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The present study investigated combined biological effects of peptide and miRNA in a peptide/miRNA nanocomplex.
We utilized TatBim peptide as a cell-penetrating peptide-based RNA carrier with apoptotic activity. miRNA with
apoptotic activity (miR-34a) was used for complex formation to investigate the additional effects of the combination
with TatBim peptide. TatBim peptide and the miRNA formed nanocomplexes (approximately 250 nm in diameter), and
these complexes were efficiently internalized by cells. Despite its efficient cell internalization, apoptotic activity of the
nanocomplex decreased with increasing RNA content. However, photosensitizer-attachment to TatBim and photo-
irradiation significantly improved the apoptotic activity of the nanocomplex by facilitating dispersion of the peptide and
RNA in the cytoplasm. Combined apoptotic activity of both TatBim peptide and miR-34a in the nanocomplex was
demonstrated by substituting TatBim with Lipofectamine and by substituting miR-34a with scrambled siRNA.
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MicroRNAs (miRNAs) are 20—25 nucleotide-long, noncoding
RNAs, which post-transcriptionally downregulate the expression of
multiple genes, by base-pairing with the 3’ untranslated region of
messenger RNAs (mRNAs). Discovery of their critical roles in
various biological processes, including differentiation (1,2), devel-
opment (3,4), metabolism (5,6), proliferation, cell death, and
tumorigenesis (7) have inspired the exploration of miRNAs as
therapeutic agents (8,9). However, RNA therapeutic success has
been limited by poor cellular uptake, because of their high molec-
ular weight and strong negative charge. These problems, along with
degradation of free RNA by endonucleases in serum, have neces-
sitated the designing of delivery systems that protect RNA and
promote its uptake by cells.

Cell penetrating peptides (CPPs), which are 8—30 amino
acids long and comprise cationic or amphipathic sequences,
can be promising RNA delivery vectors. They can efficiently
deliver a covalently or non-covalently (electrostatically) bound
nucleic acid into cells with low accompanying cytotoxicity
(10—13). CPP-mediated RNA delivery is usually achieved by
non-covalent complex formation between anionic RNA and
cationic CPP. These complexes are easy to prepare and do not
disrupt the formation of RNA-induced silencing complex (14).
Despite the enhanced cellular uptake of RNA by non-covalent
complex formation with molar excess of cationic CPP, the
functionality of the delivered RNA is often limited by endo-
somal entrapment, resulting in the loss of its pharmacological
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activity. For this reason, dual functional CPPs that complex
with RNA and disrupt endosomal compartments have been
designed (15—19).

Despite the sophisticated design of CPP carriers for enhanced
RNA delivery, their role has been restricted to being mere excipients
for RNA vector and/or endosomal escape. In other words, CPP car-
riers did not exert any biological effects such as differentiation,
proliferation, and apoptotic cell death. As a CPP-based RNA carrier
with apoptotic activity, we here utilized TatBim peptide (20,21),
which is a fusion of TAT CPP derived from the HIV-1 TAT protein and
Bim peptide derived from Bim apoptosis-inducing protein. Over-
expression of Bim in cancer cells results in tumor death by medi-
ating the release of cytochrome C from mitochondria. In this study,
an miRNA that induces apoptosis or cell cycle arrest (miR-34a)
(22—24) was used to investigated the additional apoptotic effect
combined with TatBim peptide. By using TatBim peptide and miR-
34a, the structure and in vitro function of peptide/miRNA com-
plexes were investigated.

