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A ratiometric photoacoustic imaging approach for
semi-quantitative determination of aggregation
efficiency in vivo†

Bo Peng,‡a Xiu-Mei Liu,‡a Hsian-Rong Tseng,b Li-Li Li *a and Hao Wang a

In vivo self-assembly not only endows dynamic supramolecules with various biological functions, but also

realizes metabolic differences, and improves the level of diagnosis and treatment. However, the method

of measuring aggregation efficiency in vivo is still challenging. In this work, we first proposed a ratiometric

photoacoustic imaging method to measure the aggregation efficiency of molecules in vivo in real time

and semi-quantitatively. Similar to the traditional fluorescence method, the ratiometric photoacoustic

signal has a typical exponential relationship with the aggregation efficiency, which is defined as the per-

centage of aggregation molecules in the total molecules. Then, we proposed a ratiometric photoacoustic

(PA) probe, which can be tailored by cathepsin E and self-assembled into nanofibers in situ inside pan-

creatic cancer cells. The maximum aggregation efficiency of 10−5 M PA probe was 58% after 2 hours of

incubation. After intratumoral administration in xenografted pancreatic tumor mice, the highest aggrega-

tion efficiency was found to be 36% 6 hours after the injection. The ratiometric PA probe provides us with

a real-time method to detect the aggregation efficiency in vivo, which is helpful to deepen the under-

standing of the dynamic assembly process and optimize the design of supramolecules.

Introduction

Self-assembled materials have made great progress in the past
few years.1–4 Since the concept of self-assembly was put
forward, most of the research on self-assembly has been
carried out in a simple external solution environment.5,6

Although its morphology and properties can be precisely regu-
lated in vitro,7,8 there is still a long way to go in a complex
environment, especially controlling the process of self-
assembly.9,10 Monitoring this process not only helps to deepen
our understanding of biological systems, but also promotes
the development of nanotechnology, and lays a foundation for
the deep integration of nanotechnology and biology.

In our previous work, we used the “in vivo self-assembly”
strategy11 to realize the diagnosis and treatment of tumor or
inflammation. Based on this strategy, the assembly/aggrega-

tion induced retention (AIR) effect came up, which can effec-
tively optimize the bio-distribution of bioactive molecules
in vivo, increase the tumor permeability of drugs and improve
the drug and pharmacokinetic behavior.12,13 However, the
dynamic self-assembly process depends on time, concen-
tration, intramolecular interactions and so on.9,14,15

Aggregation efficiency in vivo is an important problem, which
still has no answer for further understanding and optimizing
our system. Although there are many methods to obtain the
aggregation efficiency in vitro, such as UV-vis,16,17 fluo-
rescence,18 etc., it is a difficult problem to detect such an
important parameter in vivo, which is rarely reported. Herein,
we developed a ratiometric photoacoustic (PA)
bioimaging method for real-time semi-quantitative calculation
of in vivo aggregation efficiency. According to the ratio of
aggregated and monomeric PA signals, we found that the ratio-
metric PA had a typical exponential relationship with the
aggregation efficiency calculated by the fluorescence
method. Then, we developed a PA probe (P-RT, P18-
MLGFFQQPKPRVSNKYFSNIHW), which had three motifs: pur-
purin 18 (P18), a cathepsin E responsive peptide19

(MLGFFQQPKPR) and a urokinase plasminogen activator
receptor (uPAR) targeting peptide20,21 (VSNKYFSNIHW). This
PA probe displays active-targeting and sequent intracellular tai-
lored self-assembly properties. The PA probe shows a kind of
active targeting, tailoring and self-assembly characteristics in
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cells sequently. As the control group, we synthesized
three control molecules, which were P-RS (P18-
MLFGQFQPKPRISKSVYNFWNH) with a scrambled targeting
sequence, P-ST (P18-MLFGQFQPKPRVSNKYFSNIHW) with a
scrambled enzyme-tailored sequence, and P-Res (P18-MLGF) as
the synthesized tailored residue of P-RT (Scheme 1). We com-
pared different endocytosis pathways and assembly properties
by a significant ratiometric PA signal. Accordingly, we first
used a photoacoustic method to monitor the aggregation
efficiency in vivo. The ratiometric photoacoustic method over-
comes the limitation of fluorescence signals in an internal
environment. In addition, the ratio management of PA signals
eliminates the interference of the concentration in aggregation
efficiency. According to our method, we evaluated the aggrega-
tion efficiency in vivo and obtained the time-dependent aggre-
gation profiles of a pancreatic tumor model (Scheme 2). This
study of aggregation efficiency is of great significance for the
design of self-assembly molecules and the optimization of
their assembly/disassembly behavior in vivo, and has a wide
application prospect in nanomedicine, disease diagnosis and
treatment.

