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Sub-10 nm BaLaFs:Mn/Yb/Er nanoprobes for dual-modal synergistic in vivo
upconversion luminescent and X-ray bioimaging

Ling Rao,"” Wei Lu,° Tianmei Zeng,” Zhigao Yi, “* Haibo Wang, “* Hongrong Liu® and Songjun Zeng

Sub-10 nm ultra-small BaLaFs:Mn/Yb/Er nanoparticles were synthesized by a simple solvothermal method for in

vivo upconversion luminescence and X-ray bioimaging.
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Samll-sized BaLaFs:Mn/Yb/Er upconversion nanoparticles (UCNPs) were successfully synthesized for
dual-modal X-ray and upconversion (UC) luminescent bioimaging by a simple solvothermal method. The
size, shape, and UC luminescent intensity of the as-prepared UCNPs can be readily modified by changing
the contents of Mn*". The size of the BaLaFs UCNPs doped with Mn?* decreased largely compared with
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the Mn-free UCNPs. When increasing the content of Mn*" from 5%-20%, the size of UCNPs was
gradually increased from 6.5 nm to 9.7 nm. The as-prepared BaLaFs UCNPs doped with 20% Mn**
present intense UC luminescence. The in vitro UC luminescence imaging of HeLa cells and localized
spectra detected from HeLa cells and background based on these BaLaFs:Mn/Yb/Er (20/20/2%) UCNPs
indicate this sample can serve as ideal bioprobes with absence of autofluorescence under the excitation of

980 nm laser. Moreover, an obvious UC signal was observed in in vivo UC bioimaging, demonstrating
these BaLaFs:Mn/Yb/Er (20/20/2%) UCNPs can also be used as bioprobes for whole body optical
bioimaging. In addition, owing to the high X-ray mass absorption coefficients of Ba**, La’" and the doped

Yb*', the simultaneous X-ray and UC in vivo bioimaging of a nude mouse further demonstrate the as-

prepared UCNPs can be successfully used as dual-modal bioprobes. Ex vivo UC bioimaging revealed

these UCNPs gathered at the lung of a mouse at initial time, demonstrating this sample was suitable for

detection of the lung diseases. In addition, the cytotoxicity test showed the UCNPs possessed little
toxicity. Therefore, the small-sized BaLaFs:Yb/Er/Mn UCNPs are ideal nanoprobes for dual-modal UC
luminescent/X-ray bioimaging with non-autofluorescence, and enhanced detection of the lung diseases.

1. Introduction

Lanthanide doped UCNPs have evoked considerable interest as a
new generation of fluorescent probes for bioimaging because of
their unique UC property of converting low energy irradiation to
high energy emissions via a two-photon or multi-photon process.
18 This unique optical property is crucial for the applications of
these lanthanide doped UC nano-materials in bioimaging. During
the past decades, various fluorescent probes such as organic dyes,
fluorescent proteins, and quantum dots have been developed and
widely used in bioimaging field."?' Compared with the
conventional developed optical bioimaging probes, the UC
luminescent materials possess some intrinsic advantages: low
toxicity, deep penetration, reduced autofluorescence, excellent
photostability, et al. **?' These features make them highly
suitable for X-ray and UC bioimaging in vivo, which require
bright luminescence, extremely small and weak
autofluorescence. >

It is well known that small nanoparticles are easily expelled
from in vivo, and more suitable for application in biomedical
applications, such as drug delivery, photodynamic therapy,
various luminescent bioassays, owing to the low toxicity and little
damage to the living body. **** However, it is still a great
challenge to synthesize intense UC luminescence of nanocrystals
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with small size, especially the diameter less than 10 nm.*'*

