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Abstract 

Locating nanotherapeutics at the active sites, especially in the subcellular scale, is of great 

importance for nanoparticle-based photodynamic therapy (PDT) and other nanotherapies. 

However, subcellular targeting agents are generally nonspecific, despite the fact that the 

accumulation of a nanoformulation at active organelles leads to better therapeutic efficacy. 

We herein designed a PDT nanoformulation by using graphene oxide quantum dots (GOQDs) 

with rich functional groups as both the supporter for dual targeting modification and the 

photosensitizer for generating reactive oxygen species, and upconversion nanoparticles 

(UCNs) as the transducer of excitation light. A tumor-targeting agent, folic acid, and a 

mitochondrion-targeting moiety, carboxybutyl triphenylphosphonium, were simultaneously 

attached onto the UCNs-GOQDs hybrid nanoparticles by surface modification, and a 

synergistic targeting effect was obtained for these nanoparticles according to both in vitro and 

in vivo experiments. More significant cell death and a higher extent of mitochondrion damage 

were observed compared to the results of UCNs-GOQDs nanoparticles with no or just one 

targeting moiety. Furthermore, the PDT efficacy on tumor-bearing mice was also effectively 

improved. Overall, the current work presented a synergistic strategy to enhance subcellular 

targeting and the PDT efficacy for cancer therapy, which may also shed light on other kinds 

of nanotherapies.  
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1. Introduction  

  Photodynamic therapy (PDT) is a light-triggered strategy for tumor-ablative and function-

sparing oncologic intervention, and has been widely used for the treatment of a number of 

tumors[1], including lung cancer in early stage,[2] Barrett’s esophagus,[3] endobronchial 

tumors,[4] bladder,[5] head and neck,[6] and skin cancers[7]. In PDT, photosensitizers (PSs) 

absorb the energy of light to catalyze surrounding oxygen molecules, so as to produce 

cytotoxic reactive oxygen species (ROS) and subsequently damage the localized cells. 

Because neither PSs nor the light employed in PDT has any toxic effects on biological 

systems, the side-effect on healthy tissues could be avoided by illuminating only tumor 

lesions. So, unlike conventional cancer treatment methods, PDT has its own merits in minimal 

invasiveness and repeatability without cumulative toxicity, and it is, therefore, considered as a 

promising therapeutic modality for cancer[8].  

 The efficacy of PDT strongly relies on the selective accumulation of PSs at the active 

sites[9]. As an emerging platform for PDT, nanoparticles serving as the carrier can increase the 

dose of PSs delivered to tumor tissues and facilitate their retention, thus making a significant 

contribution to enhancing the efficacy of PDT. Konan[10] showed a three-fold higher 

photocytotoxicity of porphyrin to mammary tumor cells with nanoparticles as its carrier in 

comparison with the case with no carrier, and similar results were also found for other kinds 

of PSs[11]. Furthermore, PSs in nanoformulations could be accumulated in tumor tissue in a 

relatively efficient manner as nanoparticles can be modified with tumor-targeting ligands.  

With modification of octreotide[12] and αvβ3 integrin-targeting peptide[13], PS-loaded 

nanoparticles showed a five-fold improvement on tumor accumulation and a 25% increase of 

the tumor inhibition ratio compared to untargeted conjugations. Furthermore, the lifespan of 

1O2 in a biological environment is less than 4 µs[14] and the maximal length that 1O2 can travel 

does not exceed 20 nm[14b-d, 15], so the effective damage area from PDT therapy is only limited 
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to the subcellular organelles surrounding the tumor tissue. Among these organelles, 

mitochondria are the power station of life which contribute immensely to cellular mortality 

management[16], hence they are regarded as a privileged subcellular target. Zhang[17] reported 

that the cell-killing ratio of the PS-loaded upconversion nanoparticles modified with 

mitochondrion-targeting peptide had a four-fold increase in contrast to the value for the 

untargeting nanoformation. Other reports including ours[18] respectively modified different 

nanoformulations with a mitochondrion-targeting agent, carboxybutyl triphenylphosphonium 

(TPP), achieved better therapeutic effects compared to untargeting and tissue-scale targeting 

therapeutics.  

