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condensers with specific condensing mechanism†

Meiwen Cao,* Wenjing Zhao, Peng Zhou, Zilong Xie, Yawei Sun and Hai Xu*

A new type of conjugated molecule including T0
3–(AKAE)2, T0

3–(IKIE)2, and A0
3–(AKAE)2 was designed by

linking short peptide nucleic acid (PNA) segments with short ionic self-complementary peptide (ISCP)

sequences. These short conjugates showed high hybridization affinity and specificity for l-DNA. They

can induce efficient DNA condensation at low micromole concentrations via a specific mechanism that

involves the base pair recognition between DNA and the PNA segment and the self-aggregation of the

bound PNA–ISCP molecules. Atomic force microscopy (AFM) and dynamic light scattering (DLS)

measurements indicated that l-DNA took an elongated conformation while it compacted into globules

when interacting with the PNA–ISCP conjugates. The ethidium bromide displacement assay indicated

that the PNA–ISCP conjugates induced DNA condensation in a way different from conventional cationic

condensers such as polyethyleneimine (PEI) and hexadecyltrimethylammonium bromide (CTAB). The

interaction between T0
3–(AKAE)2 and a single chain oligonucleotide, d(A)36, was further studied and the

results revealed that the PNA–ISCP conjugates bound with DNA mainly via base pairing recognition. The

volume ratio of l-DNA and the l-DNA/PNA–ISCP globules was calculated based on AFM measurements,

which was near 1 : 1, suggesting that the condensation was an intramolecular folding process for l-DNA,

which was prompted by the self-aggregation of the bound PNA–ISCP molecules.
1. Introduction

Condensation of elongated DNA strands into compact struc-
tures is a crucial step in gene transfection, which facilitates the
transfer of genes into targeted cells and protects them from
endonucleases. Development of effective DNA condensing
agents is an active research area in gene therapy.1 Current non-
viral DNA condensers are mostly cationic species including
small multivalent ions,2,3 lipids,4 surfactants,5,6 polymers,7,8

dendrimers,9–11 and peptides,12,13 which all offer potential routes
for DNA condensation. The mechanism of condensation varies
according to the structural characteristics of the condensers.14

Small cationic agents can induce DNA condensation through
purely electrostatic interactions. Their condensing capacity and
routes are largely dependent on the number of positive charges.
essing, Centre for Bioengineering and
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Cations with valency of 3 or more appear to be effective in DNA
condensation. Cations with valency between 3 and 10 (e.g.,
trivalent Co(NH3)6

3+ and tetravalent spermine) can induce an
all-or-none DNA compaction process without intermediate
states,2,3 while polycations with valency greater than 10 (e.g.,
polyethyleneimine and polylysine) usually produce a progres-
sive compaction route.15,16 The condensation mechanism of
cationic lipids and surfactants is some complex.4–6 Besides
positive charges, these amphiphiles also contain hydrophobic
moieties and thus tend to self-aggregate in aqueous solution.
Therefore, hydrophobic interactions and their aggregation
behaviors have to be taken into account. Virtually, it has been
well established that cationic surfactants bind to DNA via
a highly cooperative way, which results in complex condensa-
tion behaviors with both all-or-none and progressive charac-
teristics.5,15–17 It appears that increasing surfactant aggregation
favors the cooperative binding of the surfactant molecules with
DNA and thus enhances their condensation ability.14

The recognition of nucleic acids by other molecules involves
more than electrostatic and hydrophobic interactions, and
other non-covalent forces (e.g. hydrogen-bonding and p–p

stacking) can also be exploited for DNA binding. Grinstaff and
coworkers have modied cationic lipids by introducing uridine
to generate a cationic nucleoside lipid.18,19 They found that the
functional uridine group introduced hydrogen bonding and
aromatic p–p stacking when interacting with DNA, which
This journal is © The Royal Society of Chemistry 2017
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View Article Online
facilitated lipid/DNA binding and then efficient gene trans-
fection. There are also reports of DNA vector design by cova-
lently linking an antisense DNA sequence to a peptide vehicle,
which proved successful in enhanced gene hybridization and
delivery.20 These reports all reveal the possibility of combining
different structural features in one molecular structure through
rational molecular engineering in a way that enhances the
binding ability to DNA and that can generate novel DNA/
condenser complexes.

