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Previous studies showed that the cytoplasmic transport of 
nanoparticles to the nucleus is driven by a vesicular sort-
ing system. Artificial approaches for targeting a microtu-
bule-associating motor complex is also a challenge. We 
describe herein the development of a liposomal nano-
particle, the surface of which is modified with stearylated 
octa-arginine (STR-R8), and a dynein light chain (LC8)-
associated peptide derived from an African swine fever 
virus protein p54 (p54149-161) with polyethyleneglycol 
(PEG) as a spacer (p54149-161-PEG/R8-liposomal nanopar-
ticles (LNPs)). The p54149-161-PEG/R8-LNPs preferentially 
gain access to the nucleus, resulting in a one- to two-order 
of magnitude higher transfection activity in comparison 
with p54149-161-free nanoparticles (PEG/R8-LNPs). Further 
studies of particle tracking in HeLa cells stably express-
ing green fluorescent protein (GFP)-tagged tubulin (GFP/
Tub-HeLa) indicate that p54149-161 stimulated the trans-
port of nanoparticles along fibrous tubulin structures. 
Moreover, a part of the p54149-161-PEG/R8-LNPs appeared 
to undergo quasi-straight transport without sharing the 
tracks corresponding to PKH67, the plasma membrane 
of which had been prestained with a marker just before 
transfection, while corresponding movement was never 
observed in the case of PEG/R8-LNPs. These findings sug-
gest that a portion of the p54149-161-modified nanopar-
ticles can use microtubule-dependent transport without 
the need for an assist by a vesicular sorting system.
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IntroductIon
For the successful delivery of therapeutic genes, nuclear target-
ing is an important issue that needs to be overcome.1,2 In addi-
tion to biomembranes (i.e., plasma/endosomal membranes and 
nuclear membranes), the cytoplasm is also a crucial obstacle for the 
nuclear delivery of DNA. The diffusion of DNA in the cytoplasm is 
severely limited; the diffusion coefficient of naked DNA >2,000 bp 
in the cytoplasm is <1% of that in water,3 which is most likely due 
to restricted movement by actin cytoskeletal filament.4 Moreover, 
DNA is easily degraded by nucleases in the cytoplasm with a half-

life of dozens of minutes.5 The condensation and/or encapsulation 
of DNA to form nano-sized particles provide protection against the 
action of cellular nucleases. Furthermore, the design of a nanopar-
ticle to exploit the cellular factors involved in nuclear targeting is of 
great importance for efficient nuclear transport.

Real-time particle tracking is a powerful technology that has the 
capability to provide new insights into the mechanism of the cytoplas-
mic transport of viruses6 and artificial nanoparticles (i.e., polyethyl-
eneimine-based nanoparticles7–9 and liposomal nanoparticles10,11). It 
is generally thought that the directional transport of polyplexes7 and 
lipoplexes11 occurs via vesicular transport, since the major fraction 
of the particles (>90%) were co-localized with a fluid-phase marker. 
We also provided support for these conclusions by using octa-argin-
ine (R8)-modified liposomal nanoparticles (R8-liposomal nanopar-
ticles (LNPs)).10 In this case, microtubule-dependent transport was 
observed only in particles that were co-localized with fluid-phase 
markers (endosomes). More importantly, in relation to this study, 
particles free from co-localization with endosomes never exhibited 
directional motion. These data prompted us to target a motor pro-
tein, in an attempt to artificially control the cytoplasmic transport of 
nanoparticles after endosomal escape.

Recent studies with live cells have clarified that the nuclear 
transport of endogenous proteins such as p53,12 parathyroid hor-
mone-related protein13 and nuclear factor kappa B14 is assisted by 
microtubule-dependent transport. In addition, various types of 
incoming viruses15–17 including adenovirus6,18–20 and herpes sim-
plex virus19,21 also use this machinery to deliver their genomes 
to the nucleus. Cytoplasmic dyneins comprise a superfamily of 
molecular motors that deliver the cargos to the minus-end of 
microtubules (retrograde transport). The dynein motor is a multi-
subunit protein that contains two heavy chains, two intermediate 
chains (ICs), four light intermediate chains and a variable num-
ber of homodimeric light chains (LCs).15,22 To date, a yeast-hybrid 
system and a proteomics approach revealed that a large number 
of endogenous23–26 and virus-derived proteins15,21,27–29 interact 
with the components of LCs; LC8 or t-complex testis-expressed-1 
(Tctex-1).30 Therefore, the findings reported in these earlier inves-
tigations suggest that LC8 functions as an adapter of these cargos. 
However, later structural and thermodynamic studies contra-
dicted these models; the binding sites of the LC8 homodimer to 
the proposed cargos were sequestered by the multivalent binding 
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with ICs in dynein complex formation.31 Therefore, LC8 is now 
thought to function as a dimerization stabilizer of their binding 
partners (scaffold proteins of various complexes), as well as the 
ICs in the dynein motor complex,32 but not as a mediator of the 
cargos to the dynein complex.

