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Self-assembled branched DNA (bDNA) nanomaterials have
exhibited their functionality in various biomedical and
diagnostic applications. However, the anionic cellular mem-
brane has restricted the movement of bDNA nanostructures.
Recently, amphiphilic peptides have been investigated as
cationic delivery agents for nucleic acids. Herein, we demon-
strate a strategy for delivering functional bDNA nanomaterials
into mammalian cells using self-assembled linear peptides. In
this study, antisense oligonucleotides of vascular endothelial
growth factor (VEGF) were inserted in the overhangs of
bDNAs. Novel linear peptides have been synthesized and the
peptide-bound bDNA complex formation was examined using
various biophysical experiments. Interestingly, the W4R4-
bound bDNAs were found to be exceptionally stable against
DNase I compared to other complexes. The delivery of fluores-
cent-labeled bDNAs into the mammalian cells confirmed the
potential of peptide transporters. Furthermore, the functional
efficacy of the peptide-bound bDNAs has been examined
through RT-PCR and western blot analysis. The observed re-
sults revealed that W4R4 peptides exhibited excellent internal-
ization of antisense bDNAs and significantly suppressed (3- to
4-fold) the transcripts and translated product of VEGF
compared to the control. In summary, the results highlight
the potential use of peptide-based nanocarrier for delivering
bDNA nanostructures to regulate the gene expression in cell
lines.
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INTRODUCTION
Nucleic acid-based therapy has gained attention due to their high
specificity, efficiency, and easy of synthesis.1 However, therapeutics
such as small interfering RNA (siRNAs), anti-microRNAs (anti-miR-
NAs), or antisense oligonucleotides containing 21 to 27 bp sequences
are less stable with high thermal sensitivity leading to degradation
during the process of delivery.2,3 Recently, the self-assembled
branched DNA (bDNA) nanostructures have been explored as a
novel therapeutic agent because of several unique features, such as
Mo
This is an open access article under the CC BY-NC-
simpler self-assembly process, defined geometry, programmable
complementarity, versatile designing, thermostability, affordable syn-
thesis, and ease of modifications.4,5 These designed therapeutic DNA
nanomaterials can carry anticancer drugs, antisense oligonucleotides
(ASOs), photosensitizers, nanoparticles, and proteins.6–9 However,
bDNA nanostructures have been held up due to weak targeting of
specific cells, poor bioavailability, and meager cellular uptake.10 The
delivery of bDNA is challenging because of the large negatively
charged phosphate backbone and high molecular mass compared to
siRNAs, which prevent cellular permeability.11 Therefore, a suitable
carrier with a positive charge is needed for the delivery of bDNA
nanostructures. Nevertheless, highly positive polymeric nanoparticles
could lead to cytotoxicity and cellular apoptosis.12–14 Hence, self-
assembled peptide nanocarriers having less positive charge could be
useful to overcome this issue.

Over the last decade, several cationic polymers, cell-penetrating pep-
tides, nanoparticles, and liposomes were designed as vectors to trans-
fect nucleic acids to mammalian cells; among the vectors, peptides
and peptide-based self-assembled nanostructures have drawn much
attention from peptide chemists and biologists because of their chem-
ical and physical stability.15–18 Simple structure and shape of peptides
with easy synthesis in bulk amounts are possible by varying amino
acid residues with different functional groups of a hydrophobic and
hydrophilic nature. Very few peptide-based carriers, such as MPG,
Xentry-KALA (XK), Xentry-Protamine (XP), TAT, H5WYG
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(GLFHAIAHFIHGGWHGLIHGWYG), and CPS 2, have been re-
ported for the delivery of oligonucleotides.19–24 Further, some of
the peptides containing Trp and His or Arg residues, such as cyclo-
[WH]5, linear [WH]5, and cyclo-[WR]5 were reported as small mole-
cule transporters with less toxicity. In addition, cyclo-[WR]5, and its
modified sequences CP I and CP III were reported as vehicles for
siRNA delivery.25–27With this background, we aimed to design linear
peptides that selectively bind bDNA and efficiently deliver bDNA-
carrying nucleic acid therapeutics. In this regard, a series of linear
peptides, including W4R4 (Ac-WWWWGGRRRR-Am), W3R3
(Ac-WWWGGGRRR-Am), W2R4 (Ac-WWGGGRRRR-Am), and
W1R4 (Ac-WGGGRRRR-Am), have been designed and synthesized
containing Trp and Arg residues. Similarly, the other class of peptides
containing Trp and His amino acids are W4H4 (Ac-WWWWGG
HHHH-Am), W3H4 (Ac-WWWGGHHHH-Am), W2H4 (Ac-WW
GGGHHHH-Am), and W1H4 (Ac-WGGHHHH-Am). Thus, a class
of self-assembled peptides was explored to carry bDNAs with ASOs
for gene expression study. For the first time, we have demonstrated
that these linear peptides are binding to bDNAs and successfully
transfecting bDNA to cell lines. Biophysical interactions and thermo-
dynamics have been thoroughly studied, and the transfecting ability
of linear peptides was compared with the conventional transfecting
agent Lipofectamine 2000. In a case study, the gene-silencing activity
by peptide-mediated delivery of bDNAwas also observed for vascular
endothelial growth factor (VEGF), which accelerates tumor angio-
genesis and metastasis.

The powerful angiogenic factor VEGF was initially identified as
crucial for the proliferation of vascular endothelial cells. VEGF and
the receptor of VEGF are highly expressed in many tumors and
play an important role in tumor angiogenesis.28 Nevertheless, the
signaling protein VEGF promotes the growth of new blood ves-
sels.28–30 VEGF restores the blood supply to cells and tissues when
they are deprived of oxygenated blood due to compromised blood cir-
culation.31,32 Since VEGF plays a major role in cancer proliferation,
bDNA containing ASOs of VEGF was explored to downregulate
VEGF expression using linear peptides as delivery agents.

RESULTS
Synthesis and characterization of self-assembled linear peptide

nanostructures

The WR class of peptides include W4R4 (Ac-WWWWGGRRRR-
Am), W3R3 (Ac-WWWGGGRRR-Am), W2R4 (Ac-WWGGGRR
RR-Am), and W1R4 (Ac-WGGGRRRR-Am), whereas the WH set
contains W4H4 (Ac-WWWWGGHHHH-Am), W3H4 (Ac-WWW
GGHHHH-Am), W2H4 (Ac-WWGGGHHHH-Am), and W1H4
(Ac-WGGHHHH-Am), which are given in Table S1. Peptides were
synthesized using solid-phase synthesis techniques (Figure S1) and
purified through preparative high-pressure liquid chromatography
(HPLC). Further, the molecular mass of the linear peptides was iden-
tified by mass spectrometry analysis (Table S2; Figures S2–S9).

WR and WH peptides were dissolved in water at a concentration of
2 mM, and the structural morphology was observed under high-res-
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olution transmission electron microscopy (HR-TEM). All the linear
peptides exhibited self-assembled micellar structures in an aqueous
solution (Figure 1). The overall size was observed to be within
50 nm, whereas W4R4 and W4H4 formed high-density nanostruc-
tures (Figures 1D and 1H). Circular dichroism (CD) spectroscopy
was used to examine the secondary conformations of linear peptides.
The first two peptides (W1R4 andW1H4) feature a random turn-like
topology that contains a short positive peak at 225 nm and a negative
shoulder peak at 200 nm (Figures 2A and 2B). On the contrary, the
resultant spectra of linear peptides having nine or 10 amino acids
consequently have a positive shoulder peak at� 210 nm and a domi-
nantly negative peak at 225 nm due to the presence of an indole ring
in the tryptophan group (Figures 2A and 2B). The peak was gradually
distinct with increase in the length of peptides. Due to the distinct
functional groups in the linear peptides, the Rh values of the WR
and WH series ranged from 28 to 48 nm (Figures S10A and S10B;
Table S1). The zeta potential of the linear peptides were found to
be in the range of +5 to +20 mV, indicating sufficient positive charge
(Figures S10C and S10D).

