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Here we designed and constructed a tryptophan-phenylalanine-phenylalanine-tryptophan (WFFW)
tetrapeptide, which generated photostable and tunable fluorescence emission signals from 340 nm to
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500 nm. The WFFW tetrapeptide could self-assemble into a spherical nanostructure with enhanced
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1 Introduction

Effective cancer diagnosis in its early stages affords the greatest
chance for prolonging survival, and even curing cancers."” In
the past few decades, constant efforts have been dedicated to
developing novel techniques for the effective detection of
cancers. Among them, fluorescence-guided diagnostics has
received wide attention because of its non-invasive, real-time,
high sensitivity, etc. aspects.>* Until now, various fluorescent
systems basing on organic fluorescent dyes,>® quantum dots
(QDs),”* and upconversion nanoparticles (UCNPs)'** have
been rapidly developed for cancer diagnosis. Among them,
most fluorescent probes could respond to the changes in
cancer-related species (e.g., reactive oxygen species,'® enzymes,**
and ions'®) or unique tumorous microenvironments (e.g., slight
acidity,’® and hypoxia'”*®), which achieved off-on fluorescence
imaging. For instance, Siegwart's group developed a PEGylated
near-infrared 4,4'-difluoro-4-bora-3a,4a-diaza-s-indacene (BOD-
IPY) probe, which activated the turn-on fluorescence signal in
cancer cells due to the acidic pH.* In this design, PEG length
adjustment could provide control over micrometastasis
tracking and was thus capable of imaging tiny (<1 mm) micro-
metastases in different cancer tissues. To quantitatively visu-
alize the protease activity and pH in the tumor
microenvironment, a cancer-triggered fluorescent nanoprobe
was constructed, in which pH-sensitive dye was located at Fe;0,
nanoparticles via a peptide substrate of matrix metalloprotease-
9 (MMP-9) to establish a Forster resonance energy transfer
(FRET) system.”® Using a near-infrared fluorescent dye of Cy5.5
as an internal reference, an MMP-dependent fluorescence
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with arginine-glycine-aspartic acid (RGD) modified WFFW to form a cancer-targeted fluorescent
nanoprobe, which could selectively image the cancer cells.

signal could quantitatively reflect MMP-9 activity. The overex-
pressed MMP-9 and lower pH detected by the probe represented
a powerful tool to study abnormal tumor signatures in vivo.
Despite the great advancements, the fluorescence-guided
nano-diagnostics for cancer cells is still challengeable. For
example, the synthesis process of constructing fluorescent
nanosystems is generally complicated, partly because some
fluorescent dyes are insoluble and need to be modified with
functional hydrophilic groups. FRET-mediated fluorescent
imaging is always associated with seeking suitable acceptor and
donor pairs that were connected by cleavable bonds with certain
lengths.*** The sensitivity of the cleavable bonds and linker
length also affect the imaging capability. Specially, fluorescent
organic molecules often suffer from high susceptibility to
photobleaching.”® As for QDs, long-term cytotoxicity also
remains a concern for in vivo fluorescent imaging.> In recent
years, biocompatible peptides have been proposed to modify
organic fluorescent molecules, which can not only enhance the
solubility, manipulate the optical properties by changing the
peptide sequences,* but also achieve the targeted protein*® and
cancer cell imaging.””*® Nevertheless, organic fluorescent dyes
are also indispensable for the fluorescent diagnosis. Zhen and
co-workers developed a tryptophan-phenylalanine (Trp-Phe)
dipeptide nanoparticle modified with an aptamer for targeted
cancer cell imaging and real-time monitoring the drug release.
In the absence of any organic fluorescence dyes, the self-
assembled dipeptide nanoparticle could shift the intrinsic
fluorescent signal of peptide from ultraviolet to 423 nm for
bioimaging. However, extrinsic targeting group was involved.
Pure peptide-based fluorescent probe with targeting function is
highly pursued, especially with a longer emission wavelength.
In this work, we designed and prepared a peptide-based
fluorescent nanosystem for targeted cancer cell imaging
(Fig. 1). A tryptophan-phenylalanine-phenylalanine-tryptophan
tetrapeptide (WFFW) that could generate the photostable and
adjustable fluorescence signals from 340 nm to 500 nm was
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(A) The chemical structure of WFFW tetrapeptide, which aggregated into spherical nanoprobes (TPNS) via molecular self-assembly. (B)

