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ABSTRACT: Peptide nanostructure has been widely explored for drug-delivery systems
in recent studies. Peptides possess comparatively lower cytotoxicity and are more efficient
than polymeric carriers. Here, we propose a peptide nanorod system, composed of an
amphiphilic oligo-peptide RH3F8 (Arg−His3−Phe8), as a drug-delivery carrier. Arginine is
an essential amino acid in typical cell-penetration peptides, and histidine induces endo-
and lysosomal escape because of its proton sponge effect. Phenylalanine is introduced to
provide rich hydrophobicity for stable self-assembly and drug encapsulation. The self-
assembled structure of RH3F8 showed nanorod-shaped morphology, positive surface
charge, and retained formation in water for 35 days. RH3F8, labeled with Nile Red,
showed high cellar uptake and accumulation in both cytoplasm and nucleus. The RH3F8 nanorods demonstrated negligible
cytotoxicity, as shown by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), lactate dehydrogenase
(LDH), and hemolysis assays. To confirm the efficiency of drug delivery, curcumin was encapsulated in the RH3F8 nanorod
system (RH3F8−Cur). RH3F8−Cur showed high encapsulation efficiency (24.63%) under the conditions of 200 μM curcumin.
The RH3F8−Cur retained nanoscale size and positive surface charge, similar to those of the empty RH3F8 nanorods. RH3F8−Cur
displayed a robust anticancer effect in HeLa and A549 cells, and inhibited the proliferation of cancer cells in a zebrafish model.
These results indicate that the RH3F8 nanorods may be a promising candidate for a safe and effective drug-delivery system.

■ INTRODUCTION

Peptides are extensively studied as biomolecular carriers for
various biomedical applications.1 Peptides and proteins are
involved in important biological functions. Any alteration in
functional proteins leads to various diseases such as cancer,
Alzheimer’s disease, Parkinson’s disease, and sickle-cell
anemia.2,3 Therefore, peptides or oligo-peptides are a promising
choice for numerous drug-delivery systems.4,5 Because of their
biocompatibility and biodegradability, peptides can be
combined with different nanoparticles to form drug-delivery
systems (DDSs). The cell-penetrating peptides (CPPs)
represent such a system.6 Among the 20 amino acids, positively
charged lysine and arginine facilitate cell membrane interaction
and subsequent internalization of nanocarriers.7 Nevertheless,
over the past decade, amphiphilic peptides (APs) have gained
increased attention because of their ability to self-assemble into
nanostructures, depending on their amino acid sequences.8

Recent studies with APs report several mechanisms for
formulation and bioapplication.9 APs containing arginine and
valine have been evaluated as siRNA delivery carriers.10 Self-
assembled APs-based nanostructures have been designed to
function as self-adjuvants.11 Assembled structures based on
cross-β APs have shown biodegradability achieved via
modification of ester linkages.12 Combining tetra-peptides
and carbon chains confirmed that the formulation mechanism
is dependent upon amino acid compositions and peptide

sequences. Thus, APs have attracted considerable attention for
biomedical applications.13,14

Drug-delivery systems (DDSs) based on amphiphilic peptide
nanostructures can potentially be applied for safe and effective
therapy.15,16 Amphiphilic peptide nanostructures, consisting of
a hydrophobic core and hydrophilic surface, can encapsulate
drugs that have poor solubility in water. The encapsulated drug
is protected from the aqueous environment and stabilized
during the delivery pathway. Thus, encapsulation of labile drugs
increases their therapeutic efficacy.17,18 Peptides have excellent
biocompatibility and biodegradability, which are important
factors for developing successful delivery systems.19 Several
recently developed polymer-based drug-delivery systems are
reported to have significant cytotoxicity caused by non-
degradability and excessive intracellular accumulation.20 There-
fore, numerous studies focused on the development of
biodegradable drug carriers.21 Peptides can be degraded via
proteolysis by various enzymes in intramolecular digestion.
Thus, peptide nanostructures demonstrate appropriate clear-
ance from the body and reduced cytotoxicity in vitro and in
vivo.22 Although an amphiphilic peptide nanostructure is highly
biocompatible, it has not yet achieved efficient drug delivery
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compared to that of polymer-based drug-delivery systems. To
improve the efficacy of amphiphilic peptide nanostructures,
their stability, as well as the efficiency of drug loading and
delivery, needs to be optimized. In this study, we propose a new
self-assembled peptide nanorod system consisting of the
amphiphilic peptides, Arg−His3−Phe8 (RH3F8) (Figure 1).
The amphiphilic peptide is composed of arginine, histidine,

and phenylalanine residues. Because of its positive charge,
arginine, a common component of cell-penetrating peptides
(CPPs), increases cellular uptake.23 Histidine has an imidazole
ring that could induce endo- and lysosomal escape caused by its
proton buffering capacity.24 These two amino acids form a
hydrophilic part of the peptide. Because of its hydrophobic
characteristics, originating from the side chain containing
phenyl groups, phenylalanine constitutes the hydrophobic
part. The aromatic carbon ring imparts increased loading
efficiency due to its interaction with hydrophobic drugs.25

