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Abstract: Upconversion luminescence (UCL) is a kind of anti-Stokes light that converts long wavelength
excitation into short wavelength emission. Because the longer wavelength of light (usually near infrared light)
has a large penetration depth, which will help reduce the background noise during imaging, the application of
upconversion luminescent materials is of great significance to enhance the quality of biofluorescence imaging.
In this paper, we summarize the recent advances in the application of rare earth ion doping and triplet-triplet
annihilation, which are used in biofluorescence imaging. Combining both the excitation and the emission bands,
principle, the use of different materials, different modification of a variety of upconversion materials on the
application of biological imaging in the improvement process, and then put forward the future of the application
of conversion materials used in biological imaging in urgent need to solve the problem.
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l. INTRODUCTION

Bioimaging is a discipline reflecting the living conditions of the body's metabolism and biological
factors such as enzymes, receptors, genes and other physiological information with the help of the existing
imaging means™. The development of bioimaging technology enables people to obtain real-time, quantitative,
in situ and high-sensitivity biological information of living body, which lays the foundation for the development
of life science research. According to the different types of imaging probes, typical biological imaging
technologies include X-ray, B-scan ultrasonography, Computed Tomography (CT), Positron Emission
Computed Tomography (PECT), Magnetic Resonance Imaging (MRI), Single Photon Emission Computed
Tomography (SPECT). These technologies are mature at this stage, but their clinical application is limited due
to their common shortcomings such as large radiation, severe photobleaching, high cost and complicated
operation!®l.

Bio-optical imaging refers to the technique that the cells or tissues and even organisms of one’s body
are imaged to get the biological information using the combination of optical detection means with optical
detection molecules. In recent years, techniques for biological imaging using organic or inorganic fluorescent
substances as imaging probes have enabled non-invasive detection and real-time visualization of living
organisms from molecular to tissue scales. Fluorescent semiconductor quantum dots (eg, CdSe/ZnS) have good
optical and chemical properties such as a larger extinction coefficient, higher quantum efficiency, and narrower
emission bandwidth, and because their emission bands may depend on their size, the nature of tunable emission
will be achieved. Magnetic nanoparticles have been used as probes for T2 MRI, which can significantly improve
the detection sensitivity of MRIY™®. However, in clinical applications, whether quantum dots or magnetic
nanomaterials, their application range is limited by some defects of their own. The potential toxicity of a
quantum dot itself can cause serious damage to the organism under certain conditions, which greatly limits its
range of application. Almost all of the organic fluorescent materials and quantum dots require ultraviolet (UV)
and visible light excitation, while biological samples are easily excited by UV and visible light to produce
background fluorescence, which leads to a serious reduction in tissue penetration. On the other hand, the
biological samples will be damaged and mutated when long exposed to UV,

As mentioned above, the main shortcoming of bio-optical imaging is that its imaging depth is not
enough and can only be used for epidermal tissue imaging. Therefore, the main goal is to improve tissue
penetration. This demand has prompted the upconversion (UC) luminescent material into the field of vision of
researchers, which is expected to become a new generation of ideal imaging probe!®?%. UC nanomaterials can
exhibit anti-Stokes shift emissions under low power near-infrared (NIR) light (750-1100 nm) excitation that are
transparent to biomolecules. More importantly, UC nanoparticles have low toxicity to biological tissues, which
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laid the most crucial foundation for their application in bioimaging. In addition, UC nanoparticles also have
many other advantages ,such as narrow emission bandwidth, long lifetime, tunable emissions, high light
stabilitymzs]. These characteristics make UC nanomaterials a hot spot in the field of bioimaging research.

According to the latest research results, some rare earth doped upconversion nanoparticles show down
conversion under certain conditions, which opens up new fields for the imaging of the second biological
window (NIR-11). Therefore, although some reviews have been made in the field of bioimaging for researchers,
this article focuses on the recent advances in upconversion luminescent materials in the field of bioimaging, and
summarizes the upconversion luminescent materials based on several different mechanisms and describes them
with specific examples. In the meantime, we discussed the application of near-infrared imaging in two regions
and forecasted the application prospects of these materials in order to provide reference for researchers.

