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  1.     Introduction 

 Lanthanide doped UCNPs are well 
known for their biological applications 
because of their unique energy UCL 
capabilities, resulting from the effec-
tive absorption of low-energy photons 
followed by emitting high-energy pho-
tons. [ 1–39 ]  The red region (600–700 nm) 
and near-infrared (NIR) spectral range 
(700–1100 nm) are generally addressed 
as the “optical window” of the biolog-
ical tissues, due to the lack of effi cient 
endogenous absorbers. [ 40,41 ]  Therefore, 
bringing the excitation and emission 
peaks into the “optical window” is of sig-
nifi cant importance for in vivo optical 
bioimaging with deeper tissue penetra-
tion. Yb/Er co-doped NaLnF 4  (Ln = Y, 
La, Lu, Yb, Gd) hosts are considered as 
the most effi cient UCL systems. How-
ever, most of these UCNPs [ 18,23,26 ]  such 
as NaYF 4 , NaLuF 4 , NaGdF 4  doped with 
Yb/Er usually present intense green 
UCL, which hinders their application 
in in vivo bioimaging for deeper tissue 
penetration owing to the intense tissue 
absorption of short wavelengths light 
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which will impact on the fi eld of bioimaging based on UCNP nanoprobes. 
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(<600 nm). [ 40,41 ]  In addition, it is still a challenge to achieve 
multi-color output and enhanced red UCL in a single fi xed 
composition of Yb/Er co-doped system. 

 In addition to the wavelength of emission, another consid-
eration is the brightness of UCNPs for bioimaging. [ 42 ]  Gener-
ally speaking, the brighter the nanoprobes means the higher 
signal-to-noise ratio which may be achieved in bioimaging 
system. Unfortunately, one of main drawbacks for UCL mate-
rials is their quite low quantum effi ciency, [ 34 ]  although some 
approaches, such as our proposed electric-fi eld, [ 43 ]  increase in 
doping concentration recently reported by Zhao et al. [ 39 ]  On 
the other hand, size, shape and phase of UCNPs have also 
great infl uence on their luminescence and biological applica-
tion. Thus, as ideal UCNPs based bioprobes, all these prop-
erties should be fully considered. However, simultaneous 
control of structure (nanocrystal size, shape, and phase) and 
enhancement in UCL, especially dominated by red emis-
sion in UCNPs with fi xed formula is still a great challenge 
and rarely reported. A few reports have been related to the 
enhancement in red emission, such as Yb/Er co-doped 
KMnF 3  by Liu’s group, [ 40 ]  and Mn 2+  doped NaYF 4 :Yb/Er. [ 41 ]  In 
the reported UCNPs systems, red-to-green (R/G) ratio can be 
greatly enhanced owing to the energy transfer between Mn 2+  
and Er 3+ . 

 In this work, we propose a strategy to simultaneously 
realize phase/size control, multi-color output and enhanced 
UCL in general lanthanides doped UCNPs, i.e. Yb/Er co-
doped NaLnF 4  systems with fi xed composition via tuning 
single transition metal ion (Mn 2+ ) instead of the change in 
the composition of lanthanide ions (Yb 3+  and Er 3+ ). NaLnF 4  
(Ln = Lu, Gd, Yb) hosts also show larger X-ray absorp-
tion [ 30,44–46 ]  property compared to Y-based host. We adopted a 
modifi ed facile hydrothermal method [ 7,41,47 ]  to synthesize the 
Mn 2+  doped NaLnF 4  UCNPs. In vitro/in vivo upconversion 
fl uorescent bioimaging and  in vivo  X-ray imaging based on 
the developed UCNPs have been demonstrated to validate the 
ability of these UCNPs for bioimaging. Interestingly, signifi -
cant signal of blood vessel of lung can be observed, which is 
essential to improve the detection of the lung and pulmonary 
vascular diseases.  

