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nanocluster-labeled ovalbumin antigens for monitor-
ing antigens release. Our studies demonstrated that 
UCNPs conjugated metallic antigen showed excellent 
biocompatibility, pH-sensitive and therapeutic effect.
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Introduction

Immunotherapy has become a promising method for 
treating many kinds of cancers, and many evidences 
indicated that immune system regulation was essential 
for tumor inhibition (Mahoney et al. 2015; Mellman et al. 
2011; Vanneman and Dranoff 2012; Mi et  al. 2019). 
The means of cancer immunotherapy include immune 
checkpoint inhibitors (Fan et  al. 2018; Wieder et  al. 
2018), engineered chimeric antigen receptor T cells 
(CAR-T) (Eisenberg et al. 2019), and tumor vaccines 
(Vormehr et  al. 2019). Immune checkpoint inhibi-
tors have achieved encouraging progress in clini-
cal trials. However, it has been reported that only a 
small number of patients are benefitted from immune 
checkpoint inhibitors therapy (Kurtulus et  al. 2019). 
CAR-T cell therapy also has serious clinical adverse 
reactions, such as cytokine storms (Zhang et  al. 
2017; Chen et al. 2019), targeted cytotoxicity, and a 
small portion of neurologic toxicity. The tumor vac-
cine has shown outstanding advantages and excel-
lent therapeutic effects in immunotherapy with 
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minimal systemic toxicity. Tumor vaccine regulates 
the immune function by activating the specific cel-
lular immunity and humoral immunity and has been 
considered to be one of the most effective cancer 
treatments (Yang et al. 2019; Srinivasan et al. 2017). 
However, there are some problems with the cancer 
vaccine such as short blood circulation time and the 
antigen easy degradation.

In recent years, nanomaterials have been widely 
used as delivering carrier of tumor vaccines to 
improve the internalization by antigen-presenting 
cells (APC) (Han et al. 2018; Yoshikawa et al. 2008; 
Wang et al. 2018). It can be said that synthetic mate-
rials had the greatest impact on immunology through 
their contribution to vaccine development (Irvine 
2016). Tumor-associated antigens (TAAs) can be 
either loaded inside the nanomaterial or conjugated 
to the surface of the nanomaterial through chemical 
modification. These works are designed to address 
the problem that antigens are easily degraded, while 
few of these focus on tracing the fate and biodistribu-
tion of vaccines.

The physical and chemical properties of the mate-
rial affect the effect of vaccine in various ways (Briquez 
et  al. 2020; DeSimone 2016). Therefore, we have to 
select suitable materials according to the needs of 
vaccine carriers and the physical and chemical prop-
erties of the materials. The application of rare-earth 
upconversion nanoparticles (UCNPs) has brought 
transformative opportunities and developments in the 
fields of diagnosis, treatment, imaging, and biological 
monitoring in the biomedical field (Wang et al. 2017; 
Liu et  al. 2014; Zhou et  al. 2020). Upconversion of 
rare-earth ions is an anti-stokes process of combining 
two or more low energy photons to produce the emis-
sion of one higher energy photon (Gao et  al. 2017). 
Based on the special function of UCNPs, the intro-
duction of UCNPs in tumor vaccines can not only 
improve the stability of blood circulation and prevent 
premature clearance by the reticuloendothelial sys-
tem, but also track the location of antigens.

Here, we have prepared a traceable nanovac-
cine based on UCNPs and ovalbumin (OVA) for the 
treatment of melanoma (Scheme  1). Firstly, alen-
dronate sodium (ALN) modified UCNPs and gold 
nanocluster labeled ovalbumin (Au-OVA) were syn-
thesized, respectively, and then 1, 4-phthalaldehyde 
(TPDA) were used as bridging agents to integrate 
ALN-UCNPs and Au-OVA into a multifunctional 

nanosystem. UCNPs can convert NIR light into ultra-
violet (UV) emissions which subsequently actives 
gold nanocluster to emit red fluorescence. More 
importantly, the Schiff base formed from ALN on 
UCNPs and  NH2 of antigens is sensitive to acid, 
which ensures a pH- triggered antigen release. The 
disassembly of Au-OVA with UCNPs breaks FRET 
and turn off the red fluorescence. It ensures us to 
monitor the release of OVA from UCNP-Au-OVA 
system. We believe that our pH-sensitive tumor trac-
ing and antigen release system will open a new win-
dow for enhanced cancer immunotherapy.