Peptide nucleic acid (PNA) is a DNA mimic with nucleobases
attached to a pseudo-peptide backbone (polyamide).21 Such
a structural characteristic endows PNA molecules with
improved hybridization affinity and specicity for DNA as well
as enhanced chemical and enzymatic stability.22 Ionic self-
complementary peptides (ISCPs) are a class of short peptides
with an alternating distribution of hydrophobic and hydrophilic
residues along the sequence.23,24 These peptides exhibit excel-
lent self-assembling ability driven by the cooperative effects of
intermolecular ionic, hydrogen bonding, and hydrophobic
interactions. Taking advantage of these structural features, we
here design a series of short PNA–ISCP conjugates by covalently
coupling a short PNA segment to a short ISCP sequence for
using in DNA condensation, as shown in Fig. 1. Our recent study
showed that T0

3–(AKAE)2 could co-assemble with single-strand
oligoadenines (d(A)x) to form virus-like supramolecular struc-
tures because that the short PNA segment offered specic
binding to d(A)x via base pair recognition (e.g. hydrogen-
bonding and base p–p stacking), and the short ISCP segment
introduced a strong self-aggregating ability through ionic,
hydrogen bonding, and hydrophobic interactions.25 Here, we
demonstrate that the short PNA–ISCP conjugates can induce
efficient DNA condensation via the same cooperative mecha-
nism that involves PNA–DNA base pair recognition and ISCP
self-aggregation, highlighting the capability of PNA–ISCP
conjugates being used as highly efficient DNA condensers.
Having a net charge of zero, the PNA–ISCP conjugates may avoid
the drawback of high cytotoxicity that comes from the higher
Fig. 1 Molecular structures of designed PNA–ISCP conjugates T0
3–(AKA

to the N-terminal of ISCP, consisting of three repeated thymine (T0) o
arrangement of lysine (K, positive amino acid residue), glutamic acid (E, n
hydrophobic residue) residues. The C- and N-termini of the PNA–ISCP

This journal is © The Royal Society of Chemistry 2017
positive charge density of other DNA condensers. Moreover, the
DNA/PNA–ISCP complexes can be viewed as supramolecular
systems with dened molecular binding stoichiometry, which
resemble articial virus structures.

2. Experimental details
2.1. Materials

l-DNA (M ¼ 3.15 � 107, ca. 48.5 kbp) was purchased from New
England BioLabs (Beijing, China). The single chain DNA d(A0)36
was bought from Shanghai Sangon Biotech Co., Ltd. The PNA
molecule T0T0T0 and the PNA–ISCP conjugated molecules
including T0

3–(AKAE)2, T0
3–(IKIE)2, and A0

3–(AKAE)2 were ob-
tained from Alpha Biotech Co., Ltd. (Chengdu, China) with
purity$96%. The peptide molecule AKAEAKAE was synthesized
in our laboratory on a CEM Liberty microwave synthesizer, with
both termini capped. All other chemicals were obtained from
Sinopharm Chemical Reagent Company (SCRC) with purity
>99.0%. All reagents were used as received without further
purication. Water used in this study was processed from
a Millipore system with a minimum resistivity of 18 MU cm. All
solutions were prepared with phosphate buffer (10 mM, pH 7.0)
and stored at 277.2 � 1.0 K if not specied.

2.2. Atomic force microscopy (AFM)

A Multimode Nanoscope IVa AFM (Digital Instruments, Santa
Barbara, CA) was used for AFM measurements under ambient
conditions. The probes used were TESP silicon probes (Digital
Instruments) with a nominal spring constant of 42 N m�1. For
sample preparation, 10–15 mL of sample solution was deposited
onto a freshly cleaved mica surface and incubated for 10–60 s at
277.2 � 1.0 K. The sample was then dried with a gentle stream
of pure nitrogen gas. Tapping mode images were obtained with
a scan speed of 1.0–1.5 Hz, a tip resonance frequency of 230–300
kHz, and a drive amplitude of 20–100 mV. Topographic data
were regularly recorded as 512 � 512 pixel images simulta-
neously in trace and retrace to check for scan artifacts. Image
E)2, T0
3–(IKIE)2, and A0

3–(AKAE)2. The PNA segment is covalently linked
r adenine (A0) bases. The ISCP segment is “yKyEyKyE” with a regular
egative residue), and alanine (A, hydrophobic residue) or isoleucine (I,
conjugates were amidated and acetylated, respectively.