The chemical structure of RGDWFFW heptapeptide. (C) Co-assembly of RGDWFFW and WFFW to construct the cancer-targeted nanoprobes (H-

TPNS) for cancer cell imaging.

fabricated (Fig. 1A). To endow the fluorescent probe with
cancer-targeting, arginine-glycine-aspartic acid (RGD) modified
WFFW (i.e. RGDWFFW) (Fig. 1B) was introduced to co-assemble
with WFFW to form fluorescence enhanced nanoparticle for
targeted cancer cell imaging (Fig. 1C).

2 Experimental
2.1 Materials

N-Fluorenyl-9-methoxycarbonyl (Fmoc) protected amino acids
(Fmoc-Trp(Boc)-OH, Fmoc-Phe-OH, Fmoc-Arg(Pbf)-OH, Fmoc-
Asp(OtBu)-OH), Fmoc-Gly-OH, 2-chlorotrityl chloride resin
(100-200 mesh, loading: 0.97 mmol g~ ', 1% DVB), N-hydrox-
ybenzotriazole (HOBt) and o-benzotriazole-N,N,N',N'-tetrame-
thyluroniumhexafluorophosphate (HBTU) were purchased from
GL Biochem. Ltd (Shanghai, China) and used as received. Tri-
fluoroacetic acid (TFA) and diisopropylethylamine (DIEA) were
provided by Aladdin Reagent Co. Ltd (Shanghai, China).
Piperidine, N,N-dimethylformamide (DMF) and triisopropylsi-
lane (TIS) were obtained from Sinopharm Chemical Reagent
Co., Ltd (Shanghai, China) and used as received. Rhodamine B
was obtained from Aladdin. Dulbecco's Modified Eagle's
Medium (DMEM), fetal bovine serum (FBS), and 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetra-zoliumbromide = (MTT)
were provided by Invitrogen Corp. All other chemical agents
were purchased from Sinopharm Chemical Reagent Co., Ltd
and used without any pre-treatment.

2.2 Synthesis of peptide

The peptides of WFFW and RGDWFFW were synthesized
manually by solid phase method employing a standard Fmoc
chemistry.®*** After the attachment of amino acids to the resin,
the peptide appended resin was washed with DMF, MeOH and
DCM for three times, and then dried under vacuum overnight.

30888 | RSC Adv., 2018, 8, 30887-30893

The dried resin was agitated with TFA (95%), TIS (2.5%) and
H,0 (2.5%) for 2 h at room temperature to detach the desired
peptide from resin and remove the protective groups of amino-
acid residues. The filtrate was collected and further condensed.
The crude product was obtained by the precipitation with cold
diethyl ether. After drying in a vacuum for 24 h, the precipitate
was dissolved in distilled water and freeze-dried. The molecular
weight of the peptide was confirmed by matrix-assisted laser
desorption/ionization time of flight mass spectrometry (MALDI-
TOF-MS) (Fig. S1 in ESIY).

2.3 Peptide self-assembly

To prepare self-assembled tetrapeptide nanoprobes (TPNS),
a certain amount of lyophilized WFFW powder was added into
DMSO solution, yielding a peptide concentration of 50 mg
mL~'. Then the stock DMSO solution was diluted with
phosphate-buffered saline (PBS, pH 7.4, 10 mM) to 0.5 mg
mL~"'. The pH value of this system was adjusted to 11 with
NaOH (1 M). After a few hours, The pH was reversely adjusted to
7.4 with HCI (1 M) to trigger the peptide self-assembly at room
temperature. To construct the WFFW and RGDWFFW co-
assembled nanoprobes (H-TPNS), WFFW tetrapeptide and
RGDWFFW heptapeptide (molar ratio = 1: 1) were dissolved
with DMSO, which was diluted with PBS to ensure the WFFW
concentration of 0.5 mg mL ™.

