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A Photoactivatable AIE Polymer for Light-Controlled Gene Delivery:
Concurrent Endo/Lysosomal Escape and DNA Unpacking**
Youyong Yuan, Chong-Jing Zhang, and Bin Liu*

Abstract: Endo/lysosomal escape of gene vectors and the
subsequent unpacking of nucleic acids in cytosol are two major
challenges for efficient gene delivery. Herein, we report
a polymeric gene delivery vector, which consists of a photo-
sensitizer (PS) with aggregation-induced emission (AIE)
characteristics and oligoethylenimine (OEI) conjugated via
an aminoacrylate (AA) linker that can be cleaved by reactive
oxygen species (ROS). In aqueous media, the polymer could
self-assemble into bright red fluorescent nanoparticles (NPs),
which can efficiently bind to DNA through electrostatic
interaction for gene delivery. Upon visible light irradiation,
the generated ROS can break the endo/lysosomal membrane
and the polymer, resulting in light-controlled endo/lysosomal
escape and unpacking of DNA for efficient gene delivery. The
smart polymer represents the first successful gene vector to
simultaneously address both challenges with a single light
excitation process.

Successful gene therapy relies on the development of highly
effective and safe vectors."! Nonviral vectors based on
electrostatic interactions between synthetic cationic polymers
and anionic nucleic acids have been extensively studied.?!
However, the development of vectors with high transfection
efficiency and low cytotoxicity remains challenging. The
major barrier is that nonviral vectors generally enter cells
through endocytosis and become entrapped in endo/lyso-
somes, where the nucleic acids tend to be destructed because
of the abundance of enzymes there, thus leading to reduced or
even no release in cytosol.’! Therefore, nucleic acids need to
escape from the endo/lysosomes and undergo unpacking for
efficient gene delivery.!

Polyethyleneimine (PEI), one of the most effective non-
viral vectors, can facilitate endo/lysosomal escape by taking
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advantage of the “proton sponge effect”.”! However, it shows
severe cytotoxicity and slow release of nucleic acids. Recently,
light-induced endo/lysosomal escape has attracted much
attention.” This principle relies on the visible-light-induced
generation of reactive oxygen species (ROS) by photosensi-
tizers (PSs), which slightly damages the endo/lysosome
membrane. As the light dose used is much lower than that
for photodynamic therapy (PDT), this strategy allows the
vectors to be liberated from the endo/lysosomes without
causing direct cell death or deactivation of nucleic acids.”
Since the existing systems are based on coencapsulation of
nucleic acids and PSs but no stimuli-triggered DNA release,
the gene unpacking from these systems is uncontrollable.
Effective gene unpacking has been realized by reversion
of the gene vectors (e.g., high-molecular-weight polycations)
to their low-molecular-weight counterparts. The past years
have witnessed the development of gene vectors that are
responsive to pH, enzymes, reducing agents (e.g. glutathione
(GSH)) or light.* The pH- or enzyme-responsive vectors face
the challenges of potential DNA release in endo/lysosomes,®!
which can lead to DNA degradation. Although disulfide
conjugated oligoethylenimine (OEI) could achieve endo/
lysosomal escape and fast gene release,” the responseof the
disulfide bond to the high concentration of GSH in cells
makes the gene delivery process uncontrollable. Recently,
light-responsive systems have attracted much attention for
gene delivery.""! These gene vectors are largely based on
cationic polymers with UV-cleavable linkers, which can
realize fast gene unpacking upon UV light irradiation.
However, as the UV light used for linker activation'” is not
compatible with the visible light required for PS excitation,
and there has been no report to date that a single polymer
vector could be developed for endo/lysosomal escape and
concurrent DNA unpacking, not to mention that both
processes could be realized in a single irradiation process.
Recently, fluorogens with aggregation-induced emission
(AIE) characteristics have attracted increasing attention in
biomedical applications."' The AIE fluorogens emit inten-
sively in aggregated states because of the restriction of
intramolecular motions."" The emerging AIE-fluorogen-
based PSs with high signal-to-noise ratios and efficient ROS
generation in aggregates further offer the opportunity for
light-controlled ROS generation and image-guided PDT.[*”!
By taking advantage of AIE PSs, we have developed a ROS-
responsive polymer for light-controlled gene delivery
(Scheme 1). The polymer contains an AIE PS conjugated
with OEI (800 Da) via a an aminoacrylate (AA) linker that
can be cleaved by ROS.I"! Low-molecular-weight OEIs were
selected as the arms because they have lower toxicity than
high-molecular-weight PEI, and the OEI conjugates have
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Scheme 1. A) Chemical structure of the ROS-responsive polymer
P(TPECM-AA-OEI)-g-mPEG. B) ROS-sensitive nanoparticles (S-NPs)
self-assembled from P(TPECM-AA-OEI)-g-mPEG in aqueous media and
their complexation with DNA to form S-NPs/DNA. C) The itinerary of
S-NPs/DNA to the transgene expression. S-NPs/DNA was endocy-
tosed by the cells and entrapped in endo/lysosomes. Upon light
irradiation, the generated ROS can concurrently destruct the endo/
lysosomal membrane to facilitate the vector escape and break the
S-NPs to favor DNA unpacking, leading to DNA release for nuclear
entry and transcription.

