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Abstract 13 

Efficient delivery of payload to intracellular targets has been identified as the central principle for 14 

nanomedicine development, while the extracellular targets are equally important for cancer treatment. 15 

Notably, the contribution of extracellularly distributed nanoparticles to therapeutic outcome is far from 16 

being understood. Herein, we develop a pH/light dual-responsive monochromatic ratiometric imaging 17 

nanoparticle (MRIN), which functions through sequentially lighting up the intracellular and 18 

extracellular fluorescence signals by acidic endocytic pH and near-infrared light. Enabled by MRIN 19 

nanotechnology, we accurately quantify the extracellular and intracellular distribution of nanoparticles 20 

in several tumor models, which account for 65-80% and 20-35% of total tumor exposure, respectively. 21 

Given that the majority of nanoparticles are trapped in extracellular regions, we successfully dissect the 22 

contribution of extracellularly distributed nanophotosensitizer to therapeutic efficacy, thereby 23 

maximize the treatment outcome. Our study provides key strategies to precisely quantify nanocarrier 24 

microdistribtion and engineer multifunctional nanomedicines for efficient theranostics.  25 

  26 
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Engineered nanomedicines have received tremendous attention for cancer treatment in the past few 27 

decades1-5. After intravenous administration, nanomedicines mostly go through the following steps to achieve 28 

superior therapeutic efficacy: circulation in the bloodstream, accumulation in the tumor, penetration into deep 29 

tumor tissues, and subsequent internalization into tumor cells6. Due to the complex tumor microenvironment, 30 

only a part of the nanoparticles (NPs) that accumulated at the tumor sites can be endocytosed into tumor cells7, 31 

and the other NPs are all sequestered in the extracellular regions. Given that most known drug targets (e.g., 32 

DNA and microtubule) are located in the intracellular compartments, the therapeutic outcomes of 33 

nanomedicines greatly depend on cellular internalization efficiency rather than tumor accumulation 8-10. 34 

Therefore, in order to improve therapeutic efficacy of nanoparticles, many efforts have been devoted to increase 35 

cellular internalization11, 12. However, extracellular therapeutic targets (e.g., tenascin C, hyaluronan, fibronectin, 36 

collagen and matrix metalloproteinase; cytokines such as M-CSF; cell membrane receptors such as EGFR) are 37 

equally important for cancer treatment 13, 14. For example, some studies show that extracellular photodynamic 38 

therapy (PDT), such as cell membrane targeted PDT can lead to membrane disintegration only by a mild 39 

treatment15, 16. Normally, the pharmacokinetics and biodistribution analyses are performed to establish the 40 

correlation between delivery efficiency and therapeutic efficacy of nanomedicines. However, the routine 41 

quantitative and imaging methods can only provide their macroscopic distribution in tumor tissues, but fail to 42 

provide the detail information on intracellular and extracellular distributions of nanoparticles 17-19.  43 

Currently, several strategies have been developed to quantify intracellular distribution of nanoparticles 44 

through ruling out the contribution of extracellular ones at cellular or ex vivo level, including inductively 45 

coupled plasma mass spectrometry (ICP-MS)7, bioluminescence reaction20, and chemical etching21, etc. In 46 

addition, microdialysis has been exploited to determine the nanoparticle exposure in extracellular fluid in vivo22. 47 

Despite the successful quantification of nanoparticle microdistribution in vitro and in vivo, simultaneously 48 

quantifying extracellularly and intracellularly distributed nanoparticles, and further parsing their contribution 49 

to the therapeutic efficacy in living subjects still remains a big challenge.  50 

Herein, we report a monochromatic ratiometric imaging nanoparticle (MRIN) that can precisely quantify 51 

extracellular and intracellular distribution of nanoparticles, enabling the parsing of nanoparticle 52 

microdistribution on therapeutic contribution in vivo (Fig. 1). The MRIN is a pH/light dual-responsive 53 

nanoparticle fluorescently labeled with a near-infrared fluorophore (e.g., Cy5) and a fluorescence quencher 54 

(Cy7.5). MRIN keeps fluorescence signal ‘OFF’ in the bloodstream and extracellular tumor space (pHe ~6.7–55 

7.1) 23 due to the Förster resonance energy transfer (FRET) effect from Cy5 to Cy7.5 fluorophore. After cellular 56 

internalization in tumor tissues, the Cy5 signal of MRIN immediately turns ‘ON’ due to nanoparticle 57 

dissociation in the acidic endo-lysosomal environment (pHee~6.0) 24, 25, whereas the extracellular distributed 58 

nanoparticles still keep ‘OFF’, permitting the quantification of internalized nanoparticles in tumor tissues. Then, 59 

an external 808 nm laser irradiation is exploited to photodegrade fluorescence quencher26, thereby lighting up 60 
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the Cy5 signals of extracellular distributed nanoparticles in tumor tissues for their accurate quantification. Thus, 61 

the intracellularly and extracellularly located nanoparticles in tumor regions are sequentially lighted up by non-62 

crosstalk stimuli for monochromatic ratiometric imaging of nanoparticle microdistribution in living animals. 63 

Furthermore, a monochromatic ratiometric imaging/therapeutic nanoparticle (MRITN) is also fabricated to 64 

uncover the photodynamic therapeutic (PDT) efficacy of nanoparticles resided in extracellular and intracellular 65 

regions, and finally maximize the PDT efficacy.  66 

 67 

68 

 

Fig. 1 Schematic illustration of the monochromatic ratiometric imaging for quantifying extracellular and intracellular 
distribution of nanoparticles in living mice. When accumulating at tumor tissues after intravenous injection, a part of MRINs 

are endocytosed into cells, then the Cy5 signals of intracellular nanoparticles are activated by the acidic pH of endosome. While 

the Cy5 signals of extracellular nanoparticles still keep ‘OFF’ state, which could be sequentially activated by 808 nm irradiation-

induced Cy7.5 photobleaching. Harnessing MRIN nanotechnology, we can accurately quantify the intracellular and total 

(intracellular + extracellular) exposure of nanoparticles in tumor sites, thereby quantify the extracellular exposure of nanoparticles 

in tumor mass.  
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Results  69 

Design and characterization of the MRIN. The MRIN was engineered by our developed ultra-pH-sensitive 70 

(UPS) nanotechnology27-29. The UPS polymers were firstly synthesized by atom transfer radical polymerization 71 

(ATRP) method, and then conjugated with Cy5-NHS and Cy7.5-NHS esters to obtain UPS-Cy5 and UPS-72 

Cy7.5 fluorescent polymers, respectively (Supplementary Fig. 1). To fabricate a pH/light dual-responsive 73 

MRIN, an Always-ON micelle with consistent Cy5 signals either at micelle or dissociated states was prepared 74 

by blending 5% of UPS-Cy5 polymer (wt./wt.) with 95% of dye-free polymer (Supplementary Fig. 2a). Then, 75 

the pH/light dual-responsive monochromatic ratiometric imaging nanoparticle (MRIN) was constructed by 76 

replacing dye-free polymer (45%) in the Always-ON micelle with same amount of UPS-Cy7.5 polymer 77 

