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Abstract 

Background Photodynamic therapy (PDT) features high biocompatibility and high spatiotemporal selectivity, show-
ing a great potential in glioblastoma (GBM) treatment. However, its application was restricted by the poor therapeutic 
efficacy and side effect.

Results In this study, a therapeutic nanoplatform (UCNPs@Ce6/3HBQ@CM) with combination of PDT and CO therapy 
was constructed, in which a photoCORM and a photosensitizer were loaded onto the surface of upconversion 
nanoparticles (UCNPs) functioning as photon transducer. Benefitting from NIR excitation and multicolor emission of 
UCNPs, the penetration depth of excitation light is enhanced and meanwhile simultaneous generation of CO and ROS 
in tumor site can be achieved. The as-prepared nanocomposite possessed an elevated therapeutic efficiency with the 
assistance of CO through influencing mitochondrial respiration and depleting ATP, accompanying with the reduced 
inflammatory responses. By wrapping a homologous cell membrane, the nanocomposite can target GBM and accu-
mulate in the tumor site, affording a powerful tool for precise and efficient treatment of GBM.

Conclusion This therapeutic nanoplatform UCNPs@Ce6/3HBQ@CM, which combines PDT and CO therapy enables 
precise and efficient treatment of refractory glioblastoma.
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Introduction
Glioblastoma (GBM), a grade IV glioma, is the most 
aggressive form of malignant gliomas among adults 
with a low survival rate, poor prognosis, and high risk of 
recurrence [1]. The current standard treatment involved 
in GBM patients is surgery followed by radiotherapy 
plus concomitant and adjuvant chemotherapy [2]. How-
ever, the prognosis of GBM remains poor with a median 
survival of 12–15  months after the final diagnosis and 
a 5-year life expectancy of less than 10% [3, 4]. Thus, to 
prolong the overall survival of patients with glioma, there 
is an urgent need to design new therapeutic modalities 

for efficient GBM therapy. Photodynamic therapy (PDT) 
has been developed as a promising anti-tumor technique 
due to its high selectivity, low toxicity and negligible drug 
resistance, in which photosensitizers (PSs) are activated 
by laser irradiation with specific wavelength to produce 
cytotoxic reactive oxygen species (ROS), leading to cell 
damage and even apoptosis [5]. As a typical non-invasive 
light-excited treatment modality, PDT has been approved 
for clinical use and successfully applied for various tumor 
such as skin cancer, lung cancer and esophageal cancer 
[6, 7]. Nonetheless, the poor therapeutic effects of the 
single mode originated from the diversity, heterogeneity 
and recurrence of tumors restrict the application of PDT 
for GBM treatment. In addition, some low active oxygen 
species generated during PDT, such as  H2O2, is inflam-
matory factors, whose long-term existence may induce 
tumor recurrence and metastasis as well as the inflam-
mation of its surrounding tissue [8]. Finding a feasible 
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method to address these issues is of great importance for 
improving PDT efficiency of GBM treatment [9].

Carbon monoxide (CO), as an endogenous gas mol-
ecule, plays a key role in various physiological processes 
including antithrombotic, antibacterial and anti-inflam-
matory [10–12]. In recent years, CO has been applied for 
tumor treatment in an  O2-free manner under hypoxia 
condition, which is a major factor limiting the efficiency 
of PDT [13, 14]. CO has also been confirmed as an effec-
tive agent for anti-inflammation [15], thereby decreasing 
the PDT side effects. Thus, we infer that combination 
of CO therapy and PDT may be an effective approach 
for treating GBM. Because of the strong affinity of CO 
toward hemoglobin to cause severe systemic toxicity, 
developing ideal therapeutic platform with accurate and 
controllable delivery of CO to tumor sites is a challeng-
ing. Currently, methods for CO generation in tumor site 
are mainly divided into two types: photo-catalytic reduc-
tion of  CO2 to CO and liberation from stimuli-respon-
sive CO releasing molecules (CORMs). Photo-catalytic 
reduction system is normally complex and there is a lack 
of efficient catalysts [16, 17]. Various stimuli-responsive 
CORMs have been developed, which can be triggered by 
endogenous stimuli or external factors such as light irra-
diation. Endogenous stimuli responsive CORMs always 

suffer from uncontrollable release of CO [18–20]. In con-
trast, light-triggered CO release from a photo-activated 
CORM (photoCORMs) has demonstrated appealing 
profile, which facilitates a precise spatial and temporal 
control over the CO liberation [21–23]. A few molecular 
photoCORMs have already been synthesized and stud-
ied on their CO-releasing behaviors [24–28], several of 
which were used for cancer gas therapy [27, 28]. How-
ever, since these molecules are activatable only by visible 
light, they are not competent for GBM treatment due to 
limited light penetration.

Herein, we propose a therapeutic nanoplatform for 
simultaneously activating CO and ROS releasing by an 
upconverted light transducer, in which a photoCORM 
(3HBQ) and a photosensitizer (Ce6) are loaded onto the 
surface of upconversion nanoparticles (UCNPs) through 
hydrophobic interaction (Scheme 1). In this system, lan-
thanide doped UCNPs serve as the upconverted light 
transducers to absorb 808-nm NIR photons and convert 
them into blue and red photons, which trigger 3HBQ to 
release CO and activate Ce6 to produce ROS, respec-
tively, thus realizing combined PDT and gas therapy. 
Taking the advantages of NIR excitation and multicolor 
emission of UCNPs, the penetration depth of excita-
tion light is enhanced and meanwhile simultaneous 

Scheme 1 Schematic illustration of the synthesis process of lanthanide-doped nanoparticles loaded with photosesitizer Ce6 (chlorin e6) and 
photoCORM 3HBQ encapsulated by brain tumor cell membranes (UCNPs@Ce6/3HBQ@CM) and the anti-glioma mechanism (OA and PC represent 
oleic acid and phosphatidylcholine, respectively)
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generation of CO and ROS in tumor site can be achieved. 
Besides, efficient upconversion luminescence under 
NIR excitation can be utilized to track the therapeutic 
platform in  vivo [29–35]. As far as we know, this is the 
first GBM therapy platform in which both PDT and CO 
release is simultaneously triggered by NIR light. UCNPs 
also possess excellent photo/chemical stability and bio-
compatibility, benefitting the phototherapies and in vivo 
observations [36]. By constructing such a platform, we 
anticipate a significantly improved efficacy of GBM treat-
ment compared with single PDT mode by the assistance 
of CO through interfering with mitochondrial respira-
tion and inducing ATP depletion accompanying with 
the reduced inflammatory reactions [37–39]. Further-
more, via encapsulating the nanocomposite with homo-
typic cancer cell membranes, the therapeutic agents are 
expected to target GBM and enrich in the tumor tissue 
through homologous targeting [40, 41]. As such, the 
obtained therapeutic nanoplatform may hold potential in 
biomedical application and further clinical translation.

Results and discussion
CO‑releasing performance of 3HBQ
First, we synthesized a photo-activated CO-releas-
ing molecule 3HBQ according to the synthetic routes 
reported in literature [42], which was characterized with 
1H-NMR, 13C-NMR and HRMS (Additional file  1: Fig. 
S1–S3). As shown in Additional file  1: Fig. S4a, 3HBQ 
possessed a strong and broad absorption with two peaks 
around 450 nm and 478 nm, which matched well with the 
blue emission of  Tm3+ (the emitting ion of UNCPs, vide 
infra) originating from the transition of 1D2 → 3F4 and 
1G4 → 3H6. Under irradiation with a 450-nm LED light 
source, UV–vis absorption of 3HBQ quickly decreased 
with prolonging irradiation time due to the change of 
the conjugation structure after releasing CO (Additional 
file  1: Fig. S4a, b). Meanwhile, the color of the solution 
changed from pale yellow to colorless within 10  min, 
revealing the fast release of CO (Additional file  1: Fig. 
S4c). In addition, 3HBQ possesses fluorescence emis-
sion around 523 nm and 600 nm, which was also weak-
ened after irradiation (Additional file 1: Fig. S5). To gain 
more direct evidence of the release of CO from 3HBQ, 
a reported CO probe, FL-CO that can respond to CO 
in the presence of  PdCl2 and emit a green fluorescence 
emission with 500-nm light excitation[43], was utilized to 
detect the released CO in solution (Additional file 1: Fig. 
S6). As shown in Additional file  1: Fig. S7, the fluores-
cence intensity of FL-CO was enhanced upon the irradia-
tion. These results jointly demonstrated that 3HBQ can 
indeed be activated with photon and release CO. Moreo-
ver, by analyzing the structure of the product with HRMS 

(Additional file 1: Fig. S8), the mechanism of CO release 
from 3HBQ was illustrated in Additional file 1: Fig. S9.

