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ABSTRACT

The design of efficient and safe gene delivery
vehicles remains a major challenge for the ap-
plication of gene therapy. Of the many reported
gene delivery systems, metal complexes with high
affinity for nucleic acids are emerging as an
attractive option. We have discovered that cer-
tain metallohelices—optically pure, self-assembling
triple-stranded arrays of fully encapsulated Fe—act
as nonviral DNA delivery vectors capable of mediat-
ing efficient gene transfection. They induce forma-
tion of globular DNA particles which protect the DNA
from degradation by various restriction endonucle-
ases, are of suitable size and electrostatic poten-
tial for efficient membrane transport and are suc-
cessfully processed by cells. The activity is highly
structure-dependent—compact and shorter metallo-
helix enantiomers are far less efficient than less com-
pact and longer enantiomers.
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INTRODUCTION

Over the past 30 years, gene therapy, which is based on the
delivery of genetic material to the cells (1,2), has made sig-
nificant progress as a potential interventions for genetic dis-
orders (3,4) or cancer (5), which are difficult to treat with
traditional approaches. The design of efficient and safe gene
delivery vehicles remains a major challenge for the applica-
tion of this therapy (6) since free nucleic acids are rapidly
degraded by nucleases present in the blood and the re-
pulsive electrostatic interactions between DNA/RNA and
the cell membrane, both negatively charged, can limit up-
take into cells. Generally, two types of gene delivery vec-
tors are used: viral agents and a broad array of synthetic
systems (7) [polyamines (8), polycations (9), polymers (10),
polypeptides (11), lipids (12), cyclodextrin (13) and den-
drimers (14)]. Viral vectors, despite being highly effective,
suffer from major drawbacks such as limited cargo capac-
ity, resistance to repeated infections, difficulty in production
and quality control, and low safety due to the toxic and im-
mune response they induce (15,16). Synthetic chemical car-
riers have a number of advantages over viral vectors, such as
improved safety, lack of immunogenicity, high gene loading
capacity and simple preparation (17).

Of the many reported gene delivery systems, metal com-
plexes with high affinity to nucleic acids are emerging as
an attractive option for developing nonviral gene delivery
vectors. As potential DNA condensing agents, metal com-
plexes offer several advantages. They exhibit a high posi-
tive charge density (usually 2+ or higher) required for the
neutralization of the negatively charged DNA backbone,
which is essential for DNA condensation to occur. Ligands
in coordination complexes can be functionalized for specific
targeting, cellular uptake or accumulation. Moreover, some
metal centers can exhibit spectroscopic properties that can
be exploited for luminescent tracking of intracellular gene
expression.

There are many metal complexes with high positive
charges that have been studied for DNA condensing ac-
tivity (18). However, few have been tested in gene deliv-
ery. Ru complexes are among the most popular, and their
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luminescent properties are often used for direct tracking of
the DNA condensates (19-23). Other metal complexes that
have been studied for their potential as DNA carriers were
mainly based on Co(II) (24-27), Cu(II) (28), Ca(II) (26) but
also on La(III) (29).

The condensed DNA nanoparticles are believed to en-
ter the cells via membrane endocytosis. This process is fa-
cilitated by the positive zeta potential of the nanoparti-
cles, which enhances their association with the negatively
charged cellular membrane. The effectivity of the cellular
uptake was shown to be also dependent on the size of the
DNA condensates. DNA nanoparticles induced by dinu-
clear Co(II) and Ca(II) complexes having 50-150 nm in
diameter were taken up more than those with diameters
of <30 nm or >200 nm (28). Upon entering the cytoplasm,
the DNA condensates must reach the nucleus to get access
to the transcriptional machinery. Metal complexes as gene
carriers may offer protection for DNA from degradation
in the cytoplasm, and in the ideal case, they should also
help with the transport of DNA to the nucleus. The trans-
fection efficacy of DNA condensates can be promoted by
the application of positively charged peptides, such as cell-
penetrating peptides (CPPs) (30) and nuclear localization
sequences (NLSs) (27).

We previously reported that supramolecular triple-
stranded helicates [Fe,L;]Cly (L = CysHyNy) are effi-
cient DNA condensers that induce the formation of glob-
ular DNA particles (~60 nm in diameter) and protect
DNA against degradation by various restriction endonu-
cleases (31). Our investigations of DNA interactions of two
[Co,L3]°" cylinders derived from bis(bidentate) 2-pyridyl-
1,2,3-triazole ligands revealed that both cylinders effectively
condensed/aggregated DNA and were even able to induce
condensation of chromatin in living cells (32). Recently we
have studied the biological activity, and DNA binding prop-
erties of a series of highly water-stable, self-assembling opti-
cally pure Fe(IT) metallohelices and obtained results showed
that some metallohelices exhibited a high affinity to DNA
and were able to condense DNA molecules more efficiently
than conventional condensing agents such as polyamines
(33). Such metallohelices were also capable of inhibiting
DNA-related enzymatic activities such as DNA transcrip-
tion, DNA relaxation by topoisomerase I and DNA cleav-
age by the EcoRI restriction endonuclease. These properties
are all structure-dependent; metallohelices or various struc-
tures in a number of different architectures are available in
both enantiomeric forms via versatile and rational routes
(34-38).

