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CD133 is known as biomarker for glioblastoma (GBM) and also serves as a marker for cancer stem cells
(CSCs), which carry out tumorigenesis and resist conventional therapeutics. The presence of CD133-
presenting CSC is a one of the factors in maintenance of the tumorigenic potential of GBM. Thus,
CD133 is a potential target for accurate diagnosis of GBM, which could improve its poor prognosis for
patients when CSCs are present.
Herein we designed a small peptide-based imaging agent with stimulus-responsive properties. A novel

small peptide, CBP4, was screened by a phage display technique, and demonstrated binding to the target
CD133 (ECD) comparable to that of an antibody. As a quencher, we used gold nanoparticles (GNPs); the
targeting peptide was conjugated to GNPs with high efficiency. By means of a quenching effect, the
peptide-coated GNP showed ‘signal on–off’ properties depending upon the presence of the target. In addi-
tion, the particles exhibited biocompatibility when localized in the cytosol. Thus, this study demon-
strated that the peptide-coated GNPs can be utilized as an imaging agent for accurate diagnosis of
GBM, and further as a drug carrier for therapeutic approaches.

Statement of Significance

The diagnosis and determination of prognosis made by cancer stem cell markers could be a key strategy
to eradicate cancer stem cells and cure the cancer. The significance of this study is the characterization of
quenching-based signal on–off mechanism and showed that the active targeting via peptide can con-
tribute to the design of a stimulus-responsive cellular imaging agent. Moreover, small peptide based nano
complexation showed specific recognition of the target stem cell and internalized on cellular cyotosol
with stimulus responsive fluorescence. With its novel biocompatibility, the strategy might be a promising
tool for drug carrier systems able to measure and visualize the delivered efficiency at intracellular sites.

� 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Brain tumors are one of the most feared types of cancer, induc-
ing dysfunctions in the neural circuitry and having poor prognosis
when malignant. Glioblastoma (GBM), as the most common type of
primary malignant brain tumor, has only a 16- to 18-month med-
ian survival rate when multimodal treatment is applied [1].
Despite increasing knowledge of the genetic and molecular charac-
teristics of GBM, therapeutic efficacy has only slowly improved
over the past decade [2]. Several studies have shown that the pres-
ence of cancer stem cells (CSCs) was one of the factors in the self-
renewal of cancer cells to promote tumor growth after conven-
tional GBM therapy [3,4].

CSCs have been identified in various malignant types of cancer,
including leukemia and solid tumors [5]. Because they can be self-
renewing and pluripotent, CSCs have been indicated as a cause of
tumor initiation, metastasis, and drug resistance [6].

CD133 is known as a cell surface antigen allowing identification
of CSCs in various types of solid tumors including GBMs [7]. In
brain tumors, the existence of CSCs was first assayed using
CD133 with their prospective isolation and CD133+ CSCs showed
stem cell properties including self-renewal and metastasis [8]. Fur-
ther, it was reported that the CD133 cell surface antigen helps
increase the population of tumor initiating cells and has an essen-
tial role regarding the maintenance and tumorigenic potential of
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Fig. 1. Endocytic assay using CBP4 on U373 glioma cells. FITC-labeled CBP4 was
incubated with U373 human glioma cells for 1 h at 37 �C, followed by laser scanning
confocal microscope imaging. Scale bar: 20 lm.
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GBM [9,10]. Therefore, CD133 was one of the effective cell surface
biomarkers for accurate diagnosis of GBM.

In the present study, we designed a novel target-specific imag-
ing system targeting CD133 as a glioma biomarker. Toward this
end, we screened the peptide using the M13 phage library. Phage
display has been used to identify a small molecule with target-
specific recognition properties using a library of 109 random com-
plexity [11]. A random genomic sequence was inserted into the
expression vector and cloned using the M13 phage virus to form
a phage library at a p3 minor coat protein [12]. Through various
screening techniques, the peptide motif as the product possess
strong binding affinity to various targets including proteins, hor-
mones, and cells [13]. As a tool for diagnostic systems, peptides
have several advantages over antibodies. Peptides, owing to their
smaller size (1–3 kDa), show greater penetration of cells and tis-
sues than antibodies [14]. Further, relative to antibodies, peptides
have comparable binding affinity, are less immunogenic, less toxic,
and simpler to produce [15]. Hence, peptides have various clinical
applications and are considered as promising alternatives to anti-
bodies [16].

In the present work, toward the development of a target-
specific imaging system based on a small peptide, we prepared
citrate-capped gold nanoparticles (GNPs). GNPs have been used
widely in visualization and biological imaging systems to identify
specific agents, and have several advantages such as biostability,
simplicity of synthesis, ease of surface modification and conjuga-
tion with biomolecules, and novel optical properties [17,18]. In
addition, GNPs have strong fluorescence quenching ability, as
much as 100 times that of conventional quenchers [19]. The FRET
quenching mechanisms of GNPs have been used as the basis for
many prospective biological sensing systems targeting various
molecules, from DNA to macromolecules [20,21]. Stimulus-
responsive nanocomplexation has been used as a technique to
apply GNPs in an imaging system for disease diagnosis [22].

