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A B S T R A C T   

Intraoperative fluorescence-based tumor imaging plays a crucial role in performing the oncological safe tumor 
resection with the advantage of differentiating tumor from normal tissues. However, the application of these 
fluorescence contrast agents in renal cell carcinoma (RCC) and hepatocellular carcinoma (HCC) was dramatically 
hammered as a result of lacking active targeting and poor retention time in tumor, which limited the Signal to 
Noise Ratio (SNR) and narrowed the imaging window for complicated surgery. Herein, we reported an activated 
excretion-retarded tumor imaging (AERTI) strategy, which could be in situ activated with MMP-2 and self- 
assembled on the surface of tumor cells, thereby resulting in a promoted excretion-retarded effect with an 
extended tumor retention time and enhanced SNR. Briefly, the AERTI strategy could selectively recognize the 
Integrin αvβ3. Afterwards, the AERTI strategy would be activated and in situ assembled into nanofibrillar 
structure after specifically cleaved by MMP-2 upregulated in a variety of human tumors. We demonstrated that 
the AERTI strategy was successfully accumulated at the tumor sites in the 786-O and HepG2 xenograft models. 
More importantly, the modified modular design strategy obviously enhanced the SNR of AERTI strategy in the 
imaging of orthotopic RCC and HCC. Taken together, the results presented here undoubtedly confirmed the 
design and advantage of this AERTI strategy for the imaging of tumors in metabolic organs.   

1. Introduction 

Surgical resection is still the foremost treatment for patients with 
solid tumor especially in renal cell carcinoma (RCC) and hepatocellular 
carcinoma (HCC) [1–3]. It is worth noting that, as vital metabolic or-
gans, it is central to preserve the normal function of kidney and liver 
during tumor resection by reducing the excessively resected normal 
tissues. However, maximal resection of the tumor is crucial for achieving 
the long-term disease control in clinic [4,5], which efficiently limits the 
recurrence and progression of tumor. Taken together, the relationship 

between the extent of tumor resection and actual clinical benefit for the 
patient is predicated on the balance between cytoreduction and com-
plications morbidity [1]. Therefore, it is of great significance to acquire 
adequate visualization of tumor boundaries in the medical surgery [6,7], 
which mainly depends on the surgeon level of experience or intra-
operative frozen section analysis at present [8,9]. Nevertheless, the ac-
curacy rate of diagnosing the cutting edge is a matter of debate 
(approximately 50%) [10], which significantly augmented the risk of 
tumor recurrence. Therefore, there is significant interest in developing 
novel tumor-specific molecular imaging agents for enhancing the tumor 
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identification and guiding tumor resection. Based on the metabolism 
difference between tumors and normal tissues, 18F-FDG was designed 
for tumor detection before operation, which has achieved encouraging 
accomplishments through the combined use of PET/CT [11]. However, a 
variety of tumor types exhibit a non-specific difference to normal tissue 
on metabolism in the initial stage, which results in a lower detectable 
rate (50–65% for 18F-FDG) [12]. 

Intraoperative fluorescence-based tumor imaging have emerged as a 
promising methods in performing the oncological safe tumor resection 
with the advantage of real-time tumor localization, differentiating 
tumor from normal tissues and assessing the surgical cavity or the 
margins of the resected specimen [13,14]. Fluorescence contrast agents, 
as real-time tumor imaging probe to differentiate tumors from normal 
tissues, has been extensively applied in clinic to provide information on 
tumor detection and resection [15,16]. Thereinto, 5-Aminolevulinic 
acid (5-ALA) [17] and indocyanine green (ICG) [18,19], which were 
approved by the Food and Drug Administration (FDA), has been used to 
mark the tumor cells in the image-guided surgery of a variety of tumors. 
However, the application of these fluorescence contrast agents in RCC 
and HCC was dramatically hammered as a result of lacking active tar-
geting and poor retention time in tumor, which limited the Signal to 
Noise Ratio (SNR) and lessened the imaging window for image-guided 
surgery [20,21]. To increase the SNR, plenty of fluorescently labeled 

tumor microenvironment-responsive molecular imaging agents were 
developed to increase the specificity [22–25]. However, the traditional 
fluorescently labeled tumor-specific molecular imaging agents are prone 
to be quickly metabolized by the liver and kidney, which results in high 
background signal in the short-range and low fluorescence intensity in 
the long-range for the tumors in metabolic organs (liver and kidney). 
Therefore, the in vivo delivery of fluorescence contrast agents to the 
tumor sites has aroused wide concern [26–28]. As with drug delivery 
[29,30], fluorescence contrast agents need to be transported through 
circulation for specifically accumulation in tumor tissues for generating 
a high SNR and long-term retention [31]. 

