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 ABSTRACT 

Disruption of mitochondrial reactive oxygen species (mitoROS) plays a major role

in cancer cell apoptosis. Here, we designed a core/shell-structured mitochondria-

targeting upconversion-based nano-photosensitizer (TPP-UC(PS)) with a lanthanide-

doped upconversion nanoparticle (UCNP) core coated by a photosensitizer

(PS)-incorporated dense silica shell. Following irradiation with external near-

infrared laser (NIR), TPP-UC(PS) in mitochondria caused serious mitochondrial 

matrix swelling for the activated upconversion-based photodynamic therapy 

(UC-PDT), and the mobilization of cytochrome c (cyt c) was amplified in

response to the increased mitoROS. Specifically, this heme-containing cyt c could

be monitored by varying TPP-UC(PS)’s upconversion luminescence signal (UCL),

which may facilitate the in situ detection of cyt c for apoptosis research. As a 

proof of concept, our designed TPP-UC(PS) may provide significant opportunities

for controlling cancer cell apoptosis under NIR stimulation and for studying 

apoptosis using the dynamic UCL, which is influenced by local cyt c. 

 
 

1 Introduction 

Mitochondria, as one of the most vital subcellular 

organelles in eukaryotic cells, perform a variety of 

important functions including energy production, 

maintenance of calcium homeostasis, activation of 
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intracellular signaling, and apoptosis regulation. 

Insights into these roles have enabled the development 

of various cancer-fighting strategies such as innovative 

in anti-cancer drugs, which act to disrupt energy flow 

or some other vital mitochondrial function or stimulate 

the formation of reactive oxygen species (ROS), thereby 

upsetting the redox balance of cellular systems and 

leading to cancer cell death [1, 2]. Such agents should 

possess strong selectivity for cancer cells with minimal 

side-effects on healthy tissues [3, 4]. Strategies for 

developing suitable mitochondria-targeting antitumor 

theranostic agents aimed at controlled cancer-cell 

killing, as well as visual pharmacophore tracing, 

should be explored. 

Since mitochondria are both producers and targets of 

ROS, mitochondrial reactive oxygen species (mitoROS) 

production may induce mitochondrial permeability, 

transition pore opening, decrease the production of 

adenosine triphosphate (ATP), and, in more severe 

conditions, upregulate cytochrome c (cyt c), activating 

mitochondrial death pathways [5]. Since ROS, as the 

cytotoxic product of photodynamic therapy (PDT), 

can only migrate less than 0.02 μm after its formation, 

photodamage can only be generated just at the site or 

in the close vicinity of photosensitizers (PSs) under 

irradiation; therefore, the concept of mitochondria- 

targeting becomes optimal for effective mitochondrial 

upconversion-based PDT (UC-PDT) [6]. According to 

the recently developed UC-PDT [7–9], transporting 

upconversion-based nano-photosensitizers (UC(PSs)) 

into mitochondria can give a high photochemical 

mitoROS yield, which is likely to deleteriously affect 

mitochondrial metabolic pathways and promote cancer 

cell intrinsic apoptosis. Moreover, the use of NIR laser 

during UC-PDT can result in great penetration depths, 

and the NIR-upconverted visible emission enables 

the direct visual positioning of these upconversion 

nanoparticle (UCNPs) [10]. Specially, due to the well- 

matched wavelength between the UCNP upconverted 

emission (520 nm/545 nm) and absorption of the 

generated cyt c (520 nm), this UC(PS) becomes a 

promising candidate for further exploitation as a 

nano-sensor for monitoring cyt c fluorescence in situ 

[11, 12]. Thus, exploring a mitochondria-targeting 

upconversion nano-photosensor that manipulates 

programmed cell death (nano-photosensitizer) and 

aids in dynamic fluorescence analysis of apoptotic 

processes (nano-sensor) is of great significance. 