Therefore, several efforts have been dedicated to achieving sub-
10 nm nanoparticles with intense UC luminescence.*® Recently,
Liu’s group synthesized sub-10 nm core-shell nanoparticles for
dual-modal imaging and photothermal therapy via a thermal
decomposition method.*” Venkataramanan Mahalingam and his
co-workers  synthesized sub-5 nm Ln’"-doped BaLuFs
nanocrystals via thermal decomposition.”® Li's group®' reported
sub-10 nm NaLuF, nanoparticles for in vivo bioimaging by a
thermal decomposition method using Gd** doping. However, the
thermal decomposition method needs stringent experimental
conditions such as high temperature, inert gas protection, making
the experimental process complex and laborious. Therefore, it is
of significant importance to develop a simple method to achieve
high quality sub-10 nm nanocrystals with controlled structure. On
the other hand, fluoride was an excellent host material for its low
phonon energy which minimize nonradiative losses and enable
intense infrared-to-visible up-converting emissions. ** As one of
the important fluoride hosts, BaLnFs can not only possess
excellent UC emission properties, but also have intrinsic different
X-ray absorption coefficient of Ba and Ln, making these Ba-
based hosts are ideal dual-modal probes for optical and X-ray
bioimaging. ***® However, the nanoprobes based on the sub-10
nm ultra-small BaLnFs; UCNPs for dual-modal bioimaging has
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not been developed. Furthermore, shape, size and red UC
fluorescence can be tuned by controlling the content of Mn*" in
the NaLnF, (Ln=Lu, Y) host materials.’*®® But there was no any
report about the tunable morphology and size of BaLnFs host by
doping Mn*".

Therefore, we report a simple method to achieve small-sized
nm ultra-small Ln**-doped BaLaFs UCNPs with tunable shape,
size and UC emission by adjusting Mn?* contents. These small-
sized BaLaFs; UCNPs are successfully applied in in vitro and in
vivo UC luminescent bioimaging with absence of
autofluorescence. Moreover, the synergistic dual-modal in vivo
UC and X-ray imaging was demonstrated for the first time. And
the biodistribution of these UCNPs was studied by ex-vivo UC
luminescent bioimaging after 0.5 h systemic delivery of UCNPs.

2. Materials and methods
2.1 Chemicals and materials

Rare earth oxides were of 99.99% purity, which were dissolved in
nitric acid at high temperature, and the concentrations of
La(NOs);, Yb(NO3); and Er(NOs); are 0.5 M, 0.5 M and 0.05 M,
respectively. BaCl, (99.99%), MnCl,4H,0O and NH4F were
purchased from Sinopharm Chemical Reagent Co., China. Other
chemicals (sodium hydroxide, oleic acid, ethyl alcohol) were
used without any further purification.

2.2 One-pot solvothermal small-sized

BaLaF;:Mn/Yb/Er UCNPs

synthesis  of

Sub-10 nm BaLaF5:20%Yb/2%Er UCNPs was synthesized by a
solvothermal method with doping different Mn**.""%* 10 mL of
ethanol and 20 mL of oleic acid were added into 2 mL deionized
water containing 0.6 g NaOH under vigorously stirring. And then,
1 mL BaCl, (I M) solution was added into the above mixture
solution. After that, 1 mmol of La(NOs3); (0.5 M), Yb(NO3); (0.5
M), Er(NO;); (0.05 M) and MnCl, (1 M) with the designed molar
ratio of 78-x:20:2:x (x=0, 5, 10 and 20) was added into the
mixture solution and the solvent was further stirred to become
homogeneous. Finally, 6 mL NH,F (1 M) was added. The
prepared solution was then transferred into a 50 mL stainless
Teflon-lined autoclave, which reacted completely at 200 C for
24 h. Then the product was naturally cooled down to room
temperature. Ethanol and deionized water was used to wash the
mixture for three to four times to remove oleic acid and other
solvents. Finally, the as-prepared BaLaFs; UCNPs were put in a
vacuum drying oven and dried at 60 ‘C for 24 h.

To convert these hydrophobic UCNPs to hydrophilic, a half of
the BaLaF5:20%Mn/20%Yb/2%Er was dispersed in 2.64 mL
chloroform and 0.79 g sodium dodecylsulphate (SDS) was added.
The chloroform was evaporated after the mixture was vigorously
stirred for 5 h at the room temperature. **

2.3 Characterization

The crystal phase of the as-prepared BaLaFs:Mn/Yb/Er UCNPs
were characterized by a Rigaku D/max 2500 System X-ray
diffractometer (XRD) with Cu-Ka (A = 0.15406 nm) radiation in
the 20 range from 20° to 80°. The morphology of these
nanocrystals was characterized by a transmission electron
microscope (TEM, JEOL-2100F) at an acceleration voltage of
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55 200 kV. At room temperature, the UC emission spectra were

measured in conjunction with an excitation source of a 980 nm
laser diode with an increasing pump power from 0.2 W to 1.0 W.

