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P
hotodynamic therapy (PDT) has ob-
tained increasing attention during the
past decades, mostly because of the

noninvasiveness 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, conventional photodynamic
therapy systems still confront the challenge
of tumor recognition. The photodynamic
antitumor effect of a photosensitizer is
mainly motivated by the formation of reac-
tive oxygen species (ROS) under light irra-
diation.4,5 However, the fluorescence of a
photosensitizer is always “on”, leading to
the constant intensity as well as an abun-
dant 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 photo-
dynamic therapy with reduced side effects.
Recently, a new concept of “stimuli-trig-

gered imaging” guided therapy was pro-
posed to realize visible and precise photo-
therapy.8,9 This strategy mainly utilizes
specific tumor microenvironments, such as

acidosis, hypoxia, and overexpressed en-
zymes, to activate the fluorescence signal
change, which can guide the photother-
apy.10 However, fluorescence imaging re-
sponse to the tumor microenvironment is
basically limited to the change of fluores-
cence emission intensity, and fluorescence
intensity is severely affected by the local
content of biosensors in the tumor region as
well as microenvironments.11 As a result,
the background fluorescence is always mis-
taken for weak fluorescence; this false posi-
tive fluorescence will cause unwanted side
effects.12 To overcome these dilemmas, a
ratiometric fluorescence imaging technique
has been developed to measure the fluo-
rescence intensity ratio at two different
wavelengths, which provides a built-in
self-correction regardless of the local bio-
sensor concentration and environmental
affects.13�15 However, very few studies have
been done in ratiometric sensor-guided
therapy,16 and the imaging and therapy
procedures were generally implemented
separately. In addition, construction of ratio-
metric sensors is alwaysbasedon theprinciple
of a structure-changing-induced wavelength
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ABSTRACT Photodynamic therapy faces the barrier of choosing the appro-

priate 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 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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shift. All of these issues make the fabrication of these
nanodevices complicated and costly.17

Here, for the first time, we report a ratiometric
fluorescence biosensor for matrix metalloproteinase-
2 (MMP-2) responsive aggregation-induced emission
(AIE)-guided photodynamic therapy (Scheme 1). Com-
pared with other tumor microenvironments that are
confused easily by some specific biological environ-
ments, for example, acidity also happened in an in-
flammation region, the overexpression of MMP-2 is a
striking feature for many types of solid tumors.18 In this
report, the biosensor consisted of photosensitizer pro-
toporphyrin IX (PpIX) and an AIE molecular tetraphenyl-
ethylene (TPE)19�21 using the 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 refer-
ence. When TPPP arrived at the tumor tissue, the
overexpressed MMP-2 in the 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 visible and accurate feed-
back of the photodynamic time and region. The in vivo
antitumor effect using a nude mice model was further
investigated.

RESULTS AND DISCUSSION

Synthesis and Characterization of Biosensor. A standard
fluorenylmethyloxycarbonyl solid-phase peptide syn-
thesis methodwas used to obtain TPPP.22 The synthesis
of TPPP was performed as shown in Figure S1, and the
validity of TPE�COOH is confirmed in Figure S2. The
theoretical molecular weight of TPPP is 2602, while the
multicharge peak was found at 1302.98 ([Mþ 2H]2þ) in

the electrospray ionization mass spectrum (ESI-MS,
Figure S3A). Although both TPE and PpIXwere extremely
hydrophobic, TPPP showed good water solubility due
to the introduction of a hydrophilic polyethylene glycol
(PEG) segment. A transmission electron microscope
(TEM) image revealed that amphiphilic TPPP could self-
assemble to form spherical nanoparticles in phosphate-
buffered saline (PBS) with a 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 due to the hydrophobic interac-
tion, while the PEG segment formed the hydrophilic
shell. In addition, a negligible size change of nanopar-
ticles was observed when TPPP was incubated with
diluted Dulbecco's modified Eagle medium (DMEM)
containing FBS (fetal bovine serum) (Figure S4A), sug-
gesting these nanoparticles would not disassemble or
aggregate in the presence of serum proteins. All of
these issues ensured that the sub-100 nm nanoparti-
cles 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 a 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 acceler-
ated the formation of singlet oxygen (1O2) under light
irradiation. 20,70-Dichlorofluorescein diacetate (DCFH-
DA) was chosen as the sensor because the nonfluo-
rescent dye DCFH-DA can be rapidly oxidized to 20,70-
dichlorofluorescein (DCF) with green fluorescence.25