Materials and methods

Materials

1-Octadecene and oleic acid were purchased from 
Thermo Fisher Scientific.  YCl3 ·  6H2O,  HAuCl4, 
OVA, and trypsin were obtained from Sigma (St. 
Louis, MO, USA).  NH4F, ALN, and TPDZ were pur-
chased from Aladdin (Shanghai, China). Fetal bovine 
serum was provided by Invitrogen (Carlsbad, CA, 
USA). Sodium bicarbonate, dibasic sodium phos-
phate, potassium phosphate monobasic, and potas-
sium chloride were purchased from Kemiou (Tian-
jin, China). Calf serum was obtained from Wisent 
Canada. Penicillin–streptomycin solution 100X was 
obtained from Solarbio (Beijing, China). Four to five 
weeks C57BL/6  J mice (no. 1100111911071516) 
were obtained from Vital River (Beijing, China).

Synthesis of UCNPs

UCNPs were synthesized according to the literature 
with some modifications (Huang et al. 2012; Luo and 
Akimoto 2013; Tian et al. 2014). The 4 mL oleic acid, 
6  mL 1-octadecene, 1  mL  YCl3 (0.2  M), 0.98  mL 
 YbCl3 (0.2  M), and 0.02  mL TmCl (0.2  M) were 
added into a three-neck 50-mL round bottom flask. 
The mixture was heated to 160  °C slowly, and then 
the solution was incubated with a certain rate stirring 
for 40 min. After that the mixture was cooled down to 
room temperature. Next, the mixture was added with 
 NH4F NaOH methanol solution (NaOH 1  mL 1  M, 
 NH4F 3.3 mL 0.4 M) dropwise and stirred for 30 min 
at 55  °C. The mixture was degassed at 90  °C to 
remove methanol and then heated to 280 °C for 1.5 h. 
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When cooled down to room temperature,  NaYF4: Tm 
was obtained from the solution followed by wash-
ing with ethanol and cyclohexane several times. The 
obtained sample was dispersed in cyclohexane.

Synthesis of Au-OVA

HAuCl4 solution (5  mL, 10  mM) was added to the 
vigorously stirred OVA solution (5 mL, 50 mg/mL). 
After a few minutes, NaOH solution was added into 
the mixture (0.5  mL, 1  M) and stirred vigorously 
for 12 h at 37 °C. A mixed solution of Au-OVA was 
obtained.

Synthesis of UCNPs-Au-OVA

A 50 mg UCNPs was dispersed in 20 mL of chloro-
form and mixed with 40 mL of aqueous solution of 
200 mg ALN. The mixture was sonicated for 2 h and 
then stirred vigorously for 12  h. The upper aqueous 

solution was sonicated vigorously and centrifuged 
and then washed 3 times with ultrapure water. After 
that, it was vacuum-dried to obtain UCNPs-ALN.

UCNPs-ALN was dispersed in excess of 0.1  M 
solution of TPDA in ethanol, stirred for 1 h at room 
temperature, and then washed 3 times with ethanol 
and dried under vacuum to obtain UCNPs-ALN-
TPDA. An appropriate amount of UCNPs-ALN-
TPDA was added to the excess Au-OVA, stirred for 
1 h, washed with ultrapure water 3 times, and freeze-
dried to obtain UCNPs-Au-OVA.

