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ABSTRACT: Photodynamic therapy faces the barrier in choosing the appropriate irradiation 

region and time. In this paper, a matrix metalloproteinase-2 (MMP-2) responsive ratiometric 

biosensor was designed and synthesized for aggregation-induced emission (AIE)-guided precise 

photodynamic therapy. It was found that the biosensor presented the MMP-2 responsive AIE 

behavior. Most importantly, it could accurately differentiate the tumor cells from the healthy 

cells by the fluorescence ratio between freed tetraphenylethylene (TPE) and protoporphyrin IX 

(PpIX, internal reference). In vivo study demonstrated that the biosensor could preferentially 

accumulate in the tumor tissue with a relative long blood retention time. Note that the intrinsic 

fluorescence of PpIX and MMP-2-triggered AIE fluorescence provided a real-time feedback 

which guided precise photodynamic therapy in vivo efficiently. This strategy demonstrated here 

opens a window in the precise medicine, especially for phototherapy. 
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KEYWORDS: photodynamic therapy · ratiometric biosensor · MMP-2 responsive · aggregation-

induced emission · tumor 

 

hotodynamic therapy (PDT) has obtained increased attention during the last decades, mostly 

because of the non-invasiveness to normal tissues as well as great potential in highly accurate 

tumor therapy.
1-3

 Although various photodynamic therapy systems have been developed for 

tumor therapy, the conventional photodynamic therapy systems still confront the challenge of 

tumor recognition. Since the photodynamic antitumor effect of photosensitizer is mainly 

motivated by the formation of reactive oxygen species (ROS) under light irradiation.
4,5

 However, 

the fluorescence of photosensitizer is always “on”, leading to the constant intensity as well as 

abundant nonspecific signal.
6,7

 Consequently, discernment of healthy cells from diseased ones 

became extremely difficult. Thus, choosing an appropriate irradiation region and time is highly 

desirable for photodynamic therapy with reduced side effects. 

Recently, a new concept of “stimuli-triggered imaging” guided therapy was proposed to 

realize the visible and precise phototherapy.
8,9

 This strategy mainly utilizes the specific tumor 

microenvironments such as acidosis, hypoxia and overexpressed enzyme to activate the 

fluorescence signal change, which can guide the phototherapy.
10

 However, fluorescence imaging 

whose response to the tumor microenvironment is basically limited to the change of fluorescence 

emission intensity. And fluorescence intensity is severely affected by the local content of 

biosensor in tumor region as well as microenvironments.
11

 As a result, the background 

fluorescence is always mistaken for weak fluorescence, this false positive fluorescence will 

cause unwanted side effects.
12

 To overcome these dilemmas, ratiometric fluorescence imaging 

P
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 3

technique has been developed to measure the fluorescence intensity ratio at two different 

wavelengths, which provides a built-in self-correction regardless of the local biosensor 

concentration and environmental affects.
13-15

 However, very few works have been done in 

ratiometric sensor guided therapy,
16

 and the imaging and therapy procedures were generally 

implemented separately. In addition, construction of ratiometric sensors is always based on the 

principle of structure changing-induced wavelength shift. All these issues make the fabrication of 

these nanodevices complicated and costly.
17

 

Here, for the first time, we reported a ratiometric fluorescence biosensor for matrix 

metalloproteinase-2 (MMP-2) responsive aggregation-induced emission (AIE)-imaging guided 

photodynamic therapy (Scheme 1). Compared with other tumor microenvironments that are 

confused easily by some specific biological environments, for example, acidity also happened in 

inflammation region, the overexpression of MMP-2 is a striking feature for many types of solid 

tumors.
18

 In this report, the biosensor consisted of a photosensitizer protoporphyrin IX (PpIX) 

and an AIE molecular tetraphenylethylene (TPE)
19-21

 using PEGylated Pro-Leu-Gly-Val-Arg 

(PLGVR) peptide sequence as a linker. The biosensor thus obtained was designated as TPPP 

(TPE-PLGVR2-(PEG8)2-K(PpIX)). PpIX was employed as both the photosensitizer and 

fluorescence internal reference. When TPPP arrived at the tumor tissue, the overexpressed 

MMP-2 in tumor region hydrolyzed the PLGVR sequence, leading to the detachment of TPE and 

PEGylated PpIX. The ratiometric fluorescence ratio between TPE and PpIX could evaluate the 

MMP-2 expression level. On the other hand, this aggregation-induced emission provided a 

visible and accurate feedback of the photodynamic time and region. The in vivo antitumor effect 

using a nude mice model was further investigated. 