(Supplementary Fig. 2b). In MRIN, Cy7.5 served as a fluorescence quencher of Cy5 through FRET effect. At 78 

physiological pH, MRIN was micelle state with Cy5 signal “OFF”, and the Cy5 signals can be fully activated 79 

through two mechanisms: pH-induced micelles dissociation (intracellular mechanism) and 808 nm irradiation-80 

induced Cy7.5 photobleaching (extracellular mechanism) (Fig. 2a, b and Supplementary Fig. 2c, d). MRIN 81 

exhibited a sharp pH response (ΔpH10-90% = 0.19) with a transition pH (pHt) of 6.26 and a high Cy5 signal 82 

activation ratio (110-fold), enabling the accurately reporting of nanoparticle internalization (Fig. 2c and 83 

Supplementary Fig. 2e). On one hand, upon addition of HCl, MRIN can quickly dissociate into unimers with 84 

Cy5 signal fully recovered (Fig. 2d). On the other hand, upon exposure to 808 nm laser, the Cy5 signal of 85 

MRIN was fully recovered along with complete photobleaching of Cy7.5 signal within 4 min (Fig. 2e and 86 

Supplementary Fig. 2f, g). More importantly, the Cy5 signals recovered through the above two mechanisms 87 

exhibited almost the same Cy5 fluorescence at each concentration of MRIN by fluorimeter and fluorescence 88 

imaging instrument (Fig. 2f), which is an important prerequisite for quantitative analysis of the intracellular 89 

and extracellular distribution of MRIN (Fig. 2a). The non-crosstalk activation of Cy5 signals by pH and laser 90 

irradiation was further verified by the fluorescence imaging analyses (Fig. 2g). Besides, MRIN exhibited 91 

excellent stability in fresh mouse plasma at 37 °C within 24 h (Supplementary Fig. 2h).  92 

Methodology of MRIN for dissecting nanoparticle microdistribution. To demonstrate the feasibility of 93 

MRIN for quantitative imaging of nanoparticle microdistribution in vitro and in vivo, we established Cy5-94 

labeled pH-insensitive micelle (RNP0%) and Always-ON micelle (RNP100%) as 0% and 100% endocytosis 95 

reference nanoparticles, respectively. The Cy5 signal of RNP0% was completely ‘OFF’ whether cellular 96 

endocytosis or not due to its pH-insensitive nanostructure, and only fluorescently activated after 808 nm 97 

irradiation. In contrast, the Cy5 signal of RNP100% was completely ‘ON’ whether endocytosis into the cells or 98 

not due to the Always-ON design, and not affected by 808 nm laser irradiation. For MRIN, the Cy5 signal of 99 

which endocytosed into the cells was activated, whereas the Cy5 signal of extracellular nanoparticle was OFF 100 

and can be switched ON by 808 nm irradiation subsequently (Fig. 3a). The fluorescence behavior of three 101 
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102 

nanoparticles has been demonstrated in 4T1 breast cancer cell line. As shown in Fig. 3b, the Cy5 signal of 103 

RNP0% cannot be detected in the extracellular and intracellular regions after nanoparticle treatment, whereas 104 

the fluorescent signal was completely activated after 808 nm photo-irradiation. Reversely, the Cy5 signal of 105 

RNP100% can be observed throughout the cell medium and intracellular compartments, and the signals kept 106 

constant after 808 nm laser irradiation. Using ImageJ software, the images of extracellular nanoparticles were 107 

obtained by subtracting images of non-irradiation from those of laser irradiation. We can find an excellent 108 

 
Fig. 2 pH and light sensitivity of MRIN. (a) Schematic illustration of pH- and light-triggered Cy5 fluorescence recovery 

mechanisms. (b) The photographic images and TEM images of MRIN at pH 7.4, pH 5.4, and pH 7.4 with 808 nm irradiation. 

Scale bar = 50 nm.  (c) Cy5 fluorescence ratios as a function of pH values for MRIN at 37 °C. (d) pH-triggered Cy5 fluorescence 

recovery versus time profile upon hydrochloric acid (HCl) addition. (e) Light-triggered Cy5 fluorescence recovery and Cy7.5 

photobleaching of MRIN. The percentage of Cy5 fluorescence recovery and Cy7.5 fluorescence decay versus time profile upon 

808 nm irradiation (0.5W cm-2). (f) The comparison of Cy5 fluorescence recovery by pH-induced micelles dissociation and 

light-induced Cy7.5 photobleaching. The Cy5 fluorescence signals were recorded using fluorescence spectrophotometer or IVIS 

in vivo imaging system. (g) Fluorescence images of MRIN in pH 7.4 and pH 5.4 PBS buffer with/without 808 nm irradiation. 
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109 

 
Fig. 3 Methodology of MRIN for quantifying intracellular and extracellular distribution of nanoparticles. (a) Schematic 
illustration of Cy5 fluorescence amplification for RNP0%, MRIN, and RNP100% in response to sequential cellular endocytosis and 
808 nm irradiation. (b) 4T1 cells were incubated with RNP0%, MRIN, and RNP100% at 37 °C for 0.5 h, respectively, then the cells 
were irradiated in situ with an 808 nm laser. The image of extracellular nanoparticles was calculated by subtracting the pre-
irradiated Cy5 fluorescence image from the post-irradiated Cy5 fluorescence image, and the merged images were presented in 
pseudo-color green and red for intracellular and extracellular NPs, respectively. The ratio channel displayed the intracellular 
distribution of nanoparticles. Scale bar = 20 μm. (c) In vivo fluorescence images of the bilateral 4T1 tumor-bearing mice with 
irradiation on right tumors at 24 h post-injection of RNP0%, MRIN, and RNP100%. The images of extracellular nanoparticles were 
obtained by subtracting pre-irradiated Cy5 fluorescence images from post-irradiated Cy5 fluorescence images. The circles 
indicate the irradiated right tumors. (d) The percentage of intracellular and extracellular nanoparticle exposure from Fig. 3c (n = 
4). (e) The ratiometric fluorescence images of intracellular nanoparticles versus total distributed nanoparticles in tumor sections 
at 24 h post-injection. (f) The values of ratiometric signal indicate endocytic events cross the white line in Fig. 3e, value “1” and 
“0” represent endocytic NPs and non-endocytic NPs, respectively. All data were presented as mean ±SD. 
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black and white pattern images of intracellular and extracellular nanoparticles for RNP0%, as well as a reversed 110 

pattern for RNP100%. These results demonstrated that RNP0% and RNP100% are suitable to simulate the artificial 111 

states of 0% and 100% endocytosis in vitro and in vivo, respectively. For the cells incubated with MRIN, 112 

punctate Cy5 signals were detected in acidic endocytic organelles (pseudo-colored green), and a large portion 113 

of extracellular nanoparticle signals (pseudo-colored red) were lighted up post-irradiation. The intracellular 114 

and extracellular distributed nanoparticles were successfully differentiated in the merged images by non-115 

crosstalk monochromatic imaging. The ratiometric images of intracellular and extracellular distribution of 116 

nanoparticles can be easily calculated by ImageJ software (Fig. 3b).   117 

To perform the in vivo imaging experiment, the 808 nm irradiation time on tumors for Cy5 signal 118 

activation was optimized. The Cy5 fluorescence of irradiated tumor rapidly increased along with the 119 

photobleaching of Cy7.5 signals and reached plateau within 10 min, while the Cy5 fluorescence of unirradiated 120 

tumor remained unchanged (Supplementary Fig. 3a, b). Therefore, 10 min was selected as the optimal 121 

irradiation time for further study in vivo. However, it has been reported that 808 nm irradiation was widely 122 

used for photothermal therapy of tumors30-33, so we next evaluated the tumor tissue damage triggered by NIR 123 

irradiation. Our results revealed that marginal vascular damage and tumor apoptosis were observed after NIR 124 

treatment below 42 °C, which was almost the same as PBS negative control. However, the 52 °C treatment 125 

group as a positive control exhibited notable vascular destruction and tumor apoptosis (Supplementary Fig. 3c-126 

f). Therefore, irradiation with 808 nm laser at 42 °C for 10 min only induces a mild hyperthermia without 127 

tumor photodamage, which was selected for NIR photobleaching of Cy7.5 in vivo.  128 

