of consistent shells
essentially irrespective of the shell composition.® As an added
benefit, Er’" ions in the peripheral region of the nanoparticle are
likely to donate their energy to optical centers in close proximity to
the nanoparticle surface, thereby facilitating homogenous biological
detection (vide infra).’

Results and discussion

The nanoparticles were synthesized through successive
deposition of NaGdF,:Yb/Er and NaGdF, shell layers on pre-
synthesized NaYbF,:Nd (45 mol %) cores (Figure 2a).*® The
relatively low Nd** content (45 mol %) with respect to previous
study (50 mol %) was found to suppress nonisotropic shell growth
during the epitaxial coating process, probably due to reduced
variations in surface energies of different facets. Transmission
electron microscopy (TEM) images reveal quasi-spherical shape of
the as-synthesized core nanoparticles with a main particle size of
22+1.8 nm (Figure 2b). Typical core—shell (Figure 2c) and
core—shell—shell (Figure 2d) nanoparticles obtained by successive
coating of NaGdF,:Yb/Er (78/2 mol %) and NaGdF, layers closely
resemble the morphology of the core nanoparticle with narrow size
distributions (27+2.5 nm and 31+2.2 nm), suggesting a fairly
uniform shell deposition process. The electron energy loss
spectroscopy (EELS) analysis illustrates that the elemental
distributions of the nanoparticles are very consistent with the
designed compositions (Figure 2e-h), confirming the core—shell-
shell structure of the nanoparticles. The as-synthesized nanoparticles
display much stronger emission than the homogeneously doped
counterparts (Figure S3), further validating the formation of
core—shell—shell structures that eliminate deleterious cross-
relaxations. The highly crystalline nature of core—shell—shell
nanoparticles was confirmed by X-ray powder diffraction (XRD)

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 In-vitro cytotoxicity of the AEP- and PAA-capped core-shell-shell
nanoparticles against KB cells after 24-hr incubation.

analysis (Figure 2e). All the XRD peaks were well indexed in
accordance with the standard pattern of f-NaGdF, (JCPDS. no. 27-
0699), confirming the formation of pure hexagonal phase NaLnF,
nanoparticles without noticeable cubic phase impurities, which is
often detected for NaLnF, nanoparticles composed of heavy
lanthanide elements. '’

We then optimized the inner shell composition for promoting
the 660-nm upconversion emission. Er’* ions typically display
several emission peaks centered at 408 nm, 526 nm, 542 nm, and
660 nm, corresponding to Ho, — “Lisp, Hipn = ‘Lisn, S50 = Tisp,
and *Fo, — “I;s, transitions of Er'*, respectively. The relative
intensity of the multi-peak emission was manipulated by controlling
the back-energy-transfer from Er’* to Yb*" through control of Yb**
concentration (Figure 3a). We have assessed a series of
NaYbF;:Nd@NaGdF,: Yb/Er@NaGdF, nanoparticles with varying
Yb** concentrations in the inner shell layer (Figure S4). As shown in
Figure 3b, the red emission of Er’* gradually dominated the spectra
with increasing Yb*" concentration from 18 to 78 mol %, which
corresponds to intensity ratios of red-to-green emission from 0.5 to
0.7, 0.85 and 1.9. The steady increase in red-to-green emission
intensity ratio was mainly induced by the 483 + 2Fqp — Mz + Fspn
and *113 + 2Fs, — ‘Fop + 2F4), cross-relaxations at elevated Yb**
concentrations.'" Further increasing Yb** concentration didn’t lead
to noticeable improvement in red emission of Er’", probably due to
the poor shell quality as a result of fast shell deposition process in
the absence of Gd** cofactors (Figure S5). We also examined
relevant nanoparticles comprising high concentrations of Er’* in the
inner shell layer, which are known to induce *S;;, + *Io, — *Fop +
“Fy, cross-relaxation between Er’* ions for promoting the red
emission of Er’".''* Photoluminescence investigation showed that
the emission spectra of Er*" can only be marginally tuned by varying
Er*" concentration, accompanied by a decrease in overall emission
intensity at high Er’* contents (Figure S6). Taken together, the
optimal Yb/Er concentration were determined to be 78/2 mol %.