In our previous work, we have demonstrated the aggregation/as-
sembly induced retention (AIR) effect [32] could significantly improve 
the delivery efficiency of fluorescence contrast agents by designing a 
near-infrared peptide probe for the image-guided surgery of renal cell 
carcinoma with a Signal to Noise Ratio (SNR) of 2.5 [33], suggesting an 
encouraging method for high performance tumor imaging in the typical 
metabolic organs (Liver and kidney). In this work, we reported an 
activated excretion-retarded tumor imaging (AERTI) strategy, which 
could be in situ activated with MMP-2 and self-assembled on the surface 
of tumor cells, thereby leading to a promoted excretion-retarded effect 
with an extended tumor retention time and enhanced SNR. The 
tumor-selective recognition, MMP-2 activated self-assembly and 

Fig. 1. Schematic illustration of the activated excretion-retarded tumor imaging (AERTI) strategy. (a) The AERTI strategy consists of (i) RGD, as Integrin αvβ3- 
targeting motif, (ii) PLGYLG, as MMP-2-cleavage peptide linker, (iii) KLVFFGC, as canonical self-assembly motif, (iv) Cy, as signaling molecular, (v) SSGG, as hy-
drophilic motif. Upon MMP-2 specific enzymatic cleavage, the remaining molecule is triggered to form nanofibril conformation of antiparallel β-sheet. (b) Mech-
anism of action of AETRI strategy highlight tumor-selectively recognition, enzymatic activation, and excretion-retarded effect. 
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excretion-retarded imaging process of AERTI was shown in Fig. 1. 
Initially, the AERTI could selectively recognize the Integrin αvβ3 over-
expressed on the surface of tumor cells [34,35]. Afterwards, the AERTI 
would be activated and in situ assembled into nanofibrillar structure 
after specifically cleaved by MMP-2 upregulated in a variety of human 
tumors (Fig. 1a) [36,37]. Owing to this nanofibrillar structure con-
structed on the surface of tumor cells, high performance 
excretion-retarded imaging of tumor in the metabolism organs of was 
achieved (Fig. 1b). 

2. Materials and methods 

2.1. Materials 

All amino acids and Wang resin were bought from Gill Biochemical 
(Shanghai, China). The medicines, reagents, and solvents used in the 
experiment were all purchased from commercial companies. 786-O, 
HepG2 and HUVEC cell lines were derived from the Cell Culture Cen-
ter of the Institute of Basic Medicine, Chinese Academy of Medical Sci-
ences (Beijing, China). Female BALB/c nude mice at approximately 6–8 
weeks old were purchased from Vital River Laboratory Animal Tech-
nology Co., Ltd. (Beijing, China). 

2.2. Molecule synthesis and characterization of AERTI 

Experiments used peptide P1 (SSGGPLGYLGKLVFFGCGRGD), P2 
(SSGGPGLGYLKLVFFGCGRGD) and R–P1 (YLGKLVFFGCGRGD) were 
bought from GL Biochem (Shanghai) Co., Ltd. The molecular weight and 
purity of the P1, P2 and R–P1 were characterized by matrix-assisted 
laser desorption/ionization time-of-flight mass spectrometry (MALDI- 
TOF-MS) and high-performance liquid chromatography (HPLC). The 
synthesis method of Cyanine Dye (Cy7-Cl) labeled P1, P2 and R–P1 was 
as follows: Peptide and the fluorescent molecules were placed in Tris- 
HCl buffer solution (pH = 8.4). After reacting for 2 h, the reaction 
product is processed with desalination and dialysis. The Excess fluo-
rescent molecules in the solution are removed by dichloromethane. 
Finally, electrospray ionization mass spectrometry (ESI-MS) was used 
for characterizing the molecular weight of M1 (SSGGPLGYLGKLVFFGC 
(Cy)GRGD), M2 (SSGGPGLGYLKLVFFGC(Cy)GRGD) and R-M1 
(YLGKLVFFGC(Cy)GRGD). Additionally, the Cyanine Dye (Cy7-Cl) was 
provided by Dr Wu-Yi Xiao, Technical Institute of Physics and Chemis-
try, CAS. All the experiments were independently repeated for 3 times. 

2.3. Turbidity measurement of AERTI 

Firstly, samples M1, M2 and R-M1 were dissolved with DMSO to 
obtain the mother liquor sample in a high concentration (5 mM) and 
stored at room temperature. Before measurement, the 5 mM sample was 
diluted 100 times with water solvent Next, the sample was put into UV- 
2600 UV-VIS spectrophotometer to measure the absorbance of at 600 
nm. Finally, the condition that needed to be maintained during mea-
surement was that it was stirred every 5 s while recording data and the 
measurement duration was 90 min. All the experiments were indepen-
dently repeated for 3 times. 