Characterizations

The morphology of UCNPs and Au-OVA was 
inspected by transmission electron microscope (TEM) 
(FEI F20 S-Twin, USA). The crystal purity of UCNPs 
was characterized by X-ray diffractometer (XRD) 
(Bruker D8 Advanced, Germany). The fluorescent 

Scheme 1  A traceable nanovaccine based on UCNPs and ovalbumin (OVA) for the treatment of melanoma
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properties of UCNPs and Au-OVA were character-
ized by fluorescence spectrometer (Hitachi F-7000, 
Japan). The absorption spectra of UCNPs, UCNPs-
ALN, and UCNPs-ALN-TPDA were inspected by 
Fourier transform infrared (FTIR) spectrometers 
(Bruker TENSOR 27, Germany).

Validation of UCNPs-Au-OVA tracer function 
evaluation in vitro

RAW264.7 cells were cultured in a confocal petri dish 
at a density of 1 ×  105 cells/well overnight. After that, 
UCNPs-ALN-TPDA (200  µg/mL) was added. The 
fluorescence intensity of cells was observed by confo-
cal laser scanning microscopy at different time points 
(4 h, 24 h) (CLSM, IX81; Olympus, Tokyo, Japan).

Determination of loading efficiency (LE) and in vitro 
acid response release

The UCNPs-ALN-TPDA reacted with excess Au-
OVA, and the unloaded Au-OVA content in the 
supernatant was determined. Then, the LE of Au-
OVA is calculated according to Eq. 1 as follows:

Take the same amount of UCNPs-Au-OVA, and 
add them to the buffer solutions of pH = 5 and pH = 7 
respectively. Their fluorescence intensity at 0 h, 0.5 h, 
1 h, 2 h, 4 h, and 8 h were measured by fluorescence 
spectrometer three times.

Blood compatibility

A 2 mL of fresh blood from ICR mice was collected 
in anticoagulant-pretreated blood collection tubes. 
The collected red blood cells were washed enough 
times with normal saline until the supernatant was 
clear and transparent. Finally, 0.2 mL 10% red blood 
cell suspension was mixed with 0.8  mL of UCNPs-
Au-OVA solution with different concentrations (12.5, 
25, 50, 100, 200 µg/mL) as experimental groups. The 
positive control group was red blood cell suspen-
sion mixed with water (0.2  mL with 0.8  mL), and 
the negative control group was red blood cell suspen-
sion mixed with normal saline (0.2 mL with 0.8 mL). 
After incubation for 20 min at 37 °C, the supernatant 

(1)LE (%) = [m (Au − OVATotal) −m (Au − OVA supernatant)] ∕ [m (Au − OVA loading) +m (UCNPs) ] × 100%

was centrifuged, and the absorbance at 546  nm was 
measured. The hemolysis rate is calculated according 
to the absorbance value.

Animal treatments and anti-tumor effect

The animal treatments were strictly proceeded in 
accordance with the regulation of the Medical Com-
prehensive Experimental Centre of Hebei Univer-
sity. B16-OVA tumor model was established with 
C57BL/6 J mice. B16-OVA cells were digested with 
trypsin and washed twice with normal saline, and 
the cell density was adjusted to 5 ×  106 cells/mL. A 
100 μL B16-OVA cell suspension was subcutane-
ously inoculated on the right back of each mouse. 
The tumor-bearing mice were randomly divided into 
four groups (PBS, OVA, Au-OVA, and UCNPs-Au-
OVA). When the tumor size was approximately to 80 
 mm3, the mice were injected three times by intraperi-
toneal injection with 0.2 mL PBS, OVA (1 mg/mL), 
Au-OVA (5  mg/mL), and UCNPs-Au-OVA (5  mg/
mL) on days 0, 7, and 14 respectively. During the 
administration, we paid close attention to the physi-
cal health of the mice in all groups. The body weights 

and tumor volumes of the mice were measured every 
2 days, and the tumor volume is calculated according 
to Eq. 2 as follows:

D max and D min represent the maximum and mini-
mum diameters, respectively.