Fabrication of the photon transducer
We prepared oleic acid (OA)-coated UCNPs by a seed-
mediated method with a C-S1-S2-S3-S4 (C = core, 
S = shell) structure, i.e.  NaYF4:Yb/Tm@NaYF4:Nd@
NaYF4@NaErF4:Tm@  NaYF4 (Fig.  1a).  Tm3+ was 
doped in the core  (NaYF4:Yb/Tm) to obtain strong 
blue emission around 450  nm and 478  nm, ensuring 
efficient light-induced generation of CO. The S1 layer 
doped with  Nd3+ was designed to harvest the excita-
tion energy of 808-nm photons and transfer it to the 
core (Fig.  1b). In order to gain red emission around 
650  nm under 808-nm laser excitation to activate 
the PDT,  NaErF4 was utilized as the matrix in S3 and 
 Tm3+ was doped to promote the red emission of  Er3+ 
through energy trapping [44]. Two inert  NaYF4 layers 
were deposited as S2 and S4, which were able to allevi-
ate the deleterious cross-relaxation between  Nd3+ and 
 Er3+ and protect the emission of UCNPs from quench-
ing caused by the solvent, respectively. Transmission 
electron microscopy (TEM) images of the as-prepared 
nanoparticles showed their size evolution: from the 
core with an average diameter of ~ 32.2 nm to the C-S1 
structure (~ 35.0  nm), C-S1-S2 structure (~ 42.8  nm), 
C-S1-S2-S3 structure (~ 50.7  nm) and finally to the 
C-S1-S2-S3-S4 structure (~ 56.7 nm) (Fig. 1c–g), Addi-
tional file  1: Fig. S10). The X-ray diffraction (XRD) 
patterns indicated that all of the obtained nanoparti-
cles were with a highly crystalline hexagonal phase 
(JCPSD28-1129, Fig.  1h). The high-resolution (HR) 
TEM image shows clear lattice fringes, indicating the 
good crystallinity of the UCNPs. The d-spacing were 
measured to be 0.21  nm, which were related to the 
(201) plane of UCNP nanocrystals (Additional file  1: 
Fig. S11). The EDS data and the corresponding ele-
mental mapping of OA-UCNPs further verified that 
the composition of OA-UCNPs was consistent with 
our design (Fig.  1i and Additional file  1: Fig. S12)). 
Under 808-nm laser irradiation, the as-obtained 
UCNPs emitted around 450 nm, 478 nm and 650 nm, 
which overlapped with the absorption of 3HBQ and 
photosensitizer Ce6, respectively (Fig.  1j), implying 
that the specifically designed UCNPs would be able to 
function as photon transducers for NIR light-driven 
CO therapy and PDT. It is also worth noting that 
because of the co-doping of Yb and Tm in the core, the 
UCNPs also can be excited with 980-nm light yield-
ing an emission at 800 nm (Additional file 1: Fig. S13), 
which can be employed to track the therapeutic nano-
platform by upconversion luminescence (UCL) imag-
ing in vivo. To endow UCNPs with water dispersibility, 
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an amphiphilic molecule, phosphatidylcholine (PC), 
was coated on the surface of OA-UCNPs. As shown 
in Fourier transform infrared spectra, the characteris-
tic bands of PC were observed in the spectrum of PC-
UCNPs, which were assigned to stretching vibration 
of P = O group (1205   cm−1) and stretching vibration 
of P-O-C group (1090   cm−1), verifying the successful 
coating of PC molecules on the surface of the nanopar-
ticles (Additional file 1: Fig. S14).

Construction of PDT combined with CO therapy platform
Subsequently, we loaded 3HBQ and Ce6 onto the sur-
face of PC-UCNPs via a hydrophobic interaction to 
produce UCNPs@Ce6/3HBQ. For comparison, we also 
constructed the nanocomposites UCNPs@Ce6 and 
UCNPs@3HBQ, loaded with Ce6 or 3HBQ only, respec-
tively. The UV–vis absorption spectra were measured 
to verify the successful fabrication of these nanocom-
posites. As shown in Fig.  2a, the spectra of UCNPs@

Fig. 1 Fabrication and characterization of photon transducer. The structure a and energy transfer process b of UCNPs. TEM images c–g and XRD 
patterns h of C, C-S1, C-S1-S2, C-S1-S2-S3 and C-S1-S2-S3-S4 structured UCNPs. Scale bar: 100 nm. i HAADF image and corresponding elemental 
mapping of the obtained UCNPs with C-S1-S2-S3-S4 structure. Scale bar: 100 nm. j Absorption spectra of 3HBQ and Ce6, and emission spectrum of 
PC-UCNPs under excitation at 808 nm
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Ce6 and UCNPs@3HBQ exhibited an absorption peak 
around 650 nm or 478 nm, respectively. While upon the 
assembly with both 3HBQ and Ce6, UCNPs@Ce6/3HBQ 
displayed absorption peaks both around 478  nm and 
650 nm. In addition, this modification step had no obvi-
ous effect on the size and morphology of UCNPs (Addi-
tional file  1: Fig. S15). According to the absorbance of 
UCNPs@Ce6/3HBQ at 478  nm and 650  nm as well as 
the molar absorption coefficients of 3HBQ and Ce6, 
the loading capacities of 3HBQ and Ce6 were calcu-
lated to be 83.2 and 44.2  nmol/mg PC-UCNPs, respec-
tively (Fig. 2a and Additional file 1: Fig. S16). In order to 

investigate whether Ce6 and 3HBQ loaded on UCNPs 
surface were able to leak over time, we measured the 
UV–visible absorption spectra of UCNPs@Ce6/3HBQ 
and the supernatant after centrifugation at different time 
points, and found that there was no significant change of 
these spectra within 48 h, indicating that Ce6 and 3HBQ 
were stably loaded on the surface of UCNPs (Additional 
file 1: Fig. S17).

With the nanocomposites in hand, we estimated their 
capability of generating CO and ROS. After irradiating 
the UCNPs@Ce6/3HBQ solution containing FL-CO with 
an 808-nm laser, the fluorescence intensity of FL-CO was 

Fig. 2 Construction of PDT combined with CO therapy platform. a UV–vis absorption spectra of UCNPs, UCNPs@Ce6, UCNPs@3HBQ and UCNPs@
Ce6/3HBQ. b Fluorescence spectra of CO probe system (5 μM FL-CO + 5 μM  PdCl2) incubated with UCNPs@Ce6/3HBQ and irradiated with 808-nm 
laser (0.3 W/cm2). c Fluorescence spectra of DCFH incubated with UCNPs@Ce6/3HBQ and irradiated with 808-nm laser (0.3 W/cm2). CLSM images 
of U87MG cells treated with (1) control, (2) UCNPs@3HBQ, (3) UCNPs@Ce6, (4) UCNPs@Ce6/3HBQ, (5) NIR, (6) UCNPs@3HBQ + NIR, (7) UCNPs@
Ce6 + NIR and (8) UCNPs@Ce6/3HBQ + NIR after incubation with FL-CO +  PdCl2 d or DCFH-DA f for 20 min. Nuclei were stained with Hoechst 33342. 
Scale bar: 20 µm. Average fluorescence intensity of FL-CO e and DCF g in U87MG cells treated with different conditions in d and f, respectively
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gradually enhanced with the increased irradiation time, 
indicating the light-induced release of CO (Fig.  2b). To 
examine the ability of UCNPs@Ce6/3HBQ to generate 
ROS, 2,7-dichlorofluorescein diacetate (DCFH) probe 
was incubated with the nanocomposites and irradiated 
with 808-nm laser. Because of the transformation of 
non-fluorescent DCFH to fluorescent DCF, the fluores-
cence intensity of DCF at 525  nm was elevated as pro-
longing the irradiation time, demonstrating that ROS 
was produced by UCNPs@Ce6/3HBQ under NIR irra-
diation (Fig. 2c). As shown in Additional file 1: Fig. S18, 
the control groups, UCNPs@3HBQ and UCNPs@Ce6, 
were also able to generate CO and ROS, respectively. To 
exclude the direct effect of NIR on 3HBQ and Ce6 mol-
ecules, they were irradiated with 808-nm laser for 10 min 
and detected with UV–vis absorption and fluorescence 
spectroscopy. As shown in Additional file 1: Fig. S19a, b, 
there was no significant change in the UV–vis absorp-
tion spectra of 3HBQ or emission spectra of DCFH. In 
addition, fluorescence emission of DCFH incubated with 
PC-UCNPs also kept unchanged after being irradiated 
with 808-nm laser (Additional file  1: Fig. S19c). All the 
above results revealed that neither 3HBQ nor Ce6 can 
be directly activated by 808-nm light, and that UCNPs 
was able to absorb the 808-nm photons and transfer 
their energy to activate 3HBQ and Ce6 to release CO and 
ROS, respectively.