RSC Adv., 2017, 7, 3796–3803 | 3797
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Fig. 2 AFM height images showing the structures of (a) l-DNA (1.6 �
10�5 mM) and l-DNA/T0

3–(AKAE)2 (1.6 � 10�5 mM/0.2 mM) complexes
after their mixing for (b) 5 min, (c) 10 min, (d) 30 min, and (e) 4 h,
respectively. Scale bar represents 500 nm for all the images. (f)
Intensity weighted size distribution of l-DNA (1.6 � 10�5 mM) in the
absence or presence of 0.2 mM T0

3–(AKAE)2 measured after mixing for
4 h. The base ratio of T0

3–(AKAE)2/l-DNAwas about 1/2 in these cases.
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View Article Online
processing was carried out using the Digital Instruments
Nanoscope soware (version V531r3). All images are shown
without any treatment except the rst order attening to remove
any tilt in the surface.

2.3. Dynamic light scattering (DLS)

The hydrodynamic diameters of l-DNA and l-DNA/PNA–ISCP
complexes were measured using a Malvern Zetasizer Nano-ZS
instrument (ZEN3600, Malvern Instruments, Worcestershire,
UK) at 277.2 K. During experiments, the sample solution was
injected into a clear disposable capillary cell (DTS1060C) and
equilibrated for at least 5 min before data collection. The
measurement was repeated three times to verify the data
consistence.

2.4. Ethidium bromide (EtBr) exclusion assay

For the EtBr displacement assay, 100 mL of l-DNA (1.6 � 10�5

mM) and 5.0 mL of EtBr (2.5 mM) were added into each well of
a black 96-well plate. Aer shaking gently, the plate was incu-
bated in dark for 30 min at 277.2 K. Then, 20 mL of T0

3–(AKAE)2
or PEI or CTAB solution with varying concentration was added
per well of the plate, followed by further incubation for 10 min
in dark. The uorescence emission at 610 nm was measured
using a uorescence microplate reader (Molecular Instrument,
M2e) with an excitation wavelength of 520 nm. The DNA solu-
tion with EtBr in the absence of competition for binding was
taken as control and its uorescence was taken as maximum,
i.e., 100%. The uorescence in the presence of condensing
agents was expressed as the percentage of the maximum
uorescence.

2.5. Circular dichroism (CD)

CD spectra were recorded on a spectrophotometer (MOS-450/
AF-CD, BioLogic) at 277.2 K using a quartz cell. Scans were
obtained in a range between 190 and 360 nm by taking points at
0.5 nm, with an integration time of 0.5 s. The spectra were
smoothed using the noise reducing option in the soware
supplied by the vendor. The spectroscopic scan was repeated at
least three times and their average results were presented.

2.6. UV-vis measurements

UV-vis absorption spectra were obtained using a Shimadzu UV-
2450 spectrophotometer with a 1.0 mmquartz cell at 277.2� 1.0
K. Scans were obtained in a range between 200 and 350 nm.

3. Results and discussion

AFM measurements were rstly performed to follow the
morphological change of l-DNA molecules before and aer
mixing with T0

3–(AKAE)2, as shown in Fig. 2. For l-DNA itself, an
elongated thread-like structure with a larger contour length was
observed (Fig. 2a), which corresponded to a linear duplex DNA
and indicated that DNA was in the coil state.26 DNA takes such
an extended conformation due to the high charge density and
molecular rigidity in solution.6 However, upon addition of T0

3–
3798 | RSC Adv., 2017, 7, 3796–3803
(AKAE)2 into the DNA solution, we observed signicant
morphological changes (Fig. 2b–e) with time elapsed. Aer
mixing for 5 min, loose aggregates prevailed, some of which
accumulated locally to form globules with varied size, suggest-
ing the onset of DNA condensation by T0

3–(AKAE)2. At 10 min
and 30min, the amount of loose aggregates decreased gradually
while the local globules grew to be larger and larger. These
supramolecular structures are most likely to be intermediates
during the DNA condensation process. Aer mixing for 4 h,
larger globular stacks with a height of 4.09 � 0.24 nm and
a width of 217.4 � 17.4 nm dominated, and they showed little
morphological change with prolonged incubation time.
Furthermore, these globular stacks were rather uniform in size,
reminiscent of living polymerization. In fact, the major differ-
ence between the height and the width from AFM measure-
ments was expected for globular nanostructures composed of
so matters, due to the structural deformation and/or the at-
tening effect caused by the substrate interference and/or the
AFM tip compression, as well as the convolution of the AFM tip
during measurements. The results virtually indicated that DNA
This journal is © The Royal Society of Chemistry 2017
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was in the globule state aer complexing with T0
3–(AKAE)2.

