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Abstract: In the past few years, we have witnessed great development and application 
potential of various up-conversion luminescent nanoparticles (UCNPs) in the nanomedicine 
field. Based on the unique luminescent mechanism of UCNPs and the distinguishable 
features of cancer biomarkers and the microenvironment, an increasing number of smart 
UCNPs nanoprobes have been designed and widely applied to molecular imaging, cancer 
diagnosis, and treatment. Considerable technological success has been achieved, but the main 
obstacles to oncology nanomedicine is becoming an incomplete understanding of nano–bio 
interactions, the challenges regarding chemistry manufacturing and controls required for 
clinical translation and so on. This review highlights the progress of the design principles, 
synthesis and surface functionalization preparation, underlying applications and challenges 
of UCNPs-based probes for cancer bioimaging, diagnosis and treatment that capitalize on our 
growing understanding of tumor biology and smart nano-devices for accelerating the com
mercialization of UCNPs. 
Keywords: multimodal imaging, cancer biomarkers, tumor microenvironment

Introduction
Inorganic nanoparticles of rare-earth (RE) element lanthanide have attracted a great 
deal of attention. Their quality of high penetration into tissues, low damage to 
biological samples, flexibility for storage, sharp emission bands, and resistance to 
auto-fluorescence interference has been reported.1,2 RE nanoparticles have become 
an ideal biomaterial choice for multi-modal tumor imaging, drug delivery, photo
dynamic therapy (PDT), and photo-thermal therapy (PTT) because of the up- 
conversion luminescence mechanism.3,4 The up-conversion luminescence refers to 
a non-linear optical process involved in continuous multiphoton absorption and the 
interionic energy transfer, in which low-energy photons are converted into one 
high-energy (with short wavelength) emission.5 The luminescent property of up- 
conversion nanoparticles (UCNPs) shows obvious advantage compared to down- 
conversion nanoparticles including organic fluorescent dyes and semiconductor 
quantum dots that were often used for bio-labelling. Conventional fluorescent 
probes cannot resolve the problem of photobleaching-induced intermittent detec
tion, however, UCNPs exhibit longer fluorescence lifetime and higher fluorescence 
stability.6,7 In recent years, UCNPs have gained increasing attention for various 
applications ranging from bioimaging to cancer therapy.1,8

Cancer is a life-threatening disease all over the world without an efficient cure. 
Cancer is the second leading cause of death in the United States and the third 
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leading cause of death in the People's Republic of China.9 

Surgery, chemotherapy and radiation therapy are the most 
commonly used treatments.10 For early-stage solid tumor, 
surgery has been considered as the first choice for 
treatment.11 Imaging technology has promoted the devel
opment of precision medicine in cancer diagnosis and 
therapy.12 Oncologic surgery requires precise removal of 
tumor through accurate visualization without damage to 
normal tissues.13 Ultrasound, magnetic resonance imaging 
(MRI) and computed tomography (CT) are three major 
imaging paths for cancer diagnosis, however, these ima
ging tools could not work well for early-stage small 
tumors. Three important elements: early detection, accu
rate lesion positioning and real-time intraoperative mon
itoring (RTIM) would be necessary for developing precise 
imaging used in cancer diagnosis and surgery. Since mole
cular imaging was first introduced in 1999 by 
Weissleder,14 medical imaging has developed to a new 
era. Positron emission tomography (PET) and 18F-NaF 
imaging with the calcification process had been used in 
imaging of coronary arteries, which is a typical example of 
cardiovascular molecular imaging.15 The molecular ima
ging is a combination of a well-designed molecular probe 
with an external detection system.16 As a new generation 
of imaging technology, molecular imaging will develop 
novel insights into cancer as well as novel diagnosis and 
therapy.17 Unlike conventional imaging, molecular ima
ging works at the molecular level by analyzing the mem
brane proteins, secreted proteases, receptors, and other 
molecular biomarkers of tumor cells.18,19

UCNPs display a more superior performance than 
other candidates due to the good stability, high sensitivity, 
low toxicity, deep penetration, excellent biocompatibility 
and low interference with background fluorescence.20 

Therefore, UCNPs have become a research highlight for 
developing bioimaging. A growing number of molecular- 
imaging probes, especially rare-earth up-conversion fluor
escent probes, have been successfully used to target 
tumors and distinguish tumor from non-tumor tissues, 
which further contributed to reveal the location and region 
of tumor cells.13,21 Here, we mainly reveal the potential 
usages of UCNP-based fluorescent probes for tumor detec
tion and real-time intraoperative image-guided surgery, 
which will help to achieve precise removal of the cancer.22

Simple Overview of UCNPs
Up-conversion luminescence is a process of luminescent 
substances absorbing long-wavelength radiation while 

emitting short-wavelength radiation, and a different lumi
nescence from traditional photoluminescence. The unique 
luminescent mechanism of UCNPs provides premier opti
cal properties and prospects for widespread applications.