These findings encouraged us to investigate the potency
of three selected enantiomeric pairs of Fe(II) metallohelices
(Figure 1) as nonviral DNA delivery vectors. The choice of
bridging aromatic units allows us to assess the effect of helix
length and fold.

MATERIALS AND METHODS

Chemicals

The Fe(I1) metallohelices [Fe,L"3]Cl4 were synthesized as
previously described (34,37). The stock solutions were pre-
pared in water at the concentration of 1-2 mM. All of the

Nucleic Acids Research, 2022, Vol. 50, No. 2 675

common chemicals and reagents were obtained from Merck
and were used as received.

Total intensity light scattering

A 1.5 pM solution of plasmid gWiz-Luc (6732 bp; Alde-
vron, Fargo, ND, USA) was prepared in 10 mM cacodylate
buffer (pH 7.2) in a total volume of 2.5 ml. Small volumes
(<10 pl) of metallohelices were added to the DNA solution
in a 1 cm quartz cuvette to obtain the desired concentra-
tion. The mixture was thoroughly mixed by pipetting and
left undisturbed for 3 min at RT. Total intensity light scat-
tering was measured at 90° angle with respect to the inci-
dent beam by using Varian Cary Eclipse spectrofluoropho-
tometer with the following parameters: the excitation and
emission wavelengths were set to 305 nm, the excitation and
emission slit widths were 5 nm, and the averaging time was
set to 3 s.

Gel retardation assay

Plasmid DNA gWiz-Luc (20 ng ul ") was treated with var-
ious concentrations of metallohelices in 10 mM Tris-HCI
buffer (pH 7.4) in a total volume of 10 pl. After 15 min in-
cubation at RT, 1.2 pl of loading dye (0.25% bromophe-
nol blue, 60% glycerol) was added to the mixtures, and
the samples were separated by electrophoresis on 0.9% na-
tive agarose gel running at 25 °C with 1 x TAE (Tris-
acetate/EDTA) buffer for 150 min and the voltage set at 40
V. The gels were stained with GelRed (Biotium, CA, USA),
followed by photography with transilluminator.

Reversibility of DNA condensation

Plasmid gWiz-Luc (6.25 x 10> M, per nucleotide) was first
treated with metallohelices (4.2 x 10> M) in 10 mM Tris-
HCI buffer (pH 7.4) and incubated for 15 min at RT. Then
increasing concentrations of NaCl, KCl or MgCl, were
added to the mixtures and samples were left for 30 min at
RT. Finally, the samples were analyzed by electrophoresis at
the same conditions as the method mentioned previously.

AFM imaging

Metallohelices were mixed with 20 ng of plasmid gWiz-Luc
in 4 mM HEPES buffer (pH 7.4) with 5 mM KCI and 5
mM MgCl, in a total volume of 10 pl and incubated at
room temperature for 10 min. The mixture was spotted in
a 4 pl volume on freshly cleaved mica (SPI, West Chester,
PA) and left to incubate for 2 min. Then, the mica surface
was gently rinsed with 0.5 ml of Milli-Q water and imme-
diately blown dry with compressed air. AFM images were
collected in the air using a Bruker MultiMode 8 instrument
operated in ScanAsyst-HR mode with SCANASYST-AIR-
HR probes (Bruker, Santa Barbara, CA).

Displacement of Hoechst 33258 (H33258) and methyl green
MG)

A mixture of 1 x 107> M CT DNA and 1 x 10~® M H33258
or MG was prepared in Tris-HCI buffer (pH 7.4) in the ab-
sence or the presence of 50 mM NaCl in a total volume
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Figure 1. Structures of the investigated Fe(1I) metallohelices. Both Ag. and Af, enantiomers were prepared for each metallohelix.

of 0.6 ml. Small amounts of metallohelices were added to
the solution in a 0.5 x 0.5 cm quartz cuvette to obtain the
desired concentration and thoroughly mixed by pipetting.
The mixture was left undisturbed for 3 min at RT. The flu-
orescence of H33258 or MG was then measured by using
the Varian Cary Eclipse spectrofluorophotometer. Excita-
tion and emission wavelengths were set to 338 and 452 nm
for H33258 and 633 and 677 nm for MG, respectively. A de-
crease in the fluorescence intensity was plotted against the
concentration of metallohelices, and the concentration of
the metallohelix causing a half-maximal effect (DCsj) was
determined.