Additionally, the DLS measurements clearly showed the DNA
condensation process. As shown in Fig. 2d, we observed an size
change from 600� 200 nm, which would be the l-DNA itself,6 to
a much smaller value of 150 � 50 nm, which would be the l-
DNA/T0

3–(AKAE)2 complexes (Fig. 2f). Note that the lowest
working concentration of T0

3–(AKAE)2 for the DNA condensa-
tion was on the order of 10�7 M, which is one or two orders of
magnitude lower than those of conventional condensing agents
such as surfactants and polyamines,6,15,16,27 indicating the
excellent DNA condensation ability of T0

3–(AKAE)2. However, in
the control experiments, the PNA segment of T0

3 and the
peptide segment of (AKAE)2 were unable to induce DNA
condensation (Fig. S1, ESI†), implying a cooperative and
complex mechanism for the DNA condensation induced by T0

3–

(AKAE)2.
CD measurements were performed to investigate the inter-

action between l-DNA and T0
3–(AKAE)2. As shown in Fig. 3a, the

curve of l-DNA itself had a positive band between 260 and
280 nm and a negative band between 240 and 250 nm, typical of
the B-form double-stranded conformation.6 T0

3–(AKAE)2
showed a predominant negative peak at around 200 nm,
indicative of random coiled conformation. The “l-DNA + T0

3–

(AKAE)2” curve is produced by simply merging the l-DNA curve
and the T0

3–(AKAE)2 curve, which was distinctly different from
the curve of l-DNA/T0

3–(AKAE)2 complexes. The results indi-
cated that the two species interacted with each other to result in
conformational change. Moreover, for the l-DNA/T0

3–(AKAE)2
complexes, the negative peak at about 218 nm indicates that the
peptide segment formed b-sheet secondary structure when
interacting with DNA.

Unlike conventional cationic condensation agents, T0
3–

(AKAE)2 is overall neutral with two cationic lysine and two anionic
glutamic acid residues along the peptide backbone. It is most
likely that other non-covalent interactions rather than electro-
static interactions are primarily responsible for the initial
binding of T0

3–(AKAE)2 onto DNA during the DNA compaction
process. The ethidium bromide (EtBr) displacement assay was
Fig. 3 (a) CD results of l-DNA (1.6� 10�5 mM), T0
3–(AKAE)2 (0.2 mM), and

of l-DNA and T0
3–(AKAE)2 were also simply added together to give the

assay of different condensing agents (T0
3–(AKAE)2, PEI, and CTAB), sh

(excitation: 520 nm) due to their complexation with l-DNA. The DNA
condensers was taken as control and its fluorescence was taken as ma
agents was expressed as the percentage of the maximum fluorescence.

This journal is © The Royal Society of Chemistry 2017
further used to assess the relative binding affinity of various
condensation agents to DNA.28–31 Upon mixing EtBr with DNA,
the uorescence of EtBr enhances dramatically, as a result of its
intercalation into DNA. The binding of condensation agents to
DNA usually displaces the intercalated EtBr and causes
a decrease in the uorescence emission intensity of EtBr at
610 nm.32 As shown in Fig. 3b, the EtBr displacement assay
indicated that T0

3–(AKAE)2 and conventional cationic DNA
condensing agents (polyethyleneimine (PEI) and hexadecyl-
trimethylammonium bromide (CTAB)) displayed completely
different behaviors in leading to the decrease in the EtBr uo-
rescence, suggesting their different binding modes. For both PEI
and CTAB, a sharp decrease in the EtBr uorescence at 610 nm
was found with an increase in the positive/negative charge ratio,
and the equilibrated uorescence intensity was well below 20%
of the initial value obtained in the absence of condensers. While
for T0

3–(AKAE)2, there was a slow decrease in the uorescence
intensity with increasing T0