Moreover, the aromatic carbon ring allows for the formation of
a stable peptide nanostructure. In the preliminary study, we
designed two types of peptides (RH3F4 and RH3F8) to optimize
the number of phenylalanines for the formation of nanostruc-
ture. The self-assembled RH3F8 showed nanorod structures,
whereas RH3F4 did not form any nanostructure because of its
weak self-assembling capacity. Multiple phenylalanines have
been applied to form β-sheet structure.26 The nanorod
structure of RH3F8 is based on the formation of β sheets and
clustering by peptide monomers.27 We then employed
numerous assays to validate the ability of the RH3F8

nanostructure to function as a drug carrier. The physical
characterization of RH3F8 was analyzed using dynamic light
scattering (DLS), field emission-scanning electron microscopy
(FE-SEM), transmission electron microscopy (TEM), and
critical aggregation concentration (CAC). Cellular uptake was
examined by confocal microscopy. Cytotoxicity was assessed
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), lactate dehydrogenase (LDH), and hemolysis
assays. To evaluate drug delivering ability, the RH3F8 system
was challenged with curcumin. The anticancer effect of
curcumin, encapsulated by the RH3F8, was analyzed using
MTT and detection of apoptosis as well as reactive oxygen
species (ROS) and cancer cell proliferation assays in zebrafish.

■ RESULTS AND DISCUSSION
Preparation and Characterization of Peptide Nano-

rods. Peptide nanorods were prepared using two types of
peptides, namely RH3F4 and RH3F8 (see Table 1). To enable

the formation of a self-assembled nanorod system, these
peptides were designed to possess a hydrophilic head (Arg and
His) and a hydrophobic tail (Phe). The peptides were
composed of one arginine, three histidine, and four or eight
phenylalanine residues. The peptides were synthesized using
solid-phase peptide synthesis, purified by high-performance
liquid chromatography (HPLC), and confirmed using matrix-
assisted laser mass spectroscopy (MALDI-MS) (Figure S1A,B).
HPLC showed an elution peak at 7 min of retention time. The
mass spectrum showed a sharp peak at 1763 m/z; it is similar to
the expected mass of 1761. These results indicate that the
RH3F8 peptide was synthesized successfully.
As mentioned previously, arginine, which can enhance

cellular uptake, is a representative residue of cell-penetrating
peptides,6 while histidine possesses a “proton sponge” effect
that can induce endo- and lysosomal escape after endocytosis.24

Phenylalanine provides rich hydrophobicity stemming from its
phenyl group, which helps generate the formation of a stable
nanostructure, and imparts high loading efficiency with respect
to hydrophobic drugs. The diameter of the RH3F4 peptide-
based formulation was too small to be measured and possessed
a slightly negative ζ-potential value. These results suggest that it
is difficult to form a nanostructure using RH3F4 because of the
relatively lower hydrophobic property of the four phenylalanine
residues. However, the RH3F8 peptide has a nanoscale size of
96.2 nm and shows a positive ζ-potential value of 25.9 mV.
These results indicate that RH3F8 can self-assemble into a
nanostructure with a high positive surface charge density.
Because of this stable nanostructure formation, RH3F8 was

Figure 1. Schematic illustration of RH3F8 nanorods as a drug carrier.

Table 1. Physical Characterization of the RH3F8 Nanorods
a

peptide hydrodynamic diameter (nm) polydispersity ζ potential (mV)

RH3F4 N/Ab N/A −2.5 ± 0.6
RH3F8 96.2 ± 8.5 0.297 25.8 ± 2.2

aEach value presents the average and standard deviation (n = 3). bNot
applicable.
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chosen for further studies to evaluate the characteristics of the
peptide as a drug-delivery system.
The size distribution of the RH3F8 nanostructure showed a

relatively uniform histogram with an average size of about 100
nm (Figure 2A). The morphology of the RH3F8 nanostructure

was confirmed by FE-SEM and TEM (Figure 2C,D). The
results of FE-SEM and TEM indicated that the nanorods
possessed long shapes. The results of TEM (Figure 2D)
indicated that the RH3F8 nanorod structures had a diameter of
5−10 nm and a length of 10−200 nm. Additional TEM images
are presented in Figure S2. The self-assembled structure of the
RH3F8 nanorods was analyzed by circular dichroism (CD)
spectroscopy (Figure 2E). The RH3F8 nanorods showed
characteristics of high β-sheet (strong negative band at 216
nm, positive band at 199 nm) and low α-helix organization
(weak negative band at 223 nm). The β-sheet structure is
generated by multiple phenylalanines,26 and the α-helix
structure is based on arginine and histidine residues with high
α-helix-forming preference.28 Thus, RH3F8 nanorods could be
organized by the combinational effects of the peptide’s β-sheet-
and α-helix-formation tendency.
DLS was used to examine the mean diameter of the RH3F8

rods or aggregates of small rods. The stability of the RH3F8
nanorods was also confirmed using DLS to monitor the
diameter of the nanorods after storage for 35 days at room
temperature (RT). The RH3F8 nanorods maintained their
nanoscale size and diameter of less than 200 nm for up to 35
days (Figure 2B). These results indicate that the RH3F8

nanorods have good stability because of the rich hydrophobic
core consisting of phenylalanine. Overall, the RH3F8 nanorods
can potentially be applied as drug carriers because of their
stable formation of nanoparticles.