RESULTS AND DISCUSSION 
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 4

Synthesis and Characterization of Biosensor. Standard fluorenylmethyloxycarbonyl solid 

phase peptide synthesis method was used to obtain TPPP.
22

 The synthesis of TPPP was 

performed in Figure S1 and the validity of TPE-COOH was confirmed in Figure S2. The 

theoretical molecular weight of TPPP was 2602, while the multi-charge peak was found at 

1302.98 ([M+2H]
2+

) in electrospray ionization-mass spectrum (ESI-MS, Figure S3A). Although 

both TPE and PpIX were extremely hydrophobic, TPPP showed well water-solubility due to the 

introduction of hydrophilic PEG segment. Transmission electron microscope image (TEM) 

revealed that amphiphilic TPPP could self-assemble to form spherical nanoparticles in PBS 

buffer with the size distribution of 27.9 ± 7.3 nm (Figure 1A). This self-assembly behavior in 

aqueous solution was due to the fact that TPE and PpIX formed the core owing to the 

hydrophobic interaction, while PEG segment formed the hydrophilic shell. Besides, negligible 

size change of nanoparticles was observed when TPPP was incubated with diluted DMEM 

medium containing FBS (fetal bovine serum) (Figure S4A), suggesting these nanoparticles 

would not disassemble or aggregate in the presence of serum proteins. All these issues ensured 

that the sub-100 nm nanoparticles could preferentially accumulate in tumor tissue due to the 

enhanced permeability and retention (EPR) effect.
23 

The improved water-solubility was further 

verified by the UV-vis spectrum (Figure 1B). Unlike the free PpIX which presented greatly 

broadened split Soret band (maxima at 352 and 450 nm), a Soret band at around 400 nm was 

observed in TPPP due to the negligible π-π stacking.
24

 

The improved water-solubility of TPPP also accelerated the formation of singlet oxygen (
1
O2) 

under light irradiation. 2′,7′-dichlorofluorescin diacetate (DCFH-DA) was chosen as the sensor, 

since the non-fluorescent dye DCFH-DA can be rapidly oxidized to 2′,7′-dichlorofluorescin 

(DCF) with green fluorescence.
25

 The fluorescence spectra results showed the fluorescence 
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 5

increment of DCF in TPPP group was significantly higher than that in PpIX group due to the fact 

that improved solubility of photosensitizer decreased the aggregation-induced self-quenching 

behavior (Figure 1C). As a control, undetectable change was observed in water group. To verify 

that the enhanced formation 
1
O2 was related to improved water-solubility of photosensitizer, 

(PEG8)2-PpIX was incubated with DCFH-DA. As expected, the fluorescence increment in 

(PEG8)2-PpIX group was also significantly higher than that in PpIX group (Figure S4B). Besides, 

Similar results were also found in intracellular ROS generation. None green fluorescence or 

limited green fluorescence was found in blank SCC-7 (squamous cell carcinoma) cells (Figure 

1D), TPE-treated (Figure 1E) and PpIX-treated SCC-7 cells (Figure 1F), respectively. In a sharp 

contrast, significantly brighter green fluorescence was observed in TPPP group (Figure 1G). 

Quantitative result of fluorescent intensity revealed that the fluorescence in TPPP group was 

nearly twofold to that in PpIX group (Figure S5). All these results indicated the good ROS 

generation ability of TPPP. 

MMP-2 Detection by Fluorescence Spectra. Since TPE was conjugated to PEGylated PpIX 

with a MMP-2 hydrolyzable substrate PLGVR peptide sequence, it was expected to show MMP-

2-responsive AIE. The fluorescence spectra was measured when TPPP was incubated with 

MMP-2. As shown in Figure 2A, the fluorescence of TPE increased very rapidly with time 

prolonging when TPPP (80 mg/L) was incubated with 0.4 mg/L MMP-2. Considering that the 

fluorescence of TPE was unchangeable with time prolonging in the absence of MMP-2 (Figure 

S6A), the rapid fluorescence increase of TPE was attributed to the fact that hydrolysis of PLGVR 

by MMP-2 liberated TPE molecule, the enhanced hydrophobicity severely restricted the free 

rotation of phenyl group, resulting in aggregation-induced emission.
26

 Besides, fluorescence 
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 6

intensity increased more quickly with increasing concentration of MMP-2 (Figure 2B), 

indicating that the hydrolysis rate of PLGVR sequence was MMP-2 concentration-dependent. 