The fluorescence spectra results showed the fluores-
cence increase of DCF in the TPPP group was signifi-
cantly higher than that in the PpIX group due to the
fact that the improved solubility of the photosensitizer
decreased the aggregation-induced self-quenching
behavior (Figure 1C). As a control, undetectable change
was observed in the water group. To verify that the
enhanced formation 1O2 was related to improved
water solubility of the photosensitizer, (PEG8)2�PpIX
was incubated with DCFH-DA. As expected, the fluo-
rescence increase in the (PEG8)2�PpIX group was
also significantly higher than that in the PpIX group
(Figure S4B). Similar results were also found in intra-
cellular ROS generation. No green fluorescence or
limited green fluorescence was found in blank SCC-7
(squamous cell carcinoma) cells (Figure 1D), TPE-treated
cells (Figure 1E), or PpIX-treated SCC-7 cells (Figure 1F).
In sharp contrast, significantly brighter green fluores-
cence was observed in the TPPP group (Figure 1G).
The quantitative result of fluorescence intensity re-
vealed that the fluorescence in the TPPP group was
nearly 2-fold that in the PpIX group (Figure S5). These
results indicate the good ROS generation ability of
TPPP.

Scheme 1. (A) Self-assembly of TPPP into nanoparticles, (B)
intravenous injection of TPPP into mice via vein injection,
(C) accumulation of TPPP in the tumor region via enhanced
permeability and retention, (D) hydrolysis of TPPP and the
fluorescence recovery of TPE, and (E) AIE-guided photody-
namic antitumor therapy.

A
RTIC

LE



HAN ET AL. VOL. 9 ’ NO. 10 ’ 10268–10277 ’ 2015

www.acsnano.org

10270

MMP-2 Detection by Fluorescence Spectra. Since TPE was
conjugated to PEGylated PpIX with a MMP-2 hydrolyz-
able substrate PLGVRpeptide sequence, itwas expected
to show MMP-2 responsive AIE. The fluorescence spec-
tra were measured when TPPP was incubated with
MMP-2. As shown in Figure 2A, the fluorescence of
TPE increased very rapidly with prolonged time when
TPPP (80mg/L) was incubatedwith 0.4mg/L ofMMP-2.
Considering that the fluorescence of TPE was un-
changeable with prolonged time in the absence of
MMP-2 (Figure S6A), we attributed the rapid fluores-
cence increase of TPE to the fact that hydrolysis of
PLGVR by MMP-2 liberated the TPE molecule, and the
enhanced hydrophobicity severely restricted the free
rotation of the phenyl group, resulting in aggregation-
induced emission.26 Fluorescence intensity increased
more quickly with increasing concentration of MMP-2
(Figure 2B), indicating that the hydrolysis rate of the
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
because the fluorescence of TPE could reach a platform
at the eighth hour (Figure S6B). It was found that the
fluorescence of TPE increased with increased MMP-2
concentration, while the 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 concen-
tration range (Figure 2D), suggesting that the content
of MMP-2 could be reflected by FTPE/FPpIX ratio.