Luminescent Mechanisms of UCNPs
Trivalent lanthanide ions are filled with 4f energy 
levels without being affected by crystal field and ligand 
field, because of the shielding of 5S2 and 5P6 electronic 
shells. The RE ions can produce a specific up-conversion 
luminescence (UCL) when electrons jump between 4f energy 
levels. UCL is a unique photoluminescence compared to 
down-conversion, because it converts near-infrared long- 
wavelength excitation into short and visible wavelengths. 
The working mechanism of UCL has six different categories: 
excited state absorption (ESA); energy transfer upconversion 
(ETU); photon avalanche (PA); two photon absorption exci
tation (TPA); cooperative sensitization (CS) and cooperative 
luminescence (CL). This review focuses on three main 
classes (ESA, ETU and PA), which are all involved in the 
sequential absorption of two more photons. The ESA process 
is necessary for UCL, which requires the sequential absorp
tion of pump photons by lanthanide ion (Figure 1A).23 The 
ETU shares similarity with ESA, moreover, the excitation 
energy derived from the two neighboring ions transfer can 
absorb energy from a pump photon (Figure 1B). The PA 
process can be regarded as a combined process of ESA and 
ETU, in contrast the energy transfer occurring between the 
same ions requires a pump intensity above a threshold value; 
otherwise, the UCL intensity will be very weak. The energy 
diagram of the PA process is shown in Figure 1C. The other 
three categories of UCL processes (TPA, CS and CL) are 
shown in Figure 1D–F.

Components of UCNPs
Inorganic substrates, activator ions and sensitizer ions are 
indispensable components of RE UCNPs. The up-conversion 
luminescence approach works with many inorganic substrates, 
including halides, oxides, sulfides, and inorganic salts. An ideal 
substrate (eg, fluorides) should have higher chemical stability 
and lower photon energy of the crystal lattice.24 

Activator ions referred to as doped RE trivalent ions (such as 
Er3+, Tm3+, Ho3+, Tb3+, and Dy3+) act as efficient lumines
cence centers.25,26 The sensitizer ions can improve luminescent 
performance and are involved in energy transfer. Yb3+, Ce3+, 
Ho3+ and Gd3+ are well-known sensitizer ions for lanthanide- 
related up-conversion emission. Yb3+ has a photon absorption 
at 980 nm, and it’s also the most commonly used activator for 
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enhancing luminous efficiency. Doped Yb3+ can greatly 
enhance the luminous efficiency and produce different wave
lengths of light by multiplex doping, including Yb3+ co-doped 
with Tm3+ and Er3+ (shown in Figure 2).

Factors That Influence the Quantum 
Yield and Emission Color
The luminescent process of UCNPs could be affected by 
many factors, including the choice of substrates, activators 

and sensitizers, temperature, and other substances’ interfer
ence. There are still challenges for further improving the 
luminescent efficiency. The absolute quantum yield (QY) is 
often used to evaluate the luminescent efficiency of differ
ent UCNPs. The QY was defined as the ratio of photons 
emitted and photons absorbed, expressed as QY%=Lsample 

/(Ereference-Esample), where Lsample represents emission 
intensity. Ereference and Esample respectively represent the 
excitation-light intensities that not absorbed by sample 
and reference sample.27 The QY% value is often less than 
50%, because luminescence needs to absorb at least two 
photons with emitting one photon. There were three differ
ent ways used to improve QY% of UCNPs; including use of 
appropriate crystalline phases and substrates, constructing 
core-shell structures, and creating surface plasmon-coupled 
emission (SPCE).28 Different activators can emit multiple 
emission bands (displayed in purple, blue, green, red and 
near-infrared spectra). There are different ways to achieve 
color-controllable up-conversion emission, including regu
lation of doped ions, crystalline phase control and structural 
modification.29–31

Synthesis and Surface Functionalization of 
UCNPs
UCNPs can be successfully synthesized by many methods, 
such as the sol-gel method, co-precipitation, the micro- 
emulsion-mediated process, the hydrothermal/solvothermal 
route, thermal decomposition and so on. Each method 
has its advantages and disadvantages. Recently, the 

Figure 1 Several energy-transfer mechanisms of UCL process. (A) ESA; (B) ETU; (C) PA; (D) TPA; (E) CS; (F) CL. Red arrows represent the excitation light; blue arrows 
represent the up-conversion emission.