The as-synthesized nanoparticles can be readily transferred to
aqueous solutions with high colloidal stability and biocompatibility
by ligand exchange with 2-aminoethyl dihydrogen phosphates (AEP)
or poly(acrylic acid) (PAA) (Figure S7). The zeta potential and mean
effective diameter of the PAA-capped nanoparticle were measured to
be -29.3 mV and 65 nm, respectively. The cell viability remained
above 88 % in the presence of a high concentration of the
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Fig. 5 Cellular detection with the upconversion nanoparticles. (a, b) Optical
micrographs of KB cells (100 ug/mL) after a 4-hr incubation with the FA-
conjugated 808-to-660 nm (top panel) and 976-to-542 nm (bottom panel)
upconversion nanoparticles, respectively. Column 1 shows the bright-field
image that outlines the profiles of the cells (Scale bar = 5 um). Column 2
depicts blue images of DAPI (Ae: 365 Nm, Aey: 450-490 nm) that indicate the
nuclear regions are shown in panel 2. Columns 3-5 are red (Aex: 808 NM, Aem:
650-680 nm) and green (Aec 980 nM, Aem: 530-560 nm) upconversion

luminescence images obtained in the presence of pork muscle tissues of
varying thickness.
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nanoparticles (up to 500 pg/mL) (Figure 4). Importantly, the
upconversion profile in aqueous solutions closely resembles that in
organic solvents owing to the NaGdF, protection shell, which offers
promising opportunities for deep tissue labeling.

We first demonstrated that the core—shell—shell nanoparticles
are useful for specific detection of tumor cells in tissue environment.
KB cells overexpressed with folic acid receptor were chosen as
model cells for the imaging study. To achieve specific cell
recognition, the nanoparticles were conjugated with folic acid (FA)
(Figure S7) before incubation with the cells at 37 °C for 4 hours. The
cells were then examined with luminescence microscopy, revealing
clear red upconversion emission from Er’* upon 808-nm excitation
(Figure 5). We also recorded bright-field and blue channel images
showing the profiles of KB cells and the location of the 4, 6-
diamidino-2-phenylindole (DAPI)-stained cell nuclei. The red-
channel, blue-channel, and bright-field images together
unambiguously confirmed that the red signal of Er** was originated
from FA-conjugated nanoparticles endocytosed by the KB cells. By
contrast, no upconversion emission was observed when KB cells
were cultured with FA-free nanoparticles (Figure S8). These results
corroborate that the folate receptors overexpressed on the surface of
the KB cells facilitate the recognition of the FA-conjugated
nanoparticles and induce the preferential uptake of the
nanoconjugates by receptor-mediated endocytosis.'? Importantly, the
optical emission can be clearly observed when a 5-mm pork muscle
tissue is placed between the cells and the irradiating laser. The
upconversion emission signals were still detectable after the
thickness of the pork muscle tissue was increased to 10 mm. As an
control experiment, we also carried out parallel detection studies by
using classical NaYF,Yb/Er (18/2 mol %)@NaYF, core—shell
nanoparticles (Figure S9) that efficiently upconvert 976-nm laser
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Fig. 6 DNA detection with the upconversion nanoparticles. (a) Schematic
design of using the upconversion nanoparticle as LRET-based sensor system
for DNA detection. (b, c) DNA detection with the core-shell-shell
nanoparticles in a standard in vitro assay format and in the presence of
tissue interference, respectively. The circlets in the calibration curves are
variations in intensity of the relevant emission peaks in the presence of the
analyte. Error bars shown represent the standard deviations from five
repeated measurements..

irradiations. As shown in the bottom panel of Figure 5, these
nanoparticles can hardly be detected when the laser beam is blocked
by a pork muscle tissue as thin as 5 mm. The comparison clearly
indicates higher tissue penetration depth offered by the core—shell
—shell nanoprobes that can be excited by 808-nm laser.

The dominant far-red emission by 808-nm excitation offered by
the core—shell—shell nanoparticles is also advantageous for accurate
detection of biomolecules by means of spectroscopy, which are
essential for pathological study and early diagnosis of diseases.'® As
a proof of concept, we constructed a luminescence resonance energy
transfer (LRET)-based biosensor to show sensitive DNA detection.
As illustrated in Figure 6a, the DNA-sensor adopts a sandwich-type
hybridization format that involves two short oligonucleotides to
capture a longer target oligonucleotide. One short oligonucleotide
(5’-AAC TGA TGC TG -C3-NH,-3", denoted as capture-DNA) was
modified with amine group on the 3’ to conjugate with the PAA-
functionalized upconversion nanoparticles (Figures S10-11).
Another short oligonucleotide (5'-Cy5-C3-AGG GTT TCA GA-3’,
denoted as reporter-DNA) was labeled with Cy5 on the 5’ whose
excitation spectrum largely coincides with the red emission band of
the upconversion nanoparticles at 660 nm (Figure S12). We thereby
took the advantage of our engineered core—shell—shell nanoparticles
with extensive emission in the first biological spectral window to
facilitate the LRET process for DNA detection. The target sequence
(5"-CAG CAT CAG TTT CTG AAA CCC T-3’, denoted as target-
DNA) is one genetic marker of spinal muscular atrophy, a childhood

4| J. Name., 2012, 00, 1-3

neuromuscular disease characterized by the loss of a-motor neurons
leading to symmetrical wasting of the voluntary muscles."