MATERIALS AND METHODS

Materials  Tetramethylrhodamine maleimide (TMR) and Alexa Fluor 546Cs
maleimide (Alexa546) were from Molecular Probes, Inc. (Eugene, OR, USA). Nuc-
View488 was from Biotium, Inc. (Fremont, CA, USA). Cell Counting Kit-8 was
obtained from Dojindo Laboratories (Kumamoto, Japan). Fetal bovine serum (FBS)
was obtained from Japan Bioserum (Hiroshima, Japan). Dulbecco’s phosphate
buffered saline (PBS) and trypsin—EDTA (0.05% trypsin, 0.53 mM EDTA-4Na) were
obtained from Invitrogen (Carlsbad, CA, USA). RPMI1640 media were purchased
from Nacalai Tesque (Kyoto, Japan). Cell culture dishes were from BD Bioscience
(San Jose, CA, USA). TatBim peptide (Fig. 1A) was prepared by the conventional
Fmoc-based solid-phase peptide synthesis method.
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FIG. 1. TatBim peptide interacted with miRNA via cation-rich TAT segment. (A) Amino
acids sequence of TatBim peptide. (B) TatBim/miRNA complexes (miRNA 5 pmol/lane)
prepared at indicated charge ratios (+) were analyzed by agarose gel (0.8% wt/vol)
mobility shift assay. (C) Two segments in TatBim peptide, TAT and Bim, were separately
synthesized to identify the domain that interacts with miRNA. Because of the total
anionic charge of Bim, Bim/miRNA complexes were formed using molar ratios corre-
sponding to charge ratios of TAT/miRNA complexes.

Preparation of miR-34a and scrambled siRNA  miR-34a mimic was
designed as an RNA duplex with miR-34a  mimic-sense (5'-
UGGCAGUGUCUUAGCUGGUUGUU-3') and miR-34a mimic-antisense (5'-
CAACCAGCUAAGACACUGCCACU-3’). miR-34a mimic-antisense labeled with 3’-
fluorescein (FAM) was also prepared for investigation of cell internalization.
Hereafter, this sequence is referred to as miR-34a. The small interference
scrambled RNA  duplex (siSc) with siRNA  scrambled-sense  (5'-
AUCUCGCUUGGGCGAGAGUAAGTT -3') and siRNA scrambled-antisense (5'-
CUUACUCUCGCCCAAGCGAGAUTT -3') was used as a negative control for miR-34a.
All RNA oligos were provided via a custom RNA synthesis service from Japan Bio
Services Co., Ltd. (Saitama, Japan) with MS and HPLC data ensuring their
molecular mass and purity.

Agarose gel mobility shift assay To prepare peptide/miRNA complexes,
TatBim peptide and miRNA (100 ng) were incubated for 15 min at 25°C in ultrapure
water with varying concentrations of TatBim solutions, corresponding to charge
ratio (&) ranging from O to 20. These mixtures were subjected to agarose gel (0.8%
wt/vol) electrophoresis in 50 mM HEPES buffer (pH 7.6), to analyze TatBim/miRNA
(100 ng miRNA/lane) complex formation. Agarose gel was pre-stained with
ethidium bromide to visualize the miRNA in the complex.

Dynamic light scattering and zeta-potential analysis TatBim peptide
(1 nmol) was incubated in ultrapure water at 25°C for 15 min with different amounts
of miR-34a, corresponding to charge ratios between 2 and 20. The diameter
distribution of the TatBim/miRNA complexes was determined using a Zetasizer
Nano ZS (Malvern, Worcestershire, UK) with a He—Ne laser at a wavelength of
633 nm (scattering angle of 173°). Zeta potential of the TatBim/miRNA complexes
was also measured using a Zetasizer Nano ZS.

Cell culture Hela cells obtained from ATCC (Manassas, VA, USA) were
maintained/cultured in RPMI 1640 medium supplemented with 10% FBS. All cell
culture media contained 100 U/mL penicillin and 100 pg/mL streptomycin. For some
experiments, cells were incubated in serum-free media. Cells were incubated at
37°C in a humidified atmosphere of 5% CO; and 95% air. Cells were passaged
every 3—4 days.