Size and zeta potential measurement

Plasmid gWiz-Luc (1.75 x 10 M, per nucleotide) was
mixed with metallohelices (1.17 x 107 M) in 10 mM Tris-
HCI buffer (pH 7.4) and incubated for 10 min at RT in a
total volume of 100 p.l. Samples were then 10 times diluted
with 10 mM Tris-HCI buffer (pH 7.4) to the final volume of
1 ml. Both apparent hydrodynamic diameters and zeta po-
tentials of the DNA condensates were determined by using
Zetasizer Ultra (Malvern, UK) at 25 °C. Data were ana-
lyzed within the built-in ZS Xplorer software.

Nanoparticle tracking analysis (NTA)

Samples were prepared in the same way as for size and zeta
potential measurements and analyzed by NanoSight NS300
(Malvern, UK) equipped with the 488 nm blue laser module

and syringe pump. For each measurement, 2 min video was
recorded with the cell temperature set to 25 °C and syringe
speed set to 40 wl s™'. Captured videos were analyzed by
the supplied NanoSight Software NTA 3.1 with a detection
threshold of 5.

Cellular uptake

HEK 293 cells were seeded in 8-chamber microslides (ibidi)
at a density of 10* cells/well and incubated overnight in
a complete DMEM medium. gWiz-GFP plasmid DNA
(10 wM) was incubated with individual metallohelices at
DNA base:metallohelix ratio 1:0.8 at 37 °C for 15 min
in Opti-MEM®) medium (Gibco). GelRed™ Nucleic Acid
Stain (Biotium, 10 000x) was then added. Following an-
other 10 min incubation (RT), the DMEM medium was
removed from the microslide chambers and replaced with
Opti-MEM medium containing preincubated DNA sam-
ples. The incubation at 37°C proceeded for 120 min. The
cells were then fixed with p-formaldehyde (4% in PBS)
and mounted with ProLong Diamond Antifade Mountant
with DAPI (Invitrogen). The imaging was performed with
laser-scanning microscope Leica TCS SP8 SMD (Leica Mi-
crosystems, GmbH, Wetzlar, Germany).

Cell viability

HEK 293 cells were grown and treated as stated below for
GFP imaging (4 h with condensates and additional 72 h
in DMEM) except that gWiz-blank DNA (no transgene)



was used instead of gWiz-GFP. DNA concentration was
12.5 pM and DNA base:metallohelix ratio was 1:0.2; 1:0.4;
1:0.8; 1:1.2 and 1:1.6. At the end of the experiment, the
cells were trypsinized and resuspended in DMEM. Aliquots
of the suspension were combined with Trypan Blue Dye
(0.4% solution, 1:1, BIO-RAD) and analyzed with Auto-
mated Cell Counter (TC10", BIO-RAD).

GFP imaging

HEK 293 cells were seeded on glass coverslips in 6-well
plates and grown overnight in DMEM. DNA conden-
sates were prepared as follows: DNA (gWiz-GFP plasmid;
Aldevron, USA) was incubated (RT) with metallohelices
(DNA 2 pg ml'!; DNA base:metallohelix ratio 1:1.2) in
Opti-MEM®) medium (Gibco) for 15 min. DMEM was
removed from the wells and replaced with metallohelix-
induced DNA condensate samples. Following a 4 h incuba-
tion at 37 °C (humidified atmosphere, 5% CO,), the Opti-
MEM medium was withdrawn, and the cells were incubated
for another 72 h in DMEM. The cells were then fixed with
4% p-formaldehyde, washed with PBS, and mounted with
ProLong" Diamond Antifade. The imaging was performed
with laser-scanning microscope Leica TCS SP§ SMD (Le-
ica Microsystems, GmbH, Wetzlar, Germany)

Flow cytometry

HEK 293 cells were grown and incubated with metallohelix-
DNA condensates in 6-well plates. The metallohelix-
induced DNA condensates were prepared as above. Three
or four DNA base:metallohelix ratios were analyzed. To
account for fluorescence interference of the helicates, sam-
ples containing Blank plasmid DNA (gWiz-blank plasmid,
no transgene, Aldevron, USA) were also analyzed. Follow-
ing a 4 h incubation with the DNA condensates and conse-
quent 72 h incubation in compound-free DMEM, the cells
were harvested and fixed with 4% p-formaldehyde. The cells
were then analyzed with FACS Verse flow cytometer (Bec-
ton Dickinson, Germany), and the obtained data were an-
alyzed with FCS Express Flow Cytometry Software 6 (De
Novo Software).