To this end, UC(PS) composed of erbium (Er3+)-doped 

UCNP coated with a uniform dense layer of silica 

loaded with PSs was constructed. Upon NIR excitation 

at 980 nm, the ensuing fluorescence resonance energy 

transfer from UCNP to the attached PS resulted in 

ROS production. When UC(PS) is decorated with the 

known mitochondria-targeting mitochondriotropic 

ligand triphenylphosphonium (TPP), the resulting TPP- 

UC(PS) can freely migrate through the mitochondrial 

membrane without the requirement for a specific 

uptake mechanism [13]. Upon NIR excitation, TPP- 

UC(PS) in mitochondria exhibit enhanced cytotoxicity 

with upregulated expression of mitochondria-mediated 

apoptotic genes over the non-targetable group, 

validating a successful mitochondria-targeting UC- 

PDT for NIR-induced intrinsic apoptosis. Importantly, 

the stimulation of mitoROS production contributes 

to the production and release of cyt c from mito-

chondria, and the TPP-UC(PS) can also be used as a 

nano-sensor for sensitive and rapid cyt c monitoring, 

which could facilitate the real-time detection of cyt c 

in future apoptosis research. 

2 Experimental  

2.1 Material and preparation 

All chemicals used in the present experiments were 

acquired from commercial sources as analytical reagents 

and used as received without further treatment. 

UCNPs (NaYF4:18%Yb3+/2%Er3+) were prepared by 

our previously reported pyrolysis process [7]. Through 

a modified oil-in-water reverse microemulsion method, 

UC(PS) was obtained from the UCNP core by coating 

with a PS-incorporated dense silica shell [7]. To fabricate 

TPP-UC(PS), the oppositely charged poly-l-lysine (PLL) 

was firstly decorated on the surface of UC(PS). The 

specific process is as follows: 100 μL UC(PS) was added 

into the PLL solution (1 mL, 1 mg/mL, pH 7.4 PBS 

buffer containing 0.5 M NaCl) followed by gentle 

stirring for 20 min. PLL-modified UC(PS) (PLL-UC(PS)) 

were washed three times followed by resuspension in 

pure water.  
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For the final decoration of TPP onto PLL-UC(PS), 

17.3 mg EDC and 4.3 mg 3-carboxypropyl triphenyl-

phosphonium bromide (CTPB) were first dissolved 

into 5 mL methanol, and then 1 mL PLL-UC(PS) in 

methanol was added. The mixture was stirred 

overnight, followed by three cycles of centrifugation/ 

redispersion in water to remove residual reactants, 

and the attachment of TPP groups onto the particle 

surface (TPP-UC(PS)) was thus accomplished. 

2.2 Intracellular uptake of NPs detected by confocal 

laser scanning microscopy (CLSM) 

The HeLa human cervical carcinoma cell line was 

obtained from Beijing Chuanglian North Carolina 

Biotechnology Research Institute (Beijing, China). 

Cells were seeded on glass coverslips (104 cells per 

slip) and incubated for 12 h. Then, the cells were 

incubated with the TPP-UC(PS) aqueous dispersion 

(50 μg/mL, 200 μL) for another 12 h, and washed 

three times with PBS before mitochondrial staining. 

MitoTracker Green (Beyotime, China) was dissolved 

in cell culture medium (72.9 ng/mL) and then 1 mL 

of the above solution was added onto cells for 

30 min before washing off the MitoTracker with PBS. 

Fluorescence imaging was conducted using CLSM 

with an Olympus IX81 microscope equipped with a 

continuous wave NIR laser operating at a wavelength 

of 980 nm. 

2.3 ROS detection in vitro 

HeLa cells (3 × 104 cells/well in 6-well plates) were 

incubated as described below for the CCK-8 assay. 

The cells were divided into three groups before 

treatment with PBS (200 μL), PLL-UC(PS) (50 μg/mL, 

200 μL), or TPP-UC(PS) (50 μg/mL, 200 μL) for 12 h. 