According to the crossover point among different
trendlines, it was found that the MMP-2 detection limit
of TPPP ranged from 0.0065 to 0.303 mg/L. The wide
detection range was due to the dramatic fluorescence
recovery of TPPP in the presence ofMMP-2. In addition,
when 0.29 mg/L of MMP-2 was incubated with differ-
ent concentrations of TPPP, it was found that although
the fluorescence of TPE and PpIX changed with the
concentration of TPPP (Figure 2E), the FTPE/FPpIX ratio
was amazingly stable (Figure 2F), revealing that the
relationship between the FTPE/FPpIX ratio and MMP-2
concentration would not be affected by the concen-
tration change of TPPP. Obviously, this ratiometric
fluorescence biosensor exhibited great advantages in
the accurate and quantitative determination of MMP-2
expression level. Since the retention content of tradi-
tional biosensors in the tumor region was unexpect-
able owing to the individual difference, the enzyme-
triggered fluorescence signals of traditional biosensors
could only demonstrate the existence of enzymes but
not the detailed expression level in practical appli-
cations.27

Microenvironment Responsive AIE and MMP-2 Detection.
The success of ratiometric detection of MMP-2 expres-
sion 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 of TPPP was incu-
bated with SCC-7, HT1080 (HT1080 fibrosarcoma cell),
HeLa (human cervix carcinoma), and COS7 (African

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 the fluorescence spectrum. Water and free PpIX (in 2.5% dimethylsulfoxide (DMSO)) were used as negative
controls. Intracellular ROS formation was mediated by various samples: (D1,D2) blank control; (E1,E2) TPE (6.2 mg/L in 2.5%
DMSO); (F1,F2) free PpIX (8.6mg/L in 2.5%DMSO); (G1,G2) TPPP (40mg/L). The irradiation timewas 20min, and the scale bar is
10 μm. The excitation wavelength of 20,70-dichlorofluorescein (DCF) was 488 nm. D1�G1: DCF fluorescence (green) depicted
intracellular ROS. D2�G2: Overlay images.
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green monkey SV40-transfected kidney fibroblast) cell
lines. These four cell lines were chosen due to the dif-
ferent MMP-2 expression level. Western blotting anal-
ysis results demonstrated that the expression of MMP-2
by SCC-7 cells was the highest, while healthy COS7 cells
had nearly no MMP-2 expression (Figure 3H,I).28 As
expected, a 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 a brighter blue
signal. This hydrolysis process of the PLGVR sequence
in tumor cells was further verified by adding the MMP-2
inhibitor, 1,10-phenanthroline monohydrate, in SCC-7
cells. It was found that the addition of theMMP-2 inhibi-
tor decreased the blue signal dramatically (Figure 3E1),
which substantially confirmed that the generation of
the 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 that PpIX was perfect as
an internal reference. We then calculated the mean
fluorescence intensity (MFI) ratio between TPE and
PpIX to quantify the results of CLSM. Encouragingly,
there existed a high degree of consistency across the
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 � 105 cells for each cell line) were 0.24 (
0.11, 0.77 ( 0.35, 2.88 ( 0.30, and 3.69 ( 0.13 ng/mL,
respectively. As expected, a similar tendency was ob-
served between the results of quantitative MMP-2
expression and MFI ratio, which substantially indicated
that the ratiometric 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 the 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 the biosensor
decreased (Figure 3G), suggesting that the MMP-2
expression level could be reflected by fluorescence
ratio regardless of the concentration of the biosensor.
Since the expression of MMP-2 was upregulated in
many types of tumors, especially malignant tumors,
our biosensor exhibited great potential in the recogni-
tion 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 on-
demand photodynamic therapeutic efficacy was con-
ducted 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 30min of light irradiation, suggest-
ing that the on-demand photodynamic therapy could
be realized with ease by regulating the light irradia-
tion condition.29 Meanwhile, due to the improved

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 ofMMP-2 for 1min. (C) Fluorescence spectrumof TPE andPpIX and (D)fluorescence intensity ratios
when TPPP (80mg/L) was incubatedwith various concentrations of MMP-2 for 8 h. (E) Fluorescence spectrumof TPE and PpIX
and (F) fluorescence intensity ratios when TPPP at different concentrations was incubated with 0.29 mg/L of MMP-2 for 8 h.
The excitation wavelengths of PpIX and TPE were 409 and 330 nm, respectively.
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solubility, TPPP exhibited greater phototoxicity than
free PpIX at a relatively 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 es-
tablished a SCC-7 tumor-bearing mice model and
examined in vivo biodistribution and tumor fluores-
cence imaging (Figure 5). Since PpIX has a long emis-
sion wavelengh, the fluorescence of PpIX was traced
via a 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 observ-
able even after postinjection for 24 h (Figure 5A).

