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featuring aggregation-induced emission
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Steffen Riebe,‡a Alexander Zimmermann,‡a Johannes Koch,b Cecilia Vallet,c
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In this communication we present the use of a novel class of luminophores with aggregation-induced

emission (AIE) properties based on the steroid estrone. These molecules were equipped with cationic

residues yielding amphiphiles suitable for lipofection. To this end, self-assembled luminescent structures

were formed in aqueous media and mixed with a red-fluorescent protein expressing plasmid, yielding

lipoplexes with increased emission intensity. These luminescent lipoplexes were able to efficiently

transfect HeLa and HEK 293T cells and were able to be tracked due to the aggregation induced-

emission properties.
The transport of genetic information into living cells yielding to
hybridisation inside the nucleus is the key challenge in modern
gene therapy. Over the past decades several approaches have
been investigated to deliver specic DNA sequences and/or
plasmids into nuclei to address severe diseases such as
cancer1–3 or neurodegenerative diseases such as Parkinson's4,5

or Alzheimer's.6,7 A major problem in this regard is the negative
surface charge of the cellular corona based on the so-called
glycocalyx, which mainly consists of sialic acids and its deriva-
tives.8 This prevents the entering of genetic information due to
strong electrostatic repulsion of the phosphate backbones and
the cellular surface. To this end, several approaches have been
investigated to overcome this major problem. Three different
compound classes have been used to form neutral to cationic
complexes with DNA sequences: (A) small cationic organic
compounds and cationic polymers, (B) cationic amphiphiles9,10

and (C) retroviruses,11 which are able to cross the membrane
barrier and induce efficient transfection. All these potential
candidates have their individual advantages and disadvantages.
Small organic cationic compounds or polymers12–14 (e.g.
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polyethyleneimine, PEI) are known to be toxic at higher doses,
which also is the case of amphiphilic structures such as Lip-
ofectamine 2000™.15 Retroviruses are known to induce an
immune response to the infected body leading to severe side
effects.16,17 Especially lipofection has attracted our interest since
the formation of larger self-assembled structures bearing
multiple cationic charges at their surface leads to efficient DNA
carriers (lipoplex). Here, several approaches for the use of
amphiphiles to generate vesicles,18 micelles19 and nanotubes20

have been described in literature. Lehn21 and Huang et al.22

showed that the variation of the hydrophobic tail (e.g. choles-
terol) had a huge inuence on the transfection ability of cationic
amphiphiles. Besides the variation of the hydrophobic part also
the cationic head groups have been varied extensively. Here,
especially linear or branched amines23 and oligoamines24 and
oligoarginines25,26 as well as articial binding motifs such as
guanidinium–carbonylpyrroles27–29 have attracted interest and
were able to efficiently induce transfection.

Up to now, the exact mode of action (e.g. the pathway of the
vectors through the cell membrane and inside the cytosol)
remained unclear in most of the above mentioned examples.
Thus, we decided to use the well-known AIE-effect to follow the
way of transfection. Here, luminophores show induced emis-
sion when xed in a steric demanding (e.g. in the aggregated,
bound or solid state) environment due to a restriction of
intramolecular motion. First AIE-active compounds were
described by Tang et al. back in 2001. Recently, we were able to
synthesize a novel and easily accessible class of AIE emitters
with uorescence and phosphorescence properties. These
compounds were already used for numerous applications such
as luminescent micelles,30 organogels,31,32 liquid crystals33,34 and
bio-imaging.35 Here, we combine our unique system with the
RSC Adv., 2020, 10, 19643–19647 | 19643
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Scheme 2 Molecular structures of the estrone-based AIE-active
transfection vectors used in this study.
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steroid estrone, conveying luminescence properties due to its
aromatic unit. Furthermore estrone was used, since it bears the
characteristic steroid backbone, which is also existent in
cholesterol, which is a vital part of the cellular membrane.
Hence we assume a strong interaction of our transfection
vectors with the cellular membrane, leading to an efficient
uptake. Moreover, it is essential to mediate interactions with
the cellular membrane via cationic groups such as oligoamines
or tri-arginines. Subsequently, the obtained amphiphiles are
able to assemble into higher ordered structures. These supra-
structures should allow electrostatically binding of DNA
sequences or plasmids leading to lipoplexes, which will be
tested for their transfection capacity (Scheme 1). Furthermore,
the self-assembled structures will be uorescent due to the
restriction of motion of the AIE active core motif upon self-
assembly. Besides that, increased emission is expected upon
DNA (mRFP-plasmid) binding due to cross linking of the single
higher ordered structures. This behaviour furthermore enables
the tracking of the lipoplexes inside the cellular environment. A
further advantage of this design is the role of the luminophore
as vital part – the hydrophobic residue in the amphiphile – of
the transfection system, compared to the classic labelling
approach of known vectors, which is oen accompanied by
enhanced toxicity (Scheme 2).36,37

