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Abstract: We prepared nanoscale, modularizable, self-assembled peptide nanoarchitectures with 
diameters less of than 20 nm by combining β-sheet-forming peptides tethering a cell-penetrating 
peptide or a nuclear localization signal sequence. We also found that doxorubicin (Dox), an 
anti-cancer drug, was non-covalently accommodated by the assemblies at a ratio of one Dox 
molecule per ten peptides. The Dox-loaded peptide assemblies facilitated cellular uptake and 
subsequent nuclear localization in HeLa cells, and induced cell death even at low Dox 
concentrations. This peptide nanocarrier motif is a promising platform for a biocompatible drug 
delivery system by altering the targeting head groups of the carrier peptides. 

Keywords: peptide self-assembly; drug delivery system; cell-penetrating peptide; nuclear-localization 
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Targeted drug delivery systems, especially those targeted to the nucleus, have drawn great 
attention because they have the promise to depress toxic side effects and simultaneously enhance 
therapeutic efficiency. For instance, gene therapy involves correcting dysfunctional and missing 
genes by delivering therapeutic genes into the cell nucleus [1]. The nuclear envelope contains unique 
channels called nuclear pore complexes (NPCs), which allow passive diffusion of ions and small 
molecules (<40 kDa) through aqueous channels with a diameter of 20–70 nm [2,3]. Molecules larger 
than 25 nm in diameter can be transported across the NPCs by importin α/β-mediated nuclear 
import and export systems [4]. Thus, the intranuclear delivery of relatively large particles, such as 
drug carriers can be achieved with the assistance of nuclear localization signals (NLSs) for passing 
through NPCs [5–7]. The NLSs of the viral proteins or protein transduction domains consist of 
relatively short peptides (<30 amino acids) and include HIV-1 Tat (48–60) [8], HIV-1 Rev (34–50) [9], 
and SV40 T-antigen (126–132) [10]. The highly effective eight-arginine-sequence [(Arg)8] translocates 
large molecules into cells and belongs to a class known as cell-penetrating peptides (CPPs) [9,11]. So 
far, covalent linkages or simple physical interactions of CPPs have been demonstrated to promote 
the cellular uptake of a variety of particles, such as DNA [12], peptides [13], proteins [14], liposomes 
and micelles [15], and quantum dots [16]. A small anticancer drug, doxorubicin (Dox), was 
previously delivered by conjugation with a carrier peptide to the mitochondria [17]. Diversifying the 



Molecules 2017, 22, 1916 2 of 8 

 

platform of drug carriers having diameters less than NPCs and/or requiring no covalent linkages 
with small drugs is an attractive method to improve the targeted drug delivery [18–22]. 

We have so far devoted our efforts to the design, synthesis, and characterization of 
self-assembled peptide nanoarchitectures, and have found that RU006, a β-sheet-forming 
nonapeptide, forms a disk-like assembly that is approximately 50 nm wide and 2.5 nm thick [23,24], 
which is comparable to NPCs. For intracellular targeted drug delivery, if CPP/NLS-modified RU006 
peptides can be used, the modularized assembly of the peptides would be effective for nuclear 
localization of drugs via not only passive diffusion, but also through endosomal escape and NPC 
transfer systems. Furthermore, small drugs can be accommodated into the particles during 
self-assembly without covalent linkages that might alter their biological effects (Figure 1). Here, we 
describe (i) the design and synthesis of CPP/NLS-modified RU006 peptides, (ii) the characterization 
and cellular uptake/nuclear localization of the modularized peptide assemblies, and (iii) non-covalent 
loading of Dox by the assemblies and Dox-induced cell death activity. This is a potentially versatile 
and modularizable strategy for the development of targeted drug delivery systems. 

 

Figure 1. Schematic illustration of intracellular delivery of doxorubicin by modularized peptide 
assemblies as nanocarriers. 

The design of the amphiphilic nonapeptide RU006 was described previously [23,24]. Briefly, 
RU006 was designed to have two isoleucines and a 2-naphthylalanine at the hydrophobic face, 
which provides the driving force for self-assembly via hydrophobic interactions and π-π stacking 
(Figure 2A). Four alanines and a lysine (Lys) were placed at the hydrophilic face to make the peptide 
water-soluble. Another Lys residue was arranged at the hydrophobic face to make it favorable for 
packaging the organic molecules via hydrogen bonding and/or electrostatic interactions. The 
sequences of SV40 T-antigen (126–132) [10], (Arg)8 [9,11], and HIV-1 Tat (47–60) [8] were chosen to 
design NLS-RU006, R8-RU006, and Tat-RU006 as CPP/NLS-tethering peptides, respectively. The 
N-terminus of NLS-RU006 was modified with biotin to determine the arrangement of the NLS 
moieties in the carrier architectures. As an intracellular tracer, 5(6)-carboxytetramethylrhodamine 
(TMR)-capped RU006 was also designed (TMR-RU006). These head groups were attached at the 
N-terminus of the RU006 sequence via two or three-glycine-repeats. The peptides were synthesized 
by the standard solid-phase peptide synthetic method [25], purified by reverse-phase HPLC, and 
were characterized by MALDI-TOF MS (Figures S1–S8). 

