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cell-binding ability, immunohistochemical detection in the 
tumor tissue, and in vivo NIR fluorescent optical imaging. 
The specificity of Pep-1 toward lung cancer was ensured 
by in vivo imaging using xenograft animals of various can-
cer types. The results suggest that Pep-1 is a promising 
diagnostic lead molecule for rapid and accurate detection 
of human lung adenocarcinoma. In addition, it was found 
that the targeting ability was much enhanced by ionizing 
radiation in both cell-derived and patient-derived lung 
adenocarcinoma xenografts, suggesting the possibility of 
applying Pep-1 for prognostic diagnosis after radiotherapy. 
Taken together, this study suggests that Pep-1 possesses a 
specific-targeting ability for human lung adenocarcinoma 
and that this peptide could be directly used as a clinically 
applicable imaging probe.

Keywords  Human lung adenocarcinoma · In vivo peptide 
screening · Imaging

Introduction

Up to the present time, lung cancer is the most frequent 
cancer type responsible for cancer-involved deaths, and 
this number has been rising continuously (Yin et al. 2014). 
Most lung cancer patients are unable to undergo surgical 
operation and have poor prognosis (Okamura et al. 2013). 
Surgery, radiation, chemotherapy and targeted anti-cancer 
drugs have been widely used to treat patients with lung 
cancer, but the treatment response is restricted by insen-
sitivity to various therapeutics options, which is a clinical 
hurdle that needs to be overcome for the success of treat-
ments (Haasbeek et  al. 2010; Guckenberger et  al. 2012; 
Toba et  al. 2014; Tian et  al. 2012). Early diagnosis of 
lung cancer is essential to decide which treatment strategy 

Abstract  Despite the increasing lung cancer-associated 
death rate, its therapy has been constrained by impasse of 
early diagnosis. To apply non-invasive imaging for poten-
tial cancer diagnosis system, we screened human lung 
adenocarcinoma-specific peptides using the phage display 
technique. For in vivo phage-displayed peptide screening, 
M13 phage library displaying 2.9 ×  109 random peptides 
was injected through tail vein to lung adenocarcinoma 
cell-derived xenograft mouse model. Through four rounds 
of biopanning, a specific peptide sequence (CAKATC-
PAC) was screened out with the highest frequency and was 
named as Pep-1, and it was analyzed for its targeting ability 
as an imaging probe by in vitro competitive assay to test its 
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would be suitable for each patient, but this has proved to be 
very difficult because of tumor size, regional nodal involve-
ment, and metastasis. To overcome these problems, a novel 
advanced tool with strategic suggestion has been urgently 
required (Haberkorn and Schoenberg 2001; Tsuchida et al. 
2013; Yasufuku 2010).

Molecular imaging offers rapid diagnosis with the abil-
ity to observe the progression of cancer, ultimately enabling 
personalized care by characterizing tumor and observing 
metastasis (Weissleder 2006; Kircher et al. 2012). Specifi-
cally, non-invasive imaging provides cancer-related infor-
mation and subsequently allows for the categorization of 
patients’ cancers through targeted molecules (Pysz et  al. 
2010; Fass 2008). Molecular imaging has generally used 
small ligands including peptides that have high affinity and 
specificity, which has led to the successful development of 
diagnostic systems. Besides, peptide probes have the chem-
ical and physical stability that is required to be applied to 
extensive diagnostic methods (Scott and Smith 1990; Park 
et al. 2012). Peptides have also been used to map an epitope 
of a protein antigen to discover novel markers (Andresen 
and Bier 2009). Furthermore, tumor cell-specific peptides 
have been conjugated to traditional chemotherapeutics such 
as doxorubicin to reduce cytotoxicity effects (Pasqualini 
et  al. 2000). Thus, peptide is a powerful tool for cancer 
diagnostic system for early diagnosis and treatment.

Phage display has been used as a useful technique for 
the discovery of important peptides involved in vari-
ous diseases including cancer (Yang et al. 2008; Du et al. 
2010; Molek et  al. 2011). The phage are made to display 
encoded polypeptides on their surfaces by inserting random 
sequence into the phage DNA. The system utilizes Escheri-
chia coli-specific phages including M13 phage, T7 phage 
and λ-phage (Danner and Belasco 2001; Santini et  al. 
1998). Among these phages, M13 phage was the first to be 
developed for phage display system (Smith 1985), and it 
has advantages in that it is economical and allows for rapid 
process by adequate amplification of genetically engi-
neered bacteriophages (Lee et al. 2013). M13 phage can be 
modified by conjugating fluorophore, isotope, and metal, 
which allows them to be used as an imaging probe and a 
chemotherapeutic molecule (Chan et al. 2013; Housby and 
Mann 2009).