Figure 2 The energy transfer mechanisms of the up conversion processes in sensitizer 
Yb3+ crystals codoped activator Tm3+ and Er3+ under 980 nm diodelaser excitation. 
The photon excitation, energy transfer, multi-photon relaxation and emission pro
cesses are shown as dashed-dotted, dashed, dotted and full arrows respectively. Only 
visible and NIR emissions are shown here. (Based on ideas from Wang F, Liu X. Recent 
advances in the chemistry of lanthanide-doped upconversion nanocrystals. Chem Soc 
Rev. 2009;38:976–989. doi:10.1039/b809132n.23
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co-precipitation method is the most widely used method, 
which utilizes the precipitation reaction of positive and 
negative ions in a homogeneous solution to obtain uni
formly precipitated UCNPs. Li et al32 constructed NaLnF4 

UCNPs by high-temperature coprecipitation (305 °C) and 
simultaneously modified size, phase and UCL properties of 
UCNPs by doping nonequivalent M2+(Mg2+, Co2+). The 
results showed that the prepared UCNPs had small size, 
hexagonal phase structure and obvious UCL 
enhancement.32 However, the size and morphology of the 
products prepared in the precipitation reaction are uneven 
and poor. The hydrothermal method mainly utilizes water as 
the solvent to dissolve and recrystallize powder in the sealed 
pressure vessel. Compared with other methods, UCNP 
materials with good crystal phase and uniform particle size 
can be obtained by using hydrothermal method at lower 
temperature and lower rare earth salt purity. Wang et al33 

successfully synthesized efficient β-NaYF4:Yb3+, Er3+@β- 
NaYF4 core/shell nanomaterials via the hydrothermal 
method in oleylamine solution.33 Gerelkhuu et al34 synthe
sized water-soluble NaLuGdF4:Yb3+/Er3+(Tm3+) nanoparti
cles with malonic acid (MA) coating via simple one-step 
hydrothermal method.34 Moreover, many surface modifica
tion methods are also being explored to improve the dis
persity of UCNPs in aqueous phase for biomedicine 
application, including ligand exchange method, polymer 
coating method and so on. Johnson et al35 utilized water- 
soluble polyvinylpyrrolidone (PVP) instead of the passivat
ing oleate ligand on the surface of β-NaYF4 nanoparticles 
through ligand exchange strategy, and coated the β-NaYF4 

nanoparticles with silica shell to prepare highly biocompa
tible nanoparticles. This method exhibited longer colloidal 
stability and low aggregation.35 The functionalized UCNPs 
used for targeted molecular imaging must have good water 
solubility and easily bind with target molecules.

Design of Up-Conversion 
Nanoprobes for Molecular Imaging
Progress has been made for improving UCNPs synthesis, 
hydrophilic modification and surface functionalization. 
More importantly, increasing attention has been drawn for 
exploring their biological application. UCNPs have been 
used in different molecular tests including cell and whole- 
body fluorescent imaging (for instance vascular imaging,36,37 

lymph node imaging,38 and targeted cancer imaging39). 
Previous studies have shown that UCNPs coated with differ
ent ligands (silica shells,40 charged polymers,41 active small 

molecules,42 biomacromolecules,43 etc.) and/or covalently 
linked to functional groups (peptides,44 folates,45 

antibodies,46 etc.) can achieve cellular imaging via exocyto
sis and group-mediated action.47

The development of cancer-targeted imaging agents and 
contrast agents have attracted more of our interest. Rational 
design of fluorescent probe targeting cancer-specific biomar
ker is the key. Tumor biomarkers are substances, usually 
proteins, that are produced specifically in response to cancer 
developing. There were different biomarkers reported; 
including carcinoembryonic antigen (CEA),48 carbohydrate 
antigen (eg, CA19-9),49 alpha fetoprotein (AFP),50 and 
tumor-associated antigens (eg, prostate-specific membrane 
antigen, PSMA).51,52 Tumor-associated antigens are specifi
cally located on cell membrane or in intracellular structure; 
including epidermal growth factor receptor (EGFR),53 folate 
receptor-α (FR-α),54,55 vascular endothelial growth factor 
receptor (VEGFR),56 estrogen receptor (ER), and progester
one receptor (PR). These biomarkers are potential for tar
geted therapy and imaging of cancer. To obtain the expected 
imaging effect, it is necessary to modify the UCNP surface to 
make the probe easier to target and bind with the tumor 
biomarker. To achieve surface functionalization of UCNPs, 
different factors affect the outcome including particle size, 
water solubility, fluorescence efficiency, emission colors, 
ligand synthesis, and imaging effect.57