Compounds [1] and [2] were synthesized by coupling tri-(boc)
protected N,N0-bis(2-aminoethyl)-1,3-propanediamine to the
carboxylic acid functionalized compounds [F] (Fig. 1) and the
triethyleneglycol containing analogues [H] followed by acid-
assisted deprotection (see ESI†). The synthesis for compounds
[3] and [4] started from a solid phase synthesis assisted route.
Three arginines were coupled on the resin followed by attach-
ment of either the AIE luminophore [F] or the AIE active
compound with triethyleneglycol spacer [H] under peptide
coupling conditions (see ESI†). The structure of [F] was
conrmed by X-ray crystallography (see ESI†). [F] crystallizes in
the tetragonal space group P41212 with one molecule plus
a DMF solvent molecule in the asymmetric unit. Alternatively,
Scheme 1 Self-assembly of AIE active amphiphiles followed by the
formation of luminescent lipoplexes in the presence of plasmid DNA as
well their ability to transfect cells. The schematic presentation is not to
scale.

19644 | RSC Adv., 2020, 10, 19643–19647
a description as merohedral twin in space group P41 is possible
(Fig. 1 and S17†).

From the obtained data it can be seen that all bond lengths
and angles are within the expected range and the overall
conformation of the estrone residue remains unchanged.

With these compounds in stock we performed an in depth
investigation of the self-assembly properties of all four
compounds in water in the presence and absence of plasmid,
expressing a uorescent protein (RFP), C-terminally fused to
a nuclear histone protein H2B (pH2B-mRFP).

Compounds [1–4] were dissolved in water followed by vor-
texing, yielding self-assembled structures which were investi-
gated by uorescence spectroscopy (Fig. S10†).

Here in all cases an emission signal at around 470–480 nm
was observed which can be excited at 380 nm (see Fig. S9†), due
to the formation of self-assembled structures in aqueous media.
This emission cannot be observed in DMSO due to the free
molecular movement, which is typical for aggregation-induced
emission. The critical aggregation concentration (CAC) was
determined by dilution of the aqueous samples followed by
tracking of the emission wavelength, assuming a change in
emission upon self-assembly due to changes in the molecular
environment. Here, in all cases a change in the emission
wavelength was determined for concentrations below 2 mM
(Fig. S14 and S15†). To get a deeper impression of the
morphology of compounds [1–4] in aqueous media, TEM
imaging was performed (Fig. 2D, E and S16†). Compound [1]
and [2], both revealed bre-like structures with a thickness of
around 10–15 nm, whereas [3] and [4] showed more granular
and less organized morphologies in aqueous media (Fig. S16†).
Fig. 1 X-ray structure of [F] � 1 DMF. Displacement ellipsoids are
drawn at 50% probability levels.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (A) Emission of compound [1] as pure sample and in the pres-
ence of themRFP plasmid, (B) photographs of [1] as pure sample and in
the presence of the mRFP plasmid under UV-light irradiation (l ¼ 365
nm), (C) DLS spectra of [1] and [1] in the presence of the pH2B-mRFP
plasmid, c[1] ¼ 100 mM, c(pH2B-mRFP plasmid) ¼ 10 mg mL�1 (D) TEM
images of [1] and (E) [1] in the presence of RFP plasmid. c[1] ¼ 500 mM,
c(pH2B-mRFP plasmid) ¼ 50 mg mL�1.