  2.     Results and Discussion 

  2.1.     Doping Induced Phase/Size Control 

 As shown in the schematic diagram ( Scheme    1  ), the phase 
transformation, size change and morphology evolution of 
NaLuF 4 :Mn/Yb/Er UCNPs can be realized via Mn 2+  doping. 
 Figure    1   shows X-ray diffraction patterns (XRD) of the as-
prepared NaLuF 4 : Mn/Yb/Er (x/18/2 mol%). The majority of 
β phase and minor α phase of NaLuF 4 :Yb/Er are presented 
while absence of Mn 2+ . Furthermore, the phase transforma-
tion from the coexistence of α- and β-phases to pure α-phase is 
completed through increasing Mn 2+  content, and pure α-phase 
can be obtained when the Mn 2+  content reaches up to 5%. No 
other diffraction peaks were observed even Mn 2+  content was 
increased up to 40%. In addition, the diffraction peak shifts 
slightly towards higher angle side as a function of Mn 2+  content. 
This is mainly attributed to the decrease in unit-cell volume of 
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 Scheme 1.    Schematic illustration of the phase, size and morphology evolution mechanism of NaLuF 4 :Mn/Yb/Er UCNPs via increasing the content of Mn 2+ .
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 Figure 1.    X-ray diffraction patterns of NaLuF 4 :Mn/Yb/Er (x/18/2 mol%) 
by doping different Mn 2+  contents at 0, 5, 10, 30, and 40 mol%. The dif-
fraction peaks of α-phase were marked by black rectangular labels.
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NaLuF 4  host owing to the replacement of Lu 3+  ion (r = 1.117 Å) 
by Mn 2+  with relatively smaller radius (r = 1.10 Å). [ 48 ]  During 
the phase transformation, the size of the as-prepared UCNPs 
increases simultaneously as an evidence of gradually narrowed 
diffraction peaks by increasing Mn 2+  content.   

 To further reveal the phase and size control, we performed 
transmission electron microscopy (TEM) and scanning trans-
mission electron microscopy (STEM) analyses. Without 

doping of Mn 2+ , the sample is composed of hexagonal micro-
rods and besom-like microsticks (β-phase) and small cubic 
nanosphere (α-phase) by TEM and STEM images ( Figure    2  a,f). 
When adding Mn 2+ , as demonstrated in Figure  2 b–e,g–j, high-
quality uniform nanospheres of NaLuF 4 :Mn/Yb/Er UCNPs 
with pure α-phase can be obtained, and their size is changed 
from 6.1 nm to 19.9 nm (Figure  2 m) by varying the content of 
Mn 2+  from 5% to 40%. High resolution TEM (HRTEM) image 
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 Figure 2.    (a–e) Typical TEM images of NaLuF 4 :Mn/Yb/Er UCNPs doped with different Mn 2+  contents (0, 5, 10, 30, and 40%), respectively, (f–j) the 
STEM images of the corresponding NaLuF 4  UCNPs shown in (a–e), respectively. The α-phase UCNPs are marked by red closed lines in (a) and (f). (k) 
HRTEM image taken from single particle in (e), (l) SAED taken from (e) and (n) EDS of the as-prepared UCNPs shown in (e), (m) the size distribution 
of NaLuF 4  host for the increased Mn 2+  contents. Scale bars are 500 nm for panels (a) and (f), 100 nm for panels (b–e) and (g–j), and 5 nm for panel (k).
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(Figure  2 k) of a single particle taken from Figure  2 e shows the 
measured interplanar spacing of 3.16 Å, matching well with 
the (111) crystal plane of α-phase. Figure  2 l shows the typical 
selected area electron diffraction (SAED) of UCNPs taken from 
Figure  2 e, in which the formation of pure α-phase structure is 
evident. Moreover, energy dispersive X-ray spectrometer (EDS) 
analysis (Figure  2 n) taken from Figure  2 e shows the presence 
of Na, Lu, F, and doped Yb, Mn, Er elements, further verifying 
the substitution of Lu 3+  by Mn 2+ . These results demonstrate 
that the phase, shape, and size of NaLuF 4  UCNPs can be 
readily tuned by adjusting the doped Mn 2+  contents. The phase 
transformation from β- to α-phase could be mainly ascribed to 
the substitution of large sized Lu 3+  (r = 1.117 Å) [ 48 ]  by relative 
smaller sized Mn 2+  (r = 1.10 Å), [ 48 ]  which is consistent with 
the previous reports (the smaller substitution ions tend to pro-
duce the cubic phase). [ 8,41 ]  Meanwhile, the substitution of Lu 3+  
by Mn 2+  may generate positive vacancies on the grain surface 
for the charge balance, subsequently forming transient electric 
dipoles with the positive poles pointing outward [ 49 ]  (as shown 
in Scheme  1 ), which can greatly accelerate the diffusion of F 
ions from the solution to the grain, and therefore promote the 
growth of NaLuF 4  UCNPs with increasing Mn 2+  content.  