However, a noteworthy issue is that the subcellular targeting agents are nonspecific. For 

example, Zhao[19] demonstrated that mitochondrion-targeting peptide could be largely 

internalized into various health cell lines such as Caco-2 cells, N2A cells, mouse liver cells, 

and heart cells of guinea pig. Meanwhile, TPP also enhanced drug penetration and 

mitochondrion-targeting in RAW 264.7 cells[20], mouse embryonic cells[21], and bovine aortic 

endothelial cells[22], besides Hela tumor cells[23]. These studies strongly suggested that 

mitochondrion-targeting moieties would non-specifically induce therapeutic drugs into cells, 

no matter healthy or cancerous, during body circulation, resulting in a loss of the 

nanoformulation accumulated at the tumor site. Therefore, a mitochondrion-targeting 

nanoformulation based on active homing to tumor tissue is highly demanded for further 

elevating the therapeutic efficacy. One possible strategy is to simultaneously integrate tumor-

specific ligand, mitochondrion-targeting agent, together with a PS into the nanocarrier, 

forming a conjugation for synergistic targeting. In this way, the nanoformulations could be 

actively tailored to target the tumor site by the tumor homing ligand[24], and accumulate near 

the mitochondria of cancer cells by the subcellular targeting moiety consequently. The key to 

the success of this strategy is that either the PS agent or the nanocarrier should possess a large 
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number of functional groups so that it can be modified with various kinds of targeting 

molecules.  

  Graphene oxide quantum dots (GOQDs), owing to their extraordinary physicochemical, 

optical properties and biocompatibility, have been widely investigated in biomedical fields 

such as ultrafast DNA sequencing[25], drug/gene delivery[26], photoactive therapy[27] and bio-

imaging[25b, 26a]. More specifically, recent studies found that some kinds of GOQDs are able to 

generate reactive 1O2 upon light illumination[28] with a quantum yield of ~1.3, which is much 

higher than classical PSs[29]. Based on their large surface area and abundant oxygen-

containing functional groups such as hydroxyl, carboxyl and epoxy groups,[30] GOQDs could 

play as not only an efficient PS but also a supporter for multiple modifications. Meanwhile, 

upconversion nanoparticles (UCNs) that can be excited by near infrared (NIR) light and emit 

visible light could serve as a light transducer taking advantage of the deep-penetration of NIR 

for bio-tissues[31]. Therefore, we conjugated GOQDs and UCNs together in our nanoformation 

design, and simultaneously attach a typical tumor-targeting ligand, folic acid (FA), and a 

mitochondrion-targeting agent, TPP, with the help of the sufficient functional groups on 

GOQDs, as shown in Figure 1. We found this nanoformulation accumulated at the active 

sites more effectively compared with their individually targeting counterparts, which 

indicated the synergistic effect of multiple targeting strategy resulted in an improved 

therapeutic efficacy. 

2. Results and Discussion   

2.1 Synthesis and characterization 

Graphene oxide quantum dots were synthesized by a modified strong-acid oxidation 

method[32]. The size of the resultant GOQDs was approximately 30 nm and the thickness was 

between 2 and 3 nm (Figure S1a, b and c). From Fourier transform infrared (FTIR) spectrum 
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(Figure S1d), abundant oxygen-containing groups including carbonyl and carboxyl (C=O 

stretching vibration: 1720 cm-1), hydroxyl (3442 cm-1), and epoxy groups (1255 cm-1, 1114 

cm-1) can be verified. The production of singlet oxygen (1O2), as the dominant part of ROS, 

was measured by 9,10-anthracenediyl-bis(methylene)dimalonic acid (ABDA) as an indicator, 

because the UV-Vis absorption of ABDA will decay with the generation of 1O2
[33]. In the 

measurement, Rose Bengal (RB) was taken as the reference photosensitiser[29, 34]. As shown in 