Especially in the tumor microenvironment, various physical and
chemical cellular conditions including enzymatic reactions [23],
cellular pH [24], and redox reactions [25] and these have attracted
interest in the development of stimulus-responsive nanomaterials
for antitumor applications. The tripeptide glutathione (L-c-
glutamyl-L-cysteinyl-glycine; GSH) has been identified as an agent
that has a cleaving mechanism and exists within tumor cells. GSH
is synthesized in cellular cytosol from its precursor amino acids. It
has an important role in controlling the cellular cycle and
microtubule-related reactions, and acts as a reducing agent in var-
ious cellular signaling pathways [26]. In cancer cells, GSH is partic-
ularly involved in regulating mutagenesis, DNA synthesis, cell
growth, and drug resistance, and also protects the cell against
oxidative stress. The drug resistance mechanism of malignant can-
cer cells is frequently associated with higher levels of GSH than
would occur in normal tissue [27]. Nano complexation triggered
by GSH has been reported as a promising tool for drug and gene
delivery to intracellular targets [28]. This tool relies on the fact that
the amount of GSH in intracellular organelles is much higher (5–
20 mM) than in extracellular fluids (2–20 lM) [29]; it has also
been reported that GSH is of significantly higher concentration in
tumor cells than in normal cells [30]. Through the formation of sul-
fur bonds [31], GSH can enhance the secretion efficiency of deliv-
ered and released therapeutic biomolecules within tumor cells
[32].

Herein, we designed the novel stimulus responsive imaging tool
for detection the brain glioma stem cell. (Fig. 1) To this, we initially
identify a novel small peptide that specifically recognizes CD133.
This peptide exhibits a specific localization property on cellular
cytosol by means of receptor-mediated endocytosis, as observed
from confocal microscopy conducted under live cell conditions.
Further, the peptide was conjugated with gold nanoparticles as a
quenching agent, and the conjugate’s stimulus-responsive charac-
teristics were studied in the presence of GSH as the stimulus agent.
We finally confirmed the novel fluorescence ‘signal on–off’ prop-
erty of the peptide-coated gold nanoparticles as an imaging agent
for glioma.

2. Methods

2.1. Immunocytochemistry analysis

U373 glioma cells were used for ICC analysis. The cells were
trypsinized with 0.25% trypsin and counted at 0.5 � 105 cells/well.
The cells were grown overnight in a tissue culture dish
(35 � 10 mm2) in 5% CO2 atmosphere at 37 �C. After incubation,
the medium was aspirated and the plate was washed three times
using PBS. The cells were pre-incubated with a blocking buffer con-
taining 5% FBS to minimize nonspecific binding. The CBP4, which
screened by in vitro M13 phage display(Supporting information),
was diluted to 100 nM concentration using a binding buffer (pH
7.2, 50% FBS). In the case of the antibody specific to CD133, the
antibody was directly incubated with the cells for 6 h at 4 �C. After
incubation, the cells were washed three times using PBS, and
nucleus staining was carried out by incubating the cells with 4,6-
diamidino-2-phenylindole (DAPI). As a negative control, HEK293T
cells were also tested using CBP4 under the same conditions.
Finally, the cells were washed three times with PBS and mounted
with Dako mounting medium. Stained cells were visualized with
a fluorescence microscope (Olympus IX71).

2.2. Sphere cell formation and immunostaining analysis

The U373 glioma cell was subcultured using sphere-forming
medium as described previously [33]. A conditioning medium con-
taining epidermal growth factor, (20 mg/mL), fibroblast growth
factor (20 mg/mL), and B27, and not containing FBS, was used for
sphere formation. For immunostaining of tumor spheres, a 24-
well plate was precoated by means of treatment with poly-d-
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lysine (PDL, 150–300 kDa) of 0.00125% concentration overnight at
4 �C [34]. After incubation, the well was washed twice using PBS,
and then washed twice with distilled water (dH2O). The cells in
DMEM were subcultured using conditioning medium and grown
overnight in a CO2 incubator. The sphere cells were transferred
to a PDL-coated 24-well plate and incubated for 4 h in a CO2 incu-
bator to immobilize them. After immobilization, the cells were
washed once with PBS and the cells were fixed by adding 4%
paraformaldehyde and incubating for 40 min. The solution was
aspirated and the cells were washed twice with PBS. To compare
the binding efficiency of CBP4 and antibody, probes of 500 nM
were added to each well and incubated for 8 h at 4 �C with gentle
shaking. Nucleus staining and measurement were carried out as
described above.

