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Abstract 

This paper reported on a two-photon excited nanocomposite FCRH to overcome tumor 

hypoxia for enhanced photodynamic therapy (PDT). Through modified by ruthenium 

(Ⅱ) complex (Ru(bpy)3
2+) and hyperbranched conjugated copolymer with poly (ethylene 

glycol) arms (HOP) , the water-splitting mediated O2 generation from iron-doped carbon 

nitride (Fe-C3N4) can be triggered via two-photon irradiation for the first time. While 

exposured to two-photon laser, Ru(bpy)3
2+ was activated to generate singlet oxygen (1O2) 

and Fe-C3N4 was triggered to split water for oxygen supply in the mean time. Owing to 

the injection of photoinduced electrons from excited Ru(bpy)3
2+ to Fe-C3N4, O2 generated 

by Fe-C3N4 was significantly accelerated. After accumulation of the nanocomposite by 

enhanced permeability and retention (EPR) effect, FCRH was demonstrated to alleviate 

the tumorous hypoxia and consequently enhance the antitumor efficacy of PDT. 

Furthermore, tumor metabolism evaluations explained the capability of the 

nanocomposite in reducing intratumoral hypoxia. Our results provide a new diagram for 

ameliorating the hypoxic tumor microenvironment and accelerating 1O2 generation under 

two-photon excitation, which will find great potential for spatiotemporally controlled 

tumor treatment in vivo. 

 

Keywords: tumor hypoxia, two-photon, water splitting, oxygen generation, photodynamic 

therapy 
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1. Introduction  

Tumor hypoxia is a hallmark of tumor microenvironment arising from excessive 

oxygen consumption, new blood vessels aberration and poor blood flow [1-3]. Tumors 

are influenced by hypoxia via its multiple contribution to vasculogenesis, 

chemoresistance, metastasis, and genomic instability [4,5]. Tumor hypoxia associated 

with tumor development  and progression so that it implicated in resistance to many 

therapeutic approaches including radiotherapy, chemotherapy and photodynamic therapy 

(PDT) [6-8]. Particularly, hypoxia in tumor can be largely worsened with the oxygen 

consumption during PDT procedure, which in turn attenuates the effectiveness of PDT 

consequently [9-12]. Fortunately, studies have shown that combination of PDT and 

hyperbaric oxygen therapy can improve the therapeutic effect obviously [13-16]. 

Recently, materials have been exploited to improve intratumoral O2 supply, such as 

perfluorohexane, catalase, MnO2 and C3N4 [7,12,14,15]. However, perfluorohexane based 

oxygen carriers have poor effects in reducing tumor hypoxia due to its limited carrying 

capacity of O2 [17,18]. Catalase and MnO2 could catalyze H2O2 decomposition to 

generate O2, while the low intracellular H2O2 level is the major restriction of their 

biological applications [10,11,14]. By contrast, C3N4 based O2 supplement materials were 

considered to be biocompatible since it can release O2 via photocatalytic water splitting 

[19,20]. Unfortunately, the UV and visible light absorption of pure C3N4 greatly restricts 

its biomedical applications due to the low penetration depth, strong tissue interference 

and possible skin damage of short wavelength light [21,22]. Even though the absorption 

band of C3N4 can be red shifted through modification, further improvements of the light 

availability and quantum efficiency are still necessary [23-25].  
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In order to reduce tumor hypoxia and meet the demands of PDT to produce reactive 

oxygen species (ROS) such as singlet oxygen (1O2), ruthenium (Ⅱ ) tris(bipyridyl) 

cationic complex (Ru(bpy)3
2+) was introduced and loaded onto the iron-doped carbon 

nitride (Fe-C3N4) nanoparticle [26-28]. Above all, by loading Ru(bpy)3
2+ with π-π 

stacking, localization of charges was facilitated through the injection of photoinduced 

electrons from Ru(bpy)3
2+ to Fe-C3N4, which can separate charges and prevent the 

recombination of electron-hole pairs more efficiently to enhance photocatalytic activity 

and O2 generation [29-31]. Moreover, the Ru (Ⅱ) complex was recently reported as a 

photosensitizer (PS) for two-photon excited PDT (TP-PDT), which occurs via a 

simultaneous two photons absorption by PS of near infrared light to reach the same 

energy transition as UV photons [32-34]. TP-PDT expands the application of near 

infrared light in PDT which can penetrate into deep tissues with lower scattering and 

absorption, as well as provide highly precise spatial targeting to activate PS at the focal 

point of the laser beam [35-37]. Based on these characters, TP-PDT has been regarded as 

a promising strategy to achieve precise PDT with deep tissue penetration for clinical 

applications. 

Here, we designed a two-photon light controlled and Ru (Ⅱ) complex sensitized O2 

self-supplement nanocomposite for overcoming tumor hypoxia and PDT efficacy 

enhancement, which combined the superiorities of O2 self-supply and TP-PDT 

simultaneously. As shown in Scheme 1, Ru (Ⅱ) complex loaded Fe-C3N4 nanoparticle 

was selected as the O2 supplement material because of its excellent capability in O2 

generation mediated by water splitting. A copolymer HOP constituted by a 
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hyperbranched conjugated polymer (HCP) core and many linear poly (ethylene glycol) 

(PEG) arms with superior two-photon action cross-section was utilized for two-photon 

light-harvesting [38-40]. After coated onto the Ru (Ⅱ) complex-loaded Fe-C3N4, HOP 

acted as a high two-photon light-harvesting agent and a donor of Förster resonance 

energy transfer (FRET) to drive the O2 generation under two-photon light [41]. After 

accumulation of the nanocomposite by enhanced permeability and retention (EPR) effect, 

800 nm two-photon irradiation was applied to excite the nanocomposite, leading to O2 

release to compensate the oxygen consumption during PDT procedure, reduce tumor 

hypoxia, and promote singlet oxygen 1O2 generation [11,13,23]. This O2 self-supplement 

TP-PDT nanocomposite solved the restriction of hypoxia and tissue penetration in PDT 

simultaneously, and dramatically improved the therapeutic efficiency in vivo. 

 

2. Materials and methods 

2.1. Materials 

All solvents and reagents mentioned were used directly without further purification. 

