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Abstract. Rare-earth-doped nanoparticles are one of
the emerging probes for bioimaging due to their visible-
to-near-infrared (NIR) upconversion emission via sequen-
tial single-photon absorption at NIR wavelengths. The
NIR-excited upconversion property and high photostability
make this probe appealing for deep tissue imaging. So far,
upconversion nanoparticles include ytterbium ions (Yb3þ)
codoped with other rare earth ions, such as erbium (Er3þ)
and thulium (Tm3þ). In these types of upconversion nano-
particles, through energy transfer from Yb3þ excited with
continuous wave light at a wavelength of 980 nm, upcon-
version emission of the other rare earth dopants is
induced. We have found that the use of the excitation of
Er3þ in the 1550-nm wavelength region allows us to per-
form deep tissue imaging with reduced degradation of spa-
tial resolution. In this excitation–emission process, three
and four photons of 1550-nm light are sequentially
absorbed, and Er3þ emits photons in the 550- and 660-
nm wavelength regions. We demonstrate that, compared
with the case using 980-nm wavelength excitation, the use
of 1550-nm light enables us to moderate degradation of
spatial resolution in deep tissue imaging due to the lower
light scattering coefficient compared with 980-nm light. We
also demonstrate that live cell imaging is feasible with this
1550 nm excitation. © The Authors. Published by SPIE under a Creative

Commons Attribution 4.0 Unported License. Distribution or reproduction of this

work in whole or in part requires full attribution of the original publication, includ-

ing its DOI. [DOI: 10.1117/1.JBO.24.7.070501]
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1 Introduction

Fluorescence/luminescence imaging techniques play a key role

in life sciences since they allow us to visualize structures and

molecules in biological specimens with high spatial resolution

and specificity. When applying these imaging techniques to the

investigation of thick biological specimens, near-infrared (NIR)

light is commonly used because it penetrates deeper into spec-

imens than visible light does. One of the main NIR imaging

techniques is multiphoton excited fluorescence microscopy.1

This technique uses NIR ultrashort laser pulses to excite fluo-

rescent probes via multiphoton absorption and then induce

shorter wavelength fluorescence, which is typically in the visible

wavelength region. The combination of the high penetration

depth of NIR light and the localization of the multiphoton exci-

tation volume in the laser focus offers deep tissue imaging

capability with cellular-level spatial resolution, optical section-

ing capability, and high image contrast. Another major approach

for NIR deep tissue imaging is to use probes to bring about fluo-

rescent/luminescent emission under single-photon excitation by

NIR light. Recently, various types of NIR probes, including red/

deep-red fluorescent proteins,2,3 NIR dyes,4 quantum dots,4,5

carbon nanotubes,6 and rare-earth (RE)-doped nanoparticles,7–9

have been reported. Recent advances in the development of

NIR fluorescent/luminescent probes allow NIR imaging to be

performed by using simple conventional fluorescence micro-

scopes equipped with a continuous wave (CW) NIR laser or

lamp sources.

Among these NIR probes, RE-doped nanoparticles, triplet–

triplet annihilation nanoparticles, and so on have the feature of

converting NIR photons to shorter wavelength photons.7–10 The

use of upconversion nanoparticles (UCNPs) as probes for imag-

ing allows us to significantly reduce autofluorescence back-

ground from the samples and optics, such as the case of

multiphoton excited fluorescence microscopy. Other important

benefits are that the photostability of the UCNPs is significantly

higher than that of conventional fluorescent dyes,8 and it is not

necessary to use high-intensity ultrashort-pulse laser sources

such as those used for multiphoton excited fluorescence micros-

copy, because the upconversion emission is induced via sequen-

tial single-photon absorption.

RE-doped UCNPs are usually produced by using host mate-

rials such as Y2O3 or NaYF4.
7–9 In host materials, several kinds

of rare-earth ions such as ytterbium (Yb3þ), erbium (Er3þ), and

thulium (Tm3þ) are codoped. To induce upconversion lumines-

cence emission, Yb3þ is excited by 980-nm CW light and then

energy transfer from Yb3þ leads to upconversion emission of

other rare earth dopants in a shorter wavelength region.