Recent studies that screened for tumor-targeting pep-
tides have usually been performed in vitro. However, pep-
tides found through in vitro screening often fail in in vivo 
application because they were found without consideration 
of the complexity and diversity of in vivo tumor microenvi-
ronment. Considering that in vivo peptide screening using 
an animal model would likely increase the success rate for 
clinical application, we have previously performed peptide 
screening in a human lung adenocarcinoma xenograft-bear-
ing mouse model (Lee et al. 2014). In this study, we have 

assessed the potential of Pep-1 (CAKATCPAC), which was 
found with the highest frequency, as a promising diagnostic 
probe for human lung adenocarcinoma.

Materials and methods

Generation of xenograft mouse model

A549, Hep3B, MDA-MB-231 and BxPC-3 (ATCC, Manas-
sas, VA) were cultured in F-12K nutrient mixture (Kaighn’s 
modification), MEM, DMEM, and RPMI (Invitrogen Co., 
Carlsbad, CA), respectively containing 10  % FBS (Invit-
rogen Co.), 100 units/mL penicillin (Invitrogen Co.) and 
100  μg/mL streptomycin (Invitrogen Co.) at 37  °C in a 
humidified incubator with 5 % CO2. A549, Hep3B, MDA-
MB-231 and BxPC-3 were subcutaneously implanted with 
5 × 105 cells into the right hind limb of 5-week-old male 
Balb/c nude mice (SLC, Shizuoka, Japan) to produce xeno-
graft models.

Generation of patient‑derived xenografts (PDX)

Experiments were performed after receiving informed con-
sent and the approval of the Institutional Review Board and 
Animal Care Committee of Asan Medical Center. Human 
lung adenocarcinoma sample have been resected from sur-
gery and were obtained through the Asan Bio-Resource 
Center.

Under anesthesia, a 3 mm3 fragment of fresh tumor was 
subcutaneously placed into the right hind limb of 5-week-
old male Balb/c nude mice. Tumors were grown until aver-
age tumor volume reached 500 mm3, and mice were sacri-
ficed and resected the tumor. The tumor was harvested and 
prepared as above for analysis as well as being transplanted 
into new recipient mice to generate serial propagation.

Fluorescence labeling of phage

Phages (1.0  ×  1012 pfu) were conjugated with 1  μg/μL 
Cy5.5 N-hydroxy succinimide ester according to the man-
ufacturer’s instructions (GE Healthcare, Little Chalfont, 
Buckinghamshire, UK). Reaction of phage and Cy5.5 was 
allowed to occur at room temperature for 3 h in dark. After 
the reaction, the phages were purified by polyethyleneglycol 
precipitation. Cy5.5-labeled peptide phages were then sus-
pended in 200 μL of TBS and titrated to determine plaque-
forming units using the fluorescence measurement system.

In vitro cell‑based competitive inhibition assay

A549 cells were maintained in F-12K containing 10  % 
fetal bovine serum and 1 % antibiotics (Life Technologies). 
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Cells were digested with 0.25 % trypsin–EDTA and plated 
on round glass coverslips. On the next day, cells were 
washed twice with PBS, and fixed with 4 % para-formal-
dehyde at room temperature for 30 min. Blocking was per-
formed with 5  % BSA in PBS for 1  h following a wash 
with PBS, and Cy5.5-labeled Pep-1 (1  ×  1011 pfu) was 
administered into the cells for 1 h at room temperature, in 
dark. A549 cells were counterstained and mounted using 
VECTASHIELD with DAPI (Vector Laboratories Inc., 
Burlingame, CA). For competitive assay, cells were also 
treated with Cy5.5-labeled wildtype phage and unlabeled 
Pep-1 (1 × 1012 pfu) as described above. The fluorescence 
of phage in the cells was observed and analyzed using a 
confocal fluorescence microscope (Carl Zeiss, Oberkochen, 
Germany).