Methanol, dichloromethane (DCM), and N, N’-dimethylformamide (DMF) were offered 

from Shanghai Chemical Co. (China). Hexadecyl trimethyl ammonium bromide (CTAB), 

tetraethylorthosilicate (TEOS) were provided from Shanghai Reagent Chemical Co. 

(China). PEG was purchased from Shanghai Ponsure Biotechnology Co. Ltd. 4-oxo-

TEMP was purchased from J&K Scientific Ltd. 2’,7’-dichlorofluorescein diacetate 

(DCFH-DA), annexin-V-FITC, and propidium iodide (PI) were purchased from 

Beyotime Institute of Biotechnology (China). Trypsin, RMPI 1640, Dulbecco’s 
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phosphate buffered salines (PBS), 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium-

bromide (MTT), fetal bovine serum (FBS) were provided by GIIBCO Invitrogen Group. 

ROS-ID hypoxia/ oxidative stress detection kit was obtained from Enzo Life Sciences Inc. 

Cell nuclei probe (SYTO) was purchased from Jiangsu KeyGEN Biotechnology Co. Ltd.  

2.2.Formation of self-assembled FCRH nanocomposite.  

30 mg of prepared Fe-C3N4 was dispersed in DMF (10 mL). Then 20 mg of Ru(bpy)3
2+ 

solved in DMF (10 mL) was added into the dispersion with stirring lasted 4h in room 

temperature. After that, 2.5 mg HOP synthesized according to previous reports (Figure 

S1, S2) dissolved in 5 ml DMF was added in this mixture and stirring for other 4 h [40]. 

After adding this mixture into DI water dropwise with ultrasonic treatment for 10 min, 

the resultant mixture was centrifuged at 10000 rpm for 10 min to collect the precipitate, 

and it was washed three times by DI water. FCRH was obtained by lyophilizing of the 

redispersed precipitate.  

2.3.Characterizations of the FCRH  

TEM images were obtained on JEM-2100 (HR) operated at 200 kV. The crystalline 

structure of the samples was collected by using PXRD (Rigaku MiniFlex 600 X-ray 

diffractometer with Cu Kα, λ = 1.5418 Å). FT-IR spectra were applied on a Perkin Elmer 

spectrophotometer with the KBr tablet method. UV-vis absorbance spectra were detected 

in a Perkin Elmer UV-vis spectrophotometer (Lambda Bio40). The photodynamic 

therapy was conducted using a mode-locked Ti: sapphire femtosecond pulsed laser 

(Chameleon Ultra I, Coherent, America) with a pulse width of 140 fs and a repetition rate 

of 80 MHz. The two-photon excited fluorescence intensity was recorded on a DCS200PC 

Photon Counting (Beijing Zolix Instruments Co., Ltd.). ESR spectra were measured on a 
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Bruker X-band A200 spectrometer. Fluorescence microscopy images were acquired on a 

confocal laser scanning microscope (Nikon C1-si TE2000, Japan). The in vivo imaging 

experiments were carried out using IVIS imaging systems (Perkin Elmer). CT scanning 

was conducted on Quantum FX microCT (Perkin Elmer). Flow cytometry (BD 

FACSAria TM III) was used to assess the cell death. 

2.4.Cell culture in hypoxic and normoxic environments  

Mammary carcinoma (4T1) cells were cultured in RPMI 1640 medium with 10% FBS 

and 1% antibiotics (penicillin-streptomycin, 10000U mL-1) at 37 � in a humidified 

atmosphere containing 21% O2 and 5% CO2 to mimic the normoxic environment, and 1% 

O2 and 5% CO2 to mimic the hypoxic tumor microenvironment.  

2.5.ROS production ability of FCRH 

In this study, DCFH-DA was used to detect the generation of ROS in solution by 

measuring the photoluminescence intensity of the oxidative product DCF. Briefly, 

DCFH-DA (2 µL, 10 mM) was mixed with 80 µL NaOH (10 mM) and stirring for 20 min 

in at room temperature. 918 µL PBS buffer was added into the mixture to keep neutral. 

Then, 25 µL of DCFH-DA solution was added in 975 µL of FCRH (50 µg/mL), Fe-C3N4 

(50 µg/mL) and Ru(bpy)3
2+ (5 µg/mL) contained PBS. Then the photoluminescence 

intensity was detected after two-photon irradiation (800 nm, 2.7 W) for different period.  

Furthermore, the intracellular ROS was evaluated by CLSM using DCFH-DA as ROS 

sensor. 4T1 cells were seeded and incubated for 24 h. FCRH (50 µg/mL), FCH (50 

µg/mL) and Ru(bpy)3
2+ (5 µg/mL) in RMPI 1640 medium was added and incubated with 

the cells for 12 h in hypoxic and normoxic conditions respectively. After washed with 

PBS for three times, 4T1 cells were incubated shielded from light or irradiation for 5 min 
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with two-photon laser (800 nm, 2.7 W, with 0.5 min interval after each minute of 

irradiation). Then cells were stained with DCFH-DA for 20 min and observed by CLSM.  

2.6. O2 generation of FCRH  

0.5 mg FCRH were dispersed in 1mL DI water and 2 mL of liquid paraffin was added 

to isolate the solution and air. The dissolved O2 was removed by bubbling argon through 

the aqueous solution for 20 min until the dissolved O2 decreased to 4 mg L-1. After that, a 

DOG-3082 oxygen dissolving meter was used to detect the O2 generation in real time 

with two-photon irradiation (800 nm, 2.7 W). 

To investigate the production of intracellular O2, a fluorogenic probe ROS-ID was 

utilized as a hypoxia sensor. 4T1 cells were seeded and co-incubated with FCRH (50 

µg/mL), FCH (50 µg/mL) and Ru(bpy)3
2+ (5 µg/mL) in RMPI 1640 medium for 12 h in 

hypoxic and normoxic conditions respectively. After washed with PBS for three times, 

4T1 cells were incubated shielded from light or with two-photon irradiation for 5 min 

(800 nm, 2.7 W, ith 0.5 min interval after each minute of irradiation). Then cells were 

stained with ROS-ID for 30 min and observed by CLSM.  