Results and discussion

Characterization of UCNPs-Au-OVA

The morphology of UCNPs and Au-OVA were char-
acterized by TEM. As shown in Fig.  1a, UCNPs 
were relatively uniform with a size of about 30 nm. 
As shown in Fig.  1b, the diameter of Au-OVA par-
ticles was about 5 ~ 8 nm by statistical analysis. The 
XRD pattern of UCNPs (Fig. 1c) was consistent with 
the standard card (JCPD: 16–0334). All the results 

(2)V = Dmax* D
2
min ∕2.
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showed that UCNPs had high crystal purity and uni-
form size. Then, UCNPs, UCNPs-ALN, and UCNPs-
ALN-TPDA were characterized by FTIR respec-
tively. As shown in Fig.  1d, the absorption peaks 
at 1645   cm−1 corresponding with the C = N group 
proved the successful modification of ALN with 
TPDA. Then, the LE of Au-OVA was measured, and 
the result showed that the LE was 26.29%.

Next, the fluorescence properties of UCNPs, Au-
OVA, and UCNPs-Au-OVA were measured. Stokes’ 
law states that materials can only be excited by high-
energy light to emit low-energy light. But upconver-
sion luminescence is anti-Stokes luminescence. When 
UCNPs is excited by low-energy light, it can emit 
high-energy light. As shown in Fig.  2a, the fluores-
cence can be detected around 360  nm and 480  nm 
when UCNPs were excited at 980  nm. The UV 
absorption spectrum of Au-OVA showed that fluo-
rescence generated at 360 nm could excite Au-OVA 
(Fig.  2d). The fluorescence spectrum of Au-OVA 

showed that the fluorescence emission wavelength of 
Au-OVA is 735  nm (red light) (Fig.  2b). As shown 
in Fig.  2c, when UCNPs-Au-OVA were excited at 
980  nm in acidic environment, fluorescence can be 
detected only around 480 nm, indicating that UCNPs-
Au-OVA have acid-responsive properties.

To further verify the acid-responsive properties 
of UCNPs-Au-OVA, we examined the fluorescence 
intensity of UCNPs-Au-OVA under neutral (pH 7.0) 
and acid (pH 5.0) environments. As shown in Fig. 2e, 
the fluorescence intensity under neutral environments 
was higher than that in acid environments. The results 
showed that part of Au-OVA could be dissociated in 
acidic environment. Therefore, these results further 
proved that UCNPs-Au-OVA had pH sensitivity char-
acteristics. Due to the abnormal blood vessel struc-
ture and the excessive proliferation of tumor cells, 
tumor tissue is usually in a state of hypoxia, resulting 
in changes in its metabolic process. Therefore, solid 
tumors usually exhibit an acidic microenvironment 

Fig. 1  Characterizations of UCNPs and Au-OVA. a TEM image of UCNPs. b TEM image of Au-OVA. c XRD pattern of UCNPs. d 
FTIR spectra of UCNPs, UCNPs-ALN, and UCNPs-ALN-TPDA
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Fig. 2  pH-responsive property and biocompatibility of 
UCNPs-Au-OVA nanoparticles. a Fluorescence spectra of 
UCNPs. b Fluorescence spectra of Au-OVA. c Fluorescence 
spectra of UCNPs-Au-OVA under acidic conditions. d UV 

absorption spectra of Au-OVA. e The release curve of UCNPs-
Au-OVA at different pH. f Hemolysis assay of UCNPs-Au-
OVA (***p < 0.001 versus the positive control)
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(Böhme and Bosserhoff 2016; Feng et al. 2018; Kraus 
and Wolf 1996). A part of the imine bonds broke in 
the slightly acidic tumor microenvironment, and most 
of them were taken up by macrophages and then 
broke in the lysosome to release OVA, thereby acti-
vating the body’s immune system to eliminate tumor 
cells.