Cellular internalization of TatBim/FAM-shRNA nanocomplex  TatBim was
reacted with TMR at a peptide:TMR molar ratio of 10:1, in DMSO at 37°C for 2 h. The
reaction mixture was then subjected to HPLC to eliminate unreacted TMR. The cells
were seeded at 2.0 x 10% cells/well in 96-well plate and cultured for a day. The cells
were then treated with TMR-labeled TatBim/FAM-shRNA complexes including
10 uM peptide for 2 h at 37°C in serum free medium. After 2 h, 0.04% trypan blue
in PBS (wt/vol) was added for 1 min at 25°C, to quench the fluorescence from
complexes bound to cell surface. The cells were washed twice with complete
medium supplemented with 10% FBS. Fluorescence images were acquired using
an Olympus IX51 fluorescent microscope (Olympus, Tokyo, Japan).

Photoinduced dispersion of TatBim/FAM-shRNA complex Alexa Fluor
546C5s maleimide (Alexa546), a photosensitizer, was conjugated to the thiol group of
cysteine residue located in the C-terminus of the TatBim at a peptide:Alexa546 M
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ratio of 1:1 in DMF at 85°C for 1 h. The reaction mixture was then subjected to HPLC,
to eliminate the unreacted Alexa546. TatBim bound Alexa546 to the extent of 30%
(data not shown). The cells were then subjected to the same treatment as in the
section entitled “cellular internalization of TatBim/FAM-shRNA nanocomplex”. After
the treatment, the cells were photoirradiated at 540 = 10 nm at a fluence of 50 J/cm?.

Apoptosis assay  The cells (2 x 10* cells/well) were seeded in a 96-well plate.
After a day, the cells were treated with TatBim/miR-34a complexes including 10 pM
peptide for 2 h at 37°C in a serum-free medium. The medium was then changed to
complete medium supplemented with 10% FBS and 1 pM NucView488, to detect
caspase-3/7 activity. Green fluorescence images were captured by microscopy,
after 30 min of NucView488 treatment.

Cell proliferation assay Cells were treated for 2 h with TatBim/miR-34a
complexes (10 uM TatBim) or 6 h with Alexa546-attached complexes (2.5 and
5 pM TatBim). The cells treated with Alexa546-attached complexes were
subjected to photoirradiation. At two days after the irradiation, cell proliferation
was evaluated using a Cell Counting Kit-8 and a model 680 microplate reader
(Bio-Rad, Hercules, CA, USA). Cell proliferation was normalized relative to that of
untreated cells (A450 — As20). Assays were performed in triplicate.

RESULTS

Ability of TatBim peptide to associate with miR-
34a TatBim peptide (Net charge = +7) with a C-terminal
CONH,; was prepared to investigate their ability to interact with
miR-34a (Net charge = —46; the number of phosphate) (Fig. 1A).
Net charge of TatBim was determined by calculating the sum of
amino acid charge at neutral pH. TatBim was over 90% pure, as
demonstrated by HPLC analysis (Fig. S1). The RNA (5 pmol) was
incubated for 15 min at 25°C with TatBim at indicated charge
ratios (&4), in ultrapure water. Mobility shift of miR-34a was
assessed by agarose gel (0.8% wt/vol) electrophoresis at pH 7.4. As
shown in Fig. 1B, the RNAs started interacting with all TatBim at a
charge ratio of 0.25 and the association was complete at a charge
ratio of 2, indicating that anionic charge of miRNA can be
neutralized by TatBim via electrostatic interaction. TatBim/miRNA
complexes prepared at a charge ratio >2 did not migrate into the
agarose gel and no free miRNA was detected on the agarose gel,
indicating the formation of high-molecular weight complexes.

To elucidate the interaction domain of TatBim with miRNA, TAT
peptide (YGRKKRRQRRRC with net charge of +8) and Bim peptide
(EIWIAQELRRIGDEFNAYYARAAC with net charge of —1) were also
synthesized. Because of the anionic net charge of the Bim peptide,
charge ratios of the Bim/miRNA complexes were converted to
molar ratios (peptide/miRNA), which corresponded to charge ratios
of TAT/miRNA complexes. The TAT-miRNA interaction was com-
plete at the charge ratio of 2 (molar ratio of 16), but no miRNAs
associated with Bim even at a molar ratio of 16 (Fig. 1C), suggesting
that cation-rich TAT segment in TatBim contributed to complex
formation.