Recently, there has been a wide variety of reports on the devel-

opment of brighter and functional UCNPs using rare earth ions

with 980-nm excitation and the use of RE-doped UCNPs for

studies in life science.11,12

In this letter, we report that using the excitation of Er3þ-

doped nanoparticles in the 1550-nm wavelength region allows

us to perform deep tissue imaging with reduced degradation of

spatial resolution. Although the upconversion photolumines-

cence properties of Er3þ-doped phosphors under 1550-nm exci-

tation have been already studied previously,13,14 the imaging

properties in using the 1550-nm excitation of Er3þ-doped nano-

particles remain unclear. In deep tissue imaging, the spatial res-

olution is degraded due to a variety of reasons, including optical

aberrations, light scattering, and so on. Compared with 980-nm

light, 1550-nm light has a smaller scattering coefficient.15
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Therefore, it is expected that the use of excitation light with a

smaller scattering coefficient will moderate the degradation of

the spatial resolution in deep tissue imaging. In the NIR wave-

length region, it has been reported that there are four NIR optical

tissue windows where high penetration depth is achieved in

imaging turbid scattering tissue (first: 650 to 950 nm, second:

1000 to 1350 nm, third: 1550 to 1850 nm, and fourth: centered

at 2200 nm).3,15 The wavelength of 1550 nm is in the third

NIR optical tissue window. In this work, to confirm the mod-

erated degradation of the spatial resolution by using 1550-nm

light, we demonstrated luminescence imaging of Er
3þ-doped

nanoparticles through a skin tissue phantom. In addition, we

also performed live cell imaging by introducing Er3þ-doped

nanoparticles into HeLa cells through endocytosis. In our

experiments, to compare luminescence images of the same

nanoparticles under 980 and 1550 nm excitation, we used

NaYF4∶Er, Yb nanoparticles with diameters of 10 to 60 nm

(74344, Sigma Aldrich), which can be excited at both

wavelengths.

2 Upconversion Emission Spectrum and
Luminescence Responses

To confirm the wavelengths of the upconversion emission of

NaYF4∶Er, Yb nanoparticles excited by 1550-nm light, we mea-

sured their luminescence spectrum. We fixed the nanoparticles

on a coverslip and immersed them in water. For the measure-

ment, we used our custom-built inverted laser-scanning micro-

scope equipped with a 1550-nm CW laser source (FPL1009S,

Thorlabs). The 1550-nm light was focused onto nanoparticles

with a 1.05 NA silicone-immersion objective lens

(UPLSAPO30XSIR, Olympus), and the emitted luminescence

was collected with the same objective lens. This objective lens

had an optical transmittance of ∼80% in the 400- to 1600-nm

wavelength region. The emission spectrum was recorded with

a fiber-coupled spectrometer (USB2000, Ocean Optics). As

shown in Fig. 1(a), we confirmed that the upconversion emis-

sion had two peaks in the 550- and 660-nm wavelength regions.

We also evaluated the relationship between the luminescence

and excitation intensities. To induce the luminescence emission

of Er3þ in the 550- and 660-nm wavelength regions by 1550-nm

excitation, three and four photons in the 1550-nm wavelength

are required, and the possible UC mechanism is described in

Refs. 16 and 17. Because these are three- and four-photon

absorption processes, it was expected that the luminescence

exhibits a high-order nonlinear response to the excitation inten-

sity. In this measurement, we recorded luminescence images of

the nanoparticles with different excitation intensities of 1550-

and 980-nm light and then obtained luminescence intensities

from each image. To record the luminescence images, we used

a photomultiplier tube (H10722, Hamamatsu Photonics) instead

of the fiber-coupled spectrometer. In luminescence imaging with

a skin tissue phantom (described later), we detected both 550-

and 660-nm emissions to obtain images with as high a signal-to-

noise ratio (SNR) as possible. Figures 1(b) and 1(c) show double

logarithmic plots of the luminescence as a function of the exci-

tation intensity. From the slopes of linear fits in Figs. 1(b) and

1(c), we confirmed that, under 1550-nm excitation, the lumines-

cence intensity was proportional to the 1.68th power of the exci-

tation intensity in the low-intensity region. However, when the

excitation intensity became higher than ∼10 kW∕cm2, the lumi-

nescence signal started to increase almost linearly (the slope:

1.04) with the excitation intensity and then the slope finally

became 0.697. In the case of 980-nm excitation, the lumines-

cence intensity showed almost linear response (the slope:

1.06) over the entire excitation intensity range. Considering that

the upconversion emission was induced via sequential two-,

three-, and four-photon absorption processes, the luminescence

responses were presumed to show higher order nonlinearity

more clearly. The reason why the luminescence responses did

not show high order nonlinearity is considered to be due to sat-

uration effects of intermediate excited states of Er3þ, which have

micro-to-millisecond order lifetimes, as described in Ref. 16.