RESULTS AND DISCUSSION

First, we investigated the ability of metallohelices to con-
dense DNA since this is a prerequisite for the transport of
gene vectors in cells.

Total intensity light scattering

A total intensity light scattering study was performed to
explore the DNA condensation transition induced by met-
allohelices. This method is based on measuring the inten-
sity of the light scattered by the condensed DNA parti-
cles upon the addition of metallohelix to the diluted so-
lution of plasmid DNA using a right-angle configuration.
The plots in Figure 2 demonstrate that 2 and 3 are far more
efficient inducers of DNA condensation than 1 and that
the DNA condensates formed with 2 and 3 are of similar
size. The midpoints of DNA condensation for A-3 and A-3
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Figure 2. Light scattering of gWiz-Luc plasmid DNA solution in the pres-
ence of increasing concentrations of metallohelices. The concentration of
DNA was 1.5 uM (per nucleotide), and the buffer conditions were 10 mM
sodium cacodylate (pH 7.2).

were at ~0.30 and ~0.32 wM concentrations, respectively,
while both enantiomers of 2 were slightly less active with
the transition midpoint at ~0.38 wM concentration. These
concentrations ranging from 0.30 to 0.38 wM correspond
to the ~5-4:1 (DNA base:metallohelix) ratio, respectively,
and comply with the requirement that ~90% of the nega-
tive charges of DNA phosphates must be neutralized before
the DNA condensation can occur (39). The less active A-
and A-enantiomers of 1 had their transition midpoints at
higher concentrations of ~0.6 and ~0.9 WM, respectively.
The lower scattering produced by DNA condensates pro-
moted by 1 indicates that these particles differ from those
promoted by 2 and 3.

Gel retardation assay

The DNA condensing ability of metallohelices was further
confirmed by gel retardation assay. The results in Figure 3
show that all metallohelices reduce the amount of free DNA
in the gel and that when the concentration of metallohelices
reached 42, 28 and 19 uM for 1, 2 and 3, respectively, most
of the DNA remained in the loading wells. The differences
between 2 and 3 and between their enantiomers were small;
however, 3 appeared to be a slightly more efficient condens-
ing agent than 2, which is in agreement with the results of
light scattering experiments (Figure 2). Both enantiomers of
1 were at the highest concentrations able to condense most
of the plasmid DNA. Still, the presence of DNA smear-
ing (upper panel in Figure 3) indicates that the condensed
DNA molecules are slowly released from the wells during
electrophoresis. DNA decondensation could be caused by
the effect of an electric field or electrophoresis buffer (Tris-
acetate-EDTA) or by a combination of both.

Reversibility of DNA condensation

It is known that DNA condensation by multivalent cations
can be reversed by the addition of monovalent (Na*, K*)
and divalent (Mg?*, Zn>*, Ca?*) cations, which compete
with multivalent cations for the negatively charged phos-
phates in the DNA sugar-phosphate backbone (40,41).
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Figure 3. Effect of 1,2 and 3 on the migration of plasmid gWiz-Luc (6732
bp) in the native 0.9% agarose gel. The DNA and metallohelices were in-
cubated prior to electrophoresis for 15 min in 10 mM Tris-HCI buffer (pH
7.4). The DNA concentration in the samples was 62.5 uM and the concen-
trations of metallohelices are indicated in the Figure.

DNA condensates of 1, 2 and 3 were treated with increas-
ing concentrations of NaCl, KCI and MgCl, to examine the
ability of these endogenous cationic species to reverse DNA
condensation. The samples were left to equilibrate for 30
min, and the DNA decondensation was visualized by the
reappearance of the band for plasmid DNA. Gels in Sup-
plementary Figures S1-S3 show that applying high concen-
trations of Na*, K* and Mg?* did not lead to the release
of DNA molecules from DNA condensates formed by 2
and 3. Conversely, the reappearance of the band for plas-
mid DNA was observed for DNA condensed by 1 at the
concentrations of Na*, K* and Mg>* as low as 100, 50 and
6 mM, respectively. It is in agreement with our previous re-
port showing that the binding of 1 to double-stranded (ds)
DNA was more weakened by the increased ionic strength
than the binding of 2 and 3 (42). It suggests that the bind-
ing of 1 to ds DNA is more dependent on the electrostatic
interactions.