Characterization of self-assembled bDNA nanomaterials

bDNAmonomers were derived from four single-stranded oligonucle-
otides that were reported earlier for self-assembly studies.33–36 The ol-
igonucleotides A and D were designed to carry two overhangs
comprising scramble or ASOs of VEGF sequences (Table S3).24 Like-
wise, the terminal segments of strands B and C had complementarity
sequences to facilitate the process of self-assembly. The 30-nucleotide
central region of strands A and D exhibited hybridization with
strands B and C, respectively. In this study, bDNAaso was successfully
developed for selective binding to VEGF mRNAs. The control
bDNAscr contains scramble sequences in the overhang and is em-
ployed in all investigations to eliminate the potential confounding
effects arising from the bDNA structures. The conformation of self-
assembled products and their physiological stability have been
demonstrated in agarose gel electrophoresis (AGE). Different combi-
nations of single, di-, tri-, and tetra-oligonucleotides in equimolar
ratios were allowed to self-assemble and then characterized for their
differential migration in AGE (Figures 2C and 2D). Further, the bio-
physical interactions and binding kinetics were studied between
bDNA and linear peptides.

Biophysical binding and thermodynamics of bDNAs with linear

peptides

Agel retardation experimentwas carried out to assess the binding affin-
ities between bDNAaso nanostructures and linear peptides (W4R4 and
W4H4) at variousw/w ratios (10, 25, 50, 75, and 100). In the presence of
W4H4peptides, a sharp and clear bandwas observed for the bDNAaso,
while the intensity gradually disappeared with the increasing ratio of
W4R4 peptides, indicating a higher binding affinity of bDNA with
W4R4 (Figures 2E and 2F). Interestingly, sharp and distinct bands
were noticed in control bDNAs that were incubatedwithout linear pep-
tides and in the presence of His-rich linear peptides (Figures 2G and
2H). Intriguingly, the bDNA bands disappeared in the gel when Arg-
rich linear peptides were incubated. Similarly, Alexa 488-bound
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Figure 1. Characterization of the self-assembled linear peptides

HR-TEM images of self-assembled linear peptides. The top panel represents the WR series W1R4 (A), W2R4 (B), W3R3 (C), W4R4 (D), and the bottom panel represents the

WH sets W1H4 (E), W2H4 (F), W3H4 (G), and W4H4 (H). All the linear peptides exhibited micellar structures in an aqueous solution within an overall size of 50 nm.
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bDNAs were incubated with increasing concentrations of W4R4 and
W4H4 peptides and analyzed in gel electrophoresis (Figures S11A
and S11B). Interestingly, a similar binding pattern was observed for
bDNAs in the presence of Alexa 488. Further, the absorbance studies
were used to confirm the interaction between the linear peptides and
Alexa 488 bDNAs.37 With increasing molar ratios of W4R4 peptides,
a significant decline in absorbance of DNA was observed, whereas no
significant alteration in absorbance was noticed with W4H4 peptides.
Thus, the hypochromic effect of Alexa 488 peak at 495 nm indicated
W4R4 peptide-bDNA interaction (Figure S11). However,WR peptides
bindmore strongly to bDNAaso than bDNAscr.We cannot explain the
reason at present. Further, the isothermal titration calorimetry (ITC)
studies were carried out to understand the thermodynamics of interac-
tion between bDNAs and linear peptides.

The top panel of the graph exhibits peptide interactions with bDNA,
whereas the bottom panel depicts the heat released as a function of the
biophysical interaction (Figure 3). Although the binding affinities of
linear peptides to bDNAaso are identical to those of bDNAscr, the
binding affinity of bDNAaso with W4R4 is about nine times higher
than other peptide-bound bDNAs (Figure S12). This interaction
prompted us to investigate the secondary conformational changes
of bDNAs in the presence of linear peptides.

The characteristic CD spectra of B-form of bDNAaso at 245 and
278 nm were found to be decreased upon the increased concentration
of linear peptides from 5 to 100 mM (Figure 4). Similar outcomes were
observed for the WR and WH peptides toward the interaction with
bDNAscr (Figure S13). Interestingly, theWR series show better bind-
ing to bDNA than theWH series. In the case ofW4R4 peptide-bDNA
complexes, the peak intensities of bDNA flattened to the baseline,
indicating condensed and compact DNA (Figures 4G and S13G).
The greater affinity of Arg-rich peptides toward bDNA compared
to His-rich peptides motivated us to understand the surface interac-
tion between the peptides and bDNAs.

Particle size and surface charge of peptide-bDNA complex

TheRh value of bDNAscr and bDNAasowas found to be 14 and 25 nm,
respectively (Figures 5A and 5B). In the presence of bDNAs, a moder-
ate increase in hydrodynamic radii was noticed for W3R3 andW3H4
peptides. On the contrary, the radii of W4R4 and W4H4 increased
significantly (p ˂ 0.01) in the presence of bDNAs (Figures 5A, 5B,
and S14A). The observed results confirmed the interaction between
linear peptides and bDNAs and further motivated us to study the
native charge of the peptide-bound bDNA complexes. The negative
charge of bDNAs perturbs the overall surface charge of linear peptides,
except for W4R4 (Figures 5C, 5D, and S14B). Although the His of
W4H4 binds to bDNAs, the His persists in the center of the complex,
and the bDNAs form a concentric ring around it, thus generating a
negatively charged group on the surface having a block type of binding.
On the other hand, Arg of W4R4 binds to the bDNA in a manner
where the positive charge of Arg residues surrounds the bDNA.

Structural stability of peptide-bound DNA nanostructures in

denaturing conditions

Since W4R4 andW4H4 peptides bind to bDNAs in distinct ways, the
presence of linear peptides can influence the relative stability of
bDNAs. The maximum peak intensity for the bDNAaso was observed
Molecular Therapy: Nucleic Acids Vol. 33 September 2023 495
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Figure 2. Characterization and binding analysis of linear peptides with bDNAs (bDNAscr and bDNAaso)

Secondary conformational analysis of linear peptides using CD spectroscopy. The negative peak confirmed the secondary conformation at 225 nm for 100 mM WR series

(A) and WH series (B) peptides. However, linear peptides W1R4 and W1H4 lack peaks at 225 nm. Self-assembled bDNAscr (C) and bDNAaso (D) were characterized in 3%

agarose gel electrophoresis (AGE). The composition of each oligonucleotide is labeled on the top of each lane. The differential migration was observed for individual oligos