Before studying the generation of CO and ROS at the 
cellular level, stability of UCNPs@Ce6/3HBQ in differ-
ent media was investigated. The hydrodynamic diameter 
of UCNPs@Ce6/3HBQ hardly changed in HEPES buffer 
during 7 days (Additional file 1: Fig. S20a). The solution 
of UCNPs@Ce6/3HBQ was also uniform and stable dur-
ing this time (Additional file  1: Fig. S20b). Meanwhile, 
the UCL at 450  nm of UCNPs@Ce6/3HBQ in differ-
ent media including HEPES buffer (pH = 7.4, 10  mM), 
DMEM, 10% FBS, and 20-fold diluted whole blood kept 
stable within 7  days (Additional file  1: Fig. S20c), con-
firming the excellent thermodynamic and chemical 
stability of the as-obtained nanocomposite. The cellu-
lar uptake of the nanocomposites was then assessed by 
incubating U87MG cells with UCNPs@Ce6/3HBQ for 
different time. Confocal fluorescence scanning micros-
copy (CLSM) images showed that the intracellular UCL 
signal gradually increased and reached a maximum 
value at 4  h (Additional file  1: Fig. S21), indicating that 
UCNPs@Ce6/3HBQ can be efficiently endocytosed into 
cells within 4 h. Thus, the incubation time in the follow-
up experiments was set at 4 h. Thereafter, we investigated 
the ability of the nanocomposites to release CO and 
generate ROS in living cells. FL-CO was still applied to 
detect CO in cells. CLSM imaging revealed that U87MG 
cells in the control group (no nanocomposite loaded) 

showed almost no fluorescence, while cells incubated 
with UCNPs@3HBQ or UCNPs@Ce6/3HBQ showed 
bright fluorescence signals under NIR light irradiation 
(Fig. 2d, e). DCFH-DA, a cell-permeable probe was uti-
lized for the detection of intracellular ROS, which is 
non-fluorescent and can be oxidized to form fluorescent 
DCF by intracellular ROS [45]. As shown in Fig. 2f, g, the 
green fluorescence signals of DCF were extremely weak 
in the control groups, which were untreated, or irradiated 
with 808-nm laser only, or treated with nanocompos-
ites without 808-nm laser irradiation. On the contrary, 
U87MG cells incubated with various nanocomposites 
and then irradiated with 808-nm laser exhibited strong 
fluorescence signals, verifying the effective generation of 
ROS by the nanocomposites triggered by 808-nm pho-
tons. Notably, cells treated with UCNPs@3HBQ + NIR 
can also emit obvious green fluorescence, suggesting 
that the released CO was able to cause the overproduc-
tion of intracellular ROS. As a consequence, the fluo-
rescence intensity of cells in UCNPs@Ce6/3HBQ + NIR 
group was significantly stronger than that in UCNPs@
Ce6 + NIR group.

In vitro assessment of therapeutic efficiency
To compare the ability of the UCNPs-based nanocom-
posites to kill tumor cells, six groups of U87MG cells 
were treated with different conditions, and then were 
stained with Calcein-AM/propidium iodide (PI) and 
imaged by confocal fluorescence microscopy. Calcein-
AM can penetrate the membrane of living cell to stain 
it with a green fluorescence, while PI stains the nucleus 
of dead cells with a red fluorescence. Herein, UCNPs@
Ce6 and UCNPs@Ce6/3HBQ were selected for com-
parative study in order to reveal the sensitization effect 
of CO on PDT. As shown in Fig.  3a, cells treated with 
nanocomposites only or 808-nm laser only exhibited 
bright green fluorescence and negligible red fluorescence, 
which was close to the control group of untreated cells, 
indicating that only 808-nm laser irradiation or nano-
composite themselves was not able to induce obvious cell 
death. However, cells incubated with UCNPs@Ce6 or 
UCNPs@Ce6/3HBQ followed by 808-nm laser irradia-
tion showed a greatly weakened green fluorescence signal 
and brighter red fluorescence signal. Moreover, the num-
ber of viable cells in UCNPs@Ce6/3HBQ + NIR treated 
group was distinctly less than that of UCNPs@Ce6 + NIR 
treated group. Furthermore, cell viability under differ-
ent conditions was evaluated by MTT assay. As shown 
in Fig.  3b, the cell viability was higher than 90% after 
treatment of 808-nm laser irradiation only or nanocom-
posites only. When cells were pretreated with UCNPs@
Ce6 or UCNPs@Ce6/3HBQ for 4  h and irradiated with 
808-nm laser, the cell viability decreased gradually with 
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the concentration of the nanocomposites increasing. 
Also, UCNPs@Ce6/3HBQ exhibited a stronger ability 
to mediate cellular apoptosis than UCNPs@Ce6, which 
was in accordance with the results of Calcein-AM/PI 
co-staining.

Since apoptosis is closely related to mitochondrial dys-
function, JC-1 assay was conducted to study the mito-
chondrial membrane potential of the cells in different 
treatment groups, which emitted red fluorescence from 
the aggregates in normal mitochondrial membranes but 
green fluorescence from monomers in damaged and 
depolarized mitochondrial membranes [46]. As shown in 
Fig. 3c, strong red fluorescence from JC-1 aggregate was 
detected in the control, NIR irradiation only and nano-
composites incubation only groups, indicating their neg-
ligible changes in mitochondrial membrane potential. 
In the groups treated with UCNPs@Ce6 or UCNPs@
Ce6/3HBQ together with 808-nm laser irradiation, the 
green fluorescence from JC-1 monomer was distinctly 
enhanced, and the highest ratio of green-to-red fluores-
cence was observed in the UCNPs@Ce6/3HBQ + NIR 
treated group. These results proved that both UCNPs@
Ce6 and UCNPs@Ce6/3HBQ can influence the 

mitochondrial membrane potential under 808-nm laser 
irradiation, and that more serious damage to mitochon-
dria was caused by UCNPs@Ce6/3HBQ than UCNPs@
Ce6. Furthermore, to quantitatively estimate the cell 
fatality rate, U87MG cells were tested by flow cytom-
etry. As shown in Fig. 3d, e, under 808-nm laser irradia-
tion, UCNPs@Ce6/3HBQ induced apoptosis of 74.5% 
cells (consisting of early and late apoptosis), which was 
significantly higher than that induced by UCNPs@Ce6 
(52.3%) under the same conditions. All the above results 
confirmed that the therapeutic efficiency of UCNPs@
Ce6/3HBQ at the cellular level was considerably higher 
than that of UCNPs@Ce6, revealing that the released CO 
can sensitize the PDT efficiency.

Afterwards, we investigated the mechanism of improv-
ing therapeutic efficiency by the released CO. According 
to the previous report, CO may act on the mitochondrial 
electron transport chain and cause accelerated cellular 
respiration, leading to generation of ROS and depletion 
of ATP [47]. We thus measured the expression levels of 
several mitochondria associated proteins including heme 
oxygenase-1 (HMOX-1), nuclear respiratory factor-2 
(NRF)-2, and serine-threonine protein kinase-1 (AKT-1) 

Fig. 3 In vitro assessment of therapeutic efficiency. a Calcein-AM/PI staining assay of U87MG cells treated with UCNPs@Ce6/3HBQ or UCNPs@
Ce6 and irradiated with or without 808-nm laser (0.8 W/cm2, 5 min). Scale bar: 50 μm. b Cell viabilities of U87MG cells after incubated with different 
concentrations of UCNPs@Ce6 or UCNPs@Ce6/3HBQ and irradiated with or without 808-nm laser (0.8 W/cm2, 5 min). c JC-1 staining of U87MG 
cells treated with UCNPs@Ce6 or UCNPs@Ce6/3HBQ and irradiated with or without 808-nm laser (0.8 W/cm2, 5 min). Scale bar: 20 μm. d Apoptosis 
analysis of U87MG cells after different treatments by flow cytometry. e Percentage of viable cells, early apoptosis, late apoptosis and necrosis 
obtained from d 
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by western blot assay, all of which were obviously upregu-
lated in CO released group (Additional file  1: Fig. S22), 
verifying that CO released by 3HBQ influenced mito-
chondria respiration. As a consequence, the level of ROS 
in cells was obviously improved in accordance with the 
result in Fig.  2f. Additionally, decrease of ATP was also 
found in both UCNPs@3HBQ + NIR and UCNPs@
Ce6/3HBQ + NIR treated groups (Additional file  1: Fig. 
S23). Besides, to verfiy the inflammatory reactions can 
be reduced owing to the presence of CO, we detected the 
expression levels of proinflammatory cytokines tumor 
necrosis factor-α (TNF-α) and interleukin-6 (IL-6). As 
expected, the treatment of UCNPs@Ce6 + NIR dramati-
cally increased the expression levels of TNF-α and IL-6, 
indicating the remarkable pro-inflammatory response 
caused by PDT (Additional file 1: Fig. S24). On the con-
trary, the treatment of UCNPs@3HBQ + NIR displayed 
negligible effect on the secretion of TNF-α and IL-6. 
Meanwhile, the expression levels of TNF-α and IL-6 
in UCNPs@Ce6/3HBQ + NIR treated cells were sig-
nificantly lower than that in UCNPs@Ce6 + NIR treated 
cells, disclosing the released CO can effectively inhibite 
the inflammatory responses caused by PDT.