UCNPs for Cancer Diagnosis
Carboxyl-Functionalized UCNP Probes
UCNP surface within the carboxyl group can bind to ligands 
within the amino group. Under the action of 1-(3-dimethyla
minopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and 
N-hydroxysulfosuccinimide sodium salt (sulfo-NHS), car
boxyl-functionalized UCNPs can bind to different ligands 
(eg, polyamine, antibodies, avidin, DNA, and folic acid- 
conjugated chitosan). For instance, NaYF4:Gd, Yb, Er nano
particles capped by 3-mercaptopropionic acid (3-MPA) can be 
modified with bio-recognize molecules, including anti-claudin 
-4 and anti-mesothelin, that further can be used as antibody- 
functionalized UCNP probe targeting to cancer cells.58 Kong 
reported a one-step strategy for synthesis of hydrophilic RE 
UCNPs using malonic acid as the stabilizer and functional 
agent.59 The carboxyl-functionalized UCNPs allowed further 
conjugation with functional molecules and were also used as 
fluorescent probes for bioimaging in detecting exonuclease 
I (Exo I) activity.59 As shown in Figure 3, the surface of 
NaLuF4:Yb/Er UCNPs was linked with single-stranded 
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DNA (ssDNA), the product absorbed surface of graphene 
oxide (GO) by the π–π accumulation effect, which 
achieves the up-conversion luminescence quenching.

Amino-Functionalized UCNP Probes
Amino-functionalized UCNPs could also easily bind to 
ligands with a carboxyl group (eg, citric acid, polyacrylic 
acid, oleic acid, DNA, biotin, avidin, antibodies, folic 
acid, and chlorotoxin). A UCNP surface modified with 
amino groups can be generated by the link 
between UCNPs@SiO2 and 3-(trimethoxysilyl)- 
1-propanamine.60,61 Yu et al (2010)62 reported a study of 
neurotoxin mediated up-conversion nanoprobes for tumor 
imaging in living animals. The poly-ethylenimine was 
covalently linked to the surface of synthesized hexagonal- 
phase NaYF4:Yb, Er/Ce nanoparticles, which can conju
gate with recombinant chlorotoxin for specifically binding 
to glioma cells (Figure 4A). As a result, the fluorescent 
probe targeted glioma cells can be used for tumor imaging 
with bright red fluorescence under NIR irradiation (Figure 
4B). The synthesized CTX:UCNP nanoprobes also 
showed strong up-conversion fluorescence and specific 
binding with tumor cells. Summarizing the whole 
research, CTX:UCNP nanoprobes administered intrave
nously with CTX:UCNP nanoprobe can achieve direct 
visualization of tumors in vivo by strong NIR-to-red up- 
conversion fluorescence.

Maleimide-Functionalized UCNP Probes
Maleimide-functionalized UCNP probes are often prepared 
through synthesis of amino-modified UCNPs with bifunc
tional coupling agents. These probes were used for detecting 
thiol-containing ligands, including mercaptan, thiophenol, 
cysteine, glutathione and thiol proteins. Xiong et al 
(2009)63 developed up-conversion luminescence (UCL) 
with high contrast for targeted imaging of tumors, which 
used RGD-labelled up-conversion nanophosphors (UCNPs) 
as luminescent labels (shown in Figure 5).

Folic Acid-Functionalized UCNP Probes
There are numerous highly expressed receptors in cancer 
cells that can specifically bind to different ligands. Folate 
receptors (FRs), also known as folate-binding proteins 
(FBPs), were found to be highly expressed in cancer 
tissues compared to adjacent normal tissues.64 This finding 
was shown in myeloid leukemia, mesothelioma, and dif
ferent sites of cancer including endometrial, lung, ovarian, 
breast, kidney, and brain.64 Folate with conjugates can 
enter into cells via receptor-mediated endocytosis. They 
can be used for folate-targeted imaging and also be used as 
therapeutic agents specific to FR-expressing tumors.65,66 

Amino-functionalized UCNPs can be easily functionalized 
with folic acid to form UCNPs-NH2-FA, which can be 
internalized into cancer cells efficiently and used for up- 
conversion luminescent sensing and bioimaging.67

Figure 3 Schematic diagram of the main strategies for the fabrication of carboxyl-functionalized UCNPs nanoprobes. (A) Working mechanism of the proposed sensor for 
Exo I activity detection; (B) In vivo NIR luminescence images of a nude mouse after intravenous injection of NaLuF4:Gd/Yb/Tm. 
Note: Copyright ©2015. Elsevier B.V. Reproduced from Han G, Li H, Huang X, et al. Simple synthesis of carboxyl-functionalized upconversion nanoparticles for biosensing 
and bioimaging applications. Talanta. 2016;147: 207–212.59
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Figure 4 Fabricating and imaging of amino-functionalized UCNPs probes. (A) Preparation and specific glioma cell binding of CTX-UCNPs probes; (B) In vivo tumor imaging 
of a representative Balb-c nude mouse after intravenous injection of CTX:UCNPs (top) or unconjugated UCNPs (bottom) for 24 hours. 
Note: Copyright ©2010. Elsevier Ltd. Reproduced from Yu XF, Sun Z, Li M, et al. Neurotoxin-conjugated upconversion nanoprobes for direct visualization of tumors under 
near-infrared irradiation. Biomaterials. 2010;31: 8724–8731.62