2.4 SEM characterization

The morphology of self-assembled TPNS and H-TPNS was
imaged by Scanning Electron Microscope (SEM) on a Scanning
Electron Microscope Hitachi SU8010 (Japan) instrument with
an accelerating voltage of 10 kV. Peptide solution with 0.5 mg
mL~"! was dropped onto a glass substrate and dried in air for
24 h, which was further dehydrated under vacuum for the
observation.

This journal is © The Royal Society of Chemistry 2018
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2.5 Nanoparticle size and ¢-potential measurement

The {-potentials and average size of self-assembled nanoprobes
were measured using a Nano-ZS ZEN3600 potentiometric
particle size detector (Malvern Instruments) at 25 °C. To
investigate the size stability of nanoprobes, the average diam-
eters of nanoprobes were monitored at different time intervals.

2.6 FT-IR spectroscopy

The FT-IR spectra of self-assembled TPNS and H-TPNS were
obtained by Nexus 470 Spectrometer. The samples were freeze-
dried and pressed into pellet with KBr powder before the
measurement.

2.7 Fluorescence spectroscopy

Fluorescence emission spectra were measured on a Cary Eclipse
Fluorescence Spectrophotometer (Hitachi F-7000) with light
measured orthogonally to the excitation light.

2.8 Photoluminescence quantum yield

Photoluminescence quantum yields of TPNS and H-TPNS
were obtained by comparison with a standard (rhodamine
B in ethanol) and calculated according to the following
formula: &y = dPgr(Grady/Gradsr)(nx>/msr>), where @ is the
fluorescence quantum yield, the subscripts ST and X denote
standard and test respectively, Grad: the gradient from the
plot of integrated fluorescence intensity vs. absorbance, 7:
the refractive index of the solvent (water: 1.333, ethanol:
1.361). The data derived from the luminescence and the
absorption spectra were shown in Fig. S2-S4.}

2.9 Cell culture

Human cervix carcinoma (HeLa) cells and African green
monkey kidney (COS7) cells were acquired from China Center
for Typical Culture Collection (Wuhan, China), which were
incubated in DMEM with 1% antibiotics (penicillin-strepto-
mycin, 10 000 U mL™") and 10% FBS in a fully humidified
atmosphere of 5% CO, at 37 °C.

2.10 In vitro cytotoxicity assay

The cytotoxicity of the self-assembled peptide nanoprobes
against HeLa and COS7 cells was examined by MTT assay.*>* In
detail, HeLa and COS7 cells were seeded with a density of 6 x 10°
cells per well in a 96-well plate. The plate was then incubated for
24 h at 37 °C. For each group, 100 pL of peptide solution with
various concentrations was added and incubated with cells for
2 h. Then, the medium containing peptide was removed and 20
uL of MTT solution (5 mg mL™") was added to each well and
incubated for 4 h. Subsequently, the medium was removed and
a certain of DMSO was added to dissolve formazan extraction.
The absorbance of each hole at 570 nm was measured using
a microplate reader (Bio-Rad, Model 550, USA). The relative cell
viability of nanodrugs was calculated as: cell viability (%) =
(ODS70(sample)/OD570(controI)) x 100.

This journal is © The Royal Society of Chemistry 2018
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2.11 Confocal laser scanning microscopy (CLSM)

Laser confocal microscopy (Nikon C1-Si TE 2000, Japan) was
used to observe the targeting ability of nanoprobe to different
cells. First, the HeLa and COS7 cells were seeded into a 6-well
plate with the cell density of 2 x 10> cells per well. After the
culture in 37 °C for 24 h, the culture medium was discarded and
the cells were washed with PBS for three times. Then, the TPNS
and H-TPNS with concentration of 0.5 mg mL ™" were added to
the HeLa and COS7 cells to culture for 30 min, respectively.
Finally, the residual medium was sucked out, and the cells were
washed with PBS for three times. The fluorescence was observed
with CLSM with a excitation wavelength of 405 nm.