Nevertheless, we unexpectedly found that modification of the 
13-amino acid peptide derived from an African swine fever virus 
protein p54 (YTTVTTQNTASQT; p54149-161), a peptide reported 
to be associated with LC8 using yeast-hybrid system27 stimulated 
the gene expression of pDNA-encapsulating nanoparticle. In this 
study, we report on an analysis of the intracellular trafficking by 
means of a particle tracking.

results
design of p54149-161-modified liposomal nanoparticle
In this study, we used a pDNA-encapsulating LNPs, in which posi-
tively charged pDNA/polycation condensed particles were encap-
sulated in negatively charged lipid bilayers.33,34 A combination of 
1.2-dioleoyl sn-glycero-3-phosphatidylethanolamine and phos-
phatidic acid was used as an endosome-fusogenic lipid envelope.35 
The surface of the LNPs was modified with a high density (5% of 
total lipid) of octa-arginine (R8-LNPs), which marks the LNPs for 
efficient internalization into cells.36

Suh et al.37 demonstrated that the diffusivity of liposomes 
coated with polyethyleneglycol (PEG) was enhanced, as com-
pared with PEG-unmodified liposomes when they were micro-
injected into the cytoplasm, presumably because the hydrophilic 
PEG layer prevented the aggregation of particles. Furthermore, 
we recently reported that liposomes modified with transferrin 
with a PEG spacer (transferrin-PEG-Lips) weretaken up by cells 
much more efficiently and faster than particles that had been 
directly modified with transferrin on the head group of the lipid 
(transferrin-Lips),38 presumably because modification of the 
ligand on the surface of the flexible PEG moiety facilitates its 
binding to the receptor. These results prompted us to modify the 
p54149-161 on the R8-modified nanoparticle with PEG as a spacer 
(p54149-161-PEG/R8-LNPs) (Figure 1). A cysteine-introduced and 
C-terminally amidated peptide (NH2-CYTTVTTQNTASQT-
CONH2) was conjugated to the distearoyl-sn-Glycero-3-
 phoshoethanolamine-N-[(3-male imide-1-oxopropy l)

aminopropyl (polyethylene glycol)-2000] (Mal-PEG2000-DSPE) 
via a Michael addition reaction to prepare the p54149-161-conju-
gated PEG lipid (p54149-161-PEG2000-DSPE). Conjugation of the 
peptide to Mal-PEG2000-DSPE was confirmed by determining 
the molecular weight using MALDI-TOF MS (Supplementary 
Figure S1 online). The systematic introduction of a mutation in 
p54149-161 revealed that the 3 C-terminal amino acids (SQT) are 
essential for the binding of LC8.27 Therefore, we conjugated the 
peptide via its N-terminally inserted cysteine to the edge of the 
PEG so that the SQT domains were oriented outward from the 
particle surface. The synthesized p54149-161-PEG2000-DSPE was 
added to the lipid component (1–5% of total lipid) to prepare 
the p54149-161-PEG/R8-LNPs.

As a comparison, we used dynein intermediate chain (DIC)-
derived peptides (DICLC8; NH2-CVSYSKETQTPL-CONH2 and  
DICTctex-1; NH2-LGRRLHKLGVSKVTQVDFLC-CONH2), which  
includes peptide motifs of (K/R)XTQT and (R/K)(R/K)
XX(R/K) to associate with LC823 and Tctex-1,39 respectively 
(Supplementary Figure S2 online). As a nontargeting control, 
distearoyl-sn-Glycero-3-phosphoethanolamine-N-[methoxy 
(polyethylene glycol)-2000] (PEG2000-DSPE), a peptide-unmod-
ified PEG-lipid was alternatively added to prepare R8-LNPs 
(PEG/R8-LNPs).

The physicochemical characteristics of PEG/R8-LNPs, p54149-161- 
PEG/R8-LNPs, DICLC8-PEG/R8-LNPs and DICTctex-1-PEG/R8-LNP 
are summarized in Table 1. The average sizes of all of the particles are 
quite comparable (120–150 nm). The ξ-potentials tend to decrease 
with the density of p54149-161-PEG2000-DSPE or PEG2000-DSPE, most 
likely because these incorporated PEG-lipids possess one anionic 
charge in their structures. However, the parameters were mutually 
comparable between p54149-161-PEG/R8-LNPs and PEG/R8-LNPs, 
when compared at the same density of PEG-lipids. Therefore, the 
following differences in the function and intracellular trafficking of 
these particles cannot be explained by the physicochemical charac-
teristics of the preparations.

Polyethyleneglycol (PEG)

Octaarginine (R8)

Lipid bilayer
(envelope)

pDNA/protamine
(core particle)

PEG/R8-LNPs

Dynein-targeting peptide (p54149-161)

p54149-161-PEG/R8-LNPs

Figure 1 design of nanoparticles. pDNA was condensed with 
protamine, and thereafter encapsulated in the lipid envelope. A cysteine-
introduced and C-terminally amidated peptides was conjugated to the 
Mal-PEG-DSPE via a Michael addition reaction to prepare the peptide-
conjugated PEG lipid (peptide-PEG-DSPE). The surface of the nanopar-
ticles was modified with octa-arginine (R8) and PEG by incorporating 
the stearylated-R8 (STR-R8) and synthesized peptide-PEG-DSPEs. PEG, 
polyethylene glycol.

table 1 Physicochemical characters of lnPs

 
PeG  

density (%)
size  
(nm)

ξ-potential 
(mV)