2.3. Inhibition of endocytosis

The U373 cells were trypsinized with 0.25% trypsin and counted
to 0.25 � 105 cells, and then seeded on a 96 well plate. The cells
were grown overnight in a tissue culture dish (35 � 10 mm2) in
5% CO2 atmosphere at 37 �C. The U373 glioma cells were pre-
treated with hypertonic buffer (50 mM HEPES, 140 mM NaCl,
2.5 mM MgCl2, 1 mM CaCl2, 3 mM KCl, and 450 mM sucrose) for
1 h at 37 �C. This hypertonic buffer was also used in all washing
and incubation steps. The cells were incubated with hypertonic
buffer containing 500 nM of CBP4 for 1 h, and were then washed
three times. Cell fixing and nucleus staining were carried out as
described above. The stained nuclei were visualized using confocal
microscopy (Leica TCS SP5). The cells were also treated using
methyl-b-cyclodextrin (MbCD) to investigate the endocytic prop-
erty of the interaction between CD133 and CBP4. The cell was incu-
bated with 6 mg/ml of MbCD for 1 h to minimize the decrease in
cell viability in a 5% CO2 atmosphere at 37 �C. Afterward, the cell
was incubated with the indicated concentration of CBP4 for 1 h.
The visualization process was the same as described above.

2.4. Quantification of conjugated CBP4 using dithiothreitol

The quenching effect between the FITC on the CBP4 and the
GNPs was assessed from absorbance and fluorescence spectra after
treatment with dithiothreitol (DTT) as a strong redox agent [35].
First, DTT was reacted with GNP-PEG-CBP4 and GNP-PEG to ana-
lyze the dissociation efficiency. To samples of 5 nM GNP solution,
various concentrations of DTT were added and incubated for 1 h
at room temperature with rotation. To separate the reactant, the
mixture was centrifuged at 12,000 rpm for 30 min, and the process
was repeated twice to minimize nonspecific quenching signals. The
supernatant was transferred to fresh tubes for measurement of flu-
orescence intensity. The pellet was resuspended in dH2O for mea-
surement of absorbance spectra. To allow fluorescence
measurement in the linear response region, the FITC-labeled
CBP4 samples were diluted serially and measured.

2.5. Stimulus-response assay

Glutathione (GSH) was used to estimate the stimulus-response
properties of GNP-PEG-CBP4. Solutions containing GNP-PEG-CBP4
were centrifuged at 12,000 rpm for 30 min. The supernatant was
removed from each sample and the pellets were resuspended in
six different media: (a) PBS (pH 6.0) containing 10 mM GSH, (b)
PBS (pH 6.0) containing no GSH, (c) PBS (pH 7.4) containing
10 mM GSH, (d) PBS (pH 7.4) containing no GSH, (e) PBS (pH 8.0)
containing 10 mM GSH, and (f) PBS (pH 6.0) containing no GSH.
Subsequently, samples of the media containing GNP-PEG-CBP4
were incubated at 37 �C and removed for testing in a time-
dependent manner. To terminate the reaction, the mixture was
centrifuged at 12,000 rpm for 20 min to separate the dissociated
GNP from the FITC-labeled peptide. After centrifugation, the super-
natant was transferred to new tubes and the centrifugation step
was repeated. The stimulus-responsive property of the GNP-PEG-
CBP4 conjugates was also tested in various concentrations of
GSH; the procedure used was the same as described above. The flu-
orescence of the final supernatant was analyzed using the Soft Max
V5 system.

2.6. Monitoring the fluorescence recovered efficiency

As a target, U373 glioma cells were counted to 0.25 � 105 on
each plate. HEK293T cells were also incubated as a negative con-
trol. The counted cells were incubated overnight in a 5% CO2 atmo-
sphere at 37 �C. Under live cell conditions, various concentrations
(6, 8, 10, and 15 nM) of GNP-PEG-CBP4 and GNP-PEG solution
including 50% medium were added to each cell culture plate. After
incubation time (6, 8, and 10 h), the reaction was terminated by
aspirating the probe complex and washing the cell plate three
times with PBS. The cells were fixed by adding 4% paraformalde-
hyde and incubating at room temperature for 1 h. The fixed cells
were washed 3 times using PBS and the cellular nuclei were
stained with DAPI solution for a 5 min incubation period with gen-
tle shaking. Fluorescence images were measured in the same way
as described above. As a control, 15 nM GNP-PEG-CBP4 (without
FITC) and GNP-PEG-scPeptide (scramble peptide) were also incu-
bated for 8 h.

2.7. Estimation of cellular internalization of GNP-PEG-CBP4

The hypertonic buffer used in this step was of the same compo-
sition described above. The single CBP4 was also tested as positive
control. Briefly, cells (0.25 � 105 cells/well) were grown overnight
and washed once with hypertonic buffer. As a baseline condition,
PBS was used for the dilution and washing steps. To inhibit the
endocytosis of CD133, the cells were incubated with hypertonic
buffer for 1 h at 37 �C in 5% CO2 atmosphere under live cell condi-
tions. GNP-PEG-CBP4 of 15 nM was added to cells including 50%
medium and incubated for 8 h at 37 �C in 5% CO2 atmosphere.
CBP4 of 500 nM was also incubated for 1 h as a baseline condition.
After incubation, the cells were washed using washing buffer and
the cells were fixed using 4% paraformaldehyde. The cell fixing
and nucleus staining processes used were the same as described
above. The stained nuclei were visualized using confocal micro-
scopy (Leica TCS SP5). MbCD was also used as a general endocyto-
sis inhibitor. Various concentrations (2, 4, and 6 mg/ml) of MbCD
were used in this experiment. The MbCD was incubated with cells
for 1 h to minimize the reduction of cellular viability. After incuba-
tion, the cell was washed 3 times using PBS, and 15 nM of GNP-
PEG-CBP4 was incubated for 8 h in a 5% CO2 atmosphere at 37 �C.
The visualization process was the same as described above.