We then evaluated the accuracy of our quantitative method using RNP0% and RNP100% as reference 129 

standards of 0% and 100% endocytosis in vivo, respectively. The nanoparticles were intravenously injected 130 

into 4T1 bilateral tumor bearing mice. As shown in Fig. 3c, the Cy5 signals of left and right tumors can be 131 

hardly detected before 808 nm laser irradiation in RNP0%-treated mice, while the fluorescent readout of right 132 

tumor was exponentially enhanced after 808 nm irradiation. In a reverse pattern, strong Cy5 signals of RNP100% 133 

were captured in left and right tumors before laser irradiation, and the signals kept constant before and after 134 

irradiation. As for MRIN, the Cy5 signals of both side tumors were partially activated, and the fluorescent 135 

readouts of right tumors were significantly enhanced after irradiation. The increased Cy5 signals at the tumor 136 

sites before and after irradiation were all originated from extracellular nanoparticles. Thus, the extracellular 137 

Cy5 fluorescence images can be easily calculated by subtracting Cy5 fluorescence of pre-irradiated tumors 138 

from that in post-irradiated same ones. The extracellular percentages of RNP0%, MRIN, and RNP100% were 139 

quantitatively analyzed to be 94.9%, 75.8%, and 2.1%, respectively (Fig. 3d). Accordingly, the endocytic 140 

percentage of RNP0%, MRIN, and RNP100% were 5.1%, 24.2%, and 97.9%, respectively. The simulated 141 

extracellular distribution of RNP0% and RNP100% kept 93.4~94.9% and -0.2~2.1% over 24 h in 4T1-tumor 142 

bearing mice (Supplementary Fig. 4), demonstrating the robustness of RNP0% and RNP100% as the reference 143 
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standards of nanoparticle microdistribution. The fluorescence imaging of tumor slices was also conducted for 144 

more in-depth validation (Fig. 3e and Supplementary Fig. 5). There were marginal NPs endocytosed into the 145 

cells in the RNP0% group, and almost all NPs in RNP100% group were endocytosed, while a small portion of 146 

NPs in MRIN group were endocytosed by the cells (~24%). The extracellular and intracellular distributions of 147 

MRIN in tumor area were presented in black and white manner (Fig. 3f). These results were consistent with 148 

those at cellular level and animal models. Collectively, our results demonstrated that the intracellular and 149 

extracellular distribution of MRIN can be accurately quantified by monochromatic imaging.  150 

To further investigate the accuracy of the quantitative method, we performed the following experiments. 151 

Firstly, the 808 nm irradiation selectively photobleached Cy7.5, while had no influence on Cy5 signal 152 

(Supplementary Fig. 6a).  Secondly, after irradiation with 808 nm laser, the Cy7.5 of the UPS-Cy7.5 micelle 153 

and Cy5/Cy7.5 hybrid micelle (MRIN) were completely photobleached in vitro. As a result, the Cy5 signal of 154 

MRIN was fully recovered. Moreover, the by-product from Cy7.5 photobleaching showed no fluorescence 155 

signal in Cy5 channel (Supplementary Fig. 6b). The same phenomenon was verified in the mice bearing 156 

bilateral 4T1 tumor model (Supplementary Fig. 6c). In addition, we investigated whether the mild hyperthermia 157 

induced by 808 nm laser irradiation would increase the nanoparticle accumulation in tumor sites, which may 158 

cause inaccurate quantification. The mice bearing bilateral 4T1 tumors were intravenously injected with 159 

cocktail of UPS-Cy5 and UPS-Cy7.5 micelles. The right tumors were irradiated with 808 nm laser at 24 h post-160 

injection and the tumor temperature was maintained at about 42 ℃. As seen in Supplementary Fig. 6d, the 161 

Cy7.5 fluorescence of right tumor was photobleached after irradiation, while no change in Cy5 fluorescence 162 

was found before and after photobleaching. Thus, the nanoparticle accumulation caused by mild hyperthermia 163 

can be ignored during very short time interval after NIR irradiation (<15 min). The imaging also demonstrated 164 

that the cocktail of UPS-Cy5 and UPS-Cy7.5 micelles failed to achieve the ON/OFF switch of Cy5 signal due 165 

to the large distance between Cy5 and Cy7.5 molecules.   166 

Quantitative imaging of extracellular and intracellular distribution of nanoparticles in different tumors. 167 

Having demonstrated the accuracy of the quantitative method, we next harnessed the MRIN to accurately 168 

quantify extracellular and intracellular distribution of nanoparticles in different tumor models. Firstly, the 169 

microdistribution of nanoparticles in 4T1 tumor-bearing mice was quantified at 3, 6, 12, 24, and 48 h post-170 

injection. As shown in Fig. 4a, the Cy5 signals of tumors were gradually increased over 48 h post-injection. 171 

The Cy5 signals of tumors greatly increased along with the disappeared Cy7.5 fluorescence at each time point 172 

after irradiation. After data processing, the fluorescence images of extracellular nanoparticles were successfully 173 

calculated. The quantitative results revealed that the exposure level of nanoparticles in intracellular and 174 

extracellular compartments of tumor tissues was continuously enhanced (Fig. 4b). The percentages of 175 

extracellularly distributed nanoparticles accounted for 70-80% of total accumulated ones during 48 h post- 176 
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 177 

 

 
Fig. 4 Quantitative imaging of extracellular and intracellular distribution of nanoparticles in different tumors. (a) The 

pre- and post-irradiated Cy5 fluorescence images, calculated extracellular Cy5 fluorescence images, and the ratiometric images 

of extracellular signals versus post-irradiated fluorescence signals of 4T1 tumor-bearing mice at different time-points post-

injection of MRIN. (b) The time-dependent profile of intracellular, extracellular, and total nanoparticle exposure in 4T1 tumor 

sites over 48 h (n = 4). (c) The percentages of intracellular and extracellular distributions of MRIN as well as the ratio of 

extracellular exposure to intracellular ones in 4T1 tumor sites over 48 h (n = 4). (d) The intracellular, extracellular, total 

distribution of nanoparticles in tumor sections at 24 h post-injection of MRIN. The merged image showed the unambiguous 

differentiation of extracellular and intracellular nanoparticles. The ratiometric images of intracellular exposure of nanoparticles 

were also calculated. (e) Dissecting the intracellular and extracellular distribution of NPs in different tumors at 24 h post-injection 

of MRIN. (f) Heat map shows the percentages of extracellular nanoparticles in various tumor models at 24 h post-injection of 