Condensed pDNA — 83.4 26.0

PEG/R8-LPs 1 140.0 34.4

3 125.5 28.5

5 127.3 26.9

p54149-161-PEG/R8-LNPs 1 129.7 43.9

3 139.7 39.6

5 158.7 31.2

DICLC8-PEG/R8-LNPs 1 158.0 27.8

3 216.0 22.2

5 357.5 14.5

DICTctex-1-PEG/R8-LNPs 1 148.0 37.7

3 148.0 35.9

5 150.5 31.1

PEG, polyethylene glycol.
The diameter and zeta potential of the liposomes were determined using an 
electrophoretic light-scattering spectrophotometer.
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Functional evaluation of PeG/r8-lnPs and  
peptide-PeG/r8-lnPs
We first investigated the effect of p54149-161 on the transfection activi-
ties of encapsulated pDNA (Figure 2a). PEG/R8-LNPs and p54149-161- 
PEG/R8-LNPs were incubated with HeLa cells in serum-free 
Dulbecco’s modified Eagle medium at a concentration of 1.6 μg 
pDNA/ml for 3 hours. The medium was then replaced with fresh cul-
ture medium, and cultured for additional 21 hours. It is noteworthy 
that the gene expression of PEG/R8-LNPs was gradually decreased 
when the density of PEG-modification increased. This is most likely 
because the cellular uptake and/or endosomal escape triggered by the 
R8-driven membrane association would be hampered by the hydro-
philic PEG layer.40 Nevertheless, p54149-161-PEG/R8-LNPs exhibited a 
one-order (1 % of peptide modification) or approximately two- orders 
(3 and 5% of peptide modification) of magnitude higher transfection 
activity as compared with PEG/R8-LNPs. In contrast, the transfec-
tion activity was only marginally enhanced by the modification of 
DICLC8 and DICTctex-1. It thus appears that p54149-161 possesses a unique 
function that permits the intracellular trafficking of nanoparticles to 
be modulated. In the following studies, we focused on PEG/R8-LNPs 
and p54149-161-PEG/R8-LNPs that were modified with 5% of PEG2000-
DSPE and p54149-161-PEG2000-DSPE, respectively. Real-time PCR was 
used to determine the intracellular copy numbers of pDNA at 6 hours 
post-transfection, which are a hybrid parameter of the cellular uptake 
efficacy and intracellular degradation. Although the copy number 
of pDNA delivered by the p54149-161-PEG/R8-LNPs was significantly 
greater than PEG/R8-LNP, the extent (at most twofold) does not 
explain a two-orders of magnitude difference in transfection activity 
(Figure 2b). Therefore, it is most plausible to assume that p54149-161 
improved the intracellular trafficking processes.

To gain more insights into the mechanism of the intracellular 
trafficking of these particles, the time-dependent profile for trans-
fection efficiency was monitored with AB-2550 KronosDio (ATTO, 
Tokyo, Japan), which allows continuous measurement of the biolu-
minescence by luciferase gene-transfected cells. After transfection, 
a medium, modified to include luciferin, was used in culturing the 
cells, and bioluminescence was monitored at 20-minute intervals. As 
shown in Figure 2c, the higher gene expressionin p54149-161-PEG/R8- 
LNPs as compared with PEG/R8-LNPs (>30-fold) was confirmed 
by this analysis. Of note, a significantly higher gene expression in 
p54149-161-PEG/R8-LNPs was initially observed immediately after 
the transfection (at 4–6 hours). The inset shows a plot of the relative 
gene expressions of PEG/R8-LNPs and p54149-161-PEG/R8-LNPs, 
normalized by their respective ones at 12 hours. Gene expression 
starts to increase at 4 hours in proportion to the time of exposure 
to the p54149-161-PEG/R8-LNPs, while a quadratic dependence 
ontime was observed in the case of PEG/R8-LNPs. These results 
indicate that p54149-161-PEG/R8-LNPs are associated with an earlier 
onset of gene expression. Moreover, treatment with nocodazole, 
a micro tubule-disruption agent, significantly impaired the gene 
expression of p54149-161-PEG/R8-LNPs. These collective data indi-
cate that microtubule-dependent transport plays a key role in the 
nuclear delivery of pDNA. In the following studies, we focused on 
the impact of p54149-161-modification on the microtubule-dependent 
transport of the nanoparticles.

time-dependent accumulation of PeG/r8-lnPs and 
p54149-161-PeG/r8-lnPs toward the nucleus
To visualize the intracellular trafficking of nanoparticles, the 
pDNA was labeled with rhodamine.26 HeLa cells stably expressing 
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Figure 2 transfection activity and intracellular copy numbers of pdnA delivered with lnPs. (a) PEG/R8-LNPs and peptide-conjugated PEG/R8- 
LNPs were transfected to HeLa cells for 24 hours. Each bar represents the mean gene expression of the reporter gene (luciferase) ± SD. Indicated molar 
percentage (to the total lipid amount) of peptide-PEG-DSPE or PEG-DSPE was incorporated into the lipid envelope. Asterisks represent a significant 
difference, as determined by the Mann–Whitney U-test (*P < 0.05). (b) PEG/R8-LNPs and p54149-161-PEG/R8-LNPs (2 μg pDNA) at 37 oC for 6 hours. 
After purification of the cellular DNA, intracellular copy numbers were quantified by Real-time PCR. Data are represented as the mean ± SD (N = 3). 
Asterisks represent a significant difference determined by one-way ANOVA, followed by Student’s t-test. (c) The cells were incubated with PEG/R8- 
LNPs or p54149-161-PEG/R8-LNPs in serum-free medium in the presence or absence of 10 μmol/l nocodazole for 3 hours, followed by incubation in 
Dulbecco’s modified Eagle medium containing 10% serum and 100 μmol/l D-luciferin. The time shown in the x-axis started from the addition of LNP 
solutions and the measurement started from 4 hours. The insert represents the relative gene expressions of LNPs from 4 to 12 hours in the absence of 
nocodazole, normalized by those at 12 hours. Statistical analyses were performed by one-way ANOVA followed by Bonferroni’s multiple comparison 
test (**P < 0.01 against PEG/R8-LNPs, and ##P < 0.01 against nocodazole-treated condition) or one-way ANOVA followed by Student’s t-test (inset; *P 
< 0.05 and **P < 0.01 against PEG/R8-LNPs). LNP, liposomal nanoparticles; PEG, polyethylene glycol.
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green fluorescent protein (GFP)-tagged tubulin (GFP/Tub-HeLa) 
were used to visualize microtubules. In the following imaging 
studies, cells were incubated with LNPs in 2-[4-(2-hydroxyethyl)-
1-piperazinyl]ethanesulfonic acid (HEPES) solution at a concen-
tration of 0.25 μg pDNA/ml for 1 hour. Under normal transfection 
conditions, intracellular particles are too active to permit their 
tracking across a time span. Therefore, the concentration of LNPs 
was reduced to permit the particles to be tracked in sequential 
frames. The images were acquired by multi-color wide-field 
fl uorescence microscopy. Following a 1-hour pulse incubation of 
GFP/Tub-HeLa with PEG/R8-LNPs and p54149-161-PEG/R8-LNPs, 
the cells were washed to remove unbound particles, and imme-
diately observed by fluorescence microscopy in HEPES buffer, or 
additionally incubated for various durations to examine the further 
distribution of these carriers (Figure 3). The pictures were cap-
tured at nearly the bottom of the focal plane. In fact, the settling of 
particles in the dish bottom could also be detected in regions that 
were free of GFP/Tub-HeLa cells. Of note, the particles observed 
around the nucleus at the bottom focal plane were not detected at 
the top (beneath the top of the plasma membrane) focal planes. 
On the contrary, particles detected at the top focal plane were not 
observed in the bottom focal plane (data not shown). Therefore, 
the nuclear accumulation observed at the bottom plane cannot be 
an artifact due to the leakage of the fluorescence signals derived 
from the particles simply just bound on the cellular surface. 
Collectively, it is plausible to assume that the particles detected 
here are located inside of the cells.