2.8. Statistical analysis

The data were analyzed using one-way ANOVA, and the signif-
icance levels of p < 0.05 and p < 0.005 are reported herein.
3. Results

3.1. Gene cloning and protein purification

Using an enzyme digestion test, we were able to confirm that
the target CD133 ECD coding gene was ligated to the expression
vector (Fig. S1a, b). The plasmid DNA was transformed to BL21
(DE3) competent cells and expression was induced using IPTG
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under overnight incubation at 18 �C. The target protein was puri-
fied, using denaturing conditions to purify the insoluble form of
the target protein. The purified recombinant protein showed high
homogeneity in 12% SDS-PAGE gel electrophoresis (Fig. S1c, d).
The purified protein was incubated with dialysis buffer in a
semipermeable membrane overnight at 4 �C. The concentration
of the purified protein was 0.39 mg/L, as determined by the Brad-
ford assay method.

3.2. Phage display and characterization

The phage display technique used is illustrated schematically in
Fig. S2. After four rounds of biopanning, we randomly picked 40
plaques for identification of the genomic sequence. The clones of
the selected phage were categorized into four groups according
to their amino acid sequence as expressed in the P3 phage coating
protein. Table S2 summarizes the screening results. The selected
phages were assessed for binding affinity and specificity as follows.
First, the CD133 binding phage (CBP) was prepared and the con-
centration of each phage was determined in terms of plaque-
forming units per volume. The screened phages had comparable
binding affinities (Kd

app) for CD133 ECD in the picomolar (10�12)
range; CBP4 had stronger binding affinity than the others
(Fig. S3a). In addition, the specificity was also tested using various
negative control proteins: CD44, HER2, and BSA. CBP1 had a stron-
ger CD133 binding signal than the other phages, but also had a
greater extent of nonspecific binding. CBP2 and 3 showed weaker
binding than the other phages, to both the target CD133 and the
negative control. CBP4 had more potent binding to the target
CD133 and its binding signal toward the negative control was less
than that of the other phages. (Fig. S3b). Accordingly, we selected
CBP4 for use as a novel peptide probe toward CD133 and as a sub-
ject for further characterization.

3.3. Characterization of synthetic peptides

The binding affinity and specificity of synthetic peptides was
measured by means of fluorescence assay. CBP4 had a strong bind-
ing affinity toward the target, with a Kd value of 5.5 nM (Fig. S4a).
Notably, the Kd

app of the FITC-conjugated peptide was observed to
be 20-fold that of the phage-displayed peptides. However, com-
pared with the antibody, CBP4 had novel binding capacity as a
diagnostic probe (Table S3). In the specificity test, CBP4 exhibited
a strong fluorescence signal in the presence of the target CD133
and not in the presence of the negative control, CD44, HER2, or
BSA. (Fig. S4b). We also analyzed the binding affinity of CBP4 to
the target U373 glioma cells. As negative controls, we selected
HEK293T cells, which rarely express CD133 on the cell surface, as
well as FBS and BSA. CBP4 showed strong binding to the target cell
U373 only, with a corresponding Kd value of 1.6 lM. This result
showed that the CBP4 specifically recognized the target at the cel-
lular level (Fig. S5).

3.4. Immunocytochemistry

U373 glioma cells were stained using CBP4 to confirm the tar-
geting efficiency; green fluorescence was observed on the CBP4-
stained cells (Fig. S6a). The anti-CD133 antibody and scramble
peptide were also tested on a cell stained as a control. In the case
of the scramble peptide, only a weak nonspecific signal was
observed compared with those of the CBP4 and the anti-CD133
antibody. In addition, the CBP4 gave a similar signal as the anti-
body. The binding signal was also tested on the HEK293T cells as
a negative control. No fluorescence signal was observed for the
HEK293T cells, indicating the specific recognition property of the
CBP4. The sphere cells were also stained using CBP4 and antibody
(Fig. S6b). The CD133 expression level, which is a cancer initiating
marker, was enhanced when sphere cells were formed [36]. The
stained result show that the CBP4 and antibody exhibited similar
fluorescence binding signals on the target cells.