MRIN (n = 3). (g) The quantitative intracellular and extracellular nanoparticle exposure in different tumors at different time post-

injection (n = 4). The percentages of extracellular nanoparticles ranged from 50-80% of total accumulated NPs over 24 h. All 

data were presented as mean ±SD.
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injection (Fig. 4c). The slightly decreased intracellular percentage is owing to enhanced total tumor 178 

accumulation over time and the exhausting of the bio-nano interaction receptors/proteins on the cell membrane8, 179 
34, so that impair additional receptor-mediated endocytosis of nanoparticles. The non-crosstalk imaging of 180 

intracellularly and extracellularly distributed nanoparticles in the tumor sections was also achieved by pH/light 181 

sequentially activated monochromatic imaging (Fig. 4d). The quantitative imaging analyses of intracellularly 182 

and extracellularly distributed nanoparticles in five tumor-bearing mice models, including orthotopic breast 183 

cancer and four subcutaneous cancer models (breast, colon, pancreatic cancers), were also performed. The 184 

ratiometric images of extracellular signals versus total accumulated ones at 24 h post-administration were 185 

generated, demonstrating the heterogeneity of extracellular distribution of NPs in different tumor types 186 

spanning from 65% to 80% (Fig. 4e and Supplementary Fig. 7). Moreover, heat map indicated the 187 

heterogeneity of extracellular distribution of NPs within the same tumor types (Fig. 4f). The tumor 188 

accumulation and extracellular distribution of NPs were gradually increased in all five tumor models over 24 189 

h (Fig. 4g and Supplementary Fig. 8). For most tumors, about 50-80% of the total accumulated MRIN was 190 

distributed in the extracellular space of tumor mass over 24 h post-administration, indicating that the majority 191 

of NPs are trapped in acellular tumor stroma.   192 

Parsing microdistribution of MRITN on photodynamic therapeutic contribution. Currently, activatable 193 

nanoparticles for photodynamic therapy (PDT) mostly rely on the intracellular exposure to exert lethal tumor 194 

damage, while a large portion of extracellular particles stay silent and useless35. Therefore, it requires a high 195 

photosensitizer dose or high irradiation power to achieve the desired therapeutic effect36, 37. In this study, a 196 

PDT-based MRITN was constructed to parse extracellular and intracellular distribution of nanoparticles on 197 

therapeutic contribution, thereby significantly improve the therapeutic efficacy through combined extracellular 198 

and intracellular PDT treatments.  199 

The MRITN could achieve pH and light activatable Ce6 fluorescence recovery and singlet oxygen 200 

generation (SOG) (Supplementary Fig. 9). At cellular level, we could regulate the location of MRITN to 201 

achieve spatially controlled activation of Ce6 and singlet oxygen. The cytotoxic singlet oxygen could be 202 

controlled to generate only inside the cells, only outside the cells, or both inside and outside the cells (Fig. 5a). 203 

Based on the controllable spatial activation of SOG, the therapeutic efficacy of intracellular and extracellular 204 

PDT was next investigated, respectively. As shown in Fig. 5b, the IC50 of intracellular PDT group and 205 

extracellular PDT group were 8.25 μg mL-1 and 6.82 μg mL-1, respectively. Surprisingly, the combined 206 

intracellular and extracellular PDT group significantly reduced the IC50 of Ce6 to 2.08 μg mL-1. We performed 207 

the cell apoptosis experiments to further investigate the efficacy of combined PDT. The results were consistent 208 

with the cytotoxicity test, that is the combined PDT group exhibited the most efficacious cell apoptosis as 209 

compared with other groups (Fig. 5c, d).  210 
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 211 

 
Fig. 5 Combined extracellular and intracellular photodynamic therapy for improved therapeutic outcome. (a) Spatial 

controllable Ce6/SOG activation of MRITN. Top panel: intracellular Ce6/SOG activation. Cells were incubated with MRITN at 

37 °C, then removed extracellular MRITN. Middle panel: extracellular Ce6/SOG activation. Bottom panel: Combined 

intracellular and extracellular Ce6/SOG activation. Cells were incubated with MRITN at 4 °C (Middle panel) and 37 °C (Bottom 

panel) without removal of extracellular MRITN. Scale bar =20 μm. (b) In vitro cytotoxicity of MRITN with spatial controllable 

PDT activation. 4T1 cells were irradiated with a 660 nm laser (100 mW cm-2 for 3 min) in 4 °C under dark conditions. (c) Flow 

cytometry analysis of 4T1 cells apoptosis under 660 nm irradiation by spatial controllable PDT therapy. (d) Quantitative apoptotic 

percentage of 4T1 cells based on flow cytometry (n = 3). (e) Tumor growth curves in subcutaneous 4T1 tumor-bearing mice with 

different irradiation treatments. Mice were irradiated with 660 nm laser at 400 mW cm-2 for 10 min after 3 h post-injection of 

MRITN (Ce6 dose of 0.75 mg kg-1). The PDT treatment was given two times separately at day 1 and day 5 (n =8). (f) Photographic 

images of excised tumors in different treatment groups at the end of anti-tumor study. (g) The survival rates of mice bearing 4T1 

tumors after different irradiation treatments (n =8). All data are presented as mean ± SD, *p < 0.05; **p < 0.01; ***p < 0.001. 
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For in vivo imaging, the MRITN could also achieve precisely quantitative imaging of endocytosed and 212 

extracellular nanoparticles in tumor tissues (Supplementary Fig. 10a, b). Pharmacokinetics experiment showed 213 

that MRITN exhibited a long circulation time with an elimination half-life of 18.8 h (Supplementary Fig. 10c, 214 

d). In anti-tumor study, the 4T1 tumor-bearing mice were treated with MRITN at Ce6 concentration of 0.75 215 

mg kg-1, which was 6-fold lower than most reported studies for PDT therapy38, 39. As shown in Fig. 5e, the 216 

anti-tumor efficacy of MRITN with or without 808 nm laser irradiation groups has no significant difference as 217 

compared with PBS group over a time course of 19 days, demonstrating that 808 nm laser treatment alone had 218 

marginal inhibition on tumor growth. For MRITN combined with 660 nm laser group (intracellular PDT) and 219 

MRITN combined with 660 nm + 808 nm group, the antitumor efficacy was significantly enhanced as 220 

compared with MRITN plus 808 nm group. Notably, the MRITN combined with 660 nm + 808 nm group did 221 

not improve the PDT efficacy as compared with MRITN combined with 660 nm group, indicating that the 808 222 

nm irradiation only played a marginal role in antitumor efficacy when applied after 660 nm irradiation. 223 

However, harnessing 808 nm irradiation before 660 nm (intracellular + extracellular PDT) resulted in the most 224 

efficient antitumor efficacy (Fig. 5f) and the longest lifespan as compared with the other five groups (Fig. 5g). 225 

The tumor growth inhibition was dramatically enhanced from 52.2% for intracellular PDT to 94.5% for the 226 

combined PDT. This superior antitumor efficacy is because that the extracellular Ce6 was activated after 808 227 

nm irradiation, and then singlet oxygen generated both inside and outside the cells under 660 nm irradiation, 228 

thereby realizing combined intracellular and extracellular PDT. The H&E staining and TUNEL analysis 229 

revealed that the MRITN exhibited good biocompatibility without distinct toxicity to the main organs 230 