I1.  BIOIMAGING APPLICATIONS OF RARE EARTH DOPED UPCONVERSION
NANOPARTICLES (UCNPS)

Due to its long fluorescence lifetime and high emission efficiency, rare earth doped upconversion
luminescent materials are expected to be the next generation of fluorescent probes. Because of these two
features, fluorescence imaging of rare earth-doped upconverting luminescent materials for living organisms can
be excited with lower excitation power, thus promoting the rapid imaging technology without sample scanning.
Combining this imaging technique with the confocal microscopy of UCNPs allows for rapid three-dimensional
imaging of vivo cells in animals. Combining this technology with image reconstruction techniques can eliminate
ambiguous backgrounds and enables high-quality, high-contrast real-time three-dimensional stereoscopic
imaging since the NIR excitation light excitation can minimize background autofluorescence (Fig.1).
Furthermore, the near-infrared excitation characteristics of UCNPs determine the deep imaging depth and are
very suitable for in vivo tissue optical imaging*.
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Fig.1 (a) Schematic of wide-field epi-fluorescence microscopy with z-sectioning; The out-of-focus
luminescence induces blurs in the raw images; (b) Raw epi-fluorescence image (left) and its 3D reconstructed
image (middle). UCNPs (green) were internalized in HeLa cells, whose nuclei were stained with red. Right is a
3D trajectory of a single UCNP in a HeLa cell.

From the viewpoint of the emission band, owing to the upconversion properties, the emission peak of
UCNPs excited by the NIR light can fall in the visible band and the NIR band. Today, UCNPs with emission
peaks in the visible band (eg Er**/Yb* or Ho**/Yb* doping) have been successfully applied to the imaging of a
variety of animals. However, the imaging contrast of the UCNPs whose emission peak is located in the NIR
band has more room for improvement. Zheng et al. use a time-gated imaging technique, which uses pulse
excitation and acquisition of time-delayed signals to remove short-lived background noise, to further enhance
the image contrast (Fig.2(a)). Although UCNPs with emission bands in the NIR band exhibit autofluorescence
with high-contrast imaging capabilities, time-gated imaging can provide higher image quality without being
disturbed by scattered light (Fig.2(b)(c)). Time-gated imaging technique improves detection sensitivity by at
least an order of magnitude over traditional systems that use optical filters, and fortunately, ﬁ)ulsed excitation
shows almost negligible thermal effects compared to continuous 980 nm excitation (Fig.2(d))?®.

From the viewpoint of the excitation band, Yb*/Er** codoped UCNPs are usually excited by a 980 nm
laser, but the temperature of the water molecules increases rapidly due to the absorption of photons at 980 nm.
In most cells, the thermal effects of 980 nm wavelength laser excitation are mild and generally do not cause
significant damage to the tissue. However, when high power lasers are used for in vivo imaging, laser light of
980 nm wavelength may cause thermal damage to the tissue. Therefore, it is a hot research topic to minimize the
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thermal effect caused by laser by regulating the excitation wavelength of UCNPs. Recently, Xie, X., et al.[*®!
Introduced Nd*" into Yb*" doped UCNPs to tune the wavelength of the excitation light from the usual 980nm to
800nm. Since the absorption cross section of Nd** ions at the wavelength of 800 nm is one order of magnitude
higher than the absorption cross section of Yb®" at 980 nm, the overall upconversion efficiency is generally the
same as that of conventional Yb** doping in spite of the extra energy transfer from Nd* to Yb*". At 800nm, the
energy absorption of water molecules is much lower than that at 980 nm, so in the field of in vivo imaging, the
use of this UCNPs can minimize the damage to cells and tissues.

b

Fig.2 (a) Diagram of time-gated imaging mode; (b) Left is the luminescence image of a mouse with
subcutaneous injection of UCNPs; Right is the time-gated luminescence image of the same mouse; (c) Left is a
bright-field image of a mouse with subcutaneous injection of UCNPs; Middle is the time-gated luminescence
image; Right is the time-gated luminescence image with thebright-field LED illumination; (d) Comparison of
the heating effect between continuous wave mode and time-gated luminescence mode.