Fig. 4 Concentration-dependent cytotoxicity as determined by an
MTS assay of compounds [1–4] compared with lipofectamine™ 2000
as reference.
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These structures showed low to moderate emission proper-
ties, which was attributed to a higher polarity and a weaker
packing inside the aggregates (Fig. S10 and S12†). Besides that,
z-potential measurements showed highly positively charged
assemblies with a potential between 42–62 mV as expected for
the cationic amphiphiles. Next, the inuence of electrostatic
binding of the RFP-plasmid was investigated in detail. The
morphologies obtained were mixed with the plasmid and
emission wavelengths, sizes, z-potentials as well as the
morphologies were determined. Interestingly, in all cases
Fig. 3 Confocal images of HEK 293T (upper panels) and HeLa cells (lowe
100 mm (concentrations: [1] ¼ 48 mM, pH2B-mRFP plasmid ¼ 2.4 mg mL

This journal is © The Royal Society of Chemistry 2020
a drastic uorescence increase was observed due to the
assumed formation of densely packed lipoplexes, hindering
additionally the motion of the estrone-based AIE core (Fig. 2B,
S12, and S13†). Besides that, for most of the compounds an
increased size was determined by DLS-measurements attrib-
uted to the formation of larger structures (Fig. 2C and S6†). The
decrease in z-potential for the lipoplexes goes along with the
partial charge neutralisation (e.g. for [1] without plasmid ¼
62 mV and with plasmid ¼ 49 mV) (Fig. S7 and S8†). Here
compound [3] showed only marginal changes in the z-potential
which was explained by a weak or incomplete accessibility of the
cationic head groups for the plasmid DNA. TEM imaging
revealed larger aggregates (lipoplexes) showing in the case of [1]
(Fig. 2E) and [2] networks of thin bres in close contact, whereas
[3] and [4] showed crosslinked assemblies with worm-like
morphologies (Fig. S16†). Aer conrmation of the electro-
statically assembled lipoplexes with enhanced emission prop-
erties, rst experiments to use these structures for transfection
of HeLa and HEK 293T cells were conducted in which we tested
the ability of the compounds [1–4] to transport plasmid DNA
into cell. Therefore, HeLa und HEK 293T cells were incubated
with a solution of the compounds pre-mixed with plasmid DNA.
r panels) 16 h after transfection of pH2B-mRFP (red) with [1]. Scale bar:
�1).

RSC Adv., 2020, 10, 19643–19647 | 19645
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Aer 16 h these cells were analyzed via confocal laser scanning
microscopy. Surprisingly only for compounds [1] and [2] nuclear
RFP was observed, which is indicative for successful gene
delivery (Fig. 3 and S20–S22†). However transfection efficiency
was only marginal for [2], and treatment of cells with this
compound resulted in an abnormal morphology even at low
concentrations (10 mM). Compounds [3] and [4] were not able to
mediate gene transfection (Fig. S23 and S24†). Thus, we focused
our research on the transfection properties of [1].

The lipoplex of [1] and pH2B-mRFP was uniformly taken up
by both cell lines and led to an efficient transfection rate infe-
rior to Lipofectamine™ 2000 (Fig. S18, S19, and S26†).

The determined transfection efficiency of compound [1] in
comparison with the gold standard Lipofectamine™ 2000 was
determined. In the case of HEK 293T cells an efficiency of 8.4%
and for HeLa cells 12.6% was found which is lower than Lip-
ofectamine™ 2000 (31.4% (HeLa), 31.6% (HEK 293T))
(Fig. S26†).

In contrast to Lipofectamine™, localization of the lipoplex
can easily be monitored by the AIE-effect of the estrone based
luminophore (Fig. 3 and S18–S20†). To assess the cytotoxicity of
the compounds, we performed an MTS assay, which showed
a slightly decreased viability of HeLa cells treated with [1] at
high concentrations compared to Lipofectamine™ 2000-treated
cells (Fig. 4). Interestingly, compound [1] seemed to localize in
spherical vesicles within the cells aer transfection. To clarify
the mechanism of uptake, we treated HeLa cells with [1] pre-
mixed with plasmid DNA and stained the lysosomes with
LysoTracker™ Green (Fig. S25†). We observed a partial coloc-
alization of [1] with the lysosomes, which suggests an uptake via
the endosomal pathway followed by an endosomal escape or
lysosomal degradation. Although we are aware that the trans-
fection potential of our compound so far is still inferior to the
gold standard of lipofection, it opens a completely new eld of
transfections vectors featuring AIE-properties. These are
enabling future research by varying the single parts of the
vectors, e.g. cationic headgroups, linker as well as steroid
anchors. Furthermore, we were able to show that the AIE
luminophore is not only a luminescent tag but also key struc-
ture of the transfection system representing a completely novel
approach for transfection vectors.
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