Quantification of Critical Aggregation Concentration.
The critical aggregation concentration (CAC) of the RH3F8
nanorods was determined using the Nile Red hydrophobic
fluorescence probe (Figure 3). This method is based on the
spectral shift and increases the fluorescence intensity of Nile
Red in a hydrophobic environment.29 Below 0.05 mg/mL of
the RH3F8 nanorods, Nile Red showed a rapid increase in
fluorescence intensity and a reduced maximum emission
wavelength. This result indicates that below this value of
CAC, the nanorods were fractured, and the exposed hydro-
phobic portions of the nanorods provided Nile Red with a
hydrophobic environment, resulting in increased fluorescence
intensity and a shift in emission wavelength. These results
indicate that the CAC value of RH3F8 was 0.05 mg/mL.

Figure 2. Physical characterization of the RH3F8 nanorods. (A) Size
distribution by number. (B) Size change as a function of storage time.
(C) Field emission scanning electron microscopy image. (D)
Transmission electron microscopy image. (E) Circular dichroism
spectrum.

Figure 3. Critical aggregation concentration of the RH3F8 nanorods. (A) Fluorescence spectra. (B) Calculation of CAC using fluorescence intensity
and maximum emission wavelength with respect to the concentration of RH3F8.
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Moreover, CAC value of RH3F8 means that the nanostructure
is based on self-assembly by amphiphilic peptide monomer.
Cellular Uptake Assay. Cellular permeability is related to

the arginine-modified nanostructure, shape of the nanorods,
and stability imparted by phenylalanine. The Nile Red-tagged
RH3F8 nanorods were used to examine the cellular uptake in
HeLa cells. After 6 h of incubation time, cells, treated with Nile
Red-loaded RH3F8 nanorods were observed under fluorescence
and confocal microscopy. As shown in Figure 4A,B, most of the

cells show fluorescence, demonstrating the high cellular uptake
of the RH3F8 nanorods. To understand the spatial details of the
uptake pattern, the cells were analyzed using confocal
microscopy (Figure 4C). The confocal micrographs showed

robust fluorescence signaling in the cytoplasm and nucleus.
This indicates that RH3F8 was readily taken up by the cells,
which is an important quality in a drug-delivery carrier.

Cytotoxicity of the RH3F8 Nanorods. The cytocompat-
ibility of RH3F8 was confirmed using MTT and LDH assays in
HeLa cells. Additionally, RH3F8 was compared to b-PEI, a
representative polymeric cationic carrier. The MTT assay
indicated that b-PEI showed high toxicity below 0.025 mg/mL,
whereas RH3F8 demonstrated negligible cytotoxicity at 0.1 mg/
mL (Figure 5A). The LDH assay was used to examine
membrane damage caused by RH3F8 (Figure 5B). At
concentrations of up to 0.1 mg/mL, b-PEI induced an
approximately 60% release of LDH, indicating considerable
membrane damage. However, the RH3F8 nanorods induced
negligible LDH release at all of the tested concentrations.
These results indicate that the RH3F8 nanorods possess
excellent biocompatibility in vitro despite their positive surface
charge and show that, by tailoring the material specificity of
peptides, nanorod systems can minimize cellular damage during
the delivery pathway.

Hemolysis Assay. Hemolysis refers to the damage caused
to red blood cell (RBC) membranes upon interaction with
certain molecules. Negligible hemolysis is advantageous in
biomedical applications. Therefore, it is crucial to evaluate the
hemolytic activity biomaterials intended for drug delivery
applications. We assessed the biocompatibility of the RH3F8
nanorods by examining hemolysis in human RBCs (Figure 5C).
While b-PEI showed an approximately 10% hemolytic activity,
the RH3F8 nanorods displayed no hemolytic activity compared
to that in the untreated control.

Characterization of Curcumin-Loaded RH3F8 Nano-
rods. Curcumin, an anticancer drug, was loaded into the
RH3F8 nanorods to determine their suitability as a drug carrier.
For optimizing encapsulation conditions, curcumin was
prepared at various concentrations (50−250 μM) and
encapsulated in RH3F8 using dialysis. The curcumin-loaded
RH3F8 nanorods displayed a larger diameter compared to that
of the empty RH3F8; this was due to the curcumin encapsulated
inside the hydrophobic core of the nanorods. The ζ potential of

Figure 4. Cellular uptake assay of the Nile Red-tagged RH3F8
nanorods. (A, B) Fluorescence microscopy images. (C) Confocal
microscopy images.