2.4. Circular dichroism (CD) spectroscopy of AERTI 

At room temperature, samples M1 (10 μM), M2 (10 μM) and R-M1 
(10 μM) was scanned by a CD spectrometer by using a cell pathlength 
condition. In the working state, the scanning speed of the instrument 
was set to 1200 nm min− 1. Finally, the resolution was specified as 1 nm. 
The solution background was subtracted for the purpose of correcting 
the spectrum. All the experiments were independently repeated for 3 
times. 

2.5. Fourier transform infrared (FTIR) spectroscopy of AERTI 

Before measurement, a simple pretreatment of M1 (50 μM), M2 (50 
μM) and R-M1 (50 μM) samples was required by waiting 7 d in deionized 
water solvent to ensure it stable and self-assembled sufficiently. Next, 
freeze-drying was used to convert the physical state of the sample from 
solution to powder. Sample preparation: The powdered sample and the 
dehydrated KBr crystals were mixed and compressed into granules. 
Finally, the samples were analyzed using spotlight 200i, Perkin Elmer 
Instruments Co., Ltd. All the experiments were independently repeated 
for 3 times. 

2.6. Transmission electron microscopy (TEM) of AERTI 

The samples of M1, M2 and R-M1 were observed using TEM. Firstly, 
sample must reached the assembled state in the assembled condition 1 
mM of acetonitrile: H2O = 2:3 mixed solvent dissolved. After being 
stored for 7 d, the sample was fully self-assembled and then subjected to 
TEM operation. Next, 10 μL of sample solution was placed on the carbon- 
coated copper mesh. 5 min later, the excess solution on the copper mesh 
was absorbed by the filter paper. All the experiments were indepen-
dently repeated for 3 times. 

2.7. Cytotoxicity assay of AERTI 

The 786-O and HepG2 cell lines were used to assess the cytotoxicity 
of AERTI, respectively. Next, 786-O and HepG2 cells were seeded onto 
96 well plates at a density of 5 × 103 each well and incubated overnight 
until the cells were completely adhered. Afterwards, a high concentra-
tion of M1 and M2 in DMSO mother solution was diluted to obtain so-
lutions of different concentrations and ensure DMSO concentration less 
than 1%, followed by incubation with the cells for 24 h. The cell viability 
rate was calculated as (Sample wells (As)-Blank wells (Ab))/(Control 
wells (Ac)-Blank wells (Ab)) × 100%. All the experiments were inde-
pendently repeated for 3 times. 

2.8. In vitro signal to Noise Ratio (SNR) of AERTI for tumor imaging 

786-O and HUVEC cell lines were used for calculating the in vitro SNR 
of AERTI for tumor imaging. Firstly, the 786-O and HUVEC cells were 
seeded onto 96 well plates at a density of 5 × 103 each well and incu-
bated overnight until the cells were completely adhered. Next, the M1 
and M2 (20 μM) samples were incubated with the cells for 4 h to make 
sure the self-assembly of AERTI. After washed with PBS for 3 times the 
fluorescence images of 786-O and HUVEC cells were observed with in 
vivo fluorescence imaging system (IVIS). All the experiments were 
independently repeated for 3 times. 

2.9. In vitro photostability of AERTI for tumor imaging 

786-O cell lines were used for envaluating the in vitro photostability 
of AERTI for tumor imaging. Firstly, the 786-O cells were seeded onto 96 
well plates at a density of 5 × 103 each well and incubated overnight 
until the cells were completely adhered. Next, the M1 and M2 (20 μM) 
samples were incubated with the cells for 4 h to make sure the self- 
assembly of AERTI. After washed with PBS for 3 times and irradiated 
with NIR laser (0, 0.45, 0.90, 1.35, 1.80, 2.25, 2.70, 3.15 and 3.60 kJ/ 
cm2, respectively and the distance between the light source and the 
sample was 1 cm), the fluorescence images of 786-O cells were observed 
with in vivo fluorescence imaging system (IVIS). All the experiments 
were independently repeated for 3 times. 

2.10. Cellular imaging experiment of AERTI 

786-O cell lines overexpressed with interin αvβ3 were used for 
cellular imaging experiments. Firstly, the 786-O cells were seeded onto 
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confocal microscopy culture dishes at a density of 2 × 105 cells and 
incubated overnight until the cells were completely adhered. Next, the 
M1 and M2 (20 μM) samples were incubated with the cells for 15 min. 
Next, the fluorescence images of 786-O cells were observed under a 40×
objective. Finally, the fluorescence intensity was measured by Volocity 
software. All the experiments were independently repeated for 3 times. 

2.11. In vivo fluorescence imaging of AERTI 

All the animal experiments were approved by the Committee for 
Animal Research of the National Center for Nanoscience and Technology 
(NCNST21-2011-0602). Firstly, A density of 5 × 106 786-O/HepG2 cells 
in PBS solution were subcutaneously injected into the right hind of mice 
to construct the 786-O/HepG2 xenograft models. When the tumor vol-
ume grew up to approximately 200 mm3, the mice were administrated 
with M1 (200 μM, 200 μL) and M2 (200 μM, 200 μL) for in vivo fluo-
rescence imaging at different timepoints using a Maestro IVIS (CRi, 
Woburn, MA, USA). Finally, the major organs and tumors of 786-O 
xenograft mice were collected to investigate the biodistribution of 
AERTI. All the experiments were independently repeated for 3 times. 