 To shed more light on the infl uence of Mn 2+  doping in NaLnF 4  
host, we synthesized some other UCNPs, such as NaGdF 4  and 
NaYbF 4  by the same method. As shown in Figure S1, obvious 

phase transformation from β to α induced by Mn doping is 
observed in NaYbF 4  host, when the Mn 2+  content ranges from 
5% to 10%. To further reveal the phase/size control, TEM anal-
ysis was performed in Mn 2+  doped NaYbF 4  host. As demon-
strated in  Figure    3  , Mn-free and 5% Mn 2+  doped samples pos-
sess two types of structures such as large scale β-phase particle 
and small sized α-phase nanocrystals. When further increasing 
the content of Mn 2+ , all of the β-phase particles were transformed 
to small sized α-phase nanocrystals, indicating the simultaneous 
phase/size control in NaYbF 4  host via Mn 2+  doping. Moreover, 
XRD (Figure S2) and TEM (Figure S3) analyses of Mn 2+  doped 
NaGdF 4  UCNPs also indicate the obvious phase transformation 
from β- to α-phase and size/morphology evolution. Therefore, 
the Mn 2+  doping method can be extended to the other NaLnF 4  
systems for simultaneous phase/size control.   

  2.2.     Remarkable Enhancement of Red Upconversion Emission 
and Tunable Multi-Color Output 

 Intense red UCL is benefi cial for in vivo bioimaging owing to 
the low tissue absorption. [ 40 ]  However, it is still a great chal-
lenge to realize multi-color emissions and enhance UCL particu-
larly red emission band in a fi xed composition of Yb/Er doped 
system.  Figure    4  b shows the upconversion spectra of Mn 2+  doped 
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 Figure 3.    (a,b,d–f) Typical TEM images of NaYbF 4 :Mn/Er UCNPs doped with different Mn 2+  contents (0, 5, 10, 30, and 40%), respectively. The full red 
and dotted green rectangles presented in (a) and (b) show the cubic and hexagonal phase of the corresponding UCNPs, respectively. (c) The SAED 
analysis of UCNPs taken from (b), indicating the face-centered cubic structure. Scale bars are 1 µm for (a), 200 nm for (b), and 100 nm for (d–f).
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NaLuF 4 :Yb/Er UCNPs. As demonstrated, the whole UCL inten-
sity was gradually enhanced by increasing Mn 2+  content. And 
compared with the Mn-free sample, the whole UCL intensity 
has been signifi cantly enhanced by 59.1 times (Figure  4 e). The 
digital photographs (insets of Figure  4 b) show obvious multi-
color tuning from green through yellow and fi nally to red. It is 
apparent that the brightness of light is also signifi cantly enhanced 
by naked eyes, which is consistent with the UCL spectra. More-
over, with increasing the Mn 2+  content, the remarkably enhanced 
red UCL was achieved and the R/G ratio was increased from 
1.2 to 9.6 (Figure  4 e). To further investigate Mn 2+  doping on 
the effect of UCL property of NaLuF 4  host, a proposed energy 
transfer mechanism of Mn/Yb/Er triply-doped NaLuF 4  system 
is analyzed here. As presented in Figure  4 a, the intense red UCL 
can be ascribed to non-radiative energy transfer from the Er 3+  to 
Mn 2+  ( 2 H 9/2 / 4 S 3/2  → 4 T 1 ), followed by back-energy transfer to Er 3+  
( 4 T 1  → 4 F 9/2 ). [ 40,41 ]  With increasing the content of Mn 2+ , the barely 
changed weak green and greatly enhanced red emissions of Er 3+  
indicate extremely effi cient inter-energy transfer between Er 3+  and 
Mn 2+ . As a result, higher R/G ratio can be achieved. To further 
study the photon excitation process, power dependent UCL spectra 
of NaLuF 4 :Mn/Yb/Er (40/18/2 mol%) were performed. As shown 
in Figure  4 c,d, the slopes of UCL in the wavelength of 525, 543, 
and 656 nm are 1.59, 1.50, and 1.45, respectively, indicating that 
the weak green and dominant red UCL of Er 3+  are both ascribed to 
two photons processes.  