The luminescence lifetime changes from several hundred micro-

seconds to submillisecond depending on Er3þ concentration,18

and similar saturation effects have been reported elsewhere.19,20

Although it was expected that high-order nonlinear responses

would clearly appear if we observe UCNPs with much lower

excitation intensities, a sufficiently high SNR was not achieved.

The reason for the insufficient SNR is considered because we

obtained the luminescence signals from luminescence images

of the small-sized nanoparticles. In the previously reported stud-

ies about photoluminescence properties, much larger and

brighter particles (μm-order in diameter) or microcrystals were

used.13,14,16,17 However, it is hard to use such large particles or

microcrystals as luminescent probes for tissue or cellular imag-

ing. To ensure a fair comparison of the spatial resolution in lumi-

nescence imaging with the skin tissue phantom described later,

we decided to use the linear response region of the 1550-nm

excitation because the luminescence response under 980-nm

excitation was linear in the entire excitation intensity region.

3 Comparison of Lateral Resolution in Deep
Tissue Imaging with 1550- and 980-nm
Excitation

To compare the lateral resolution in deep tissue imaging, we

observed nanoparticles immobilized on a coverslip through

(a) (b) (c)

Fig. 1 (a) Luminescence spectrum of NaYF4∶Er, Yb nanoparticles excited by 1550-nm wavelength light
and the relationship between luminescence and excitation intensity under (b) 1550 and (c) 980 nm
excitation.
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a skin tissue phantom. In this experiment, as the skin tissue

phantom, we prepared an intralipid solution (2 v/v % intralipid

and 98 v/v %H2O) by diluting Intralipos 20% [Intralipid inH2O

(20 v/v %), Otsuka Pharmaceutical Factory] with distilled

water.21 As shown in Fig. 2(a), the thickness of the phantom

was set to 500 μm by using a silicone rubber sheet. The objec-

tive lens was the same as that used for the spectral and lumines-

cence response measurements in Fig. 1, and the working

distance of the objective lens was 800 μm. In this experiment,

the lateral resolutions under 1550- and 980-nm excitation were

set to be almost the same by adjusting the incident beam diam-

eters. The effective NAs for 1550- and 980-nm excitation were

estimated to be ∼0.75 and ∼0.55, respectively. Figures 2(b) and

2(d) show luminescence images of the same nanoparticles

observed with 1550- and 980-nm excitation. In this imaging,

we used distilled water instead of the intralipid solution.

The excitation intensities for 1550 and 980 nm were 38 and

1.6 kW∕cm2, respectively. The smallest size of a single spot

in the luminescence images was chosen to compare the sizes

of its intensity profiles obtained under 1550- and 980-nm exci-

tation. As shown in the images, without scatterers in the

500-μm-thick water layer, the full-widths at half-maximum of

the intensity profiles across the spot indicated by the white

arrows were similar under 1550-nm excitation (1.25 μm) and

980 nm excitation (1.33 μm). To compare the effects of scatter-

ing on the lateral resolution, we replaced the water with a 2%

intralipid solution and observed the nanoparticles. The excita-

tion intensities for 1550 and 980 nm were 230 and

53 kW∕cm2, respectively. In these experiments with water and

the intralipid solution, the laser intensities were calculated by

using the laser power at the pupil of the objective lens, assuming

a diffraction-limited focus size. The actual excitation intensities

at the laser focus were presumed to be smaller than the above-

mentioned intensities due to light attenuation caused by light

absorption by water and scattering by the intralipid. Figures 2(c)

and 2(e) show luminescence images at the same position. From

these results, we confirmed that, while the image of the nano-

particles obtained with 980-nm excitation was blurred, the

image obtained with 1550-nm excitation was not. The degrada-

tion percentages of the lateral resolution for 1550- and 980-nm

excitation were around 4% and 40%, respectively. This result is

clear evidence that the use of 1550-nm excitation moderated the

degradation of the spatial resolution in deep tissue imaging.