At 1 hour after transfection, both particles were located 
beneath the plasma membrane. However, the p54149-161-PEG/R8- 
LNPs gradually gained access around the nucleus, especially 
regions that were rich in GFP/Tub (nucleus-neighboring MTOC) 
as shown in Figure 3b, while nuclear accumulation was poorly 
observed in PEG/R8-LNPs (Figure 3a).

real-time image acquisition of microtubule-
dependent intracellular transport
To examine the directional transport properties along with micro-
tubules, the movement of PEG/R8-LNPs and p54149-161-PEG/R8- 
LNPs was tracked by multi-color real-time imaging. At an earlier 
time (<2 hour), the major fraction of particles were located on 
the upper focal plane (beneath the top of the plasma membrane) 
where tubulin structures were rarely observed. Therefore, fluores-
cence images were recorded after 2.5-hour incubation with PEG/
R8-LNPs and p54149-161-PEG/R8-LNPs, when a significant num-
ber of these particles had accumulated in the focal plane that was 
rich in GFP/Tub signals. In the case of PEG/R8-LNPs, the major 
fraction of the particles showed fluctuating motion (Figure 4a 
and Supplementary Video S1 online). In contrast to the PEG/
R8-LNPs, the cytoplasmic movement of p54149-161-PEG/R8-LNPs 
was active, and moreover, directional transport was well observed 
while the association with the microtubule filamentous structure 
was maintained (Figure 4b and Supplementary Video S2 online). 
Furthermore, when the samples were treated with nocodazole, 
the directional transport of p54149-161-PEG/R8-LNPs was com-
pletely lost (Supplementary Video S3 online). Together with 
the above data (Figure 2c) concerning the nocodazole-mediated 
inhibition ingene expression, these data collectively indicate that 

p54149-161 stimulates the microtubule-dependent transport of the 
nanoparticles.

Involvement of vesicular transport to the 
microtubule-dependent transport of PeG/r8-lnPs 
and p54149-161-PeG/r8-lnPs
To investigate the mechanism of microtubule-dependent trans-
port, we examined the issue of whether the directional transport 
of p54149-161-PEG/R8-LNPs occurred before or after endosomal 
release. To address this issue, the plasma membranes of HeLa cells 
were preliminarily labeled with PKH67 GREEN FLUORESCENT 

PEG/R8-LNPsa

b

1 hour 2 hour 3 hour

1 hour 2 hour 3 hour

p54149-161
−PEG/R8-LNPs

Bars: 20 µm

Figure 3 Imaging of PeG/r8-lnPs and p54149-161-PeG/r8-lnPs for the 
analysis of intracellular trafficking. (a) PEG/R8-LNPs and (b) p54149-161- 
PEG/R8-LNPs encapsulating rhodamine-labeled pDNA were transfected to 
GFP/Tub-HeLa cells for 1, 2, and 3 hours (represented in left, middle, and 
right panels, respectively). GFP, green fluorescent protein; PEG, polyeth-
ylene glycol.

PEG/R8-LNPs

p54149-161
−PEG/R8-LNPs

0 sec 10 sec 20 sec 30 sec 40 sec 50 sec 0∼50 sec

0 sec 10 sec 20 sec 30 sec 40 sec 50 sec

Bars: 2 µm

0∼50 sec

a

b

Figure 4 A series of time lapse images for PeG/r8-lnPs and p54149-161- 
PeG/r8-lnPs. Typical particle tracks of (a) PEG/R8-LNPs and (b) p54149-161-
PEG/R8-LNPs obtained for 10-second frame intervals are represented. 
The original videos are represented in Supplementary Video S1 and 
S2 online. In the far right column, overlay images are represented to 
show the trajectories. PEG, polyethylene glycol.
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CELL LINKER (Sigma-Aldrich, St Louis, MO). This probe is incor-
porated into the lipid region of the plasma membrane.41 Therefore, 
most of the internalized vesicles should be labeled regardless of the 
internalization pathway. LNPs were incubated with the cells imme-
diately after staining with PKH67 for a short duration (1 hour) 
to be sure that LNPs were taken up by the cells before all of the 
labeled PKH67 on the plasma membrane had been internalized. 
The punctate signals (red), irrespective of whether they were co-
localized with PKH67 (green), were defined as particles that were 
in the process of vesicular transport or particles that had possibly 
escaped from endosomes (particles in cytoplasm). The particles 
that were subject to directional transport were observed both in 
PEG/R8-LNPs and p54149-161-PEG/R8-LNPs (Figures 5a,b). The 
movements of the particles were categorized into active transport 
or diffusion based on the plots of two-dimensional mean-square 