Immunohistochemistry

Tumor tissues were resected from mice and were fixed with 
4  % para-formaldehyde. Then, paraffin-embedded tumor 
sections were cut to a thickness of 3 μm and deparaffinized 
and rehydrated in a graded alcohol series. Antigens were 
retrieved by antigen unmasking solution (Vector Labora-
tories, Inc.), and methanol containing 3 % (v/v) H2O2 was 
treated to inhibit endogenous peroxidase activity before 
blocking with 10 % normal goat serum (Vector Laborato-
ries, Inc.) at room temperature for 1 h. Sections were sub-
sequently incubated with mouse anti-M13 primary anti-
body (abcam Inc., Cambridge, MA) at a dilution of 1:200 
at 4  °C overnight. On the following day, sections were 
incubated with biotinylated anti-mouse antibody in a dilu-
tion of 1:500 at room temperature for 30 min and then incu-
bated with elite ABC reagent (Vector Laboratories, Inc.). 
Sections were developed with diaminobenzidine (peroxi-
dase substrate kit, Vector Laboratories, Inc.) for 30 s, and 

counterstained with hematoxylin. After dehydrating and 
mounting, the slides were investigated by microscopy using 
OLYMPUS BX53.

In vivo near‑infrared fluorescence imaging

Cy5.5-labeled peptide phages were injected to tumor-
bearing mice through tail vein. After injection, NIR fluo-
rescence images were acquired daily at the range of wave-
length from 675 nm for excitation to 720 nm for emission 
using IVIS Imaging System (Perkin Elmer, Waltham, MA). 
Near-infrared images were measured and normalized as the 
radiance (photons/s/cm2/sr) by the provided xenogen pro-
gram (Perkin Elmer).

Radiation treatment

Implanted tumors grown in the right hind limb of mice and 
locally treated with 10 Gy ioning radiation (IR) when aver-
age tumor volume reached 200 mm3 using a 6 MV photon 
beam linear accelerator (CL/1800, Varian Medical System 
Inc.).

Results

In vitro specificity of Pep‑1 toward human lung 
adenocarcinoma

To confirm the specific-targeting ability of Pep-1 to 
human lung cancer cell, in vitro competitive inhibition 
assay was performed using Cy5.5-labeled Pep-1. First, 
Cy5.5 NHS ester was conjugated to Pep-1 as a phage 
coat protein for direct and useful imaging. The cellular 
binding ability of Cy5.5-labeled Pep-1 was evaluated 

Fig. 1   Competitive inhibition of Pep-1 to A549 cells in vitro. a A549 
cells were incubated with  Cy5.5-labeled Pep-1 (1011 pfu), b unla-
beled wildtype phage (1012 pfu) and c unlabeled Pep-1 (1012 pfu) 

for competition and NIR fluorescence was localized into cells. The 
images were acquired by immunofluorescent confocal microscopy 
(scale bar 20 μm)
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on A549 cells by confocal fluorescence microscopy. 
The Cy5.5-labeled Pep-1 was localized in the cyto-
plasm of the cells (Fig. 1a), and its fluorescence inten-
sity was not decreased by competition with unlabeled 
wildtype phage (Fig. 1b). On the other hand, competi-
tion with unlabeled Pep-1 resulted in a decrease in flu-
orescence of Cy5.5-labeled Pep-1, showing a complete 
inhibition of Cy5.5-labeled Pep-1 by unlabeled Pep-1 
in A549 cell (Fig.  1c). These data showed that the 
affinity of Pep-1 was dependent on a specific-peptide 
sequence that is displayed on a phage tail, not on the 
whole phage body.

In vivo tumor‑targeting ability of Pep‑1

To demonstrate the ability of Pep-1 in specifically target-
ing tumor tissues in vivo, we performed in vivo non-inva-
sive imaging using Cy5.5-labeled Pep-1 as a direct imag-
ing probe. Cy5.5 dye, Cy5.5-labeled Pep-1, Cy5.5-labeled 
wildtype phage and Cy5.5-labeled Pep-2 were injected 
into tumor-bearing mice through tail vein. We checked 
every day for 11 days to chase the changes in in vivo fluo-
rescence intensity. Cy5.5-labeled Pep-1 circulated through 
the whole body and gradually accumulated in the tumor 
as time passed. As a result, Pep-1-injected mice displayed 
high fluorescence intensity on the tumor tissue by the 11th 
day, while wildtype phage and another peptide phage (Pep-
2, CSWQIGGNC) showed negligible ROI values (Fig. 2a, 
c). Coordinately, ex vivo fluorescent optical imaging dem-
onstrated that Pep-1 was localized exactly in the tumor tis-
sue (Fig.  2b). Additionally, we confirmed that the phage 
residing in the tumor tissue was still alive by phage titer-
ing. These results verified the in  vivo tumor- competence 
of Pep-1.