3–(AKAE)2 concentrations, and the
equilibrated uorescence intensity was some 57% of the initial
value. Positively charged PEI and CTAB can interact with DNA via
electrostatic interactions and displace most of the bound EtBr
molecules, thus resulting in a signicant uorescence reduction
with increasing concentration.33 T0

3–(AKAE)2 bears net charge of
zero but it contains three consecutive thymine (T0) bases, it is
thus deduced that T0

3–(AKAE)2 binds with DNA predominantly
via base pairing interactions, e.g., hydrogen bonding and base p–
p stacking. Because these interactions are non-ionic, they are not
so efficiently strong in displacing the bound EtBr molecules from
DNA, therefore, the addition of T0

3–(AKAE)2 only resulted in
a slow and limited uorescence reduction. Moreover, the DNA
condensates induced by CTAB and PEI were also characterized by
AFM for comparison. In the two cases, the condensates were
irregular in morphology, unlike the spherical condensates
caused by T0

3–(AKAE)2 (Fig. S2, ESI†). The results also indicate
different binding and condensation mechanisms for the three
condensing agents.

In order to conrm the above hypothesized binding mode,
we studied the interaction of T0

3–(AKAE)2 with a single chain
the l-DNA/T0
3–(AKAE)2 (1.6� 10�5 mM/0.2 mM) complexes. The curves

curve of “l-DNA + T0
3–(AKAE)2” for comparison. (b) EtBr displacement

owing the decrease in the fluorescence intensity of EtBr at 610 nm
solution (1.6 � 10�5 mM) with EtBr (2.5 mM) in the absence of any

ximum, i.e., 100%. The fluorescence after the addition of condensing

RSC Adv., 2017, 7, 3796–3803 | 3799
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oligonucleotide, d(A)36. Fig. 4 presents the CD and UV-vis
spectra of d(A)36, T0

3–(AKAE)2, and their complexes. For T0
3–

(AKAE)2 and d(A)36, the CD spectra all had negative values in the
measured wavelength range of 190–360 nm. However, the
d(A)36/T0

3–(AKAE)2 complexes exhibited a quite different CD
spectrum, with two positive peaks at some 220 nm and 278 nm
and two negative peaks at some 205 nm and 250 nm. The CD
spectral characteristics are well consistent with those of the
PNA–DNA duplexes formed via Watson–Crick base pairing as
demonstrated by Nielsen and coworkers.22,34 In Fig. 4b, the
absorbance at 260 nm was signicantly decreased for the d(A)36/
T0

3–(AKAE)2 mixed system, in comparison with that of pure
d(A)36. For d(A)36, the adenines were exposed to water and had
strong absorbance, but when d(A)36 formed complexes with T0

3–

(AKAE)2, a large proportion of adenines were buried in the
complex, resulting in an absorbance decrease through a hypo-
chromic effect. Moreover, the polyacrylamide gel electropho-
resis (PAGE) results (Fig. S3, ESI†) showed that the T0

3–(AKAE)2/
d(A)36 complexes moved faster than the d(A)36 molecules in the
gel, indicating that T0

3–(AKAE)2 interact with d(A)36 to produce
condensates with smaller sizes. Overall, the above results all
give clues that T0

3–(AKAE)2 can form complexes with DNA via
base pairing recognition.

Although the T0T0T0 segment can offer specic binding
affinity to DNA, it was unable to induce DNA condensation
unless it was conjugated to the (AKAE)2 sequence. Simulta-
neously, the (AKAE)2 segment was also unable to induce the
DNA condensation individually (Fig. S1, ESI†), although ISCPs
can self-aggregate through hydrogen bonding, electrostatic
interactions and hydrophobic interactions above critical
aggregation concentrations.23,24 Therefore, the excellent DNA
condensation ability of T0

3–(AKAE)2 arises from the cooperative
effect of the specic binding of T0T0T0 to DNA and the self-
aggregating capacity of (AKAE)2. At the working concentration
of 0.2 mM, T0

3–(AKAE)2 adopted a random coil conformation
(Fig. 4a). When the concentration was increased to 10.0 mM,
however, two characteristic peaks of b-sheet conformations
occurred at �198 and �216 nm, respectively (Fig. S4, ESI†),
indicating that the hybrid molecule tended to adopt a b-sheet
secondary structure. It is known that for ISCPs, the formation of
b-sheet conformations signies the onset of their self-aggrega-
tion.23,24 Based on these results, we suggested that T0

3–(AKAE)2
molecules accumulated onto a DNA chain via specic base
paring interactions, and once reaching locally a critical
Fig. 4 (a) CD and (b) UV-vis spectra of T0
3–(AKAE)2 (0.2 mM), d(A)36 (8.5

� 10�3 mM), and the mixed d(A)36/T0
3–(AKAE)2 solutions. The base ratio

of T0
3–(AKAE)2/d(A)36 is about 2/1 in the mixed solution.