Figure 5. Cytotoxicity of the RH3F8 nanorods. (A) MTT assay. (B) LDH assay. (C) Hemolysis assay. Each value presents average and standard
deviation (n = 3).
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curcumin-loaded RH3F8 had high cationic charge of approx-
imately 30 mV, which was similar to that of the empty RH3F8.
Increases in the concentration of added curcumin altered the
loading efficiency (LE) and encapsulation efficiency (EE)
(Table 2). Using 50 and 100 μM of added curcumin, LE and
EE could not be determined because the curcumin was not
detected by HPLC; this was caused by the overly low
concentration of curcumin. At condition of concentration
above 200 μM, LE was maintained, while EE decreased at the
concentration of 250 μM. Based on these results, 200 μM was
selected as the optimum concentration for encapsulating
curcumin in the RH3F8 nanorods. Thereafter, curcumin-loaded
RH3F8 under the condition of 200 μM curcumin nanorods
(RH3F8−Cur) were used for assaying the anticancer effects of
this system.
The physical properties of RH3F8−Cur were characterized by

measurements of absorbance and FE-SEM (Figure 6). As

shown in Figure 6A, we analyzed the absorbance spectra of
empty RH3F8 and RH3F8−Cur. Both samples showed peptide
absorbance at 220 nm and phenylalanine absorbance at 280
nm. However, only RH3F8−Cur showed curcumin absorbance
at 450 nm. These results indicate that curcumin was
encapsulated into the peptide nanostructure. The FE-SEM
and TEM images of RH3F8−Cur showed a morphology similar
to that of the empty RH3F8 (Figure 6B,C).

In Vitro Drug Release. The drug release by RH3F8 was
investigated by HPLC using buffers with different pH at various
time points. As shown in Figure 7, the pH of 5.5 and 7.4

induced a continuous release of curcumin over 168 h. During
the first 12 h, up to 15% curcumin was rapidly released. After
12 h, the cumulative released drug increased by 3−5% per 24 h.
This sustained release pattern was maintained for 168 h. The
stable structure, imparted by phenylalanine, may have induced
sustained release. Such sustained release maintains a constant
level of a drug in cells and tissues and is, therefore, desirable in
effective DDSs.30 Furthermore, the RH3F8 nanorods increased
the release rate under acidic conditions (pH 5.5). The peptide
monomers in the nanostructure were fractured by hydrolysis
under acidic conditions, thereby facilitating drug release.
Because tumor tissue usually has an acidic pH, caused by lactic
acid from anaerobic glycolysis,31 this rapid release rate under
acidic conditions can be highly advantageous in a drug carrier
intended for cancer therapy. Although the maximum released
drug percentage of the drug was around 40%, the RH3F8
nanorods are likely to show a high release rate after intracellular
uptake because of enzymatic degradation.

Anticancer Activity of RH3F8−Cur. To confirm the
anticancer effect of RH3F8−Cur, we performed cell viability,
ROS, and apoptosis assays in HeLa and A549 cell lines.
Curcumin from Curcuma longa exhibits anticancer and
antiseptic activity with low cytotoxicity.32,33 Therefore,
curcumin is model anticancer drug and has been investigated
for clinical application. A combination of peptides and
curcumin may be a promising therapy system consisting of
natural substances.
To examine the anticancer effect at various concentrations of

curcumin, cells were treated with a curcumin control, RH3F8−

Table 2. Physical Characterization of the RH3F8−Cur Nanorods with Respect to the Concentration of Curcumina

concentration of curcumin (μM) hydrodynamic size (nm) ζ potential (mV) loading efficiency (%) encapsulation efficiency (%)

50 368.0 ± 47.7 28.8 ± 2.2 − −
100 336.2 ± 37.6 36.9 ± 2.8 − −
150 315.3 ± 21.5 30.4 ± 2.9 0.59 ± 0.15 10.75 ± 0.60
200 368.5 ± 37.3 31.7 ± 2.9 1.83 ± 0.08 24.63 ± 1.00
250 331.3 ± 39.1 34.6 ± 2.4 1.85 ± 0.42 14.17 ± 0.31

aEach value represents average and standard deviation (n = 3).

Figure 6. Physical characterization of the RH3F8−Cur nanorods. (A)
Absorbance spectrum of RH3F8−Cur and empty RH3F8. (B) Field
emission scanning electron micrograph. (C) Transmission electron
micrograph of RH3F8−Cur.

Figure 7. Drug release from RH3F8−Cur at pH 5.5 and 7.4.
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Cur, and empty RH3F8 (Figure 8). On day 1, 5 μM of RH3F8−
Cur showed scant activity in HeLa and A549 cell lines.
However, on day 2, RH3F8−Cur treatment in HeLa cells
presented a higher anticancer effect at all concentrations of 1−5
μM. At the concentration of 5 μM RH3F8−Cur, significant
differences in cell viability were observed in RH3F8−Cur-
treated HeLa cells compared to that of HeLa cells treated with
the curcumin control (p < 0.01, ***); this indicates that
RH3F8−Cur exerted a considerable anticancer activity in HeLa
cells.
A549 cells were less susceptible than HeLa cells, and the

effect of RH3F8−Cur was dependent on the concentration of
curcumin. On day 3, both HeLa and A549 cells were highly
affected at all concentrations. Because sustained release of

curcumin from RH3F8−Cur constantly effect to cancer cells
during the 3 days. In HeLa cells, RH3F8−Cur decreased cell
viability, even at 1 μM, indicating that the RH3F8 nanorods can
effectively deliver hydrophobic agents, such as curcumin, in
vitro. Consequently, the RH3F8 nanorods can effectively deliver
hydrophobic drugs such as curcumin in vitro. This anticancer
effect was maintained over a relatively long duration.
Furthermore, the empty RH3F8 showed no cytotoxicity at any
of the assessed concentrations in either cell line. These results
indicate that the RH3F8 nanorods are safe and effective drug
carriers.
We then measured the RH3F8−Cur mediated generation of