Results and discussion
Ratiometric photoacoustic signal manipulation

In order to study the assembly behavior of chlorophyll deriva-
tives in vivo, we systemically studied the dynamic assembly
properties based on UV-vis, fluorescence, circular dichroism
(CD) and photoacoustic spectra for the solutions with

increased H2O ratios in DMSO. Firstly, we synthesized a series
of chlorophyll derivatives as PA probes (Fig. S1–S4†). Among
them, P-Res (P18-MLGF) was designed as a tailored residue
that can aggregate in aquerous solution. It is known that chlor-
ophyll derivatives were dissolved as monomers in DMSO and
as aggregates in water.22 Thus, we observed the gradual aggre-
gation behavior of P-Res in a mixed solution of DMSO and
H2O. With the increase of the ratio of H2O to DMSO, the
UV-Vis absorption spectrum of P-Res (10−4 M) showed a typical
red shifted and broadened Qy band from 700 nm to 720 nm,
which indicated the aggregation process (Fig. 1A). At the same
time, increasing the aggregation and the π–π stacking23 gradu-
ally resulted in the quenching of fluorescence intensity
(Fig. 1B).24 In the aggregation process, the intermolecular
interaction and twisted J-type assembly25 enhanced the struc-
tural chirality of the aggregated superstructure, and the Cotton
effect peak26,27 centered around 400 nm (Qx band) and
700 nm (Qy band)28 (Fig. 1C). Finally, we processed the photoa-
coustic signal of P-Res from 680 nm to 850 nm, and got the
detection window of the ratiometric PA signal. P-Res was dis-
solved in 100% DMSO as monomers and 1% DMSO as aggre-
gates, respectively (Fig. 1D). The intersections of the PA signals
allowed the ratiometric method to eliminate the interference
of the concentration and background signal.29 Around
690 nm, the ratio difference of PA signals was the largest,
while at the intersection of 720 nm and 760 nm, the difference
of the aggregate state and monomer state was better.
Therefore, in the following experiments, we choose 690 nm as
the monomer detection window and 720–760 nm as the aggre-
gate detection window. To further obtian the suitable detection
window, we mapped the ratiometric PA between 720 nm/
690 nm and 760 nm/690 nm in diffrerent solution mixtures of
DMSO and H2O (Fig. 1E). Compared with UV-vis and floure-

Scheme 2 Schematic illustration of molecule design and aggregation
efficiency detected by ratiometric photoacoustic imaging.

Scheme 1 Chemical structures and sequences of P-RT, P-RS, P-ST and
P-Res.
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sence spectra, the ratiometic PA at 745 nm/690 nm had an
obvieously gradually changed tendency, which was choosen as
the best detection window.

The exponential relationship between aggregation degree and
ratiometric photoacoustic signal

The aggregation degree (αagg) was defined as the percentage of
molecules in the aggregation state to the total molecules.30

Fluorescence is closely related to the aggregation state of mole-
cules. The fluorescence method for the detection of degree of
aggregation has been reported as the gold standard.31 The
aggregation degree of P-Res can be calculated by the following
equation:18

αaggðFLÞ � 1� I � IH2O

IDMSO � IH2O

� �

where I is the emission intensity at 730 nm, IH2O is the emis-
sion intensity detected in pure water (all molecules as aggre-
gates), and IDMSO is the emission intensity measured in pure
DMSO (all molecules as monomers).

In the same way, we use the ratiometric PA in combination
with the above formula to define R as the ratiometric para-
meter PA signal. A new equation is obtained:22

αaggðPAÞ � 1� R� RH2O

RDMSO � RH2O

� �

where R is the ratiometric PA intensity (PA745 nm/690 nm), RH2O

is the ratiometric PA intensity detected in pure water (all mole-
cules as aggregates), and RDMSO is the PA intensity measured
in pure DMSO (all molecules as monomers).