Figure S1e, the attenuation of ABDA absorption in GOQD solution was ~3 times faster than 

RB solution. To quantify the 1O2 quantum yield of GOQDs, the phosphorescence of the 

generated 1O2 at 1280 nm[29, 35] was measured in deuterium oxide (D2O) under 546-nm 

irradiation, and the result showed that GOQDs have a much stronger NIR emission than RB 

(Figure S1f), indicating a higher 1O2 production. According to the integration of fluorescence 

intensity, the quantum yield of GOQDs was calculated to be ~1.56, which is slightly higher 

than the reported result (~1.3)[29] and more than twice higher than that of RB (0.76[36]). 

Compared to the reported graphene quantum dots synthesized by hydrothermal method[29], 

GOQDs synthesized in current work contain abundant oxygenated functional groups which 

might help the oxygen quenching of triplet states so as to increase the 1O2 quantum yield from 

multistate sensitization[29] of GOQDs. 

NaYF4:Yb,Tm@NaGdF4 nanocrystals as the UCNs were synthesized by a successive hot 

injection method following our previous work[37], and were modified by (3-aminopropyl) 

triethoxysilane (APTES)[38] in order to obtain -NH2 functional groups on the surface for later 

conjugation with GOQDs. TEM images of the as-prepared UCN crystals were shown in 

Figure S2. The average diameter of the hexagonal nanoparticles was ~50 nm. The 

distribution of yttrium (Y) well matched the inner boundary of gadolinium (Gd) in the energy 

dispersive spectroscopy (EDS) elemental mapping (Figure 2a), indicating a core-shell 
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structure. Meanwhile, the successful coating of silica layer on UCNs can be confirmed by the 

distribution of Si just outside Gd (Figure 2a).  

The UCNs with amine groups were then conjugated with GOQDs via the EDC-NHS 

activating method, and the successful conjugation was evidenced by the emerging peaks on 

FTIR absorption spectrum at 1714 cm-1 (C=O), 1511 cm-1 (N-H) and 1454 cm-1 (C-N) 

compared to UCNs (Figure S3a). Meanwhile, the new UV-Vis absorption peak of UCNs-

GOQDs nanohybrid at ~220 nm further proved successful conjugation owing to the 

characteristic peak of around 216-220 nm of GOQDs (Figure S3b). The payload of GOQDs in 

UCNs-GOQDs conjugation was measured by thermogravimetric analysis (TGA) (Figure S4). 

Since the weight of UCNs-GOQDs nanohybrid maintained almost stable after 500 °C, we 

roughly estimated the weight percentage of GOQDs to UCNs to be ~1.4 wt% by comparing 

the weight loss of UCNs-GOQDs to the weight losses of GOQDs and UCNs at 500 °C. 

  FA and TPP were further attached onto the surface of UCNs-GOQDs nanohybrid in 

succession to form a doubly targeting nanohybrid (denoted as UCNs-GQODs-FA/TPP), both 

of which were conducted through linking EDC activated carboxyl groups of TPP or FA to the 

functional groups on GOQDs. For comparison, FA and TPP were also individually used for 

modifying UCNs-GOQDs by the same protocol to obtain two control groups (denoted as 

UCNs-GOQDs-FA and UCNs-GOQDs-TPP, respectively). For the samples consisting of FA, 

the successful modification can be confirmed by the UV-vis absorption peak around 280 nm, 

as the absorption peak of FA is around 288 nm (Figure 2b and Figure S3c). Meanwhile for the 

samples containing TPP, the integration can also be confirmed by the absorption peak at ~263 

nm (Figure 2b and Figure S3d). Furthermore, the distribution of phosphorus element in 

UCNs-GOQDs-FA/TPP hybrid nanoparticles by EDS element mapping (Figure 2a) also 

proved the successful linking of TPP. 
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  We further characterized the nanohybrids by dynamic light scattering (DLS). As shown in 