ROS in HeLa cells (Figure 9). The generation of ROS by
curcumin causes the release of apoptosis-inducing factor (AIF)

Figure 8. Anticancer activity of RH3F8−Cur in HeLa and A549 cells. Viability of HeLa cells after (A) 24 h of incubation, (B) 48 h of incubation, and
(C) 72 h of incubation. Viability of A549 cells after (D) 24 h of incubation, (E) 48 h of incubation, and (F) 72 h of incubation. Triple asterisks
indicate p < 0.001.
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from the mitochondria and induces caspase 3-independent
apoptosis.32 Thus, the level of ROS is a marker of curcumin
activity. We measured the level of ROS levels after treating
HeLa cells with 1−5 μM of RH3F8−Cur, curcumin control and
empty RH3F8 for 24 h.
The ROS level in RH3F8−Cur treated group increased with

respect concentration of increasing curcumin; however, the
ROS level in the groups treated with curcumin control and
empty RH3F8-treated groups showed no change. Notably, 5 μM
of RH3F8−Cur significantly increased the level of ROS by
approximately 130% (p < 0.1, *) compared to that of the
curcumin control. These results indicate the RH3F8 nanostruc-

tures effectively delivered curcumin and enhanced its
bioavailability.
Finally, we analyzed the cell death mechanism, induced by

RH3F8−Cur using an apoptosis and necrosis detection assay
(BD Bioscience) and fluorescence-activated cell sorting
(FACS) in HeLa cells (Figure 10). We compared the effect
of 5 μM RH3F8−Cur with those of the curcumin control and
empty RH3F8 after 24−72 h of incubation. No apoptosis was
detected in HeLa cells treated with curcumin control and
empty RH3F8, which was similar to the untreated control, at all
of the tested concentrations. Treatment with RH3F8−Cur
induced a considerably higher signal; 24 h of treatment resulted
in a high cell-death signal with apoptosis and necrosis, while 48
and 72 h treatments resulted in a necrosis-dependent cell-death
signal. Therefore, it was concluded that, RH3F8 system
effectively delivers curcumin and maintains the anticancer
effect for a long time.
We used curcumin to assess the drug delivery ability of the

RH3F8 nanorod system. Overall, RH3F8−Cur showed a
continuous and robust anticancer activity, whereas the
curcumin control and empty RH3F8 showed negligible
anticancer activity. The robust anticancer activity of RH3F8−
Cur is likely due to the ready cellular uptake ability and
sustained release of curcumin, imparted by the stability of
RH3F8 nanostructures.

Zebrafish Assay. The zebrafish cancer model was used to
confirm the anticancer activity of RH3F8−Cur in vivo (Figure
11). The A549 cell line was chosen because it had previosly
been used with the zebrafish larvae model.34 The A549 cells
tagged with a cell tracker were injected to zebrafish yolk using
the micro-injection system. Then, RH3F8−Cur and free

Figure 9. Reactive oxygen species accumulation induced by RH3F8−
Cur. A single asterisk indicates p < 0.05.

Figure 10. Apoptosis and necrosis detection assay and flow cytometry in HeLa cells after treatment with the RH3F8 nanorods, free curcumin, and
RH3F8−Cur for 24−72 h.

Bioconjugate Chemistry Article

DOI: 10.1021/acs.bioconjchem.7b00247
Bioconjugate Chem. XXXX, XXX, XXX−XXX

G



curcumin was treated to the solution containing zebra fish
larvae. Treatment with RH3F8−Cur inhibited the growth of
cancer cells compared with the effects exerted by the control
and free curcumin.
Free curcumin also presented anticancer activity; however,

RH3F8−Cur demonstrated a more-profound anticancer effect
compared to that of free curcumin. We quantified the
fluorescence signal of A549 cells using image J software. The
results indicate that cancer growth was inhibited more in the
group treated with RH3F8−Cur than in groups treated with free
curcumin or the control. Therefore, we believe that RH3F8−
Cur could be a promising drug-delivery system for in vivo
cancer therapy.