As shown in Fig. 2A, the aggregation curve calculated by
fluorescence intensity and ratiometric PA745 nm/690 nm showed
a similar aggregation process. Above 60%, the aggregation
curve tended to be the highest, indicating that the molecules
were almost in the aggregation state. When the DMSO ratio
reached 55%, the aggregates gradually disassembled into
monomers, and the aggregation degree decreased obviously.
When the DMSO reached more than 90%, all aggregates were
dissolved into monomers.

We know that the signal intensity of the PA probe can be
explained by the following equation:

P / ΓηthμaF

Fig. 1 Aggregation induced spectroscopic property change of P-Res.
(A) UV-vis spectra. (B) Fluorescence spectra. (C) Circular dichroism
spectra of P-Res in different mixed solutions of DMSO/H2O from 100%
to 1%. The arrow indicates the change during reducing the DMSO/H2O
ratio. (D) Photoacoustic (PA) spectra (680 nm–840 nm) of aggregates in
1% DMSO/H2O solution and monomers in 100% DMSO. (E) The color
mapping of different ratiometric PA from 720 nm/690 nm to 760 nm/
690 nm in different mixture solutions of DMSO and H2O. All the
detected concentration of P-Res was 10−4 M.

Fig. 2 Degree of aggregation measurement and fitting. (A) Degree of
aggregation of P-Res. Blue: aggregation degree (αagg(FL)) calculated by
fluorescence spectra at 730 nm. Red: aggregation degree (αagg(PA)) cal-
culated by ratiometric PA spectra. (B) Exponential fittings of ratiometric
PA of P-RT (PA745 nm/690 nm) and P18-YVHD (PA 750 nm/685 nm) with αagg
(obtained by fluorescence signals), respectively.
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where Γ is the Grüneisen parameter; ηth is the heat conversion
efficiency;32 ηa is the optical absorption coefficient (cm−1); and
F is the local optical fluence (J cm−2). Among them, the optical
absorption coefficient ηa at a certain wavelength can be
expressed as below:

ηa ¼ 382cε

where c is the molar concentration; ε is the molar extinction
coefficient at a certain wavelength.

We know that the fluorescence intensity in solution can be
expressed as

I ¼ 2:3φI010�εlc

where φ is the fluorescence quantum efficiency; l is the path
length; c is the concentration.

Combining these equations, the PA signal under certain
optical conditions can be expressed as

P / ηthðlog I � logð2:3φI0ÞÞ
When the PA probe and its solution condition are set, the

PA intensity has an exponential relationship with fluorescence
intensity.

As mentioned above, there is a linear relationship between
αagg and fluorescence intensity. Therefore, we used an expo-
nential function to fit αagg and PA745 nm/690 nm. As expected,
once the αagg and PA745 nm/690 nm were exponentially related,
the R2 value was 0.97 (Fig. 2B). For further confirmation, we
also calculated the previous published data,22 and the mole-
cule named P18-YVHD also had an exponential relationship
with an R2 value of 0.93. This means that the exponential
relationship between αagg and ratiometric PA can be further
used to detect the aggregation efficiency in vivo.

The cathepsin E responsive PA probe

To further verity the in vivo self-assembly of the PA probe, the
P-RT with a cathepsin E tailored peptide sequence
(MLGFFQQPKPRVSNKYFSNIHW, 100 μM) was incubated with
cathepsin E in Tris buffer at 37 °C for 12 h. High performance
liquid chromatography (HPLC) and matrix assisted laser de-
sorption/ionization-time of flight mass spectrometry
(MALDI-TOF-MS) were used to analyze the cathepsin E tailored
residue sequence (Fig. 3A and Fig. S5†). As shown in the
figures, the retention time of the peptide
(MLGFFQQPKPRVSNKYFSNIHW) was 27.6 min, while the
initial peak of the peptide disappeared, and two new peaks
appeared at 16.8 min and 18.9 min, respectively. In addition,
MALDI-TOF-MS also confirmed the retention peak of peptides
and their residues. All peptides were consistent with the
designed peptide sequence, indicating that the peptide
(MLGFFQQPKPRVSNKYFSNIHW, [M + H+] 2724.2, calcd
2723.4) was cleaved by cathepsin E at the cleavage site between
F and F to obtain two peptide resides (MLGF, [M + H+] 451.1,
calcd 450.2; FQQPKPRVSNKYFSNIHW, 2275.9 [M + H+], calcd
2275.2).