Meanwhile, in order to image the fluorescence in the
tumor and other organs, the mice were sacrificed at
the 24th hour. As shown in Figure 5B, although TPPP
accumulated in the primarymetabolic organs, liver and
kidney inevitably, the greatest amount of TPPP ap-
peared 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 the EPR-effect-mediated tumor-selec-
tive accumulation of nanosized biosensors could suc-
cessfully trace and image the tumor tissue. To further
verify that the PpIX fluorescence accumulated region
was the tumor tissue, a two-photon small animal
fluorescence imaging technique was utilized to de-
tect the fluorescence recovery of the TPE molecule
(Figure 5D). As expected, bright blue fluorescence was
observed in the PpIX fluorescence accumulated region,
indicating that the tumor biomarker MMP-2 was over-
expressed in this tissue, leading to the hydrolysis of the
biosensor as well as the fluorescence recovery of TPE.
Furthermore, fluorescence of TPE in other tissues was
also observed. As shown in Figure S8, no blue signal
was found in the heart, and the signals in spleen, lung,
and kidney were very weak. Although an observable
blue signal was found in the liver,30 both the fluo-
rescence intensity and area of distribution in the liver

Figure 3. Fluorescence recovery of TPE when 40 mg/L of TPPP was incubated with (A) COS7 cells, (B) HeLa cells, (C) HT1080
cells, and (D) SCC-7 cells; (E) 40 mg/L of TPPP was incubated with SCC-7 cells with MMP-2 inhibitor; (F) 20 mg/L of TPPP was
incubated with SCC-7 cells. The excitation wavelengths of PpIX and TPE were 488 and 405 nm, respectively. Blue signal, TPE;
red signal, PpIX; A4�F4, bright field. The scale bar is 10 μm. (G) MFITPE/MFIPpIX values were calculated by ImageJ. (H) Western
blotting analysis of MMP-2 among different cell lines and (I) gray values.

Figure 4. Cytotoxicityof TPPPagainst SCC-7cells (with30min
light irradiation) and COS7 cells (with 30 min or without
light irradiation).
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were uncomparable to that in the tumor region, indi-
cating the specific MMP-2 responsibility of TPPP in the
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 the tumor region was insepar-
able 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 relatively long blood
retention time was probably due to the introduction of
a PEG segment31 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 intrave-
nously injected with TPPP solution with or without
20min light irradiation, and PBSwas used as a negative
control via the tail vein. As shown in Figure 6A, injec-
tion of TPPP solution but without light irradiation could
not inhibit the tumor growth, which was similar to the
results in the PBS group. However, once the mice
received certain light irradiation, the growth of the
tumor was significantly retarded, suggesting the good
antitumor efficacy of TPPP under light irradiation. The
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 on the 11th day since the tumors in control
groups were too big).

In addition, the relative body weight is shown in
Figure 6B, and the TPPP group with light irradiation
had no obvious weight change, probably due to the
negligible systemic toxicity of photodynamic therapy.
A series of physiological and biochemical indexes were
conducted to evaluate the potential side effects in the
liver and kidneys (Figure 6E,F).33 It was found that there
existed negligible differences in the concentration of
glutamic pyruvate transaminase and aspartate trans-
aminase among the PBSgroup and the TPPPgroupwith
or without light irradiation, while the creatinine 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 no irradiation in these regions. As we know,
different from the traditional chemical drugs whose
undesired side effects were always accompanied by an
antitumor effect, the antitumor effect of the photo-
sensitizer could only be activated by light irradiation.
On the other hand, ROS had a very limited action
distance and short half-life period,34 and fluorescence
imaging-guided precise photodynamic therapy could
restrict ROS and phototoxicity in the tumor region
furthest, which significantly decreased side effects.
The photodynamic therapy with low systemic toxicity
was also demonstrated by hematoxylin and eosin
(H&E) staining (Figure 6G). Clearly, very few cells were
dead in the tumor tissue of the TPPP group without
light irradiation. In contrast, a large amount of cells
were dead in the tumor tissue of the TPPP group with
light irradiation, while undetectable physiological