(oligo B), di-oligo complexes (oligo BC, CD, and AB), tri-oligo complexes (oligo BCD and ABC), andmonomeric bDNAscr and bDNAaso structures. A homogeneous and non-

spurious product of self-assembled bDNA was noticed with a clear band. Gel-shifting analysis for the development of complexes between linear peptides and bDNAs. A gel

retardation experiment was conducted to assess the binding affinities of linear peptides (W4R4 and W4H4) with bDNAaso nanostructures. The bDNAaso with different w/w

ratios of linear peptides (10, 25, 50, 75, and 100) were used and presented using the gel (E and F). Similarly, a 2% AGE was used to analyze the binding affinity of WR/WH

peptides with bDNAscr and bDNAaso complexes. The bDNAs were incubated with peptides at a molar ratio (w/w) of 1:100 (G and H). Lane 1 primarily consists of bDNA,

lanes 2–5 have WR series with bDNA, and lanes 6–9 contain WH series with bDNAs. The WR peptides have a greater binding affinity with bDNAs than the WH peptide sets.
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at 241 and 267 nm with the thermal melting of�70�C (Figures S15A,
and S17A). As expected, the denatured bDNA refolded back to the
native B-form with an equal Tm value during the annealing process
(Figure S15B). Similarly, melting curve analysis of bDNAaso was
investigated in the presence of 25 mM W4R4 peptides and the Tm

value was calculated to be �80�C. However, the thermal melting of
the W4H4-bound bDNAaso complex was 75�C. Similar outcomes
were observed for the bDNAscr in the presence and absence of linear
peptides (Figures S16 and S18). Interestingly, bDNA reoriented back
to its native B-form in the presence of W4H4 peptides during the an-
nealing process with the same Tm values in contrast to W4R4 pep-
tides. Possibly, the binding between W4R4 and bDNA is more stable
than W4H4-bDNA complex.

Further, we investigate the stability of peptide-bound bDNAs in the
presence of DNase I. Initially the stability of bDNAs was determined
in the presence of 10 U/mL DNase I at variable time intervals up to
30 min (Figure S19A). The control bDNAs are sensitive in the pres-
ence of 10 U/mL of DNase I and approximately 50% degradation
was noticed after 30 min of incubation. Interestingly, the peptide/
DNA complexes of theW3R3/W4R4-bDNA complex retained the sta-
bility in the presence of DNase I (Figure S19B). Further, in the absence
of peptides, the particle sizes of the bDNAs decreased significantly (p ˂
0.005) in the presence of DNase I (Figure S19C). However, the particle
sizes of peptide-bound bDNAaso remained unaltered in the presence
of DNase I (Figure S19D). It has been observed that peptide-bound
DNA complexes formed by W4R4 have a higher ability to preserve
their native state than W4H4 peptides. Interestingly, in the presence
of W4R4, bDNA complexes retained 65% of products in the presence
of DNase I (Figure S19B). However, in the presence of W4H4, the
bDNA is degraded close to the control (Figures S19E and S19F).
Further, the structural stability of bDNAaso has been examined in
10% fetal bovine serum (FBS) in the presence and absence of W3R3
and W4R4 peptides. The relative intensity of bDNAaso remained sta-
ble for 12 h, while it gradually degraded over a period of 48 h at 37�C
(Figure S20A). However, peptide-bound bDNA complexes are stable
in the presence of nuclease even up to 48 h (Figures S20B and S20C).

The release of bDNAaso from W4R4 peptides complexes was exam-
ined in the presence of protease enzymes and ionic species. The con-
trol bDNAaso showed a sharp band, while the peptide-bound bDNAs
exhibited the disappearance of the band, confirming the formation of
the complex (Figure S21A). Interestingly, SDS and trypsin triggered
the release of bDNA from the peptide complexes, while proteinase
K degraded the complexes, resulting in a smeared product. However,
bDNAaso bands remained intact after incubation in different prote-
ase enzymes and ionic species (Figure S21B). These results confirmed
an anionic and trypsin-mediated release of bDNA from the peptide
complexes in the cellular environment.
Figure 3. Thermodynamic binding studies of linear peptides with bDNAs

The thermodynamic study confirmed the binding affinity of the peptides with bDNAscr (A

and C), and the W4H4 with bDNAs in (B and D). The molar ratio of bDNAs in the prese
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Cytotoxicity and cellular uptake study

The cytotoxicity of WR and WH peptides was tested at 2.5, 5, and
10 mM concentrations for 24 h (Figure S22). All the peptides showed
a cell viability of about 90%. Further, the lactate dehydrogenase
(LDH) assay was conducted to assess the toxicity and membrane
leakage of cells treated with peptides. LDH is an endogenous enzyme
that is ubiquitous in all cells and is extruded into the cell culture me-
dium upon disruption of the plasma membrane. Thus, the LDH assay
serves as a measure of membrane leakage and cellular toxicity. In this
study, the HCT-116 cell line was used to evaluate the membrane
integrity of different peptides at two different concentrations (5 and
50 mM). Additionally, the cytotoxicity of the peptide-bDNA complex
was examined along with the lysed cells as a positive control. Remark-
ably, no significant increase in cytotoxicity was observed for either
peptides alone or peptide-bDNA complexes following 24 h of expo-
sure to the treated cells (Figure S23). These results indicated that
the linear peptides and their complexes do not induce cytotoxic
effects on the cells under experimental conditions.

The fluorescence microscopy experiments were executed to check the
subcellular localization of peptides/Alexa 488-labeled bDNAs com-
plexes in HCT-116 cells. The internalization of Alexa 488-labeled
bDNA is negligible in the absence of the delivery vehicle (Figures 6,
S24, and S25). On the other hand, substantial cellular uptake of Alexa
488-labeled bDNA was noticed in the presence of W3R3 and W4R4
inside the cytoplasm (Figures 6 and S24). However, in the case of the
WH series, no such cellular internalization was observed (Figure S25).
Although the WH peptide series can form a self-assembled nano-
structure, the net positive charge may not be sufficient to bind with
bDNAs compared to W3R3 and W4R4 sets.

Further, cellular internalization of Alexa 488-labeled bDNA was
quantified in HCT-116 cells by fluorescence-activated cell sorting
(FACS). This analysis indicated significant fluorescence intensity in
cells treated with Alexa 488-labeled bDNA-W3R3 or W4R4 complex
compared to the Alexa 488-labeled bDNA alone. For instance, W4R4
and W3R3 peptides were found to be responsible for 12.5% and 7.1%
of cellular internalization of Alexa 488-labeled bDNA, respectively
(Figure S26). Nevertheless, a 1.7 fold higher cellular internalization
was observed in W4R4 compared to W3R3 (Figure S26B). Thus,
the present finding confirms the efficiency of W4R4 as a promising
carrier for bDNA delivery.

VEGF gene silencing using peptide-DNA composite

nanomaterials

Around 50 nM bDNAscr and bDNAaso were transfected with the
support of 5 mM peptide into the HCT-116 cell line and incubated
for 4 h. Moreover, the efficacy of the selected peptides was compared
to the standard Lipofectamine 2000. The mRNA expression level
and B) and bDNAaso (C and D). The W4R4 binds with bDNAscr and bDNAaso in (A

nce of peptides has been kept constant.
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indicated that W4R4-bound bDNAaso downregulates 2.63 fold
(p < 0.001) of VEGFmRNA expression compared to the control (Fig-
ure 7). However, the Lipofectamine-induced bDNA transfection
reduced VEGF mRNA expression by about 1.47 fold (p < 0.001).
As expected, the expression of 18s rRNA was unaffected by the pres-
ence of peptide-bDNAaso complex (Figure 7). All otherWR andWH
peptide-bound bDNAaso demonstrated non-significant levels of
VEGF expression relative to the control groups. Similarly, protein
expression was reduced by 4.35 fold in response to W4R4 bound
bDNAaso complexes compared to control (Figures 7E–7H and
S27). Lipofectamine 2000-based transfection of bDNAaso indicated
2.1 fold downregulation of VEGF protein expression (Figures 7G
and 7H). The results clearly suggest the potential use of W4R4
peptides as bDNA carriers for the downregulation of VEGF gene
expression.