Therefore, the UV-vis, fluorescence and CD spectra of the
designed P-RT (P18-MLGFFQQPKPRVSNKYFSNIHW) and syn-
thesized residues of P-RT (P-Res (P18-MLGF)) were determined
before and after incubation with cathepsin E in buffer. Similar
to P-Res, the tailored residues of P-RT showed similar J-type
assembly, with a red-shifted Qy band (Fig. 3B), quenched fluo-
rescence signal (Fig. 3C) and assembled induced structural
chirality (Fig. 3D). Moreover, TEM images were used to observe
the morphology of aggregates (Fig. 3E). P-Res can be
assembled into nanofibers in 1% DMSO solution. Meanwhile,
when P-RT was incubated with cathepsin E for 3 h, a similar
nanofiber structure could be seen in the TEM image. All the
results validated that the designed cathepsin E specific ratio-
metric PA probe with nanofiber assembly capability worked
well in situ.

In in vitro experiments, the PA745 nm/690 nm and corres-
ponding images were obtained. As shown in Fig. 4A, the
PA745 nm/690 nm signal of P-RT was relatively low, but after cath-
epsin E cutting, the PA745 nm/690 nm signal of P-RT was signifi-
cantly increased close to 1.0, similar to that of P-Res. When we
calculated the aggregation efficiency semi-quantitatively
through the exponential fitting curve (Fig. 4B), the aggregation
efficiency of P-RT was lower than 3%, while the aggregation
efficiency of the residues aggregated in situ in the buffer was as
high as 97% through cathepsin E tailoring. All the results con-
firmed our quantitative calculation curve and provided a tool
for us to understand the aggregation efficiency in vivo.

Fig. 3 The cathepsin E induced aggregation of the ratiometric PA
probe. (A) The MALDI-TOF-MS of the peptide sequence
(MLGFFQQPKPRVSNKYFSNIHW) and its cathepsin E tailored residues. (B)
UV-vis spectra, (C) fluorescence spectra and (D) circular dichroism
spectra of P-RT, P-Res and P-RT incubated with cathepsin E (Tris buffer
at 37 °C for 12 h). (E) TEM images of P-Res and P-RT after incubation
with cathepsin E for 3 h. Bars: 200 nm.
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Aggregation efficiency in cells

In order to understand the intracellular aggregation efficiency,
we first studied the cell uptake pathway of P-ST (P18-
MLFGQFQPKPRVSNKYFSNIHW), which was a negative control
of P-RT. Both P-RT and P-ST have active target motifs, but P-ST
cannot be cut by cathepsin E, so it is always in the form of a
monomer. As known, the intracellular bioimaging should con-
sider the interaction of the probe with the cell membrane.33,34

Firstly, we verified the endocytosis pathway of the designed
probe. Based on confocal laser scanning microscopy (CLSM),
Miapaca-2 cells and P-ST were subjected to various endocytosis
inhibitors (amiloride, 2 mM; beta-cyclodextrin, 5 mM; sucrose,
450 mM) and at different temperatures (Fig. 5). Incubation at
4 °C significantly reduced the fluorescence in cells, indicating
that the endocytosis of P-ST into cells occurred in an energy
dependent manner. In addition, when treated with sucrose
(clathrin-dependent endocytosis), there was almost no fluo-
rescence in cells, which indicated that our PA probe might
enter the cell through clathrin-dependent endocytosis.

Then, the aggregation efficiency of P-RT, P-RS and P-ST in
Miapaca-2 cells was measured in a time-dependent manner.
Miapaca-2 cells were incubated with P-RT, P-RS and P-ST (10−5

M) for 0.1 h, 0.5 h, 1 h, 2 h, 4 h, and 8 h, respectively. Then
cells were collected and measured by photoacoustic tomogra-
phy. According to the design, P-RT first targeted uPAR through

the target peptide sequence (VSNKYFSNIHW). Once entered
into the cell, these molecules were tailored by cathepsin E and
aggregated in situ in cells (Fig. 6). The aggregation efficiency of
P-RT (10−5 M) reached a maximum of 58% at 2 h, and
decreased slowly at the next 6 h. In contrast, although P-ST
had active targets and entered the cell, there was no molecular
tailoring, and P-ST was rarely assembled in cells. From 0 h to
8 h, the average aggregation efficiency of P-ST was less than
3%. For further confirmation, we fitted the concentration-
dependent UV/Vis absorption spectra (Fig. S6 and S7†) and cal-
culated the cumulative concentration of different molecules in
cells (Fig. S8†). The active targeting mechanism of P-RT and
P-ST was similar endocytosis at the initial 1 h, but the reten-
tion of the aggregated P-RT in cells from 2 h to 8 h was better
than that of P-ST. In addition, the endocytosis of P-RS (P18-
MLFGQFQPKPRISKSVYNFWNH) with a randomized target
peptide sequence was significantly reduced (Fig. S8†).