In vivo therapeutic efficiency of UCNPs@Ce6/3HBQ@CM
The efficiency of drug enriched at the tumor site is one 
of the key factors to affect the therapeutic effect. In 
order to endow UCNPs@Ce6/3HBQ with GBM target-
ing ability, a layer of U87MG cell membrane (CM) was 
wrapped on the surface of the nanocomposites (termed 
as UCNPs@Ce6/3HBQ@CM). The zeta potentials and 
hydrodynamic diameter of the nanocomposites were 
measured by dynamic light scattering (DLS) to character-
ize UCNPs@Ce6/3HBQ@CM. Compared with UCNPs@
Ce6/3HBQ, the zeta potential of UCNPs@Ce6/3HBQ@ 
CM decreased from -24.1 ± 2.2 to − 32.9 ± 1.0 mV, which 
was close to that of cell membranes (−  32.5 ± 1.4  mV) 
(Additional file 1: Fig. S25). The hydrodynamic diameter 
of the nanocomposite increased from 142 to 164 nm after 
CM coating (Additional file 1: Fig. S26). In addition, the 
TEM images showed the CM layer around the nano-
composite with a thickness of ~ 5.2 nm (Additional file 1: 
Fig. S27). By weighing the mass of UCNPs@Ce6/3HBQ 
before and after wrapping U87MG cell membrane, the 
mass percentage of the cell membrane in UCNPs@
Ce6/3HBQ@CM was 37.5%. Sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) was 
used to study the protein ingredients of nanocompos-
ites. Similar protein bands in U87MG cell membrane 
and UCNPs@Ce6/3HBQ@CM were observed (Addi-
tional file  1: Fig. S28a). Cellular biomarkers, includ-
ing cell membrane marker  (Na+/K+ ATPase), nuclear 
marker (histone H3), cytoplasmic marker (GAPDH), and 

mitochondrial marker (cytochrome C) were detected 
by western blot analysis. Compared with intact U87MG 
cell, its cell membrane and UCNPs@Ce6/3HBQ@CM 
showed no other intracellular biomarkers, but clearly dis-
played cell membrane biomarker (Additional file  1: Fig. 
S28b). These results verified the successful retention of 
cell membrane proteins on the surface of nanoparticles. 
Tumor cell membrane has a variety of membrane pro-
teins, such as N-cadherin, CD44, CD47 and galectin-3. 
These membrane proteins have homologous adhesion 
domain and take effects on the homotypic interactions 
among tumor cells [48, 49]. According to the western blot 
analysis, these crucial membrane proteins were found in 
the UCNPs@Ce6/3HBQ@CM, suggesting that UCNPs@
Ce6/3HBQ@CM inherited all these marker proteins and 
corresponding properties from source cells, which may 
help UCNPs@Ce6/3HBQ@CM escape from phagocy-
tosis by macrophages, cross blood–brain barrier (BBB) 
and target to homologous tumor cells (Additional file 1: 
Fig. S29a). In addition, the results of TEM images showed 
that U87MG cell can uptake more nanocomposites with 
the help of cell membrane (Additional file 1: Fig. S29b, c).

The biosafety of UCNPs@Ce6/3HBQ@CM was 
evaluated before in  vivo therapy of GBM. To this end, 
healthy mice were randomly divided into three groups 
and intravenously (i.v.) injected with different dos-
ages of UCNPs@Ce6/3HBQ@CM via tail vein (0, 75 
and 150 mg/kg body weight). After 15 days of feeding, 
Hematoxylin–Eosin (H&E) staining was performed 
on the major organs including heart, liver, spleen, 
lung and kidney. As shown in Additional file  1: Fig. 
S30, there was no significant organ damage found in 
the mice of the three groups. Meanwhile, blood bio-
chemical and routine analysis of the mice in the three 
groups exhibited similar results (Additional file  1: Fig. 
S31). Then the blood circulation and biological dis-
tribution of UCNPs@Ce6/3HBQ@CM were studied 
(Additional file 1: Fig. S32, S33). Major organs of mice 
were collected after injection of 7 and 14 days, and  Y3+ 
content was quantified by inductively coupled plasma 
mass spectrometry (ICP-MS) to investigate the long-
term biological distribution of UCNPs@Ce6/3HBQ@
CM. ICP analysis showed that after 7 days or 14 days of 
injection, UCNPs@Ce6/3HBQ@CM mainly distributed 
in the liver and spleen and was gradually metabolized 
over time (Additional file  1: Fig. S33). These results 
suggested that UCNPs@Ce6/3HBQ@CM possessed 
acceptable biosafety and was suitable for in vivo appli-
cation. Before studying tumor inhibition performance 
of UCNPs@Ce6/3HBQ@CM in  vivo, we first exam-
ined whether it can be enriched in GBM by detecting 
the UCL signal at 800  nm under 980-nm laser excita-
tion in the brain at varying times of post-injection (p.i.). 
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The same dosage (75  mg/kg) of UCNPs@Ce6/3HBQ 
and UCNPs@Ce6/3HBQ@CM were i.v. injected into 
U87MG-bearing mice via the tail vein, respectively. 
From UCL imaging, we observed that UCL signal of the 
UCNPs@Ce6/3HBQ@CM group appeared in the GBM 
area at 2 h p.i., reached a maximum after 4 h and sub-
sequently faded stepwise (Fig. 4a, b). In contrast, UCL 
signals in the GBM region of the mice injected with 
UCNPs@Ce6/3HBQ were obviously weaker than that 

of mice injected with UCNPs@Ce6/3HBQ@CM at all 
the tested time points. Furthermore, in vitro imaging of 
the brains and other major organs (heart, liver, spleen, 
lung, and kidney) at 4 h p.i. discovered that the brain of 
mice injected with UCNPs@Ce6/3HBQ@CM showed 
significant stronger UCL signals than the mice injected 
with UCNPs@Ce6/3HBQ (Fig.  4c). These results can 
be explained that the U87MG cell membrane encap-
sulation improved the accumulation and prolonged 

Fig. 4 In vivo therapeutic efficiency of UCNPs@Ce6/3HBQ@CM. a UCL images of tumor-bearing mice after intravenous injection with the same 
dose of UCNPs@Ce6/3HBQ or UCNPs@Ce6/3HBQ@CM. b Quantitative analysis of UCL intensity in the brain at different times after injection of the 
two nanocomposites. c Ex vivo UCL images of the brain and major organs of tumor-bearing mice at 4 h after injection of the two nanocomposites. 
1-Brain, 2-Liver, 3-Heart, 4-Kidney, 5-Spleen, 6-Lung. d Bioluminescence images of U87MG-Luc glioma-bearing mice treated with different 
conditions. e Quantitative bioluminescence intensity in the brain of the mice in d. f Body weight of U87MG-Luc glioma-bearing mice after receiving 
different treatments. g Kaplan–Meier survival curve of U87MG-Luc glioma-bearing mice with different treatments. Data are presented as mean ± SD 
(n ≥ 3). *P < 0.05, **P < 0.01, and ***P < 0.001. (h) Whole brain H&E staining of tumor-bearing mice treated with different conditions, and the dotted 
line showed the tumor area. H&E staining and TUNEL staining images of the tumor area
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retention of the therapeutic agent in GBM because of 
the homologous targeting ability.

Encouraged by the above discovered in vitro anti-can-
cer ability of UCNPs@Ce6/3HBQ with the assistance of 
CO and the tumor accumulation contributed by U87MG 
CM coating, we further explored the tumor inhibition 
efficiency in  vivo. The U87MG-Luc (luciferase-express-
ing U87MG cells) tumor-bearing mice were randomly 
divided into six groups and subjected to different treat-
ments. The first group was the control group injected 
with saline; the second group was irradiated with 808-
nm laser only; the third/fourth groups were i.v. injected 
with UCNPs@Ce6/3HBQ@CM or UCNPs@Ce6@
CM, respectively, but without NIR irradiation; the other 
two groups of mice were i.v. injected with UCNPs@
Ce6/3HBQ@CM or UCNPs@Ce6@CM, respectively, 
and irradiated with 808-nm laser. The activity of glioma 
cell can be detected by bioluminescence signal through 
injection of luciferin, thus estimating the tumor size 
[50]. As shown in Fig.  4d, e), the bioluminescence sig-
nal in the brain of mice treated with 808-nm laser only 
or nanocomposites only was similar to the control group, 
indicating 808-nm laser or nanocomposites themselves 
had no obvious effect on GBM. As expected, the biolumi-
nescence signals were distinctly weakened in the groups 
treated with the nanocomposites together with 808-nm 
laser irradiation. In consistence with the in vitro experi-
ments, UCNPs@Ce6/3HBQ@CM exhibited the highest 
in vivo tumor inhibition efficiency. During the therapy 
process, the body weight of the mice in six groups was 
recorded every 2  days until 15  days after treatment, 
which showed no significant difference among the six 
groups (Fig.  4f ), again evidencing the good biosafety 
of the developed therapeutic platform. The survival 
curve showed that the median survival time of mice in 
UCNPs@Ce6/3HBQ@CM + NIR group was more than 
24 days, which was significantly longer than that of con-
trol group (13 days), UCNPs@Ce6@CM group (12 days), 
UCNPs@Ce6/3HBQ@CM group (12 days), NIR (12 days) 
and UCNPs@Ce6@CM + NIR group (18  days) (Fig.  4g). 
As a further proof of the therapeutic effect, H&E and 
TUNEL staining was conducted to observe the mor-
phology of organs from GBM site. The results showed 
that UCNPs@Ce6/3HBQ@CM can induce extensive 
necrosis and apoptosis of GBM tissue and offer the high-
est therapeutic efficiency (Fig.  4h). Moreover, similar 
to the in  vitro results, the intratumoral HMOX-1 and 
NRF-2 levels in mice treated with UCNPs@Ce6/3HBQ@
CM + NIR were also found to be upregulated, further 
suggesting the influence of the in  situ released CO on 
mitochondrial function of tumor cell, which thereby 
enhanced therapeutic efficacy of GBM treatment (Addi-
tional file  1: Fig. S34). Besides, the expression levels of 

TNF-α and IL-6 were minimally affected by UCNPs@
Ce6/3HBQ@CM + NIR, further suggesting the inflam-
matory responses caused by PDT can be also restrained 
by CO in  vivo (Additional file  1: Fig. S35). In addition, 
H&E staining of other major organs of the mice on the 
15th day after treatment showed little difference among 
the six groups, implying all of the treatments had ignora-
ble adverse effect on the mice (Additional file 1: Fig. S36). 
Taken together, the above in  vivo investigations firmly 
established the improved therapeutic efficacy through 
releasing CO at the tumor site.