DISCUSSION
Linear peptides of two different amphiphilic classes have been synthe-
sized. Herein, the positively charged L-Arg and L-His comprise the
hydrophilic heads, while the hydrophobic L-Trp is incorporated
into the tails and L-Gly in varying proportions (Table S1). In order
to enhance the flexibility and confer increased amphipathic proper-
ties, these novel linear peptide sequences were selected based on
our earlier reports.26,27

The dense clustering of both peptide sequences is facilitated by the
presence of hydrophobic Trp residues, which are well known for their
involvement in hydrophobic-driven self-assembly.26 Additionally,
Arg residues are responsible for participating in inter- and intramo-
lecular hydrogen bonding present in the proposed sequences. The
amide bonds of peptide and proteins provide two characteristics of
electronic transitions in CD spectroscopy, such as np* transitions
at 220 nm and pp* transitions near 190 nm. All the linear peptides
except W1R4 and W1H4 peptides correlate to np* transitions that
denote the b-turn signature of polypeptides.38 The b-turn motif is
the third most common secondary structure found after the a helices
and b sheets present in the cellular milieu. Furthermore, the b-turn
motifs play an important role in the folding of globular proteins
and binding to the G-protein-coupled receptors (GPCRs).39 More-
over, transmembrane proteins such as GPCRs are responsible for
most cellular responses triggered by diverse extracellular stimuli.40–42

Thus, the b-turnmotifs of linear peptides might help in easier delivery
of the bDNA nanostructures.

The amphipathic nature of the linear peptides is attributed to the
presence of hydrophobic tryptophan residues and hydrophilic
arginine/histidine residues.43 Moreover, optimum hydrophobic and
hydrophilic balance in the sequence leads to the formation of self-
assembled nanostructures. Further, the self-assembly of peptides
Figure 4. Binding conformation of bDNAaso in the presence of linear peptides

The CD spectra of a B-DNA show distinctive peaks at 267 nm and 241 nm. The bDNAas

bDNA concentration was kept at 1 mMandwas titrated with different molar concentration

binding affinity for bDNAs than the WH series.
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could be correlated with previously reported WR peptides, including
CPS1, CPS2, and CPS3, which have been elucidated through in silico
analysis, as well as atomic force microscopy (AFM) and HR-TEM
studies.24 The hydrophobicity in the peptide sequences plays a critical
role in the self-assembly process.24 Moreover, there are no cysteine
molecules in the WR and WH peptides to form disulfide linkages.
Therefore, the self-assembled peptide nanostructures rely primarily
on weaker interactions, including hydrogen bonds and electrostatic,
hydrophobic, and intermolecular interactions. These interactions
collectively contribute to the formation of stable and well-defined
peptide nanostructures.

The zeta potential of the linear peptides was found to be in the range
of +5 to +20 mV. These positive values on the surface could induce
more affinity toward negatively charged macromolecules such as
DNA.44 However, a differential binding affinity of peptides for the
bDNAscr and bDNAaso was observed in the retardation study.
Further the selective binding between peptide and DNA was charac-
terized using UV-visible (UV-vis) spectroscopy. Similar to the hypo-
chromic effect of peptides in DNA nanomaterials,45,46 a significant
hypochromacity at 495 nm was observed for Alexa 488 bDNA with
increasing concentrations of W4R4 peptide. This observation indi-
cates that the interaction betweenW4R4 peptides and bDNA initiates
at a molar ratio of 25:1, obtaining a maximum level of interaction at
the molar ratio range of 100:1. Thus, W4R4 peptides are efficiently
binding to bDNA as compared to W4H4 peptides. The Arg-rich pep-
tides may interact strongly with bDNAs and inhibit the intercalating
sites of ethidium bromide. Furthermore, guanidium groups of the
Arg-rich peptide interact directly with the phosphate backbone of
bDNA. Due to the interaction of guanidium groups, the hydrophobic
linear peptides interact with the nucleotide bases of DNA to form
hydrogen bonds. Similarly, the indole rings of Trp interacted with
the guanine groups of DNAs.47 However, the imidazole ring of His
interferes with the coupling of hydrogen bonds between nucleotide
bases and hydrophobic regions of linear peptides. As a result, the
disappearance of the band is expected in the case of Arg-rich peptides.
Similar outcomes were also seen in siRNA or ASO sequences during
interactions with cyclic peptides.24 As mentioned earlier, the guanine-
rich overhang regions in the bDNA can form hydrogen bonds with
the guanidinium group of the Arg of linear peptides.48 The current
data suggest that bDNAaso efficiently interacts with Arg-rich linear
peptides. The negative enthalpy and entropy values of ITC suggest
that bDNAs interact with all the linear peptides in non-covalent bind-
ing modes (Figure S12). The negative values claim that the interaction
was primarily by hydrogen bonds and van der Waals forces of inter-
action, which may be attributed to proton exchange between the pep-
tides and bDNA.49 These thermodynamic characteristics suggest a
favorable exothermic interaction between peptides and bDNAs
(Table S4). CD spectroscopy was also conducted to assess the
o interacts with WR peptides (A, C, E, and G) and WH peptides (B, D, F, and H). The

s (0–100 mM) of linear peptides. The peptides of theWR series demonstrate a higher



Figure 5. Particle size and zeta potential analysis of peptide-bound bDNAs

The particle sizes of bDNAs and peptides demonstrate the development of nanometer-range complexes. The figure represents the particle size of bDNAscr and peptide-

bound bDNAs (A) and bDNAaso and peptide-bound bDNAs (B). The findings support the formation of peptide-bound bDNA complexes. The zeta potential confirms the

direct interaction of peptides with bDNA nanostructures. The surface charges of bDNAscr and bDNAaso were differentially influenced by peptides (C and D). Interestingly, in

the presence of W4R4, the bDNA shows positive zeta potential, which may help in DNA transfection. Data with superscripts are significantly different at p < 0.05.
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secondary conformational changes of bDNA in the presence of pep-
tides. Our results suggested that positively charged linear peptides
might bind arbitrarily to the phosphate backbone of bDNAs. The flat-
tened peaks of the bDNA monomers might be due to the "slide" or
"hop" of linear peptides binding to the nucleotide bases.

Light-scattering studies were conducted to evaluate the surface
charge and size of the peptide-bound bDNA complexes. The exper-
imental radii of bDNAs are almost identical to the theoretical values
of bDNA nanostructures calculated from the B-form of DNA with
Watson and Crick base pairing.50,51 Nevertheless, the size of pep-
tides is increasing in the presence of bDNAs. These experimental
findings have further supported the interaction of linear peptides
with bDNAs. Similar findings were observed for the catalase in
the presence of bDNAs.52 Further, the surface charge of peptides
was examined in the presence of bDNA nanomaterials. Linear pep-
tide-bDNA complexes were reported to exhibit negative surface
charges like liposome-mediated-DNA clusters.53 However, a posi-
tive surface charge was noticed for the W4R4 peptide-bDNA com-
plex. Although the W4R4 peptide primarily maintained an overall
positive charge, the hydrophilic head of the Arg encapsulated the
bDNAs between two or more W4R4 peptides, thus forming a
micelle structure. Interestingly, the 1,2-dioleoyl-3-trimethylammo-
nium propane (DOTAP):cholesterol liposome-mediated interaction
with supercoiled DNA yielded similar findings.54 These observed re-
sults concur with secondary conformational data that W4R4 bound
to bDNAs and confirmed a stable complex formation between the
peptide and bDNAs.