2.12. Establishment of orthotopic RCC xenograft models 

Initially, the mice were intraperitoneally anesthetized and placed in 
a lateral position. Afterwards, under sterile conditions, the skin and 
body wall were opened along the dorsal midline. Subsequently, the left 
kidney was pushed out through the incision. Next, 5 × 106 786-O cells 
resuspended in 15 μL Matrigel were injected into the surface of kidney 
with a 29 G needle. After a bulla was observed, the kidney was returned 
into abdomen with incisions closed successively. Finally, the tumor 
growth in kidney was confirmed with IVIS after intraperitoneally in-
jection of luciferin for 10 min. Additionally, the mice were adminis-
trated with M1 (200 μM, 200 μL) and M2 (200 μM, 200 μL) for in vivo 
fluorescence imaging. 

2.13. Establishment of orthotopic HCC xenograft models 

Initially, the mice were intraperitoneally anesthetized and placed in 
a dorsal position. Afterwards, under sterile conditions, the skin and body 
wall were opened along the left lower costal margin. Subsequently, the 
liver was pushed out through the incision. Next, 5 × 106 HepG2 cells in 
15 μL Matrigel were injected into the surface of liver with a 29 G needle. 
After a bulla was observed below the capsule, the liver was returned into 
abdomen with incisions closed successively. Finally, the tumor growth 
in liver was confirmed with IVIS after intraperitoneally injection of 
luciferin for 10 min. Additionally, the mice were administrated with M1 
(200 μM, 200 μL) and M2 (200 μM, 200 μL) for in vivo fluorescence 
imaging. 

2.14. Toxicology evaluation of AERTI 

The major organs and serum of mice (n = 4) were collected after 
treatment with PBS and M1 (200 μM, 200 μL) for 1 d, 7 d and 14 d. 
Subsequently, the histology evaluation was conducted by Wuhan Serv-
icebio Technology Co., Ltd. Meanwhile, the blood biochemistry analyze 
was carried out with Hitachi Automatic Biochemical Analyzer 7100. All 
the experiments were independently repeated for 6 times. 

2.15. Statistical methods 

Statistical analysis of the result was performed with one-way ANOVA 
followed by post hoc Tukey’s test. *P < 0.05, **P < 0.01 and ***P <
0.001. Data are presented as mean ± SD. 

3. Results and discussion 

3.1. Self-assembly and fibrillar transformation 

The modularized units of the AERTI consist of five functional mod-
ules: (i) RGD, acts as targeting motif which selectively recognize Integrin 
αvβ3 overexpressing tumor cells, (ii) PLGYLG, behaves as MMP-2 
enzyme sensitive linker segment for cleavage [33], (iii) KLVFFGCG, as 
canonical self-assembly motif [38], (iv) Cy, as fluorescent probe and (v) 
SSGG, the hydrophilic motif to modulate molecular solubility. The five 
abovementioned modules were sequentially conjugated to form AERTI 
(Figs. S1–S6). In the first place, investigation of structure-relevant 
self-assembly behavior of AETRI was conducted using experiment 
molecule, named as molecule 1 (M1, SSGGPLGYLGKLVFFGC(Cy)GRGD) 
with enzyme-responsive peptide linker and self-assembly motif was 
designed, synthesized and characterized (Figs. S1–S6). Secondly, to 
elucidate the importance of PLGYLG module, the control molecule 2 
(M2, SSGGPGLGYLKLVFFGC(Cy)GRGD) possessing only self-assembly 
motif were designed, synthesized and characterized (Figs. S1–S6). 
Moreover, as self-assembly module was hypothesized to play a key role 
for molecular imaging, a cleaved version of M1, named as R-M1 
(YLGKLVFFGC(Cy)GRGD) was designed, synthesized and characterized 
similarly. The M1, R-M1and M2 was characterized with high resolu-
tions MS, ESI-MS and HPLC (Figs. S1–S6). 

