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Pillar[5]arene-modified amphiphilic peptides with varying numbers of guanidiniocarbonylpyrrol (GCP)
moieties have been successfully synthesized, which can self-assemble to multivalent cationic superstruc-
tures in aqueous solutions. These assembled peptides can condense DNA into various compact multi-
molecular aggregates to achieve successful intracellular DNA delivery and demonstrate great potential for
gene transfection. Transfection efficiencies of the self-assembled superstructures have been evaluated in
vitro with HeLa and HEK 293T cells. We demonstrate that GCP moiety could enhance the cell transfection
ability, owing to its excellent binding towards cytomembrane. It was also found that subtle structure dif-
ference in peptides 2 and 3 could result in distinct transfection efficacy, which makes it possible to gain
an in-depth understanding of their structure-activity relationship. This work presents a good example of
rational structural design in achieving effective gene transfection vectors.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The concept of gene therapy by transferring exogenous DNA
into cells was initially proposed by visionary scientists nearly half
a century ago [1]. Efficient and controlled delivery of genetic in-
formation into living cells is crucial for both fundamental research
and biomedical applications like genome analysis and gene ther-
apy [2]. Due to the existence of barriers and poor stability in bi-
ological media, naked nucleic acids cannot directly penetrate lipid
membranes and thus exhibit limited capacity to transfect cells [3].
Therefore, specially designed artificial gene delivery vectors are
highly demanding and of great interest. Recombinant viruses such
as replication-defective retro- and adeno-associated viruses have
been proved to be efficient gene delivery vehicles. Nevertheless,
their widespread applications and scale-up are limited by severe
drawbacks such as toxicity, intrinsic immunogenicity, and high pro-
duction costs [4]. Alternatively, the use of nonviral vectors can in
principle circumvent these issues, and can compact and transport
more genetic information [5]. Two main traditional classes of non-
viral vectors are designed based on cationic lipids or polymers [6],
among which cationic amphiphilic lipids have become the most
promising vectors for gene transfection [7]. Supramolecular macro-
cyclic amphiphiles, featuring persistent shapes and highly ordered
assembly, have developed several strategies for this application
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[8-11]. In particular, pillararenes, among countless supramolecular
hosts [12-18], are a family of well-studied macrocycles with sym-
metric and rigid cavities that can bind with a variety of guests
[19-23]. The ability of cationic pillararenes acting as gene car-
rier to bind, condense, and deliver DNA across cell membranes
has been previously investigated [24-29]. Nevertheless, their gene
transfection ability is only sporadically reported. In addition, it is
also well-known that weakly basic guanidinocarbonylpyrrole (GCP)
can efficiently bind to cell membrane and penetrate cells, deliv-
ering a large variety of genetic cargos and exhibiting excellent
transfection efficiency [30-34]. We have previously reported that
pillar[5]arene-modified amphiphilic peptide 1 (Scheme 1) bearing
one GCP moiety was able to condense plasmid DNA and enable
cell transfection in a manner that was dependent on the self-
assembled morphology and conformation [35].

We thus hypothesize that better performing vectors will be en-
gineered by incorporating more GCP moieties into the skeleton
of pillar[5]arene to improve the gene transfection efficiency. In
this work, peptides 2 and 3 bearing two GCP units were synthe-
sized and expected to demonstrate superior transfection efficiency
(Scheme 1). However, to our surprise, peptide 2 showed only lit-
tle transfection activity, whereas peptide 3 was proved to perform
cell transfection quite efficiently. The rationale for this divergence
is that the two GCP moieties in peptide 2 are attached to the
rims with four methylene length difference, which inhibited them
from interacting with cytomembrane simultaneously. In contrast,
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Scheme 1. Chemical structures and cartoon representations of peptides 1-3. Schematic illustration of uptake and release process mediated by peptide plasmid DNA (pDNA)

nanoparticles.

the two GCP moieties in peptide 3 can adopt parallel conformation
to bind with cytomembrane cooperatively, thus making it an effi-
cient gene vector. The subtle structural difference in peptides 2 and
3 could result in distinct transfection efficacy, making it possible to
gain an in-depth understanding of their structure-activity relation-
ship. This research presents a good example of rational structural
design in achieving effective gene transfection vectors.