Figure S3f, the average hydrodynamic size of APTES-modified UCNs is about 83.2 nm, and 

the zeta potential was about +23 mV. Meanwhile, the average hydrodynamic sizes of UCNs-

GOQDs, UCNs-GOQDs-FA, UCNs-GOQDs-TPP and UCNs-GOQDs-FA/TPP are about 109 

nm, 126 nm, 121 nm and 131 nm, respectively, all of which are larger than UCNs owing to 

the successful conjugation with GOQDs and the surface modification. As the hydrodynamic 

size (corresponding to the UCNs and the swollen corona of the surface coating) is slightly 

larger than the size from TEM images (only corresponding to UCNs), it should be concluded 

that the nanohybrids were well dispersed in water. The stability of the nanohybrid suspension 

was further observed by taking photos of the suspensions with a Gd3+ concentration of 300 

ppm (or ~0.84 mg/ml nanohybrid) in deionized water and DMEM after 24 h. All the 

suspensions did not present any obvious precipitate, as shown in Figure S5, indicating their 

stability in both water and cell culture medium. 

 The 1O2 production of UCNs-GOQDs-FA/TPP, as well as UCNs-GOQDs, UCNs-GOQDs-

FA and UCNs-GOQDs-TPP, was measured by the above method with ABDA as an indicator 

and the results were shown in Figure 3a. After irradiated by 980 nm (1 W/cm2) for 10 min, the 

absorption intensity of ABDA for all these four samples decreased to ~72%, indicating that 

the modification has almost no influence on the generation of 1O2. Due to the lack of a 

standard quantification method for the ROS generation of UCN-loaded photosensitizers, it is 

hard to compare the current work with others’ works. Nevertheless, the ROS generation in 

this work is much higher than our previous work under all the same conditions, in which the 

absorption of ABDA decreased to ~80% in 10 min [18]. On one hand, the higher 1O2 quantum 

yield of GOQDs could lead to the higher amount of ROS under certain illumination than 

classical photosensitizers. On the other hand, the absorption of GOQDs covers a wide range 

of wavelengths from ~200 nm to ~500 nm, indicating that the energy of two main emission 
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bands of UCNs (330~370 nm, 440~490 nm) could be absorbed by GOQDs. To confirm this 

postulation, the fluorescence of the nanohybrids was measured to make a comparison with 

that of unconjugated UCNs. After conjugating with GOQDs, the intensity of the emission 

peaks at 365 nm and 488 nm decreased to ~50% (Figure 3b), while the emission peak at ~800 

nm was kept almost the same. Furthermore, the emission was almost the same for UCNs-

GOQDs-FA, UCNs-GOQDs-TPP and UCNs-GOQDs-FA/TPP hybrids, indicating that the 

modification with FA and TPP has no obvious effect on the energy transfer efficiency. 

2.2 In vitro targeting and PDT 

  The synergistic targeting effects were evaluated in vitro in terms of cellular uptake (Figure 

4a). After incubation with Hela cells for 4 hours, the UCNs-GOQDs nanohybrids inside cells 

were about 2.08 µg UCNs per 104 cells. For the conjugations individually modified with FA 

or TPP, the cellular uptake increased to ~3.28 µg/104 cells (an increase of ~58%) and ~2.82 

µg/104 cells (an increase of ~36%), respectively. With multiple targeting moieties, the cellular 

uptake further increased to about 3.95 µg/104 cells (an increase of ~90% as compared to 

UCNs-GOQDs), indicating that the combination of different targeting agents significantly 

enhances the uptake efficacy in Hela cells. For comparison, we first incubated the Hela cells 

with folic acid and measure the cellular uptake with inhibiting the folate receptor on cell 

membrane. It was found that the endocytosis for UCNs-GOQDs and UCNs-GOQDs-TPP 

presented almost no obvious difference between the cells with and without folate receptor 

inhibition. However, for UCNs-GOQDs-FA, the cellular uptake decreased from ~3.3µg/104 

cells (without the inhibition) to ~1.9 µg/104 cells (with the inhibition). For UCNs-GOQDs-