■ CONCLUSIONS
In summary, we developed the peptide nanorod RH3F8 as a
drug carrier for safe and effective drug delivery. Peptide
nanorods are novel DDSs that possess excellent biocompati-
bility and biodegradability. Because of their enhanced
degradability, peptide nanorods provide an alternative to the
polymeric DDSs, which can have toxic effects. The RH3F8
peptide contains arginine, histidine, and phenylalanine and is,
therefore, amphiphilic. Arginine enhances cellular uptake, and
the histidine-containing imidazole ring enables endo- and
lysosome escape. The phenylalanine chain provides stable
structure and enhanced drug encapsulation imparted by its rich
hydrophobicity. The RH3F8 nanostructure showed good
stability, nanorod morphology, ready cellular uptake, and low
cytotoxicity. The structure of curcumin, encapsulated within the
RH3F8 nanorods (RH3F8−Cur), demonstrated robust anti-
cancer activity in vitro and in vivo. Based on these results, we
conclude that RH3F8 nanorods are a promising drug carrier
with high drug delivery efficiency and biocompatibility for
biomedical applications.

■ MATERIALS AND METHODS
Materials. Nile red, Tween-20, branched 25 kDa poly-

ethylenimine (b-PEI), tricaine, 2′,7′-dichlorodihydrofluorescein
diacetate (H2DCF−DA), and thiazolyl blue tetrazolium
bromide (MTT) were purchased from Sigma-Aldrich (Seoul,

South Korea). Fetal bovine serum (FBS), Dulbecco’s modified
Eagle medium (DMEM), 100× antibiotic−antimycotic agent,
and Dulbecco’s phosphate-buffered saline (DPBS) were
purchased from Gibco (Gaithersburg, MD). Regenerated
cellulose dialysis membrane (MWCO, 1000 Da, Spectra/Por)
was obtained from Spectrum Laboratories (Rancho Domi-
nguez, CA). Hoechst 33342 was purchased from Invitrogen
(Carlsbad, CA). Triton X-100 was purchased from Shinyo Pure
Chemicals (Osaka, Japan). Methanol and acetonitrile were
obtained from Merck (Darmstadt, Germany). The apoptosis
assay detection kit was purchased from BD Bioscience
(Bedford, MA), and the LDH-assay kit was obtained from
Daeillab service (Seoul, Korea). Curcumin was purchased from
Alfa Aesar (Ward Hill, MA).

Preparation of Peptide Nanostructure. Peptides
(RH3F4, RH3F8) were purchased from Peptron Co. (Daejeon,
South Korea). The chemical structure of the peptide RH3F8 is
shown in Figure 1. Peptide nanostructures were formulated
following the dialysis method.35 Briefly, peptides RH3F4 and,
RH3F8 were dissolved in methanol to a final concentration of 1
mg/mL. The peptide solutions were then dialyzed against 4 L
of deionized water using a dialysis membrane (MWCO, 1000
Da) for 1 day at room temperature. During dialysis, the
solution in the dialysis membrane was changes from methanol
to water, and the amphiphilic peptide spontaneously self-
assembled into nanostructure. After dialysis, the peptide
nanostructure were collected from the dialysis membrane and
stored in a refrigerator at 4 °C. Nile Red-tagged RH3F8
nanostructures were prepared for cellular uptake assay. Nile
Red was mixed with the peptide solution in methanol at a
molar ratio of (Nile Red: peptide) prior to dialysis.

Physical Characterization. The size distribution of RH3F4
and RH3F8 nanostructure was analyzed by DLS. The peptide
nanostructure (0.5 mg/mL) was characterized using the DLS
instrument of ELS-Z2 (Photal, Otsuka Electronics, Otsuka,
Japan) and Nano-ZSP (Malvern, London, UK). The ζ potential
of the peptide nanorods was examined using the Nanozs
(Malvern, London, UK). The morphology of peptide nanorods
with RH3F8 was analyzed by FE-SEM and TEM. For FE-SEM,
RH3F8 solution was loaded on a silicon wafer and dried for 4 h

Figure 11. In vivo zebrafish assay used to assess the anticancer activity of free curcumin and RH3F8−Cur. (A) Image of cell-tracker-labeled A549
cells in zebrafish larvae. (B) Fluorescence intensity of cell-tracker-labeled A549 cells in zebrafish larvae. Each value presents the average and standard
deviation (n = 3).
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at RT. Thereafter, the dried sample was coated with osmium
and observed under an FE-scanning electron microscope
(Hitachi, Tokyo, Japan) using 5−10 kV acceleration voltage.
For TEM analysis, the RH3F8 solution was loaded onto a TEM
200 mesh copper grid and dried for 4 h at RT. Then, the dried
samples were prepared using negative staining with 2% uranyl
acetate. The prepared samples were observed using bio-TEM
(Tecnai, Hillsboro, OR). The self-assembly structure of RH3F8
nanorods was investigated by circular dichroism spectroscopy
(J-1000, Jasco). The solution of RH3F8 nanorods (0.5 mg/mL)
were measured using a quartz cuvette of 0.1 cm path length at
wavelength of 190 to 260 nm.
Determination of Critical Aggregation Concentration.