Fig. 4 Aggregation efficiency in buffer. (A) PA images and
PA745 nm/690 nm of P-RT, P-RT with cathepsin E and P-Res. Data are pre-
sented as mean ± standard deviation (s.d.) (n = 3). (B) The aggregation
efficiency of P-RT, P-RT with cathepsin E and P-Res in Tris buffer for
3 h.

Fig. 6 The aggregation efficiency of P-RT, P-RS and P-ST in cells
depends on different target capabilities and assembly behaviors. Cell
density: 7 × 106 cells per well; molar concentration: 10−5 M. Data are
presented as mean ± standard deviation (s.d.) (n = 3).

Fig. 5 Cell uptake pathway. CLSM images of Miapaca-2 cells incubated
with P-ST (100 μg mL−1) at different temperatures (37 °C and 4 °C) and
in the presence of different endocytosis inhibitors, such as amiloride
(2 mM), β-CD (5 mM), and hypertonic sucrose (450 mM), respectively.
Scale bar 20 μm.
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However, once entered the cell, P-RS can still aggregate with
the highest aggregation efficiency of about 30%, which may be
due to the lower concentration in the cell. Therefore, active tar-
geting offered high endocytosis, and in situ aggregation was
helpful for the retention of molecules in cells. The higher
molecular concentration in the cells was also beneficial to
aggregation.

Aggregation efficiency in vivo

In vivo quantitative bioimaging was very important for tumor
diagnosis.35,36 The aggregation efficiency of the PA probe
in vivo was validated in the pancreatic tumor model. Using
female BALB/c nude mice as the animal model, Miapaca-2
cells were implanted subcutaneously into the right lateral pos-
terior hip of mice. To simplify the model, P-RT (200 μL,
100 μM) was injected subcutaneously into mice. Post 1 h–24 h
of injection, the ratiometric PA images of tumor were obtained
(Fig. 7). Then, the tumor location was quantitatively analyzed
according to the above exponential fitting curve. The results
showed that in the first 6 h, the aggregation efficiency of P-RT
increased dynamically, with a maximum of 36% at 6 h. After
that, the aggregation efficiency decreased slowly from 6 h to
24 h. Considering the concentration of P-RT trapped in situ
(Fig. S9†), we believed that dynamic enzyme tailoring and
assembly will significantly affect the aggregation efficiency
in vivo, resulting in a different retention effect in vivo. We
found that the maximum aggregation efficiency was reduced
to 36% and delayed by 6 h compared with the results in cells.
This delay may be due to the more complex physiological
environment; PA probes need more time to complete aggrega-
tion. Additionally, the dynamic metabolism in vivo also inter-

feres with the local concentration and the chance of inter-
molecular interaction, resulting in the reduction of aggrega-
tion efficiency.

Ratiometric PA imaging

According to the literature, the contrast of the ratiometric
probe and ratio management images was better.37 The ratio-
metric PA probes were designed to improve the contrast of PA
imaging based on the PA ratio. According to the best detection
window of P-RT at 6 h, 3D reconstruction ratiometric PA
images provided a clear overview of pancreatic tumor (Fig. 8A).
Meanwhile, as a major concern in practical application, we
evaluated the cytotoxicity through cell viability assay and acute
toxicity through histopathology assays. No significant cyto-
toxicity was observed in the incubation of Miapaca-2 cells with
P-RT, P-RS and P-ST, respectively in a wide concentration range
(0–320 μM) for 24 h (Fig. 8B). Furthermore, the major organs
(heart, liver, spleen, lungs and kidneys) of sacrificed mice were
obtained after injection with P-RT (100 μM, 200 μL) for 48 h
(Fig. 8C). No obvious organ damage was found in all H&E
staining histopathological sections. Therefore, our PA probe
will be a highly biocompatible imaging probe to monitor the
aggregation efficiency in vivo.