Histologic localization of Pep‑1

In vivo interaction between Pep-1 and lung adenocarci-
noma tumor tissue was detected by immunohistochemi-
cal staining of M13 phage. Pep-1, wildtype phage and 
Cy5.5 dye were injected to A549-derived xenograft mice 
through tail vein, and the tumor tissues were isolated from 
mice to examine the localization of Pep-1. Pep-1 was 
strongly detected in the tumor tissue, whereas nothing was 
detected in the mice treated with either wildtype phage or 
free Cy5.5 (Fig. 3). Moreover, it was notable that the M13 
phage was stained in the whole cytoplasm of Pep-1-treated 
tumor tissue, which means that Pep-1 interacted with and 
was internalized into the targeted cells. Therefore, these 
results showed that Pep-1 could be a suitable material with 
specific-targeting ability on human lung adenocarcinoma 
tumor in vivo that is internalized into the cells.

Selectivity of Pep‑1 to human lung adenocarcinoma 
tumor

To demonstrate the selective targeting of Pep-1 to human 
lung adenocarcinoma, we examined the accumulation of 
Pep-1 in tumor tissues of mice bearing various tumor xeno-
grafts using in vivo imaging. The cancer types subjected to 
imaging included lung adenocarcinoma, hepatocellular car-
cinoma Hep3B, breast adenocarcinoma MDA-MB-231 and 
pancreas adenocarcinoma BxPC-3. Cy5.5-labeled Pep-1 
was injected to mice bearing various xenograft tumors thor-
ough tail vein and the mice were observed daily for in vivo 
fluorescent biocirculation for 4 days. We found that Pep-1 

Fig. 2   In vivo tumor-targeting ability of Pep-1. The near-infrared 
fluorescence images of the tumor-targeted Pep-1. a Whole body 
images in vivo, b images of tumor tissues ex vivo, c calculated ROI 
values. Mice bearing A549 tumors were injected i.v. with Cy5.5, 
Cy5.5-labeled wildtype phage (1012 pfu), Cy5.5-labeled Pep-1 (1012 
pfu), Cy5.5-labeled Pep-2 (1012 pfu) and the images were obtained on 
the 11th day. Cy5.5, Cy5.5 NHS ester dye without phages; wildtype 
phage, Cy5.5-labeled wildtype phage without peptide insert; Cy5.5-
labeled Pep-1, human lung adenocarcinoma-targeted peptide phage; 
Cy5.5-labeled Pep-2, another screened peptide phage from A549 
tumor; scale bar, p/s/cm2/sr; error bar, standard variation (SD); 
**P < 0.001, Student’s t test (n = 3)
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bound only to the lung adenocarcinoma tumor tissue, and 
not to other cancer types (Fig.  4a). Quantitative fluores-
cence intensity of lung adenocarcinoma was distinguished 
from other cancer types by ROI value (Fig. 4c), and ex vivo 
imaging also showed the same pattern of ROI values 
(Fig. 4b). These results clearly demonstrated the selective 
binding capability of Pep-1 to human lung adenocarcinoma 
tissue.

Response of Pep‑1 to radiation treatment

Mice bearing A549-derived xenograft or patient-derived 
lung adenocarcinoma xenograft (PDX) was locally treated 
with 10  Gy of ioning radiation (IR) and Cy5.5-labeled 
Pep-1 was injected into the mice through tail vein at 24 h 
after IR. We observed the biocirculation of Pep-1 for 2 days 
(Fig. 5a), and obtained fluorescence ROI values (Fig. 5b). 
As shown, accumulation of Pep-1 was markedly increased 
in the IR-treated tumor tissue compared to the untreated 
tumor tissue in both A549-derived xenograft and PDX.