2.4 In vitro cell bioimaging

HeLa cells were incubated in Dulbecco’s Modified Eagle’s
Medium supplemented with the hydrophilic BaLaFs:Mn/Yb/Er
UCNPs (200 pg/mL), 10% fetal bovine serum and 1% penicillin
and streptomycin at 37 C and 5% CO,. After 4 h, the unbound
UCNPs were washed several times with phosphate buffer
solution (PBS). And the HeLa cells treated with these UCNPs
were imaged by a commercial confocal laser scanning
microscope (ZEISS LSM-710 NLO) equipped with a
femtosecond-pulsed Ti: Sapphire laser and water immersion
objective. The excitation beam with 980 nm wavelength was
produced by the femtosecond laser with power of 600 mW. The
green and red channels were recorded at the spectral regions of
500-600 and 600-700 nm, respectively.

2.5 Cytotoxicity assay

The in vitro viability of HeLa cells was measured via the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT)
proliferation assay method. HeLa cells were seeded into a 96-well
microplate (6000 cells per well) and then pre-incubated at 37 °C
under 5% CO, for 3 h. Then, the cells were grown in Dulbecco’s
Modified Eagle’s Medium (DMEM) solution containing different
concentrations of BaLaF5:20%Mn/20%Yb/2%Er UCNPs (100,
200, 400, and 600 ugmL™"). These HeLa cells were incubated at
37 °C for another 20 h under 5% CO,. Subsequently, each cell
was added with 10 pL MTT labelling solution and then incubated
further for 4 h at 37 C.

2.6 Invivo UC and X-ray imaging

To study the in vivo UC and X-ray dual-modal imaging, 10 wt%
chloral hydrate solutions were intraperitoneally injected into the
nude mouse firstly, then a certain amount (200 pL) of the
hydrophilic BaLaFs:Mn/Yb/Er UCNPs aqueous solution with
concentration of 3 mg'mL™' was subcutaneously injected. Finally,
the UC/X-ray dual-modal imaging was carried out by a multi-
modal in vivo imaging system (Bruker /n Vivo FX PRO) with an
external 980 nm laser as the excitation source and X-ray imaging
functionality. The X-ray images were recorded under the
operating voltage of 45 kVp. All animal procedures comply with
the institutional animal use, approved by the Laboratory Animal
Center of Hunan.

2.7 Exvivo UC imaging

To reveal the distribution and accumulation of these hydrophilic
BaLaFs:Mn/Yb/Er UCNPs in various organs, 200 pL of these
UCNPs with concentration of 3 mgmL™ was intravenously
injected into the nude mouse at tail vein. After 0.5 h injection, the
mouse was sacrificed and major organs including heart, lung,
liver, spleen, and kidney were used to detect the UC signal by the
in vivo imaging system (Bruker /n Vivo FX PRO) with the similar
conditions of the aforementioned UC imaging.

3. Results and discussions

3.1 Structure control
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Scheme. 1 Schematic illustration of the morphology and size evolution of
the UCNPs doped with different Mn®* contents.