Characterization of TatBim/miRNA complexes Table 1
summarizes the diameters and zeta-potentials of TatBim/miRNA
complexes. These parameters were measured using complexes
that included 1 uM peptide and miRNA at charge ratios between
2 and 20. Mean diameters of all samples ranged from 215 to
330 nm. Zeta-potentials of all complexes were approximately
20—30 mV, suggesting that the surface of the complex mainly

TABLE 1. Diameter and zeta-potential of TatBim/miR-34a complexes.

Charge ratio (+)? Diameter/nm PDI” Zeta-potential/mV
2 215.8 + 6.0 0.25 + 0.01 279+ 1.5
5 265.3 + 12.0 0.05 + 0.02 305+ 1.9
10 291.2 +£59 0.15 £ 0.04 300 £ 1.7
20 3334 +35.9 0.17 + 0.08 274+ 2.1

2 TatBim peptide (500 uM in water) was mixed with different amounts of the RNA
to prepare complexes with different charge ratios. The resultant complexes were
diluted 500-fold with water.

b PDI means polydispersity index. All results represent means =+ S.D. (n = 3).
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comprised TatBim molecules. There was no clear correlation
between the charge ratio and the zeta-potential of the complexes.

Morphology of the TatBim/miRNA nanocomplex (charge ratio
10) was investigated by transmission electron microscopy (TEM)
and scanning transmission electron microscopy (STEM). A few
bean-like structures of 250—300 nm in diameter (Fig. 2A and B),
which was consistent with the dynamic light scattering (DLS) data
(Table 1), were observed. To confirm the chemical composition of
the nanocomplex observed in STEM image, we performed atom
mapping of the area depicted in Fig. 2B, using energy dispersive X-
ray spectroscopy (EDS). Oxygen (Fig. 2C) and phosphorus atoms
(Fig. 2D) in the nanocomplex in Fig. 2B were mapped. Oxygen
present in both peptide and miRNA (Fig. 2C) and phosphorus pre-
sent only in the miRNA (Fig. 2D) were clearly detected and
distributed all over the nanocomplex, demonstrating that it was
composed of peptide and miRNA.

Cellular internalization of TatBim/miRNA
nanocomplexes To analyze the cellular internalization of
nanocomplexes, HeLa cells were treated with fluorescently labeled
TatBim/miRNA complexes. TatBim was labeled with TMR. miRNA
labeled with 3‘-fluorescein (FAM) in antisense strand was used for
investigation of cellular internalization. The cells were treated
with TatBim/miRNA complex including 10 uM peptide, in the
absence of serum. TatBim was efficiently internalized by cells
irrespective of charge ratio. There was no significant difference in
the uptake quantities of the complex and peptide alone (Fig. 3),
indicating that coexistence with the RNA did not hinder cellular
internalization of the peptide. Positive surface charges (>25 mV,
Table 1) of TatBim/miRNA nanocomplexes presenting TAT
peptide on the surface might potentiate the internalization of
the complexes. miRNA was also efficiently internalized by the
cell along with the bound peptide (Fig. 3). The amount of
internalized miRNA increased gradually with decreasing charge
ratio, because of its higher content in the complexes with lower

FIG. 2. TatBim formed approximately 250 nm-sized complexes with miR-34a. (A)
Morphology of the complex prepared at charge ratio of 10 was measured by TEM. (B
Bright field image of the nanocomplex observed by STEM. (C, D) Distribution of (C
oxygen and (D) phosphorus atoms was observed by EDS mapping. Panels B—D depic
the same area. Scale bar: 200 nm.
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charge ratio. The two components of the nanocomplex were
mostly co-localized in the cells in punctuation state, suggesting
that the nanocomplexes were internalized without breaking
down for at least 2 h.