The critical aggregation concentration of the RH3F8 nanorods
were determined using hydrophobic probe Nile Red.29 Briefly,
the nanorod solution was prepared to various concentrations
from 0.001 to 0.4 mg/mL. Thereafter, to 1 mL of the above
solutions, 5 μL of Nile Red solution in ethanol (40 μM) was
added to a final concentration of 0.2 μM. Each sample was
dried using nitrogen gas stream to remove ethanol and
incubated for 1 h at RT. After incubation, each sample was
characterized using fluorescence spectroscopy (PerkinElmer,
Waltham, MA) at an excitation wavelength of 515 nm and
emission wavelengths of 550−750 nm. The result of CMC was
analyzed by fluorescence intensity and maximum emission
wavelength depending on concentration of RH3F8.
Cell Culture. HeLa and A549 cells were cultured in DMEM

containing 10% FBS and an antibiotic−antimycotic agent (0.1
mg/mL). Cells were cultured in an incubator (37 °C, 5% CO2).
Cellular Uptake Assay. Cellular uptake of the RH3F8

nanorods was examined by fluorescence microscopy (Nikon,
Tokyo, Japan) and confocal microscopy (Zeiss, Oberkochen,
Germany) in HeLa cells. For this, 1.0 × 104 cells were seeded
per well in an eight-well confocal plate and incubated for 24 h.
Nile Red-tagged RH3F8 (Nile Red-RH3F8) nanorods were
introduced to examine cellular uptake ability. Nile Red-RH3F8
nanorods were added to a final concentration of 0.05 mg/mL,
and the cells were incubated at 37 °C for 6 h. After the
incubation, cells were stained with Hoechst 33324 (20 μM).
The cells treated with RH3F8 nanorods were imaged using
fluorescence microscopy and confocal microscopy.
Cytotoxicity of RH3F8 Nanostructure. The cytotoxicity of

the RH3F8 nanorods was analyzed by 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-tetrazolium bromide (MTT) and lactate
dehydrogenase (LDH) assays in HeLa cells. Briefly, 1.0 × 104

cells/well were seeded in a 96-well microplate and incubated
for 24 h. After incubation, b-PEI and RH3F8 nanorods were
added at various concentrations (0.125 to 1 mg/mL). Here, b-
PEI was used as positive control. For the MTT assay, following
24 h incubation, 10 μL of MTT solutions in DPBS (2 mg/mL)
was added to each well and incubated for 4 h, and the
supernatant was removed. The MTT formazan crystals were
dissolved in 150 μL of DMSO and measured using a
VERSAmax micro plate reader (Molecular Devices, Sunnyvale,
CA) at an absorbance of 560 nm. In the LDH assay, 20%
Tween-20 treated cells were used as maximum LDH activity
control to calculate percentage LDH activity of b-PEI and
RH3F8 nanorod groups. After 24 h of incubation, 10 μL of
supernatant was collected from each sample and mixed with
working reagent containing 0.2 mM NADH and 2.5 mM
sodium pyruvate in a 96-well microplate and incubated for 45
min in a cell-culture incubator. Finally, LDH activity was

quantified by measuring absorbance at 490 nm using a
microplate reader.

Quantification of Hemolysis. The hemolytic activity of
the RH3F8 nanorods was analyzed using human blood. Briefly,
fresh human blood was obtained from healthy volunteers.
Coagulation of blood samples was prevented by the addition of
ethylenediaminetetraacetic acid (EDTA). The samples were
centrifuged at 5000 rpm for 5 min to separate the RBCs, which
were then washed at least twice using PBS and diluted to 2.0 ×
108 cells/mL in PBS. To evaluate hemolytic activity, 0.25 mL of
prepared RBCs were mixed with 0.25 mL of b-PEI or RH3F8 (at
a final concentration of 0.1 mg/mL) or Triton X-100 (at a final
concentration of 0.2%). Triton X-100 (0.2%) was used as
maximum hemolysis control to calculate the percentage of
hemolysis induced by b-PEI and RH3F8. The prepared samples
were incubated at 37 °C for 2 h. After incubation, samples were
centrifuged at 5000 rpm for 5 min, and 30 μL of supernatant
was collected. The supernatant, collected from each sample,
was diluted 10-fold using PBS. Finally, 100 μL of diluted
supernatant was added to a 96-well microplate, and absorbance
was measured at 451 nm using a VERSAmax microplate reader
(Molecular Devices).

Preparation of Curcumin-Loaded RH3F8 Nanorods.
Curcumin was encapsulated in the RH3F8 nanorods to
determine the potential of this system for drug delivery.
Briefly, the RH3F8 peptide was dissolved in methanol to a final
concentration of 1 mg/mL. To optimize encapsulation
conditions, curcumin was used at concentrations ranging
from 50 to 250 μM. The peptide−curcumin solution was
dialyzed against 4 L of deionized water using a dialysis
membrane (MWCO, 1000 Da) for 1 day at RT. After dialysis,
curcumin-loaded RH3F8 nanorods (RH3F8−Cur) were col-
lected and analyzed using DLS and ζ potential.