Furthermore, the fluorescence ratio between TPE and PpIX (FTPE/FPpIX) was investigated when 

TPPP (80 mg/L) was incubated with various concentrations of MMP-2 for 8 h. We chose the 

incubation time of 8 h since the fluorescence of TPE could reach a platform at the 8th h (Figure 

S6B). It was found that the fluorescence of TPE increased with MMP-2 concentration increasing, 

while fluorescence of PpIX was stable as an internal reference (Figure 2C). Importantly, a linear 

relationship was found between the FTPE/FPpIX ratio and concentration of MMP-2 in a certain 

concentration range (Figure 2D), suggesting the content of MMP-2 could be reflected by 

FTPE/FPpIX ratio. According to the crossover point among different trendlines, it was found that 

MMP-2 detection limit of TPPP ranged from 0.0065 mg/L to 0.303 mg/L. The wide detection 

range was owing to the dramatic fluorescence recovery of TPPP in the presence of MMP-2. In 

addition, when 0.29 mg/L MMP-2 was incubated with different concentrations of TPPP, it was 

found that although the fluorescences of TPE and PpIX changed with the concentration of TPPP 

(Figure 2E), the FTPE/FPpIX ratio was amazingly stable (Figure 2F), revealing the relationship 

between FTPE/FPpIX ratio and MMP-2 concentration would not be affected by the concentration 

change of TPPP. Obviously, this ratiometric fluorescence biosensor exhibited great advantages 

in accurate and quantitative determination of MMP-2 expression level. Since the retention 

content of traditional biosensors in tumor region was un-expectable owing to the individual 

difference, the enzyme triggered fluorescence signals of traditional biosensors could only 

demonstrate the existence of enzyme but not the detailed expression level in practical 

applications.
27
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 7

Microenvironment Responsive AIE and MMP-2 Detection. The success in ratiometrical 

detection of MMP-2 expression encouraged us to examine whether TPPP could work in living 

cells. To confirm that TPPP would have contrasting fluorescence emission in response to MMP-2 

changes at the cellular level, the fluorescence images were recorded by confocal laser scanning 

microscopy (CLSM) when 40 mg/L TPPP was incubated with SCC-7, HT1080 (HT1080 

fibrosarcoma cell), HeLa (human cervix carcinoma) and COS7 (African green monkey SV40- 

transfected kidney fibroblast) cell-lines, respectively. These four cell-lines were chosen due to 

the different MMP-2 expression level. Western blotting analysis results demonstrated that the 

expression of MMP-2 by SCC-7 cells was the highest while healthy COS7 cells nearly had no 

MMP-2 expression (Figure 3H, I).
28

 As expected, nearly undetectable blue signal was found in 

COS7 cells (Figure 3A1). On the contrary, the blue signal of TPE observably increased in tumor 

cell-lines in the following order: HeLa cells << HT1080 cells < SCC-7 cells (Figure 3B1-D1). 

Meanwhile, the red and blue signals were separated. These findings illustrated that the secreted 

MMP-2 by tumor cells hydrolyzed the PLGVR sequence in TPPP, leading to the detachment of 

TPE and PpIX. Then freed TPE initiated aggregation-induced emission. Meanwhile, higher 

expression of MMP-2 cleaved more TPPP, resulting in brighter blue signal. This hydrolysis 

process of PLGVR sequence in tumor cells was further verified by the adding of MMP-2 

inhibitor, 1, 10-phenanthroline monohydrate, in SCC-7 cells. It was found that the addition of 

MMP-2 inhibitor decreased the blue signal dramatically (Figure 3E1), which substantially 

confirmed that the generation of blue signal was due to the secretion of MMP-2. Note that nearly 

no intensity difference was found in the red signal among different cell-lines when the TPPP was 

40 mg/L, which indicated PpIX was perfect as an internal reference. Then we calculated the 

mean fluorescence intensity (MFI) ratio between TPE and PpIX to quantize the results of CLSM. 
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 8

Encouragingly, there existed a high degree of consistency across MFI ratio (Figure 3G) and 

western blotting analysis (Figure 3I), Furthermore, quantitative determination of MMP-2 among 

these cell-lines was also conducted via ELISA (enzyme linked immunosorbent assay). MMP-2 

expressions in COS7, HeLa, HT1080 and SCC-7 cell-lines (about 3.5 × 10
5
 cells for each cell-

line) were 0.24 ± 0.11 ng/mL, 0.77 ± 0.35 ng/mL, 2.88 ± 0.30 ng/mL and 3.69 ± 0.13 ng/mL, 

respectively. As expected, a similar tendency was observed between the  results of quantitative 

MMP-2 expression and MFI ratio, which substantially indicated that the ratiometrical biosensor 

could accurately detect the MMP-2 expression.  