3800 | RSC Adv., 2017, 7, 3796–3803
concentration, the bound T0
3–(AKAE)2 molecules tended to self-

aggregate, driven by hydrophobic interactions between Ala side
chains and b-sheet hydrogen bonding, thus causing the DNA
chain to pack together and eventually resulting in DNA
condensation.

Given the above cooperative effect of the specic binding of
the PNA segment and the self-aggregation of the peptide
segment in driving DNA condensation, we expected that the
other two PNA–ISCP molecules with the same length, i.e., T0

3–

(IKIE)2 and A0
3–(AKAE)2 can also induce effective DNA conden-

sation. The former has the same nucleoside sequence but
a different peptide sequence while the latter has the same
peptide sequence but a different nucleoside sequence, in
comparison with T0

3–(AKAE)2. As shown in Fig. S5,† both T0
3–

(IKIE)2 and A0
3–(AKAE)2 condensed l-DNA into large and

uniform globules aer 4 h mixing at a concentration of 0.2 mM,
in the same way as T0

3–(AKAE)2 did. Based on the measured
heights and widths from AFM, the volumes of the formed DNA/
PNA–ISCP globules were similar for the three hybrid molecules
(Table 1). In fact, because Ile has higher hydrophobicity and
stronger propensity for b-sheet hydrogen bonding than Ala, the
(IKIE)2 segment should have an enhanced self-aggregating
ability. Possibly owing to such a reason, T0

3–(IKIE)2 led to
a more reduction in the EtBr uorescence in comparison with
T0

3–(AKAE)2 while A0
3–(AKAE)2 showed a similar uorescence

reduction with T0
3–(AKAE)2 (Fig. S6, ESI†).

To test whether the DNA condensation induced by the
designed small PNA–ISCPs was an intramolecular process or an
intermolecular one for DNA, we calculated the volumes of the
formed l-DNA/PNA–ISCP globules based on AFM measure-
ments. Table 1 lists the measured heights (H) and widths (2W),
which were derived from the statistical results shown in
Fig. S7.† In AFM measurements, a correct height but an over-
estimated width is usually produced due to the convolution of
AFM tips.35 Furthermore, so nano-objects such as DNA chains
and their condensed globules tend to collapse due to the
substrate interference, resulting in the formation of signi-
cantly deformed structures with a quasi-arched section (Scheme
1). As a result, the correlation between the measured width (2W)
and the real one (2W0) of a deformed l-DNA chain or a deformed
DNA globule in AFM imaging can be described based on the
following equations (eqn (1)–(4)):

W ¼ DW + W0 (1)

S ¼ 2qpr2

360
�W 0ðr�HÞ (2)

W0 ¼ r sin q (3)

cos q ¼ r�H

r
(4)

where S denotes the area of the arched section and other
parameters are indicted in Scheme 1.

The l-DNA chain is taken as a cylinder with a diameter of
�2 nm,6 therefore, its cross section area (S) is p nm2. Taken the
length of l-DNA of 16.4 mm,6 the volume (V0) of a l-DNA chain is
This journal is © The Royal Society of Chemistry 2017
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Table 1 The measured heights and widths of the l-DNA chain and the l-DNA/PNA–ISCP globules and their calculated volumes based on the
measured dimensions