Cytoplasm

Endo/lysosome

shown good DNA-binding ability."¥ PEG was further grafted
to fine-tune the water solubility of the polymer. The polymer
can self-assemble into nanoparticles (NPs) in aqueous media
with bright red fluorescence for bioimaging. It also can bind to
DNA through electrostatic interactions. Upon light irradia-
tion, the generated ROS can facilitate the escape of the
vectors from endo/lysosomes by disrupting the membranes.
Concurrently, the ROS also breaks the polymer and promotes
reversion of the high molecular weight complex back to their
low molecular weight counterparts, leading to DNA unpack-
ing. This work represents a promising light-controlled plat-
form for concurrent endo/lysosomal escape and DNA
unpacking, which are indispensable steps for efficient gene
delivery.

The synthetic routes to the ROS-responsive polymer
P(TPECM-AA-OEI)-g-mPEG and the control polymer
P(TPECM-OEI)-g-mPEG are shown in Scheme S1 in the
Supporting Information. The characterization of the polymer
and the intermediates are shown in Figure S1-S5. The
amphiphilic P(TPECM-AA-OEI)-g-mPEG can self-assemble
in aqueous media to form ROS sensitive NPs (denoted as
S-NPs), which were studied by dynamic light scattering (DLS)
and transmission electron microscopy (TEM). As shown in
Figure 1 A, S-NPs show spherical morphology with a diameter
of (134+12) nm. The absorption and emission spectra of
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Figure 1. A) Size distribution and TEM image (inset) of S-NPs; B) Time-
dependent 2',7'-dichlorofluorescein (DCF) fluorescence intensity (Fl)
change at 530 nm in S-NPs and inS-NPs with or without VC upon light
irradiation; C) Photoluminescence (PL) intensity of Nile Red at 640 nm vs.
irradiation time in Nile Red loaded S-NPs, inS-NPs or S-NPs +VC; D) Size
distribution and TEM image (inset) of S-NPs after light irradiation. Data
represent mean +SD (n=3). E) DNA entrapment efficiency of S-NPs at
different N/P ratios. F) Relative PL intensity changes of YOYO-1 in S-NPs/
YOYO-1-DNA at an N/P ratio of 20 upon white light irradiation

(50 mWem™?) for different time periods. Data represent mean + SD
(n=3).

S-NPs are centered at 410 nm and 615 nm, respectively
(Figure S6). The control polymer P(TPECM-OEI)-g-mPEG
was synthesized without the ROS responsive linker, and the
self-assembled NPs are denoted as inS-NPs.

The ROS generation of S-NPs and inS-NPs upon light
irradiation was evaluated using dichlorofluorescein diacetate
(DCF-DA) as an indicator. DCF-DA is nonfluorescent, but it
can be rapidly oxidized by ROS to produce fluorescent
dichlorofluorescein (DCF). As shown in Figure 1B, both
S-NPs and inS-NPs can quickly and steadily generate ROS
upon light irradiation. When vitamin C (VC; a well-known
ROS scavenger) was added, the fluorescence increase of DCF
was suppressed, which further confirmed the ROS generation
by both NPs.

The light-induced destruction of S-NPs was studied using
Nile Red as an indicator. Nile Red is a hydrophobic dye that is
highly emissive in hydrophobic environments but not in
water. Both NPs loaded with Nile Red were irradiated with
light and the fluorescence change of Nile Red was studied. As
shown in Figure 1C, upon light irradiation, the photolumi-
nescence (PL) intensity of Nile Red in S-NPs decreases
steadily to about 20 % of its original intensity after 3 min of
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irradiation. In contrast, the PL intensity of Nile Red in S-NPs
or S-NPs with VC remains constant, thus indicating that the
decrease in the Nile Red fluorescence is due to disassembly of
the S-NPs (Scheme S2 and Figure S7). This result was also
confirmed by a DLS study and TEM images. As shown in the
TEM image in Figure 1D, after light irradiation, the diame-
ters of the S-NPs apparently increase and irregular shapes are
formed because of the generated hydrophobic AIE residues.
In contrast, inS-NPs show negligible changes after light
irradiation (Figure S8).