Figure 5 Illustration scheme for UCNP-RGD (A) and in vivo up-conversion luminescence imaging of subcutaneous U87MG tumor (left hind leg) and MCF-7 tumor (right 
hind leg) after intravenous injection of UCNP-RGD conjugate over a 24-hour period (B). (a, d, g) bright field, (b, e, h) up-conversion images, (c, f, i) overlay of the 
corresponding bright field images with the up-conversion ones. (a–c), (d–f), and (g–i) are taken at 1, 4 and 24 hours postinjection, respectively. 
Note: Copyright ©2009. American Chemical Society. Reproduced from Xiong L, Chen Z, Tian Q, et al. High contrast upconversion luminescence targeted imaging in vivo 
using peptide-labeled nanophosphors. Anal Chem. 2009;81: 8687–8694.63
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UCNP Probes for Dual-Modal and 
Multi-Modal Cancer Imaging
Molecular imaging has been highly developed; X-ray 
computed tomography (X-CT), magnetic resonance ima
ging (MRI), single-photon emission computed tomography 
(SPECT), positron emission tomography (PET), and ultra
sound (eg, ultrasound contrast imaging, UCI) are com
monly used in clinical practice. With the development of 
infrared fluorescence probes, optical molecular imaging 
(OMI) has been successfully used in living animals. 
Notably, every imaging technique has advantages and 
limitations in relation to imaging objects, spatial resolu
tion, imaging depth and maximum sensitivity. For 
instance, CT and MRI are unable to be used at the cellular 
level. OMI has high resolution and sensitivity for imaging 
at the cellular level, but it cannot provide three- 
dimensional imaging of tissue. High-resolution imaging 
of both tissues and cells can be achieved by combining 
OMI with CT and MRI. Dong et al68 (2019) synthesized 
ZnFe2O4 nano-material with excellent performance of 
MRI/OMI/CT tri-modal imaging, low toxicity and no 
fluorescence quenching has also been reported. 
Developing UCNP probes with multi-modal imaging 
would be necessary and useful. The UCNP probes for 
multi-modal imaging may integrate advantages of different 
imaging modalities, which further supports the develop
ment of accurate diagnosis and guided therapy in the near 
future.69

UCNPs as Phototherapeutic 
Reagents
Photodynamic Therapy (PDT)
Photodynamic therapy (PDT) makes use of reactive 
oxygen species (ROS) generated by photosensitizers 
that kill malignant cells by apoptosis or necrosis, 
which further suppress tumor microvasculature and sti
mulate the host immune response.70 However, conven
tional PDT has limited tissue-penetration depth (<1 cm), 
and it can only be used for treatment of flat lesions. The 
most promising use of PDT is deep penetration by NIR- 
excitable UCNPs that can penetrate thick tissue. UCNP 
surface modification and connection with an organic 
photosensitizer need to be considered for rational 
design. Photosensitizer with high ROS production, high 
absorption coefficient for tissue penetration, amphiphili
city, low dark toxicity, ease of synthesis, and ease of 
formulation in aqueous solvent for in-vivo delivery were 

all needed for qualified PDT.71 Commonly used photo
sensitizers with PDT can be classified into porphyrin, 
chlorin, phthalocyanine, naphthalocyanine and 5-amino
levulinic acid. Clinically approved photosensitizers, 
including temoporfin, verteporfin, porfimer sodium, 
temoporfin, methyl aminolevulinate, talaporfin sodium, 
and aluminium phthalocyanine disulfonate, provided dif
ferent options.72 There are three different pathways of 
localizing photosensitizers onto UCNPs for PDT: silica 
encapsulation, physical adsorption and covalent conju
gation. UCNPs have been reported as drug nanocarriers 
and electron donors that effectively access deep 
tumors,73 which further facilitate both in-vitro and in- 
vivo cancer cell killing through low red irradiation. 
Professor Han’s group (Punjabi et al.73) developed 
a class of bio-compatible UCNPs with amplified red 
emissions.73 Synthesized UCNP-PDT showed a high up- 
conversion quantum yield (3.2% in red emission), which 
is 15-fold stronger than well-known optimal β-phase 
core/shell UCNPs. When conjugated to amino-levulinic 
acid, significant PDT effect in tumor was observed in 
deep tissue (>1.2 cm) in vivo under bio-compatible laser 
power. In 2020, Liu et al74 reported synthesized nanos
tructures (Nd3+-sensitized) of up-conversion metal 
organic frameworks (MOFs), which can be used for 
mitochondria-targeted amplified PDT. Under excitation 
of 808-nm NIR, Nd3+-sensitized up-conversion MOFs 
captured low-energy photons and delivered energy to 
MOF domain by efficient resonance energy transfer. 
This process specifically generated ROS in mitochondria 
to complete PDT. In addition, 808 nm excitation can 
improve safety of laser applications. Because traditional 
980 nm excited up-conversion luminescence could cause 
damage to normal tissues through thermal effect. 
Despite many advantages of using UCNPs for bio- 
compatible photodynamic therapy, deep-tissue therapy 
via UCNPs still needs to overcome challenges.