(Supplementary Fig. 11).  231 

Combined PDT inhibited tumor metastasis by remodeling the tumor microenvironment. In accordance 232 

with previous studies40, 41, we found that the combined PDT could remodel the tumor microenvironment by 233 

significantly reducing the amounts of cancer associated fibroblasts (CAFs) and the density of extracellular 234 

matrix proteins, such as collagen and fibronectin (Supplementary Fig. 12). It has been demonstrated that 235 

extracellular matrix plays an important role in assisting tumor metastasis42. Tumor stroma is characterized by 236 

extracellular matrix (ECM) stiffening. The stiff ECM promotes tumor cell growth, invasion, and migration 237 

through the formation of the cross-linked collagen tracks43, 44. Therefore, we next investigated the anti-238 

metastasis effect of combined PDT therapy. The 4T1-luciferase tumor-bearing mice model was established 239 

through subcutaneous inoculation of tumor cells into the right flanks. The tumor-bearing mice received the 240 

MRITN-mediated PDT treatment 6 days after the tumor implantation. Then, the lung metastasis was evaluated 241 

by luminescence imaging every three days (Fig. 6a). As presented in Fig. 6b, MRITN + 808 + 660 group 242 

showed significant anti-tumor metastasis as compared to the single intracellular PDT (MRITN + 660 group), 243 

which exhibited a marginal inhibition of lung metastasis (Fig. 6b). The inhibition of metastasis by 244 
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245 

combined intracellular and extracellular PDT was further verified by H&E staining of the lung tissues (Fig. 246 

6c).  247 

Finally, we tried to understand the potential mechanism for the anti-metastasis effect of combined PDT. 248 

The cell-ECM interactions are mainly mediated by integrin β1, a type of adhesion molecules located in cell 249 

membranes45. It has been reported that the downregulation of integrin β1 and ECM destruction both contribute 250 

to the anoikis (a kind of programmed cell death induced by cell detachment from ECM) of tumor cells and 251 

 
Fig. 6 In vivo anti-metastasis effect by combined extracellular and intracellular PDT in 4T1 tumor-bearing mice. (a) 
Therapeutic schedule for combined PDT. (b-c) In vivo (b) and ex vivo (c) lung metastasis of each group analyzed by 
bioluminescence imaging.  (d) H&E staining of the lungs at the end of anti-tumor study. The areas pointed by the arrow were 
tumor metastasis nodules. Scale bar = 1 mm. (d-f) The downregulation of integrin β1 by intracellular PDT or extracellular PDT 
measured by western blot (d), flow cytometry (e), and confocal microscope (f). The tumor cells treated with intracellular PDT or 
extracellular PDT were washed with PBS and then lysed with RIPA lysis buffer for western blot analysis. The treated cells were 
stained with integrin β1 antibody followed by AF594-conjugated secondary antibody, then analyzed by flow cytometry and 
confocal microscope, respectively. Data were presented as mean ± SD (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001. 
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inhibit tumor metastasis46, 47. Our study found that the mild extracellular PDT (> 85% cell survival) could 252 

dramatically downregulate the expression of integrin β1 in 4T1 and MCF-7 two breast cancer cell lines as 253 

compared with intracellular PDT (Fig. 6d-f), indicating that the extracellular PDT could inhibit tumor 254 

metastasis by inducing anoikis of tumor cells. Overall, compared with intracellular PDT alone, combined PDT 255 

synergistically enhanced the anti-tumor efficacy with inhibited tumor metastasis through the intracellular PDT 256 

mediated cell killing together with anoikis of tumor cells induced by integrin β1 downregulation and ECM 257 

destruction. However, the tumor metastasis is a very complicated process, the ECM destruction and integrin 258 

β1 downregulation could be two of the most important routes for anti-metastasis. A more-in-depth mechanism 259 

needs to be investigated in the future.  260 

Discussions 261 

We developed a pH/light dual-responsive monochromatic ratiometric imaging nanotechnology to dissect 262 

extracellular and intracellular distribution of nanoparticles in tumor tissues. The ultra-pH-sensitivity and 263 

exponential signal amplification of MRIN enables its unequivocal differentiation between extracellular and 264 

intracellular nanoparticles in living animals. In tumor sites, the fluorescence signals of intracellular MRIN were 265 

‘ON’ due to endocytic pH-induced signal amplification. In contrast, the fluorescence signals of extracellular 266 

MRIN were ‘OFF’, which can be turned ‘ON’ through photoirradiation-induced signal amplification. 267 

Benefiting from the unique property of MRIN that can selectively control the ON/OFF states of intracellular 268 

and extracellular signals, we can easily quantify the intracellularly and extracellularly distributed nanoparticles 269 

in tumor mass without signal crosstalk. Compared with classic two-channel ratiometric probes48, 49, MRIN 270 

overcomes the problems such as the interference between two channels and different penetration depths in vivo, 271 

enabling its precise quantification. Harnessing RNP0% and RNP100% as extrapolated states for 0% and 100% 272 

endocytosis in vivo, we validated the monochromatic quantitative methodology. Enabled by MRIN, the 273 

intracellular and extracellular distributions of nanoparticles were successfully imaged in different tumor 274 

models, which greatly contributes to the deep understanding and prediction of intracellular drug delivery 275 

efficacy and therapeutic outcome.  276 

For most nanomedicines, the therapeutic efficacy greatly depends on their cellular internalization 277 

efficiency, while the extracellular NPs are wasted. Inspired by the quantitative results that numerous NPs reside 278 

extracellularly, a MRITN for photodynamic therapy was developed to parse the extracellularly and 279 

intracellularly distributed nanoparticles on therapeutic contribution. MRITN can selectively achieve 280 

intracellular PDT or combined intracellular and extracellular PDT. Our results demonstrated that the 281 

extracellular NPs play an equal important role in cancer treatment, enabling the maximized therapeutic 282 

outcomes. Moreover, the combined PDT promoted tumor anoikis and significantly reduced the lung metastasis 283 

through remodeling of the tumor microenvironment.  284 
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In summary, we successfully quantified the intracellular and extracellular distribution of nanoparticles at 285 

cellular, tissue, and whole animal levels without any crosstalk for the first time by our MRIN technology. This 286 

nanotechnology offers a powerful tool in parsing the contribution of intracellularly and extracellularly 287 

distributed nanomedicines to therapeutic outcomes.  288 

289 
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Materials and Methods  290 

Materials. Chlorin e6 (Ce6) was obtained from Frontier Scientific, Inc. (USA). Cy5 NHS and Cy7.5 NHS 291 

esters were purchased from Lumiprobe Company (Maryland, USA). The polymers including PEG5k-b-poly(2-292 

(ethylpropylamino) ethyl methacrylate-r-2-(dipropylamino) ethyl methacrylate-r-2-aminoethyl methacrylate) 293 

(PEG5k-b-P(DPA40-r-EPA40-r-AMA3)) and PEG5k-b-poly(2-ethylhexyl methacrylate-r-2-aminoethyl 294 

methacrylate) (PEG5k-b-PEH80-r-AMA3) were synthesized by our laboratory. Dicyclohexylcarbodiimide 295 

(DCC) and N-Hydroxysuccinimide (NHS) were purchased from Sigma-Aldrich. N, N-dimethyl-4-296 

nitrosoaniline (RNO) was purchased from Alfa Aesar (USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-297 

diphenyltetrazolium bromide (MTT) was purchased from Coolaber (China). Hoechst 33342, Singlet Oxygen 298 