To demonstrate that the MMP-2 expression level was not affected by the biosensor 

concentration, the concentration of biosensor was decreased to 20 mg/L. As shown in Figure 

3F1-F2, although both the fluorescence intensity of PpIX and TPE decreased to some extent, the 

blue signal was still obvious. More importantly, the MFITPE/MFIPpIX ratio had a negligible 

change when the concentration of biosensor decreased (Figure 3G), suggesting the MMP-2 

expression level could be reflected by fluorescence ratio regardless of the concentration of 

biosensor. Since the expression MMP-2 was upregulated in many type of tumors, especially 

malignant tumors, our biosensor exhibited great potential in recognition of malignant tumors. 

On-Demand Photodynamic Therapy. On the basis of the successful recognition of healthy 

cells from diseased ones via the fluorescence ratio, the feasibility of the on-demand 

photodynamic therapeutical efficacy was conducted via MTT assay. As shown in Figure 4, TPPP 

in COS7 cells exhibited undetectable toxicity when no light irradiation was performed. On the 

contrary, severe toxicity was observed regardless of cell-line difference when cells received 30 

min light irradiation, suggesting the on-demand photodynamic therapy could be realized with 

ease via regulating the light irradiation condition.
29

 Meanwhile, due to the improved solubility, 
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 9

TPPP exhibited greater phototoxicity than free PpIX at a relative high concentration (Figure S7). 

Biosensor Biodistribution, Blood Retention Time and Tumor Imaging. To confirm that 

TPPP could achieve MMP-2 overexpressed tumor-specific imaging in vivo, we established a 

SCC-7 tumor bearing mice model and examined in vivo biodistribution and tumor fluorescence 

imaging (Figure 5). Since PpIX has a long emission wavelengh, the fluorescence of PpIX was 

traced via small animal imaging system. It was found that this biosensor gradually accumulated 

in tumor tissue and reached a maximum within 6 h. Subsequently, although the fluorescence 

decreased with time due to the metabolism, the fluorescence was still observable even after 

postinjection for 24 h (Figure 5A). Meanwhile, in order to image the fluorescence in tumor and 

other organs, the mice were sacrificed at the 24th h. As shown in Figure 5B, although TPPP 

accumulated in the primary metabolic organs liver and kidney inevitably, greatest amount of 

TPPP appeared in tumor tissue. And the calculated MFI value revealed that the amount of 

biosensor in tumor tissue was even slightly higher than that in liver and kidney, and significantly 

higher than that in heart, spleen, lung and muscle (Figure 5C). These results were attributed to 

the fact that EPR effect mediated tumor selective accumulation of nano-sized biosensor could 

successfully trace and image the tumor tissue. To further verify that PpIX fluorescence 

accumulated region was the tumor tissue, two-photon small animal fluorescence imaging 

technique was utilized to detect the fluorescence recovery of TPE molecule (Figure 5D). As 

expected, bright blue fluorescence was observed in PpIX fluorescence accumulated region, 

indicating that the tumor biomarker MMP-2 was overexpressed in this tissue, leading to the 

hydrolysis of biosensor as well as the fluorescence recovery of TPE. Furthermore, fluorescence 

of TPE in other tissues was also observed. As shown in Figure S8, none blue signal was found in 

heart and the signals in spleen, lung and kidney were very weak. Although observable blue 
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 10

signal was found in liver,
30

 both the fluorescence intensity and area of distribution in liver were 

uncomparable to that in tumor region, indicating the specific MMP-2 responsibility of TPPP in 

tumor region. Of particular note was that EPR-induced tumor accumulation of PpIX and MMP-

2-triggered AIE precisely imaged the tumor tissue, which provided an appropriate and important 

irradiation window for photodynamic therapy. It was also found that the accumulation of TPPP 

in tumor region was inseparable with the long blood retention time. As shown in Figure 5E, the 

concentration of TPPP in blood was still very high even up to 8 h, this relative long blood 

retention time was probably due to the introduction of PEG segment
31 

and the formation of 

nanoparticles.
32

 