Atomic force microscopy (AFM) imaging

DNA condensation by metallohelices and the morphology
of the resulting condensates were monitored by AFM. Sam-
ples were deposited onto freshly cleaved mica and imaged
after drying in the air. A typical image of uncondensed
gWiz-Luc plasmids is provided for comparison in Supple-
mentary Figure S4. Supplementary Figure S5 shows rep-
resentative images of plasmid gWiz-Luc in the presence of

increasing concentrations of A-1 and A-1. As can be seen
in Supplementary Figure S5A and D, both enantiomers of
1 had to be applied at 6.24 pM concentration (1:1, DNA
base:metallohelix ratio) to induce the formation of DNA
particles (typically, ~50-150 nm in diameter), but most of
the plasmid molecules were still free and just loosely associ-
ated. Doubling the concentration of metallohelices to 12.5
pM (Supplementary Figure S5B,E) resulted in the reduc-
tion of the fraction of free DNA molecules, and a slightly
higher condensing activity of the A-enantiomer was more
apparent. When the concentration was finally raised to 25
pM (1:4, DNA base:metallohelix ratio), the difference be-
tween both enantiomers was obvious (Supplementary Fig-
ure S5C,F). While A-1 promoted the formation of large
clusters of densely packed DINA aggregates, images of plas-
mid DNA in the presence of A-1 still contained many free
DNA molecules. The higher potency of A-1 to condense
DNA is consistent with the previous experiments. Repre-
sentative images of DNA molecules condensed by 2 and
3 are presented in Supplementary Figures S6 and S7, re-
spectively. In both cases, concentrations as low as 1.04 and
0.78 wM for 2 and 3, respectively, were sufficient to observe
large clusters of DNA aggregates and the absence of free
plasmid molecules. Panels A and D in Supplementary Fig-
ures S6 and S7 show that much smaller concentrations, 0.52
M for 2 and 0.39 pM for 3, of both metallohelices lead
to the formation of DNA particles that were slightly larger
(~100-200 nm in diameter) than those formed by 1. A slight
increase of the concentrations of 2 and 3 to 0.78 and 0.52
wM, respectively (panels B and E in Supplementary Figure
S6 and S7) resulted in the reduction of free DNA molecules
and the occasional appearance of larger DNA aggregates.
Overall, AFM imaging confirmed that metallohelices 2 and
3 are potent condensers of DNA and that 3 is a slightly
better condensing agent than 2. The low condensing ac-
tivity of 1 in this assay can be attributed to the composi-
tion of the buffer for AFM imaging which contains K* and
Mg?* cations necessary for DNA adsorption on a mica sur-
face shown in the gel retardation assay experiments above
to weaken the interaction of 1 with ds DNA. The reduced
occurrence of DNA condensates of 1 in the AFM images
could also result from the drying of the samples deposited
on mica with compressed air, which can disrupt weakly con-
densed and aggregated DNA molecules (43).

DNA displacement assays

The lower DNA condensing activity of 1 might be caused by
its lower binding affinity to ds DNA or by a different bind-
ing mode compared to 2 and 3. The apparent binding con-
stant (K,pp) of 1 determined by the displacement of an inter-
calating dye ethidium bromide from ds DNA was, however,
slightly higher than K,p,s determined for 2 and 3 (33). To
gain additional information about the binding of 1, 2 and
3, we carried out DNA displacement assays with two other
dyes, Hoechst 33258 (H33258) and methyl green (MG). Bis-
benzimide H33258 is a fluorescent DNA stain that binds
strongly in the minor groove of ds DNA,(44) whereas MG
dye binds in the major groove of ds DNA (45). Mixtures of
calf thymus (CT) DNA with H33258 or MG were prepared
in 10 mM Tris-HCI (pH 7.4) in the absence and the presence
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Table 1. DCs, values (uM) for CT DNA determined by the displacement of Hoechst 33258 (H33258) and methyl green (MG) upon addition of the
metallohelices in 10 mM Tris-HCI (pH 7.4) in the absence and the presence of 50 mM NaCl.

H33258 (DCsp) MG (DCs)
Compound no NaCl 50 mM NaCl no NaCl 50 mM NacCl
A-1 0.24 + 0.04 27+ 0.2 0.91 + 0.07 59 +04
A-1 0.51 £+ 0.03 72 £ 04 1.66 + 0.06 17.6 + 0.8
A-2 0.76 + 0.04 0.95 + 0.08 1.75 + 0.08 1.85 + 0.04
A-2 0.81 + 0.04 0.93 £+ 0.06 1.44 + 0.04 1.66 + 0.09
A-3 0.54 £+ 0.02 0.72 £ 0.04 1.21 £+ 0.05 1.31 £+ 0.06
A-3 0.60 + 0.05 0.89 + 0.03 1.36 + 0.07 1.51 + 0.05

Table 2. Size, zeta potential, and concentration of the plasmid gWiz-Luc condensates induced by metallohelices at 1.5:1 (DNA base:metallohelix) ratio in
10 mM Tris-HCl buffer (pH 7.4) obtained with the aid of Zetasizer Ultra and NanoSight NS300 instruments.