Conclusions

Monitoring the aggregation efficiency in vivo will help us to
better understand the self-assembly process in vivo and
improve the strategy. In this work, we developed a ratiometric
PA approach to semi-quantitatively calculate the aggregation
efficiency in vivo, and the designed ratiometric PA probe can
actively target endocytosis and cathepsin E-induced intracellu-
lar assembly. The active targeting of P-RT can increase the
endocytosis of cells and its sequent assembly can enhance the

Fig. 7 The dynamic aggregation of P-RT in pancreatic tumor. The ratio-
metric PA images of tumor obtained after in situ administration of P-RT
(200 μL, 100 μM) for 1–24 h. Data are presented as mean ± standard
deviation (s.d.) (n = 3).

Fig. 8 Biocompatibility of the ratiometric PA probe. (A) Ratiometric 3D
reconstruction PA image. (B) Cell viability of CCK-8 assay after 72 h of
incubation with Miapaca-2 cells with different dose administration
(0–320 μM). Error bars: s.d. (n = 3). (C) Histopathological sections of the
heart, liver, spleen, lungs, and kidneys of the mice post i.v. injection of
P-RT with 10−4 M concentration for 48 h (magnification: ×40). Scale bar:
100 μm.
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accumulation and retention of cells. The highest aggregation
efficiency of target and assembled P-RT was 58% at 2 h in cells
and 36% at 6 h in mice. This novel ratiometric PA method pro-
vides us with a semi-quantitative tool for in vivo assembly
process monitoring. Our developed ratiometric PA probe will
have broad application prospects in the fields of nano-medi-
cine, disease diagnosis and treatment, so that people can
better understand the dynamic assembly under physiological
conditions.

Experimental section
Preparation and characterization of the photoacoustic probe

All photoacoustic probes and control molecules were syn-
thesized by solid-phase peptide synthesis. The 0.3 mM scale
protocol with C-terminal amide protection was used. The
Fmoc group of the N-terminal was deprotected with piperidine
(20% v/v) in anhydrous N,N-dimethylformamide (DMF) for
15 min. The Kaiser test (ninhydrin, phenol, VC, 1 : 1 : 1, v/v/v)
was used to determine the deprotection. 4-Methylmorpholine
(NMM) and O-benzotriazole-N,N,N′,N‘-tetramethyl-uronium-
hexafluorophosphate (HBTU, 0.4 M) in anhydrous DMF were
used to activate the carboxyl group of amino acids. In the final
step of peptide coupling, purpurin 18 (P18) was treated like an
amino acid. The mixture of trifluoroacetic acid (TFA, 95% v/v),
H2O (2.5%), and triisopropylsilane (TIPS, 2.5%) was used as
raw materials for resin cracking and amino acid side chain de-
protection in an ice bath for 2 h. After the liquid was separated
from the resin, it was blow dried with nitrogen. Chlorophyll
derivatives were precipitated in anhydrous ether and centri-
fuged at low temperature. Chlorophyll derivatives were dried in
a vacuum. The molecular weight was determined by matrix
assisted laser desorption/ionization time of flight mass spec-
trometry (MALDI-TOF-MS).

Spectral and photoacoustic characterization

P-Res (P18-MLGF) was dissolved in dimethylsulfoxide (DMSO)
at a concentration of 10−2 M. P-Res was then diluted in
different DMSO/H2O mixtures (1%–100%) to a final concen-
tration of 10−4 M. The UV-Vis spectrum was measured at
300–900 nm by using a Cary100Bio UV-Vis spectrophotometer
with 10 mm optical path length. The fluorescence spectrum
was detected in the range of 700–900 nm, the excitation wave-
length was 680 nm, and the fluorescence spectrophotometer
was F-280. The CD spectrum was detected in the range of
300–900 nm using a JASCO J 1500 circular dichroic chromato-
graph with a path length of 1 mm. The average value of the
data was obtained by three tests and was corrected by subtract-
ing the background of the solution. The photoacoustic signal
was detected in the range of 680 nm–900 nm by MOST
128 multi-spectral photoacoustic tomography. The PA image
was calculated by using software, and the intensity per unit
area of PA was obtained.