3 Results and discussion

To construct peptide-based fluorescent probe, two tetrapeptides
with the sequences of WFFW and WFWF were proposed, since
these peptides held the aromatic residues that can contribute to
the self-assembly and fluorescent emission.”*** First, the
inherent fluorescent property of two tetrapeptides was investi-
gated basing on fluorescent spectrometer in DMSO, where
peptide molecules were expected to exist in less aggregated
state. As shown in Fig. 2A, both of two tetrapeptides exhibited
strong fluorescent signal around 475 nm under the excitation
wavelength of 400 nm. Both tetrapeptides exhibited similar
fluorescent intensity under the same experimental conditions,
showing the great potential of both tetrapeptides for potential
fluorescence imaging. Thus, either of these could be selected as
the fluorescent probe model and WFFW tetrapeptide was taken
for the following study. To achieve the fluorescence-guided
imaging, the optical property of WFFW tetrapeptide was then
exploited in PBS. As shown in Fig. 2B, the maximum emission
wavelength shifted to 500 nm at same excitation wavelength of
400 nm. The concentration-dependent fluorescent intensity of
WFFW tetrapeptide was also recorded. The fluorescence signal
showed a descent trend once sequentially diluting the tetra-
peptide solution with PBS. Interestingly, the fluorescence
intensity showed a leaping between 0.10 mg mL ™' and 0.25 mg
mL~'. As we know, the fluorescence intensity is generally
proportional to the sample concentration. And the abnormal
emission leaping could be ascribed to the occurrence of self-
assembly at the concentration range of 0.10-0.25 mg mL ™"
Thus, all the investigation on WFFW tetrapeptide was carried

>
o}

—— WFFW in DMSO
—— WFWF in DMSO

0.50 mg/mL
——0.25 mg/mL
——0.10 mg/mL
——0.075 mg/mL
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Intensity (a.u.)
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Fig. 2 (A) The fluorescence emission spectra of WFFW and WFWF in
DMSO with 0.5 mg mL™* (A, = 400 nm); (B) the fluorescence emission
spectra of WFFW with different concentrations in PBS.
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out at a concentration of 0.5 mg mL ™", ensuring the occurrence
of self-assembly. Interestingly, the unexpected fluorescence
property that self-assembled nanoprobe exhibited enhanced
fluorescent intensity than the monomeric state without self-
assembly suggested the advantage of self-assembled nanop-
robe over the molecular fluorescent peptide. Meanwhile, the
photoluminescence quantum yield of TPNS was 11%, which
was similar with the self-assembled Trp-Phe nanoparticles.*
To investigate the morphology of self-assembled nanoprobe
in PBS, SEM was employed. As shown in Fig. 3A, the WFFW
probe exhibited a spherical structure, with a diameter of around
80 nm. Meanwhile, the size of spherical peptide nanoprobe was
measured by dynamic light scattering (DLS), which indicated an
average diameter of 81 nm (Fig. 3B). The result was coincided
well with the SEM observation, suggesting the successful
fabrication of peptide nanoprobe. Notably, the biostability of
self-assembled nanoparticles is a main concern for the
biomedicine applications. Tracking the size as a function of
time could provide some information about the stability. As
shown in Fig. 3B, the average diameter of spherical nanoprobes
was almost constant within 3 d, which suggested the good size
stability of TPNS. In addition, the photostability of fluorescent
nanoprobes is also an important parameter for evaluating the
imaging performance. Therefore, the time-dependent fluores-
cence intensity of self-assembled nanoprobe under natural light
was recorded, accordingly. In the meanwhile, the organic fluo-
rescent dye of rhodamine B was used as control. As shown in
Fig. 3C, the fluorescence intensity of the peptide nanoprobe
remained almost unchanged when exposed in natural light for 5
d, whereas the fluorescence intensity of rhodamine B dropped
quickly along with prolonging the time at room temperature
(Fig. 3D). These results indicated the better photostability of
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Fig. 3 (A) SEM image of the self-assembled TPNS. (B) The DLS profiles
of spherical TPNS, indicating the average size of around 81 nm. The
stability investigation of TPNS was inserted. (C) The fluorescent
emission spectra of WFFW nanoprobe within 5 d, suggesting the good
photostability. (D) The fluorescent emission spectra of organic dye
rhodamine B as control.
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self-assembled peptide nanoprobe than that of the conven-
tional dye of rhodamine B.