Zetasizer NanoSight
Compound Size (nm) Zeta potential (mV) Size (nm) Concentration (10° particle/ml) No of valid tracks
A-1 1092 + 67 23 +£3 n/a n/a 204
A-1 1104 + 140 226 £ 3 n/a n/a 330
A-2 114 + 13 41 £ 4 138 + 39 1.68 11192
A-2 94 + 15 39+£5 127 + 36 1.67 11421
A-3 114 £ 38 30 £ 4 139 + 41 1.42 9675
A-3 92 +£ 10 36 £ 4 119 + 39 1.28 9252

of 50 mM NacCl and titrated with metallohelices. The effi-
cacy of 1, 2 and 3 to displace both dyes was quantified by
determining the DCs value, which is the concentration of
a metallohelix at a 50% reduction of dye fluorescence. The
data in Table 1 show that at low salt conditions A-1 and A-1,
with the DCs values of 0.24 and 0.51 wM, respectively, were
very efficient at displacing H33258 from ds DNA and that
A-1 was even the best displacer of H33258. However, the
presence of 50 mM NaCl dramatically weakened the bind-
ing of A-1 and A-1to ds DNA and the DCs, values of both
enantiomers were elevated >10-fold whereas the DCs, val-
ues of 2 and 3 was increased by <50%. The displacement
of MG by 1-3 gave similar results. The binding affinities of
both enantiomers of 1 were higher or comparable to those
of 2 and 3 and A-1 was again identified as the most potent
binder with the DCs, value of 0.91 wM. The DCs, values
of A-1 and the enantiomers of 2 and 3 were a little higher
between 1.21 and 1.75 pM. The addition of 50 mM NaCl
lead to a dramatic increase of the DCs, values of A-1 and
A-1 by ~6- and ~10-fold, respectively, while the DCs val-
ues of 2 and 3 were raised by <20%. Taken together, the
results of DNA displacement assays do not indicate a differ-
ent binding mode for 1 compared to 2 and 3 and show that
in low salt conditions, A-1 and A-1 bind to ds DNA with
high affinity. In accord with the previous results, the binding
of 1 to ds DNA was confirmed to be strongly dependent on
the ionic strength, which is consistent with the idea that the
binding of 1 to double-helical DNA is more dependent on
the electrostatic interactions. The results also suggest that
the slightly higher condensing activity of 3 compared to 2
could be attributed to its slightly higher binding affinity to
ds DNA.

Size and zeta potential measurements

The apparent hydrodynamic diameters of DNA conden-
sates induced by 1, 2 and 3 were evaluated by DLS mea-
surements. The plasmid gWiz-Luc was mixed with metallo-

helices at a 1.5:1 (DNA base:metallohelix) ratio in 10 mM
Tris-HCI buffer (pH 7.4). Data in Table 2 reveal that while
the diameters of the DNA condensates formed with 2 and 3
fluctuated between 92 and 114 nm, A-1 and A-1 promoted
the formation of 10-fold larger DNA particles. In order to
verify the results from DLS, we employed the nanoparticle
tracking analysis (NTA) technique under the same experi-
mental conditions. The sizes of DNA particles induced by
2 and 3 were close to the data from DLS in the range of
119-139 nm (see Table 2 and Supplementary Figures S13—
S16) and in good agreement with AFM imaging (Supple-
mentary Figures S5-S7). The concentrations of DNA par-
ticles promoted by 2 and 3 were comparable between 1.28
and 1.68 x 10° particle/ml. The attempts to measure the
size and concentration of DNA condensates formed with 1
by NTA were, however, not successful. The numbers of valid
particle tracks obtained for DNA condensates of 1 were by
order of magnitude lower than those of 2 and 3 (Table 2)
and did not allow proper statistical analysis (Supplemen-
tary Figures S11 and S12). The captured videos of plasmid
DNA mixed with 1 contained apparently smaller amounts
of particles than the videos of plasmid DNA in the presence
of 2 and 3, but at the same time, they also contained highly
scattering large objects resembling clusters of smaller par-
ticles (compare still images from videos in Supplementary
Figures S8-S10). The build-in software was unable to track
the movement of these particles, probably because the size
of these objects was beyond the detection limit of the NTA
instrument (~1000 nm).