Peptide 1 was synthesized according to the previously reported
methods and used as a comparison in this study [35]. Peptides 2
and 3 were achieved by coupling mono-alkylamine modified nona-
cationic pillar[5]arene with GCP-conjugated peptides, which were
prepared by Fmoc solid peptide synthesis. The resulting peptide
amphiphiles were characterized by NMR spectroscopy and HPLC
(Figs. S1-S15 in Supporting information). Their self-assembled
morphologies were then characterized by atomic force microscopy

Fig. 1. AFM images of (a, c, e) freshly prepared samples of peptides 1-3, and (b, d,
f) the samples after incubating for one day.

(AFM). As shown in Fig. 1, at a concentration of 0.2 mmol/L, pep-
tide 1 formed tiny dispersed nanoparticles and pearl-necklace-like
assembly could be observed after one day incubation. Freshly pre-
pared samples of peptides 2 and 3 formed aggregated large-sized
nanoparticles and cross-linked networks, respectively. Flower-like
nanofibers were observed for peptide 2 and there was not much
change in morphology for peptide 3 after aging for one day. These
morphology differences were ascribed from the fractional differ-
ence of the GCP moieties in the structures, resulting in distinct
DNA delivery and gene transfection properties.
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Fig. 2. (a, ¢, e) Ethidium bromide (EB) displacement titration with 10 pmol/L stock
solution of peptides 1, 2 and 3, and (b, d, f) the data is fitted with exponential
decay first order function with the ICso values of 0.084, 0.071 and 0.034 pmol/L,
respectively.



K. Wang, M. Zuo, T. Zhang et al.

fo ¢° O ¥k WEEVF 5

Fig. 3. Transfection experiments performed with 2 pug pF143-GFP plasmid DNA and
peptide 1 (a, e), 2 (b, f), 3 (c, g), PEI (d, h) to Hela cells for different periods (a-d:
24 h, e-h: 48 h). Scale bar: 50 pm.
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Fig. 4. Concentration-dependent cytotoxicities of peptides 1, 2, 3, and PEI against
Hela cells after 48 h incubation.

To explore the potential application of peptides 1-3 as gene
transfection vectors, their binding properties with calf thymus
DNA (ctDNA) were then assessed by ethidium bromide (EB) dis-
placement assay and isothermal titration calorimetry (ITC) mea-
surements. The ICsy values (concentration of peptide required
to replace 50% of the initially bound EB, showing fluorescence
at 600nm) of 1 and 2 were roughly the same (0.084 and
0.071 pmol/L), whereas IC5q of peptide 3 was 0.034um (Fig. 2).
This indicated that the binding affinity of 3 towards DNA was
higher than that of 1 and 2, owing to the presence of two par-
allel GCP moieties. Furthermore, the binding constants for pep-
tides 1-3 with DNA were determined by ITC experiments (Figs.
S16-S18 in Supporting information). Both data of peptides 2 and
3 could be fitted by sequential binding site model. The first bind-
ing constants (K;) are both in the range of 10% L/mol, whereas the
second binding constants (K,) are larger than K, indicating the
positive cooperativity of the two GCP moieties [36]. The cooper-
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ative effect is more profound in the case of peptide 3. Moreover,
based on our previous studies [30], the morphology of the pep-
tides would change to compact nanoparticles after their binding
with DNA. These above results disclosed that peptides 1-3 could
bind tightly with DNA and may potentially be applied in gene de-
livery and transfection.