Photothermal Therapy (PTT)
Similar to PDT, PTT is another promising choice for 
oncological treatment with minimal invasion. PTT 
uses light energy to induce localized heat within tissue 
and then destroy pathologic cells. UCNP-based PDT and 
PTT have advanced development due to advantages of 
no surgery required and no damage to healthy tissues, 
compared to conventional chemotherapy, radiotherapy 
and surgery. Typical photothermal agents contain heavy 
metals (eg, gold, silver, palladium, platinum), 
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semiconductors (eg, copper sulphide, copper selenide), 
dye (eg, prussian blue, indocyanine green), conjugated 
polymer (eg, polypyrrole, polyaniline) and carbon-based 

nanomaterial (eg, graphene, carbon nanotubes). In 2016, 
Zhu et al75 synthesized a carbon-coated core-shell up- 
conversion nanocomposite: NaLuF4:Yb, Er@NaLuF4 

Figure 6 (A) Working principle of csUCNP@C nanocomposite for high-accurate PTT at facile temperature. (B) Thermal images of nude mice with (left panel) and without (right 
panel) csUCNP@C-labelled HeLa cell tumors. (C) Representative photos of nude mice transplanted with csUCNP@C-labelled HeLa cells. (D) H&E stained tumor sections of the 
border of tumor and normal fat tissue. The tumor region (Tu) and the adipocytes (Ad) in normal fat tissue of the mice without irradiation (left, Control) is compact and the 
tumor cells are stretched. Following photothermal treatment (middle, Facile PTT), the tumor region became loose and fragile and the tumor cells are atrophic. The adipocytes (Ad) 
in normal fat tissue are intact with minimal damage. However, following high-power irradiation, both Tu and Ad suffered extreme damage (right, Over irradiated). All irradiation 
processes were under 730-nm and 0.3 Wcm−2 except high-power (0.8 Wcm−2). Reproduced from Zhu X, Feng W, Chang J, et al. Temperature-feedback upconversion 
nanocomposite for accurate photothermal therapy at facile temperature. Nat Commun. 2016;7:10437. CREATIVE COMMONS LICENSE AND DISCLAIMER AVAILABLE FROM: HTTP:// 
CREATIVECOMMONS.ORG/LICENSES/BY/4.0/LEGALCODE“HTTP://CREATIVECOMMONS.ORG/LICENSES/BY/4.0/LEGALCODE.75
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@Carbon also called csUCNP@C, which facilitated 
accurate PTT by real-time monitoring of microscopic 
temperature (shown in Figure 6). In the presence of 
suitable UCNP probes and contrast agents, multi-modal 
imaging and therapy can be integrated for an accurate 
image-guided cancer diagnosis and treatment.76

UCNP Probes for Detecting Tumor 
Microenvironment
Due to metabolic differences between normal and cancer 
cells, features including highly expressed matrix metallo
protease (MMP), high ROS level, hypoxia, low pH, over- 
expressed folate receptor, and enhanced permeability and 
retention (EPR) were reported in the tumor microenviron
ment (TME). Proteases functionalized in diverse cellular 
processes, including cell growth, division, differentiation, 
migration, and signal transduction, excluding protein turn
over. Normal cells have the metabolic balance between 
protease activation and inhibition, and imbalance of pro
tease is closely related to pathogenesis and progression of 
cancers. MMPs are often highly expressed in both the 
extracellular environment and in cancer cells, which 
contributes to extracellular matrix remodeling and cancer 
metastasis. ROS was found that promoted tumor occur
rence and development, and also contributed to tumor- 
induced immunosuppression.77 The ROS level in tumor 
cells was correlated with activity of signal transducer and 
activator of transcription 3/5 (STAT3/5), which were found 
activated in many tumor cells.78 Activated glycolysis in 
cancer cells could lead to accumulation of lactic acid in 
TME, and many carboxylate transporters were also over- 
expressed on the surface of cancer cells.13 Moreover, 
tumorigenesis also led to a hypoxic environment,79 over- 
expressed folate receptors80,81 and the EPR effect.82,83 