Note that, in this experiment, the effective NA was higher for

focusing 1550-nm light, which is disadvantageous for prevent-

ing degradation of the spatial resolution in deep tissue imaging

because larger aberrations are usually caused by the use of a

higher NA objective lens.22

4 Live Cell Imaging with 1550-nm Excitation

Finally, we performed live cell imaging of HeLa cells cultured

on a coverslip. The UCNPs were introduced into the HeLa

cells by using an endocytosis reaction. We also labeled mito-

chondria with MitoTracker Orange (Ex/Em: 554/576 nm,

M7510, ThermoFisher Scientific). To observe the mitochondria,

we introduced a 532-nm CW laser source into our laser scanning

microscope. In this experiment, we first took an image of

UCNPs with 1550-nm excitation and then switched the excita-

tion wavelength to 532 nm with a mirror mounted on a mechani-

cal flipper. The excitation intensities for 1550- and 532-nm

excitation were 20 and 0.6 kW∕cm2, respectively. Figure 3

shows a luminescence image of the UCNPs, a fluorescence

image of mitochondria in the HeLa cells, and their merged

image. This result indicated that 1550-nm excitation of Er3þ-

doped nanoparticles is applicable to in vitro cellular imaging.

In this experiment, we found that the nanoparticles were not

introduced into all cells. The efficiency of nanoparticle transpor-

tation into cells would be improved by using additional agents,

such as Lipofectamine.23

5 Conclusion

In this work, we demonstrated 1550-nm excitation of erbium

(Er3þ)-doped nanoparticles for upconversion luminescence

bioimaging for the first time. From a comparison with the

case using 980-nm excitation, which is the wavelength conven-

tionally used for imaging UCNPs, we verified that the use of

1550-nm excitation moderated the degradation of the spatial res-

olution in deep tissue imaging. In addition, we also demon-

strated the feasibility of live cell imaging with 1550-nm

excitation of Er3þ-doped nanoparticles.

So far, 1550-nm excitation of Er3þ-doped nanoparticles has

not been intensively investigated for bioimaging, although there

are reports about its upconversion photoluminescence properties

under 1550-nm excitation. This is presumably because ab-

sorption coefficients by water become larger in the longer-

wavelength NIR region and photoinduced thermal damage

is concerned in deep tissue imaging.24 Indeed, in our deep

tissue imaging experiment, 1550-nm excitation required high

(a) (b)

(c)

(d)

(e)

Fig. 2 (a) Schematic diagram of sample observation and photograph of 500-μm-thick layer of 2% intra-
lipid solution. Luminescence images of UCNPs observed through a 500-μm-thick layer of water with
(b) 1550 and (d) 980 nm excitation and through a 500-μm-thick layer of 2% intralipid solution with
(c) 1550 and (e) 980 nm excitation. In this nanoparticle imaging, both 550 and 660 nm emissions were
detected.
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excitation intensity, such as 230 kW∕cm2, to obtain a suffi-

ciently high SNR. This high excitation intensity in 1550-nm

wavelength might cause photoinduced thermal damage on tis-

sues. However, recent studies on brain imaging with longer

wavelength NIR light showed that absorbance of rat brains in

the 1550-nm wavelength region is similar to that in the

1000-nm wavelength region.15 This fact indicates that, if the

brightness of Er3þ-doped nanoparticles under 1550-nm excita-

tion is improved, the brightness improvement could allow us to

perform deep tissue imaging with a sufficiently low excitation

intensity as well as in the case of 980-nm excitation. The bright-

ness could be improved by doping only Er3þ in host materials

and optimizing the concentration of Er3þ.25 The photoinduced

thermal effects could be moderated by using a pulsed laser for

excitation. The use of a pulsed laser also might help to improve

the excitation efficiency, resulting in improved brightness.26 As

discussed here, further improvements of the emission brightness

and excitation schemes would open up more possibilities for

using 1550-nm excitation of Er3þ-doped nanoparticles for a

wide range of biomedical studies.
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Fig. 3 (a) Luminescence image of NaYF4∶Er, Yb nanoparticles, (b) fluorescence image of mitochondria
labeled with MitoTracker Orange, and (c) merged image of (a) and (b) (red: nanoparticles, green: mito-
chondria). In this nanoparticle imaging, both 550 and 660 nm emissions were detected.
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