FA/TPP, the cellular uptake also decreased ~25% after inhibiting folate receptor, which was 

close to the uptake of UCNs-GOQDs-TPP and still higher than that of UCNs-GOQDs. These 

results indicated that the modification of FA facilitates the internalization of nanohybrids via 

folate receptor-mediated endocytosis. Furthermore, human fibroblast cells were also chosen 
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as a control group, and the cellular uptake was determined as 2.41 µg, 2.55 µg, 3.31 µg and 

3.47 µg UCNs per 104 cells for UCNs-GOQDs, UCNs-GOQDs-FA, UCNs-GOQDs-TPP, 

UCNs-GOQDs-FA/TPP, respectively. For fibroblast cells, the increase of cellular uptake with 

FA modified UCNs-GOQDs was almost negligible, indicating FA is specific for folate 

receptor-overexpressed cancer cells. In contrast, it should be noted that TPP modification 

resulted in a ~37% increase as compared to that of UCNs-GOQDs, which is similar to that of 

Hela cells and demonstrates the nonspecific feature of TPP modification.  

  The Hela cells without inhibiting folate receptor were also observed by TEM (Figure 4b) 

after incubation with different samples. Without targeting moiety, few UCNs-GOQDs 

nanohybrids were found in cytoplasm. When modified with FA molecules, the nanohybrids 

were endocytosed into cells with an increased amount. In particular, when modified with TPP, 

there is a tendency for these nanoparticles to accumulate near mitochondria. With both FA 

and TPP modifications, the amount of endocytosis to cytoplasm and mitochondria was further 

improved, indicating the high synergistic targeting efficiency of UCNs-GOQDs-FA/TPP. 

  The synergistic targeting and localization of the nanohybrids were further observed from 

confocal fluorescence images of Hela cells stained with mitochondrial dye JC-1[39] (Figure 4c 

and Figure S6). JC-1 displays potential-dependent accumulation in the normal mitochondria 

accompanied by the red fluorescence emission due to the formation of JC-aggregates[14b]. 

Therefore, the mitochondrion targeting efficiency could be assessed by the colocalization of 

the red fluorescence from aggregated JC-1 to that from UCNs. As shown in Figure 4c, the 

percentages of mitochondrial colocalization of UCNs-GOQDs-FA and UCNs-GOQDs-TPP 

were 35.1% and 34.0%, respectively, both of which were much higher than the value of 

UCNs-GOQDs (18.4%). Meanwhile, in UCNs-GOQDs-FA/TPP group the colocalization 

increased to 51.0%, which is ~2.8 times higher than UCNs-GOQDs and ~1.5 times higher 
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than the monomeric targeted groups, indicating more nanohybrids were delivered to the sites 

around mitochondria by the synergistic targeting.  

  FA has been widely acknowledged for the enhancement of receptor-mediated endocytosis of 

FR-overexpressed tumor cells[40]. Meanwhile, the homing of cationic TPP moiety modified 

nanoparticles into cytoplasm was considered to be driven by electrostatic interaction, as the 

membrane potential of mitochondria is highly negative (-140 mV to -180mV)[41]. Therefore, 

the modification of nanoparticles with FA showed an enhanced cellular uptake for Hela cells 

without receptor inhibition, whilst TPP modification led to an increase of internalization for 

both Hela cells (whether inhibited or not) and fibroblast cells. In addition, in the endocytosis 

for UCNs-GOQDs-FA, the nanoparticles were internalized through receptor-dependent 

caveolae-mediated endocytosis[42], in which the pathway does not involve the lysosomes and 

the vesicular cargo would be delivered through cytoplasm into other subcellular 

compartments[43]. As a result, UCNs-GOQDs-FA/TPP could escape from lysosomes and 

accumulated near mitochondria with a higher amount[44]. Besides, the enhancement in cellular 

internalization and mitochondria targeting from TPP modification, following another 

mechanism (electrostatic interaction), may still remain, and combining these two different 

pathways, both cellular uptake and mitochondria targeting efficiency would be significantly 

enhanced.  