3.5. Cellular internalization efficiency of CBP4

To analyze the internalization efficiency of CBP4 as a mediator
for stimulus-response imaging of GNP-PEG-CBP4, we stained the
cells using CBP4 under hypertonic and MbCD treatment conditions
[37,38]. During inhibition with endocytosis conditions, confocal
images revealed that CBP4 was specifically localized on the cellular
membrane, not the inner cytosol (Fig. 1). In contrast, CBP4 was
localized in both the cytosol and the membrane under baseline
conditions. The cellular internalization of CBP4 was blocked by
inhibition of CD133 based receptor mediated endocytosis. To
investigate the biocompatibility of CBP4, we measured its cytotox-
icity using MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazo
lium Bromide) and a Propidium iodide (PI) staining method. When
cells were incubated under a high concentration of CBP4 (1 lM),
their viability was unaffected (Fig. S7). Overall, the CBP4 showed
cellular internalization properties via CD133-mediated endocyto-
sis and were biocompatible at the cellular level.

3.6. Characterization of GNPs

Optical properties of the synthesized GNPs were analyzed by
means of absorbance spectroscopy. The absorbance peak maxi-
mum of the GNPs was observed at the wavelength of 520 nm
(Fig. 2a). The GNPs were also analyzed structurally by means of
SEM, which showed that the particles were tightly distributed in
size (Fig. 2b, c). By means of a Gaussian fitting model, the mean
particle size was calculated to be 14.7 ± 0.06 nm. The final concen-
tration of synthetic GNPs was calculated to be 15 nM (9.03 � 1015 -
particle/L). To optimize the stability of the GNPs, they were reacted
with various molar ratios of CM-PEG-SH. Self-aggregation of GNPs
induced by NaCl was a standard condition used to determine
whether the GNPs were PEGylated [39]. GNPs were not aggregated
when molar ratios greater than 1 by 3750 were used in the PEGyla-
tion. However, after the use of lower molar ratios, the GNPs were
aggregated directly when NaCl was added, with the color changing
to red to dark purple (Fig. 2d). We thus selected the 1 by 3750 M
ratio as optimal for the PEGylation of GNPs.

3.7. Conjugation of CBP4 on PEGylated GNP and quantification thereof

CBP4 was conjugated with surface carboxyl groups of PEGylated
GNPs (GNP-PEG) by means of the EDC/NHS crosslinker. The
absorption maximum of the GNPs shifted bathochromically as a
result of the ligand capping; this occurred because ligand capping
leads to variation of the GNPs’ surface plasmons [40]. To confirm
the CBP4 conjugation, we measured the absorbance spectra of
GNP-PEG-CBP4 and GNP-PEG to determine whether there was
any spectral shift. The peak absorbance wavelength of the GNP-
PEG-CBP4 was 2–3 nm greater than that of the GNP-PEG control
(Fig. S8). To quantify the conjugation, we applied DTT as a reducing
agent toward GNP-PEG-CBP4. The fluorescence of the separated
supernatant was saturated when 2.5 mM DTT was used as a reduc-
ing agent (Fig. 3a). Contrastingly, no fluorescence from GNP-PEG
was observed after its reaction with DTT. A calibration curve of
CBP4 was prepared (Fig. 3b), according to which the concentration
of conjugated CBP4 was 1.2 ± 0.2 lM (70–80%) on 5 nM GNPs. After
separation of the supernatant of the reaction with DTT, the pellet
was also measured to analyze the optical properties of the GNPs
therein. The remaining GNP solution was self-aggregated by means



Fig. 2. Characterization of synthetic GNPs: (a) absorbance spectra of GNPs, (b) SEM image analysis, (c) size distribution analysis, (d) absorbance spectra analysis to check for
NaCl-induced self-aggregation, and images showing colorimetric changes of GNPs.
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of thiol–thiol interactions under high concentrations of DTT
(Fig. 3c, d).

3.8. Analysis of fluorescence quenching

To confirm the fluorescence quenching between FITC on CBP4
and GNPs (Fig. 4a, b), we collected fluorescence and absorbance
spectra. The absorbance spectra showed that the optical character-
istics were maintained in both GNP-PEG-CBP4 and GNP-PEG. The
peak shift resulting from CBP4 conjugation was evident in both
samples. The sample of CBP4 alone did not show any absorbance
peak variation (Fig. 4c). The supernatant collected after the DTT
displacement reaction was separated to measure the fluorescence
of the detached CBP4, and the fluorescence of the non-reacted
GNP-based solution was also measured at the same time. In the
case of GNP-PEG-CBP4, the fluorescence signal was increased by
the detachment of CBP4 via DTT, and the signal corresponded to
1.3 lM CBP4. Contrastingly, no fluorescence increase was observed
for the supernatant of GNP-PEG, with or without exposure to DTT
(Fig. 4d).