Subsequently, transfection experiments were performed with
Hela cells by fluorescence microscopy (Fig. 3). The commercially
available branched polycationic polyethyleneimine (PEI) was used
as a control. The cells were treated with the DNA-loaded aggre-
gates formed by peptides 1, 2, and 3, respectively at 37 °C. Suc-
cessful delivery of plasmid DNA into cells was monitored by the
green fluorescence of green fluorescent protein (GFP) after 24 h and
48 h incubation, respectively. We are pleased to see that peptide
3 is a very efficient transfectant, which is comparable to PEI ow-
ing to the cooperative interaction of paired GCPs. It is also note-
worthy that no helper lipid was needed in our system, which was
commonly applied in other transfection vectors. In contrast, little
transfection activity was observed for peptides 1 and 2 due to the
single valid GCP moiety in their structures, which confirmed our
assumption that GCP moiety is crucial in the transfection process,
and more paired GCP moieties will lead to higher transfection ef-
ficiency. The transfection results were also confirmed by using a
normal cell line HEK 293T (Fig. S19 in Supporting information).
The transfection efficacy of peptides 2 and 3 was comparable to
PEI after 48 h incubation, but the brightfield images indicated great
amount of cell death in the PEI group (Fig. S20 in Supporting infor-
mation). Cytotoxicity of peptides 1-3 was then assessed on HeLa
cells; it was found that peptides 1-3 had negligible cytotoxicity,
whereas cell viability of the PEI group was reduced more than 70%
(Fig. 4).

Finally, as shown in Fig. 5, the cellular uptake of the vec-
tors was investigated by confocal laser scanning microscope
(CLSM). LAMP1-AF633 antibody and Hoechst were used to label
endo/lysosomes (purple fluorescence, Figs. 5b and g) and nuclei
(Figs. 5¢ and h) of HelLa cells, respectively. HeLa cells were treated
with the DNA-loaded aggregates formed by peptide 3 at 37 °C
for 2h and 6h, respectively. After incubating for 2h, green flu-
orescence could be observed (Fig. 5a), indicating the successful
uptake of DNA by Hela cells. And the green fluorescence over-
lapped very well with purple fluorescence (Fig. 5e), indicating
the endocytosis process was first localized in endo/lysosomes. Af-
ter 6h, some green fluorescent signals were observed in cytosol
(Figs. 5f and j), which disclosed successful escape of DNA from
endo/lysosomes. These findings are ubiquitous among the tested
cell line (Fig. S21 in Supporting information), which suggest pep-
tide 3 is able to successfully transfer the labelled DNA into the

Fig. 5. Confocal microscopy images of HeLa cells incubated with peptide 3 (100pm) for 2h (a-e) and 6h (f-j), respectively. (a, f) Green fluorescence (GFP-labelled); (b, g)
purple fluorescence (LAMP1-AF633 labelled); (c, h) blue fluorescence (Hoechst labelled); (d, i) bright field and (e, j) all merger together.
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cell and perform the subsequent gene transfection processes in the
cytoplasm.

In conclusion, we have discovered that attaching GCP groups
in the rim of water-soluble pillar[5]arenes demonstrates the pos-
sibility to enhance the cell transfection ability. Peptides 1-3 were
synthesized by coupling water-soluble pillar[5]arenes with short
peptide bearing one or two GCP moieties. These amphiphilic pep-
tides can bind to DNA and form condensed complexes, owing to
the high positive charges and excellent recognition ability of GCP
group. In the case of peptide 2, the two GCP moieties cannot inter-
act with cytomembrane synergistically, making it less efficient and
have comparable transfection efficiency with mono-GCP modified
peptide 1. Nevertheless, aggregates formed by peptide 3 are proved
to be efficient gene transfection vector, owing to cooperative in-
teraction of the two GCP moieties with suitable length. As for
the functionalization of the pillararene cavity, positively charged
guest molecules may be encapsulated and lead to better perfor-
mance in gene transfection efficacy. The research is currently un-
derway in our laboratory. The results obtained in this work war-
rant further investigation of macrocycle incorporated gene delivery
platforms and elucidate the structure-activity relationship in this
regard.
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