It has been well documented that significant pH gradients
exist within body and the tumor region is acidic.?® To probe the
scope of self-assembled nanosphere for the cancer cell imaging,
the fluorescent property of nanoprobe at different pH condi-
tions was examined. Along with the elevation of pHs, the
intensity of maximum emission wavelength increased slightly,
followed by a little decrease when the pH value exceeded 7.0
(Fig. S5, ESIt). Meanwhile, a subtle red shift of fluorescent
spectroscopy could be observed at different pHs, which might
be ascribed to the enhanced m-m stacking interaction among
aromatic groups.** Overall, the fluorescence emission of the
nanoprobe was relatively stable in the pH range from 6.0 to 8.0,
ensuring the validity of the self-assembled nanoprobe for
cancer cell imaging. In addition, the emission wavelengths
ranging from 360 nm to 500 nm were observed when tuning the
excitation wavelength (Fig. S6, ESIt), suggesting the adjustable
fluorescence signal of the nanoprobe. To gain some insight into
the molecular configuration of self-assembled nanoprobe,
Fourier transform infrared (FT-IR) spectroscopy was used to
determine the intermolecular arrangement within self-
assembled nanoprobe (Fig. S7, ESIf). The lyophilized TPNS
showed a band at ~1620 cm ™', suggesting the B-sheet like
secondary conformation.*

As for the fluorescent nanoprobe for cancer cell detection,
the selective imaging to targeted cells is critical. Therefore, RGD
tripeptide, capable of targeting cancer cells that overexpressed
the integrins,”'**” was incorporated into WFFW tetrapeptide to
construct the cancer-targeted fluorescent probe. Unfortunately,
RGDWFFW exhibited weak fluorescence (Fig. 4A), suggesting
that the introduction of RGD into WFFW peptide impaired the
fluorescent property of TPNS. To achieve the targeted cancer cell
imaging, an alternative strategy referring to the co-assembly of
WFFW and RGDWFFW was proposed. Interestingly, the co-
assembly of WFFW and RGDWFFW did not affect the fluores-
cent emission of WFFW tetrapeptide. Instead, the fluorescent
intensity increased greatly (Fig. 4A). The enhanced fluorescent
signal indicated the occurrence of m-m stacking interaction
between WFFW and RGDWFFW.

The morphology of co-assembled nanoprobe was imaged by
SEM. Similar with the nanosphere of self-assembled TPNS, the
co-assembled H-TPNS also exhibited a spherical structure
(Fig. 4B). Nevertheless, the size of co-assembled H-TPNS was
around 150 nm, which was bigger than the self-assembled
TPNS. The reason for the different average diameters may be
ascribed to the possibility that pure WFFW tetrapeptide
possesses stronger intermolecular interaction than that of co-
assembled system consisting of WFFW and RGDWFFW,
which yielded tight nanoparticle. DLS was also exploited to
measure the size of co-assembled H-TPNS, showing an average
diameter of around 150 nm that was consistent with the SEM
result (Fig. 4C). The time-dependent size change also indicated
the good size stability of H-TPNS. As for the concentration-
dependent fluorescence emission of H-TPNS, a fluorescent
jump between 0.25 mg mL™ ' and 0.50 mg mL ™" could be
observed (Fig. 4D), suggesting that the effective co-assembly

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (A) Fluorescent emission spectra of WFFW, RGDWFFW and
WFFW + RGDWFFW. (B) SEM image of the co-assembled WFFW +
RGDWFFW nanoprobes (H-TPNS). (C) The DLS profiles of spherical H-
TPNS within different time intervals. (D) The fluorescent emission
spectra of WFFW + RGDWFFW with different concentrations (mg
mL™Y). (E and F) The fluorescent spectra of H-TPNS at different pHs
and time intervals.

concentration of WFFW and RGDWFFW was within the range.
This peptide concentration for the co-assembly was a little
higher than that of pure WFFW self-assembly, suggesting the
stronger driving force for WFFW self-assembly. The self-
assembled capacity reflected by peptide concentration discrep-
ancy was agreement with the self-assembled potential obtained
from the size discrepancy.