Scheme. 1 shows the schematic diagram of doping induced
morphology and size control of BalLaF; UCNPs from large
sphere to small cube, which is further demonstrated by later TEM
and XRD results. Fig. 1 displays the XRD patterns of the as-
prepared BaLaFs samples doped with different Mn®" contents. As
shown in Fig. 1, all the diffraction peaks of the as-prepared
samples were matched well with the standard cubic phase of
BaLaF; (JCPDS 48-0099). No extra impurity diffraction peaks
were observed, indicating the formation of pure cubic phase
structure. Notably, with increasing the Mn* content, the phase of
the samples is still maintained, indicating the different Mn*"
content has no influence on the crystal phase in Ba-based host,
which is different with our previous report for Mn>* doped
NaLnF, host.*’ In addition, compared with the Mn-free sample,
the diffraction peaks of BaLaFs samples doped Mn’" were
broadened, indicating the decreased particle size. Moreover, the
diffraction peaks gradually narrow with increasing Mn*" content
from 5% to 20%, suggesting an increasing in particle size, which
is further verified by later TEM observation and size distribution.
In addition, we have performed the Rietveld refinement on the
experimental data using Jade 6.5 software. And the lattice
constants of the BaLaFs doped with 0%, 5%, and 10% Mn?* were
calculated to 5.9853, 5.9797, and 5.9775 A, respectively,
indicating the Mn*" was successfully incorporated into the host.
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30 Fig. 1 XRD patterns of BaLaFs:Yb/Er UCNPs doped with different Mn?**

contents: (b) 0%, (c) 5%, (d) 10% and (e) 20%. (a) the standard cubic
phase structure (JCPDS-48-0099).
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Fig. 2 TEM images of BaLaFs UCNPs doped with different Mn*"
contents: (a) 0%, (b) 5%, (c) 10% and (d) 20%; (e) the corresponding
SAED image of 20% Mn doped sample; (f) HRTEM image of BalaFs
UCNPs doped with 20% Mn; (g) EDS result of BaLaFs UCNPs doped
with 20% Mn; (h) the particle size distribution of BaLaFs UCNPs doped
with different Mn*" contents.

To further reveal the morphology and size evolution, the as-
prepared Mn?* doped BaLaFs; UCNPs were characterized by
TEM. Figs. 2a-d show the typical TEM images of the BalLaF;
UCNPs doped with different Mn?* contents. As demonstrated, all
of the UCNPs possess high quality and monodispersed nature.
With increasing Mn?" contents from 5% to 20%, the morphology
of the particles changed from sphere to cube (Figs. 2b-d). The
selected area electron diffraction (SAED) pattern of 20% Mn®*
doped sample (Fig. 2e) reveal the formation of face-centered
cubic structure, which is consistent with the aforementioned XRD
analysis. The average sizes (Fig. 2h) of 0%, 5%, 10% and 20%
Mn*" doped BaLaFs UCNPs are measured to 16.4+1.9 nm,
6.5+2.3 nm, 6.8+£2.2 nm, 9.7+2.0 nm, respectively, demonstrating
the formation of sub-10 nm nanocrystals. The typical high-
resolution TEM (HRTEM) image of an individual particle of
BaLaF; doped with 20% Mn®" sample shown in Fig. 2f reveals
clear lattice fringes of the cubic phase (111) crystal plane with d-
spacing of 3.474 A. The element composition analyzed by
energy-dispersive X-ray spectrometer (EDS) reveals the presence
of Ba, La, F and doped Yb, Er, Mn, further verifying Mn*" is
successfully doped into the host matrix. Therefore, sub-10 nm
ultra-small BaLnF5; UCNPs with controlled shape and size can be
achieved by only adjusting the doped Mn*" contents, which
provide a new route for synthesis of sub-10 nm Ba-based
nanocrystals.

3.2 UC luminescent properties

The room-temperature UC  luminescent  spectra  of
BaLaF5:20%Yb> ' /2%Er’ /xMn*" (x =0%, 5%, 10% and 20%)
UCNPs were measured by a spectrophotometer under the
excitation of 980 nm laser diode. As shown in Fig. 3a, all samples
display green and red emission bands centered at 524/544 and
667 nm, respectively. The Mn-free sample possesses the most
intense UC luminescence, which is attributed to the largest size of
these particles. With increasing Mn*" from 5% to 20%, the