  To investigate NIR triggered PDT effect of UCNs-GOQDs-FA/TPP hybrid nanoparticles, 

Hela cells were irradiated by 980 nm laser (1 W/cm2) for 15 min after the uptake of 

nanohybrids. As shown in Figure 5a and Figure S7, without the irradiation of NIR, the cell 

viability slightly decreased to ~80% when the concentration of Gd3+ increased to 420 ppm (~2 

mg/mL of UCNs). After irradiated (Figure 5b) for 15 min, the cell viability for all the 

modified groups decreased faster than the unmodified group of UCNs-GOQDs. Meanwhile, 

the viability of the cells incubated with UCNs-GOQDs-TPP is lower than that with UCNs-
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GOQDs-FA group under the same conditions, indicating UCNs-GOQDs-TPP that targets the 

mitochondria sites may possess better therapeutic effect than UCNs-GOQDs-FA with similar 

cellular internalization, which is coincident with our previous report[18]. Furthermore, among 

all groups, the decrease of cell viability for UCNs-GOQDs-FA/TPP group is the most 

significant, which is attributed to the enhanced uptaken dose and mitochondrial localization. 

To further investigate the capability of killing cancer cells under illumination, flow 

cytometric analysis of the Annexin V-FITC/PI labeling assay[45] was conducted. As shown in 

Figure 5c, the percentage of cells at each corresponding zone was marked. Without 

irradiation, the live Hela cells in four samples were all higher than 80%. After irradiated for 

10 min, live cells were decreased to 72.6% in UCNs-GOQDs group. Meanwhile, the 

percentages of live cells were 60.8% and 58.0% in UCNs-GOQDs-FA and UCNs-GOQDs-

TPP groups. In UCNs-GOQDs-FA/TPP group, the percentage of remained live cells was only 

about 37.4%. In TPP modification group, the apoptosis is more serious than in FA 

modification group, indicating a higher sensitive response of mitochondria to PDT process. 

Meanwhile the synergistic targeting showed the highest percentage of cell death, which was 

consistent with the result of cell viability of in-vitro PDT and further proved the efficient 

therapeutic effect induced by synergistic targeting.  

  Since JC-1 forms red emissive fluorescent aggregates in normal mitochondria with a high 

membrane potential (MMP) and change to green emissive monomer in damaged mitochondria 

with a low MMP[46], the change of fluorescence intensity of aggregate JC-1 and monomeric 

JC-1 could be utilized to evaluate the health state of mitochondria (Figure 4c and Figure S8). 

The increase of green fluorescence of monomeric JC-1 in UCNs-GOQDs-TPP group is more 

significant than that of UCNs-GOQDs-FA group, suggesting more mitochondrial apoptosis of 

the former group than the latter one. Meanwhile, both FA and TPP modified groups showed 

more obvious mitochondrial damage than the UCNs-GOQDs group. In UCNs-GOQDs-
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FA/TPP group, the green fluorescence of monomeric JC-1 was further increased. These 

results gave a proof of the improved damage of mitochondria in the occasions with TPP 

modification and especially, synergistic targeting.  