Conclusions
In summary, we successfully constructed a NIR light-
triggered therapeutic nanoplatform with combination of 
PDT and CO for enhanced GBM treatment, in which CO 
and ROS can be simultaneously released by an upcon-
verted transducer. This nanocomposite was composed of 
UCNPs with multi-color emission, photoCORM 3HBQ 
and photosensitizer Ce6. Under a highly penetrable 808-
nm laser irradiation, UCNPs emitted blue light to trigger 
the release of CO and red light to activate Ce6 to gen-
erate ROS, respectively. CO released in situ can interfere 
with mitochondrial respiration and deplete ATP in tumor 
cells as well as reduce the inflammatory responses caused 
by PDT, thus effectively enhancing the rate of tumor cell 
apoptosis and the inhibition of tumor growth and alle-
viating side effects. By encapsulating the nanocompos-
ites with U87MG cell membranes, the therapeutic agent 
was able to target GBM and enrich in the tumor site via 
homologous targeting, achieving the precise and efficient 
treatment of intractable GBM.

Experimental
Materials and instruments
LnCl3, oleic acid, 1-octadecene and chlorin e6 (Ce6) were 
purchased from Aladdin Reagent, Ltd. (Shanghai, China). 
DSPE-PEG was provided by Xi’an ruixi Biological Tech-
nology Co., Ltd. Calcein-AM and Propidium Iodide (PI) 
were supplied by Sigma Aldrich. Other chemical reagents 
were obtained from Sinopharm Chemical Reagent Co., 
Ltd. (Shanghai, China). All chemical reagents were ana-
lytical grade or higher and used without further purifica-
tion. All aqueous solutions were prepared with ultrapure 
water (Mill-Q, Millipore, 18.2 MΩ resistivity). Female 
Balb/c nude mice and female Balb/c mice (~ 20  g) were 
purchased from Hubei Beiente Biotechnology Co., Ltd. 
The crystal phase was acquired by using an X-ray diffrac-
tometer (XRD, Bruker D8 Discover) with a 2θ range of 
10° − 80° with Cu Kα irradiation (k = 1.5406 Å). The UCL 
spectra were recorded on an RF-5301 fluorophotometer 
(Shimadzu, Japan) with an external 808-nm CW laser 
as the excitation source. The morphology and size of 
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UCNPs were characterized by a JEM-2010 transmission 
electron microscope (TEM) operated at 200 kV. The FTIR 
spectra were obtained by a Nicolet iS10 FTIR Spectrom-
eter (Thermo Fisher Scientific, USA) with the KBr pel-
let technique. UV–vis absorption spectra were acquired 
from a UH-4150 spectrophotometer (Hitachi, Japan). 
CCK-8 test was acquired by Multiskan GO microplate 
reader (Thermo Scientific Multiskan, USA). Fluorescence 
microscopy images of U87MG cells were conducted on 
Zeiss LSM 880 Microscope. In  vivo UCL imaging was 
conducted with Perkin Elmer IVIS Spectrum.

Synthesis of 3HBQ
3HBQ was prepared as reported [42].

Synthesis of oleic acid‑modified upconversion 
nanoparticles (OA‑UCNPs)
OA-stabilized  NaYF4:Yb/Tm@NaYF4:Nd@NaYF4@
NaErF4:Tm@NaYF4 nanoparticles were synthesized 
through a seed-mediated epitaxial growth method 
described in our previous work [51]. First, 0.75  mmol 
Ln(oleate)3  (Y3+:Yb3+:Tm3+  = 79.5:20:0.5) and 20 mmol 
NaF were added into 20 mL of the mixture solvent, which 
contained the equal volumes of oleic acid (OA) and 
1-octadecene (ODE) in a three-neck flask. After vacuum-
ing, the mixture was kept at 110  °C for 1 h in an argon 
atmosphere. The mixture was then heated to 320 °C and 
kept for 2.5 h to gain the core  NaYF4:Yb/Tm. The S1 layer 
was then grown on the core by injection of 0.2  mmol 
Ln(oleate)3 (Ln =  Y3+:Nd3+  = 70:30) and maintained the 
reaction for another 40 min. The S2 layer was then grown 
on  NaYF4:Yb/Tm@NaYF4:Nd by injection of 0.4  mmol 
Y(oleate)3 and maintained the reaction for another 
40 min. The S3 layer was then grown on  NaYF4:Yb/Tm@ 
 NaYF4:Nd@NaYF4 by injection of 0.6  mmol Ln(oleate)3 
(Ln =  Er3+:Tm3+  = 99.5:0.5) and maintained the reac-
tion for another 60  min. The S4 layer was then grown 
on  NaYF4:Yb/Tm@NaYF4:Nd@NaYF4@NaErF4:Tm by 
injection of 0.4 mmol Y(oleate)3 and maintained the reac-
tion for another 40  min. After the temperature cooled 
to room temperature, the mixture was precipitated by 
adding equal volume of ethanol. The nanoparticles were 
centrifuged and washed three times with hexane/ethanol 
(v/v = 1:1). Finally, the obtained OA-UCNPs were dis-
persed in hexane for standby.

Loading Ce6/3HBQ on the surface of UCNPs
OA-UCNPs (1 mg/mL) and PC (1 mg/mL) in  CHCl3 were 
mixed with a volume ratio of 1:2. The solvent was evapo-
rated under a nitrogen atmosphere, and then the solid 
was dispersed in water with a concentration of 1 mg/mL. 
Different volumes of Ce6/3HBQ (10 mM in DMSO) were 
added into the mixture. After vigorous shaking for 1 min, 

the mixture was centrifuged for 15 min and then washed 
twice with ultrapure water. The obtained complex was 
dispersed in ultrapure water with a final concentration of 
1 mg/mL.

Detection of CO release in solution
The generation of CO in the solution was measured by 
a CO probe system (FL-CO +  PdCl2). Due to the lactone 
form of the fluorescein structure, FL-CO is non-fluores-
cent. With the conversion of  Pd2+ to  Pd0 by CO, the allyl 
group on FL-CO was released based on the well-known 
 Pd0-mediated Tsuji-Trost reaction to recover the fluo-
rescence. UCNPs@3HBQ or UCNPs@Ce6/3HBQ were 
added into 10  μM FL-CO and 10  μM  PdCl2 and irradi-
ated with an 808-nm laser (0.3 W/cm2). The generation 
of CO was determined by measuring the fluorescence 
spectra of FL-CO (λex = 500 nm).

Detection of ROS generation in solution
To verify the ROS generation ability, UCNPs@Ce6/3HBQ 
or UCNPs@Ce6 were added into 10 μM DCFH and irra-
diated with an 808-nm laser (0.3 W/cm2). The generated 
ROS were determined by measuring the fluorescence 
spectrum of DCF (λex = 488 nm).

Cell culture and establishment of animal models
U87MG (human glioblastoma cells) were incubated in 
MEM medium containing 10% FBS, 1% antibiotics, 1% 
Non-Essential Amino Acids (NEAA), and 1 mM Sodium 
Pyruvate (NaP). Luciferase-expressing U87MG (U87MG-
Luc) were grown in MEM medium with 10% FBS, 1% 
antibiotics, 1% NEAA, 1 mM NaP, and 1 ug/mL puromy-
cin. All the cells were incubated at 37 °C in a humidified 
incubator with 5%  CO2.

GBM model: BALB/c nude mice were anesthetized 
with 2.0% isoflurane and set on a stereotactic instrument. 
Then, 5.0 ×  105 U87MG-Luc cells were injected into the 
right striatum (bright lateral: 2.0  mm, bregma: 0.5  mm, 
depth: 3.5 mm) of nude mice by using a mouse adaptor. 
The growth of intracranial glioblastoma was monitored 
by bioluminescence imaging.

Acquisition of U87MG cell membranes
The collected U87MG cells were washed with PBS three 
times. Then, they were dispersed in membrane protein 
extraction buffer solutions and cooled in an ice bath for 
15 min. Subsequently, the solution was frozen and then 
thawed. Such a cycle of freezing–thawing was performed 
three times. Subsequently, the mixture was centrifuged at 
700 g for 10 min at 4 °C and the obtained cell suspensions 
were further centrifuged at 14,000 g for 30 min at 4  °C. 
The precipitate was resuspended in deionized water and 
stored at − 80 °C.
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Preparation of cell membrane coated nanoparticles
UCNPs@Ce6/3HBQ solution (0.5 mL, 2 mg/mL) and the 
cell membranes solution (0.5 mL, 2 mg/mL) were mixed 
and sonicated for 10  min to obtain the cell membrane 
coated nanoparticles.

In vitro cellular uptake of nanocomposites
The cellular uptake process was investigated by confo-
cal laser scanning microscopy (CLSM) on U87MG cells. 
Typically, U87MG cells were seeded into dishes with 
a glass bottom and cultured in an atmosphere of 5/95 
(v/v) of  CO2/air at 37  °C for 24  h. Then, the cells were 
incubated with a culture medium containing 0.3  mg/
mL UCNPs@Ce6/3HBQ for 0, 2, 4, and 8  h. The cells 
were washed with PBS three times and used for CLSM 
imaging.