The stability of these peptide-bound DNA complexes under varying
denaturing conditions is a crucial factor in determining their
durability in physiological environments. The observed Tm value of
W4R4-bound bDNAaso is higher in comparison to the bDNA alone
due to encapsulated bDNA between the linear peptides. However, the
Tm of bDNA decreased to 65�C during the thermal renaturation
because positively charged Arg hindered the refolding back of the
phosphate backbone. A similar annealing pattern was also observed
for lanthanum-induced Z-DNA, where lanthanum binds strongly
to the phosphate backbone and grooves.55 The improved thermal sta-
bility of bDNAs in the presence of linear peptides is reflected through
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Figure 6. Fluorescence microscopy images of Alexa 488 bDNA

The uptake of Alexa 488 bDNA in HCT-116 cells in the presence of W1R4, W2R4, W3R3, and W4R4 and stained with DAPI. It has been observed that the internalization of

Alexa 488-labeled bDNA is negligible for control and WR sets. A substantial cellular uptake was noticed for W3R3 and W4R4 peptide-bound bDNAs.
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spectroscopic and thermodynamic investigations. The W4R4-pep-
tide-bound bDNA is found to be the most stable due to its unique
complexation ability.

DNA-based nanoparticles are biodegradable with a half-life of a
few hours due to several factors that limit their functional applica-
bility.56 Meanwhile, DNase I was found to be the predominant
nuclease in mammalian serum, with an average DNase I activity of
1.49 U/mL.57 Results suggested that bDNAs are only sensitive to
10U/mL DNase I activity (p ˂ 0.01). Similarly, nuclease susceptibility
was reported for the bDNAs in the presence of DNase I.36 Neverthe-
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less, Arg-rich peptides are able to protect the bDNAaso against the
activity of DNase I. Additionally, the nuclease stability of bDNA
nanostructures was examined in the presence of FBS, which contains
�256 U/L of DNase I.2 The results indicate that peptide-bound
bDNA structures exhibit complete stability for 48 h in cell culture me-
dia, in contrast to the 25% stability observed in naked bDNAs. Based
on our observations, we hypothesize that these peptide-bound bDNA
structures confer enhanced structural stability. Therefore, these find-
ings indicate that the Arg-rich peptides minimize the binding and
protect against the enzymatic activity of endonucleases. In contrast,
W4H4 peptide-bound bDNAs exhibited 20% protection against



Figure 7. Quantification of VEGF at transcriptional and translational levels

The transfection efficacy was investigated with 50 nM bDNAaso nanostructures and normalized using 18S rRNA (A–D). The effect of bDNAaso was compared to bDNAscr

and Lipofectamine 2000. Western blots of VEGF protein expression relative to GAPDH protein expression for bDNAaso delivery via W1R4, W2R4, W3R3, and W4R4 (E).

Quantifications of VEGF protein expression with respect to the control GAPDH (F). The VEGF protein expression gel image was relative to GAPDH for bDNAaso delivery via

W3R3, W4R4, W3H4, W4H4, and Lipofectamine 2000 (G). Quantifications of VEGF protein expression against control GAPDH (H). Data shown here represent the mean ±

SD of triplicates. The level of significance was determined by one-way ANOVA followed by Duncan’s new multiple-range tests. Data with superscripts are significantly

different at p < 0.05.

www.moleculartherapy.org

Molecular Therapy: Nucleic Acids Vol. 33 September 2023 503

http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
nuclease degradation like the control bDNAs (Figures S19 andS20).
Therefore, we propose that Arg-rich peptides encapsulate bDNAs
within the hydrophobic regions of the peptides, leading to enhanced
structural stability and protective activity. Based on these findings,
Arg-rich peptides are considered superior transfecting agents
compared to His-bearing peptides.

The stability of the complex between the W4R4 peptide and
bDNAaso is crucial for potential therapeutic applications. However,
the mechanism of release of bDNAs from the complex remains un-
clear. Serum nucleases have been reported to degrade nucleic acids
with a half-life of up to 4 h, while protease enzymes such as proteinase
K and trypsin can digest carboxyl groups of amino acids such as Arg,
Gly, and Trp.35,58 The stability and release of bDNA biomaterials
from the complex were examined in the presence of trypsin, protein-
ase K, sodium chloride (NaCl), and SDS.59,60 The complexes were
stable in all conditions except for trypsin and SDS. The presence of
high-density cationic charges in the complex imparts stability under
polyelectrolyte conditions, enabling efficient transfection of peptide-
bound bDNAs into cells.24,61 However, the release of bDNAaso in the
presence of the proteolytic release and anionic species such as SDS
signifies a trypsin-mediated or ion-induced release inside the cells.
Gel analysis showed that bDNAs were stable in the presence of
trypsin, proteinase K, NaCl, and SDS in the absence of linear peptides.

The cytotoxicity of various linear peptides was evaluated in HCT-116
cells through theMTT assay. The cells were observed to be 90% viable
in the presence of 10 mM linear peptides. Similarly, the results of the
LDH assay indicated that linear peptides and their complexes do not
induce cytotoxic effects on cells under the experimental conditions.
As a result, all linear peptides have been investigated to deliver
bDNAaso inside the cell. In order to check the internalization effi-
ciency of the peptides, intracellular uptake of Alexa 488-labeled
bDNAs was investigated. These observations indicate that self-assem-
bled peptide nanostructures with sequences W3R3 and W4R4 ex-
hibited higher efficiency in transfecting bDNAs into the cellular envi-
ronment. This observation was also supported by the FACS study.

The transfected cells with the bDNAaso were incubated for 48 h in
complete medium to evaluate the inhibition of VEGF expression.
The results indicated that W4R4-bound bDNAaso downregulates
2.63 fold of VEGF mRNA expression compared to the Lipofect-
amine-induced bDNA transfection by about 1.47 fold. All other WR
and WH peptide-bound bDNAaso demonstrated a non-significant
level of VEGF expression compared to the controls. These findings
are consistent with our previous study, where we demonstrated the
effective suppression of VEGF expression using a cyclic peptide-
bound siRNA complex.24 Due to the positive zeta potential of the
Arg-rich linear peptides,W4R4 peptideswere found to deliver bDNAs
inside the cells and suppress VEGF expression more effectively than
Lipofectamine.62 Thus, the efficacy of suppressing VEGF expression
is 2 fold greater in the case of W4R4-bound bDNAaso than Lipofect-
amine-bound bDNAs. Thus, peptide-bound bDNA complexes were
found to be superior for reducing mRNA levels than naked bDNAs
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due to their more efficient transfection and stability inside cells. Simi-
larly, western blotting was utilized to evaluate protein expression in
cells transfected with a peptide-bDNA complex. Protein expression
was reduced by around 4.35 fold using W4R4-bound bDNAaso com-
plexes, as compared to 2.1 fold downregulation using Lipofectamine
2000-boundbDNAaso complexes. The expression ofVEGF at the pro-
tein level suggests that the efficiency of theW4R4 peptide in delivering
DNA is much higher than the widely used Lipofectamine 2000. Based
on this finding, the protective ability of peptide nanostructures toward
the transfection of nucleic acid therapeutics is confirmed.