In Vivo Photodynamic Therapy Study. To evaluate whether the efficient tumor 

accumulation of TPPP leads to enhanced therapeutic efficacy with reduced side effects, SCC-7 

tumor-bearing mice were intravenously injected with TPPP solution with or without 20-min light 

irradiation, and PBS was used as a negative control via the tail vein. As shown in Figure 6A, 

injection of TPPP solution but without light irradiation could not inhibit the tumor growth, which 

was similar to the results in PBS group. However, once the mice received certain light irradiation, 

the growth of tumor was significantly retarded, suggesting the good antitumor efficacy of TPPP 

under light irradiation. Above results were also confirmed by the average tumor weight (Figure 

6C) and representative tumor images (Figure 6D) at the 11th day (the mice were sacrificed at the 

11th day since the tumors in control groups were too big). 

In addition, the relative body weight was shown in Figure 6B, TPPP group with light 

irradiation had no obvious weight change, probably due to the negligible systemic toxicity of 

photodynamic therapy. And a series of physiological and biochemical indexes were conducted to 

evaluate the potential side effects in liver and kidney (Figure 6E,F).
33

 It was found that there 
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existed negligible difference in the concentration of glutamic-pyruvate transaminase (GPT) and 

aspartate transaminase (AST) among PBS group and TPPP group with or without light 

irradiation, while the creatinine (Cr) values in all groups were too low to detect, indicating that 

although TPPP could appear in metabolic organs liver and kidney, low liver or kidney toxicity 

was observed due to none irradiation in these regions. As we know, different from the traditional 

chemical drugs whose undesired side effects were always accompanied by antitumor effect, the 

antitumor effect of photosensitizer could only be activated by light irradiation. On the other hand, 

ROS had a very limited action distance and short half-life period,
34

 fluorescence imaging-guided 

precise photodynamic therapy could restrict ROS and phototoxicity in the tumor region furthest, 

which significantly decreased side effect. The well photodynamic therapy with low systemic 

toxicity was also demonstrated by Hematoxylin & Eosin (H&E) staining (Figure 6G). Clearly, 

very few cells were dead in the tumor tissue of TPPP group without light irradiation. In contrast, 

a large amount of cells were dead in the tumor tissue of TPPP group with light irradiation while 

undetectable physiological morphology changes were found in heart, liver, spleen, lung, kidney 

and muscle tissues. 

CONCLUSIONS 

In summary, a tumor microenvironment responsive ratiometric biosensor TPPP was developed 

to realize tumor imaging and precise photodynamic antitumor therapy. This ratiometric biosensor 

successfully differentiated the expression level of MMP-2 among different cell-lines regardless 

of the biosensor concentration according to the fluorescence intensity ratio between TPE and 

PpIX. Importantly, nano-sized TPPP could effectively accumulate in tumor region via EPR 

effect, MMP-2 responsive dual-fluorescence imaging of both TPE and PpIX pointed out the 

tumor tissue accurately, which guided the precise photodynamic therapy in the tumor tissue, 
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realizing enhanced therapeutical efficacy with minimal side effects. This strategy opens a 

window for designing of ratiometric biosensor in tumor imaging and“precision medicine”, which 

will have great potential in practical treatment. 

MATERIALS AND METHODS 

Materials. Detailed material information was provided in our previous article.
35 

Additionally, 

PpIX was obtained from Aladdin-Reagent Co. Ltd. (China). DCFH-DA was provided by 

Beyotime Institute of Biotechnology (China). Fmoc-PEG8-COOH was provided by Zhoubei 

Technology Co. Ltd. (Hangzhou, China). 

TPE-COOH Synthesis. TPE-COOH was synthesized as previous report.
36

 Briefly, Under N2 

atmosphere, 4-hydroxybenzophenone (9.5g, 0.05 mol), benzophenone (9.1g, 0.05 mol) and zinc 

powder (8 g, 0.12 mmol) were mixed with 200 mL tetrahydrofuran (THF) at 0 °C. Then, TiCl4 

(6.5 mL, 0.06 mmol) was added under 10 °C. The mixture was stirred at the room temperature 

for 0.5 h followed by reflux overnight. After the mixture was cooled to room temperature, 25 mL 

hydrochloric acid (1 mmol/L) was added and extracted with dichloromethane (DCM). The crude 

product was purified by a silica gel column (DCM : petroleum ether = 3 : 1) and TPE-OH was 

obtained. Subsequently, TPE-OH (1.75 g, 5 mmol), tert-Butylbromoacetate (1 g, 5mmol) and 

K2CO3 (1 g, 7.5 mmol) were mixed with 25 mL acetonitrile. The mixture was reflux overnight. 