2.7.In vitro cytotoxicity measurements 

The in vitro cytotoxicity was investigated by classic MTT assay. 4T1 cells were 

cultured in 96-well plates. After 24 h, gradient concentration of FCRH, Ru(bpy)3
2+, FCH 

and Fe-C3N4 were added in each well and co-incubated with cell under nomoxic and 

hypoxic conditions respectively. After co-incubation for 12 h, the culture medium was 

removed and replaced with fresh RPMI 1640 medium. Then, the cells were irradiated by 

two-photon laser (800 nm, 2.7 W, with 0.5 min interval after each minute of irradiation) 

for 3 min or incubated without any treatment. After incubation for another 24 h, MTT 
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solution (20 µL, 5 mg/mL) was added into each well. Finally, the supernatant medium 

was replaced with 150 µL of DMSO. The absorbance was measured after shaking for 

several times at 570 nm using a microplate reader (Bio-Rad, Model 550, USA).  

The apoptosis and necrosis measurement of 4T1 cells was also performed by flow 

cytometry to evaluate the cytotoxicity. The cells were seeded in 6-well plates and 

incubated with FCRH, Ru(bpy)3
2+, and FCH for 12 h. Then the cells were irradiated by 

two-photon laser (800 nm, 2.7 W, with 0.5 min interval after each minute of irradiation) 

for 3 min or incubated without light. After further 20 h incubation, the cells were washed 

with PBS, harvested and stained with PI and Annexin-V-FITC for 15 min. At the last, the 

cells were analyzed using flow cytometry.  

The live/ dead cells assay was evaluated via CLSM. 4T1 cells were seeded in 6-well 

plates and incubated with FCRH, Ru(bpy)3
2+, and FCH for 12 h. Then the cells were 

irradiated for 3 min with 800 nm two-photon laser (2.7 W, with 0.5 min interval after 

each minute of irradiation) or incubated in dark. After further 20 h incubation, the cells 

were washed with PBS and stained with Calcein-AM and PI solutions in PBS for 15 min. 

Finally, the cells were washed and viewed by CLSM.  

2.8.Animals and tumor model  

In this study, all the animal experiments were conducted with the regulations of 

laboratory animals established by Wuhan University Animal Biosafty Level III Lab. All 

study protocols were recognized by the Institutional Animal Care and Use Committee of 

Wuhan University. 6-week old mice were subcutaneously injected with 4T1 cancer cells. 

During treatment, mice were anesthetized with 2.5% isoflurane in oxygen delivered at a 
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flow rate of 1.5 L min−1. Each tumor’s volume was calculated using the following 

formula: tumor volume = length × width2 × 0.5. 

2.9.In vivo imaging  

After the tumor volume reached 100 mm3, 4T1 tumor bearing Balb/c mice were 

intravenously injected with IR780 tagged FCRH NPs (2.5 mg/mL, 100 µL). Then mice 

were observed through a living image IVIS spectrum at different time point (0.5, 1, 2, 4, 

6, 8, 12, 24, 36 and 48 h). CT scanning was performed with a Quantum FX microCT in 

the meanwhile to obtain structural information of mice. 

2.10. In vivo antitumor studies  

6-week old 4T1 tumor bearing Balb/c mice were divided into 5 groups with 6 mice per 

group. The mice were treated with: PBS with 5 min two-photon irradiation, FCRH, FCH 

with 5 min two-photon irradiation, Ru(bpy)3
2+ with 5 min two-photon irradiation and 

FCRH with 5 min two-photon irradiation (800 nm, 2.7 W, with 0.5 min interval after 

each minute of irradiation). After intravenous injection at an equivalent dose (2.5 mg/mL, 

100 µL) for 24h, tumors were illuminated under the two-photon laser for 5 min. The 

relative tumor volume and body weight of every mice were recorded every day. After 14 

days, the tumor tissues and main organs were obtained from sacrificed mice for H&E 

staining, immunofluorescence staining and immunohistochemical staining.  

2.11. Metabonomics and statistical analysis 

6-week old 4T1 tumor bearing Balb/c mice were intravenously injected with 100 µL 

PBS or FCRH (2.5 mg/mL, 100 µL). 24 h after injection, 800 nm two-photon irradiation 

(2.7 W, with 0.5 min interval after each minute of irradiation) was performed for 5 min. 
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After 14 days, 4T1 tumors were collected for metabonomics analysis. For statistical 

analyses, Simca P 13.0 software was used for principal component analysis, Microsoft 

Excel 2017 was used to perform two-tailed Student’s t-test. A P value of less than 0.05 

was regarded as statistically significant. 

 

3. Results and discussion 

3.1. Design and synthesis of FCRH nanocomposite 

In this decade, C3N4 has been regarded as a potential therapeutic agent with low 

production cost, thermally/chemically stability, low cytotoxicity and good 

biocompatibility [23]. Compared with the traditional water splitting material C3N4, 

doping with iron makes it have higher photocatalytic activity [42,43]. In this study, by 

coating HOP on the surface of Ru(bpy)3
2+ loaded Fe-C3N4 nanoparticles, a therapeutic 

photocatalytic agent (FCRH) was established. First, Fe-C3N4 nanoparticles were prepared 

via a thermal polymerization method utilizing MCM-41 mesoporous silica nanoparticles 

(MSNs) as template [22,43]. The morphology of as-synthesized MCM-41 MSNs and 

obtained Fe-C3N4 nanoparticles were observed by transmission electron microscopy 

(TEM), which indicated the monodispersed size of the template silica spheres and Fe-

C3N4 nanoparticles distribution at about approximately 95 nm and 102 nm respectively 

(Figure 1A, 1B). Furthermore, we investigated the long-term-stability of FCRH dispersed 

in PBS for 3 days. The average hydrodynamic diameter of FCRH measured by dynamic 

light scattering (DLS) was 216 nm, which was slightly larger than that observed by TEM 

and has weak changes for at least 3 days due to the copolymer on the surface, 

demonstrating the stability of the nanocomposite (Figure S4). Subsequently, Ru(bpy)3
2+ 
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and HOP have been sequentially self-assembly on Fe-C3N4 core based on π−π stacking to 

obtain FCRH nanocomposite according to previous reports [38,39,44,45]. In contrast to 