 Besides, the UCL spectra (Figure S4) and the digital photo-
graphs (insets of Figure S4) also reveal that the tunable multi-
color output from green to red and enhanced red UCL can be 
successfully achieved by adjusting Mn 2+  content in NaGdF 4  
host. While in NaYbF 4 :Mn/Yb/Er system, single-band red 
UCL of these UCNPs can be obtained and the whole UCL 
intensity is enhanced by 39.3 times (Figure S5) compared to 
the Mn-free sample. In NaYbF 4  host, the dominant red UC 
emission in NaYbF 4 :Er UCNPs may be attributed to the cross-
relaxation process ( 4 F 7/2 → 4 F 9/2 ,  4 F 9/2 ← 4 I 11/2 ) of Er 3+ . [ 50,51 ]  The 
higher Yb 3+  concentration makes more effi cient cross-relaxa-
tion process occurred and subsequently enhances the electron 
population in  4 F 9/2  level of Er 3+ , which is consistent with our 
previous report. [ 51 ]  Therefore, the Mn 2+  doping can not only 
realize multi-color output and signifi cantly enhance red UCL, 
but also improve the overall UCL intensity. Such an enhance-
ment in overall UCL intensity may attribute to the change in 
surrounding environment of light-emitting rare-earth ions and 
the effi cient cross-relaxation of energy between Er and Mn 
ions. [ 40,41 ]   

  2.3.      In Vitro  Cell Imaging 

 To further study the in vitro and in vivo bioimaging proper-
ties of these Mn 2+ -doped NaLnF 4  systems, NaLuF 4 :Mn/Yb/Er 
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 Figure 4.    UCL studies of NaLuF 4 :Mn/Yb/Er (x/18/2 mol%) UCNPs. (a) Proposed energy transfer mechanisms under the excitation of 980 nm laser, 
(b) UCL spectra of the as-synthesized UCNPs doped with different content of Mn 2+ , (c) power dependent UCL spectra, (d) the corresponding Log 
(upconversion intensity)–Log (excitation power) plots, (e) the calculated R/G ratio (red curve) and the whole UCL intensity (purple curve). The insets of 
b show the corresponding digital photographs of cyclohexane solutions containing 1 wt% UCNPs doped with 0, 5, 10, 30, and 40% Mn 2+ , respectively, 
under the excitation of 980 nm with power density of 1 W cm −2 .
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(40/18/2 mol%) UCNPs have been selected and converted to 
water solubility by treating with HCl [ 32 ]  for bioimaging. The 
dominant red UCL and overall intense UCL from NaLuF 4 :Mn/
Yb/Er make it ideal probe for in vitro and in vivo bioimaging 
with high contrast and deep penetration depth.  Figure    5   pre-
sents in vitro bioimaging of HeLa cells treated with these 
UCNPs (100 µg mL −1 ) in an atmosphere of 5% CO 2  for 4 h 
at 37 °C. [ 52 ]  The luminescent signals of UCNPs with emis-
sion spectra (600–700 nm) were detected, and bright red UCL 
can be obtained (Figure  5 b), indicating the internalization of 

UCNPs in HeLa cells. Figure  5 c shows the overlay image, veri-
fying that the UCL signal is from the HeLa cells. Moreover, the 
localized UCL spectra taken from HeLa cells and background 
further reveal that the red signal exhibits the UCL with high 
contrast and absence of auto-fl uorescence, making NaLuF 4 : 
Mn/Yb/Er UCNPs ideal probes for in vitro bioimaging with 
high signal-to-noise ratio and sensitivity. Figure S6 shows the 
pumping power dependent bioimaging of HeLa cells. As illus-
trated, with increasing the power, the UCL signal is gradually 
enhanced and the UCL signal can be detected at low power.   