Schematic illustration of the MMP-2 activated self-assembly behav-
iors of AERTI (Fig. 2a). Firstly, in order to verify the enzyme respon-
siveness of M1, the high-performance liquid chromatography (HPLC) 
was used to monitor the formation of cleavage motif R-M1. As a result, 
the peak of M1 was vanished after incubated with MMP-2 with a 
retention time at 16.8 min. Meanwhile, two new peaks were for 
SSGGPLG at 13.5 min and R-M1 at 15.2 min, respectively (Fig. S7). 
Next, the critical aggregation concentration (CAC) of R-M1 to form 
nanofibers was investigated with the fluorescence probe (ANS), which 
demonstrated to be 4.4 μM (Fig. S8). Then, turbidity assay was carried 
out to examine MMP-2 mediated self-assembly behavior of molecule 
M1. It was observed than the turbidity readout of R-M1 experienced 
significant escalation initially and reached plateau at approximately 60 
min in deionized water system at 37 ◦C (Fig. 2b), which verified the 
occurrence of self-assembly process of R-M1. Similar results were 
observed in the turbidity assay of M1+MMP-2 (Fig. S9). On contrary, 
indiscernible change of turbidity value was observed regarding M1 and 
M2 (Fig. 2b), which remains in homogenous monomeric state under 
same condition. Together, these data suggested that molecule cleavage 
by MMP-2 plays a key role in triggering the self-assembly progress of 
M1. Next, Fluorescent probes thioflavin T (ThT) and 1-anilino-8-naph-
thalene sulfonate (ANS), which could selectively bind to the amyloid 
fibrils, were used to study the β-sheet formation of M1 after MMP-2 
cleavage. As expected, the fluorescence intensity of R-M1 was obvi-
ously increased compared with that of M1 and M2 group (Fig. S10), 
further demonstrating the β-sheet formation of M1 after MMP-2 cleav-
age. In addition, circular dichroism (CD) spectrometry and Fourier 
transform infrared (FTIR) spectrum were conducted to characterize the 
secondary structure of M1 cleaved by MMP-2 enzyme. It was recorded 
that strong positive Cotton effect at approximately 200 nm plus weak 
negative Cotton effect at 216 nm were visible in R-M1 group, as a 
confirmatory sign of the formation of β-sheet structure in R-M1 (Fig. 2c). 
On the contrary, the M1 and M2 had a formation of random coiled 
secondary structure in the light of the strong negative Cotton effect at 
about 202 nm in the CD spectrum. Moreover, the formation of β-sheet 
structure was further confirmed based on the band at 1631 cm− 1 in the 
FTIR spectrum. Meanwhile, the band at 1641 cm− 1 without blue shift 
indicated the amide I band without other second structure (Fig. 2d). 
These results, altogether, demonstrated the formation of β-sheet struc-
ture in M1 after MMP-2 cleavage. Finally, the morphology of M1 after 
MMP-2 cleavage was investigated with the transmission electron mi-
croscopy (TEM). As a result, the R-M1 self-assembled into short and 
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thick nanofibers with a diameter of 13.4 ± 3.1 nm (Fig. 2e and Fig. S11). 
Additionally, the M1+MMP-2 also self-assembled into nanofibers with a 
diameter of 12.3 ± 2.4 nm (Fig. S12). Altogether, it can be concluded 
that the M1 can be cleaved by MMP-2 to release the R-M1, which can 
form nanofibers by intermolecular hydrogen bonds. Moreover, the ab-
sorption (Fig. S13) and fluorescence spectra of M1 before and after 
cleaved by MMP-2 demonstrated that there is little quenching effect was 
occurred for M1 after cleaved by MMP-2 (Fig. 2f). 

3.2. In vitro tumor targeting and extracellular morphological 
characterization of AERTI 

Further, to study the in vitro Signal to Noise Ratio (SNR) of AERTI for 
tumor imaging, 786-O and HUVEC cells were incubated with M1 and M2 
for 4 h at 37 ◦C in a 96-Well plate for fluorescence imaging (Fig. 3a). As a 
result, the 786-O cells showed much higher fluorescence intensity in M1- 
treated wells compared with that in HUVEC cells. Meanwhile, a mod-
erate fluorescence intensity was observed in the M1-treated wells. 
Moreover, statistical analysis indicated that the M1 exhibited signifi-
cantly higher SNR of 2.8 for tumor imaging than that of 2.1 in the M2- 
treated groups (Fig. 3b), indicating that M1 had advantages of higher 
SNR for tumor imaging over M2 owing to the stable β-sheet structured 
fibrous networks. Mountains of evidence have demonstrated that the 
β-sheet structure-enriched nanofibers could efficiently prevent the 
radiationless internal conversion (IC), isomerization and degradation of 
fluorescence molecule through bounding and locking the Cy dye in 
hydrophobic domains. Therefore, the in vitro photostability of AERTI, as 
an important indicator of tumor imaging, was further investigated after 
co-incubated with 786-O cells for 4 h at 37 ◦C (Fig. 3c). As a result, the 
photostability of Cy in the M1 was significantly increased with only 55% 
photobleaching observed (Fig. 3d). In contrast, M2 showed 81% pho-
tobleaching after irradiation for 40 min. The photodegradation rate of 