Fe-C3N4 with naked spherical structures, FCRH exhibited an obvious copolymer shell 

about 10 nm in thickness (Figure 1C), indicating the successful cloaking with the HOP in 

morphology. As an amphiphilic conjugated copolymer (Figure S1), HOP shows excellent 

two-photon excited fluorescent performance to be a donor of FRET process because of its 

large two-photon-absorbing conjugated polymer core and the amplified fluorescent 

response of conjugated polymers [40,41]. Benefiting from the three-dimensional 

dendritic architecture and self-assembly behavior, HOP could be used as polymeric 

carriers to encapsulate the hydrophobic Fe-C3N4 core [40,46]. Moreover, it should be 

noted that PEG of HOP which distributed on the surface of the nanocomposite should 

enhance its biocompatibility [41]. Furthermore, in the as-designed system, loading of 

Ru(bpy)3
2+ has been employed to sensitize Fe-C3N4 via the electron transfer from 

excited-state of Ru(bpy)3
2+ to the conduction band of Fe-C3N4, resulting in the 

enhancement of photocatalytic activity and oxygen generation.[29,31,47].  

3.2.Characterization of FCRH nanocomposite  

For powder X-ray diffraction (PXRD, Figure 1D) analysis, the phase structure of Fe-

C3N4 and FCRH was identified. There was a strong diffraction peak at 27.7° indexing for 

Fe-C3N4 as the (002) peak both in patterns of Fe-C3N4 and FCRH, which is in good 

agreement with reported value [43]. Moreover, XRD patterns of FCRH matches well 

with the simulated XRD pattern of Fe-C3N4, indicating that the crystalline and 

crystallinity are remained stable after incorporation with Ru(bpy)3
2+ and HOP. The 

electronic structures and the chemical compositions of FCRH were characterized by the 
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X-ray photoelectron spectra (XPS). In Figure 1E, the weak photoelectron peak at 711 eV 

is attribute to the Fe 2P, and the sharp photoelectron peaks of C, N appear at binding 

energies of 288 eV (C 1s) and 399 eV (N 1s) respectively [42]. Regarding the C1s 

spectrum (Figure S3A), two characteristic peak components at 284.8, and 288 eV were 

assigned to C-C and N-C=N, respectively. The binding energy at 397.6, 400.5, and 401.6 

eV in the high-resolution N 1s spectra corresponded to pyridinic type, pyrrolic and amino 

functions (N-H), respectively, and 399.4 eV was attributed to N atoms which bonded to 

sp3 C atoms (N-C) (Figure S3B). Besides, the Ru 3d characteristic peaks were highly 

overlapped by C 1s peaks so that the high resolution scanning was performed on Ru 3p to 

determine the electronic state of Ru species instead of Ru 3d (Figure S3C).[44] The main 

peak (doublet) of the Ru 3p XPS spectrum of Ru-N-C can be decomposed into two 

doublets of Ru 3p1/2 and Ru 3p3/2, which led to 485.3, 465.0, and 461.3 eV, 

corresponding to ruthenium oxide and metallic ruthenium. Fe 2p3/2 at 715.3 and 710.5 

eV and Fe 2p1/2 at 723.9 eV were the characteristic peaks observed in high resolution Fe 

2p spectrum of FCRH (Figure S3D). In brief, the results confirmed that the iron element 

and Ru (Ⅱ) complex were successfully doped into the Fe-C3N4 nanospheres, where C, N, 

and O were also present.  

The successful coating has also been verified by FT-IR results. Figure 1F showed the 

FT-IR spectra of free Ru(bpy)3
2+ dye, Fe-C3N4, HOP and FCRH. In this spectrum, when 

HOP attached on the surface of Fe-C3N4 loaded with Ru dye, it showed a similar mode of 

vibration present in FCRH, which indicated the preservation of all major peaks of Fe-

C3N4 after Ru complex and HOP incorporation and without disturbing the typical 

molecular structure of Fe-C3N4. The band of 810 cm-1 was related to the s-triazine ring 
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modes, and the broad band at 1100-1700 cm-1 pertains to the stretching vibration of CN 

heterocycles [40,42,45].   

Compared with Fe-C3N4, the absorption of FCRH had bathochromic shift about 10 nm 

and showed much broader absorption band through 400 nm to 500 nm (Figure 1G). As 

the previous report and our verification, HOP showed fluorescence maxima at 452 nm 

under both excitation 410 nm of one-photon and 800 nm of two-photon mode in aqueous 

buffer (PBS, 10 mM, pH 7.4) (Figure S5, Table S2), which partially overlaped with the 

absorption spectrum of the energy accepter Fe-C3N4@Ru (FCR) as shown in the Figure 

1G and made it possible to construct an efficient FRET process between HOP and FCR 

[40]. Furthermore, the maximal two-photon absorption cross-section value of HOP was 

measured to be at 800 nm (Table S2), which means HOP can be an efficient energy donor 

in the FRET process. In addition, FCRH showed a PL peak at 610 nm which red-shifted 

from that (580 nm) of the free Ru dye since the interaction between Ru(bpy)3
2+ molecules 

and Fe-C3N4 (Figure S5B). In combination with UV-vis spectrum and inductively 

coupled plasma atomic emission spectroscopy (ICP-AES), the Ru(bpy)3
2+ loading 

capacity of FCRH was calculated to be 4.836%, while the Fe element content was 

6.037% determined by ICP-AES as shown in Table S3. 

3.3.In vitro study of water splitting and PDT enhancement  

After characterizing FCRH NPs, it was quite interesting to evaluate whether the 

nanocomposite can generate O2 and enhance PDT effectively. We utilized a dissolved 

oxygen meter to measure the generation of O2 in PBS buffer upon the two-photon 

irradiation at 800 nm. Deoxygenated PBS can be obtained through sodium thiosulfate 

treatment to consumed O2 in PBS, and a liquid paraffin seal was drop added to isolate 
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deoxygenated PBS from air [23]. As illustrated in Figure 2A, in the presence of FCRH, 

O2 production would be accelerate with the concentration increasing from 0.21 to 3.26 

mg/L in 10 minutes exposure to 800 nm two-photon irradiation, which was almost double 

that of FCH dispersion without Ru complex loading at same condition. These results 

strongly conformed to the mechanism of Ru(bpy)3
2+ mediated photocatalystic 

enhancement, for which the ruthenium complex served as not only photosensitizer of 

PDT but also a light absorption and water oxidation catalysis agent in this system. As a 

contrast, Fe-C3N4 without the shell structure of HOP and Ru(bpy)3
2+ showed few O2 

generation under 800 nm laser due to the absence of two-photon light capture agent, 

which was further evidence of the successful FRET process from the donor (HOP) to 

acceptor (Fe-C3N4). Whereas nearly no O2 generation was measured in PBS with only 

Ru(bpy)3
2+ under 800 nm laser, which demonstrated the water-splitting-triggered O2 

generation was  mediated by Fe-C3N4.    