displacements (MSD) over time, as described previously.7–10,42 The 
average velocity (v) was determined by the fitting of a MSD-Δt plot 
(see Experimental Procedures). As shown in Figure 5c, the mean 
velocities and the variations of the p54149-161-PEG/R8-LNPs were 
comparable with those of PEG/R8-LNPs (0.16 ± 0.04 μm/second 
and 0.15 ± 0.07 μm/seconds, respectively), and PEG-unmodified 
R8-LNPs (0.21 ± 0.19 μm/second) as reported previously.10

The most striking difference between PEG/R8-LNPs and 
p54149-161-PEG/R8-LNPs was observed when we focused on the 
particles that had not co-localized with the PKH67. As shown in 
typical images shown in Figure 6a, PEG/R8-LNPs exhibited only 
fluctuating movement. The plots of MSD with time could be fit-
ted to a linear regression, indicating that these can be categorized 
as diffusive motion. In contrast, a part of the p54149-161-PEG/R8- 
LNPs showed quasi-straight motion without co-localization with 
PKH67 signals (Figure 6b). The average velocity (v) obtained by 
the fitting of a MSD-Δt plot was determined to be 0.18 μm/second, 
and highly variable, ranging from 0.08 μm/second to 0.35 μm/sec-
ond (SD= 0.09) (Figure 6c).

dIscussIon
Several studies reported that naked pDNAs possessing nuclear 
transcription factors (i.e., nuclear factor kappa B43 and cyclic 
adenosine monophosphate responsive-element binding protein)44 
are recognized by these responsible transcription factors, and are 
transported to the nucleus in a microtubule-dependent manner. 
However, naked pDNA is susceptible to digestion by DNase and 
thus has a short half-life (<1–2 hours).5 Therefore, the targeting 
of the pDNA-loaded nanoparticles to the motor complex would 
also be a desirable strategy for the nuclear delivery of pDNA with 
protection from enzymatic degradation. However, to the best of 
our knowledge, a consensus sequence that is capable of targeting 
the dynein complex has not been reported. Since DIC-originated 
peptides targeting LC8 and Tctex-1; (K/R)XTQT and (R/K)(R/K)
XX(R/K), respectively are conserved in the potential protein car-
gos of dynein,23,39 it was assumed that LC8 and Tctex-1 served to 
connect these motifs in potential cargos tothe dynein complex.24 
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Figure 5 dual imaging of vesicular transport and lnPs. (a and b) Typical images for the directional transport of PEG/R8-LNPs (a) and p54149-161-
PEG/R8-LNPs (b) encapsulating rhodamine-labeled pDNA. Rhodamine-pDNA was represented as red. The transport vesicles stained with PKH67 are 
represented as green. In the rightmost column, overlay images were represented to show the trajectories. (c) The average velocities (v) obtained by 
the curve fitting of MSD-Δt curves for quasi-straight trajectories of PEG/R8-LNPs (n = 12) and p54149-161-PEG/R8-LNPs (n = 12) was plotted. Black bars 
represent the mean values. PEG, polyethylene glycol.
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Figure 6 A series of time lapse images for PeG/r8-lnPs and p54149-161- 
PeG/r8-lnPs free from the vesicular transport. (a) PEG/R8-LNPs and 
(b) p54149-161-PEG/R8-LNPs encapsulating rhodamine-pDNA was trans-
fected to the HeLa cells prestained by PKH67. Typical examples of the par-
ticles free from co-localization with endosomal compartment are shown. 
In the rightmost column, overlay images were represented to show the 
trajectories. (c) The average velocity (v) obtained by the curve fitting 
of MSD-Δt curves for quasi-straight trajectories of p54149-161-PEG/R8- 
LNPs (n = 14) was plotted. Black bar represent the mean values. Quasi-
straight trajectory was not observed in PEG/R8-LNPs. N.D., not detected; 
PEG, polyethylene glycol.
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However, recent studies indicate that LC8 is not a cargo adaptor of 
the dynein complex, but rather functions to promote the forma-
tion of dimeric IC.32 This hypothesis is consistent with the fact that 
surface modification of these two peptides (DICLC8 and DICTctex) 
showed marginal effects on gene expression (Figure 2).

In contrast, the most significant findings of this study is that 
the transfection activity of pDNA-encapsulating nanoparticles 
was drastically enhanced by one- or two-orders of magnitude as 
the result of the modification of the functional peptide; p54149-161,  
which was identified as a LC8-associating domain in African swine 
fever virus-derived protein p54 (Figure 2).27 Of note, the enhanced 
transfection activity was consistent with a stimulated access of 
p54149-161-PEG/R8-LNPs around the nucleus (Figure 3). Real-time 
particle tracking clearly showed that pDNA encapsulated in the 
p54149-161-PEG/R8-LNPs underwent directional motion associated 
with a fibroustubulin structure (Figure 4b and Supplementary 
Video S2 online). A detailed particle tracking analysis revealed 
that the direction of the transport of p54149-161-PEG/R8-LNPs 
was not limited to nucleus-directed transport (Figure 4b and 
Supplementary Video S2 online). The apparent nuclear accumu-
lation of p54149-161-PEG/R8-LNPs (Figure 3b) might be the result 
of a dynamic equilibrium involving the more frequent minus end-
directed transport toward the nucleus and the less frequent plus 
end-directed transport as observed in adenovirus.6