Imaging of CO and ROS in U87MG cell
U87MG cells in 35  mm glass dishes were treated with 
(1) PBS only, (2) UCNPs@3HBQ (300  μg/mL) only, (3) 
UCNPs@Ce6 (300 μg/mL) only, (4) UCNPs@Ce6/3HBQ 
(300  μg/mL) only, (5) 808-nm laser irradiation only, (6) 
UCNPs@3HBQ (300  μg/mL) and 808-nm laser irra-
diation, (7) UCNPs@Ce6 (300 μg/mL) and 808-nm laser 
irradiation and (8) UCNPs@Ce6/3HBQ (300 μg/mL) and 
808-nm laser irradiation, respectively. After incubated 
with nanocomposites for 4  h, the cells were exposed 
with an 808-nm laser for 3  min (with intermittent 30  s 
breaks after each 30 s of irradiation to prevent overheat-
ing) with a power density of 0.8 W/cm2. Then, all of the 
cells were incubated with a medium containing FL-CO 
(5 μM) +  PdCl2 (5 μM) or DCFH-DA (10 μM) for 30 min. 
The cells were washed with PBS two times and used for 
fluorescence microscope imaging.

In vitro anticancer efficacy
The cellular cytotoxicity was measured by a standard 
MTT assay. U87MG cells were seeded into 96-well plates 
and incubated in an atmosphere of 5/95 (v/v) of  CO2/
air at 37 °C for 24 h. Then the cells were incubated with 
different concentrations of UCNPs@Ce6, or UCNPs@
Ce6/3HBQ (0, 10, 20, 30, 40, 50, 100, 150, 200, 300 μg/
mL) for 4 h. The cells were washed with PBS two times 
and treated with 808-nm laser irradiation for 5 min (with 
intermittent 30 s breaks after each 30 s of irradiation to 
prevent overheating) with a power density of 0.8 W/cm2. 
After 12  h incubating under the same condition, 20 μL 
of MTT solution (5.0 mg/mL) was added into each well. 
Then, the medium was replaced by 150 μL of DMSO 
after 4 h incubation, and the absorbance at 490 nm was 
measured by a microplate reader. Cell viability was cal-
culated by A/A0 × 100% (A and  A0 are the absorbance 

of the experimental group and control group, respec-
tively). Dark cytotoxicity was measured in the same man-
ner as described above in the absence of 808-nm laser 
irradiation.

The cellular cytotoxicity was also investigated by Cal-
cein-AM staining assay. U87MG cells were seeded into 
35 mm glass dishes and incubated for 24 h. Subsequently, 
the cells were divided into six groups and treated with (1) 
PBS only, (2) 808-nm laser irradiation only, (3) UCNPs@
Ce6 (300 μg/mL) only, (4) UCNPs@Ce6/3HBQ (300 μg/
mL) only, (5) UCNPs@Ce6 (300  μg/mL) and 808-nm 
laser irradiation, and (6) UCNPs@Ce6 (300 μg/mL) and 
808-nm laser irradiation. After incubated with nanocom-
posites for 4  h, the cells were exposed with an 808-nm 
laser for 5 min (with intermittent 30 s breaks after each 
30 s of irradiation to prevent overheating) with a power 
density of 0.8 W/cm2. Then, the cells were incubated 
for another 12 h, and 20 μL of Calcein-AM solution was 
added and incubated for 20 min. The cells were washed 
with PBS two times and used for fluorescence micro-
scope imaging.

Mitochondrial membrane potential
U87MG cells were seeded into 35  mm glass dishes and 
incubated for 24 h. Subsequently, the cells were divided 
into six groups and treated with (1) PBS only, (2) 808-
nm laser irradiation only, (3) UCNPs@Ce6 (300  μg/
mL) only, (4) UCNPs@Ce6/3HBQ (300 μg/mL) only, (5) 
UCNPs@Ce6 (300 μg/mL) and 808-nm laser irradiation, 
and (6) UCNPs@Ce6 (300 μg/mL) and 808-nm laser irra-
diation. After incubated with nanocomposites for 4  h, 
the cells were exposed with an 808-nm laser for 5  min 
(with intermittent 30 s breaks after each 30 s of irradia-
tion to prevent overheating) with a power density of 0.8 
W/cm2. After additional incubation for 4 h, the cells were 
incubated with JC-1 (200 μL, 10 μg/mL) for 10 min, and 
washed with PBS twice. Then, the cells were detected by 
a CLSM. The green channel of monomer was excited by 
488 nm laser, and the emission wavelength range was col-
lected at 530 ± 15 nm. The red images of J-aggregate were 
excited by 514  nm laser, and the emission wavelength 
range was collected at 590 ± 17 nm.

Flow cytometry assays
U87MG cells were seeded into 6-well plates and incu-
bated for 24  h. Subsequently, the cells were treated 
with (1) PBS only, (2) 808-nm laser irradiation only, (3) 
UCNPs@Ce6 (300 μg/mL) only, (4) UCNPs@Ce6/3HBQ 
(300  μg/mL) only, (5) UCNPs@Ce6 (300  μg/mL) and 
808-nm laser irradiation, and (6) UCNPs@Ce6 (300 μg/
mL) and 808-nm laser irradiation. Both suspended and 
adherent cells in each group were collected and resus-
pended in 1.0 mL of binding buffer. After incubating with 
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annexin-V-FITC for 10 min and PI for 5 min at 4  °C in 
the dark, the cells were analyzed by flow cytometry.

In vivo toxicity
Different dosages of UCNPs@Ce6/3HBQ@CM (0, 
75  mg/kg, 150  mg/kg) were injected intravenously 
into healthy female Kunming mice, respectively. After 
15 days, major organs (heart, spleen, liver, lung, kidney) 
and blood were separately used for H&E staining and 
hematology analysis. To investigate the long-term tox-
icity of UCNPs@Ce6/3HBQ@CM in various organs of 
mice, mice were given UCNPs@Ce6/3HBQ@CM intra-
venously (75  mg/kg). After 7  days, the mice were sacri-
ficed, and the major organs (heart, liver, spleen, lung, 
kidney) and brain were taken.  Y3+ concentration was 
determined by inductively coupled plasma mass spec-
trometry (ICP-MS).

Nanoparticles biodistribution in glioma‑bearing mice
The U87MG intracranial orthotopic glioblastoma mice 
were randomly divided into two groups and adminis-
tered via tail injection with UCNPs@Ce6/3HBQ (10 mg/
mL, 100  μL) or UCNPs@Ce6/3HBQ@CM (10  mg/mL, 
100 μL), respectively. Fluorescence images were obtained 
at different time points after injection of nanocompos-
ites (2, 4, 6, 8, 12, and 24 h) with the in vivo fluorescence 
imaging system (IVIS Spectrum, PerkinElmer). At 4  h 
post-injection, mice were euthanized to collect the main 
organs (heart, liver, spleen, lung, kidney, and brain) for 
In  vitro fluorescence imaging. To investigate the blood 
circulation, the mice were intravenously injected with 
UCNPs@Ce6/3HBQ@CM (75 mg/kg). At different time 
points post-injection, the blood samples were collected in 
heparinized tubes by tail clipping and was centrifuged at 
3000 g for 10 min to obtain serum. The concentration of 
UCNPs@Ce6/3HBQ@CM in the blood is determined by 
up-conversion luminescence of the sample.

In vivo anticancer efficacy.
The U87MG intracranial orthotopic glioblastoma 

mice were randomly assigned into six groups (5 mice 
per group). They were treated with (1) PBS only, (2) 
808  nm laser irradiation only, (3) UCNPs@Ce6@
CM (10  mg/mL, 100  μL) only, (4) UCNPs@Ce6@CM 
(10  mg/mL, 100  μL) and 808-nm laser irradiation, (5) 
UCNPs@Ce6/3HBQ@CM (10  mg/mL, 100  μL) only, 
(6) UCNPs@Ce6/3HBQ@CM (10  mg/mL, 100  μL) 
and 808-nm laser irradiation. All materials were intra-
venously injected into the mice through the tail. After 
injecting the drug for 4 h, the mice were exposed to an 
808-nm laser for 5  min (with intermittent 30  s breaks 
after each 30  s of irradiation to prevent overheating) 
with a power density of 0.8 W/cm2. Subsequently, we 
measured the tumor size and the body weight every 

2 days. When the mice grew up to 15 days, all of them 
were sacrificed and dissected to collect the tumor tis-
sues for further H&E and TUNEL staining analysis.

Statistical analysis
Statistical significance was performed by using Stu-
dent’s t-test (two-tailed), in which P < 0.05 (*), P < 0.01 
(**) and P < 0.001 (***) were considered statistically 
significant.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12951- 023- 01802-9.