Sensor Green (SOSG), and Wheat Germ Agglutinin-Alexa Fluor™ 488 conjugate were obtained from 299 

Invitrogen Inc. (OR, USA). Fibroblast Marker (ER-TR7) was purchased from Santa Cruz Biotechnology 300 

(Shanghai, China). Anti-CD31 antibody [MEC 7.46] (ab7388), anti-integrin β1 antibody (ab179471) and 301 

(ab24693) were purchased from Abcam (Shanghai, China). Other solvents and reagents were all received from 302 

Sigma-Aldrich or Fisher Scientific Inc.  303 

Cells and animals. The murine 4T1 breast carcinoma, CT26 colon carcinoma, and human MCF-7 breast 304 

carcinoma cell lines were obtained from the American Type Culture Collection (ATCC) and maintained in 305 

RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS). Murine Panc02 and human BxPC-3 306 

pancreatic cancer cell lines were purchased from National Infrastructure of Cell Line Resource and cultured in 307 

DMEM medium added with 10% FBS. The cells were incubated at 37 °C humidified environment with 5% 308 

CO2 supply. Female athymic nude mice (18-21 g) were obtained from Vital River Laboratory Animal Center 309 

(Beijing, China) and Female BALB/c mice of 18-20 g were obtained from Peking University Health Science 310 

Center (Beijing, China). The mice were housed under SPF conditions with free access to standard food and 311 

water. To establish bilateral tumor models, the suspension of tumor cells (1×106 cells/tumor) were injected 312 

subcutaneously into the bilateral flanks of the mice. When the tumor volume reached approximately 50-100 313 

mm3, the mice were used for the follow-up experiments such as in vivo fluorescence imaging and anti-tumor 314 

study. All animal procedures were carried out in accordance with the guidelines approved by the Institutional 315 

Animal Care and Use Committee (IACUC) of Peking University (Accreditation number: LA2021500).  316 

Syntheses of dye-conjugated functional polymers. The ultra-pH-sensitive (UPS) polymer PEG5k-b-317 

P(DPA40-r-EPA40-r-AMA3) and pH-insensitive polymer PEG5k-b-PEH80-r-AMA3 were synthesized by atom 318 

transfer radical polymerization (ATRP) method reported previously. To introduce the dyes (including Cy5, 319 

Cy7.5, Ce6), the synthetic method follows the representative process described below. For Cy5 labeling, 320 

polymer (20 mg) was first dissolved in 200 μL DMF. Then Cy5-NHS ester (0.6 mg) was added and the mixture 321 

was stirred at room temperature in dark for 24 hours. Then, the Cy5-conjugated polymer (UPS-Cy5) was 322 
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purified by ultrafiltration to remove free dyes. The purified fluorescent polymer was freeze-dried and stored at 323 

-20 °C for further experiments. Similar protocols were utilized for the syntheses of Ce6 and Cy7.5-conjugated 324 

polymers.  325 

Preparation and characterization of MRIN. Monochromatic ratiometric imaging nanoparticles (MRIN) 326 

were prepared following a previously reported procedure. A series of molecularly mixed micelles of Cy5-327 

conjugated polymer and blank polymer with different molar ratios from 1:0 to 1:99 were prepared. Taking the 328 

molar ratio of 1:19 as an example, Cy5-conjugated polymer (1 mg) and blank polymer (19 mg) were dissolved 329 

in 1 mL methanol and then dropped into 4 mL distilled water under sonication. Methanol was removed by 330 

ultrafiltration (MWCO = 100 kDa) for 3 times. Then, the final polymer concentration was adjusted to 5 mg 331 

mL-1 as a stock solution for further fluorescence characterization.  332 

After fluorescence characterization, the molecularly mixed micelles with Cy5 fluorescence ON/OFF ratio 333 

of ~1.0 (molar ratio of Cy5-conjugated polymer to blank polymer was 1:19) were selected as the optimized 334 

formula to prepare the Always-ON micelle. The MRIN was prepared by replacing 45% of the blank polymer 335 

with Cy7.5-conjugated polymer in the above Always-ON micelle. The morphologies of micelles were 336 

visualized by transmission electron microscopy (JEM 1200EX). The particle sizes and zeta potentials of 337 

micelles were measured by Malvern Zetasizer (Nano ZSP, Malvern, UK).  338 

pH and light sensitivity of MRIN. A fluorescence spectrophotometer (F-7000, Hitachi Co, Japan) was used 339 

to measure the fluorescence emission spectra of MRIN. The micelles were excited at 630 nm and 780 nm for 340 

Cy5 and Cy7.5, respectively. The corresponding fluorescence emission spectra were collected from 645 to 750 341 

nm for Cy5, and from 795 to 850 nm for Cy7.5.  342 

For pH sensitivity evaluation, the micelle stock solution was diluted in PBS buffer with different pH 343 

(interval 0.2 pH) to Cy5 concentration of 0.25 μg mL-1. Then the fluorescence spectra at each pH were collected. 344 

For NIR laser-induced Cy7.5 photobleaching analysis, the fluorescence emission spectra of Cy5 and Cy7.5 345 

were measured before and after 808 nm irradiation (0.5 W cm-2, 5 min). The emission intensity at 670 nm was 346 

used to quantify the Cy5 fluorescence signal amplification, as well as the pH and light sensitivity of MRIN. 347 

For stability study, the micelle stock solution was diluted to 0.25 μg mL-1 (base on Cy5) with pH 7.4 PBS, pH 348 

5.4 PBS buffers, and plasma, respectively, and then the mixture was incubated at 37 °C and the fluorescence 349 

spectra were measured at designated time points. The fluorescence images of micelle samples were acquired 350 

using IVIS imaging system (PerkinElmer, U.S.A.).  351 

MRIN for parsing nanoparticle microdistribution. Three micelles with different intracellular and 352 

extracellular fluorescence properties were synthesized. In addition to the aforementioned Always-ON micelle 353 

(RNP100%) and MRIN, an Always-OFF (RNP0%) was also synthesized by self-assembly of PEG5k-b-PEH80-r-354 
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Cy5 (5%), PEG5k-b-PEH80-r-Cy7.5 (45%), and PEG5k-b-PEH80-r-AMA3 (50%). The Cy5 signal of the MRIN 355 

was OFF at pH > pHt, while turned ON at pH < pHt (pHt refers to pH transition point). However, the Cy5 356 

signals of the RNP0% and RNP100% were OFF and ON during the in vivo journey, respectively.  357 

A confocal laser scanning microscope (CLSM, Nikon, Japan) was used to visualize the intracellular and 358 

extracellular Cy5 activation of the three micelles in vitro. 4T1 cells were plated in glass-bottom dishes in 1 mL 359 

RPMI 1640 complete medium. After incubation overnight, 4T1 cells were incubated with three micelles at an 360 

equivalent concentration of Cy5 (0.25 μg mL-1) for 1 h, then Hoechst 33342 and AF488-WGA were added for 361 

cell nuclei and cell membrane labelling, respectively. After 15 min incubation, the images were captured by 362 