Figure 5. (A) Biodistribution images of SCC-7 tumor-bearing mice after intravenous injection of TPPP, with the white arrow
pointing to the tumor tissue. The excitation wavelength of PpIX was 630 nm. (B) Tissue imaging and (C) corresponding MFI
values at the 24th hour 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 3 kg

�1) after intravenous injection.
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morphology changes were found in the heart, liver,
spleen, lungs, kidneys, 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 dif-
ferentiated the expression level of MMP-2 among
different cell lines regardless of the biosensor concen-
tration according to the fluorescence intensity ratio

between TPE and PpIX. Importantly, nanosized TPPP
could effectively accumulate in the tumor region via

EPR effect, and MMP-2 responsive dual fluorescence
imaging of both TPE and PpIX pointed out the tumor
tissue accurately, which guided the precise photo-
dynamic therapy in the tumor tissue, realizing en-
hanced therapeutic efficacy with minimal side effects.
This strategy opens a window for designing of a
ratiometric biosensor for 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 pro-
vided by Zhoubei Technology Co. Ltd. (Hangzhou, China).

TPE�COOH Synthesis. TPE�COOH was synthesized as de-
scribed in a previous report.36 Briefly, under N2 atmosphere,
4-hydroxybenzophenone (9.5 g, 0.05 mol), benzophenone
(9.1 g, 0.05 mol), and zinc powder (8 g, 0.12 mmol) were mixed
with 200 mL of tetrahydrofuran at 0 �C. Then, TiCl4 (6.5 mL,
0.06 mmol) was added at 10 �C. Themixture was stirred at room
temperature for 0.5 h, followed by reflux overnight. After the
mixturewas cooled to room temperature, 25mL of hydrochloric

acid (1 mmol/L) was added and extracted with dichloro-
methane (DCM). The crude product was purified by a silica gel
column (DCM/petroleum ether = 3:1), and TPE�OH was ob-
tained. Subsequently, TPE�OH (1.75 g, 5 mmol), tert-butylbro-
moacetate (1 g, 5 mmol), and K2CO3 (1 g, 7.5 mmol) were mixed
with 25 mL of acetonitrile. The mixture was refluxed overnight.
The solution was separated by filtration. The crude product was
purified through a 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 repeated dissolution and precipitation to remove the tri-
fluoroacetic acid (TFA). TPE�COOH was characterized by elec-
trospray ionization mass spectrometry (ESI-MS) (Finnigan

Figure 6. Antitumor study in vivo via intravenous injection. (A) Relative tumor volume after post-treatment, with the arrow
representing the injection of TPPP solution; (B) relative body weight; (C) average tumor weight; and (D) representative tumor
images on the 11th day. Serum levels of (E) glutamic pyruvate transaminase (GPT) and (F) aspartate transaminase (AST) were
detected. Every group had six mice; #p < 0.05 and þp < 0.05 were determined by a Student's t test when the group was
compared with the groups that were treated with PBS and TPPP without light irradiation, respectively. (G) H&E staining of
tumor tissues and other tissues. The scale bar is 50 μm.
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LCQadvantage) and nuclear magnetic resonance spectroscopy
(1H NMR, DMSO-d6).

TPPP Synthesis. TPPP (TPE-PLGVR2-(PEG8)2-K(PpIX)) was
synthesized as described in 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 syn-
thesis, Kaiser reagent was employed to test the coupling
efficacy, and 20% piperdine/DMF (v/v) was used to cleave the
Fmoc protecting group for two times (10 min þ 10 min). After
TPE was coupled, the MTT protecting group was selectively
moved with 1% TFA in DCM 9 � 5 min. The resin was repeat-
edly 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, 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 characterized via ESI-MS and 1H NMR (DMSO-d6,
Figure S3B).