Evaluation of tracer function of UCNPs-Au-OVA

We verified the tracer effect of UCNPs-Au-OVA 
at the cell level using CLSM. As shown in Fig.  3a, 
the macrophages without UCNPs-Au-OVA did not 
have any red fluorescence. The red fluorescence was 
observed in macrophages after 4  h incubation with 
UCNPs-Au-OVA. However, the red fluorescence 
was very weak after 24 h (Fig. 3b–c). It showed that 
UCNPs-Au-OVA had a definite tracing effect within 
24  h. This tracer function could be used to monitor 
the release of OVA, so as to better perform the immu-
notherapy function.

Upconversion luminescence, namely, anti-Stokes 
luminescence, means that the material is excited by 
low energy light and emits high energy light. In other 
words, the material emits short wavelength and high 
frequency light excited by long wavelength and low 
frequency light. UCNPs are the functional materials 
that can convert low-energy photons into high-energy 
photons. In view of the ability of UCNPs to convert 
NIR light into UV light or visible light, it has become 
one of the research hotspots in the field of biomedi-
cine (Oliveira et al. 2019; Sharipov et al. 2017). The 
traceability of UCNPs is quite considerable for the 
research of cancer therapy. For example, Liu et  al. 
used UCNPs as tracer to monitor the translocation 
of dendritic cells (DC) which ingested DC vaccines 
and revealed the anti-tumor process of DC vaccines 
(Xiang et al. 2015). Zhao et al. had developed PLGA 
nanocapsules based on UCNPs, which can be used 
for cancer imaging and treatment (Zhao et al. 2017). 
 NaYF4: Tm, as a tracer agent, can be excited with 
980 nm lasers and shows upconverted fluorescence at 

Fig. 3  Traceability of UCNPs-Au-OVA. a The fluorescence of macrophages without UCNPs-Au-OVA. b The fluorescence of mac-
rophages after incubation with UCNPs-Au-OVA. c Fluorescence intensity of macrophages (*p < 0.05, **p < 0.01, ***p < 0.001)
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480 nm and 360 nm, which can be attributed to the 
1G4 → 3H6 and 1D2 → 3H6 transition of the  Tm3+ ions, 
respectively. The excitation of 980 nm has excellent 
biological tissue penetration ability (Sharipov et  al. 
2017). However, the emission of 480 nm and 360 nm 
has poor penetrating ability in biological tissues. 
Therefore, the imaging of deep tissue is not possible. 
Therefore, we used 360 nm that UCNPs generated to 
excite Au-OVA, and the emission of Au-OVA was 
at 735 nm. So the penetrating ability of UCNPs-Au-
OVA in biological tissues was improved and could be 
used to imaging of deep tissue.

Biocompatibility evaluation of UCNPs-Au-OVA

When exogenous nanomaterials are used in living 
organisms, rejection reactions can cause side effects. 
Truong et  al. analyzed the interaction of nanopar-
ticles with cells during blood circulation, indicat-
ing the importance of nanomaterial biocompatibil-
ity (Vu et  al. 2020). Therefore, the biocompatibility 
of UCNPs-Au-OVA was characterized by hemolysis 
assay. We tested the blood compatibility of UCNPs-
Au-OVA at different concentrations. It could be seen 
from Fig.  2f that the UCNPs-Au-OVA had good 
blood compatibility especially when the concentra-
tion less than 100  µg/mL. Therefore, UCNPs-Au-
OVA had better biocompatibility and lower toxicity.

Anti-tumor effect of UCNPs-Au-OVA in vivo

As shown in Fig.  4a-c, the tumors of control group 
grew rapidly. The tumor volume of the OVA group 
was smaller compared with the control group. It indi-
cated that OVA itself has weak anti-tumor effect. 
Moreover, tumor growth of the Au-OVA group 
was slower than that of control and OVA groups. 
Among all groups, the tumor size of the UCNPs-
Au-OVA group grew the slowest. The results indi-
cated that UCNPs-Au-OVA had excellent tumor 
immunotherapy.