 Figure 6.    In vivo upconversion imaging of a Kunming mouse: (a,b) without injection of UCNPs, (c–e) with subcutaneous and (f) intraperitoneal 
injection of UCNPs. Note that the injected dose is 100 µL of 3 mg/mL for (c) and 100 µL of 1 mg/mL for (d–f). (b–f) Excitation under 980 nm laser.

 Figure 5.    In vitro bioimaging of HeLa cells treated with NaLuF 4 :Mn/Yb/Er UCNPs. (a) Bright fi eld image of HeLa cells, (b) fl uorescent image (λ ex  
= 980 nm, emission fi lter range: 600–700 nm), (c) overlay image, and the inset of which shows the localized UCL spectra taken from HeLa cells and 
background. Scale bars are 50 µm for all images.
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 Figure 7.    In vivo X-ray imaging of a nude mouse: (a) without injection of UCNPs, (b) with subcutaneous injection of UCNPs and (c) ex vivo X-ray 
imaging of lung, indicating visualization of blood vessel.

  2.4.      In Vivo  Upconversion Imaging 

 To evaluate the UCL effi ciency of these UCNPs for deeper tissue 
imaging, 100 µL deionized (DI) water containing different 
concentrations of UCNPs (3 and 1 mg/mL) was injected into 
different body regions of a Kunming mouse. As comparative 
experiments, no UCL can be observed from the mouse without 
treatment of UCNPs by sunlight or a 980 nm laser excitation 
( Figure    6  a,b). After subcutaneous injection of UCNPs (100 µL, 
3 mg/mL), obvious eye-visible red UCL was observed (labelled 
by red arrows as shown in Figure  6 c) from the corresponding 
regions where the UCNPs were injected under the excitation 
of 980 nm laser in a dark room. Moreover, when injecting low 
concentration of UCNPs (100 µL, 1 mg/mL), the eye-visible red 
emission (Figure  6 d,e) was still observed, indicating the capa-
bility of these UCNPs for deep tissue bioimaging at relatively 
low concentration. Figure  6 f shows the bioimaging of the nude 
mouse with intraperitoneal injection of these UCNPs (100 µL, 
1 mg/mL). As demonstrated, the red UCL is still observable by 
naked eyes, further indicating the red luminescence can readily 
penetrate to deeper location and these UCNPs are ideal probes 
for in vivo optical bioimaging with deep penetration and high 
contrast.   

  2.5.      In Vivo  X-Ray Imaging and Visualization 
of Blood Vessel of Lung 

 In addition to the dominant red UCL, these NaLnF 4  hosts also 
possess intrinsic advantages for X-ray imaging owing to the 
larger X-ray absorption effi ciency. To verify X-ray imaging of 
UCNPs, in vivo and ex vivo X-ray imaging of nude mice were 
performed using NaLuF 4 :Mn/Yb/Er (40/18/2 mol%) UCNPs. 
As shown in  Figure    7  b, the obvious X-ray signal marked by a 
red arrow can be observed in a nude mouse subcutaneously 
injected these UCNPs. More importantly, the blood vessels 
of lung (Figure  7 c) can be readily visualized by ex vivo X-ray 
imaging of a scarifi ed nude mouse after 0.5 h intravenous 
injection of these UCNPs. As demonstrated in our previous 
report, [ 53 ]  no obvious signals of blood vessel were observed 
when untreated with UCNPs, indicating that the UCNPs 
can be also used as probes for blood vessels imaging, which 
is promising to improve the detection of pulmonary vascular 
diseases.    