2.3 Synergistic targeting and PDT in vivo 

  In the in vivo experiments, UCNs mediated conjugations were injected intraperitoneally into 

mice with bearing tumors at an injection dose (ID) of 18 mg/kg. The doses of nanoparticles 

accumulating at the tumor lesion were measured as 0.09 % ID/g for UCNs-GQODs, 0.15 % 

ID/g for UCNs-GQODs-FA (increased for ~73%), 0.12 % ID/g for UCNs-GQODs-TPP 

(increased for ~35%), and 0.21 % ID/g for UCNs-GQODs-FA/TPP (increased for ~145%), 

respectively (Figure 6a). These results on one hand further suggested that only modification 

with mitrochondrion-targeting ligand (TPP) resulted in a lower accumulation of nanoparticle 

in tumor lesion, and on the other hand indicated the positive outcome of the targeting effect 

by dual targeting moieties. Meanwhile, to determine whether the nanoparticles were 

internalized into cells, the extracellular matrix of the tumor tissue with intratumoral injection 

administration was digested by 0.15% collagenase and resultant cells were purified, re-

suspended in PBS, and stained by rhodamine 123 for mitochondria and Hoechst 33258 for 

nuclei. As shown in Figure 6b, the fluorescence of UCNs was observed just around the cell 

nuclei and to some extent overlapped with that of rhodamine 123, indicating part of the 

nanoparticles were uptaken by the cells. By using software imageJ, the colocalization 

coefficients of rhodamine 123 and UCNs were analyzed, and the results were 0.33, 0.38, 0.40, 

0.44, for UCNs-GQODs, UCNs-GQODs-FA, UCNs-GQODs-TPP, UCNs-GQODs-FA/TPP, 

respectively. It should be noted that despite the targeted amount of UCNs-GQODs-TPP to 

tumor lesion was lower than that of UCNs-GQODs-FA, the colocalization coefficient of the 

former was still comparable to or slightly higher than the latter, indicating the mitochondria 

targeting effect of TPP modification in vivo. Moreover, the dual modification with FA and 
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TPP leading to the synergistic targeting could be further evidenced and more nanoparticles 

would be in a close proximity to mitochondria. 

Having verified the advantage of dually modified platform in tissue targeting, in vivo 

therapeutic efficiency was studied. The tumors were irradiated by 980 nm laser (0.5 W/cm2) 

for 30 min at 3 h after the intraperitoneal injection. In the control groups injected with PBS 

with or without laser, the tumors continuously grew up to near three-fold volume after 15 

days (Figure 7), showing negligible effect of laser irradiation. In all the groups without 

irradiation, the growth of tumor was similar to that of the PBS groups. In UCNs-GOQDs with 

laser groups, after irradiation by 980 nm laser for 30min, the tumor still kept on growing 

while slower than that of PBS group. In the groups with the injection of UCNs-GOQDs-FA 

and UCNs-GOQDs-TPP, the volume of tumors only slightly increased. In contrast, in the 

synergistic targeting group, tumors were regressed and the remnant volume of tumor was only 

about 25% in 15 days, demonstrating the enhanced PDT efficacy. The therapeutic effect of 

the synergistic targeting group was further proved by the histological analysis of tumor 

tissues. Figure 8 showed the tumor slices stained by haematoxylin and eosin at different time 

points, clearly showing that the tumor cells are diminished, spheroidized and isolated 

gradually. In the 15-day observation after therapy, the weight of mice was continuously 

recorded, and no obvious difference was detected among all groups (Figure S9a-b). After 15 

days, all the mice were survived. Then the mice were sacrificed and the histological analysis 

of main organs (heart, liver, spleen, lung, kidney) in UCNs-GOQDs-FA/TPP group (Figure 

S9d) was conduct, showing the similar results as compared to the control group. The 

biodistribution of UCNs-GOQDs-FA/TPP was identified after intraperitoneal injection for 3 h, 

15 days and 30 days, respectively, as shown in Figure S9c. At 3 hours after the injection, it 

was found that compared with targeting 0.21% of the injection dose to tumor lesion, a much 

higher amount of nanohybrids were delivered to kidney, liver, spleen and lung. It should be 



  

15 

 

noted that after 15 or 30 days, the nanoparticles in these organs were metabolized to a low 

level, which is comparable to the dose remained in the tumor. Combining with the 

observation of histological slices, this result indicates negligible side effects of the 

nanohybrids on main organs.  