The solution was separated by filtration. The crude product was purified through silica gel 

column. This product was added into a solution (DCM : TFA = 1 : 1) and stirred vigorously for 

1.5 h. The solution was poured into DI water and extracted with DCM. The organic layer was 

concentrated. TPE-COOH was obtained by repeatedly dissolution and precipitation to remove 

the trifluoroacetic acid (TFA). TPE-COOH was characterized by electrospray ionization mass 
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 13

spectrometry (ESI-MS) system (Finnigan LCQadvantage) and Nuclear magnetic resonance 

spectroscopy (
1
H NMR, d6, DMSO). 

TPPP Synthesis. TPPP (TPE-PLGVR2-(PEG8)2-K(PpIX)) was synthesized as our previous 

report.
22

 The TPPP was loaded on a rink amide resin (0.51 mmol/g). The amino acid couplings 

were conducted with Fmoc-protected amino acid, HBTU and diisopropylethylamine for 2.5 h. 

During the synthesis, Kaiser reagent was empolyed to test the coupling efficacy, and 20% 

piperdine/DMF (v/v) was used to cleave the Fmoc protecting group for two times (10 min + 10 

min). After TPE was coupled, the Mtt protecting group was selectively moved with 1% TFA in 

DCM 9 × 5 min. The resin was repeatedly washed with DMF, then PpIX was conjugated to the 

lateral chain of Lys. Subsequently, TPPP was cleaved from resin in a cleavage cocktail of TFA, 

triisopropylsilane (TIS) and H2O in the volume ratio of 95: 2.5: 2.5 for 1.5 h. The product was 

precipitated in cold ether and collected. TPPP was then dried in vacuum. TPPP was charaterized 

via ESI-MS and 
1
H NMR (d6, DMSO, Figure S3B). 

Cell Culture. SCC-7, HT1080, HeLa and COS7 cells were incubated in DMEM medium at 

37°C with a 5% CO2 atmosphere. The DMEM medium contained 10% heat-inactivated FBS as 

well as 1% antibiotics (penicillin-streptomycin, 10000 U /mL).  

TEM Observation. Morphology of TPPP (80 mg/L) was observed by TEM (JEM-2100 

microscope). Before observation, TPPP was stained with phosphotungstic acid solution. 

Singlet Oxygen Detection. The generation of 
1
O2 was determined by fluorescence spectrum as 

well as CLSM (for intracellular ROS) using DCFH-DA as the sensor. For fluorescence spectrum, 

DCFH-DA was pretreated with NaOH and then mixed with TPPP (40 mg/L). The fluorescence 

spectra were recorded at preset times with an excitation wavelength of 488 nm. PpIX (8.6 mg/L 
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in 2.5% DMSO) were used as a negative control. For CLSM observation, SCC-7 cells were 

incubated with various samples for 4 h. And then the medium was replaced. DCFH-DA was 

added (final concentration 10 µM) and the cells were incubated for 20 min. Light irradiation was 

performed subsequently (band pass: 400-700 nm, 3.3 mW/cm
2
). The cells were repeatedly 

washed and then observed as soon as possible via CLSM (Ex = 488 nm, Em = band pass 500-

550 nm). 

MMP-2 Enzymatic Response of TPPP. The MMP-2 enzymatic response of AIE fluorescence 

recovery was investigated by fluorescence spectra at 37 °C. The excitation wavelength of AIE 

was 330 nm. Briefly, 80 mg/L TPPP was incubated in the presence or absence of 0.40 mg/mL of 

MMP-2 (pH 7.4, 10 mM PBS). The fluorescence spectra were recorded at preset times on a 

LS55 luminescence spectrometer (Perkin-Elmer). To test the detection sensitivity, 80 mg/L 

TPPP solution was incubated with various concentrations of MMP-2 and the fluorescence 

spectrums at 1 min were recorded. The fluorescence intensity ratios between TPE and PpIX at 

the 8th h with different concentrations of TPPP or MMP-2 were also determined. The excitation 

wavelength of PpIX was 409 nm, while the excitation wavelength of TPE was 330 nm. 