3.9. Stimulus-response properties (GSH)

The dissociation of CBP4 from GNPs was measured using GSH,
which has reductive activity. To optimize the release conditions,
PBS buffers of various pH were used as reaction buffers. In the
presence of GSH, the fluorescence was increased owing to detach-
ment of CBP4 from GNPs (Fig. 5a). Especially, in acidic reaction
conditions (PBS, pH 6.0) including 10 mM GSH, the displacement
was more efficient than in buffer of higher pH. A weak fluorescence
signal was also observed from the buffer with no GSH. The
decreased stability of GNP-PEG-CBP4 can affect the dissociation
of CBP4 from GNP during long-term exposure to the incubation
temperature of 37 �C. The displacement efficiency was saturated
when 10 mM of GSH (PBS, pH 6.0) was reacted with the GNP-
PEG-CBP4 under 10 h of incubation at 37 �C (Fig. 5b). The GNP-
PEG-CBP4 exhibited 60–70% cumulative release under 10 mM
GSH as compared to that under the baseline condition of DTT.

3.10. Monitoring the fluorescence recovered efficiency

Cellular imaging was carried out to analyze the fluorescence
response of GNP-PEG-CBP4 in the presence of a stimulating agent
in cytosol. We tested the response under various concentrations
of GNP-PEG-CBP4 and after various incubation times (Fig. S9). No
recovered fluorescence was observed under the 4 and 6 h incuba-
tion conditions except in the case in which cells were incubated
with 15 nM GNP-PEG-CBP4. Under the 8 h incubation condition,
the conditions of 6 nM and 8 nM of GNP-PEG-CBP4 yielded weak
fluorescence signals in response to the GSH stimulus. Contrast-
ingly, the cells incubated with 10 nM GNP-PEG-CBP4 showed a
weak fluorescence signal at 6 h and a stronger signal at 8 h. Under
8 h incubation condition using 10 nM GNP-PEG-CBP4, the fluores-
cence signal was stronger than in the 6 nM and 8 nM condition.
The cellular fluorescences were also observed after incubations of
4, 6, and 8 h under 15 nM GNP-PEG-CBP4. The fluorescence signal
of GNP-PEG-CBP4 was specifically distributed throughout the cel-
lular cytosol and not on the cell membrane. To confirm the speci-



Fig. 3. Quantification of peptides conjugated on GNPs. (a) Linear calibration of CBP4. Solid black squares indicate the mean values of three individual measurements for the
respective concentration, error bars represent the standard error of deviation, and the solid line represents the linear regression of the mean value (R2 = 0.94). (b)
Fluorescence recovery efficiency measurement of GNP-PEG-CBP4 and GNP-PEG; DTT was used as a displacement reagent at the indicated concentration. (c, d) Absorbance
spectra for DTT displacement products of (c) GNP-PEG-CBP4 and (d) GNP-PEG.
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ficity of GNP-PEG-CBP4, HEK293T cells were tested as a negative
control. Only weak and nonspecific signals were observed when
15 nM GNP-PEG-CBP4 were incubated with the control cells for
8 h. The immunostaining results are summarized in Fig. 6. We also
synthesized CBP4 without FITC and the peptide with the scramble
sequence to compare the specific imaging property of GNP-PEG-
CBP4 via active targeting (Fig. S10a). Stimulus-recovered fluores-
cence occurred only when CBP4 bound to the CD133 protein on
the U373 cell (Fig. S10b). This result additionally implies that the
binding characteristics of the CBP4 peptides were maintained
despite their conjugation with the nanoparticles.
3.11. Estimate the cellular internalization efficacy of GNP-PEG-CBP4

We tested the internalization efficiency of GNP-PEG-CBP4 using
hypertonic buffer and MbCD on U373 cells. CBP4 alone was tested
as a negative control at the same time. Strong fluorescence was
observed as a response to the cellular stimulus of GNP-PEG-CBP4
under the baseline condition (Figs. 7, S11). Especially, the fluores-
cence was specifically localized on cyotosol, the same as CBP4
under the baseline condition. Contrastingly, under inhibition of
endocytosis condition, the endocytosis of CD133 was blocked and
thus the GNP-PEG-CBP4 was not internalized in the cell, resulting
in a lower chance of exposure to the stimulus agent than in the
baseline condition. The weak fluorescence shown in hypertonic
conditions mainly arose because the effect of the hypertonic buffer
weakened during the long incubation period.

3.12. Cytotoxicity assay

Cell viability was assessed by means of MTT assay and a PI
staining method to analyze the biocompatibility of GNP-PEG-
CBP4. To measure the mitochondrial dehydrogenase activity, the
target U373 cells were incubated with various concentrations of
GNP-PEG-CBP4; a PBS and dimethyl sulfoxide (10%) were also used
as controls. GNP-PEG-CBP4 had no cytotoxic effect on the target
cells at concentrations up to 15 nM (Fig. 8(a)). The cytotoxicity
was measured using CBP (1 lM), GNP-PEG (15 nM) and GNP-
PEG-CBP4 (15 nM) for various incubation times (8, 10, and 12 h).
The GNP-PEG-CBP4 did not affect cellular viability at any of the
incubation times studied. In addition, the result of PI staining
demonstrated that the probes do not affect the cellular viability
(Fig. 8(c)). In both experiments, the calculated cell viability for
GNP-PEG-CBP4 was the same as that for PBS, indicating that
GNP-PEG-CBP4 is biocompatible as a cell imaging agent.
4. Discussion