There are outstanding achievements by utilizing UCNP 
probes for cancer diagnosis and treatment based on the 
specific features of TME. Protease-activated probes,84 pH- 
sensitive probes85–87 and hypoxia-responsive probes88–90 

have been reported. Li et al91 (2018) developed the pH- 
sensitive photodynamic nanomaterials (PPNs) composed 
of photosensitizers (PS) grafted ligands (pH-responsive 
polymer) and UCNPs. Under neutral pH (pH = 7.4), the 
negative charged PPNs could be self-quenched. Under 
mildly acidic TME (pH = 6.5), PPNs efficiently enhanced 
cellular internalization and then transferred to single 
UCNP in lysosomes (pH = 5.5), which efficiently enabled 
the activation of PS. Upon NIR irradiation, the UCL from 

PPNs can induce the photoactivity of free PS in acidic 
TME to kill tumor cells. In 2019, Liu et al92 reported 
a smart image-guided diagnostic and therapeutic nanoplat
form by modifying polyoxometalate (POM) nanoclusters 
onto mesoporous silica-coated UCNPs (NaYF4:Yb, 
Er@NaYF4:Yb, Nd). Subsequently, Liu’s group loaded 
doxorubicin (DOX) in mesopores and coated a folate- 
chitosan shell onto the surface. In relation to the EPR 
effect, the nanoplatform can achieve dual-modal (OMI 
and CT) imaging and produce heat as an efficient syner
gistic therapy path (shown in Figure 7). This study high
lighted utilization of UCNPs by TME-specificity mediated 
diagnosis and therapy.

Actually, there are a great many researches focused on 
the application of UCNPs on cancer medicine. Due to the 
unique features of nanotechnology applied in oncology 
(eg, more sensitive cancer diagnosis and imaging, co- 
delivery of multiple drugs to improve therapeutic efficacy 
and delivery of appropriate drug ratio to the target of 
interest),93 more and more new types of UCNPs were 
designed and studied to develop more accurate imaging, 
more effective nanotherapeutics and more sensitive diag
nosis for cancer. Some correlational researches on UCNPs- 
based nanosystem for tumor phototheranostics90,94–97 are 
illustrated in Table 1. With the intensive study and rapid 
development of UCNPs and tumor markers, we believe 
that using lanthanide-based UCNPs co-carrying anti-tumor 
drug and sensitizer to reach the integration of cancer 
molecular imaging, diagnosis and treatment are not unrea
listic aims for the near future.

Nano-Toxicity of UCNPs in vitro 
and in vivo
UCNPs could be widely used in biosensor, biological 
imaging, and tumor therapy. However, there are also 
risks for causing nano-toxicity in human cells, tissues, 
and organs.98 Therefore, studies need to be performed to 
characterize in-vitro cytotoxicity and long-term toxicity 
in vivo.99 UCNPs are usually modified by surface coating, 
including polyvinylpyrrolidone (PVP), polyethylenimine 
(PEI) and SiO2,47 which generate UCNPs with stability, 
safety and biocompatibility. There are well used methods 
for detecting in-vitro cytotoxicity of UCNPs, including 
MTT, MTS and CCK-8 assays. Functionalized water- 
soluble UCNPs with well-defined concentration and incu
bation time, caused very low cytotoxicity in Hela, glioma 
U87MG and MCF-7 cells.99,100 Moreover, it is necessary 
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to evaluate long-term toxicity and biodistribution of 
UCNPs through using in-vivo models. To date, toxicity 
assessment of UCNPs have been carried out in 
Caenorhabditis elegans (C. elegans), zebrafish, and 
mice.101–104 The results suggested that delivery of 
UCNPs by feeding showed less toxicity in both 
C. elegans and zebrafish. The most reported delivery of 
UCNPs into living mice were focused on intravenous 
injection, and UCNPs could be accumulated in reticuloen
dothelial systems.105 In 2011, Cheng et al106 studied the 
potential toxicity of UCNPs functionalized by PAA and 
PEG. There were residual UCNPs left in liver and spleen 

of mice for 3 months without obvious toxicity identified. 
The UCNPs accumulation in tumor can be improved by 
targeted modification. Wang et al (2020)103 reported 
UNCPs (NaYF4: Yb, Tm) coated with cancer cell mem
brane as a probe for improving the biocompatibility and 
ability of immune escape.107,108 Chu et al (2019)108 

reported an activatable engineered immunodevice (com
posed of a rationally designed UV light-activatable immu
nostimulatory agent and UCNPs) that enables remote 
control over the antitumor immunity in vitro and in vivo 
with near-infrared (NIR) light. The controlled immune 
regulation allows the generation of effective immune 