Efficient DNA condensation by S-NPs was confirmed by
measuring the particle size and surface charge of S-NPs/DNA
complexes. The size of S-NPs/DNA complex decreases while
their zeta potential grows with the increased amine to
phosphate (N/P) ratios (Figure S9). The DNA entrapment
efficiency also increases as a function of the N/P ratio, from
(60£5)% at N/P=5 to (92+6)% at N/P=30 (Figure 1E).

To test whether the light-induced polymer destruction
could facilitate DNA unpacking from S-NPs/DNA complexes,
YOYO-1 was used as an indicator. YOYO-1 is a DNA
intercalating dye that shows strong fluorescence upon binding
to DNA. However, when YOYO-1-labeled DNA is con-
densed with a cationic polymer, it shows dramatically
decreased fluorescence because of self-quenching.™ As
shown in Figure 1F, the fluorescence of YOYO-1 in S-NPs/
YOYO-1-DNA intensifies upon light irradiation, thus indi-
cating that the DNA is liberated from the S-NPs. In addition,
the irradiation-time-dependent fluorescence change also
indicates that the DNA release is light-controllable. In
contrast, the fluorescence of YOYO-1 in inS-NPs/YOYO-1-
DNA is almost constant upon light irradiation (Figure S10).

The intracellular trafficking profile of S-NPs/DNA com-
plexes was subsequently evaluated by confocal laser scanning
microscopy (CLSM). Human cervix carcinoma HeLa cells
were incubated with S-NPs/DNA for 4 h and co-stained with
endo/lysosome selective marker LysoTracker green DND-26.
As shown in Figure 2 A3 and 2 A4, the red fluorescence from
the complex co-localizes well with the green fluorescence
from DND-26, indicating that the complexes are entrapped in
endo/lysosomes.

We next investigated the ROS-induced endo/lysosomal
escaping of S-NPs/DNA and DNA unpacking by CLSM. The
ROS generation of S-NPs/DNA in Hela cells was first
confirmed by using DCF-DA as the indicator (Figure S11).
When the cells were incubated with S-NPs/YOYO-1-DNA in
dark, the red fluorescence of S-NPs and green fluorescence of
YOYO-1-labeled DNA are largely overlaid as yellow dots
(Figure 2B1). However, upon light irradiation, the cells show
notably enhanced separation of green fluorescence from the
red (Figure 2B1-4), thus indicating light-induced intracellular
DNA release. The unpacked DNA strains spread to the entire
cytoplasm, which is a clear indication of their successful
escape from the endo/lysosomes. The colocalization ratios of
the fluorescence between S-NPs and YOYO-1 decrease from
(83+3)% to (24+5)% after 5min of light irradiation
(Figure 2C). However, this process was prohibited when VC
was added, which further confirmed the ROS induced endo/
lysosomal escape and light-controlled DNA unpacking. When
the cells were pretreated with the endo/lysosomal disrupting
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Figure 2. A) CLSM images of Hela cells stained with S-NPs/DNA (AT,
E,: 405 nm, E_:>560 nm) and LysoTracker green (A2, E,: 488 nm, E:
505-525 nm); overlay of the images A1 and A2 (A3); intensity profiles
of region of interest (A4; red line in image A3; solid line=lyso tracker,
dashed line=S-NP/DNA). B) CLSM images of Hela cells incubated
with S-NPs/YOYO-1-DNA complexes in the dark (B1), with light
irradiation for 2 min (B2), 5 min (B3), and 5 min in the presence of VC
(B4). Green: YOYO-1 fluorescence (E,: 488 nm; E,: 505-525 nm);
Red: S-NPs fluorescence (E,: 405 nm; E,,: > 560 nm). Yellow: colocali-
zation of red and green pixels. C) Changes in colocalization ratios
between the fluorescence of YOYO-1 and S-NPs after different treat-
ment. D, E) CLSM images of Hela cells after incubation with

D) S-NPs/YOYO-1-DNA pretreated with chloroquine (CQ), E) inS-NPs/
YOYO-1-DNA in the dark (D1, E1) or after 5 min light irradiation

(D2, E2). Scale bar for all images is 10 um.

agent chloroquine (CQ)!" in the absence of light treatment,
limited DNA release was observed (Figure 2D). However,
the yellow dots were dispersed all over the cells, thus
indicating that the YOYO-1-labeled DNA strands had
already escaped from the endo/lysosomes but still condensed
with S-NPs. Further treatment with 5 min of light irradiation,
the green fluorescence was spread all over the cytoplasm
(Figure 2D2), thus indicating that DNA could be released
after polymer breakdown. When the cells were treated with
inS-NPs/YOYO-1-DNA, the DNA strains could not be
released from the vectors (Figure 2E1,E2).