Two sets of four different RU006-based peptide nanocarriers were prepared (Figure 2B): Entry 1 
involving NLS-RU006, R8-RU006, and Tat-RU006; Entries 2, 3 and 4 lacking two of the three 
CPP/NLS-peptides; and Entries 1’–4’ including TMR-RU006 in addition to Entries 1–4 for the 
detection of peptide localization in cells. Total peptide concentrations for self-assembly were kept 
constant at 100 μM, and to lower cytotoxicity and to avoid the destabilization of the peptide 
self-assemblies, RU006 was mixed with its derivative(s) tethering strongly-basic and bulky head 
group(s) in 80/20 (79/21) ratio(s). They formed nanocarriers in 20 mM sodium phosphate buffer, 150 
mM NaCl (pH 7.2) at 25 °C. 
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Figure 2. (A) Amino acid sequences of RU006 as a carrier peptide; NLS-RU006, R8-RU006, and 
Tat-RU006 as CPP/NLS moiety-tethering peptides; and TMR-RU006 as a fluorescence tracer; (B) The 
compositions of nanocarriers examined in this study. The compositions of Entries 1’–4’ are in 
parentheses. Abbreviations: CPP = cell-penetrating peptide; NLS = nuclear localization signal; X = 
L-2-naphthylalanine; TMR = 5(6)-carboxytetramethylrhodamine. 

First, we attempted to characterize the peptide self-assemblies of Entry 1 (100 μM in 20 mM 
sodium phosphate buffer, 150 mM NaCl, pH 7.2) by dynamic light scattering (DLS). Unfortunately, 
DLS signals corresponding to the assemblies were not obtained reproducibly, probably due to the 
relatively diluted concentration of the peptide. Thus, we characterized the morphology of the 
peptide nanocarriers of Entry 1 by transmission electron microscopy (TEM). Figure S9 and Figure 
3A,B show the presence of round-shaped assemblies with diameters of 9 ± 3 nm, 12 ± 5 nm, 14 ± 6 
nm, and 14 ± 6 nm, in width at 1, 6, 12 and 24 h after self-assembly started in buffer solution at 25 °C, 
respectively, which are comparable to the pore sizes of NPCs. However, aggregation of the 
nanoscale assemblies was observed after a 12-h incubation. Atomic force microscopic (AFM) 
measurements revealed disk-like assemblies of approximately 2 nm thick, as seen in the literature 

[18,19] by a 6-h incubation (Figure 3C). 

 
Figure 3. Characterization of self-assembled peptide nanocarriers of Entry 1 prepared by incubation at 25 
°C for 6 h ([peptide] = 100 μM in 20 mM sodium phosphate buffer, 150 mM NaCl, pH 7.2). (A) 
Transmission electron microscopy (TEM) image of the self-assembled peptide nanocarriers; (B) 
distribution in diameters of the nanocarriers in TEM images; (C) atomic force microscopic (AFM) analysis 
of the nanocarriers; and (D) localization of the NLS-moieties of the nanocarriers by immunostaining with 
gold colloidal particle (10 nm)-labeled goat anti-biotin antibody. Black spheres show gold nanoparticles 
and white arrows indicate self-assembled peptide nanocarriers colored in gray in panel three-dimensional 
(3D). TEM samples were negatively stained with 2% phosphotungstic acid. 
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Thereafter, we decided to use a 6-h incubation for self-assembly. Treatment of peptide 
nanocarriers of Entry 1 with gold colloidal particle (10 nm)-labeled goat anti-biotin antibody on the 
TEM grid resulted in gold nanoparticles (black spheres) on the gray-colored assemblies, indicating 
that NLS moieties were expectedly sticking out from the surface of the assemblies into the aqueous 
media (Figure 3D). Other peptide nanocarriers of Entries 2, 3 and 4 also showed round-shaped 
assemblies of 14 ± 8 nm, 13 ± 6 nm and 13 ± 6 nm in width at 6 h, respectively (Figure S10). With these 
self-assembled peptide nanocarriers in hand, we performed cellular uptake assays. 