CLSM, then the cells were irradiated in situ with an 808 nm laser at 0.5 W cm-2 for 5 min, and the images were 363 

collected again after irradiation.  364 

Using RNP0% and RNP100% as reference standards of 0% and 100% endocytosis, respectively, the 365 

quantification of MRIN endocytosis was investigated in vivo. Bilateral 4T1 tumor-bearing mice were randomly 366 

divided into three groups (n = 4) and administrated intravenously with three micelles (equivalent Cy5 367 

concentration of 75 μg kg-1), respectively. At 24 h post-injection, the fluorescence images of anesthetized mice 368 

were obtained via an in vivo imaging system. Subsequently, the tumors on the right flank were irradiated in 369 

situ with an 808 nm laser for 10 min. The fluorescence images of mice were collected again after irradiation. 370 

Finally, the mice were sacrificed and tumors on the left flank (not irradiated) were immediately collected and 371 

sectioned. The fluorescence images of whole tumor slides were collected by quantitative slide scanner 372 

(PerkinElmer Vectra Polaris). Then the tumor slides were irradiated in situ with an 808 nm laser for 10 minutes 373 

followed by image capture again. All the ratiometric images were analyzed by ImageJ software.  374 

In vivo irradiation condition selection and safety. Bilateral 4T1 tumor-bearing mice were injected 375 

intravenously with MRIN (75 μg kg-1 Cy5). At 24 h post-injection, the tumors on the right flank were irradiated 376 

with an 808 nm laser for 0, 2, 4, 6, 8, 10, 12 min, respectively. During irradiation, the real-time temperature of 377 

the tumor was monitored by an infrared thermal camera (Fotric 226, USA) to keep it at about 42 °C by changing 378 

the laser power, then the fluorescence images were captured immediately after each irradiation using IVIS 379 

imaging system (PerkinElmer, U.S.A.). Finally, 10 min was selected as the optimal irradiation time. 380 

In addition, the safety of 10 min 808 nm laser irradiation was evaluated. 4T1 tumor-bearing mice were 381 

randomly divided into 3 groups, one group of mice were i.v. injected with PBS, while the other two groups of 382 

mice were i.v. injected with MRIN (Cy5 concentration of 75 μg kg-1). At 24 h post-injection, the two groups 383 

of MRIN injected mice were irradiated with an 808 nm laser for 10 min, keeping the tumor temperature at 384 

about 42 °C and 52 °C, respectively. At 24 h post-irradiation, tumor tissues were excised, and cut into 10 μm 385 

sections. The tumor slides were fixed and stained with anti-CD31 antibodies. Hematoxylin and eosin (H&E) 386 
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staining and Transferase-mediated dUTP nick end labeling (TUNEL) assay were performed according to the 387 

manufacturer’s instructions.  388 

The accuracy of MRIN for parsing nanoparticle microdistribution. Cy5-conjugated micelle, Cy7.5-389 

conjugated micelle, and micelle cocktail (mixture of Cy5-conjugated micelle and Cy7.5-conjugated micelle) 390 

were prepared. The absorption spectra of Cy5-conjugated micelle and Cy7.5-conjugated micelle before and 391 

after 808 nm irradiation (0.5W cm-2, 5min) were determined using UV−Vis spectrometer (UH5300, Hitachi 392 

Co, Japan).  393 

The fluorescence images of Cy7.5-conjugated micelle and MRIN dispersed in pH 7.4 PBS buffer with or 394 

without irradiation were captured using IVIS imaging system (Cy5: λex/em = 640/680 nm; Cy7.5: λex/em = 395 

745/820 nm). In addition, the bilateral 4T1 tumor-bearing mice were divided to three groups (Cy7.5-conjugated 396 

micelle, MRIN, and micelle cocktail). The right tumors were irradiated for 10 min at 24 h post-injection of 397 

micelles. The fluorescence images were collected using IVIS imaging system before and after irradiation.  398 

Parsing extracellular and intracellular distribution of nanoparticles in different tumors. The mice 399 

bearing different tumors (4T1, MCF-7, CT26, Panc02 and BxPC-3) on bilateral flanks were injected 400 

intravenously with MRIN at an equivalent Cy5 concentration of 75 μg kg-1. Then fluorescence images of each 401 

mouse were collected at designated time points post-injection. After images capture, the tumors on the right 402 

flank were irradiated with an 808 nm laser for 10 min, and the fluorescence images of mice were collected 403 

again. Therefore, we can obtain the intracellular and total (intracellular + extracellular) fluorescence signals in 404 

tumor sites, enabling the calculation of the extracellular fluorescence signals by subtraction, and further 405 

quantification of the extracellular and intracellular distribution of NPs.  406 

 pH- and light-mediated Ce6/SOG activation of MRITN. Monochromatic ratiometric imaging/therapeutic 407 

nanoparticles (MRITN) were prepared through self-assembly of Ce6-conjugated polymer (50%) and Cy7.5-408 

conjugated polymer (50%). The pH- and light-mediated Ce6 fluorescence activation of MRITN was 409 

investigated using the similar methods as MRIN. The single oxygen generation (SOG) was estimated using N, 410 

N-Dimethyl-p-nitrosoaniline (RNO) method. In detail, MRITN (Ce6 2.5 μg mL-1) was mixed with RNO and 411 

imidazole working solution, followed by 660 nm irradiation at 100 mW cm-2 for 1 min, then the UV–Vis 412 

absorption at 440 nm (λmax of RNO) was recorded for quantifying single oxygen generation. The single oxygen 413 

generation was also determined using singlet oxygen sensor green (SOSG) reagent as the fluorescent SOG 414 

indicator.  415 

Confocal microscopy imaging was exploited to verify the spatial activation of Ce6/SOG for MRITN at 416 

cellular level. 4T1 cells were plated in glass-bottom dishes in 1 mL RPMI 1640 complete medium and 417 

incubated overnight. For intracellular Ce6/SOG activation, 4T1 cells were incubated with MRITN (Ce6 2.5 μg 418 
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mL-1) at 37 °C for 0.5 h, then cells were washed with PBS to remove extracellular MRITN; For extracellular 419 

Ce6/ SOG activation, the cells were incubated with MRITN at 4 °C for 0.5 h to block the cellular uptake of 420 

MRITN; For both intracellular and extracellular Ce6/SOG activation, 4T1 cells were incubated with MRITN 421 

at 37 °C for 0.5 h without removal of extracellular MRITN. Then, the cell nuclei were labeled with Hoechst 422 

33342. The Ce6 (λex: 633 nm) and SOSG (λex: 488 nm) fluorescence images were captured by a Nikon confocal 423 

microscope. The cells were then irradiated in situ with an 808 nm laser at 0.5 W cm-2 for 5 min, and the images 424 

were collected again. Finally, the cells were irradiated in situ with a 660 nm laser at 100 mW cm-2 for 1 min, 425 

and the images were acquired in the end. The above SOSG nanoprobe for organelle SOG imaging was 426 

synthesized by our laboratory50. 427 

In vitro cytotoxicity of MRITN. 4T1 cells were seeded in 24-well plates and treated with the following 428 

conditions, respectively. (1) Intracellular PDT group: Cells were incubated with MRITN (Ce6 concentration 429 

of 2.5 μg mL-1, dispersed in pH 6.9 RPMI 1640 medium) at 37 °C for 0.5 h, then cells were washed with PBS 430 

to remove extracellular micelles; (2) Extracellular PDT group: Cells were incubated with MRITN (pre-431 

irradiated with 808 nm laser) at 4 °C for 0.5 h; (3) Intracellular and extracellular PDT group: Cells were 432 

incubated with MRITN (pre-irradiated with 808 nm laser) at 37 °C for 0.5 h without removal of extracellular 433 

micelles; After the above treatments, cells were irradiated with a 660 nm laser (100 m W cm-2 for 3 min) in 434 