In summary, this report describes for the first time the effective deliv-
ery of bDNA nanostructures using linear peptides. Moreover, an effi-
cient and simple method has been developed for delivering bDNA
nanostructures that carry therapeutic molecules such as miRNA,
anti-miRNAs, siRNAs, and ASOs. The present study also reveals
that bDNA nanostructures carrying antisense VEGF could be deliv-
ered successfully by W4R4 peptide, resulting in downregulation of
VEGF at post-transcriptional and post-translational levels. The bio-
physical investigations confirmed the binding of peptides to bDNA,
thus enabling the transfection of the bDNAs-peptide complex. Never-
theless, these peptide-mediated deliveries of bDNAs can target
mRNAs more effectively than Lipofectamine 2000. This peptide-
based biomolecular delivery strategy opens a new route to deliver
therapeutic nucleic acids.

MATERIALS AND METHODS
Chemicals and reagents

Molecular-grade Tris, SDS, glycine, Coomassie brilliant blue R250,
ethanol, and methanol were bought from MP Biomedicals, and poly-
vinylidene fluoride (PVDF) membranes from Millipore (MA, USA).
Fmoc-amino acid trityl chloride resins, Fmoc-L-amino acid, coupling
chemicals, and 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate were bought from Chempep (Miami, FL).
Na2EDTA, skim milk, FBS, MTT, NaCl, KHPO4, KCl, and NaHPO4

were bought from Himedia (India). The chemicals such as agarose,
Trizma base, magnesium acetate, acetic acid, EDTA, ethidium
bromide and 6� loading dye were purchased from Sigma-Aldrich.
NexGen HM Protease inhibitor (BPOI001) was bought from Bio-
pioneer (India). SRL Chemicals (India) supplied the reagents, such
as N, N-dimethylformamide (DMF) and N,N-diisopropylethylamine
(DIPEA). Polypropylene columns were supplied by Bio-Rad. Lipofect-
amine 2000 was purchased from Thermo Scientific. The LDHFSR-01
kit was procured from Meril Diagnostics. VEGF antibody (sc-
365578), and VEGF siRNA (sc-29520) were purchased from Santa-
cruz. GAPDHmonoclonal antibody (10-10011) and alkaline phospha-
tase-conjugated goat anti-mouse immunoglobulin (Ig) G (11-302)
were purchased from Abgenex. 18s rRNA primer and VEGF primer
(Table S3) were custom synthesized from Integrated DNA Technology
(IDT), USA.

Synthesis of peptides

All the peptides were synthesized by solid-phase peptide synthesis.
The synthesis procedure of amphipathic peptides was performed as
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per the reported articles.26 All peptide-related reactions were carried
out at room temperature in polypropylene columns by physical mix-
ing with a vertical rotator. In a nutshell, all peptides were produced
utilizing the SPPS method and Fmoc chemistry. HBTU and DIPEA
were used as coupling and activating agents, respectively. Deprotec-
tion of Fmoc at every stage was performed by utilizing 20% v/v piper-
idine in DMF. The peptide-attached resins were shaken for 2 h with a
15-mL solution of trifluoroethanol (TFE), acetic acid, and dichloro-
methane (DCM) in a ratio of 2:2:6 (v/v/v) to detach the side-chain-
protected peptides from the solid phase. By the process of filtration,
resin and peptide solution were separated. A rotary evaporator was
used to obtain the dry-side chain-protected peptides. In a ratio of
90:5:2:3, trifluoroacetic acid (TFA)/thioanisole/anisole/1,2-ethanedi-
thiol (EDT) reagents were used for the side-chain deprotection over
2 h. The unpurified peptides were precipitated by adding 75 mL of
cold diethyl, and they were then purified using a gradient system
on an Agilent 1260 infinite Quaternary LC system reversed-phase
column.

Characterization of peptides by mass spectrophotometer and

HR-TEM

MALDI-TOF mass spectrometry at the Proteomics facility, Institute
of Life Sciences, Bhubaneswar (AB SCIEX TOF/TOFTM 5800 Sys-
tem) was used to determine the mass of the peptides of the purified
peptides and the matrix CHCA was used, and the matrix mixed pep-
tides were dropped in the MALDI plate and given time to dry. The
self-assembled nanostructure of 2 mMWR andWH series of peptides
was prepared in an aqueous solution and kept for 2 days at 25�C–
30�C. Ten-microliter samples were placed into the 300-mesh for-
mvar-coated carbon TEM grid and incubated for 2 min. The peptides
were stained with 20 mL of 2% uranyl acetate applied to the TEM grid
and incubated for 2 min at room temperature. The additional stain
was removed using filter paper, and TEM grids were kept at room
temperature for 24 h to completely dry. The images were taken
with a field emission gun transmission electron microscope 300 kV
(using the facility at IISER, Mohali).

Designing of bDNA nanostructures with antisense sequences

Oligonucleotides (oligo B, C, A-scr, D-scr, A-aso, and D-aso) were
used in an equimolar stoichiometric ratio to form different bDNA
nanostructures (Table S1). As mentioned earlier, the internal and
external hybridizing regions of bDNA were derived from catalase,
SOD1, and SOD2 genes of Rattus norvegicus.33 In the case of the
bDNAscr, the overhang (A-scr and D-scr) were replaced with
scramble sequences.35 The overhangs (A-aso and D-aso) of bDNAaso
were replaced with the ASO sequences to target the VEGF gene.24

These designed oligonucleotides were procured from IDT and
used in experimental studies without additional purification and
modifications.

Self-assembly and characterization of bDNA

The synthesized oligonucleotides were self-assembled in TAEM
buffer, which contains Tris base (40 mM, pH 8.0), acetic acid
(20 mM), EDTA (2 mM), and Mg(Ac)2 (12.5 mM) by a single-pot
synthesis approach in a thermal cycler (Bio-Rad, S-1000). The
bDNAs were self-assembled using four oligonucleotides in an equi-
molar ratio. The reaction mixture of bDNA was denatured at 95�C
for 9 min and then slowly cooled down to 4�C at a rate of 0.3�C/
s.33 All reaction mixtures were performed five times with the final
concentration of 1 mM, and the self-assembled DNA nanostructures
were stored in aliquots at�20�C until further use. The bDNAs nano-
structures were characterized using 3% AGE at a constant voltage of
80 V for 25 min in 1� TAE running buffer.

A gel-shifting assay was performed to demonstrate the preferential
binding of the linear peptide with bDNAs. A 20-mL mixture contain-
ing 1 mM bDNAaso/Alexa 488 bDNA and a w/w ratio (10, 25, 50, 75,
and 100) of W4R4 andW4H4 linear peptides was prepared and incu-
bated at room temperature for 1 h. The mixture was subsequently
electrophoresed using 2% AGE. Similarly, the reaction mixture
comprised 100 nM bDNAs and 10 mM linear peptides. The final
volume was made up to 20 mL with the self-assembly buffer. These
samples were incubated at room temperature for 1 h and then electro-
phoresed in horizontal gel electrophoresis (H99X, Hoefer) using 2%
AGE for 25 min at a constant voltage of 80 V. All the gel images
were documented in the FluroChem E system (Cell Biosciences).