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 3

Page 4 of 8



Page 5 of 8

w

20

2

o

30

3

&

40

45

Journal of Materials Chemistry B

intensity of UC luminescence increased due to the gradually
increased particle size. When doping 20% Mn®’, the UC
luminescence intensity is similar to the Mn-free sample, while the
size decreased to half, which demonstrated the UCNPs doped
with 20% Mn*" have great potential application in bioimaging. In
addition, the red UC emission was not affected by doping Mn?",
which is different with previous reports for Mn doping induced
the enhancement of red UC emission.’>*® Therefore, we speculate
that the Mn*" are mainly occupied the sites of Ba>" owing to the
same valence, not the Ln'", resulting in low energy transfer
efficiency between Mn?" and Er’*. According to the energy level
diagram (Fig. 3b), the red UC emission band centered at 667 nm
is attributed to that the electron transfers from the *Fo), level to
the *I;5,, level of Er*". The green emission band of Er*" centered
at 524/544 nm are attributed to the electronic transition
2H,10/*S5 = “115 of EX. In addition, the corresponding CIE
coordinates (Fig. S2) of the as-prepared samples doped with 5%,
10% and 20% Mn®>" are calculated to be (0.391, 0.595), (0.370,
0.616) and (0.342, 0.645), respectively.
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Fig. 3 (a) UC spectra of BaLaFs UCNPs doped with different Mn**
contents, (b) the simplified energy diagram.

To further study the UC mechanism, the excitation power
dependent green and red UC emissions was studied (Fig. S1a). In
a general UC process, the UC luminescent intensity (/yc) is
proportional to the intensity of the near-infrared excitation light
(I;r), which can be described as the following formula: /o< I;5"
Where n is the number of photon absorbed for each UC emission.
The value of n was determined by the slope of the fitted line in
the plot of log Iyc versus log Ijz. Fig. S1b revealed that the slopes
for the green and red UC emissions of Er'" in Mn®" doped
BalaFs UCNPs at 524, 544, and 667 nm are 1.61, 1.89 and 1.49,
respectively, indicating that two photons were needed for the
green and red emissions.

3.3 In vitro cell fluorescence bioimaging

Ultra-small sub-10 nm BaLaFs: 20%Mn/20%Yb/2%Er UCNPs
with intense UC luminescence were selected to further
demonstrate the ability of application in in vitro cell imaging.
Firstly, the hydrophobic BalaFs sample was converted into
hydrophilic with chloroform and SDS. Then, HeLa cells were
incubated with the sub-10 nm BaLaFs; UCNPs for 4 h at 37 C
and 5% CO,, and finally the cells were imaged by confocal laser
scanning microscopy (ZEISS LSM-710 NLO) under 980 nm
excitation. As shown in Fig. 4b and c, intense green signal (500-
600 nm) and red signal (600-700 nm) were observed on the
surface of HeLa cells, indicating that these UCNPs were
successfully internalized into the cells. The overlay image (Fig.
4d) shows the UC signals are matched well with HeLa cells.
Moreover, as shown in the localized spectra taken from HeLa

50
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cells and background (inset of Fig. 4d), the characteristic green
and red UC signals with absence of autofluorescence were
observed, further demonstrating these UCNPs were grafted on the
surface of HeLa cells. Based on the above analysis, these UCNPs
can be used as ideal optical probes for bioimaging with no auto
fluorescence.

Fig. 4 In vitro bioimaging of Hela cells treated with the hydrophilic
BaLaF; UCNPs doped with 20% Mn*" under 980 nm excitation: (a) bright
field images, (b) and (c) the corresponding green (500-600 nm) and red
(600-700 nm) luminescent images, respectively, (d) the overlay image.
The inset of Fig. 4d shows the corresponding localized
photoluminescence spectra taken from HeLa cells and background in the
spectral range of 500 to 700 nm with a 980 nm excitation.

3.4 Cell cytotoxicity test

The cytotoxicity of the hydrophilic BaLaFs UCNPs in HeLa cells
was measured by the MTT method. Fig. 5 shows the cell viability
of the HeLa cells incubated with different concentrations of the
SDS-modified BaLaFs: 20%Mn/20%Yb/2%Er UCNPs at 37 C
and 5% CO, for 24 h. Compared with the cells untreated with the
UCNPs, the viability of the HeLa cells decreased to 82% at the
concentration of 100 pgmL". No significant differences were
observed when UCNPs concentration was increased to 400
ugmL”. The cellular viability was detected to 69% when the
concentration of UCNPs was further increased to 600 pgmL™.
These results demonstrate that the SDS-functionalized UCNPs
(200 pugmL™") used in the above bioimaging have low cell
toxicity. Therefore, the SDS-modified BaLaF; UCNPs with little
cytotoxicity and excellent UC emission are promising candidates
for optical bioimaging.
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Fig. 5 Cell viability of HeLa cells treated with different concentrations of