The optical properties of UCNPs depend on the energy levels of the lanthanide ions and therefore their
excitation width is very narrow. In order to further broaden the excitation wavelength range of UCNPs to
achieve broadband absorption, Zou et al. used organic NIR dyes as an antenna for collecting near-infrared
photons. Its research shows that UCNPs coated with NIR dyes can be excited in the range of 740-850 nm to
produce upconversion luminescence. This broadband absorption feature makes it possible to flexibly select the
excitation source (ie not limited to excitation sources at 980 or 800 nm). The use of NIR dyes as an antenna can
also increase photon absorption and increase the emission efficiency (about 3300 times). In addition to near
infrared dyes, other antenna materials with high photon absorption, such as NIR quantum dots and plasmonic
nanostructures, can also be used to overcome the low photon absorption of lanthanides in UCNPs27,

I1l. BIOIMAGING APPLICATION OF UPCONVERSION LUMINESCENT MATERIALS IN
TRIPLET-TRIPLET ANNIHILATION (TTA)

Since Parker and Hatchard proposed the concept of TTA upconversion in 1962, the main research
direction is how to rationally select the triplet donor and acceptor levels to increase the anti-Stokes shift and
how to improve the conversion efficiency. Compared with the triplet acceptor, the development of triplet
photosensitizer has attracted more researchers' attention. The current triplet photosensitizers are mainly divided
into two categories: metal complex triplet photosensitizer and organic triplet photosensitizer. Metal complex
triplet photosensitizer, such as polybipyridine ruthenium(Ru(ll)) complex, Pt(I1)/Pd(Il)porphyrin/
phthalocyanine complexes, Pt(1l) acetylene complexes and cyclic metal Pt(11)/Ir(111) complex, is widely used
because the inter-system channeling efficiency of metal complex triplet photosensitizer’s molecules is nearly
100% as the involvement of metals, which makes it easier to reach the triplet state. Organic triplet
photosensitizer possesses unparalleled potential advantages of metal complex triplet photosensitizer, such as
more economical and environmental friendly, strong visible light absorption, easy adjustment of singlet triplet
energy level, etc. However, due to the low ISC efficiency of organic compound molecules, its molecular design
is more challenging®®*.

Compared to rare earth doped upconversion luminescence technology, TTA upconversion has many
advantages. The TTA up-conversion triplet photosensitizer's absorption cross-section (~10-17cm?) is much
larger than the absorption cross-section of rare earth ions and has a high upconversion quantum efficiency.
Unlike rare earth upconversion, which typically uses fixed wavelength excitations, TTA upconversion can tune
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absorption and emission wavelengths by judiciously selecting triplet photosensitizers and receptors. The
research team of Fuyuo Li, Fudan University, wrapped the triplet photosensitizer PAOEP (1-9) with the acceptor
DPA in silica nanoparticles and converted the 532nm light to 400nm light in aqueous solution, resulting in an
upconversion quantum efficiency of 4.5%. These UCNPs have the characteristics of low cytotoxicity and good
light stability, and can be used in cell imaging to effectively eliminate background fluorescence such as
autofluorescence of biological samples to obtain high signal-to-noise ratio.

In view of the above, TTA-based upconverting materials are more suitable for bioimaging applications
than rare earth-doped upconverting materials. However, due to the environmental sensitivity of TTA-based self-
assembled nanoparticles, the stability of the TTA upconverting material has not been well solved so far.
Therefore, the stability of the material is a key issue in the practical use of TTA materials for biological
imaging.