Absorbance study of Alexa 488 bDNAs with linear peptides

Alexa 488-labeled bDNAs (1 mM) were incubated for 1 h at 25�Cwith
increasing ratios of either W4R4 or W4H4 at peptide/bDNA molar
ratios of 0:1 to 100:1, and absorbance spectra were measured using
the Cary-100 UV-vis spectrophotometer (Agilent, USA) with an
absorbance range of 450–550 nm. The hypochromic effect of the
Alexa 488 bDNAs was quantified by the relative change in absor-
bance, DODr, defined as follows37:

DODr = ðOD0 � ODÞ =OD0

where OD0 is the initial absorbance of the free Alexa 488 bDNA and
OD is the absorbance of the bDNA-peptide complexes. Plotting
DODr allows the detection of interaction of W4R4 or W4H4 peptides
with the bDNAs at molar ratios. The increased molar ratio of W4R4
represented a relative increase in the hypochromicity of peptide/
bDNAs compared to the W4H4/bDNA complexes.
Thermodynamics of binding between bDNAs with linear

peptides

The GEHealthcare MicroCal ITC200 was used to study the thermody-
namics of binding between bDNAs and linear peptides at 25�C. The
sample cell of the calorimeter was loaded with 200 mL of bDNAscr
(1.0 � 10�6 M) and 40 mL 1� TEAM buffer (pH 7.4). The bDNA
was titrated with 100 mM peptides using a 40 mL injection syringe
with a 120 sec gap between each 1.5 mL injection for 18 injections
at 500 rpm. The thermodynamic heat associated with each injection
was observed as a peak that keeps the sample and reference cell at
identical temperatures, and the data were plotted as integrated quan-
tities. The thermodynamics of bDNAscr and linear peptides data were
fitted and analyzed with a sequential model of one binding site using
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Origin 7.0 provided by the MicroCal instrument. Similarly, bDNAaso
of 1 mM was loaded in the ITC sample cell, and the thermodynamic
behavior of bDNAaso in the presence of peptides was examined with
similar parameters.

Secondary structure of linear peptides in the presence of bDNAs

The CD spectrophotometer (Chirascan, Applied Photophysics) was
used to characterize the secondary conformational study of the linear
peptides in the range of 200–300 nm with a scan rate of 60 nm min�1

at 25�C in a 2 mm cuvette. The MilliQ water acted as the baseline for
subtracting the spectral readings. A typical reaction mixture consists
of 380 mL of MilliQ water and 20 mL of LP series (2� 10�3 M). All the
spectral readings are an average of three readings.

The changes in the secondary conformation of bDNA in the presence
of linear peptides were monitored using the CD spectrophotometer
with a similar spectral range and parameters in a 1 mm cuvette.
The self-assembly buffer acted as the baseline. A typical reaction
mixture contains 200 mL of 1 mM bDNA. Subsequently, the linear
peptides were added to the sample of different molar concentrations
ranging from 5 to 100 mM. The Quantum Northwest TC-25 main-
tained the experimental temperature. Each spectrum is an average
of three readings. Both the bDNAs were titrated with sets of linear
peptides with an incremental addition to examine the spectral
changes of bDNA.

Dynamic light-scattering measurements

The hydrodynamic diameter of linear peptides in the absence and
presence of bDNAs were measured at 658 nm using a Litesizer-500
with a fixed scattering angle of 175� at 25�C. bDNAs were dissolved
in the self-assembly buffer, pH 7.4, and filtered through a 0.22 mm
sized micro-sampler. In brief, 100 mM linear peptides and 1 mM
bDNAs were incubated for 1 h, whereas the linear peptide was used
as a control. Each value is an average of triplicate readings. Hydrody-
namic radius (Rh) was estimated based on the autocorrelation analysis
of scattered-light-intensity data based on the translation diffusion co-
efficient by the Stokes-Einstein relationship.

Rh = kT=6phD

where Rh is hydrodynamic radius, k is Boltzmann constant, T is tem-
perature, ƞ is viscosity of the water, and D is diffusion coefficient.
Zeta potential measurements

The zeta potential of linear peptides in the absence and presence of
bDNAs weremeasured using a Univette low-volume cuvette in the Li-
tesizer-500 at 25�C. For the bDNA-peptide complex, 1 mMbDNAwas
incubated with 100 mM linear peptides for 1 h, and then zeta potential
was measured using the Litesizer-500. The control bDNA and linear
peptides with respective concentrations were also incubated for 1 h at
25�C before measuring the zeta potential. Zeta potential (mV) was
estimated based on the electric potential of the slipping plane using
the Smoluchowski approximation method based on the Kalliope soft-
ware. Each value is an average of triplicate readings.
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Thermal melting of bDNAs in the presence of linear peptides

A thermal melting experiment was conducted using a CD spectro-
photometer (Chirascan, Applied Photophysics). The thermal stability
of linear peptide-bound bDNA complexes was assessed to demon-
strate their high-temperature stability. The spectral range was set
from 200 to 300 nm in a 1 mm pathlength cuvette, and 1� TAEM
buffer solution was used as a blank for baseline correction. The ther-
mal melting study of bDNA was done with 200 mL of 1 mM bDNAscr
and 25 mM linear peptides. Similarly, bDNAaso was taken in the
cuvette, and 50 mM linear peptides were added for the thermal
melting study. Both bDNAs were heated at 2�C/min from 20�C to
90�C. The data were recorded at 5�C per step of temperature rise.
Thermal melting of bDNAs was observed with and without linear
peptides.

DNase I stability assay

In the presence of DNase I, the structural stability of DNA nanostruc-
tures was determined. The reaction mixture consisted of 20 mL of
1 mM bDNA complexes and was digested with 10 U/mL of DNase
I. Similarly, 1 mMbDNAs were incubated with 100 mM linear peptides
consisting of W3R3 and W4R4 to determine the stability of com-
plexes in the presence of 10 U/mL of DNase I for 15 and 30 min.
Correspondingly, 1 mM bDNAs were incubated with 50 mM linear
peptides consisting of W4R4 and W4H4 peptides. Then the com-
plexes were incubated with DNase I for 5, 10, 20, and 30 min at
37�C, and the digested products were electrophoresed in 2% AGE
at 80 V for 25 min. All the gel images were documented in the
FluroChem E system (Cell Biosciences). These band intensities
were analyzed for the stability of the relevant complexes. Similarly,
the hydrodynamic diameter of bDNAs was also measured without
and with linear peptides in the presence of DNase I. In brief,
100 mM linear peptides (W4R4 and W3R3) and 1 mM bDNAaso
were incubated for 1 h, whereas the incubated bDNAs (bDNAscr
and bDNAaso) were used as a negative control in the presence of
DNase I. All the samples were measured using the Litesizer-500.
Each value is an average of triplicate readings.

Serum stability study

The stability study of bDNA structures containing ASOs in the pres-
ence of serum was conducted in vitro by taking 1 mM bDNAaso in
10% FBS. Similarly, a reaction mixture comprising 1 mM bDNAaso
and 100 mM W3R3 and W4R4 linear peptides was incubated with
10% FBS. After mixing, the samples were incubated at 37�C for 0,
1, 4, 12, 24, and 48 h. The incubated products were then analyzed
by 2% AGE at 80 V for 25 min. After electrophoresis, the gel images
were obtained using the FluoroChem E documentation system, where
the band intensity corresponded to the structural stability of peptide-
bound complexes in serum.

Release of bDNA from complexes

A gel-shifting experiment was performed to investigate the release
mechanism of peptide-bound complexes. One micromolar bDNAaso
and 100 mMW4R4 in 20 mL of serum-free DMEM were incubated at
room temperature for 1 h. Subsequently, to examine the release
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mechanism of peptide-bound bDNA complexes, the samples were
treated with 300 mM NaCl, 1% SDS, 2 nmol proteinase K, and
510 nmol trypsin for 30 min. These samples were run in the horizon-
tal gel electrophoresis (H99X, Hoefer) using 2% agarose gel for 25min
at a constant voltage of 80 V. Gel images were captured using the
FluroChem E system (Cell Biosciences).