Discussion

Human lung adenocarcinoma is the major cause of can-
cer-related death, but its therapy has confronted difficul-
ties due to the absence of early diagnosis. When detected 
in the early stage, rapid and efficacious treatments could 
be performed for lung adenocarcinoma patients. Hence, a 
novel molecule that targets lung adenocarcinoma has been 

required to improve diagnostic systems. Peptides, which 
strongly and specifically binds to their target molecules, 
have an advantage for therapeutic and diagnostic purposes.

Through in vivo phage-displayed peptide screening, we 
found Pep-1 (CAKATCPAC), whose tumor-targeting abil-
ity was confirmed by in vitro competitive inhibition assay 
and histologic analysis. Furthermore, we assessed the pos-
sibility of utilizing Pep-1 as a potential diagnostic probe 
agent for human lung adenocarcinoma by non-invasive 
in vivo imaging system. Our results showed that the phage 
displaying tumor-targeting peptide can be used as molecu-
lar imaging probe, implying that this kind of peptide-dis-
playing phage could be used directly as a diagnostic probe 
to distinguish cancer types and detect metastatic lesions 
elsewhere.

Among modalities of cancer treatment which include 
surgical resection, chemotherapy, and radiotherapy, radio-
therapy is the major form of treatment for lung adenocar-
cinoma, but its therapeutic effect is yet insignificant (Sause 
et  al. 1995). It has generally been accepted that the iden-
tification of radiotherapy-responding probes and its appli-
cation to radiotherapy could be a valid approach for moni-
toring radiotherapy effectiveness, evaluating prognosis and 
application as radiotherapy-combined drug delivery.

In this perspective, we assessed the applicability of 
Pep-1 as a radiation-responsive probe to find a counterpart 
protein associated with tumor microenvironment and the 
possibility of conjugating it with other materials for imag-
ing and targeted drug delivery, including radio-isotopes for 
brachytherapy.

Fig. 3   Histologic localization 
of Pep-1. Immunohistochemi-
cal staining for targeting and 
localization of Pep-1 in tumor 
tissue. The paraffin-sectioned 
tumor tissues were incubated 
with mouse IgG-anti-M13 and 
followed by diaminobenzidine 
(DAB) staining. Tumor tissue 
was from treated a Cy5.5-
labeled Pep-1 tumor tissue, b 
Cy5.5-labeled wildtype phage 
treated tumor tissue, c Cy5.5 
dye treated tumor tissue, and d 
untreated tumor tissue
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Although we have not yet identified the counterpart pro-
tein that is targeted by Pep-1, it was strongly suggested that 
the expression of the counterpart protein was increased 
by IR. The fluorescence of Cy5.5 was not detectable in 
untreated PDX tumor tissue, differently to A549 cell-
derived xenograft model. Recently, PDX has been empha-
sized in oncology, especially for the development of per-
sonalized medicine (Jin et al. 2011; Walter et al. 2013; Cho 
et  al. 2014; Seol et  al. 2013). In the context of personal-
ized model, the different level of accumulation in untreated 
PDX tumor could be due to the discriminative expression of 

the counterpart protein for Pep-1 at basal level in individual 
patients with cancer that have different characteristics. Oth-
erwise, another possibility is that IR could have caused vas-
cular damage and subsequent altered permeability.

In conclusion, Pep-1 (CAKATCPAC) could be a promis-
ing candidate for the development of early cancer diagnos-
tic imaging system and anti-cancer therapeutics. Pep-1 may 
be used as an anti-cancer drug delivery and IR-guided drug 
delivery molecule for human lung adenocarcinoma.
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i.v. injected with Cy5.5-labeled Pep-1 (1012 pfu). a In vivo whole 
body images, b ex  vivo images of tumor tissues, c calculated ROI 
values. Images were obtained on the fifth day. Scale bar, p/s/cm2/
sr; error bar, standard variation (SD); *P < 0.005; **P < 0.001, Stu-
dent’s t test (n = 3)

Fig. 5   Response of Pep-1 to radiation treatment. A549-derived xeno-
graft tumors and patient-derived xenograft tumors were irradiated 
with 0 Gy (without radiation) and 10 Gy. Cy5.5-labeled Pep-1 (1012 
pfu) were i.v. injected at 24 h post-radiation treatment, respectively. 
a In vivo whole body images, b fluorescence intensity was shown 
by ROI values. Shown are images obtained at 2 days after injection. 
Scale bar, p/s/cm2/sr; error bar, standard variation (SD)
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