these SDS-modified BaLaFs:20%Mn/20%Yb/2%Er UCNPs at 37 °C for

24 h under 5% CO,.
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3.5 In vivo UC luminescent imaging and synergistic UC/X-ray
bioimaging
To further demonstrate the in vivo UC bioimaging, the
hydrophilic BaLaFs; UCNPs doped with 20% Mn*" (200 uL, 3
mgmL") was subcutaneously injected into a nude mouse. The
10 UC images of the mouse were shown in Fig. S3, and a significant
UC signal was observed after injection, while no signal was
detected without injection of the sample. Fig. 6 shows the
synergistic X-ray and UC bioimaging of the mouse
subcutaneously injected with these hydrophilic UCNPs. The
15 obvious X-ray absorption contrast (indicated by red arrow in Fig.
6b) and the high contrast UC signal (the middle panel of Fig. 6b)
were observed at the same region, which shows the perfect
overlap between the X-ray and UC signals. Therefore, these
UCNPs can be used as synergistic dual-modal nanoprobes for
20 combining the both advantages of the X-ray and UC bioimaging.

300

— 750

—975

1200

Fig. 6 In vivo X-ray and UC luminescent bioimaging of a nude mouse: (a)
without subcutaneous injection of UCNPs, (b) with subcutaneous

25 injection of UCNPs. The left panel: X-ray imaging, the middle panel: UC
imaging, the right panel: the overlay images.

3.6 Ex vivo bioimaging

In order to investigate the distribution of these UCNPs in various
organs, a mouse was intravenously injected with the hydrophilic

30 UCNPs (200 pL, 3 mgmL™") via tail vein. After 0.5 h injection,
the mouse was anatomized and major organs including heart,
lung, liver, spleen and kidney were detected by ex vivo UC
bioimaging. As shown in Fig. 7, the UC signals were clearly
observed in the lung and no any signals were observed in the

35 other organs of the mouse. The nanoparticles were mainly
aggregated in the lung within 0.5 h post-injection, which was
coincident with our reports about the distribution in vivo of
NaYbF,:Er UCNPs.** Meanwhile, Liu’s report also revealed that
the nanoparticles transferred from lung to liver with increasing

w0 time from 1 min to 24 h.*® These results demonstrate that these
UCNPs are mainly accumulated in lung at the initial time, which
is beneficial for the detection of lung diseases.

W (S

Heart Lung

Liver Spleen Kidney

Low High

Fig. 7 Ex vivo UC luminescent imaging of the nude mouse after tail vein
45 injection of the hydrophilic BaLaFs UCNPs doped with 20% Mn”": (a)
bright field, (b) UC emission, (c) overlay.

Conclusions

In conclusion, sub-10 nm BaLaFs:Mn/Yb/Er UCNPs for dual-
modal X-ray and UC imaging was developed via a simplified
so solvothermal method. The XRD and TEM results reveal that the
morphology and size of the as-prepared BaLaFs UCNPs can be
tuned by controlling the Mn*" content. The size of Mn*" doped
UCNPs decreased obviously compared with the Mn*'-free sample
and the morphology was tuned from sphere to cube with
ss increasing Mn>* content. The intense UC luminescent signal
without auto-fluorescence was observed in HeLa cells treated
with sub-10 nm BaLaFs nanocubes, and the little cytotoxicity
further demonstrated these UCNPs are promising nanoprobes for
in vitro cell imaging. Moreover, the well matched X-ray and UC
60 signals in in vivo dual-modal bioimaging indicated these UCNPs
have great potential for synergistic X-ray and UC imaging.
Furthermore, the ex vivo UC imaging indicates these UCNPs are
gathered at the lung at initial time, which demonstrated the
samples can be used as ideal probe for detection of lung diseases.

This journal is © The Royal Society of Chemistry [year]
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