MMP-2 Detection via CLSM. The MMP-2 expression difference among different cell-lines 

was measured via CLSM. SCC-7, HT1080, HeLa and COS7 were chosen as the experiment cell 

models. Briefly, cells (1 × 10
5
 cells/well) were seeded on a 6-well plate. After 24 h, preset 

amount of TPPP solution was added. The cells were imaged directly via CLSM after incubated 

for 8 h. The fluorescence images were determined with a filter set (Ex = 405 nm, Em = band pass 

450-500 nm) for TPE and a filter set (Ex = 488 nm, Em = band pass 600-700 nm) for PpIX. 

Additionally, to determine the MMP-2 expression, the MMP-2 inhibitor was added 2 h early 
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 15

before TPPP was added. The mean fluorescence intensity of TPE and PpIX was measured by 

Image J software. 

Cytotoxicity Assay In Vitro. The cytotoxicity of TPPP against SCC-7 and COS7 cells in vitro 

was tested via MTT assay. Cells were seeded on a 96-well plate at a density of 6000 cells/well 

and incubated for 24 h. Then TPPP at various concentrations was added to each well.  After 6 h, 

the cells received 0 min or 30 min light irradiation (3.3 mW/cm
2
, 400-700 nm). Cells were 

incubated for 48 h and then the medium was replaced with 200 µL fresh medium. 20 µL MTT 

was added to each well. 4 h later, the medium was replaced with 200 µL DMSO. The absorbance 

at 570 nm was measured by a microplate reader (Bio-Rad, Model 550, USA). Cell viability was 

defined as the percentage of survival cells per total nontreated cells. All data were averaged from 

eight independent experiments. 

In Vivo Optical Imaging, Tissue Distributions, and Pharmacokinetics. The animal 

experiments were conducted according to the guidelines for laboratory animals established by 

the Wuhan University Center for Animal Center Experiment/A3-Lab. SCC-7 tumor model was 

developed by subcutaneous injection of 1×10
6
 cells per mouse. SCC-7 tumor-bearing mice were 

intravenously injected with 200 µL TPPP solution via tail vein (18.5 mg/kg per mouse). At the 

preset time after injection of TPPP solution, mice were anesthetized and imaged via small animal 

imaging system. 630 nm was used as the excitation wavelength, while long wave fluorescence 

emission signal (600–700 nm) was collected. For two-photon excited fluorescence imaging study, 

the tumor and other tissues were observed by CLSM at the 6th h after postinjection, the 

excitation wavelength was 720 nm and fluorescence emission signal (420–500 nm) was collected. 

For tissue distribution study, mice were sacrificed at the 48th h after injection. The tissues 

including muscle, heart, liver, spleen, lung, kidney, and tumor were collected and imaged. For 
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pharmacokinetic study, mice were injected with TPPP (18.5 mg/kg per mouse) via tail vein. The 

blood samples were obtained at the 0.5, 1, 2, 4, 6, 8, 10 and 24 h time points. Appropriate PBS 

was added. The samples were repeatedly freeze-thawed, and then ultrasonication for 5 min. The 

samples were centrifuged at 3000 r/min for 4 min. The fluorescence of supernate was determined 

by fluorescence spectroscopy, while the standard curve was determined via fluorescence 

spectrum (Ex = 409 and Ex = 630 nm). 

In Vivo Systemic Toxicity. At the 11th day, the blood was extracted from different mice 

groups. After the blood samples were solidified, the samples were centrifuged at 3000 r/min for 

5 min. The serum was collected. The contents of glutamic-pyruvate transaminase, aspartate 

transaminase and creatinine were detected at Wuhan Xiehe Hospital. 

In Vivo Antitumor Study. Mice were injected with 100 µL SCC-7 cells (1×10
6
 cells per 

mouse). When the tumors reached an approximate size of 100 mm
3
, the mice were divided into 

three groups randomly. Each group had 6 mice. The mice were injected with 200 µL PBS buffer 

and TPPP (two groups) at the preset day, respectively. After injected for 8 h, one TPPP group 

received 20-min light irradiation (630 nm, 220 mW/cm
2
), the other TPPP group received none 

light irradiation. The dose of PpIX was 4 mg/kg per mouse. The tumor size and mice weight 

were measured every day. The tumor volume was defined as: V = ((tumor length) × (tumor 

width)
2
)/2. Relative tumor volume was calculated as V/V0 (V0 was the tumor volume when the 

treatment was initiated). Relative body weight was defined as M/M0 (M0 was the body weight of 

mouse when the treatment was initiated). When the mice were sacrificed, the muscle, heart, liver, 

spleen, lung, kidney, and tumor tissue were collected for further histological examinations via 