Additional file 1: Figure S1. 1H-NMR spectrum of 3HBQ. Figure S2. 
13C-NMR spectrum of 3HBQ. Figure S3. High resolution mass spectrum 
(HRMS) of 3HBQ. Figure S4. 3HBQ solution light response releases CO. 
Figure S5. The fluorescence emission spectra of 3HBQ solution after being 
irradiated with a 450-nm LED light source. Figure S6. The mechanism 
of CO detecting by FL-CO. Figure S7. The fluorescence spectra of FL-CO 
incubated with 3HBQ and irradiated for different times in 50% DMSO-
PBS buffer. Figure S8. HRMS of the product obtained by irradiating 
3HBQ. Figure S9. The mechanism of CO release by 3HBQ. Figure S10. 
The histograms of the size distribution of (a) C, (b) C-S1, (c) C-S1-S2, (d) 
C-S1-S2-S3, (e) C-S1-S2-S3-S4 structured UCNPs. Figure S11. HRTEM 
image of OA-UCNPs. Figure S12. Constituent elements and contents 
of OA-UCNPs. Figure S13. Upconversion emission spectrum of UCNPs 
under 980-nm laser excitation. Figure S14. FTIR spectra of OA-UCNPs, 
PC and PC-UCNPs. Figure S15. The TEM image (a) and histograms of the 
size distribution (b) of UCNPs@Ce6/3HBQ. Figure S16. UV–vis absorption 
spectra of (a) Ce6 and (c) 3HBQ with different concentrations in DMSO. 
Figure S17. UV–visible absorption spectra of UCNPs@Ce6/3HBQ and the 
supernatant after centrifugation within 48 h. Figure S18. Detection of 
reactive oxygen species production by UCNPs@Ce6 and CO release by 
UCNPs@3HBQ. Figure S19. Control experiments to exclude the direct 
effect of NIR on 3HBQ and Ce6 molecules. Figure S20. UCNPs@Ce6/3HBQ 
stability test. Figure S21. UCNPs@Ce6/3HBQ cell uptake imaging. Figure 
S22. Expression levels of HMOX-1, AKT-1 and NRF-2 in U87MG cells after 
receiving different treatments. Figure S23. ATP levels in U87MG cells after 
receiving different treatments. Figure S24. Expression levels of TNF-α and 
IL-6 in U87MG cells after receiving different treatments. Figure S25. Zeta 
potential of 1) CM, 2) UCNPs@Ce6/3HBQ and 3) UCNPs@Ce6/3HBQ@CM. 
Figure S26. Hydrodynamic diameter of UCNPs@Ce6/3HBQ and UCNPs@
Ce6/3HBQ@CM. Figure S27. The TEM image and histogram of the size 
distribution of UCNPs@Ce6/3HBQ@CM. Figure S28. SDS-PAGE protein 
analysis and western blot analysis of UCNPs@Ce6/3HBQ@CM. Figure S29. 
Western blot analysis and TEM images of UCNPs@Ce6/3HBQ@CM. Figure 
S30. H&E staining of major organs (healthy mice) after injection with dif-
ferent dosages of UCNPs@Ce6/3HBQ@CM. Figure S31. Blood routine and 
serum biochemical levels of mice after injection with different doses of 
UCNPs@Ce6/3HBQ@CM. Figure S32. Blood concentration–time curve of 
UCNPs@Ce6/3HBQ@CM in mice. Figure S33.  Y3+ content in major organs 
of mice after injection of UCNPs@Ce6/3HBQ@CM for 7 days and 14 days. 
Figure S34. HMOX-1 and NRF-2 levels of GBM site on the  15th day. Figure 
S35. TNF-α and IL-6 levels of GBM site on the  15th day. Figure S36. H&E 
stained major organs of U87MG-Luc glioma-bearing mice after receiving 
different treatments.

Acknowledgements
None.

https://doi.org/10.1186/s12951-023-01802-9
https://doi.org/10.1186/s12951-023-01802-9


Page 14 of 15Ge et al. Journal of Nanobiotechnology           (2023) 21:48 

Author contributions
JG, QW and MZ performed the experiments. ZL analyzed the data, wrote the 
manuscript, and designed the experimental approach. All authors read and 
approved the final manuscript.

Funding
The work is supported by National Natural Science Foundation of China (No. 
22174035) and Hubei Province Outstanding Youth Foundation (2022CFA082).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All animals received care in compliance with the guidelines outlined in the 
Guide for the Care and Use of Laboratory Animals and the procedures were 
approved by the Animal Care and Use Committee of Hubei University.

Consent for publication
All authors read and approved the final manuscript for publication.

Competing interests
The authors declare that they have no competing interests.

Received: 25 November 2022   Accepted: 31 January 2023

References
 1. Lapointe S, Perry A, Butowski NA. Primary brain tumours in adults. Lancet. 

2018;392:432–46.
 2. Delgado-Martín B, Medina MÁ. Advances in the knowledge of the 

molecular biology of glioblastoma and its impact in patient diagnosis, 
stratification, and treatment. Adv Sci. 2020;7:1902971.

 3. Pearson JRD, Regad T. Targeting cellular pathways in glioblastoma multi-
forme. Signal Transduction Targeted Ther. 2017;2:17040.

 4. Tang W, Fan W, Lau J, Deng L, Shen Z, Chen X. Emerging blood–brain-
barrier-crossing nanotechnology for brain cancer theranostics. Chem Soc 
Rev. 2019;48:2967–3014.

 5. Felsher DW. Cancer revoked: oncogenes as therapeutic targets. Nat Rev 
Cancer. 2003;3:375–9.

 6. Didamson OC, Abrahamse H. Targeted photodynamic diagnosis and 
therapy for esophageal cancer: potential role of functionalized nano-
medicine. Pharmaceutics. 1943;2021:13.

 7. Nasr S, Rady M, Gomaa I, Syrovets T, Simmet T, Fayad W, Abdel-Kader M. 
Ethosomes and lipid-coated chitosan nanocarriers for skin delivery of a 
chlorophyll derivative: a potential treatment of squamous cell carcinoma 
by photodynamic therapy. Int J Pharm. 2019;568: 118528.

 8. Wu L, Cai X, Zhu H, Li J, Shi D, Su D, Yue D, Gu Z. PDT-driven highly 
efficient intracellular delivery and controlled release of co in combina-
tion with sufficient singlet oxygen production for synergistic anticancer 
therapy. Adv Funct Mater. 2018;28:1804324.

 9. Fan W, Huang P, Chen X. Overcoming the achilles’ heel of photodynamic 
therapy. Chem Soc Rev. 2016;45:6488–519.

 10. Yan H, Du J, Zhu S, Nie G, Zhang H, Gu Z, Zhao Y. Emerging delivery 
strategies of carbon monoxide for therapeutic applications: From CO gas 
to CO releasing nanomaterials. Small. 2019;15:1904382.

 11. Ismailova A, Kuter D, Bohle DS, Butler IS. An overview of the potential 
therapeutic applications of co-releasing molecules. Bioinorg Chem Appl. 
2018;2018:8547364.

 12. Zhang XL, Tian G, Zhang X, Wang Q, Gu ZJ. Controlled release of carbon 
monoxide based on nanomaterials and their biomedical applications. 
Acta Chim Sinica. 2019;77:406–17.

 13. Yao J, Liu Y, Wang J, Jiang Q, She D, Guo H, Sun N, Pang Z, Deng C, Yang 
W, Shen S. On-demand CO release for amplification of chemotherapy by 

mof functionalized magnetic carbon nanoparticles with NIR irradiation. 
Biomaterials. 2019;195:51–62.

 14. Zhu D, Liu Z, Li Y, Huang Q, Xia L, Li K. Delivery of manganese carbonyl to 
the tumor microenvironment using tumor-derived exosomes for cancer 
gas therapy and low dose radiotherapy. Biomaterials. 2021;274: 120894.

 15. Wang SB, Zhang C, Ye JJ, Zou MZ, Liu CJ, Zhang XZ. Near-infrared light 
responsive nanoreactor for simultaneous tumor photothermal therapy 
and carbon monoxide-mediated anti-inflammation. ACS Cent Sci. 
2020;6:555–65.

 16. Zheng DW, Li B, Li CX, Xu L, Fan JX, Lei Q, Zhang XZ. Photocatalyzing  CO2 
to CO for enhanced cancer therapy. Adv Mater. 2017;29:1703822.

 17. Wang SB, Zhang C, Chen ZX, Ye JJ, Peng SY, Rong L, Liu CJ, Zhang XZ. A 
versatile carbon monoxide nanogenerator for enhanced tumor therapy 
and anti-inflammation. ACS Nano. 2019;13:5523–32.

 18. Lin Y, Zhong W, Wang M, Chen Z, Lu C, Yang H. Multifunctional carbon 
monoxide prodrug-loaded nanoplatforms for effective photoacoustic 
imaging-guided photothermal/gas synergistic therapy. ACS Appl Bio 
Mater. 2021;4:4557–64.

 19. Zhang D, Lin Z, Zheng Y, Song J, Li J, Zeng Y, Liu X. Ultrasound-driven bio-
mimetic nanosystem suppresses tumor growth and metastasis through 
sonodynamic therapy, CO therapy, and indoleamine 2,3-dioxygenase 
inhibition. ACS Nano. 2020;14:8985–99.

 20. Xing L, Wang B, Li J, Guo X, Lu X, Chen X, Sun H, Sun Z, Luo X, Qi S, Qian 
X, Yang Y. A fluorogenic  ONOO–-triggered carbon monoxide donor for 
mitigating brain ischemic damage. J Am Chem Soc. 2022;144:2114–9.

 21. Tang Q, Liu J, Wang CB, An L, Zhang HL, Wang Y, Ren B, Yang SP, Liu 
JG. A multifunctional nanoplatform delivering carbon monoxide and 
a cysteine protease inhibitor to mitochondria under NIR light shows 
enhanced synergistic anticancer efficacy. Nanoscale. 2022;14:9097–103.