The performance of the DNA-sensor was first evaluated in a
standard in vitro assay. Upon 808-nm excitation, the mixture of
capture-DNA-conjugated upconversion nanoparticles (0.1 mg/mL)
and the reporter-DNA (1.0 xM) shows only signals from the
upconversion nanoparticles, in contrast to sensor systems using
quantum dots or organic dyes as donors that typically suffer from
interference of autofluorescence from acceptors.'” Upon addition of
the target-DNA, the red emission band of the upconversion
nanoparticles in the 650—680 nm range declined significantly with
respect to the green emission band in the range of 514 to 560 nm
(Figure 6b, left panel). The results indicated clear energy transfer
from the red-emitting Er’* to the Cy5, owing to the formation of
DNA duplexes that brings the Cy5 fluorophore (energy acceptor)
and the upconversion nanoparticle (energy donor) into close
proximity. In addition, the intensity of red emission band of Er** was
found to decline linearly with the concentration of the target-DNA
increasing from 10 to 50 nM (Figures 6b), along with an enhanced
acceptor emission (Figure S13) as observed in previous reports.'® By
contrast, the donor emission was essentially not affected in the
absence of the capture DNA under otherwise identical conditions
(Figure S14). The observation further confirms the dominant role of
nonradiative interaction in the energy transfer process that is
strongly dependent on the donor-acceptor separations. The detection
limit of the assay, corresponding to an analyte concentration that
provides a signal intensity being three times the standard deviation
above the signal of the control experiments, was estimated to be 5.4
nM. The DNA-sensor is highly selective to target-DNAs. The sensor
response is essentially unaffected by interference DNA strands of
random sequences and BSA (Figure S15). Notably, by adapting
formamide to tune the stringency of the hybridization, the method
can offer appreciable selectivity for single-nucleotide polymorphism
characterized by single-base mismatch (Figure S16).

To shed light on its promise for potential in vivo studies, the
DNA-sensor was enveloped in a pork muscle tissue of 5-mm thick to
mimic the environment of in vivo detection that typically suffers
from serious light absorption and scattering by the surrounding
tissues (Figure 6¢c). As anticipated, we observed a similar spectral
response to the target-DNA. The detection limit is evaluated to be 32
nM, as an increased nanoparticle concentration (0.5 mg/mL) is
needed to provide sufficient signal strength to penetrate through the
covered pork muscle tissue. The successful DNA detection in tissue
environment by using the core—shell—shell nanoparticles is attributed
to the high transparency of tissues to light emission within the first
biological window, which is supported by the increased red-to-green
intensity ratio of Er'* (2.5 fold) when the pork muscle tissue is
inserted. For comparison, we also built a DNA-sensor comprising
NaYF4Yb/Er (18/2 mol %)@NaYF, core—shell nanoparticle that
generates 976-t0-542 nm upconversion as energy donor coupled with
Cy3 as acceptor. Under comparable experimental settings (i.e.;
nanoparticle concentration and laser power density), we can hardly
record acceptable signal-to-noise ratio with 976-nm excitation in the
control experiment, albeit an appreciably low detection limit (4.6 nM)
can be achieved in a standard in vitro assay in the absence of pork
tissue wrapping (Figure S17). The results are largely owing to
stronger attenuation of 976 nm than 808 nm laser radiations by pork
tissues, which further substantiates the prospective of our
core—shell—shell nanoparticle bioprobes for in vivo bioimaging and
biodetection.

Conclusions

This journal is © The Royal Society of Chemistry 2012
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We have developed upconversion bioprobes with excitation and
emission both located in the first biological window, based on
precise control over energy exchange interactions among Nd**,
Yb*, and Er’* in a core—shell-shell nanostructure. These
bioprobes offer sensitive detection at cellular and molecular
levels, registering an un-optimized detection limit of 5.4 nM.
Due to largely minimized absorption of the excitation and
emission light by water and hemoglobin in biological samples,
the probes also enable cellular and molecular detections in the
presence of tissue (5 mm) wrapping. By varying the surface
modification, the core—shell—shell nanoparticles presented here
are expected to provide promising alternatives to conventional
bioprobes for theranostic applications.