To gain further insights into the mechanism of microtubule-de-
pendent transport, we attempted to distinguish between p54149-161- 
PEG/R8-LNPs in the cytosol and those in endocytic vesicles. One 
of the major strategies is to label the vesicles with specific mark-
ers (i.e., Lysotracker for lysosomes, fluorescent protein-fused 
Rab5/Rab7 for early/late endosomes and Alexa Fluor Dextran 
for macropinocytosis). However, a certain type of nonviral vector 
can be taken up by the cells not only by the classical endocytosis 
pathway,45 but also by other pathways such as macropinocytosis46 
depending on the cell line and the composition of the LNP.47 It is 
likely that multiple pathways are also involved in the transport of 
the PEG/R8-LNPs and/or p54149-161-PEG/R8-LNP. In fact, our pre-
liminary study showed that only a small portion of the LNPs was 
co-localized with an early endosome marker (Venus-fused Rab5), 
which were genetically overexpressed in HeLa cells at 15, 40, and 
even 120 minutes post-transfection (data not shown). Under these 
circumstances, we cannot be absolutely assured that the lack of 
co-localization with specific endosome markers means the cyto-
plasmic localization of LNPs, since these markers can label only a 
part of the intracellular vesicles. Therefore, in this study, we used 
a nonspecific marker; PKH67, which is incorporated into the lipid 
bilayer of the plasma membrane, and would then be expected to 
share its intracellular fate with endocytic vesicles via membrane 
invagination regardless of the internalization pathway.48,49

p54149-161-PEG/R8-LNPs and PEG/R8-LNPs as well are 
 subject to vesicular transport (Figure 5). In addition, the most 
unique characteristic of p54149-161-PEG/R8-LNPs is that a part 
of the particles are subject to quasi-straight transport without 
co-localization with the signals of PKH67, whereas p54149-161- 
unmodified PEG/R8-LNPs free from this probe did not show any 
directional transport (Figure 6). While this assay system might 
have a risk in terms of over estimating the efficiency of endosomal 
escape due to the release of PHK67 from endocytic vesicles, and/or  

quenching concomitant with intracellular degradation, this result 
can be explained by assuming that p54149-161-PEG/R8-LNPs are 
recognized by motor proteins. As shown in a prevalent model 
considered in earlier studies, LC8 may mediate the binding of 
p54149-161-PEG/R8-LNPs to the dynein complex; one binding site 
of the homodimeric LC8 captures the p54149-161-modified particle, 
and the other binds to the ICs. Alternatively, p54149-161 might bind 
to LC8 at a different position from where the DIC-derived (K/R)
XTQT motif binds.

Meanwhile, quantitative particle tracking revealed that the direc-
tional transport of p54149-161-PEG/R8-LNPs (0.18 ± 0.09 μm/ second; 
Figure 6) and endosomes with them (0.16 ± 0.04 μm/ second; 
Figure 5) were slower than particle-free endosomes (0.47 ± 0.14 μm/
second) as reported previously.10 One possible explanation is that the 
speed of motor-driven transport may be slowed down by the highly 
dense cargos. Alternatively, particle transport would be slowed 
down by intermissive association with RNAs or negatively charged 
organelles such as mitochondria, since the p54149-161-PEG/R8- 
LNP is positively charged (ζ-potential of +30 mV).

Finally, some comments are in order concerning the future 
design of a nanoparticle to maximize the function of this pep-
tide. Although modification with p54149-161 stimulated transgene 
expression, the activity is still less than that for a commer-
cially available transfection reagent (Lipofectamine Plus; Life 
Technologies, Carlsbad, CA). Also, the gene expression of EGFP 
was still observed to be heterogeneous (~30%) as shown in 
Supplementary Figure S3 online. Therefore, further attempts to 
maximize the function of p54149-161 are needed in the future. One 
of the key factors is the topology of the peptide. In this study, 
we modified the surface of the LNPs with p54149-161 using PEG 
as a spacer (Figure 1). However, surface PEGylation presents a 
dilemma; while PEG is useful for controlling the size and dispers-
ibility of a carrier, it is undesirable for cellular association and 
endosomal escape.40 In fact, fewer numbers of intracellular par-
ticles were detectable in the case of PEG/R8-LNPs (Figure 3a) in 
comparison with PEG-unmodified R8-LNPs.10 Therefore, PEG/
R8-LNPs that were trapped in endosomes were readily degraded 
in lysosomes, while a small fraction ofthe PEG/R8-LNPs under-
went vesicular transport (Figure 5). To maximize the function of 
the p54149-161 peptide, it would be desirable to combine other tech-
nologies for the release of the peptide-conjugated particle to the 
cytosol. One such strategy involves coating the p54149-161-modified 
particle with an additional lipid bilayer that is optimized to fuse 
with the endosomal membrane. We previously developed a mul-
tilayered lipid nanoparticle, in which condensed DNA cores are 
coated with two types of lipid bilayers, both of which are designed 
to overcome the endosomal membrane and nuclear membranes, 
respectively.35 Modification of the inner membrane with p54149-161  
is currently in progress.

Collectively, we here report on the utility of an African swine 
fever virus-derived p54149-161 peptide to improve the cytoplasmic 
transport of its encapsulated pDNA toward the nucleus and sub-
sequent gene expression. Particle tracking revealed that a part of 
the particles move by microtubule-dependent transport and the 
movement is independent of vesicular trafficking. Therefore, the 
peptide will be useful for developing a motor complex-targeting 
nanoparticle for realizing a rational strategy for satisfying the 
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protection of DNA from DNase in the cytoplasm and achieving 
efficient nuclear targeting.