Apoptosis activity of TatBim/miR-34a
nanocomplexe TatBim at 10 uM induces apoptosis (35—64%) in
various cancer cell lines, including EL4 (T-cell lymphoma), Panc-02
(pancreatic cancer), and B16 (melanoma) (20). Apoptosis activity
after the treatment was evaluated by detecting the activated
caspase-3/7 using NucView488. Treatment with TatBim without
miR-34a showed the most potent apoptotic activity (Fig. 4B), but
decreased gradually with increasing content of miR-34a in the
nanocomplex and almost disappeared at a charge ratio of 2,
which included the largest amount of miR-34a (Fig. 4C—F). The
degree of reduction was proportional to the increase in miRNA
quantity. The RNA in the complex might be hindering the activity
of the bound peptide as well as its own activity, without affecting
the internalization of the peptide, as shown in Fig. 3. It is thought
that electrostatic interaction between the multiple anionic
charges of miRNA and cationic TAT moiety might inhibit the
release of both TatBim and miRNA into the intracellular
compartment (25—27). Consistent with the results of the
apoptosis assay, cell proliferation was also inhibited strongly by
treatment with TatBim alone and increased gradually with
increasing content of miR-34a (Fig. 4G).

Cytoplasmic dispersion of photosensitizer-attached TatBim/
RNA nanocomplexes and photoenhanced activity of the
nanocomplex In an earlier study, we developed a TAT peptide
fused RNA binding protein (TAT-RBP) as an RNA carrier and
demonstrated that the photosensitizer-attached TAT-RBP/RNA
complex was efficiently dispersed in the cytoplasm by
photoirradiation (28—30). Irradiation of the photosensitizer-
attached TAT-RBP/RNA complex can induce reactive oxygen
species generation, which can lead to destabilization of the
endosomal membrane and dispersion of the complex from the
endosomes (31). Therefore, a photosensitizer, Alexa Fluor 546Cs
maleimide (Alexa546) was attached to the C-terminus of TatBim,
to facilitate the dispersion of the peptide and RNA in the
cytoplasm. TatBim bound to Alexa546 to the extent of 30%. The
attachment of Alexa546 did not affect the association ability of
TatBim with miR-34a (Fig. S2). Cells were treated with the
complexes of Alexa546-attached TatBim (2.5 pM) and FAM-
labeled miRNA to investigate the light-induced dispersion of the
nanocomplex in the cytoplasm. Because of the lower peptide
concentration compared to that shown in Fig. 2 (10 pM), the
treatment period was prolonged by 6 h to increase the
internalized amount of the nanocomplex. Before irradiation,
TatBim and the miRNA were mainly observed in a punctuate
distribution, indicating their localization in endocytic
compartments. TatBim and miRNA co-localized well (Fig. 5),
similar to TMR-labeled TatBim/miRNA complex (Fig. 3). After
irradiation, diffuse and increment of Alexa546 signals in the
cytoplasm were observed from the complex under charge ratio
10. Interestingly, cytosolic Alexa546 signals augmented with the
decrease of charge ratio (Fig. 5). Increase in RNA content in the
nanocomplex induced an increase in TatBim dispersion in the
cytosol. Given that increasing the RNA content significantly
affected the size of the nanocomplex but not its zeta-potential
(Table 1), decreasing the size of the nanocomplexes with increase
in RNA content may be the cause of the acceleration of
photoinduced TatBim dispersion. The RNA was also efficiently
dispersed after irradiation, especially in the complexes with high
RNA content. The internalized amount of the RNA with the
complex (charge ratio 2.5) was significantly higher than that in
commercial lipofection reagent, Lipofectamine RNAIMAX (Life
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TatBim 10 uM

FIG. 3. TatBim/miRNA nanocomplexes were efficiently internalized by HeLa cells. TatBim was fluorescently labeled with tetramethylrhodamine (TMR) (see Materials and methods),

and miRNA, targeting luciferase, was labeled with fluorescein (FAM). HeLa cells were treated with TatBim/miRNA complexes including 10 uM peptide for 2 h at 37°C in the absence
of serum. Scale bar: 20 pm.