Figure 7 (A) In vitro CT images of USPDF (ie, prepared UCNPs@mSiO2-POM-DOX@FC) at different Yb concentrations. (B) In vivo CT images of tumor-bearing mice 
before and after USPDF injection. (C) Photothermal images of tumor-bearing mice after injecting saline and USPDF under 808 nm laser irradiation for different times. (D) 
Changes in relative tumor volume. (E) Tumor weight at the 14th day of each group. (F) Photographs at the 14th day of representative tumors collected from different 
groups. (G) H&E histologic section of tumor collected from different groups of mice after 14 day treatment, scale bars are 50 μm. The statistical significance in different 
groups was analyzed using t-test, *p < 0.05 and **p < 0.01. 
Note: Copyright ©2018. The Royal Society of Chemistry. Reproduced from Liu S, Li W, Gai S, et al. A smart tumor microenvironment responsive nanoplatform based on 
upconversion nanoparticles for efficient multimodal imaging guided therapy. Biomater Sci. 2019;7: 951–962.92
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response within tumor without disturbing immunity else
where in the body, thereby maintaining the antitumor 
efficacy while mitigating systemic toxicity.

Conclusions and Prospects
This review of up-conversion luminescence demon
strates that UCNPs are different from conventional 
dyes and nanomaterials regarding their optical perfor
mance. Many studies have reported remarkable features 
of UCNPs, including unique fluorescent stability, 
strong organizational penetration, auto-fluorescence- 
free background and low bio-system interference in 
the NIR region. As a result, UCNPs have shown great 
prospects of utilization in diagnosis and treatment of 
cancer. In addition, UCNPs can be easily synthesized 
and functionalized. For cancer imaging and diagnosis, 
functionalized UCNP probes can be designed based on 
distinguishable properties of cancer cells through 
diverse surface modification and functionalization. At 
present, researchers aim to improve the sensitivity and 
selectivity of those probes for visualized diagnosis and 
therapy of tumors.1 NIR fluorescent imaging showed 

a number of advantages compared with conventional 
imaging by UV-visible optical spectrum. However, NIR 
imaging can only detect superficial and shallow-seated 
tumors, and is unable to explore the internal structure 
of tumors. Multi-modal imaging can detect different 
targets simultaneously through sophisticated design of 
UCNP probes, which resolve problems by a single 
modal and accurately provided guide in cancer surgery. 
In recent years, the progress has been made to improve 
sensitivity of probes for diagnostic purposes. It’s rea
sonable to believe that UCNPs can be successfully 
used in early diagnosis and image-guided surgery of 
cancer in the near future. In addition, both PDT and 
PTT are important non-invasive surgical treatments. It 
can be further developed for application of UCNPs in 
PDT and PTT. These pre-clinical UCNP probes also 
need to be well studied for safety assessments and 
clinical validations. Multi-disciplinary collaboration 
between chemists, biologists, engineers, and surgeons 
will greatly contribute to developing UCNPs to 
form integrated models of cancer diagnosis and 
treatment.

Table 1 Summary of UCNPs-Based Nanosystem for Cancer Imaging and Phototheranostics

UCNPs Coating Cargo/ 
Drug

Imaging Modality Type 
Modality

Therapy Type Cell Refs.

NaGdF4:Yb, Tm@NaGdF4:Yb ZnFe2O4 DOX OMI, MRI, CT PDT, CDT, 

chemotherapy

HeLa [68]

NaGdF4:Yb, Er@NaGdF4:Yb, 

Nd

– – – PDT 4T1 [74]

NaLuF4:Yb, Er@NaLuF4 Carbon – – PTT HeLa [75]

NaYF4:Yb, Er@CaF2:Yb(80%), 

Er(2%)@CaF2

– Ce6 OMI PDT HepG2 [91]

NaYF4:Yb, Er@NaYF4:Yb, Nd SiO2 DOX OMI, CT PTT, 

chemotherapy

HeLa [92]

NaYF4:Yb, Tm@NaGdF4:Yb TiO2 – MRI, CT PDT HeLa [94]

NaYF4:Er, Yb PLGA/Span 80/ 
Cremophor A25

Rose bengal – PDT MeWo/ 
Me-45

[95]

NaYF4:Er, Yb PEG Rose bengal – – – [96]

NaGdF4:Yb, Er @ NaGdF4:Yb MnO2/SiO2/PEG DOX, Ce6 MRI, CT Chemotherapy, 

PDT

HeLa, 

U14

[90]

NaYF4:Yb, Er, Gd@NaYF4 Lysine Rose bengal – PDT SK-BR-3 [97]

NaYF4: Yb, Tm Cell membrane GOX – PTT, starvation 

therapy

4T1 [103]
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