MAterIAls And Methods
Materials. The pDNA was purified using a Qiagen Endofree plasmid Mega 
Kit (Qiagen GmbH, Hilden, Germany). 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine was purchased from Avanti Polar Lipids (Alabaster, AL). 
Phosphatidic acid was purchased from Sigma-Aldrich. Stearylated octa-
arginine (STR-R8) was synthesized as described previously.50 All other 
chemicals used were commercially available and reagent grade products. 
HeLa cell cultures and the establishment of its transfectant stably expressed 
with pEGFP/Tub (GFP/Tub-HeLa) were carried out described previously.10 
To prepare the reporter gene vector (pcDNA3.1-GL3), an insert fragment 
encoding the luciferase (GL3) was obtained by the Hind III/Xba I diges-
tion of the pGL3-basic vector (Promega, Madison, WI), and ligated to the 
HindIII/Xba I digested site of pcDNA3.1 (Invitrogen, Carlsbad, CA).

Synthesis of peptide-PEG-DSPE. Equimolar quantities of cystein-intro-
duced peptides (p54149-161; NH2-CYTTVTTQNTASQT-CONH2, DICLC8;  
NH2-CVSYSKETQTPL-CONH2 and DICTctex-1; NH2-LGRRLHKLGVSKV 
TQVDFLC-CONH2) were mixed in DMSO at 30 oC for 24 hours. Con-
jugation of the peptide to PEG2000-DSPE was confirmed by determin-
ing the molecular weight of the resulting products by MALDI-TOF MS 
(Supplementary Figure S1 online).

Preparation of the R8-liposome encapsulating pDNA. R8-Lip encap-
sulating pDNA particles were prepared by the lipid hydration method as 
reported previously.10 In a typical run, pDNA (0.1 mg/ml) was condensed 
with protamine (0.1 mg/ml) in 10 mmol/l HEPES (pH 7.4), at N/P ratio of 
2.0. A lipid film was prepared in a glass test tube by evaporating a chloroform 
solution of the lipids, containing 1.2-dioleoyl sn-glycero-3-phosphatidyleth-
anolamine and phosphatidic acid at a molar ratio of 7:2 (total lipid amount: 
82.5 nmol) plus indicated mol% of PEG2000-DSPE or p54149-161- PEG2000-
DSPE. The prepared lipid film was then hydrated with the condensed DNA 
solution (150 μl) for 10 minutes at room temperature; the final lipid concen-
tration was 0.55 mmol/l. After hydration, the tube was sonicated for 1 min-
ute in a bath-type sonicator to complete the lipid coating of the condensed 
DNA (AU-25C; Aiwa, Tokyo, Japan). The diameter and zeta potential of the 
liposomes were determined using an electrophoretic light-scattering spec-
trophotometer (Zetasizer; Malvern Instruments, Malvern, WR, UK).

Transfection studies. 5 × 104 cells were seeded on a 24-well plate (Corning 
incorporated, Corning, NY) in 0.5 ml of culture medium 1 day before trans-
fection. For the transfection, a 0.25 ml aliquot of PEG/R8-LNPs and p54149-

161-PEG/R8-LNPs in serum- and antibiotics-free Dulbecco’s modified Eagle 
medium (including 0.4 μg DNA) was incubated with the cells for 3 hours. 
The medium was then replaced with fresh medium containing 10% serum 
and the cells were incubated for a further 3 hours. The cells were then washed 
with 0.25 ml of phosphate-buffered saline two times and lysed with 75 μl of 
reporter lysis buffer (Promega, Madison, WI). Luciferase activity was initiated 
by the addition of 50 μl of luciferase assay reagent (Promega) into 20 μl of cell 
lysate, and was measured by means of a luminometer (Luminescencer-PSN; 
ATTO, Tokyo, Japan). The amount of protein in the cell lysate was deter-
mined using a bicinchoninic acid protein assay kit (PIERCE, Rockford, IL).

Time-dependent monitoring of transfection. 8 × 104 cells were seeded on 
35-mm culture dishes in 2 ml of culture medium 1 day before transfec-
tion. For the transfection, the cells were incubated with a 2 ml aliquot of 
PEG/R8-LNPs and p54149-161-PEG/R8-LNPs in serum- and antibiotics-free 
Dulbecco’s modified Eagle medium (including 1.6 μg DNA) for 3 hours in 
the presence or absence of 10 μmol/l nocodazole. The medium was then 
replaced with fresh phenolred-free medium containing 10% serum and 
100 μmol/l D-luciferin. The dishes were set in a luminometer incorporated 
in a small CO2 incubator (ATTO), and the bio luminescence was moni-
tored at 20-minute intervals (2-minute collection time).

Comparison of the intracellular copy numbers of p54149-161-PEG/R8- 
LNPs and PEG/R8-LNPs. HeLa cells (2 × 105 cells) were incubated with 
PEG/R8-LNPs and p54149-161-PEG/R8-LNPs (2 μg pDNA) in 6-well plate-
sat 37 oC for 6 hours. After purification of the cellular DNA by means of 
GenElute Mammalian Genomic DNA Miniprep Kit (Sigma-Aldrich), 
intracellular copy numbers were quantified by Real-time PCR. The values 
were normalized by cell numbers, which was quantified by the number of 
copies of the genomic β-actin gene. The primers used in this analysis are 
listed in Table 2.

Fluorescence image acquisition and real-time particle tracking. For visu-
alization of pDNA, the molecule was labeled with rhodamine by means 
of a Mirus Label IT CX-rhodamine nucleic acid labeling kit (Mirus, 
Madison, WI). The pDNA was labeled in the optimized buffer supplied 
with the kit, but the Label IT solution was mixed at a 1/4 concentration 
of the recommended protocol for labeling with rhodamine by diluting 
the Label IT solution with distilled water. pDNA was incubated for 120 
minutes, and the rhodamine-labeled pDNA was purified by ethanol pre-
cipitation. To demonstrate particle tracking along microtubule filamentous 
structures, 0.5 × 105 of GFP/Tub-HeLa cells were seeded on a 3.5 cm glass 
base dish (IWAKI, Osaka, Japan) in 2 ml of culture medium 2 days before 
transfection.