Cy in M1 was decreased by 26% than that of Cy in M2, demonstrating 
that the enhanced photostability was attributed to the MMP-2-cleavage 
self-assembly of AERTI. Moreover, AERTI was demonstrated to be 
distributed on the membrane of 786-O cells after incubated with M1 for 
15 min at 37 ◦C, which exhibited an enhanced tumor retention time 
compared with that of M2 (Fig. 3e and Fig. S14). Subsequently, to 
observe the nanofibrillar networks on the membrane of tumor cells, 
scanning electron microscopy (SEM) was utilized to observe the 
morphology of AERTI. Expectedly, the presence of nanofibrillar net-
works were clearly observed on the surface of 786-O cells treated with 
M1 (Fig. 3f and Fig. S15). In contrast, no nanofibrillar structure was 
detected on the membrane of PBS 786-O cells (Fig. 3f). Additionally, no 
impact was observed on the cell viability of 786-O and HepG2 when 
treated with M1 and M2, indicating the good biocompatibility of AERTI 
(Fig. 3j and Fig. S16). 

3.3. In vivo specific tumor accumulation and enhanced imaging time 
window of AERTI in RCC and HCC xenograft model 

To confirm the specific tumor accumulation and evaluate the imag-
ing time window, the persistence of AERTI in the tumor sites was 
evaluated by intravenously injecting the M1 and M2 into 786-O (Renal 
Cell Carcinoma, RCC) xenograft mice, respectively. Representative 
fluorescence images of the 786-O xenograft mice were successively 
collected at 1, 2, 4, 8, 12, 24, 48 and 72 h (Fig. 4a). As a result, the mice 
in M1-treated group exhibited an approximately identical fluorescence 
at the tumor site within 1 h compared with that in M2-treated group, 
indicating that M1 and M2 hold the same targeting ability owing to the 
RGD motif. Furthermore, AERTI was observed to be continuously 
accumulated at the tumor site and persisted for 72 h according to the 
statistical analyses results. By contrast, the fluorescence of M2 at the 
tumor site quickly decreased after 4 h and nearly vanished at 72 h, 

Fig. 2. Self-assembly process of AERTI in solutions. (a) Schematic illustration of AERTI strategy leveraging MMP-2 activated self-assembly mechanism. (b) Turbidity 
assay for M1, R-M1 and M2. (c) CD spectra of M1, R-M1 and M2 in deionized water system. (d) FTIR spectra of monomeric M1, M2 and assembled R-M1. (e) TEM 
image showed self-assembled β-sheet nanofibrous conformation of R-M1 (50 μM) in acetonitrile: H2O = 2:3 mixed solution for 1 week. Scale bar = 100 nm. (f) The 
fluorescence spectra of M1, M2 and M1+MMP-2. 
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indicating that the M1-treated group exhibited a significantly higher 
fluorescence intensity in the tumors than that in the M2-treated groups 
from 2 to 72 h post-injection (Fig. 4b). Taken together, these results 
demonstrated that AERTI strategy had advantages of long-time reten-
tion in tumors over M2 owing to the in vivo self-assembly based stable 
β-sheet structured fibrous networks. Additionally, the biodistribution of 
AERTI strategy was further investigated through collecting the tumors 
together with major organs of 786-O xenograft mice for ex vivo fluo-
rescence imaging after administered with M1 and M2 for 24 h. As a 
result, strong fluorescence signals were detected on the tumors 
compared with other organs (Fig. 4c and d), suggesting that the M1 were 
effectively accumulated to the tumor tissues. Moreover, nanofibrous 
structures were clearly observed on the surface of tumor cells from 
representative Bio-TEM images after administration of M1, which 
possibly attributed to MMP-2 activated in vivo self-assembly of M1 
(Fig. 4e). More importantly, the specific tumor accumulation and im-
aging time window of AERTI was further evaluated by intravenously 
injecting the M1 and M2 into HepG2 (Hepatocellular Carcinoma, HCC) 
xenograft mice. As expected, AERTI was observed to be continuously 
accumulated at the tumor site and persisted for 72 h. In addition, the 
fluorescence signals at tumor sites in M1-treated group exhibited a 
significantly higher fluorescence intensity than that in the M2-treated 
groups from 2 to 72 h post-injection based on the representative fluo-
rescence images of mice at 1, 2, 4, 8, 12, 24, 48 and 72 h post-injection 
(Fig. 4f and Fig. S17). These results further demonstrated the specific 

tumor accumulation and enhanced imaging time window of AERTI 
strategy for the image-guided surgery of RCC and HCC. 