Experimental Section

Synthesis of the core nanoparticles: The nanoparticles
synthesis was developed via a modified wet chemical procedure.® In
a typical procedure to the synthesis of NaYbF,:Nd nanoparticles, 2-
mL water solution of Ln(CH3CO,); (0.2 M, Ln = Yb and Nd) was
added to a 50-mL flask containing 4 mL of oleic acid and 6 mL of 1-
octadecene. The mixture was heated at 160 °C for 40 min to form
the lanthanide-oleate complexes and then cooled down to 50 °C
naturally. Thereafter, 5 mL of methanol solution containing NH4F
(1.55 mmol) and NaOH (1 mmol) was added and the resultant
solution was stirred for 30 min. After the methanol was evaporated,
the solution was heated to 290 °C under argon for 1 h and then
cooled down to room temperature. The resulting nanoparticles were
precipitated by the addition of ethanol, collected by centrifugation at
6000 rpm for 5 min, washed with ethanol several times, and re-
dispersed in 4 mL of cyclohexane.

General procedure for epitaxial growth of the shell layers:
The shell precursor was first prepared by mixing 2-mL water
solution of corresponding lanthanide acetates (0.2 M) with 4mL of
oleic acid and 6 mL of 1-octadecene in a 5S0-mL flask followed by
heating at 160 °C for 40 min. After cooling down to 50 °C,
preformed core nanoparticles dispersed in 4 mL of cyclohexane were
added along with a 5-mL methanol solution of NH,F (1.55 mmol)
and NaOH (1 mmol). The resulting mixture was stirred at 50 °C for
30 min, at which time the solution was heated to 290 °C under argon
for 1 h and then cooled down to room temperature. The resulting
nanoparticles were precipitated by the addition of ethanol, collected
by centrifugation at 6000 rpm for 5 min, washed with ethanol several
times, and re-dispersed in 4 mL of cyclohexane. The procedures
were repeated for layer-by-layer growth of multishell nanoparticles.

Surface Modification of nanoparticles: The as-synthesized
nanoparticles that are capped with oleate ligands were surface
modified by using a general ligand exchange procedure. Typically,
15 mL of diethylene glycol solution containing 0.5 g of poly(acrylic
acid) (PAA, MW=1800) was heated to 110 °C with vigorous stirring
under argon flow. A cyclohexane solution (10 mL) containing the
nanoparticles (0.5 mmol) was injected into the hot solution, which
was then heated to 240 °C and kept at this temperature for 30 min
under argon flow. After the solution was cooled to room
temperature, 1 mL of dilute hydrochloric aqueous solution (0.10 M)
was added to precipitate the PAA-capped nanoparticles. The
precipitates were collected by centrifugation, washed several times

This journal is © The Royal Society of Chemistry 2012
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with deionized (DI) water, neutralized with a dilute solution of
NaOH (0.01 M), and finally re-dispersed in PBS buffer (pH = 7.4).

Cytotoxicity of surface-functionalized core—shell—shell
nanoparticles: KB cells were seeded in 96-well plates at a density of
2,000 cells/well and cultured in 5% CO, at 37 °C for 72 h. Then the
cells were treated with different concentrations of nanoparticles and
incubated for 24 h. The cytotoxicity was evaluated by assessing the
the  3-(4,5-dimethylthiazol-2-y1)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium  (MTS)
assay (Figure S7).

Synthesis of DNA-conjugated core—shell—shell
nanoparticles: The bioconjugation of DNA with the PAA-capped
nanoparticles was conducted in the assistance of 1-Ethyl-3-(3-

cell viability through

dimethylaminopropyl)carbodiimide (EDC) (Figure S11). Typically,
1 mL of the PAA-capped core—shell—shell nanoparticle dispersion (1
mg/mL) was mixed with 1 ymol capture-DNA and 1 umol EDC,
followed by incubation for 24 hours at room temperature. The
nanoconjugates were separated by centrifugation after adding excess
ethanol. The precipitate was re-dispersed in Tris-HCI buffer (pH =
7.4) and centrifuged with ethanol twice to remove unreacted DNA
and EDC. The obtained precipitates composed of the capture-DNA-
conjugated nanoparticles were dispersed in 1 mL Tris-HCI buffer
(pH = 7.4) for subsequent use in hybridization assays.