Technologies, Carlsbad, CA, USA) (Fig. S3). Increment of overall quenching in the endosomes might be canceled after cytosolic
Alexa546 and FAM signals after dispersion might be explained by dispersion of the fluorophores.

different pH environments between the endosome (mildly acidic Photo-dependent dissociation of the nanocomplex was inves-
pH) and cytoplasm (neutral pH) (31). In addition, concentration tigated in vitro using agarose gel electrophoresis. Alexa546-

110

Proliferation / %

TatBim 20 10 5
only  Charge ratio (+/-)

NC

FIG. 4. Apoptotic activity of TatBim/miR-34a nanocomplex decreases with increasing quantities of RNA in the nanocomplex. HeLa cells were treated with the nanocomplex including
10 uM TatBim. (A—F) Apoptosis assay was performed after treatment, using NucView488, which evaluates the activity of caspase-3. (A) No treatment, (B) TatBim alone, and (C—F)

the nanocomplexes prepared with charge ratios 20, 10, 5 and 2, in that order. (G) Proliferation assay was performed at 18 h after treatment with the nanocomplex (n = 3). NC means
negative control using media only. Scale bar: 100 pm.
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FAM-miRNA

FIG. 5. Photosensitizer-attached nanocomplexes with low charge ratio efficiently dispersed in the cytoplasm after photoirradiation. HeLa cells were treated with Alexa546-attached
TatBim/miRNA complexes including 2.5 uM peptide for 6 h at 37°C in the absence of serum. After the treatment, the cells were irradiated at 540 + 10 nm at a fluence of 50 J/cm?.

Scale bar: 20 pm.

attached TatBim/miRNA nanocomplex with charge ratio 5 was
irradiated and loaded onto an agarose gel. As shown in Fig. S4A,
dissociated miRNA levels increased depending on the light energy
density. Next, nanocomplexes with different charge ratios were
irradiated to examine the charge ratio-dependent cytosolic
dispersion of miRNA. Fig. S4B shows that the released miRNA levels
increased with a decrease in the charge ratio, which is consistent
with Fig. 5. The mechanism of this phenomenon is not clear for now
and needs to be investigated further. However, it should be noted
that lower charge ratio-dependent dissociation of the nanocomplex
was observed in cells and in vitro despite entirely different envi-
ronments (e.g., ionic strength, viscosity, pH) between them.

Next, we evaluated the proliferation of cells treated with
Alexa546-attached nanocomplex, after photoirradiation. When the
cells were treated with the samples including 5 uM of TatBim, their
proliferation decreased to less than 47%, and no significant differ-
ence was observed among the nanocomplexes with different
charge ratios (Fig. 6A). Compared with Fig. 4G, Fig. 6A clearly shows
that the reduced apoptotic activity of nanocomplex related to the
RNA content is rescued by the light-dependent breakdown of the
nanocomplex and dispersion of the components. In case of the
treatment with 2.5 uM TatBim, only the nanocomplex with a charge
ratio of 2.5 could significantly inhibit cell proliferation (45%)
(Fig. 6A). This photo-enhanced apoptotic activity and cell prolifer-
ation inhibiting ability of the nanocomplex (charge ratio 2.5,
compared to Fig. S5) seems to be due to the cytoplasmic dispersion

of the peptide and RNA (Fig. 5). Next, we investigated the contri-
bution of the peptide and the RNA on this enhanced apoptotic ac-
tivity. Substitution of miR-34a with scrambled siRNA (siSc, 48 mer)
that is not involved in apoptosis increased the cell proliferation
from 54% to 67% (Fig. 6B) indicating that internalization and
dispersion of miR-34a partially contributed to the apoptotic activity
of the nanocomplex. An increase from 54% to 73% with the sub-
stitution of TatBim to Lipofectamine RNAiIMAX indicates that the
contribution of TatBim to the apoptotic activity of the nanocomplex
is greater than that by miR-34a.