Furthermore, we examined the ROS generation to evaluate whether the enhancement of 

water-splitting-triggered O2 generation under two-photon irradiation would be beneficial 

for PDT improvement. The fluorescent intensity of dichlorofluorescein (DCF), which is 

converted from weak fluorescent DCFH-DA oxided by ROS was monitored to detect the 

ROS production in PBS buffer [23]. In this work, the fluorescent intensity of DCF 

correspondingly represents the amount of the generated 1O2. Instantly, after the two-

photon irradiation, increased fluorescent intensity could be sensed in FCRH dispersed 

solution (Figure 2B). As shown in Figure 2C, compared with Fe-C3N4 and Ru(bpy)3
2+ 

groups, FCRH group exhibited a significantly higher 1O2 generation activity under two-

photon irradiation, mainly owing to the excellent catalytic capability of the 
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nanocomposite. The result further confirmed the PDT enhancement through O2 self-

supplement of this nanocomposite. Moreover, electron spin resonance (ESR) 

spectroscopy was used to verify the generation of 1O2 [11]. As shown in Figure 2D, after 

two-photon irradiation, the ESR signals of FCRH exhibited characteristic spin of the 

adducted formed between 1O2 and 4-oxo-TEMP both in normoxic and hypoxic 

conditions. Compared with FCRH, few ESR signals of Ru(bpy)3
2+ were observed in 

hypoxic conditions due to the scarce photocatalysis of O2 to 1O2 at restricted O2 

concentration. The results matched well with the ROS detection by DCFH-DA and 

further confirmed that the enhancement PDT through O2 generation by FCRH 

nanocomposite. 

3.4.Localization of photoinduced electrons and holes  

To understand the photocatalytic activity enhancement of FCRH, DFT calculations for 

the nanocomposite were performed. According to the calculation, the lowest unoccupied 

molecular orbital (LUMO) of Ru(bpy)3
2+ is higher than the conduction band (CB) of Fe-

C3N4 so that the photoinduced electrons on the LUMO of Ru(bpy)3
2+ could be easily 

injected to the CB of Fe-C3N4 and promote the reduction (Figure 3A). Meanwhile, since 

the corresponding valence band (VB) of Fe-C3N4 is lower than the highest occupied 

molecular orbital (HOMO) of Ru(bpy)3
2+, the photoinduced holes on the VB of Fe-C3N4 

can spontaneously transfer to the HOMO of Ru(bpy)3
2+ and participate the O2 generation.   

To explore the charge transfer process in the nanocomposite, the HOMO and LUMO 

obtained and illustrated that the electrons transfer from the Ru(bpy)3
2+ to the Fe-C3N4 

while the holes accumulate in the Ru complex region (Figure 3A), which can prevent the 

recombination of photoinduced electrons and holes and enhanced water-splitting 
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effectively [30,31]. Therefore, we can draw that under two-photon irradiation, 

photogenerated electron-hole pairs of Fe-C3N4 and Ru(bpy)3
2+ were simultaneously 

excited and localized, and 1O2 was generated through interaction between Ru(bpy)3
2+ in 

excited triplet state and oxygen generated by water-splitting (Figure 3A). 

In addition, the emission lifetime of FCRH and the free Ru(bpy)3
2+ dye was examined 

by time-resolved fluorescence curves in Figure 3B. The lifetime of photoinduced carriers 

is prolonged obviously, with the help of separation of photoinduced electrons and holes 

pairs, which is beneficial for photocatalysis and improve the O2 generation efficiently 

(Figure 3C) [20]. These results demonstrated the higher photocatalytic process of FCRH 

nanocomposite with separated oxidation and reduction cocatalysts and efficient 

separation of electron-hole pairs, which can make a significant improvement in the 

photocatalytic activity and O2 evolution performance.  

3.5.Cellular uptake and cell cytotoxicity  

The cellular uptake behavior of FCRH was studied by confocal laser scanning 

microscopy (CLSM) utilizing the blue fluorescence feature of HOP. In this study, 4T1 

cells (breast cancer cells) were utilized to estimate the cellular uptake of FCRH. In Figure 

S6, with the prolonged of incubation time, blue  fluorescence intracellular became 

brighter and brighter, which came to maximum intensity after treatment for 12h. 

 After verified the efficient ROS and O2 generation capability of FCRH, we conducted a 

series experiments to assess PDT therapeutic enhancement of the nanocomposite in 4T1 

cells, which was beneficial for in situ antitumor therapy. Firstly, the in vitro therapeutic 

effects of FCRH under two-photon irradiation (800 nm, 2.7 W) were estimated by the 

MTT assay (Figure 4A). As expected, no obvious cytotoxicity was displayed by FCRH 
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without irradiation neither in normoxic nor in hypoxic environment, which revealed that 

the nanocomposite exhibited great biocompatibility itself. However, after 3 minutes two-

photon irradiation, FCRH showed a significant does-dependent cytotoxicity both in 

normoxic and hypoxic environment. It should be noted that the nanocomposite induced 

over 70% cell death even in hypoxia environment, which strongly confirmed the hypoxia 

overcoming and PDT enhancement by oxygen generation from FCRH nanocomposite 

with two-photon irradiation. As contrast, Ru(bpy)3
2+ was incubated with 4T1 cells as 

well, which presented limited cytotoxicity in hypoxic condition after irradiation. The cell 

viability of 4T1 cells in hypoxic incubator remained up to 70 % with a Ru(bpy)3
2+ 

concentration of 50 mg/L which almost 5 times of concentration than that of FCRH. This 

result demonstrated that Ru(bpy)3
2+ is a two-photon excited photosensitizer in PDT with 

a reliance on oxygen. Moreover, the cell survival ratio decreased less both in normoxic 

and hypoxic environment of FCH with irradiation due to the absence of PSs to generate 

ROS, which was similar to the cells treated by FCRH without irradiation. These results 

were mainly because PDT procedure would consume O2 to produce ROS by PSs and 

aggravate hypoxia level intracellular, which could be overcome by O2 supplement using 

FCRH nanocomposite and, consequently, efficiently improve the effect of photodynamic 

therapy.   