To evaluate the co-localization of carriers with transport vesicles, plasma 
membrane were preliminarily stained by PKH67 GREEN FLUORESCENT 
CELL LINKER (Sigma-Aldrich) following to the protocol with some 
arrangements. 0.5 × 105 cells seeded on a 35 mm glass base dish for 2 days 
were washed with serum-free medium. After a 100-fold dilution of PKH67 
with diluent C supplied in the kit (10 µmol/l), a 100 μl aliquot of the solution 
was applied on the center of the glass bottom region, and then incubated for 
3 minutes at room temperature. After the removal of PKH67 solution, the 
labeling reaction was completely blocked by adding 100 μl of 100% serum. 
The cells were incubated for 1 minute under gentle pipetting.

After washing with HEPES solution (135 mmol/l NaCl, 5.4 mmol/l KCl, 
1 mmol/l MgCl2, 1.8 mmol/l CaCl2, 5 mmol/l HEPES, and 10 mmol/l glucose), 
GFP/Tub-HeLa cells or PHK67-stained HeLa cells were incubated with 1 ml 
of HEPES solution including PEG/R8-LNPs or p54149-161-PEG/R8-LNPs 
prepared with rhodamine-labeled pDNA (corresponding to 0.25 μg pDNA). 
At 1 hour post-transfection, the cells were washed to remove external LNPs, 
and then further incubated in HEPES solution until being observed.

Images were acquired by Nikon ECLIPSE TE-2000-U wild field 
fluorescence microscopy equipped with a Nikon Plan Apo 60×/1.4 oil 
immersion objective (Nikon, Tokyo, Japan). Control of the microscopy and 
acquisition of digital images were performed with NIS-Elements software 
(Nikon). A mercury lamp was used for illumination. Green fluorophores 
(i.e., GFP/Tub and PKH67) and red fluorophores (i.e., rhodamine-labeled 
pDNA) were excited with light filtered through 492/18 and 580/20 excitation 
filters, respectively. Fluorescence was collected in the epi direction. The 
fluorescence was passed through a dichromatic mirror, reflections at the 
exciting wavelength (82100v2bs; Chroma Technology, Rockingham, VT) 
were further filtered from residual excitation light by bandpass filters 535/30 
and 630/60, respectively). Image sequences were captured with an electron 
multiplier charge coupled device camera (ImagEM; Hamamatsu Photonics, 

table 2 list of primers used in the quantification of intracellular copy 
numbers

Gene name
Forward/ 
reverse sequences

pDNA 
(luciferase)

Forward: 5′-TTGACCGCCTGAAGTCTCTGA-3′
Reverse: 5′-ACACCTGCGTCGAAGATGTTG-3′

β-actin Forward: 5′-TGCGTGACATTAAGGAGAAGCTGTG-3′
Reverse: 5′-CAGCGGAACCGCTCATTGCCAATGG-3′

These primers were used for quantifying intracellular copy number of DNA. The 
β-actin primers were used to correct the number of cells.
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Hamamatsu, Japan). The automatic particle-finding and quantitative 
analysis of trajectories were demonstrated by the G-track software ver1.2 
(G-Angstrom K.K., Sendai, Japan), in which the center of the fluorescent 
spot is located by two-dimensional Gaussian fitting.

Data analysis. For each trajectory of a particle, the MSD for every time 
interval was calculated using the formula below:

where (x(jδt+nδt), y(jδt+nδt)) describes the particle position following a 
time interval Δtn = nδt after starting at position (x(jδt), y(jδt)), N is the total 
number of frames in the video recording sequence, δt is the frame interval 
for image acquisitionand n and j are positive integers, with n determining 
the time increment.

Particles that exhibited quasi-straight motion through more than 
five successive frames allowing them to move at least 5 μm were initially 
selected, and thereafter, the MSD values were plotted against Δt.

The MSD-Δt plot for particles undergoing active transport is described 
by a quadratic curve and can be expressed as

MSD (Δt) = 4D Δt + v2Δt2

where v is the mean velocity.7–10

The values of D and v can be obtained by fitting the MSD-Δt plot by 
means of an iterative nonlinear least-squares method using the MULTI 
program (downloaded from http://www.kobegakuin.ac.jp/~pharm/asc/
excel/index.html). The input data were weighted as the reciprocal of the 
square of the observed values, and the Damping–Gauss–Newton method 
was used as the algorithm for the fitting.

suPPleMentArY MAterIAl
Figure S1. Conjugation of P54149-161 with PEG-lipid.
Figure S2. Schematic diagram illustrating a dynein complex and its 
targeting peptide.
Figure S3. Transfection activities of PEG/R8-NLPs and p54149-161-PEG/
R8-NLPs.
Video S1. Videos to Figure 4a. PEG/R8-LNPs (5 mol% modification) 
encapsulating the rhodamine-labeled pDNA was transfected to the 
HeLa cells.
Video S2. Videos to Figure 4b. p54149-161-PEG/R8-LNPs (5 mol% 
modification) encapsulating the rhodamine-labeled pDNA was trans-
fected to the HeLa cells.
Video S3. p54149-161-PEG/R8-LNPs (5mol% modification) encapsulat-
ing the rhodamine-labeled pDNA were transfected to the HeLa cells in 
the presence of 10 μM nocodazole.
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