  3.     Conclusions 

 A method of transition metal Mn 2+  doping for the simultaneous 
phase/size control, and multi-color output from green to red in 
NaLnF 4  (Ln = Lu, Gd, and Yb) UCNPs with fi xed composition 
of both host and dopants of lanthanides is demonstrated. Inter-
estingly, higher Mn 2+  content makes larger R/G ratio in these 
UCNPs systems, and the signifi cantly enhanced UCL intensity 
compared to Mn 2+  free UCNPs (∼59.1 times for NaLuF 4 :Yb/Er 
system, ∼39.3 times for NaYbF 4  system), and dominant red UCL 
make them attractive bioprobes in in vitro and in vivo bioim-
aging. Moreover, the in vitro cell imaging, localized UCL spectra 
and in vivo bioimaging reveal that these UCNPs can be applied 
for optical bioimaging with many advantages, such as high con-
trast, high signal to noise ratio, deeper tissue penetration and 
absence of auto-fl uorescence. More importantly, the in vivo and 
ex vivo X-ray imaging shows these UCNPs are also multifunc-
tional contrast agents for X-ray imaging for faster and more 
accurate prognosis of lung, and pulmonary vascular diseases.  

  4.     Experimental Section 
  Chemicals and Materials : Rare earth (RE) nitrates Lu(NO 3 ) 3  (99.99%), 

Gd(NO 3 ) 3  (99.99%), Yb(NO 3 ) 3  (99.99%) and Er(NO 3 ) 3  (99.99%) were 
obtained from Sigma-Aldrich. Oleic acid (OA, 90%), anhydrous alcohol, 
MnCl 2  and NaF were purchased from Sinopharm Chemical Reagent Co., 
Shanghai, China. All other chemical reagents are of analytical grade and 
were used directly with no further purifi cation. 

  Synthesis of NaLnF 4  (Ln = Lu, Gd, Yb) UCNPs : In this work, 
NaLuF 4 :xMn/18Yb/2Er mol% (x = 0, 5, 10, 20, 30, and 40) UCNPs were 
synthesized via a modifi ed hydrothermal process, [ 7,41,47 ]  in which oleic 
acid was used as a capping ligand and surface modifi er. At fi rst, 0.3 g 
NaOH was weighed accurately and 1.5 ml DI water was added to form a 
clear solution. After that, 5 ml OA and 10 ml anhydrous alcohol were then 
added into the former mixture. A total amount of RE(NO 3 ) 3  (1 mmol) 
with well-designed molar ratio and NaF (4 mmol) were dropped slowly 
into aforementioned solution. Note that all these procedures were 
processed by vigorously stirring at room temperature. The homogeneous 
colloidal mixture was transferred into a 50 mL stainless Tefl on-lined 
autoclave after about 20 min stirring. The system was then sealed and 
continuous heated at 200 °C for 8 h to favor the formation of UCNPs 
and growth of nanocrystals. After reaction, the system was cooled down 
naturally and therefore the products were obtained by washing with 
alcohol and DI water for several times and dried at 80 °C for 24 h. The 
other NaLnF 4 -host UCNPs, such as NaGdF 4 :Mn/Yb/Er (x/18/2 mol%) 
and NaYbF 4 :Mn/Er (x/2 mol%), were prepared by using the similar 
method, only the corresponding RE(NO 3 ) 3  is replaced. 