Quantitation of Curcumin. The curcumin in the RH3F8
nanostructure was quantified using HPLC (FUTECS, Daejeon,
South Korea) with s C18 column, 250 × 4.6 mm, 5 μm particle
size (Phenomenex, Torrance, CA) and a UV detector at 380
nm. For HPLC analysis, the mobile phase consisted of water
with 0.1% acetic acid/acetonitrile/methanol (35:30:35, v/v/v)
at a flow rate 1.0 mL/min. The injection volume of samples was
20 μL. To determine the calibration curve of curcumin,
curcumin was prepared to various concentrations (10−50 μM)
in a binary solvent system (methanol/water at a ratio of 90 to
10, v/v) and measured using an HPLC system. For quantitation
of curcumin in the RH3F8 nanostructure, the nanostructure
were dissolved in the same binary solvent (methanol/water,
90:10, v/v) and measured using an HPLC system. Drug-
loading efficiency and encapsulation efficiency of curcumin, in
the RH3F8 nanostructure, were calculated using the formulas
below:

= ×loading efficiency (%)
weight of the curcumin nanorods

weight of the nanorods
100

= ×encapsulated efficiency (%)
weight of the curcumin nanorods

weight of initial curcumin
100

In Vitro Drug Release. In vitro drug release from
curcumin-loaded RH3F8 nanorod was analyzed using the direct
dispersion method.36 Briefly, 60 μL of prepared curcumin-
loaded RH3F8 nanorods was added to 440 μL of PBS (pH 5.5
or 7.4). The samples were then incubated for 0−120 h in a
shaking incubator at 37 °C. After an incubation period, the
samples were then collected by centrifugation at 3000 rpm for 5
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min. After centrifugation, the supernatant was discarded, and
the pellet consisting of released curcumin was dried in an oven
for 1 h. The water free pellet of curcumin was dissolved in
methanol and quantified using HPLC.
Anticancer Activity of Curcumin-Loaded RH3F8 Nano-

rods. The anticancer activity of curcumin-loaded RH3F8

nanostructure was determined using the MTT assay and the
apoptosis and necrosis detection assay with propidium iodide
(PI) and Annexin V-FITC in HeLa and A549 cells. For the
MTT assay, 1.0 × 104 cells were seeded in a 96-well microplate
and incubated for 24 h. Thereafter, the cells were treated with
1−5 μM of RH3F8−Cur, free curcumin, and empty RH3F8. The
amount of empty RH3F8 was equivalent to the nanorods
content of RH3F8−Cur group. Cells were incubated for 1−3
days and analyzed for cell viability as described. For the
apoptosis assay, we used an FITC Annexin V Apoptosis
Detection Kit (BD Biosciences, San Jose, CA). Briefly, 1.0 ×
105 cells were seeded in six-well microwell plate and incubated
for 24 h. Thereafter, the cells were treated with 5 μM of
RH3F8−Cur, free curcumin, and empty RH3F8 nanorods. Cells
were incubated for 24 to 72 h, washed twice using PBS, and
harvested by trypsin−EDTA. Cells then were washed using
PBS by centrifugation at 1500 rpm for 5 min, resuspended in
500 μL of Annexin V binding buffer, and stained with 10 μL of
PI/Annexin V for 15 min. Stained cells were analyzed by flow
cytometry (FACS Canto II, BD Biosciences).
Reactive Oxygen Species Assay. The accumulation of

ROS in the cells, induced by treatment with RH3F8−Cur, was
determined using the fluorescent reagent H2DCF−DA. Cells
were seeded in black-walled 96-well plates at 1.0 × 104 cells per
well, treated with various concentrations of curcumin (1−5
μM), and incubated for 24 h at 37 °C. The amount of empty
RH3F8 was determined to follow the nanorod content of
RH3F8−Cur. Old media was removed, and cells were washed
with DPBS. Thereafter, H2DCF−DA solution (final concen-
tration of 100 μM in DMEM without phenol red and FBS) was
added to cells followed by incubation for 30 min at 37 °C. Post-
incubation, the wells were washed twice using DPBS, and
fluorescence was quantified (λex: 488 nm and λem: 535 nm)
using a Multilabel Plate Readers (PerkinElmer, Norwalk, CT).
Untreated cells, with standard levels of ROS, were used as
controls to calculate the percentage of ROS activity induced by
treatment with curcumin and RH3F8−Cur.
In Vivo Anticancer Activity in a Zebrafish Model. To

examine the anticancer activity of the curcumin-loaded RH3F8
nanorods in vivo, we generated the zebrafish cancer models
using the A549 cell line. Briefly, zebrafish eggs were incubated
in a fish incubator for 2 days, and dechorionated. A549 cells
were stained using cell-fluorescence tracker (CellTracker CM-
DiI Dye, thermoscientific) for 30 min in a cell culture
incubator. The labeled cells were then harvested using
trypsin−EDTA and washed twice with PBS containing 10%
FBS. The labeled cells were then injected into zebrafish larvae
by microinjection. The larvae were split in 96-well microplates
containing tap water and different test samples (5 μM of
curcumin or RH3F8−Cur) and incubated for 4 days in a fish
incubator. After the incubation, the larvae were anesthetized
using 0.04% tricaine and observed under a confocal microscope
(Zeiss, Oberkochen, Germany).
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