The adherent cells in each treatment group were 

collected and divided into two groups, one used for 

980-nm laser light irradiation (1.5 W/cm2, 10 min), and 

the other without further treatment. The cells were 

then washed with serum-free culture medium and 

resuspended in Dulbecco’s Modified Eagle Medium 

(DMEM) containing 2’,7’-dichlorofluorescin diacetate 

(DCFH-DA, Beyotime Institute of Biotechnology) 

(1:1,000) to measure ROS. After 20-min incubation in 

the dark, cells were twice washed sequentially with 

DMEM followed by PBS. The fluorescence intensity 

was assessed by flow cytometry. 

2.4 Observation of mitochondrial membrane poten-

tial ( ψm) 

△ψm was determined by JC-1 staining (Beyotime, 

China) following the manufacturer’s instructions. 

Briefly, the cells were divided into three groups before 

treatment with PBS (200 μL), PLL-UC(PS) (50 μg/mL, 

200 μL), or TPP-UC (PS) (50 μg/mL, 200 μL) for 12 h. 

The adherent cells in each treatment group were 

collected and divided into two groups, one used for 

980-nm laser light irradiation (1.5 W/cm2, 10 min), 

and the other without further treatment. The harvested 

cells were resuspended in a mixture of 500 μL DMEM 

and 500 μL JC-1 staining fluid, followed by incubation 

in the dark at 37 °C for 20 min. After washing with 

ice-cold staining buffer twice by centrifugation, cells 

were resuspended in 500 μL PBS and analyzed by 

flow cytometry.  

For in situ observation, cells were seeded into 

glass coverslips (104 cells per slip) and incubated for 

12 h. Then, cells were incubated with the aqueous 

nanoparticle (NP) dispersion (50 μg/mL, 200 μL) for 

another 12 h, and washed three times with DMEM 

before JC-1 staining. Lastly, 1 mL PBS was added to 

each specimen and cells were observed under the laser 

scan confocal microscope equipped with a 980-nm laser. 

The ψm staining values after NIR light stimulation 

were expressed as the ratio of red fluorescence intensity 

to green fluorescence intensity. 

2.5 Cyt c detection in vitro 

HeLa cells were seeded into glass coverslips (at 104 cells 

per slip) and incubated for 12 h. Then, the cells were 

incubated with the TPP-UC(PS) aqueous dispersion 

(50 μg/mL, 200 μL) for another 12 h, and washed 

three times with PBS. Lastly, 1 mL DMEM was added 

into the samples and the cells were recultured in situ. 

The intensified intracellular luminescence of UCNP 

was detected using the 980-nm band pass filter. After 

introducing cyt c from equine heart, cells were cultured 

for another 30 min, and the intracellular luminescence 

of UCNP was further detected. Acetic acid (AA) was 

added to recover UCNP’s green luminescence. 
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3 Results and discussion  

3.1 TPP-UC(PS) synthesis and characterization 

The synthesized UCNPs, UC(PS) and TPP-UC(PS) 

are shown in Figs. 1(a)–1(c) with high uniformity and 

mono-dispersity. During the preparation of UC(PS), 

PS molecules (silicon phthalocyanine dihydroxide, 

SPCD) can interact with tetraethyl orthosilicate 

(TEOS) to yield a uniform core/shell structure with   

the UCNP core coated with a SPCD-incorporated 

dense silica shell [7, 14, 15]. Furthermore, the broad 

absorption spectrum of SPCD at 672 nm is derived 

from its conjugated π bonding system that overlays 

with the upconversion emissions of UCNPs, allowing 

efficient energy transfer from the core to the attached 

PS (Fig. S1 in the Electronic Supplementary Material 

(ESM)).  

For TPP decoration, pre-encapsulation of PLL on 

UC(PS) is critical. This is because the amino groups 

in the PLL shell can provide a positive charge and 

anchoring groups for TPP [16]. As shown in Fig. 1(d), 

PLL molecules successfully self-assembled on the 

planar substrates of UC(PS), with a charge reversal 

from negative to positive. The subsequent conjugation 

of TPP groups onto PLL-NP surfaces is achieved by a 

carbodiimide reaction [17]. Those PLL-/TPP-UC(PS) 

all have outstanding dispersity and stability in water 

for the well-defined dynamic light scattering (DLS) 

size distributions over 7 and 30 days, as shown in 

Fig. 1(e). 