Synthesis of folic acid—conjugated core—shell-shell
nanoparticles: Covalent conjugation of folic acid (FA) to AEP-
capped core—shell—shell nanoparticles was conducted by using a
modified EDC-NHS reaction. In a typical procedure, 15 mg of FA
was first dissolved in 20 mL PBS (pH 7.4). Then 0.4 mM EDC and
0.4 mM NHS were added to activate the carboxyl groups of FA for 3
h. Thereafter, 10 mg of AEP-capped core—shell—shell nanoparticles
were added and the resultant mixture was allowed to react at room
temperature for 12 h. The obtained FA-conjuageted core—shell—shell
nanoparticles were purified with PBS and ethanol to remove
unreacted chemicals by centrifugation. The linkage of folic acid with
the nanoparticles was confirmed by FTIR spectra (Figure S6)

Cell culture and optical microscopy: KB cells were cultured
in folic acid (FA)-free RPMI-1640 medium (Gibco) supplemented
with 10% (v/v) fetal and 50 units/mL
penicillin/streptomycin at 37 °C under humidified air containing 5%

bovine serum
CO,. The cells were seeded onto glass slides and allowed to adhere
for 40 h. The cells were incubated in fresh medium containing 100
ug/mL nanoparticles for 4 h under 5% CO, and then washed three
times with PBS to sufficiently remove excess nanoparticles. Cell
nuclei were subsequently stained by 4’,6-diamidino-2-phenylindole
(DAPI) at 37 °C for 5 min and washed with PBS. The cell imaging
was performed on Olympus 1X81 microscope with the excitation
light adapted to a 808-nm diode laser.

Nanoparticle imaging in tissue: PAA-capped core—shell—shell
(1 mg mL™") and NaYF,:Yb/Er (18/2 mol %)@NaYF, nanoparticles
(1 mg/mL) were first dropped on a glass slide with capillary tubes to
form a round drop. After evaporation of the solvent, the two sides of
glass slide with the spot of nanoparticles were covered by pork
muscle tissues and irradiated by 808 and 976 nm diode lasers,
respectively. Upconversion luminescence images were recorded at
the opposite side of the laser.

J. Name., 2012, 00, 1-3 | 5
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Target-DNA detection with the capture-DNA—conjugated
nanoparticles: 0.1 mL of the capture-DNA-nanoparticle conjugates
(0.1 mg/mL) was mixed with 0.1 mL of reporter-DNA (labeled with
Cy5, 1.0 uM) and stirred for 10 minutes. Then 0.1 mL of target-
DNA of different concentrations was added. After incubation for 1
hour, the resultant mixture was subjected to examination through

upconversion luminescence spectroscopy by 808-nm laser excitation.

For the DNA detection in the presence of tissue wrapping, the
concentration of core—shell-shell nanoparticle-capture-DNA
conjugates and reporter-DNA were increased to 0.5 mg/mL and 5.0
1M, respectively, for the purpose of enhancing the emission intensity
to penetrate through the pork muscle tissue. For control experiment
that uses the NaYF,YDb/Er (18/2 mol %)@NaYF, core—shell
nanoparticles, the experimental setup is identical except that the
reporter-DNA is labeled with Cy3 to match the green emission band
of Er*'.

Characterizations: Transmission electron microscopy
(TEM) images were carried out on a Philips CM-20
transmission electron microscope operating at an acceleration
voltage of 200 kV. Powder X-ray diffraction (XRD) pattern
was collected on a BRUKER AXS D2 Phaser X-ray
diffractometer with Cu Kal radiation (4 = 0.154 nm). The
infrared spectra were recorded on a PerkinElmer Spectrum 100
Fourier-transform infrared spectrometer (FTIR). Ultraviolet-
visible absorption spectra were acquired on a SHIMADZU UV-
1700 PharmaSpec UV-Vis
Photoluminescence spectra were recorded at room temperature
with an F-4600 spectrophotometer (Hitachi) with the excitation

spectrophotometer.

source adapted to fiber coupled diode lasers. Unless otherwise
stated, all spectra were obtained from cyclohexane dispersion
of nanoparticles (1 wt %) at an excitation power density of 15
W/cm?. Luminescence digital photographs were taken with a
Nikon D90 microscopy
performed on an Olympus 1X81 microscope with the xenon

camera. Optical imaging was
lamp adapted to a diode laser. The excitation source was a
808/980 nm laser, which directly irradiated on the cell (or pork
when the cells were covered) and the diameter of the laser
beam was expanded to ~1.0 cm. Two D660/20x (for red) and
D545/40x (for green) emission filters were used for bioimaging
Micrographs were recorded with a micro manager imaging
system.
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