The fluorescent property of H-TPNS with different pHs and
time intervals was also examined. Similar with TPNS, near
20 nm red shift of maximum fluorescent emission wavelength
from 486 nm to 506 nm could be observed when changing the
pH value from 6.0 to 8.0 (Fig. 4E), suggesting the preferable
alkalescence for the co-assembly of WFFW and RGDWFFW. The
time-dependent fluorescent intensity also indicated the good
photostability of H-TPNS (Fig. 4F). Also, the co-assembled probe
exhibited tunable emission wavelengths ranging from 360 nm
to 500 nm (Fig. S8, ESIf), which broaden the application of
fluorescent imaging. The similar FT-IR spectrum of co-
assembled WFFW and RGDWFFW nanosphere with pure self-
assembled WFFW nanosphere indicated the similar secondary
structures (Fig. S7 in ESIf). In other words, the addition of
targeted REDWFFW peptide did not affect the molecular
arrangement pattern in self-assembly. In addition, the photo-
luminescence quantum yield of H-TPNS was 16%, which was
a little higher than the self-assembled TPNS nanoprobe.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Cell viability profiles of COS7 (A) and Hela (B) cells after the
incubation with WFFW and RGDWFFW for 2 h, respectively.

Before the fluorescence-guided imaging for cancer cells, the
biocompatibility of these nanoprobes was investigated against
normal COS7 cells and cancerous HeLa cells. The MTT assay
against COS7 cell line showed that both WFFW and RGDWFFW
peptides exhibited little concentration-dependent cell viability
in our observed concentration range (Fig. 5A). The cell viabil-
ities of two nanoprobes in COS7 cells were higher than 80%,
suggesting the low cytotoxicity of these nanoprobes. The similar
cell viability was also observed in the HeLa cell line (Fig. 5B),
which further indicated the good biocompatibility of peptide-
based fluorescent probe. Meanwhile, the ¢-potentials of TPNS
and H-TPNS nanoparticles were —28.4 mV and —30.8 mV,
accordingly (Fig. S9, ESIT). The negative {-potentials of nanop-
robes suggested their potential stability in blood circulation due
to weak adsorption with negative proteins in blood.

To confirm the suitability of nanoprobe for cancer cell tar-
geting imaging, HeLa cell as a cancer cell model was investi-
gated by CLSM. After the co-culture of co-assembled H-TPNS
with HeLa cells for 30 min, significant fluorescence was
observed round HeLa cells (Fig. 6B). The strong fluorescence
was attributed to the targeting recognition of RGD-bearing
nanoprobe to the integrin overexpressed HeLa cells. To verify
the specific recognition of H-TPNS to cancer cells, COS7 cells as
a normal cell model that did not overexpress integrins was
introduced as control. As shown in Fig. 6A, only very weak

Bright field Fluorescence field Overlapped field

Cos7 ~ H-TPNS

HeLa H-TPNS

HeLa

Fig. 6 Confocal images of fluorescent nanoprobe against HelLa and
COS7 cells. (A) COS7 and (B) Hela cells incubated with targeted
nanoprobe of H-TPNS at a concentration of 0.5 mg mL™* for 30 min.
(C) Hela cells incubated with nontargeted TPNS for same concen-
tration and time. The scale bar is 36 um.
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fluorescence was detected round COS7 cells at the same
condition. Meanwhile, TPNS without RGD targeting group was
also incubated with HeLa cells. As anticipated, little fluores-
cence signal was collected round HeLa cells (Fig. 6C), because of
the lack of targeting group for the effective binding with cells.
These results indicated the effective targeted cancer cell
imaging of the co-assembled H-TPNS.

4 Conclusions

In summary, an aromatic WFFW tetrapeptide was synthesized,
which self-assembled into spherical nanoparticle via m-m
stacking and hydrogen bond interaction. Without any organic
fluorescent dyes, the self-assembled nanoparticle could
generate the photostable and adjustable fluorescence signals
from 340 nm to 500 nm. To endow the fluorescent nanoparticle
with targeting function to cancer cells, RGDWFFW was
proposed, which co-assembled with WFFW to form fluores-
cence enhanced nanoprobe. This co-assembled nanoprobe
successfully imaged the cancer cells, which gives insight into
designing the pure peptide-based fluorescent probe for cancer
diagnosis.
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