DISCUSSION

TatBim was used here as the peptide with dual functions of RNA
carrier and apoptotic inducer. There are relatively limited number
of reports on the development of dual functional nucleic acid-
carriers that have both a delivery function as well as a pharmaco-
logical activity to enhance the therapeutic outcome of gene and
RNA interference therapies (32,33). Li et al. (32) reported a poly-
cation that not only delivers plasmid DNA but also works as a
CXCR4 antagonist to inhibit cancer cell invasion. However, the
biological activity of polycations decreased with increasing content
of DNA in a polycation/DNA complex. A similar tendency was also
observed in CXCR4-targeted RNA condensing peptide (33). Similar
to these previous reports, the apoptotic activity of TatBim peptide
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FIG. 6. Enhanced apoptotic activity of a nanocomplex compared to the single component (peptide or RNA). (A) HeLa cells were subjected to the same treatment as described in Fig. 5,
with the indicated peptide concentration (closed bars, 2.5 uM; open bars, 5 uM). After the treatment, the cells were irradiated at 540 + 10 nm at a fluence of 50 J/cm?. (B) miR-34a in
the nanocomplexes with a charge ratio of 2.5 was substituted with scrambled siRNA (siSc) that has no apoptotic activity and has comparable nucleotide length (48 mer), to evaluate
the contribution of miR-34a to apoptotic activity. Lipofectamine RNAIMAX was used as a substitute for TatBim. The cells were irradiated at 50 J/cm?. Proliferation assay was
performed for two days after photoirradiation (n = 3). NC means negative control using media only. *p < 0.05, **p < 0.01.

decreased gradually with increasing RNA content in the nano-
complex. It should be noted that the TatBim has an intracellular
activity, not an on-cell activity such as the CXCR4 antagonist, but
the tendency of nucleic acid-dependent decrease of its activity was
similar to the CXCR4 targeting polycation and peptide. In our case,
nucleic acid-dependent decrease of Bim activity was alleviated
using a photosensitizer and light. In addition to the photo-
sensitizing strategy, this issue might be avoided completely by
designing a CPP—Bim fusion peptide connected using a disulfide
bond, which is cleaved in a reductive intracellular environment.

The photo-assisted apoptosis-induction strategy can be applied
to in vivo cancer treatment using photosensitizers excitable by
near-infrared light which can penetrate deep tissues (34). In addi-
tion, the tumor selectivity of the nanocomplex should be consid-
ered for future in vivo applications. In case of PEG-oligocholic acid-
based micellar nanoparticles, cationic nanoparticles exhibit unde-
sirable liver accumulation (35). Thus, the cationic nature of the
complex may be disadvantageous for in vivo use. However, the CPP-
based nanocomplex including siRNA clearly demonstrated anti-
tumor activity with no in vivo toxicity, despite having a highly
cationic surface charge (36). This report suggests that TatBim/miR-
34a could offer in vivo effectiveness. Further, introduction of cancer-
targeting moieties, such as the peptides F3 (37) and RGD (38), into
the nanocomplex or substituting Tat with tumor-homing CPP (39)
would increase tumor specificity of the nanocomplex.

In conclusion, we succeeded in the preparation of TatBim/RNA
nanocomplexes with bean-like structures (diameters ranging from
215 to 330 nm) and efficient delivery of the complexes into cells.
Our focus was on the combined biological effect of the peptide and
RNA in the peptide/RNA complex. By using a photosensitizing
strategy, the combined apoptotic effects of the peptide and RNA
were successfully demonstrated. Our present study provided a
guideline of designing light-dependent peptide and RNA dual de-
livery systems with effective releasing capacity in intracellular
compartments.

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jbiosc.2019.01.003.
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