The ROS-induced endo/lysosomal damage was further
confirmed using acridine orange (AO) as an indicator. AO
emits red fluorescence in acidic organelle such as endo/
lysosomes and emits green fluorescence in cytoplasm and
nuclei. As shown in Figure 3, without ROS, the HeLa cells
show both red and green fluorescence, indicating that the
endo/lysosomes are not damaged. However, the red fluores-
cence was remarkably reduced when the cells were exposed to
light irradiation or treated with CQ, thus indicating that the
endo/lysosomes were destroyed.

As gene expression takes place in cell nuclei, effective
accumulation of DNA in nuclei is essential for gene deliv-
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Figure 3. Observation of endo/lysosomal disruption of Hela cells
induced by ROS or CQ using acridine orange (AO, 5 um) as the
indicator. The cells were treated with S-NPs/DNA A) in the dark; with
light irradiation for B) 2 min; C) 5 min; D) 5 min in the presence of
VC; E) S-NPs/DNA in the presence of CQ in the dark; F) S-NPs/DNA
in the presence of CQ with 5 min light irradiation; G) inS-NPs/DNA in
the dark; H) inS-NPs/DNA with 5 min light irradiation. The power
density was 50 mWcm ™ E,: 488 nm; E,: 505-525 nm (green);
610-640 nm (red). Scale bar for all images is 20 um.

ery.”) After light irradiation, the cells were further incubated
in fresh medium for 4 h and the cell nuclei were live-stained
with DRAQS. As shown in Figure S12, the red fluorescence of
DRAQS and green fluorescence of YOYO-1 were only
overlapped when the cells were incubated with S-NPs/
YOYO-1-DNA and under light irradiation. This is evidenced
by the yellow color in the overlay image, which indicates that
the released DNA is accumulated in nuclei.

The transfection efficiency of HeLa cells was studied by
flow cytometry using plasmid encoding enhanced green
fluorescent protein (EGFP). As shown in Figure 4 A, the
GFP transfection efficiency in HeLa cells incubated with
S-NPs/DNA with light irradiation is (68 +6)%, which is
significantly higher than that of the cells incubated with S-
NPs/DNA in the dark ((31 £2) %) or in the presence of VC
((35+3)%). The S-NPs/DNA treated with CQ show slightly
higher transfection efficiency ((39+5)%) than that in the
dark, which should be due to the enhanced endo/lysosomal
escape. After light irradiation, the higher transfection effi-
ciency ((71+4)%) should be due to the optimized DNA

100

\,
T

25

GFP Positive Cells (%)
3
(%) AngeiA 180

Figure 4. Transfection efficiencies (left column) and cell viabilities
(right column) of Hela cells after different treatments. * indicates
p <0.05.

www.angewandte.org

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

release after polymer breakdown. These results demonstrate
that endo/lysosomal escape and DNA unpacking are indis-
pensable steps for efficient gene delivery. In addition, S-NPs/
DNA also showed significantly higher transfection efficiency
upon light irradiation than the commercially available trans-
fection agent PEL, (Figure S13), which should be due to the
slow DNA release from PELys.!""! The same trend is also
observed for several other cell lines, which include human
hepatocellular liver carcinoma HepG2 cells; human lung
adenocarcinoma epithelial A549 cells; human embryonic
kidney HEK293 cells and murine fibroblast NIH 3T3 cells
(Figure S14), thus confirming the generality of the method. In
addition to higher gene-transfection efficiency, S-NPs/DNA
also showed lower cytotoxicity than PELy;/DNA under light
irradiation, thus indicating the lower toxicity of the low-
molecular-weight OEI after photoinduced polymer break-
down (Figure S15).

In summary, we developed a novel photoactive polymer
that is composed of an AIE photosensitizer and OEI
conjugated via a ROS-responsive linker for light-controlled
gene delivery. Upon light irradiation, the polymer vector can
concurrently induce endo/lysosomal escape and DNA
unpacking, which is able to efficiently deliver DNA to the
cytosol of cells with low cytotoxicity. In all the tested cell lines,
the ROS-responsive polymer showed on average over 50 %
increase of transfection efficiency as compared to that with
the commercial PEIls. The single light irradiation has
successfully triggered multiple responses to overcome differ-
ent barriers in nonviral gene delivery. By substituting the
nucleic acids with therapeutic DNA or siRNA, the vectors
developed in this work offer a simple yet effective strategy for
efficient gene therapy. The same design strategy can also be
applied for general cytosolic drug delivery.

Keywords: aggregation-induced emission - endo/lysosomes -

gene delivery - polymers - reactive oxygen species
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