 22. Pei S, Li JB, Wang Z, Xie Y, Chen J, Wang H, Sun L. A corm loaded nano-
platform for single NIR light-activated bioimaging, gas therapy, and 
photothermal therapy in vitro. J Mater Chem B. 2021;9:9213–20.

 23. Wright MA, Wooldridge T, O’Connell MA, Wright JA. Ferracyclic 
carbonyl complexes as anti-inflammatory agents. Chem Commun. 
2020;56:4300–3.

 24. Li Y, Shu Y, Liang M, Xie X, Jiao X, Wang X, Tang B. A two-photon 
 H2O2-activated co photoreleaser. Angew Chem Int Ed. 2018;57:12415–9.

 25. Cheng J, Gan G, Shen Z, Gao L, Zhang G, Hu J. Red light-triggered intra-
cellular carbon monoxide release enables selective eradication of mrsa 
infection. Angew Chem Int Ed. 2021;60:13513–20.

 26. Gao L, Cheng J, Shen Z, Zhang G, Liu S, Hu J. Orchestrating nitric oxide 
and carbon monoxide signaling molecules for synergistic treatment of 
mrsa infections. Angew Chem Int Ed. 2022;61: e202112782.

 27. Min Q, Ni Z, You M, Liu M, Zhou Z, Ke H, Ji X. Chemiexcitation-triggered 
prodrug activation for targeted carbon monoxide delivery. Angew Chem 
Int Ed. 2022;61: e202200974.

 28. Venkatesh Y, Vangala V, Mengji R, Chaudhuri A, Bhattacharya S, Datta 
PK, Banerjee R, Jana A, Singh NDP. One- and two-photon uncaging of 
carbon monoxide (co) with real-time monitoring: on-demand carbazole-
based dual co-releasing platform to test over single and combinatorial 
approaches for the efficient regression of orthotopic murine melanoma 
in vivo. J Med Chem. 2022;65:1822–34.

 29. Liu X, Chen ZH, Zhang H, Fan Y, Zhang F. Independent luminescent 
lifetime and intensity tuning of upconversion nanoparticles by gradient 
doping for multiplexed encoding. Angew Chem Int Ed. 2021;60:7041–5.

 30. Lv R, Raab M, Wang Y, Tian J, Lin J, Prasad PN. Nanochemistry advancing 
photon conversion in rare-earth nanostructures for theranostics. Coord 
Chem Rev. 2022;460: 214486.

 31. Han S, Yi Z, Zhang J, Gu Q, Liang L, Qin X, Xu J, Wu Y, Xu H, Rao A, Liu X. 
Photon upconversion through triplet exciton-mediated energy relay. Nat 
Commun. 2021;12:3704.

 32. Dong H, Sun LD, Yan CH. Local structure engineering in lanthanide-
doped nanocrystals for tunable upconversion emissions. J Am Chem Soc. 
2021;143:20546–61.

 33. Wu N, Sun Y, Kong M, Lin X, Cao C, Li Z, Feng W, Li F. Er-based luminescent 
nanothermometer to explore the real-time temperature of cells under 
external stimuli. Small. 2022;18:2107963.

 34. Chen C, Liu B, Liu Y, Liao J, Shan X, Wang F, Jin D. Upconversion nanoparti-
cles: Heterochromatic nonlinear optical responses in upconversion nano-
particles for super-resolution nanoscopy. Adv Mater. 2021;33:2170182.



Page 15 of 15Ge et al. Journal of Nanobiotechnology           (2023) 21:48  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 35. Sun T, Chen B, Guo Y, Zhu Q, Zhao J, Li Y, Chen X, Wu Y, Gao Y, Jin L, Chu ST, 
Wang F. Ultralarge anti-stokes lasing through tandem upconversion. Nat 
Commun. 2022;13:1032.

 36. Li Z, Lu S, Liu W, Dai T, Ke J, Li X, Li R, Zhang Y, Chen Z, Chen X. Synergis-
tic lysozyme-photodynamic therapy against resistant bacteria based 
on an intelligent upconversion nanoplatform. Angew Chem Int Ed. 
2021;60:19201–6.

 37. Kapetanaki SM, Burton MJ, Basran J, Uragami C, Moody PCE, Mitcheson 
JS, Schmid R, Davies NW, Dorlet P, Vos MH, Storey NM, Raven E. A mecha-
nism for co regulation of ion channels. Nat Commun. 2018;9:907.

 38. Hopper CP, Zambrana PN, Goebel U, Wollborn J. A brief history of carbon 
monoxide and its therapeutic origins. Nitric Oxide. 2021;111:45–63.

 39. Almeida AS, Figueiredo-Pereira C, Vieira HLA. Carbon monoxide and 
mitochondria—modulation of cell metabolism, redox response and cell 
death. Front Physiol. 2015;6:33.

 40. Zhao M, Zhao M, Fu C, Yu Y, Fu A. Targeted therapy of intracranial 
glioma model mice with curcumin nanoliposomes. Int J Nanomed. 
2018;13:1601–10.

 41. Ren Y, Miao C, Tang L, Liu Y, Ni P, Gong Y, Li H, Chen F, Feng S. Homotypic 
cancer cell membranes camouflaged nanoparticles for targeting drug 
delivery and enhanced chemo-photothermal therapy of glioma. Pharma-
ceuticals. 2022;15:157.

 42. Popova M, Lazarus LS, Ayad S, Benninghoff AD, Berreau LM. Visible-light-
activated quinolone carbon-monoxide-releasing molecule: Prodrug and 
albumin-assisted delivery enables anticancer and potent anti-inflamma-
tory effects. J Am Chem Soc. 2018;140:9721–9.

 43. Feng S, Liu D, Feng W, Feng G. Allyl fluorescein ethers as promising fluo-
rescent probes for carbon monoxide imaging in living cells. Anal Chem. 
2017;89:3754–60.

 44. Chen Q, Xie X, Huang B, Liang L, Han S, Yi Z, Wang Y, Li Y, Fan D, Huang L. 
Confining excitation energy in  Er3+-sensitized upconversion nanocrystals 
through  Tm3+-mediated transient energy trapping. Angew Chem Int Ed. 
2017;56:7605–9.

 45. Aranda A, Sequedo L, Tolosa L, Quintas G, Burello E, Castell JV, Gombau 
L. Dichloro-dihydro-fluorescein diacetate (dcfh-da) assay: a quantitative 
method for oxidative stress assessment of nanoparticle-treated cells. 
Toxicol In Vitro. 2013;27:954–63.

 46. Zhao Y, Wang S, Ding Y, Zhang Z, Huang T, Zhang Y, Wan X, Wang ZL, Li L. 
Piezotronic effect-augmented  Cu2–xO–BaTiO3 sonosensitizers for multi-
functional cancer dynamic therapy. ACS Nano. 2022;16:9304–16.

 47. Wegiel B, Gallo D, Csizmadia E, Harris C, Belcher J, Vercellotti GM, Penacho 
N, Seth P, Sukhatme V, Ahmed A, Pandolfi PP, Helczynski L, Bjartell A, Pers-
son JL, Otterbein LE. Carbon monoxide expedites metabolic exhaustion 
to inhibit tumor growth. Cancer Res. 2013;73:7009–21.

 48. Gordon-Alonso M, Hirsch T, Wildmann C, van der Bruggen P. Galectin-3 
captures interferon-gamma in the tumor matrix reducing chemokine 
gradient production and T-cell tumor infiltration. Nat Commun. 
2017;8:793.

 49. Wang Z, Zhang M, Chi S, Zhu M, Wang C, Liu Z. Brain tumor cell 
membrane-coated lanthanide-doped nanoparticles for NIR- IIb lumines-
cence imaging and surgical navigation of glioma. Adv Healthcare Mater. 
2022;11:2200521.

 50. Wang C, Wu B, Wu Y, Song X, Zhang S, Liu Z. Camouflaging nanoparticles 
with brain metastatic tumor cell membranes: a new strategy to traverse 
blood–brain barrier for imaging and therapy of brain tumors. Adv Funct 
Mater. 2020;30:1909369.

 51. Liang T, Li Z, Wang P, Zhao F, Liu J, Liu Z. Breaking through the signal-to-
background limit of upconversion nanoprobes using a target-modulated 
sensitizing switch. J Am Chem Soc. 2018;140:14696–703.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Near-infrared light triggered in situ release of CO for enhanced therapy of glioblastoma
	Abstract 
	Background 
	Results 
	Conclusion 

	Introduction
	Results and discussion
	CO-releasing performance of 3HBQ
	Fabrication of the photon transducer
	Construction of PDT combined with CO therapy platform
	In vitro assessment of therapeutic efficiency
	In vivo therapeutic efficiency of UCNPs@Ce63HBQ@CM

	Conclusions
	Experimental
	Materials and instruments
	Synthesis of 3HBQ
	Synthesis of oleic acid-modified upconversion nanoparticles (OA-UCNPs)
	Loading Ce63HBQ on the surface of UCNPs
	Detection of CO release in solution
	Detection of ROS generation in solution
	Cell culture and establishment of animal models
	Acquisition of U87MG cell membranes
	Preparation of cell membrane coated nanoparticles
	In vitro cellular uptake of nanocomposites
	Imaging of CO and ROS in U87MG cell
	In vitro anticancer efficacy
	Mitochondrial membrane potential
	Flow cytometry assays
	In vivo toxicity
	Nanoparticles biodistribution in glioma-bearing mice
	Statistical analysis

	Acknowledgements
	References