Besides, the cytotoxicity was also examined through apoptosis and necrosis assay by 

flow cytometry using annexin V-FITC and PI. 4T1 cells were treated with FCRH, FCH 

and Ru(bpy)3
2+ under similar conditions in normoxic incubator and the results were 

consistent with MTT assay and live/ dead cell staining assay (Figure S7). As illustrated in 

Figure 4B, cells incubated with FCRH in dark showed survival ratio closed to the blank 
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group without any treatment owing to the satisfactory biocompatibility of the 

nanocomposite. However, after exposure to two-photon irradiation for PDT the 

proportion of dead cells treated with the FCRH increased to 58.2%. Moreover, lower but 

still apparent dead cells were found with the population of 28.8% in Ru(bpy)3
2+ group 

(with 5 times concentration than that of FCRH nanocomposite) due to the normoxic 

condition, and negligible dead cells were detected in FCH group due to its good 

biocompatibility. These results can further explain that the hypoxia overcoming mediated 

by O2 generation via FCRH under two-photon irradiation could be helpful to the PDT 

therapeutic effects improvement. 

3.6.Evaluation of the oxygen and ROS generation by two-photon irradiation intracellular 

 After FCRH nanocomposite was confirmed that can produce O2 and ROS efficiently 

with 800 nm two-photon irradiation in PBS buffer, its ability of generating O2 and ROS 

in living cells was also assessed by using ROS-ID, DCFH-DA and SOSG as the 

indicators. 

ROS-ID is an intracellular hypoxia detection probe which has strong red fluorescent in 

hypoxic environment and weak fluorescent in normoxic environment due to form 

compound with a nitro group [23]. As shown in Figure 4C, compared with FCH and 

Ru(bpy)3
2+, cells treated by FCRH with two-photon irradiation exhibited the lowest ROS-

ID fluorescence since it had the best O2 generation ability both in normoxic and hypoxic 

environment. Notably, FCH and Ru(bpy)3
2+ treated groups displayed bright red 

fluorescence after two-photon irradiation in hypoxic environment whereas remarkably 

decreased fluorescence was observed in normoxic environment, owing to the poor O2 

generation of FCH and Ru(bpy)3
2+. The negligible fluorescence in 4T1 cells incubated 
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with FCRH after irradiation indicated this nanocomposite could effectively supply 

oxygen and overcome PDT-induced hypoxia in living cells.  

Additionally, whether the overcoming of intracellular hypoxia can enhance the ROS 

production capability of PDT was also measured using DCFH-DA as an intracellular 

ROS sensor [13]. As shown in Figure 4D, 4T1 cells incubated with FCRH exhibited 

bright green fluorescence after two-photon irradiation both in normoxia and hypoxia, 

while cells treated with Ru(bpy)3
2+ showed much weaker fluorescence and almost no 

fluorescence from cells treated with FCH. Combined with above discussion of O2 

generation, FCRH can self-supply O2 to improve its ROS production under two-photon 

irradiation in living cells, while Ru(bpy)3
2+ served as a two-photon excited 

photosensitizer to release ROS but limited by intracellular oxygen and FCH had nearly 

none capability of ROS generation in absence of PSs. 

 Furthermore, the intracellular 1O2 generation has been detected by singlet oxygen 

sensor green (SOSG) as well. The fluorescence of SOSG is quenched in its intact form 

and produces strong fluorescence upon reaction with 1O2. We illustrated 1O2 production 

from FCRH after 800 nm two-photon irradiation in the hypoxia by cell images using 

CLSM and calculated average fluorescence intensities of SOSG through Image Pro Plus 

6.0. As shown in the Figure S8, cells treated by FCRH with two-photon irradiation 

exhibited bright green fluorescence since it can generate 1O2 efficiently in hypoxic 

environment. As controls, the non-negligible level of fluorescence was absorbed through 

treating cells by FCH with two-photon irradiation or FCRH without two-photon 

irradiation, which revealed little 1O2 was generated by FCRH in dark or by irradiated 

FCH. After two-photon irradiation, weaker fluorescence emitted from cells incubated 
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with Ru(bpy)3
2+ indicating its low efficiency in hypoxic environment. Furthermore, the 

quantitative intensities of fluorescence are integrated and compared in the Figure S8B, 

indicating the relative intracellular 1O2 was markedly increased through treating with 

FCRH and exposure to two-photon light. The results corresponded to the measurement 

via DCFH-DA, and revealed that the FCRH nanocomposite can offer satisfactory 1O2 

after two-photon irradiation in both hypoxic and normoxic environment. 

3.7.In vivo anticancer therapy and overcoming hypoxia study of FCRH  

To further evaluate the in vivo tumor-specific accumulation behavior of FCRH 

nanocomposite, IR780 tagged FCRH was employed for the in vivo imaging toward the 

4T1-tumor-bearing Balb/C mice. As shown in Figure 5A, the obvious tumor contrast 

IR780 fluorescence increased steadily till reaching a peak at 24h after intravenous 

injection of IR780 tagged nanocomposite. Subsequently, the fluorescence intensity at the 

tumor site began to decrease gradually after 36h, which confirmed that FCRH could 

accumulate for a long period and excrete sustainedly to tumor tissue for achieving the 

high- performance PDT effects. In addition, microcomputed tomography (micro-CT) 

imaging was also utilized due to the superior therapeutic guidance ability in vivo via 

combination of structural imaging (micro-CT) and functional imaging (fluorescent 

imaging) [23]. As present in Figure 5A, the 3D reconstructed micro-CT transillumination 

fluorescent combination image demonstrated that most of the fluorescence was focus on 

the tumor, which further demonstrated the enhanced permeability and retention (EPR) 

effect mediated tumor accumulation of the nanocomposite. Besides, ex vivo fluorescence 

images of sacrificed organs and tumor tissues obtained at 48h indicated that the obvious 

tumor accumulation of FCRH nanocomposite via intravenous injection. Inevitable intense 
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lung accumulation was observed, which might be attributed to the trapping of 

nanocomposite in lung capillaries. In order to investigate the bio-safety of the 

nanocomposite, H&E staining of major organs after FCRT treatment with 800 nm two-

photon irradiation bas been explored. As shown in the Figure S9, there was negligible 

side effect in these major organs, which can demonstrate its bio-safety for application in 

vivo. In conclusion, the excellent tumor accumulation via EPR effect and the superior 

ROS release accelerated by O2 self-supplement of FCRH might extensively improve the 

PDT therapeutic effect with little side effect. 