Species Measured height (H) (nm) Measured width (2W) (nm) Calculated volume (nm3)

l-DNA 0.79 � 0.10 19.2 � 1.8 16.4 � 103p
l-DNA/T0

3–(AKAE)2 4.09 � 0.24 217.4 � 17.4 (22.7 � 6.4) � 103p
l-DNA/T0

3–(IKIE)2 10.10 � 1.09 128.2 � 13.4 (15.5 � 6.1) � 103p
l-DNA/A0

3–(AKAE)2 8.76 � 1.46 138.0 � 10.4 (16.9 � 5.9) � 103p

Scheme 1 (a) Schematic illustration of the geometrical dimensions of a deformed DNA chain or a deformed DNA globule in AFM imaging. (b)
Schematic illustration of the geometrical correlations between the radius of the AFM tip and the dimension of a deformed DNA chain or
a deformed DNA globule. W0 is half of the real width of the deformed nano-objects. DW is half of the difference between the measured width
(2W) and the real one (2W0), which arises from the convolution of the AFM tip.35 H represents the measured height and r the arch radius. Rc

denotes the radius of the AFM tip.
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16.4 � 103p nm3. In AFM experiments, the circular section
transformed into a quasi-arched one but with the area
unchanged. Based on the known section area and the measured
height (H) and width (2W) of the l-DNA chain from AFM (Table
1), the radius (r) and the real width (2W0) of the formed l-DNA
arch were calculated to be 5.86 � 2.32 and 2.94 � 1.88 nm,
respectively.

Based on Scheme 1b, we can correlate the radius of the AFM
tip (Rc) with that of the arch (r) via eqn (5)–(7). By combing eqn
(5)–(7), the direct relationship between Rc and r was derived, as
shown in eqn (8). Because the W, H, and r values of the formed
l-DNA arch were well determined, the value of Rc was calculated
to be 52.8 � 1.7 nm from eqn (8).

sin a ¼ Rcffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rc

2 þW 2
p (5)

cos(a + 90�) ¼ �sin a (6)

ðRc þ rÞ2 ¼
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Rc
2 þW 2

q �2

þ ðr�HÞ2

� 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rc

2 þW 2

q
ðr�HÞcosðaþ 90�Þ (7)

Rc ¼ W 2 � 2rH þH2

2H
(8)

V ¼ p

3
ð3r�HÞH2 (9)
This journal is © The Royal Society of Chemistry 2017
Because Rc did not change when the same AFM tip was used for
scanning, the radius (r) of the quasi-arched section of the
deformed l-DNA/PNA–ISCP globules was calculated based on
eqn (8), in which other two parameters (W and H) were deter-
mined from AFM measurements (Table 1). Finally, the volumes
(V) of l-DNA/PNA–ISCP globules were calculated based on eqn
(9), being (22.7 � 6.4) � 103p, (15.5 � 6.1) � 103p, and (16.9 �
5.9) � 103p nm3 for l-DNA/T0

3–(AKAE)2, l-DNA/T0
3–(IKIE)2, and

l-DNA/A0
3–(AKAE)2, respectively. The V/V0 ratio was 1.39 � 0.39,

0.95 � 0.37, and 1.03 � 0.36 for these three systems, respec-
tively. The results indicated that only one l-DNA molecule was
compacted into a single l-DNA/PNA–ISCP globule. Therefore,
the DNA condensation here is most likely an intramolecular
process rather than an intermolecular one that should involve
several DNA molecules during condensation.

From the above experimental results and discussion, we can
delineate how the DNA condensation was induced by the PNA–
ISCP conjugated molecules (Scheme 2). The conjugated mole-
cule rstly binds to l-DNA via base pairing recognition between
its PNA segment and the complementary bases on the DNA
chain. Such a binding leads to the accumulation of PNA–ISCP
molecules on the DNA chain, thus increasing their local
concentration. Once a critical concentration is reached, the self-
aggregation of the ISCP segments will occur under help of ionic
bonding, hydrogen bonding, and hydrophobic interactions.
This self-aggregation process nally causes the DNA chain fold
into a condensed form. Therefore, the DNA condensation
RSC Adv., 2017, 7, 3796–3803 | 3801
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Scheme 2 Schematic illustration of the condensation process of l-
DNA induced by PNA–ISCP molecules.
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induced by the PNA–ISCP molecules is a highly cooperative
process that involves several noncovalent forces, and the DNA
condensates here resemble PNA–ISCP/DNA supramolecular
assemblies. In such a condensing mechanism, the accumula-
tion of PNA–ISCP molecules on DNA allows their local concen-
tration to rapidly rise above the critical concentration for
initiating their self-aggregation. This is why the PNA–ISCP
conjugates can compact DNA with an intramolecular prole at
low micromole concentrations.