Finally, zeta potentials of the DNA condensates were de-
termined by the Zetasizer instrument. The DNA particles
promoted by 2 and 3 had quite high positive zeta poten-
tials between 29.7 and 40.9 mV that are equal or higher
than the commonly accepted limit of 30 mV for a stable
system and should promote good stability of the particles
and limit their tendency to aggregate (46). Since most cel-
lular membranes are negatively charged, the positive zeta
potential can affect the ability of nanoparticles to perme-
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Figure 4. Monitoring of cellular uptake of DNA condensates. Plasmid gWiz-GFP was incubated with individual metallohelices at 1:0.8 DNA
base:metallohelix ratio for 15 min. The DNA was then stained with GelRed and incubated with HEK 293 cells for 120 min. The cells were counter-stained
with DAPI. (A) A-1, (D) A-1, (B) A-2, (E) A-2, (C) A-3 and (F) A-3; scale bar: 25 pm.
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Figure 5. Cell viabilities determined with trypan blue following the treat-
ment of HEK 293 cells with DNA condensates (A) or metallohelices alone
(B). (A) The cells were treated with DNA condensates for 4 h and grew in
a drug-free medium for another 72 h. DNA concentration was 12.5 uM
and DNA base:metallohelix ratios were 1:0.1; 1:0.2; 1:0.4; 1:0.8; 1:1.2 and
1:1.6. (B) The cells were treated with the metallohelices alone for 4 h and
grew in drug-free medium for another 72 h. The concentrations of the met-
allohelices were identical to those used in the cell viability experiment with
DNA condensates (A), i.e. 1.25,2.5, 5, 10, 15 and 20 wM. Each data point
represents the mean of three independent experiments.

ate membranes. On the contrary, DNA condensates formed
with A-1 and A-1 were anionic with zeta potentials of -22.8
and -26.3 mV, respectively. This was unexpected since the
measurements of zeta potential were conducted at low salt
conditions in which 1 exhibits high binding affinity toward
ds DNA. Therefore, the lower absolute values of the zeta
potential make the DNA particles promoted by 1 less sta-
ble and more prone to aggregation.

Cellular uptake

Following the DNA condensation, entering the condensates
into cells is the first step necessary for efficient transfec-
tion. The presence of pre-stained DNA within HEK 293
cells was directly observed using confocal microscopy (Fig-
ure 4). As can be seen, red spots corresponding to the
metallohelix-induced DNA condensates were recognized in
all samples, although the internalization of DNA conden-
sates promoted by A-1 and A-1 was rare (see arrows in
Figure 4A,D). Conversely, multitudinous red fluorescent
spots confirming successful cellular uptake were observed
for DNA condensates formed with A-3, A-3 (Figure 4C,F)
and particularly for those formed with A-2 and A-2 (Figure
4B,E).

Cell viability

Cytotoxicity is a critical factor for the successful application
of a synthetic gene delivery vector, and therefore we evalu-
ated the viability of cells after the transfection with DNA
condensates prepared at various DNA base:metallohelix ra-
tios. Results in Figure SA reveal that no apparent reduction
in viability of cells treated with DNA condensates of 1 was
observed under the conditions used. Cells incubated with
DNA condensates of the remaining metallohelices retained
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Figure 6. GFP fluorescence in HEK 293 cells. The cells were incubated with DNA condensates (1:1.2, DNA base:metallohelix) for 4 h and then grew in the
compound-free medium for 72 h. The cells were fixed with 4% p-formaldehyde and mounted with ProLong™ Diamond Antifade. GFP, Green fluorescence
protein; BE, Bright field; Merge. (A) control; (B) A-1; (C) A-1; (D) A-2; (E) A-2; (F) A-3; (G) A-3; scale bar: 200 pm.
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Figure7. Flow cytometry analysis of GFP fluorescence in HEK 293 cells treated with DNA condensates induced by metallohelices. The cells were incubated
with DNA condensates prepared at various DNA base:metallohelix ratios for 4 h in Opti-MEM. The medium was then replaced with DMEM, and the
cells were incubated for another 72 h, harvested, and fixed with 4% p-formaldehyde. The samples were analyzed with FACS Verse flow cytometer, and
data were analyzed with FCS Express flow cytometry software 6. (A) Representative fluorescence profiles; 1, control (no metallohelix), 2, cells treated with
blank-DNA condensates of A-2 (1:1.2 molar ratio), 3, cells treated with GFP-DNA condensates of A-2 (1:1.2 molar ratio); 4, cells treated with GFP-DNA
condensates of Lipofectamine. (B) Quantitative analysis of GFP fluorescence profiles. C — control cells containing only GFP-DNA; A-2 and A-2 were
mixed with DNA at DNA base:metallohelix ratios of 1:0.4, 1:0.8; 1:1.2 and 1:1.6; A-2, A-2, A-3 and A-3 were mixed with DNA at DNA base:metallohelix
ratios of 1:0.4, 1:0.8 and 1:1.2. Each data point represents the mean of three independent experiments.