High-performance liquid chromatography (HPLC)

The peptide (MLGFFQQPKPRVSNKYFSNIHW) was dissolved in
Tris buffer (Tris 20 mM, NaCl 150 mM, pH = 7.4) and the con-
centration of the peptide was 100 μM. The cathepsin E (1 μL)
was added to the peptide and reacted for 12 h at 37 °C. Then,
a 220 nm membrane was used for filtration and HPLC was
used for analysis. The mobile phase was a linear gradient of
acetonitrile/H2O from 5%/95% to 60%/40%, and the flow rate
was 1 ml min−1. The samples of each peak were characterized
by MALDI-TOF-MS.

Transmission electron microscope (TEM)

P-RT (P18-MLGFFQQPKPRVSNKYFSNIHW) was dissolved in
Tris buffer at a concentration of 10−3 M. After adding cathep-
sin E, the sample was allowed to stand for 3 h to get good
aggregates. Then 10 μL of the sample was dropped on a copper
mesh and the rest was removed by using filter paper after
30 min. The uranylacetic acid solution (20 μL) was then
dripped onto the sample for staining. After 5 min, the sample
was washed twice with ultrapure water. After drying, the
samples were tested by TEM (Tecnai G2 20 S-TWIN).

Cell culture and detection of the cell uptake pathway

Miapaca-2 cells were cultured in DMEM containing 10% fetal
bovine serum and 1% penicillin antibiotic. The incubation
environment was under a fully humidified atmosphere at
37 °C with 5% CO2. For cell uptake, Miapaca-2 cells were
seeded into CLSM wells at a density of 2 × 104 cells per well.
After incubation for 12 h, amiloride (2 mM), beta-cyclodextrin
(5 mM), sucrose (450 mM) or PBS was added into wells respect-
ively. They were incubated in DMEM at 37 °C with P-ST (P18-
MLFGQFQPKPRVSNKYFSNIHW, 100 μM) for 2 h. Another
sample added PBS was incubated at 4 °C for 2 h. After washing
thrice with PBS, they were imaged by CLSM (Zess LSM710).

Intracellular aggregation efficiency and endocytosis

When the cell density reached 7 × 106 cells per well, the chloro-
phyll derivatives (10−5 M) dissolved in DMEM were added to
the well and incubated for 0.1 h, 0.5 h, 1 h, 2 h, 4 h, and 8 h,
respectively. After three times of PBS washing, cells were col-
lected with PBS. Then, half of the cells were destroyed by ultra-
sound and chlorophyll derivatives were extracted by DMSO.
The intracellular molecules were quantitatively calculated by
the UV-Vis standard curve. The other half of the cells were
detected in the agar prosthesis by MOST 128 multi-spectral
optoacoustic tomography. The PA signals of 690 nm and
745 nm windows were collected and analyzed.

Aggregation efficiency and accumulation in vivo

Animal experiments were carried out complying with NIH
guidelines for the care and euthanasia of laboratory animals of
National Center for Nanoscience and Technology Animal
Study Committee’s requirement and according to the protocol
approved by the Institutional Animal Care. Animal experi-
ments were conducted in accordance with the requirements of
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NIH guidelines for animal care and euthanasia in the labora-
tory of animal research committee of National Center for
Nanoscience and Technology, and the scheme approved by the
agency for animal care. Using female BALB/C nude mice as the
animal model, Miapaca-2 cells were implanted subcutaneously
into the right lateral posterior hip of mice. After the tumor
reached 50 mm3, P-RT (200 μL, 100 μM) was injected into the
mice in situ. At different injection times (1 h, 2 h, 4 h, 6 h, 8 h,
12 h and 24 h), the PA signals were detected at 690 nm and
745 nm respectively. In the other group, tissue biopsy and
DMSO homogenate were used.

Cytotoxicity and pathological section

Miapaca-2 cells were inoculated with 7 × 103 cells per well in a
96-well cell culture plate and incubated with 5% CO2 at 37 °C
for 24 h. P-RT was added to the cell culture plate in DMEM at
different concentrations from 0 to 320 μm for further culture
for 24 h. After three times PBS washing, cell viability was
obtained by CCK-8 assay. The absorbance was detected at a
wavelength of 450 nm. P-RT or PBS was injected into the mice
through the tail vein. 24 h later, the mice were sacrificed and
the pathological sections of the main organs (heart, liver,
spleen, lungs and kidneys) were evaluated by H&E staining.
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