As known, besides DNA condensation, high transfection
efficiency needs also other key elements including both easy
cellular uptake of the condensates and efficient release of the
gene inside cells. Usually more positive charges of the DNA
condensers are suggested to facilitate the cellular uptake,
though the increased positive charge density may lead to high
cytotoxicity. In the present case, the PNA–ISCP molecules have
a net charge of zero and their complexes with DNA are nega-
tively charged, which is supposed to be unfavorable for cellular
uptake. Currently, research is undergoing to introduce a certain
amount of positive charges into the PNA–peptide conjugates,
aiming to nd a system with optimized transfection efficiency
and low cytotoxicity. Moreover, efforts are also made to under-
stand the disaggregating behavior of the DNA/PNA–ISCP
condensates as well as the condensation reversibility so as to get
control over the gene release inside cells.
4. Conclusion

In summary, we have developed a new type of DNA condenser
with a PNA–ISCP conjugated structure. Such a structural design
combines the high hybridization affinity and specicity of PNA
for DNA as well as the high self-aggregation propensity of ISCPs,
causing efficient DNA condensation at low micromole concen-
trations. The condensation was demonstrated to be a coopera-
tive process that involves the base pair recognition between
DNA and the PNA segment and the self-aggregation of the
peptide segment. The conjugated molecules rstly bind to DNA
viaWatson–Crick hydrogen bonding and p–p stacking between
the PNA segment and the complementary bases of a DNA chain.
3802 | RSC Adv., 2017, 7, 3796–3803
Driven by ionic bonding, hydrogen bonding, and hydrophobic
interactions between the ISCP segments, the self-aggregation of
the bound PNA–ISCP molecules then causes the DNA chain to
compact into a condensed form. Such a specic condensing
mechanism opens a window for developing novel DNA
condensing agents. Moreover, the nature of the condensing
agents affects DNA condensing routes and the physicochemical
properties of the condensates,36,37 and consequently determines
the cell uptake of the condensates and transfection efficiency.12

There are also reports that demonstrate improved delivery and
antisense effects for PNA–peptide conjugates.38,39 These effects
are suggested to be well explored using the PNA–ISCP/DNA
complexes.
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P. Barthélémy and M. W. Grinstaff, Bioconjugate Chem.,
2006, 17, 466–472.

20 E. Henke, J. Perk, J. Vider, P. de Candia, Y. Chin, D. B. Solit,
V. Ponomarev, L. Cartegni, K. Manova, N. Rosen and
R. Benezra, Nat. Biotechnol., 2008, 26, 91–100.

21 P. Nielsen, M. Egholm, R. Berg and O. Buchardt, Science,
1991, 254, 1497–1500.

22 S. K. Kim, P. E. Nielsen, M. Egholm, O. Buchardt, R. H. Berg
and B. Norden, J. Am. Chem. Soc., 1993, 115, 6477–6481.

23 S. Zhang, T. Holmes, C. Lockshin and A. Rich, Proc. Natl.
Acad. Sci. U. S. A., 1993, 90, 3334–3338.

24 H. Yokoi, T. Kinoshita and S. Zhang, Proc. Natl. Acad. Sci. U.
S. A., 2005, 102, 8414–8419.

25 M. Cao, N. Wang, P. Zhou, Y. Sun, J. Wang, S. Wang and
H. Xu, Sci. China: Chem., 2016, 59, 310–315.

26 W.-B. Fu, X.-L. Wang, X.-H. Zhang, S.-Y. Ran, J. Yan and
M. Li, J. Am. Chem. Soc., 2006, 128, 15040–15041.

27 V. Vijayanathan, T. Thomas, A. Shirahata and T. J. Thomas,
Biochemistry, 2001, 40, 13644–13651.
This journal is © The Royal Society of Chemistry 2017
28 C. A. H. Prata, X.-X. Zhang, D. Luo, T. J. McIntosh,
P. Barthelemy and M. W. Grinstaff, Bioconjugate Chem.,
2008, 19, 418–420.

29 T. T. Do, V. J. Tang, J. A. Aguilera, C. C. Perry and
J. R. Milligan, Biomacromolecules, 2011, 12, 1731–1737.

30 C. Ceballos, C. A. H. Prata, S. Giorgio, F. Garzino, D. Payet,
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