3.2 TPP-labeled NPs mitochondrial targeting  

Cellular uptake of NPs was evaluated with CLSM, as 

demonstrated by the intensified intracellular lumi-

nescence of UCNPs detected using the 980-nm band 

pass filter (Fig. 2). From the green and red channels, one 

can see that both the negatively charged UC(PS) and 

positively charged PLL- or TPP-UC(PS) can be taken 

up by HeLa cells. To confirm that NPs can successfully 

target the mitochondria, cells were further treated 

with MitoTracker Green to indicate mitochondria 

and the contours of cells. In TPP-UC(PS)-labeled 

group, the overlap of the fluorescence signals of the 

MitoTracker and the UCNPs inner core reveals that 

the TPP-conjugated UC(PS) can specifically target mito-

chondria, leading to their final accumulation within 

the mitochondrial matrix. In contrast, the UC(PS)- 

and PLL-UC(PS)-labeled groups are substantially 

different, with little overlap of the fluorescent signals 

of MitoTracker and the NPs. These results demonstrate 

that TPP decoration endows the UC(PS) with selective 

mitochondrial targeting function [17]. 

 

Figure 1 (a)–(c) Representative transmission electron microscopic images of UCNP, UC(PS), and TPP-UC(PS). (d) Zeta-potential of 
UC(PS) nanoparticles with different surface modifications. (e) DLS for UC(PS) nanoparticles with different surface modifications after 
incubation for 1, 7, or 30 days. 
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3.3 Cancer apoptosis induced by intramitochondrial 

UC-PDT 

Cytotoxicity of the TPP-UC(PS) was evaluated by 

CCK-8 assay. Incubation with 500 μg/mL TPP-UC(PS) 

for 24 h led to a slight decrease in cell viability (<5%), 

meaning that the TPP-UC(PS) accumulation in mito-

chondria has aroused negligible cytotoxicity without 

light irradiation (Fig. S2 in the ESM). To evaluate 

therapeutic efficacy of the intramitochondrial UC-PDT, 

ROS production in cancer cells was first assessed by 

using DCFH-DA. As shown in Fig. 3(a), no obvious 

changes in mean fluorescence intensity (MFI) were 

detected for control experiments treated with or 

without NIR irradiation, indicating a negligible effect 

of NIR laser alone on cellular ROS status. Intracellular 

fluorescence signals were markedly increased after 

exposure to 980-nm laser in the cells cultured with 

the NPs, especially for these TPP-UC(PS)-labeled cells, 

when compared with the cells in the presence of 

UC(PS) or PLL-UC(PS) under the same conditions. 

These differences can be attributed to the TPP-UC(PS)’s 

efficient cellular uptake, easy endosomal escape, and 

targeted mitochondrial entrapment. 

After establishing an effective laser power for ROS 

production from TPP-UC(PS) in mitochondria, the 

efficacy of UC-PDT for inducing cell death was further 

tested. Increased NIR energy exposure time can led 

to a correspondingly increased cell death rate (death 

rate around 16.4%, 980-nm laser 1.5 W/cm2 for 10 min). 

In response to this laser power, TPP-UC(PS) located 

in mitochondria revealed enhanced cell lethality of 

51.8% and 19.31% compared to control and PLL-UC(PS) 