To evaluate the therapeutic efficacy, we conducted experiments on 4T1-tumor-bearing 

Balb/C mice, which were divided into five groups: PBS, FCH with 800 nm two-photon 

irradiation, FCRH with 800 nm two-photon irradiation, Ru(bpy)3
2+ with 800 nm two-

photon irradiation, and FCRH without irradiation. Guided from results of the in vivo 

imaging, a robust PDT was implemented to achieve the best effects after intravenous 

injection for 24 h. As revealed in Figure 5B, the tumor growth was inhibited to varying 

degree after different treatment. Both mice in FCH with two-photon irradiation group and 

Ru(bpy)3
2+ with two-photon irradiation group were observed slight tumor suppression 

owing to alleviation tumor hypoxia and limited PDT effects by Ru(bpy)3
2+ under two-

photon irradiation, respectively. Still, the slight tumor suppression was far away from the 

effective tumor ablation. Expectedly, FCRH with irradiation group displayed significant 

tumor inhibition in which the tumor volume was suppressed completely during 14 days, 

while FCRH treatment showed negligible inhibitory effects on 4T1 tumors in the absence 

of light. The superior anticancer effect of FCRH in the presence of two-photon laser 

mainly due to the amplified PDT by overcoming hypoxia through the two-photon light-
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triggered-O2 generation of the nanocomposite. Meanwhile, the body weight of five 

groups showed little fluctuation indicating negligible side effects of these materials and 

two-photon irradiation (Figure 5C). These results were also confirmed by representative 

tumor images (Figure 5D), histological examination (Figure 5E) and 

immunofluorescence sections (Figure 5E) after 14 days. To further prove the significant 

therapeutic effectiveness, TUNEL and H&E staining assays were carried out (Figure 5E), 

the results of which revealed that FCRH exposure to two-photon irradiation group had 

remarkable therapeutic effectiveness compared with others, which could further attest the 

PDT effects enhancement.  

Inspired by the superior therapeutic effect in vivo, corresponding immunofluorescence 

and immunohistochemistry experiments were performed to further demonstrate that the 

nanocomposite could overcome hypoxia and enhance PDT effect significantly in vivo 

(Figure 5E). In this study, the hypoxia-associated proteins hypoxia-inducible factor-α 

(HIF-α) were marked, which is a downstream marker of hypoxia and can degrade with 

the normalization of O2 concentration [48]. In brief, the decrease of HIF-α levels is a 

hallmark of overcoming hypoxia. As illustrated in Figure 5E, FCRH with two-photon 

irradiation group exhibited a remarkably reduced HIF-α immunofluorescence intensity, 

owing to that after two-photon irradiation FCRH could mitigate the tumor hypoxic 

environment through the water-splitting-triggered O2 production from the 

nanocomposite. At the same time, the decreasing CD31 level in Figure 5E also can 

assisted demonstrate the hypoxia overcoming ability of FCRH nanocomposite with 

irradiation, considering the damage of blood vessels in tumor area caused by PDT. By 

contrast, tumor tissues treated by Ru(bpy)3
2+, FCH and FCRH (without irradiation) 
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displayed negligible change both in staining of HIF-α and CD31, which was consistent 

with previous results. These results furthermore demonstrated that the FCRH 

nanocomposite can effectively ameliorate the hypoxic tumor microenvironment through 

PDT procedure and enhance therapeutic efficiency of PDT consequently.  

3.8.Metabonomics study 

Altered cell metabolism is a characteristic of many cancers.[4] After confirming the in 

vivo anticancer therapy and overcoming hypoxia efficacy of FCRH, we further 

investigated the influence of FCRH in 4T1-tumor-bearing Balb/C mice. Gas 

chromatography-mas spectrometry (GC-MS) has been used for metabolite analysis, by 

which the tumor tissues from mice treated by FCRH and PBS both with two-photon 

irradiation  were analyzed. The 3D scores plot of OPLS-DA result was shown in Figure 

6A. All the FCRH treated samples and PBS controls samples during batch analysis were 

closely clustered respectively, which demonstrated a clear separation of samples with 

different treatment. To focus on the important variable among all differential metabolites, 

the S-Plot (Figure 6B) and VIP (variable importance in projection) value (Figure 6B) of 

OPLS-DA, p-value (Table S4) based on student’s t-test and Hotelling’s T2 statistics 

(Figure 6B) of metabolites was performed. It was notable that succinic acid was an 

important biomarker among all detected metabolites with a VIP value exceeding 1, a p-

value less than 0.01 and Hotelling’s T2 CRIT far beyond 99%, which was confirmed by 

S-plot as well. In the meantime, succinate was noticed that displayed a significant role in 

oxygen dependent hydroxylation of HIF-α [1,4]. HIF-α is a key transcription mediator, 

which is induced by hypoxia and associated closely with cancer progression [1,2,5]. 

Under normoxic conditions, enzyme with utilized oxygen, α-ketuglutarate and ferrous 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

25 

 

iron covalently modifies HIF-α and converted it to a hydroxylated form, which can then 

be recognized by von Hippel-Lindau disease tumor suppressor (VHL) protein and 

degraded subsequently. On the contrary, in the absence of oxygen, this hydroxylation is 

prevented by hypoxia so that the stabilized HIF-α accumulate and translocate to the 

nucleus to activate transcription of target genes (Figure 6C) [1,2,4]. Accordingly, the 

hydroxylation reaction of HIF-α dependent on oxygen utilizes α-ketuglutarate as a co-

substrate, generating succinate and resulting in differences of succinate content between 

normaxic and hypoxic tumor tissues. This process appropriately explained why the 

succinic acid was animportant biomarker between FCRH and PBS treated samples in the 

statistical analysis above mentioned. Furthermore, the degradation of HIF-α reliance on 

oxygen can also revealed by the reduced HIF-α immunofluorescence intensity of FCRH 

with two-photon irradiation group in immunofluorescence experiments (Figure 5E). 