CD133 was first identified as a marker for cancer-initiating cells
in brain tumors and as a contributor to CSCs, which carry out
tumorigenesis and resist conventional therapeutics. Also, CD133



Fig. 4. Analysis of the quenching effect of FITC on CBP4 and GNPs. Schematic of the (a) gold nanoparticle and surface groups and (b) fluorescence activation and quenching of
GNP-PEG-CBP4 triggered by a stimulus agent. (c) Absorbance spectra of GNP-PEG, GNP-PEG-CBP4, and CBP4. (d) Fluorescence spectra for reacted products of GNP-PEG-CBP4
and GNP-PEG, and for non-reacted solution.

Fig. 5. Response of GNP-PEG-CBP4 to GSH stimulus. (a) Time-dependent fluorescence intensity measurements in various buffers in the presence of 10 mM GSH. (b)
Determination of saturated fluorescence recovery from quenching by means of measurement under various molar concentrations of GSH after 10 h of incubation.
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is known as a marker for CSCs in GBM, the most malignant type of
brain tumor in adults, and its presence is a key factor in the main-
tenance of the tumorigenic potential of GBM. Therefore, accurate
detection of CD133 might be a promising technique for improving
the poor prognosis for patients suffering from GBM.

In the field of disease diagnosis, marker-specific antibodies have
usually been used as detection probes [41]. However, antibodies
have several limitations as applied in diagnostic systems including
imaging systems, kits, and sensors [42]. To overcome the limita-
tions, we used a M13 phage library to screen the small peptides
of 12-mer amino acids toward CD133 membrane protein. From
the highly complex library, CBP4 was selected and possessed
strong binding potency to the target CD133 and to CD133-
presenting cells also (Fig. S5). Especially, CBP4 had binding affinity
(Kd
app) comparable to that of the antibody (Table S3). In addition,

CBP4 specifically recognized the target CD133 in vitro at the cell
level, and not the control HEK293T cells (Fig. S6). We tested the
binding efficiency of CBP4 to sphere U373 cells, which have higher
CD133 expression levels [43]. A fluorescence image was observed
as a result of the CBP4 staining, confirming the binding efficiency
of the screened signal CBP4.

As a receptor protein, CD133 has an endocytic property when
the ligand binds to its extracellular surface [44]. To estimate the
cellular internalization efficiency of CBP4, we used hypertonic buf-
fer and MbCD, which is known as an inhibitor for endocytosis [45].
Under live cell with inhibition conditions, confocal imaging
revealed that CBP4 was specifically localized on the membrane
and not in the cytosol. Contrastingly, under the baseline condition,



Fig. 6. Immunostaining results of U373 cells under live cell conditions. (a) The indicated concentration of GNP-PEG-CBP4 was incubated with the target cell for 8 h and then
fluorescence images were acquired. HEK293T cells were also tested as a negative control. (b) Immunostaining using GNP-PEG-CBP4 (without FITC) and GNP-PEG-sc Peptide to
analyze the specificity of imaging via active targeting of GNP-PEG-CBP4. Scale bar: 20 lm.

Fig. 7. Confocal imaging analysis using CBP4 and GNP-PEG-CBP4 to compare cellular localization via endocytosis. Hypertonic buffer and Methly-b-Cyclodextrin were used as
an inhibitor of CD133 mediated endocytosis. PBS buffer was used as a baseline normal condition. Scale bar: 20 lm.
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CBP4 fluorescence was observed from intracellular sites of the tar-
get cell. This implies that the receptor-mediated endocytosis was
induced by binding interaction of CBP4 with the target CD133 on
U373 cell (Fig. 1). Furthermore, cell viability testing revealed that
CBP4 possessed biocompatibility when internalized to the cytosol
(Fig. S7).

Gold nanoparticles (GNPs) were used as a quencher of the CBP4
fluorescence. To conjugate the CBP4 and the GNPs, we first coated
the GNPs using polyethylene glycol and optimized their physico-
chemical stability (Fig. 2). In the presence of EDC/NHS cross linker,
the additional primary amine residue of CBP4 was linked to the
carboxyl terminus of GNP-PEG; this cross reaction had 70–80%
conjugation efficiency (Fig. 3). The polyethylene glycol (2000 Da)
surface coating of the GNPs was approximately 2–3 nm thick
according to random coil modeling [46]. In addition, the 12-mer
peptide is of 0.5–1 nm height in normal conditions [47]. Accord-
ingly, the maximum distance for the quenching effect was approx-
imately 3–4 nm, an appropriate distance for highly efficient
quenching. Indeed, highly efficient quenching was observed
between GNP and CBP4; the fluorescence of FITC on CBP4 was fully
quenched by GNP and had a stable ‘signal-off’ state in the solution
phase (Fig. 4). Glutathione (GSH), which is abundantly present in
the cytosol of cancer cells, was used as the stimulus agent in this
study. According to a displacement assay, in acidic conditions