To investigate the cellular uptake of peptide nanocarriers of Entries 1’–4’, we mixed 
peptide-containing solution matured by a 6-h pre-incubation (100 μM) and cell culture medium in 
equivolume ratios, incubated HeLa cells with peptides at a final concentration of 50 μM for 4 h at 37 °C 
in a 5% CO2 atmosphere, and examined the cellular uptake and subsequent localization of the 
peptide nanocarriers in the cells after a 4-h incubation (Figure 4). Confocal laser scanning 
microscopy (CLSM) imaging revealed that the red fluorescence signals for TMR-RU006 were 
superimposed with blue ones for Hoechst33342 emission, as shown in Figure 4B, likely indicating 
that peptide nanocarriers of Entry 2’ successfully localized in the HeLa nuclei without cytotoxicity at 
concentrations ranging from 1 to 100 μM (Figure S11A). Unfortunately, the passive diffusion process 
that we expected appears to have been minor, because peptide nanocarriers of Entries 1’, 3’ and 4’ 
showed the limited delivery of TMR-RU006 molecules into the nuclei, but were still trapped in the 
cytoplasm and the perinuclear region without cytotoxicity even after a 4-h incubation (Figure 
4A,C,D and Figure S11B) [26]. Seymour et al. reported that the NLS sequence from SV40 T-antigen 
(PKKKRKVEDPYC) significantly binds to importin α1, which is an intracellular transport receptor, 
and facilitates the transfer through nuclear pores [27]. Therefore, these results suggest that 
NLS-RU006 accompanied by TMR-RU006 was delivered into HeLa nuclei via the nuclear import 
pathway in an NLS-concentration dependent fashion. 

 
Figure 4. Confocal laser scanning microscopy images (40×) of HeLa cells after incubation with (A) Entry 
1’, (B) Entry 2’, (C) Entry 3’, and (D) Entry 4’ at 37 °C in a 5% CO2 atmosphere for 4 h ([peptide] = 50 
μM). Red and blue signals indicate fluorescence emissions from 5(6)-carboxytetramethylrhodamine 
(TMR) and Hoechst 33342, respectively. 

Next, we attempted to examine Dox encapsulation by RU006 carrier peptides and estimate the 
amounts of Dox loaded into the assemblies by gel filtration chromatography. However, peaks for 
peptide self-assemblies were not observed, but rather we observed that of the peptide monomer 
(data not shown). The peak for Dox incubated with RU006 was detected a little earlier than that for 
Dox only, indicating that Dox and the peptide formed apparently larger-molecular-weight 
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constructs (Figure S12). These results suggest that even though the peptide and Dox associated 
weakly and was dissociated by interactions in the gel packed column during measurements, Dox 
might be encapsulated within the peptide self-assemblies. Therefore, we examined the Dox 
encapsulation process by fluorescence labeling. We first confirmed a linear correlation between Dox 
concentration and fluorescence intensity in the dynamic range for this study (Figure S13). Figure 5A 
shows the fluorescence emission from Dox before (10 μM) and after ultrafiltration with a cutoff 
molecular weight (COMW) of 100 kDa. The filtrates of the buffer solution containing Dox without 
RU006 showed fluorescence intensities that decreased to approximately 5% relative to that before 
ultrafiltration (control), suggesting that Dox molecules were favorably adsorbed onto the 
ultrafiltration membrane. With increasing RU006 concentration to 100 μM, Dox fluorescence of the 
filtrates increased up to 80% relative to the control. 

 
Figure 5. (A) Doxorubicin (Dox) encapsulation by RU006 carrier peptides as a function of RU006 
concentration ([Dox] = 10 μM and [RU006] = 0, 10, 20, 50, and 100 μM in 20 mM sodium phosphate 
buffer, 150 mM NaCl, pH 7.2 at 25 °C for 6 h) detected by fluorescence intensity from Dox (λex = 480 nm) 
after ultrafiltration (COMW 100 kDa). Red line shows fluorescence emission from Dox without RU006 
before ultrafiltration as a control. Inset shows relative fluorescence intensity of Dox-loaded RU006 
peptide nanocarriers at 594 nm. Fcontrol indicates Dox fluorescence intensity for the red line in panel 5A;  
(B) Cytotoxicity (Dox-induced cell death) of Dox-loaded self-assembled peptide nanocarriers of Entry 2 
for HeLa cells at 24 h after the reaction started (final peptide concentration = 50 μM) (mean ± SD, n ≥ 3). 
Control experiments involved cell culture lacking both Dox and peptides. 