groups, respectively (Fig. 3(b)). To determine the mode 

of action, we investigated the anticancer effects of 

UC-PDT working in varied intracellular organs on the 

expression of mitochondria-mediated apoptotic genes 

(pro-apoptotic molecules BAX, cyt c, caspase-3, and 

cell surface death receptor FAS) [18, 19] by western 

blotting (Fig. 3(c)). Apoptotic genes were upregulated 

by UC-PDT of PLL-UC(PS), and further enhanced 

upon use of mitochondria-targeted TPP-UC(PS). The 

influence of the TPP-UC(PS) on mitochondrial mor-

phology was also examined through the observation 

of ultrathin sections of cells by biological transmission 

electron microscopy (Bio-TEM). As shown in Fig. 3(d), 

there are great numbers of TPP-UC(PS) accumulated 

in the mitochondrial matrix with the contours of 

mitochondria being clearly legible. This result provides 

convincing evidence that TPP-UC(PS) is highly 

bio-safe under “dark” conditions. After NIR laser 

irradiation, most mitochondrial matrices underwent 

serious swelling and became misshapen due to the 

significant destruction by generated mitoROS 

 

Figure 2 Confocal fluorescence images of HeLa cells treated with UC(PS), PLL-UC(PS), and TPP-UC(PS). Cells are viewed in the 
green channel (excitation 980 nm, emission 520–550 nm, green) and the red channel (excitation 980 nm, emission 640–670 nm, red) for
UCNP, and the green channel (excitation 488 nm, emission 500–550 nm, the pink color) for MitoTracker Green, respectively. The scale 
bar represents 20 μm. 
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(Fig. 3(e)). The above results are in accordance with 

the initial proposal that the UC-PDT conducted in 

mitochondria will give a higher photochemical yield 

of mitoROS to deleteriously affect mitochondrial 

metabolic pathways and promote intrinsic apoptosis 

of cancer cells. 

3.4 Evidence for mitochondrial apoptosis 

Alterations in ψm can notably affect mitochondrial 

membrane permeability (MMP), which plays an 

important role in the release of the pro-apoptotic 

proteins to trigger caspase activation and cell apoptosis 

[20]. Therefore, the dissipation of ψm is a general 

feature of apoptosis, irrespective of the cell type  

and the apoptosis inducer. Herein, ψm level was 

monitored in living cells by using the potential- 

sensitive dye JC-1. As shown in Fig. 4(a)–4(f), compared 

to the PBS group, cells pre-treated with PLL-UC(PS) 

or TPP-UC(PS) show a reduced MMP after NIR laser 

irradiation, as indicated by a decrease in red (JC-1 

aggregates)/green (JC-1 monomers) ratio (Fig. S3  

in the ESM) [21]. More importantly, the effect of 

TPP-UC(PS) on ψm was more significant than PLL- 

UC(PS), which should be attributed to the accurate 

photodamage of ROS on mitochondria. CLSM imaging 

also shows that cells subjected to NIR irradiation alone 

(PBS group) exhibited overwhelming red fluorescence 

with weak green fluorescence throughout the experi-

ment, suggesting a normal cellular polarization state. 

While, for cells labeled with PLL-UC(PS) or TPP- 

UC(PS), the aggregated JC-1 in mitochondria was split 

into its monomeric forms after NIR laser irradiation, 

with the red and green fluorescence intensities 

respectively being increased and decreased, in a 

time-dependent manner (Fig. 4(g)). These findings are 

of great significance to understand the roles of ROS 

produced in mitochondria, which could directly induce 

MMP and release apoptosis-triggering proteins. 

3.5 Assay performance on cyt c 

Cyt c release from mitochondria represents a major 

caspase activation pathway, defining the point of 

irreversible cell apoptosis [22]. Therefore, analyses 

for these specific molecular players in living cells are 

critical for apoptosis research. Spectrum analysis 

shows a pronounced overlap between the emission of 

UCNPs and the absorption of cyt c (Fig. 5(a)), which 

can be fortunately used for monitoring cyt c through 

 

Figure 3 (a) UC-PDT induced increase of ROS. Flow cytometry was used to measure the MFI of DCF to illustrate the levels of 
intracellular ROS. (b) Effects of NIR laser stimulus on apoptosis of different nanoparticle-labeled HeLa cells. Cell viability was 
determined by CCK-8 assay. (c) The expression of death receptors and mitochondria-mediated apoptotic proteins as visualized by 
western blotting. (d) and (e) Bio-TEM ultrastructures of mitochondria for TPP-UC(PS)-labeled cells before (d) and after (e) NIR light 
irradiation, showing the typical mitochondrial crista structure and the destroyed mitochondrial structure, respectively. 
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a potential luminescence resonance energy transfer 