4 °C under dark conditions. After 24 h incubation, the cell viability was assessed using MTT assay. Briefly, 435 

500 μL of MTT solution (0.5 mg mL-1) were added to each well and incubated at 37 °C for 4 h. Then, the 436 

generated formazan was dissolved using 200 μL DMSO. Finally, OD values at 540 nm were measured by a 437 

microplate reader (Multiskan FC, ThermoFisher Scientific). The IC50 values were calculated by Origin 438 

software. Additionally, the PDT induced cell apoptosis of each group was evaluated using Annexin V-FITC/PI 439 

Apoptosis Detection Kit according to the manufacturer’s instructions, and analyzed by flow cytometry (FCM, 440 

Beckman, USA).  441 

In vivo pharmacokinetic profiles. Five Female BALB/c mice were administrated with MRITN (0.75 mg kg-442 
1 Ce6) via tail vein injection. Blood samples (60 μL) were collected from each mouse at 2 min, 15 min, 30 min, 443 

1 h, 3 h, 6 h, 12 h and 24 h post-injection. Then the blood samples were centrifuged at 2000 rpm for 10 min to 444 

obtain the plasma. Subsequently, the plasma (20 μL) was mixed with 200 μL acidified methanol and 445 

centrifuged at 10000 rpm for 10 min. The Ce6 fluorescence signal of the supernatant was measured by a 446 

fluorescence spectrophotometer (λex/em = 400 nm/670 nm). 447 

In vivo anti-tumor efficacy of maximized PDT. Female BALB/c mice bearing 4T1 tumors were randomly 448 

divided into 6 groups (n = 9), one group of mice were i.v. injected with PBS, while the other five groups of 449 

mice were i.v. injected with MRITN at an equivalent Ce6 concentration of 0.75 mg kg-1 on day 1 and day 5. 450 
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At 3 h post-injection, the five groups of MRITN injected mice were treated with no irradiation, 808 nm 451 

irradiation, 660 nm irradiation, 660 nm irradiation followed by 808 nm irradiation, and 808 nm irradiation 452 

followed by 660 nm irradiation, respectively. Laser irradiation at 808 nm was performed for 10 min, and the 453 

tumor temperature was maintained at about 42 °C during irradiation. Laser irradiation at 660 nm was performed 454 

at 400 mW cm-2 for 10 min. Tumor volumes and weights were measured every other day since initial treatment. 455 

The survival curve of 4T1-bearing mice was recorded during the anti-tumor study. At 24 h after the last 456 

treatment, one mouse from each group was euthanized and the tumors were excised for histological analysis. 457 

Animals were sacrificed when the tumor volumes reached 1400 mm3 (height × width2 × 0.5).  In a separate 458 

experiment, 4T1-bearing mice were randomly divided into 6 groups (n = 7) and treated as aforementioned. At 459 

the end of the anti-tumor study, the mice were euthanized, and the tumors were collected and photographed. 460 

The major organs were also excised for histological analysis.  461 

Histological analysis and biosafety evaluation. The excised tumors in above anti-tumor study section were 462 

cut into 10 μm slices, fixed in 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, and blocked with 463 

quick blocking solution. Subsequently, the slices were stained with rat anti-ER-TR7 antibody (fibroblast 464 

marker) at 4 °C overnight. Then PE-conjugated secondary antibody was added and incubated at 37 °C for 2 h. 465 

Finally, nuclei were stained with Hoechst 33342. The tumor slices were also performed for collagen, 466 

fibronectin, and H&E staining as well as TUNEL assay, respectively. The whole mount images of tumor slices 467 

were collected by a quantitative slide scanner.  468 

To evaluate the biosafety of MRITN, the major organs (e.g., heart, liver, spleen, lung, and kidney) 469 

collected in above anti-tumor study section were fixed in 4% paraformaldehyde, mounted with paraffin, sliced 470 

into 10 μm, and then examined by H&E staining.  471 

Anti-tumor metastasis study of maximized PDT. BALB/c mice were injected with 1×106 luciferase-472 

transfected 4T1 cells on the right flank. Six days later, the mice were randomly divided into 3 groups (n = 5) 473 

and injected intravenously with PBS or MRITN (Ce6 0.75 mg kg-1). At 3 h post-injection, the two groups of 474 

MRITN injected mice were treated with either 660 nm irradiation or 808 nm irradiation followed by 660 nm 475 

irradiation. The tumor developments of the mice were monitored by bioluminescence imaging (PerkinElmer, 476 

U.S.A.). The lung metastasis nodules were examined using bioluminescence imaging at 22 days after treatment. 477 

Finally, the mice were sacrificed and lung tissues were collected for ex vivo bioluminescence imaging and 478 

H&E staining.  479 

Analysis of integrin β1 expression. 4T1 and MCF-7 cells were treated with the following conditions: (1) PBS 480 

group; (2) Intracellular PDT group: Cells were incubated with MRITN at 37 °C for 0.5 h, then cells were 481 

washed with PBS to remove extracellular micelles; (3) Extracellular PDT group: Cells were incubated with 482 



22 
 

MRITN (pre-irradiated with 808 nm laser) at 4 °C for 0.5 h. Then the cells were irradiated with 660 nm at 50 483 

mW cm-2 for 2 min (mild PDT with > 85% cell survival). Subsequently, the integrin β1 expression of different 484 

groups was analyzed by FCM, CLSM, and western blot (WB), respectively. In detail, the treated cells were 485 

fixed, stained with primary integrin β1 antibodies, and then incubated with AF594-conjugated secondary 486 

antibody, measured by FCM and CLSM, separately. For WB analysis, the treated cells were washed with PBS 487 

and then lysed with RIPA lysis buffer (150 mM NaCl, 0.5% DOC, 25mM pH 7.4 Tris, 0.1% SDS, 0.1% Triton-488 

X100) supplemented with a phosphatase/protease inhibitor cocktail. After electrophoresis, the proteins were 489 

transferred to 0.45-µm PVDF membrane, blocked for 2 h with 5% nonfat milk, and incubated with primary 490 

antibodies against integrin β1 (1:2000) and α-tubulin (1:5000) overnight. Then the transferred membranes were 491 

washed for four times with TBST, conjugated with HRP-labeled secondary antibodies at room temperature for 492 

2 h, and finally detected by ECL chemiluminescence.  493 

Statistical Analysis. Data were shown as means ± SD. Statistical significance was assessed using unpaired 494 

Student's t-test or two-way analysis of variance (ANOVA) with Tukey’s post-hoc test according to the number 495 

of groups and variables. Survival curves were compared by a log-rank test. All statistical analyses were 496 

performed in GraphPad Prism 7 software. (*P<0.05 was regarded as significant, and **P<0.01 was considered 497 

as highly significant).  498 

Data availability. All data needed to evaluate the conclusions in the paper are present in the paper and/or the 499 

Supplementary Materials. Additional data related to this paper may be requested from the authors.  500 

  501 
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