Cytotoxicity study of peptides using MTT assay

MTT assay was used to analyze the cytotoxicity of peptides. In a
nutshell, 10,000 cells in 100 mL of complete medium were seeded
in 96-well plates and allowed to adhere for 24-h incubation at
37�C in a 5% CO2 humidified environment. The cells were exposed
to peptides separately at varying concentrations, including 2.5, 5,
and 10 mM for 24 h under identical conditions. After the incuba-
tion period, 100 mL of 0.5 mg/mL MTT solution was added to each
well and allowed to incubate for 4 h in the condition mentioned
above, and the formazan formation in the wells was observed un-
der light microscopy. Then, the MTT solution was removed from
the wells without disturbing the formazan. The generated formazan
crystals were dissolved in 100 mL of DMSO solution, which was
added into wells and incubated for 10 min in smooth shaking con-
ditions for complete dissolution to appear purple-blue. The color
was then measured at 570 nm using a Multiskan Microplate
Photometer reader. In the experiment, untreated cells were used
as the negative control, and each assay was executed in triplicate.
The cell viability was also calculated using the formula below in
MS Excel.

% of cell viability = ½OD at 570 nm of treated cells =

OD at 570 nm of control cells� � 100

Cytotoxicity study of peptides and complexes using LDH assay

The lactate dehydrogenase (LDH) assay was employed to assess the
cellular toxicity of peptides. Initially, 10,000 cells in 100 mL of com-
plete medium were seeded in 96-well plates and allowed to attach
for 24 h at 37�C in a humidified atmosphere with 5% CO2. Subse-
quently, the cells were treated with different concentrations of pep-
tides containing the WR and WH series, namely 5 and 50 mM, for
24 h under the same conditions. Furthermore, a complex of peptides,
bDNA-peptide complexes, and bDNAaso was formed by mixing
8 mM peptides with 40 nM bDNAaso, which was then administered
to the cells. After 24 h of incubation, cells were centrifuged at
250 � g for 4 min, and then 50 mL of supernatant was collected
and stored at �20�C. The LDHFSR-01 kit (Meril Diagnostics) was
employed for the LDH assay, utilizing two reagents: R1-LDH-P,
composed of 2 mM sodium pyruvate, and R2-LDH-P, composed of
1 mMNADH. A 15-mL sample extract was added to 100 mL of the re-
agent, following the manufacturer’s protocol.

Pyruvate + NADH �!LDH Lactate+NAD+

The decrease in absorbance was recorded at 340 nm, resulting from
the conversion of NADH to NAD+. The absorbance was directly pro-
portional to LDH activity, which was an indicator of cellular
viability.63 Cell viability was calculated using the following formula
in MS Excel:

% of cell viability = 1 � fExperimental LDH release

ðOD340 nmÞ =Maximum LDH release

ðOD340 nmÞg � 100

Cellular uptake study of bDNA by fluorescence microscopy

Herein, 1 mL of complete medium containing 2� 105 HCT-116 cells
was grown in six-well plates. The sterile glass coverslips were kept in
each well of six-well tissue culture plates before the cell seeding. The
Alexa 488 bDNA (0.04 nmol) was mixed with 4 nmol of peptides in
1 mL of serum-free DMEM medium and kept at room temperature
for 30 min to form a peptide-bDNA complex. Then complexes
were introduced to cells and incubated at 37�C in 5% CO2 for 4 h. Af-
ter incubation, medium was taken out, and cells were fixed with 4%
paraformaldehyde followed by PBS wash. In 1:5,000 dilution, DAPI
was added for nucleus staining. With the aid of mounting material,
the coverslips were fixed. The FLoid Cell Imaging Station microscope
from Life Technologies was then used to study the cells.

bDNA cellular uptake study using FACS analysis

For this, 2 �105 cells were seeded in six-well tissue culture plates in
serum-free DMEM medium overnight. Then 1� PBS was used for
washing (2�) after removing medium from plates. Further, 75 nM
Alexa 488-labeled bDNA was mixed with 25 mM W3R3 and W4R4
in 500 mL of DMEM and left at room temperature for around
30 min for bDNA-peptide complex formation. Then the complex
was introduced into the seeded cells for cellular internalization study
and incubated at 37�C overnight. Further, medium containing the
complex was removed. To detach the cells from the surface of six-
well plats, 0.25% trypsin/0.53 mM EDTA was added into the well
and left for 5 min at 37�C, followed by washing with 1� PBS. Then
the cells were collected by centrifugation at 700 � g for 5 min, fol-
lowed by washing twice with 1� PBS. Last, 1� PBS was added to re-
suspend the cells and analyzed by BD FACS Cento-II. All experiments
were carried out in triplicate.

VEGF expression using RT-PCR and western blot

After cells were harvested, total RNA was extracted using TRIzol re-
agent (Invitrogen) following the manufacturer’s protocol. The RNA
pellet was washed with 1 mL of ice-cold ethanol and the tubes were
kept for air drying. Then 50 mL of DEPC water, 5 mL of DNase I,
and 5 mL of 10� reaction buffer were added to tubes containing
air-dried RNA and incubated for 1 h at room temperature. The
stop solution was added to the reaction mixture and heated at 70�C
for 10 min. RNA samples were reverse transcribed using the cDNA
synthesis kit (K1622, Thermo Scientific) and stored at �80�C. RT-
PCR (Bio-Rad, USA) was done using a gene-specific primer
(Table S3) and 18S rRNA as an internal reference to normalize
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gene expression studies. ImageJ was used to quantify the change in
expression and compare the transcript profiles.

Western blot studies were executed to understand the differential pro-
tein expressions as per the previously mentioned protocol.17,24 In
brief, the complex of bDNA and peptides or Lipofectamine 2000 in
DMEM without serum was treated to HCT-116 cells and incubated
for around 4 h at 37�C in humidified conditions before the 1� PBS
washing. Complete medium was added to each well and incubated
for 48 h under the same conditions. Additionally, the radioimmuno-
precipitation assay (RIPA) lysis buffer with protease inhibitor
(NexGen HM Protease Inhibitor, Biopioneer, India) was used to
generate the whole-cell lysate (WCL). The protein concentration
was quantified using the Bradford reagent. Then 40 mg of protein
were mixed with 2� Laemmli buffer and placed into a 10% SDS-
PAGE (1:1). The PAGE was run for 2 h at 80 V, and protein bands
were transferred onto the PVDF membranes. Then the PVDF mem-
branes were blocked with 7.5% skimmilk before being incubated with
VEGF primary antibodies overnight at 4�C. Following a three-time
wash every 5 min with 1� TBST, the membranes were incubated
with the AP-conjugated secondary antibodies for 2 h under shaking
conditions. The membrane was washed with 1� TBST three times
to remove unbound secondary antibodies. Further, the blots were
developed using 5 mL of AP buffer along with 16 mL of BCIP and
32 mL of NBT. The ImageJ software was used to analyze the western
blot images while normalizing them to the GAPDH loading control.

Statistical analysis

All data are mean ± standard deviation with n = 3 or 5. The signifi-
cance level was analyzed by one-way ANOVA, followed by Duncan’s
new multiple-range test. The statistical value of p < 0.05 was consid-
ered significant.
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