(LRET) mechanism. To demonstrate this, we added 

different concentrations of cyt c into the aqueous 

solution containing as-prepared upconversion nano-

sensors. As shown in Fig. 5(b), upon the successive 

addition of cyt c to the solution of TPP-UC(PS), a 

significant decrease in the UCL intensity at 545 nm 

(UCL545 nm) can be observed immediately after the 

addition due to the strong fluorescence absorption 

efficiency of cyt c, with the UCL at 660 nm ( UCL660 nm) 

remaining relatively stable. To further confirm our 

hypothesis, AA was introduced to denature cyt c and 

change its absorbance peaks. It should be noted that 

the cyt c’ absorption band at 520 nm disappeared 

after the addition of AA (Fig. 5(c)) [23], and then the 

originally suppressed UCL by cyt c was recovered 

due to the final wavelength mismatch between the 

absorption of degenerated cyt c and the green emission 

of UCNPs (Fig. 5(d)).  

To further investigate the capability of TPP-UC(PS) 

for monitoring cyt c in cells, HeLa cells were pre- 

treated with TPP-UC(PS) and analyzed under a 

confocal microscope equipped with a 980 nm laser. 

Green (545 nm) and red (660 nm) UCLs emitted by 

TPP-UC(PS) can be clearly observed in cells, indicating 

the cellular uptake of these nanoparticles. Because of 

 

Figure 4 Efficacy of UC-PDT treatment assessed by quantitative analysis of MMP in HeLa cells labeled with different nanoparticles: 
(a)–(c) cells without 980-nm NIR light irradiation; (d)–(f) cells exposed to a 1.5 W/cm2 NIR laser for 10 min. FL1-H green, FL2-H red.
(g) Confocal fluorescence images of JC-1-stained NPs-labeled HeLa cells under NIR laser stimulus. Each exposure lasted for 5 min. The 
scale bar is 20 µm. 
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the insufficient sensitivity of CLSM, the change of 

upconversion luminescence intensity for μM cyt c in 

living cells can’t be detected (Fig. S4(a) in the ESM). 

These TPP-UC(PS) pre-treated cells were then co- 

cultured with cyt c (5 mM) for 30 min, and the green 

emission turned considerably weak under almost the 

constant red UCL intensity, suggesting a considerable 

energy transfer from TPP-UC(PS) to cyt c (Fig. S4(b) 

in the ESM). Furthermore, this green emission became 

mostly recovered in another 10 min after the addition 

of AA (10 mM) as seen in Fig. S4(c) in the ESM. 

Although the endogenously released cyt c, induced 

by mitoROS in cells demonstrated by the previous 

western blotting, leads to invisible UCL change in the 

confocal images (Fig. S5 in the ESM), this nanoparticle 

still provides a new opportunity for assaying apoptosis 

associated with cyt c with ultrasensitive fluorescence 

detection methodology in the future. 

4 Conclusion  

In summary, a mitochondria-targeting antitumor 

theranostic agent TPP-UC(PS) has been constructed. 

Under NIR laser irradiation, TPP-UC(PS) in mito-

chondria can enhance ROS production, which will 

destabilize the mitochondria and lead to mitochondrial 

membrane permeabilization, releasing cyt c and other 

intermembrane space proteins that trigger apoptotic 

cell death. In addition, these NPs can further be used as 

nano-sensors for cyt c detection due to the quenched 

UCL545 nm caused by the absorption behavior of cyt c to 

UCL. Our photo-sensing system may provide a new 

possibility for controlling phototoxicity and also for 

studying mitochondrial apoptosis by monitoring  

cyt c release in cells by employing more sensitive 

fluorescence detection methodology. 
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