Even when the pore size of the ultrafiltration membrane was decreased from 100 kDa to 3 kDa 
COMW, approximately 60% of Dox fluorescence relative to the control was still observed in the 
filtrates (Figure S14). Furthermore, we estimated the amounts of peptides that passed through 
ultrafiltration membranes by HPLC. Figure S15 shows HPLC profiles for RU006 peptide 
nanocarriers before (100 μM) and after ultrafiltration, resulting in an approximate 25% decrease in 



Molecules 2017, 22, 1916 6 of 8 

 

HPLC signal intensity by ultrafiltration. Dox peaks were too small to detect by the HPLC 
measurement due to the small extinction coefficient for Dox. These ultrafiltration and HPLC data 
indicated that Dox molecules were successfully accommodated into peptide nanocarriers, favorably 
forming nanoparticles with sizes of less than 10–100 kDa, and further allowed us to infer that the 
assemblies accommodated Dox at one Dox molecule per ten peptides (maximum one Dox per five 
peptides) with an approximate 80% efficiency. 

We also performed Dox release experiments from Dox-loaded RU006 nanocarriers (Figure S16). 
The buffer solution containing Dox-loaded RU006 nanocarriers after a 6-h incubation for 
self-assembly/encapsulation was mixed with cell culture medium in an equivolume ratio, and 
incubated at 37 °C for 0, 1, 2, 3, and 4 h. At these time points, sample solutions were filtered through 
an ultrafiltration membrane filter (COMW 100 kDa) to remove free Dox molecules. The results 
showed that Dox molecules were stably encapsulated in the peptide nanocarriers and were released 
slowly from the carriers at a rate of 10% release per 4 h, sufficient for cellular uptake.  

Last, we conducted Dox-induced cell death assays for HeLa cells by incubation with an 
equivolume mixture of buffer solution containing peptide nanocarriers of Entry 2 (6-h pre-incubation 
sample for maturation) that showed excellent nuclear localization potential (Figure 4B) and cell culture 
medium (final Dox and peptide concentrations = 5.0 and 50 μM, respectively) for 24 h at 37 °C in a 5% 
CO2 atmosphere [26]. Figure 5B shows the cytotoxicity of the solutions of Dox only, Dox + RU006, 
and Dox + Entry 2, indicating that cell viability gradually decreased with increasing Dox 
concentration from 0.1 to 5.0 μM. Notably, the use of peptide nanocarriers of Entry 2 effectively 
induced cell death even at low Dox concentrations (~0.1 μM), indicating that NLS-tethering 
self-assembled peptide nanocarriers successfully delivered small drugs to HeLa nuclei without the 
need for covalent linkages. Meanwhile, no significant difference in cell viability between Dox-only 
and Dox + peptide carriers at relatively high 5.0 μM of Dox concentration was observed. This is 
possibly due to the encapsulation of some of Dox molecules within relatively large aggregates that 
were ineffective for cellular uptake, but the details are still unclear. 

In conclusion, we have examined self-assembled peptide nanoarchitectures for nuclear-targeted 
drug delivery. Incorporating the CPP/NLS-moieties, including SV40 T-antigen (126–132), (Arg)8, and 
HIV-1 Tat (47–60) sequences, into the peptide assemblies and improved cellular uptake and 
subsequent nuclear localization by assistance of the NLS moiety. The assemblies also accommodated 
small drugs such as Dox inside of them without covalent linkages that would probably alter the 
biological effects of the drugs. This peptide nanocarrier system can serve as a versatile, 
modularizable platform for targeted drug delivery by altering the targeting head groups of the 
carrier peptides for use against cancer cells of interest (e.g., breast cancer and ovarian cancer). 
Further characterization of the colloidal properties of the peptide nanocarriers is needed. This will 
include fluorescence correlation microscopy, estimating the stability of the assemblies in the 
presence of serum, and elucidating the mechanisms of cellular uptake and nuclear localization. 
Future work will also apply the system to different cancer cells using different drugs to maximize its 
potential for drug delivery. 

Supplementary Material: Supplementary Material is available online. Materials and Methods, characterization 
data (HPLC and MALDI-TOF MS profiles) for the peptides, characterization of the self-assembled peptide 
nanocarriers of Entries 1, 2, 3 and 4, cytotoxicity of self-assembled peptide nanocarriers for HeLa cells, 
doxorubicin encapsulation by RU006 peptide nanocarrier characterized by ultrafiltration assay, doxorubicin 
encapsulation by RU006 peptide nanocarrier characterized by gel filtration chromatography, HPLC and 
fluorescence spectroscopy, and references. 
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