Fig. 8. In vitro cytotoxicity evaluation of GNP-PEG-CBP4 via MTT assay and PI staining. (a) Cell viability using GNP-PEG-CBP4 in an 8 h incubation condition and (b) in a time-
dependent manner using CBP4 (1 lM), GNP-PEG (15 nM) and GNP-PEG-CBP4 (15 nM) via measurement of mitochondrial dehydrogenase activity. (c) PI stained the GNP-PEG-
CBP4 treated U373 cell and analysis the cellular viability using FACS. Data are shown as the mean ± SD (n = 3). (*p < 0.05, **p < 0.005).
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(PBS, pH 6.0) the fluorescence intensity was higher than that in
high-pH conditions (Fig. 5). In its reaction with GSH, the CBP4 in
GNP-PEG-CBP4 was displaced by GSH, yielding a fluorescence sig-
nal and changing the complex to a ‘signal-on’ state. This result of
pH-dependent displacement activity of GSH was correlated with
those of thiol–disulfide exchange reaction mechanisms in cytosol
[48]. In addition, the acidic conditions of cytosol in cancer cells
have led to the idea of stimulus-responsive imaging agents based
on GSH [49].

We also estimated the binding specificity of GNP-PEG-CBP4 to
U373 cells. Under the conditions of 15 nM GNP-PEG-CBP4 and
8 h incubation time, the target U373 cells showed a fluorescence
imaging response and the control HEK293T cells did not (Fig. S9).
This result indicated that GNP-PEG-CBP4 specifically recognized
the target CD133 and accumulated in the cellular cytosol. More-
over, when in the cytosol, GNP-PEG-CBP4 reacted with the abun-
dant GSH (10–20 mM) during the incubation time, thereby
switching its fluorescence signal on as a response to the GSH stim-
ulus. In addition, CBP4 maintained its novel binding characteristics
when conjugated in the particle, and played an important role in
the highly specific active targeting of the U373 cell via recognition
of CD133. (Fig. 6). These results were supported by confocal micro-
scopy data demonstrating the efficacy of cellular internalization
using GNP-PEG-CBP4 in live U373 cells under endocytic inhibition
condition. The stimulus response of GNP-PEG-CBP4 was blocked
under endocytic inhibition condition. (Fig. 7).

FRET-based quenching occurred on GNP-PEG-CBP4 localized on
CD133 (ECD) because of the absence of the stimulatory reagent in
the extracellular region. Contrastingly, under the baseline condi-
tion, GNP-PEG-CBP4 yielded a recoverable fluorescence signal sim-
ilar to that of CBP4 alone in cytosol. This result implies that GNP-
PEG-CBP4 has an on–off fluorescence signal that depends on intra-
cellular stimulus by GSH. To analyze the biocompatibility of GNP-
PEG-CBP4, we measured the cell viability using MTT and a PI stain-
ing method on U373 glioma cells. The GNP-PEG-CBP4 clearly
exhibited no cytotoxicity under various conditions (Fig. 8). Espe-
cially, the GNP-PEG-CBP4 yielded cell viability results comparable
to those of PBS and CBP4 alone. Thus, GNP-PEG-CBP4 shows pro-
mise as a novel biocompatible imaging agent.

Overall, in the present study we characterized the quenching-
based signal on–off mechanism well and showed that active tar-
geting via CBP4 can contribute to the design of a stimulus-
responsive imaging agent against brain glioblastoma. However,
the blood brain barrier (BBB) and the blood–spinal cord barrier
(BSCB) greatly restrict the delivery of diagnostic and therapeutic
biomolecules into the brain. To effectively target brain tumors,
the attachment of cell penetrating peptide (CPP) [50] onto particles
is one way to overcome this limitation, and the intranasal admin-
istration was proposed to bypass the BBB [51]. In addition, the
small size of GNP-PEG-CBP4 (�20 nm) was effective for passage
into the brain extracellular space [52].

Although the current system has limitations, the platform
designed using peptide and nanoparticles can be successfully
applied to the field of cancer diagnostics. Especially, we envision
that peptides are better at targeting ligands than antibodies for
nanoparticle conjugation, not only for keeping the overall size
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small but also for fully taking advantage of the polyvalency effect.
Peptide coated particles might be a promising tool for drug carrier
systems to be able to measure and visualize the delivered effi-
ciency at intracellular sites.
5. Conclusions

We have demonstrated a novel imaging agent based on a con-
vergence technique using the small peptide of CBP4 conjugated
with GNPs. CBP4 exhibits outstanding targeting efficiency despite
its conjugation on the particle surface. Furthermore, our ‘signal
on–off’ imaging system using GNPs as the quencher allowed suc-
cessful visualization of the target cell as a response to the stimulus
agent GSH. This target-specific on–off property can be a useful tool
for various cancer imaging and drug carrier systems.
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