Besides, there are still some others metabolites with significant difference between FCRH 

and PBS treated samples, since tumor hypoxia can regulate many pathways including 

glycolysis, immortalization, tissue invasion, pH regulation, metastasis and apoptosis 

[1,2,4,5].  

 

4. Conclusion 

In summary, an O2 self-supplemented, Ru (II) complex sensitized and two-photon 

activated nanocomposite was constructed by integrating Fe-C3N4, Ru(bpy)3
2+ and HOP 

for enhanced TP-PDT. Due to the effective separation of photoinduced electron-hole pairs 

via loading Ru(bpy)3
2+ on Fe-C3N4 for improving photocatalytic activity, FCRH was 

demonstrated to generate O2 under two-photon irradiation with high efficiency. In 
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addition, the utilization of two-photon excited nanocomposite can increase the 

penetrating depth and spatial accuracy in vitro and in vivo. After accumulation in the 

tumor tissue, FCRH can overcome hypoxia, as well as regulate tumor microenvironment 

with two-photon irradiation. Moreover, the self-supplement O2 also can be utilized to 

enhance PDT efficiency by facilitating 1O2 generation. This nanocomposite demonstrated 

here with efficient O2 supply, deep penetration and spatial precise under two-photon 

irradiation, as well as enhanced PDT efficiency by O2 sensitizing will find great potential 

for tumor therapy. 
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Scheme 1. Scheme Illustration of the Two-Photon Excited O2-Evolving Nanocomposite 

for Efficient Photodynamic Therapy against Hypoxic Tumor. (A) Fabrication of Fe-

C3N4@Ru@HOP (FCRH) nanocomposite. (B) The detail of two-photon excited electron 

localization between Fe-C3N4 and Ru(bpy)3
2+. (C) Structure of FCRH and schematic 

diagram of two-photon driven water splitting enhanced PDT. (D) EPR mediated tumor 

accumulation and retention behaviors of FCRH nanocomposite after intravenous 

injection. 
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Figure 1. (A) TEM images of MCM-41 MSNs. (B) TEM images of Fe-C3N4 

nanoparticles. (C) TEM images of FCRH nanocomposites.  (D) XRD patterns of Fe-C3N4 

and FCRH. (E) XPS survey spectra of FCRH. (F) FT-IR spectra of a) Fe-C3N4, b) 

Ru(bpy)3
2+, c) Fe-C3N4@HOP (FCH), d) FCRH. (G) UV-vis absorption spectra of FCRH, 

Fe-C3N4 and Ru(bpy)3
2+. 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

 

37

 

Figure 2. (A) O2 generation curve of FCRH, FCH, Fe-C3N4 and Ru(bpy)3
2+. (B) 

Fluorescent spectra of FCRH under two-photon irradiation as a function of the irradiation 

time. (C) ROS generation efficiency of FCRH, Fe-C3N4 and Ru(bpy)3
2+ under two-

photon irradiation using DCFH-DA as the sensor. (D) ESR spectra of 4-oxo-TEMP/1O2 

for a) control, b) Ru(bpy)3
2+ in hypoxic environment, c) FCRH in normoxic environment 

and d) FCRH in hypoxic environment.  
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Figure 3. (A) The detail of two-photon excited electron localization between Fe-C3N4 

and Ru(bpy)3
2+. (B) Time-resolved luminescence decay curves. (C) Schematic illustration 

of the separation of photoinduced electron-hole pairs in the nanocomposite upon two-

photon irradiation. 
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Figure 4. (A) Cell viability of 4T1 cells in hypoxic and normoxic environment measured 

by MTT assay with FCRH, FCH, Ru(bpy)3
2+ and 800 nm two-photon irradiation treated. 

(B) Apoptosis and necrosis analysis of FCRH, FCH, and Ru(bpy)3
2+. (C) CLSM images 

of PDT-induced hypoxia reversion and (D) intracellular ROS generation of FCRH (1,2), 

FCH (3,4) and Ru(bpy)3
2+ (5,6) after 800 nm two-photon irradiation. Scale bar: 20 µm. 
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Figure 5. (A) In vivo fluorescence imaging of IR780 tagged FCRH at different time 

points after intravenous injection, 3D reconstructed micro-CT transillumination 

fluorescent combination imaging of FCRH in vivo (top right), and ex vivo fluorescence 

imaging of IR780 tagged FCRH in the tumor, heart, spleen, liver, kidney and lung 

(bottom right). (B) Relative tumor volume and (C) Body weight of 4T1 tumor-bearing 

mice during the 14 days evaluation period with different treatment. (D) Tumor images at 

the 14th day post-treatment. (E) HIF-α, TUNEL, CD31 and H&E staining of 4T1 tumors 

after different treatment. 
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Figure 6. OPLS-DA modeling derived from the GC-MS metabolite profiles of FCRH 

and PBS treated 4T1 tumors. (A) 3D score plot of mice tumors with FCRH treated and 

PBS control. (B) S-Plot (above) and VIP plot (below) of mice tumors with FCRH treated 

and PBS control. The score contribution of succinic acid with VIP value of 1.5858 was 

displayed inset. (C) Schematically illustrated the pathway of FCRH promote HIF-α 

degradation and produce succinic acid through overcoming intratumoral hypoxia. 
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Graphical abstract 

 

Photodynamic therapy enhancement and hypoxia overcoming: a two-photon 

triggered nanoplatform, FCRH nanocomposite, was constructed to alleviate tumor 

hypoxia and enhance photodynamic therapy via generating O2 in situ. Localization of 

photoinduced charges improved the photocatalytic activity of water-splitting and 

amplified 1O2 release during the photodynamic therapy, while using two-photon laser 

increased penetration depth and special precise, both of which significantly enhanced 

PDT efficiency. 