viability above 80% up to the DNA base:metallohelix ra-
tio of 1:0.8 and in the case of A-2 even up to the ratio of
1:1.2. However, the use of DNA condensates formed with
higher concentrations of 2 and 3 metallohelices reduced cell
viability to levels below 50%. Generally, the DNA conden-
sates formed by the A-enantiomers of 2 and 3 were slightly
less toxic than those formed by the A-enantiomers. Inter-
estingly, the results in Figure 5B show that the investigated
metallohelices alone affected the viability of HEK 293 cells
approximately to the same extent as the metallohelices in
their DNA condensates. Moreover, no correlation has been
observed between the cell viability of the investigated met-
allohelices alone or the DNA condensates induced by the
metallohelices and their transfection efficiency. Thus, it is
reasonable to conclude that cytotoxicity of the investigated
metallohelices was not a crucial factor that would essen-
tially reduce their potential to act as gene delivery vectors.

Transfection studies

To explore the potential of metallohelices as gene delivery
vectors, gene transfection was tested on HEK 293 cells by
using the green fluorescent protein (GFP) reporter gene.
Fluorescent microscopy images in Figure 6 showed that

cells expressing GFP provided green fluorescence follow-
ing excitation at 488 nm. Green fluorescent spots of vari-
ous intensities correspond to cells producing various levels
of GFP. The image of control cells incubated with DNA in
the absence of a metallohelix shows no fluorescence (Figure
6A). It can be observed that cells treated with DNA conden-
sates of 1 were rarely GFP positive, with the A-enantiomer
being slightly more effective than the A-enantiomer. Sig-
nificantly more cells were GFP positive following incuba-
tion with DNA condensates of 2 and 3 (Figure 6D-G). The
most efficient transfection was mediated by DNA conden-
sates formed in the presence of A-2 (Figure 6D).

The transfection efficiency of metallohelices was further
quantified by flow cytometry. The results in Figure 7 con-
firm low transfection activity for A-1 and A-1 as their DNA
condensates induced GFP fluorescence only in a limited
number of cells. Nevertheless, the bar graph in Figure 7B
shows that A-1 was slightly more potent than A-1. DNA
condensates formed in the presence of 2 and 3 were appar-
ently much more successful in entering the cells and deliv-
ering the cargo. The plasmid DNA was released from the
metallohelices-DNA complexes, and substantial amounts
of GFP were produced inside cells. The A-enantiomers of
2 and 3 were more potent than the A-enantiomers. Consis-
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tently with the previous results, the highest gene transfec-
tion efficiency was observed for A-2.

CONCLUSIONS

In summary, the results showed that Fe(II) metallohe-
lices are potent DNA condensing agents capable of me-
diating gene transfection. Metallohelices 2 and 3 were
demonstrated to promote the formation of cationic DNA
nanoparticles that were successfully taken up and processed
by cells. The size of DNA condensates formed with 2 and 3
falls within the range of ~30-200 nm that is favorable for
cellular uptake, and the high positive surface charge (3040
mV) of DNA condensates ensures both good stability and
enhanced internalization by cells.

On the other hand, the transfection activity of the shorter
and more compact metallohelix 1 was much lower. The
mechanistic studies revealed that the binding of 1 to ds
DNA depends mostly on the electrostatic interactions that
are strongly affected by the ionic strength. As a result, DNA
binding of 1 is weakened, and DNA condensates promoted
by 1 are rapidly unfolded in the presence of endogenous
cations such as Na*, K* or Mg?". The poor stability of
DNA condensates of 1 and their propensity for aggregation
are probably responsible for their low cellular uptake. Con-
versely, the DNA condensates of 2 and 3 are much more
stable and resistant towards decondensation by Na*, K* or
Mg?* than those formed by 1. The higher transfection effi-
ciency of 2 compared to 3 is consistent with the higher cellu-
lar uptake of DNA condensates formed by 2, which can be
associated with the elevated surface charge that facilitates
permeability through the negatively charged cell membrane.
It is worth noting that the A-enantiomers of 2 and 3, despite
being slightly more cytotoxic, exhibited higher transfection
efficiency than the A-enantiomers.

Overall, this study shows for the first time that metallo-
helical assemblies can be used as nonviral gene delivery vec-
tors. The modular structure and our ability to modify archi-
tecture and functionality will allow us to study structure ac-
tivity relationships, leading to mechanistic information and
design of systems with further enhanced and perhaps tar-
getable DNA transfection properties.
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