3.4. In vivo tumor-imaging SNR of AERTI in orthotopic RCC and HCC 
xenograft model 

Encouraged by the results above, the orthotopic RCC and HCC 
xenograft mice was successfully constructed to investigate the SNR of 
AERTI in the tumor fluorescence imaging towards metabolism organs. 
Initially, the tumor-bearing kidney was pushed out and exposed through 
the incision along the dorsal midline after intravenous injection of M1 
and M2 for 24 h, respectively. Moreover, representative bright field 
image and fluorescence image of the tumor-bearing liver from ortho-
topic RCC xenograft mice were captured, respectively (Fig. 5a). The 
regions of interest (ROI) from tumor and normal tissues used for 
calculating the SNR were labeled in Fig. 5b. As a result, the SNR of 
AERTI for RCC imaging was calculated as 2.61 according to the fluo-
rescence intensity in ROI of orthotopic RCC xenograft mice (Fig. 5a). 
More importantly, the tumor boundary was precisely identified in the 
fluorescence imaging results of AERTI owing to the enhanced SNR, 
which was strictly in accordance with the tumor margin identified by 
bright field results (Fig. 5c), which is of great significance for the image- 
guided surgery of RCC. Additionally, the tumor boundary identified 
with fluorescence imaging results of AERTI was similar to the results in 
corresponding histological results (Fig. 5d). Statistical analyses of the 

Fig. 3. Tumor-selectively recognition and MMP-2 activated self-assembly behavior of AERTI in vitro. (a) Representative NIR fluorescence images of 786-O 
cells and HUVEC cells after treatment with M1 and M2 (20 μM), respectively. (b) Statistical analyses of the Signal to Noise Ratio of M1 and M2, respectively. 
(c) Photostability evaluation of M1 and M2 (20 μM) under near-infrared laser irradiation for 0, 5, 10, 15, 20, 25, 30, 35 and 40 min. (d) Statistical analyses of the 
photostability of M1 and M2, respectively. (e) Representative confocal images of time-dependent monitoring of 786-O cells treated with the M1 (20 μM) followed by 
washing with PBS and replacing the medium. Scale bar = 20 μm. (f) Representative SEM images of 786-O cells after treated with PBS (left, without self-assembled 
β-sheet nanofibers) and M1 (right, with self-assembled β-sheet nanofibers) (20 μM). Scale bar = 3 μm. Scale bar = 500 nm (Zoom in). (j) Cell viability assay of 786-O 
cells treated with M1 and M2 for 24 h ***p < 0.001. 
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SNR of M1, M2 and ICG for RCC imaging was shown in Fig. 5e, 
respectively. Subsequently, the tumor-bearing liver was pushed out and 
exposed through the incision at the left lower costal margin after 
intravenous injection of M1 and M2, respectively. Moreover, represen-
tative bright field image and fluorescence image of the tumor-bearing 
liver from orthotopic HCC xenograft mice were captured, respectively 
(Fig. 5f). The regions of interest (ROI) from tumor and normal tissues 
used for calculating the SNR were labeled in Fig. 5j. As a result, the SNR 
of AERTI for HCC imaging was calculated as 2.18 according to the 
fluorescence intensity in ROI of orthotopic HCC xenograft mice at 24 h 
post-injection. Meanwhile, the minimal tumors (<2 mm) were suc-
cessfully detected by the fluorescence imaging results of AERTI owing to 
the enhanced SNR (Fig. 5h), which is of great significance for the image- 

guided surgery of HCC. Additionally, the tumor boundary identified 
with fluorescence imaging results of AERTI was quite similar to the re-
sults in corresponding histological results (Fig. 5i). Statistical analyses of 
the SNR of M1, M2 and ICG for RCC imaging was shown in Fig. 5g, 
respectively. These data together evidently demonstrated that AERTI 
strategy possess the advantages in achieving accurate detection of the 
tumor boundaries and detection of minimal tumors (<2 mm) with 
enhanced SNR, which showed a prodigious potential in the image- 
guided surgery of the tumors in metabolic organs (liver and kidney). 

3.5. In vivo side effects of AERTI strategy 

Finally, to further study the potential in vivo adverse effects of AERTI, 

Fig. 4. In vivo verification of the tumor-selectively accumulation and retention of AERTI strategy. (a) Representative fluorescence images of 786-O xenograft mice 
after intravenous injection of M1, M2 and ICG (200 μM, 200 μL) (n = 3). (b) Corresponding statistical analyses of the fluorescence intensity at the tumor site. (c) Ex 
vivo fluorescence images of tumor and major organs collected after intravenous administration of M1 and M2 (200 μM, 200 μL) for 24 h, respectively (n = 3). (d) 
Corresponding statistical analyses for the biodistribution of M1 and M2 in tumor and major organs (heart (H), liver (Li), spleen (Sp), lung (Lu) and kidney (K)) (n =
3). (e) Representative Bio-TEM results of the in situ self-assembled β-sheet nanofibers after administration of M1 (200 μM, 200 μL). Scale bar = 2 μm (Left), Scale bar 
= 1 μm (Right). (f) Representative near-infrared fluorescence images of HepG2 xenograft mice after intravenous injection of M1 and M2 (200 μM, 200 μL) (n = 3). 
**p < 0.01. 
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the major organs and serum of healthy mice were harvested after 
intravenous administrated with PBS and M1 respectively. As a result, the 
representative hematoxylin and eosin (H&E) images exhibited no his-
tological differences were detected in major organs at 1 d post-injection 
(Fig. 6a), suggesting no notable toxicity of AERTI. More importantly, the 
results of blood biochemistry analyses at 1 d, 7 d and 14 d post-injection 
exhibited no noticeable difference was observed between PBS and M1 
treatment group regarding liver function index, including alanine 
aminotransferase (ALT), aspartate aminotransferase (AST), alkaline 
phosphatase (ALP) (Fig. 6b), total protein (TP), albumin (ALB), and 
globulin (GLOB) (Fig. 6c). Meanwhile, no noticeable difference was 
observed between PBS and M1 treatment group regarding renal function 
indicators including blood urea nitrogen (BUN) (Fig. 6d) and creatinine 
(CRE) levels (Fig. 6e). These results altogether suggested the good 
biosafety of AERTI for clinical translational application. 