FU
LL

 P
A
P
ER

4058

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2014, 24, 4051–4059

  Synthesis of Hydrophilic Ligand-Free NaLuF 4 :Mn/Yb/Er (40/18/2 mol%) 
UCNPs : In order to realize in vitro and in vivo bioimaging, the hydrophobic 
OA-coated NaLuF 4 :Mn/Yb/Er were converted to the hydrophilic ligand-
free NaLuF 4 :Mn/Yb/Er by using a HCl treated method developed by 
Capobianco’s group. [ 32 ]  OA-capped NaLuF 4 :Mn/Yb/Er (40/18/2 mol%) 
nanoparticles (100 mg) were added in 10 mL DI water. The aqueous 
mixture then reacted for 2 h by maintaining the pH value of 4 via adding 
HCl (0.1 M) solution. After the reaction, the carboxylate groups of the 
oleate ligand were yielded completely. The right amount of diethyl ether 
was added into the clarifi ed solution to form two layers, namely, ether and 
water layers, respectively. The OA in water layer was then entirely extracted 
by diethyl ether for three times. The products were precipitated in acetone 
and then collected by centrifugation. The obtained ligand-free UCNPs 
were fi nally dispersed in water and utilized for further biological test. 

  Characterization : XRD patterns were recorded by a D/max-γA system 
X-ray diffractometer with Cu Kα radiation (λ = 1.54056 Å) at 40 kV and 
250 mA. TEM, STEM, HR-TEM images, and SAED were obtained by a 
JEM-2100F TEM operating at 200 kV. Photoluminescence spectra were 
tested by a R500 spectrophotometer equipped with a 980 nm laser diode. 
The photographs of the as-prepared UCNPs (1 mg mL −1 ) dispersed in 
cyclohexane solvent were recorded by a Canon digital camera under the 
excitation of a 980 nm laser (1 W cm −2 ). 

  Cell Culture : HeLa cells used for in vitro imaging were cultured 
in Dulbecco’s Modifi ed Eagle Medium supplemented with 1% 
streptomycin/ penicillin and 10% fetal bovine serum at 37 °C in the 
atmosphere of 5% CO 2 . 

  In Vitro Bioimaging of Ligand-Free NaLuF 4 :Mn/Yb/Er (40/18/2 mol%) 
UCNPs : The as-prepared ligand-free UCNPs (100 µg mL −1 ) were cultured 
with HeLa Cells at 37 °C for 24 h under the atmosphere of 5% CO 2 . 
These HeLa cells were washed with PBS for several times and tested 
by a commercial confocal laser scanning microscope (ZEISS-LSM-710 
NLO) equipped with a Ti: Sapphire laser (Libra II, Coherent) for in vitro 
bioimaging. The treated cells were detected at red region (600–700 nm) 
under excitation of 980 nm wavelength laser. 

  In Vivo Upconversion Bioimaging : 100 µL DI water containing different 
concentrations of UCNPs (3 and 1 mg/mL) was subcutaneously and 
intraperitoneally injected into different regions of a white Kunming mouse. 
Upconversion bioimaging was detected under the excitation of a 980 nm 
laser by using a digital camera (Canon). A short pass fi lter (800 nm) was 
used to eliminate the interference of the excitation light of 980 nm. 

  In Vivo and Ex Vivo X-Ray Bioimaging of Ligand-Free NaLuF 4 :Mn/Yb/Er 
(40/18/2 mol%) UCNPs : To investigate the in vivo X-ray bioimaging of 
these ligand-free UCNPs, a nude mouse was anesthetized fi rstly by using 
chloral hydrate solution (10 wt%) via intraperitoneal injection. After that, 
the anesthetized mouse was subcutaneously injected physiological saline 
solutions (200 µL) containing the ligand-free NaLuF 4 :Mn/Yb/Er (40/18/2 
mol%, 3 mg/mL) UCNPs. After 0.5 h injection, the mouse was imaged by 
the multi-modal in vivo imaging system (Bruker In-Vivo FX PRO) equipped 
with an X-ray imaging accessory. The X-ray imaging was recorded under 
the operating voltage of 35 kVp. For ex vivo X-ray bioimaging, an other 
nude mouse was scarifi ed after 0.5 h intravenous injection of these ligand-
free NaLuF 4 :Mn/Yb/Er (40/18/2 mol%, 200 µL, 3 mg/mL) UCNPs via tail 
vein. And the lung of the mouse was used to test the X-ray signal by the 
multi-modal in vivo imaging system. A high resolution X-ray imaging of 
the blood vessel of the lung was captured under the operating voltage of 
35 kVp with 3.3X geometric magnifi cation stage.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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