3. Conclusions 

With better capability of generating ROS than classical photosensitizers, we loaded GOQDs 

on UCNs to formed a NIR excited PDT nanoformulation. Meanwhile, owing to the abundant 

functional groups on GOQDs, FA and TPP, as the tumor targeting and mitochondrial 

targeting moieties respectively, were simultaneously grafted onto UCNs-GOQDs conjugation. 

This dual modification led to a higher targeting of nanoparticles to cancer cells, and to tumor 

lesions in vivo as well. Moreover, the accumulation of nanoparticles near mitochondria for 

both in vitro and in vivo cases were also observed. With such an enhanced targeting effect, the 

cell death originated from mitochondria damage as well as the PDT efficacy in vivo were 

improved. Owing to that targeting efficiency is a general issue not only for PDT but also for 

other nanotherapeutics, our work, indicating that dual modification based on different 

targeting pathways may benefit for the accumulation of nanoformulations at the active sites, 

may be meaningful for the design of nanomedicines. 
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Figure 1. Schematic illustration of the design of the nanohybrids based on UCNs-GOQDs 

conjugation.  
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Figure 2. a) Energy dispersive spectrometer mapping of elements, and b) the UV-Vis 

absorption of UCNs-GOQDs-FA/TPP. 
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Figure 3. a) ROS generation of UCNs-GOQDs-FA/TPP detected by ABDA; b) UV-Vis 

absorption of GOQDs (black) and florescence spectra of UCNs, UCNS-GOQDSs, UCNs-

GOQDs-FA/TPP, respectively. 

 



  

19 

 

Figure 4. a) Cellular uptake in Hela cells without (black) and with (blue) FA receptor 

inhibiting, and human fibroblast cells (red). Data are presented as mean ± SD (n=3). *P < 0.05, 

**P < 0.01. b) TEM of Hela cells incubated with the nanohybrids. The mitochondria are 

marked by red arrows and the boundary of nucleus is presented by dashed line. c) Laser 

scanning confocal microscope (LSCM) images of Hela cells stained by JC-1 after incubation 

with nanohybrids. Left panel: direct observation without PDT laser irradiation, and right panel: 

with laser irradiation for 3 min (Scale bar=50 µm). 
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Figure 5. Cell viability of Hela cells incubated with nanohybrids a) without and b) with 980 

nm laser; c) Annexin V-FITC/PI assay of Hela cells by flow cytometry. 
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Figure 6. Targeted dose of nanohybrid in tumor tissues with intraperitoneal injection. Data 

are presented as mean ± SD (n=3). *P < 0.05, **P < 0.01, ***P < 0.001. b) LSCM images of 

tumor tissue cells suspension. The tumor tissues were removed after intratumoral injection for 

3 h, digested by 0.15% collagenase overnight and stained by Rhodamine 123 and Hoechst 

33258 (Scale bar=20 µm). 
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Figure 7. a) The normalized tumor volume and b) photos of naked mice with different 

treatments. Data are presented as mean ± SD (n=6). *P < 0.05, **P < 0.01, ***P < 0.001.  
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Figure 8. Histological analysis of hematoxylin-eosin stained tumor sections in UCNs-

GOQDs-FA/TPP treatment group. 
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Supporting Information  

Experimental details, microstructure and physiochemical properties of GOQDs, UCNs, and 

different nanohybrids respectively, the change of fluorescence of JC-1, and biocompatibility 

of the nanohybrids.  
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Synergistic targeting strategy was established by simultaneously modifying a tumor-

targeting motif and a mitochondria-targeting agent onto graphene oxide quantum dots-

upconversion nanocrystals hybrid nanoparticles. Under the non-interfering impetus of 

receptor-mediated endocytosis and electrostatic interaction, cellular uptake and mitochondria-

targeting efficiency for Hela cells were significantly improved, so that mitochondria damage 

and in vivo therapeutic effects was enhanced with this synergistic targeting modification. 
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