4. Conclusions 

In conclusion, we developed an activated excretion-retarded tumor 
imaging (AERTI) strategy, which could be in situ activated with MMP-2 

and self-assembled on the surface of tumor cells, thereby resulting in a 
promoted excretion-retarded effect with an extended tumor retention 
time and enhanced SNR. Briefly, the AERTI could selectively recognize 
the Integrin αvβ3, which was demonstrated to be upregulated on the 
membrane of tumor cells. Afterwards, the AERTI would be activated and 
in situ assembled into nanofibrillar structure after specifically cleaved by 
MMP-2 upregulated in a variety of human tumors. Furthermore, we 
demonstrated that the AERTI was successfully accumulated at the tumor 
sites in the 786-O and HepG2 xenograft models with a tumor retention 
time up to 72 h. More importantly, the modified modular design strategy 
obviously enhanced the SNR of AERTI in the tumor imaging of ortho-
topic RCC and HCC xenograft mice. Consequently, an accurate identi-
fication of the tumor boundaries and detection of minimal tumors (<2 
mm) were successfully achieved, which is of crucial significance for the 
image-guided surgery of RCC and HCC. Taken together, all the results 
above undoubtedly confirmed the design and advantage of this AERTI 
strategy for the imaging of tumors in metabolic organs. 

For the side effects of AERTI strategy: Different from low molecular 
weight drugs, the aggregation, polymerization, or assembly of bio-
materials can provoke unwanted and unpredictable immunogenicity 

Fig. 5. In vivo evaluation for the SNR in tumor imaging of AERTI strategy. (a) Representative fluorescence images of renal cell carcinoma (RCC) after intravenous 
administration with M1, M2 and ICG (200 μM, 200 μL) in the orthotopic RCC xenograft mice at 24 h post injection (n = 3). (b) The region of tumor tissue and normal 
tissue which was used for calculating SNR ratio of M1 was labeled with wight circle. (c) Representative images of the tumor boundary identified by naked eyes and 
fluorescence imaging results. (d) Representative images of the tumor boundary identified by H&E results and fluorescence microscopy imaging results. Scale bar =
500 μm. (e) Statistical analyses of the Signal to Noise Ratio of M1, M2 and ICG, respectively. (f) Representative fluorescence images of hepatocellular carcinoma 
(HCC) after intravenous administration with M1 and M2 (200 μM, 200 μL) in the orthotopic HCC xenograft mice at 24 h post injection (n = 3). (j) The region of tumor 
tissue and normal tissue which was used for calculating SNR ratio of M1 was labeled with wight circle. (h) Representative images of the tumor boundary identified by 
naked eyes and fluorescence imaging results. (i) Representative images of the tumor boundary identified by H&E results and fluorescence microscopy imaging results. 
Scale bar = 500 μm. (g) Statistical analyses of the Signal to Noise Ratio of M1, M2 and ICG, respectively. 
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which can lead to serious and life-threatening side-effects. Fortunately, 
compared with antibody the benefit of peptide is the low immunoge-
nicity. Moreover, for peptide-based self-assembled β-sheet fibrillar bio-
materials, previous reports have demonstrated minimal inflammatory 
and immune responses in vivo. Despite, it’s still crucial for the peptide- 
based biomaterials in elucidating the important risk factors which 
might lead to immunogenicity before clinical translational application. 
As for the aggregation of peptides in the lumen of the capillaries which 
could be potentially unsafe for patients, AERTI strategy was designed to 
be in situ activated with MMP-2 and self-assembled on the surface of 
tumor cells. And MMP-2 was demonstrated to be crucial for triggering 
the self-assembly of M1. Despite, AERTI strategy would targeting the 
αvβ3 in the lumen of the capillaries (low expression of MMP-2), the M1 
molecule can maintain in a monomer state without MMP-2. Therefore, 
it’s convinced that our AERTI strategy was biosafety for application 
owing to the quick clearance of monomer peptides molecular. 
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