H&E staining. 
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Statistical Analysis. Statistical analysis was performed using a Student’s t-test. The 

differences were considered to be statistical significant for p value < 0.05. 
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Scheme 1. (A) Self-assembly of TPPP into nanoparticles; (B) the intravenously injection of 

TPPP into mice via vein injection; (C) accumulation of TPPP in tumor region via EPR; (D) the 

hydrolysis of TPPP and the fluorescence recovery of TPE; (E) AIE-guided photodynamic 

antitumor therapy.  
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Figure 1. (A) TEM image and (B) UV-vis spectrum of TPPP. (C) ROS production of TPPP with 

different irradiation times that was measured by fluorescence spectrum. Water and free PpIX (in 

2.5% DMSO) were used as negative controls. Intracellular ROS formation mediated by various 

samples: (D1-D2) blank control; (E1-E2) TPE (6.2 mg/L in 2.5% DMSO); (F1-F2) free PpIX 

(8.6 mg/L in 2.5% DMSO); (G1-G2) TPPP (40 mg/L). The irradiation time was 20 min, and the 

scale bar was 10 µm. The excitation wavelength of DCF was 488 nm. D1-G1: DCF fluorescence 

(green) depicted intracellular ROS; D2-G2: overlay images.  
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Figure 2. Fluorescence recovery of TPE when TPPP (80 mg/L) was incubated with (A) 0.4 

mg/L MMP-2 for different times and (B) various concentrations of MMP-2 for 1 min. (C) The 

fluorescence spectrum of TPE and PpIX and (D) the fluorescence intensity ratios when TPPP (80 

mg/L) was incubated with various concentrations of MMP-2 for 8 h. (E) The fluorescence 

spectrum of TPE and PpIX and (F) the fluorescence intensity ratios when TPPP at different 

concentrations were incubated with 0.29 mg/L MMP-2 for 8 h. The excitation wavelengths of 

PpIX and TPE were 409 nm and 330 nm, respectively. 
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Figure 3. The fluorescence recovery of TPE when 40 mg/L TPPP was incubated with (A) COS7 

cells, (B) HeLa cells, (C) HT1080 cells, (D) SCC-7 cells. (E) 40 mg/L TPPP was incubated with 

SCC-7 cells with MMP-2 inhibitor. (F) 20 mg/L TPPP was incubated with SCC-7 cells. The 

excitation wavelengths of PpIX and TPE were 488 nm and 405 nm, respectively. Blue signal: 

TPE; Red signal: PpIX; A4-F4: bright field. The scale bar was 10 µm. (G) MFITPE/MFIPpIX 

values were calculated by image J. (H) Western blotting analysis of MMP-2 among different 

cell-lines and (I) the gray values.  
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Figure 4. Cytotoxicity of TPPP against SCC-7 cells (with 30 min light irradiation) and COS7 

cells (with 30 min or without light irradiation). 
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Figure 5. (A) Biodistribution imagings of SCC-7 tumor-bearing mice after intravenous injection 

of TPPP, the white arrow pointed at tumor tissue. The excitation wavelength of PpIX was 630 

nm. (B) Tissue imaging and (C) the corresponding MFI values at the 24th h after postinjection. 

(D) Two-photon imaging of the tumor tissue while the excitation wavelength was 720 nm for 

TPE. (E) Blood retention kinetic of TPPP (at 4 mg PpIX equiv. kg
-1

) after intravenous injection.  
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Figure 6. Antitumor study in vivo via intravenous injection. (A) Relative tumor volume after 

post-treatment, the arrow represented the injection of TPPP solution; (B) relative body weight; 

(C) average tumor weight and (D) representative tumor images at the 11th day. (E) Serum levels 

of glutamic-pyruvate transaminase and (F) aspartate transaminase were detected. Every group 
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had 6 mice, 
#
p < 0.05 and 

+
p < 0.05 were determined by a Student’s t-test when the group was 

compared with the groups that treated with PBS and TPPP without light irradiation, respectively. 

(G) H&E staining of tumor tissues and other tissues. The scale bar was 50 µm. 
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