OVA, as a common model tumor antigen, was 
often used in the construction of tumor vaccines. 
However, tumor vaccines had the problems of short 
blood circulation time and easy degradation of anti-
gens. Using nanomaterials as a carrier could solve 
the above problems (Mi et al. 2019). Loading TAAs 
with nanomaterials could not only promote the uptake 
of antigen by APC, but also protect the antigen from 

the surrounding biological environment. Moreover, 
it prolonged the blood circulation time of the anti-
gen (Cheng et al. 2015). In addition, through the EPR 
effect, more antigens were enriched in the tumor tis-
sue (Goos et  al. 2020). Thereby, using nanomateri-
als as a carrier ensured that the adaptive immune 
response was fully triggered and the role of immuno-
therapy was exerted.

Evaluation of immune response

UCNPs-Au-OVA as a tumor vaccine could acti-
vate the immune system. OVA as vaccine antigens 
could activate B cells to produce specific antibodies 
(Mohankrishnan et al. 2019). We evaluated the total 
antigen-specific IgG, IgG2a, and IgG1 produced 
from four different groups (Fig.  4d). Au-OVA and 
UCNPs-Au-OVA induced a high IgG response and a 
high ratio of IgG2a/IgG1. It indicated that the tumor 
vaccine not only induced the production of specific 
antibodies, but also activated Th1-type immune 
responses.

NK cells and  CD8+ T cells played a significant 
role in tumor immunotherapy (Wu and Xu 2010; 
Rosenberg and Huang 2018; Zhou et al. 2018).  CD8+ 
T cells killed cancer cells by releasing cytokines 
such as granzyme, perforin, and tumor necrosis fac-
tor. NK cells could also release killing cytokines and 
lyse some tumor cells, which was very central factor 
in tumor immunotherapy. Therefore, we analyzed the 
infiltration of NK cells and  CD8+ T cells by analyz-
ing tumor tissue sections. The increased NK cells 
and  CD8+ T cells in tumor tissues could effectively 
inhibit tumor growth. At the end of the 21-day treat-
ment period, the  CD8+ T cell marker CD8α and the 
NK cell marker CD161 were observed. As shown 
in Fig. 4e and f, the number of NK cells and  CD8+ 
T cells in mice tumors increased significantly after 
treatment with UCNPs-Au-OVA.

Conclusions

In summary, we have synthesized a tumor vaccine 
with pH response and tracer effect for tumor immu-
notherapy through a multi-step method. First, we 
synthesized UCNPs according to previous literature 
reports, and then we formed the final multifunctional 
nanomaterials UCNPs-Au-OVA by the sequential 
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Fig. 4  Detection of anti-tumor effects of OVA, Au-OVA and 
UCNPs-Au-OVA in tumor-bearing mice. a Excised tumor 
image. b Tumor volume changes in each group (***p < 0.001 
versus the control). c Images of mice at the start and endpoint 

of the immunotherapy. d ELISA results of anti-OVA IgG and 
IgG 2a/IgG 1 titers elicited by different stimulus (*p < 0.05, 
**p < 0.01, ***p < 0.001). e,f Immunohistochemical analysis 
of tumor explants for infiltrating  CD8+ T cells and NK cells
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connection of ALN, TPDA, and Au-OVA. UCNPs-
Au-OVA could regulate the body’s immune response 
and inhibit tumor growth through the acid-respon-
sive release of Au-OVA. The results showed that 
UCNPs-Au-OVA had excellent biocompatibility and 
exceptional optical properties. In  vivo experiments, 
UCNPs-Au-OVA showed a significant killing effect 
on tumor cells. Compared with other tumor vaccines, 
UCNPs-Au-OVA had the ability to track antigens, 
which can better achieve tumor immunotherapy.
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