Cell Culture. SCC-7, HT1080, HeLa, and COS7 cells were
incubated in DMEM at 37 �C with a 5% CO2 atmosphere. The
DMEM contained 10% heat-inactivated FBS as well as 1%
antibiotics (penicillin�streptomycin, 10 000 U/mL).

TEM Observation. Morphology of TPPP (80 mg/L) was ob-
served by TEM (JEM-2100 microscope). Before observation,
TPPP was stained with phosphotungstic acid solution.

Singlet Oxygen Detection. The generation of 1O2 was deter-
mined by the fluorescence spectrum as well as CLSM (for intrac-
ellular ROS) using DCFH-DA as the sensor. For the fluorescence
spectrum, DCFH-DA was pretreated with NaOH and thenmixed
with TPPP (40mg/L). The fluorescence spectra were recorded at
preset times with an excitation wavelength of 488 nm. PpIX (8.6
mg/L in 2.5% DMSO) was used as a negative control. For CLSM
observation, SCC-7 cells were incubated with various samples
for 4 h. 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/cm2). 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 of 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 (PerkinElmer). To test the
detection sensitivity, 80 mg/L of TPPP solution was incubated
with various concentrations of MMP-2, and the fluorescence
spectra at 1 min were recorded. The fluorescence intensity
ratios between TPE and PpIX at the eighth hour 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� 105 cells/well) were seeded on a 6-well
plate. After 24 h, a preset amount of TPPP solution was added.
The cells were imaged directly via CLSM after being 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 before TPPPwas added. Themean
fluorescence intensity of TPE and PpIX wasmeasured by ImageJ
software.

Cytotoxicity Assay in Vitro. The cytotoxicityof TPPPagainst 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 or 30min light
irradiation (3.3mW/cm2, 400�700 nm). Cells were incubated for
48 h, and then the medium was replaced with 200 μL of fresh
medium. Twenty microliters of MTT was added to each well.

Four hours later, the medium was replaced with 200 μL of
DMSO. The absorbance at 570 nm was measured by a micro-
plate reader (Bio-Rad, model 550, USA). Cell viability was
defined as the percentage of survival cells per total of non-
treated 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 �
106 cells per mouse. SCC-7 tumor-bearing mice were intra-
venously injected with 200 μL of 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 a small
animal imaging system. The excitation wavelength was 630 nm,
while a long wave fluorescence emission signal (600�700 nm)
was collected. For a two-photon-excited fluorescence imaging
study, the tumor and other tissues were observed by CLSM at
the sixth hour after postinjection; the excitation wavelength
was 720 nm, and the fluorescence emission signal (420�
500 nm) was collected. For the tissue distribution study, mice
were sacrificed at the 24th hour after injection. The tissues,
including muscle, heart, liver, spleen, lung, kidney, and tumor,
were collected and imaged. For the 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 ultrasonicated for
5 min. The samples were centrifuged at 3000 rpm for 4 min. The
fluorescence of the supernatant was determined by fluores-
cence spectroscopy, while the standard curve was determined
via the 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 rpm 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. Micewere injectedwith 100μL of SCC-
7 cells (1 � 106 cells per mouse). When the tumors reached an
approximate size of 100 mm3, the mice were divided into three
groups randomly. Each group had six mice. The mice were
injected with 200 μL of PBS buffer and TPPP (two groups) at
the preset day. Eight hours after being injected, one TPPP group
received 20 min light irradiation (630 nm, 220 mW/cm2), and
the other TPPP group received no 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 the mouse
when the treatment was initiated). When the mice were sacri-
ficed, the muscle, heart, liver, spleen, lung, kidney, and tumor
tissue were collected for further histological examinations via
H&E staining.

Statistical Analysis. Statistical analysis was performed using a
Student's t test. The differences were considered to be statisti-
cally significant for a p value <0.05.
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