IV. RECENT DEVELOPMENT OF NEAR INFRARED IMAGING IN SECOND WINDOW

Carroll et al.* proposed a bold assumption in 2003 by measuring the penetrating power and scattering
absolute value of quantum dot fluorescence in biological tissue and blood that the imaging performance of the
organism's fluorescence imaging wavelength in the region around 1320 nm is better than at 840 nm. In recent
years, more and more researchers rely on this assumption to commit themselves to the field of NIR-I1 imaging.
As mentioned above, some rare earth doped upconverting nanoparticles show down conversion characteristic
under certain conditions, which are the basis of NIR-1I imaging. In the meantime, more NIR-1I materials
currently studied include rare earth doped materials, so a brief review of NIR-Il imaging is hereby made.

In 2006, Lezhnina et al.®? developed a series of rare earth fluoride nanoparticles in which the
((Ndg osLag os)F3)@(LaFs) core-shell dopant has high resolution fluorescence signal in the first and second
windows of near infrared light under the 450W xenon lamp irradiation.It has strong fluorescences at 793nm,
1046nm and 1063nm, respectively. In 2008, Pisarska et al.®¥ reported the energy level transition of
neodymium-chromium co-doped (Cr®*-Nd** co-doped) in lead borate glass. The data show that this co-dopant is
excited by 632 nm and shows good near-infrared two-zone optical properties at 1060 nm. In 2016, Yu et al.*?
reported that Ho**-Yb®" co-doped KLu,F; has clear fluorescence at 1190 nm with extremely high quantum yield.
B-NaGdF,/Nd** @NaGdF,/Tm*-Yb*" has a unique infrared fluorescence activity. The crystal structure has
obvious fluorescence at 800nm, showing the upconversion luminescence under a wavelength of 975nm
irradiation while it has a clear fluorescence at a wavelength of 1060 nm, showing the down-conversion
luminescenceunder a wavelength of 786 nm irradiation. The rare-earth doped Y,0;: Er** dopant contained in
PEG-modified liposomes shows obvious fluorescence at the wavelength of 1550nm under the excitation of
980nm excitation light. The size of this liposome is only 650nm so that it can be injected into the mouse through
the tail vein. The clear light of liver NIR- Il imaging can be obtained under the excitation light irradiation!®,
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Fig. 3 (a) Dual-Modal fluorescence emission of B-NaGdF,/Nd** @NaGdF,/Tm*~Yb*; (b) NIR-II
image of the liver of a mouse.

V. CONCLUSION

In summary, the basic concepts of upconversion luminescence and the applications of rare earth doped
upconverting materials and triplet-triplet annihilation upconverting materials in biofluorescence imaging are
introduced in this paper. The NIR-1I imaging of rare earth doped materials are briefly introduced at the same
time. Several aspects described in this paper are the hot issues of current research. Stable and mature synthetic
methods and fluorescence properties make rare earth doped upconversion materials widely used in biological
imaging probes, but the low luminescence efficiency and unknown toxicity limits its further application.
Therefore, how to improve the luminescent efficiency of rare earth doped materials under the premise of
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ensuring the biocompatibility of materials is a hot issue and a direction of further research. For the TTA
material, the focus of the current research is still on the synthesis method. The TTA material synthesized by the
current synthesis method is too large in size and has poor stability. Therefore, the application of TTA material in
biofluorescence imaging will have a bright future if the synthesis problem could be solved. As for the NIR-II
biological imaging, it is absolutely the hot issue in today's research. Of course, it is beyond the scope of this
paper, but NIR-Il imaging is increasingly being used in medical and biological research. With the continuous
development of new technologies and the continuous emergence of new equipment, the research scope of NIR-
I imaging will continue to expand, which will provide a brand new method for the diagnosis and treatment of
human diseases.
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