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Introduction

A pH-responsive, endosomolytic liposome
functionalized with membrane-anchoring,
comb-like pseudopeptides for enhanced
intracellular delivery and cancer treatments

Siyuan Chen, 2 2 Gabriella Morrison, €22 Wenyuan Liu,® Apanpreet Kaur® and
Rongjun Chen (2 *2

Low intracellular delivery efficiency and multidrug resistance are among major barriers to effective cancer
therapy. Herein, we report a novel, virus-mimicking, endosomolytic liposomal drug-delivery platform to
address these two key challenges. The pH-responsive, comb-like pseudopeptides were prepared by graft-
ing relatively long alkyl side chains onto a polyamide, poly(L-lysine isophthalamide), to mimic fusogenic
peptides in viral spikes. The cholesterol-containing liposome, which mimics the viral envelope, was readily
coated with these pseudopeptides due to their hydrophobic side chains acting as membrane anchors.
These endosomolytic pseudopeptides displayed high adsorption onto the liposomal membrane and
enabled the significantly higher cellular uptake. The virus-mimicking system showed a pH-triggered
content-release profile which could be manipulated by varying the structure and concentration of the
adsorbed polymers. The endosomolytic ability of the multifunctional liposome and its use for efficient
intracellular delivery of the widely used anticancer drug doxorubicin (DOX) were demonstrated. The virus-
mimicking liposomal system with DOX encapsulation exhibited considerably higher potency against HelLa
cervical cancer cells, A549 lung cancer cells, MES-SA uterus cancer cells, and MES-SA/DX5 multidrug-
resistant cancer cells than DOX-loaded bare liposomes and free DOX. These results suggest its potential
applications for enhanced cytoplasmic delivery and cancer treatment.

multidrug resistance, thus resulting in severe side effects. One
attractive strategy to improve cancer treatment is utilization of

Multidrug resistance is a major factor in the failure of many
chemotherapeutic drugs in cancer treatment."” A variety of mul-
tidrug resistance mechanisms have been reported, including
over-expression of efflux pumps such as P-glycoprotein (also
known as multidrug resistance protein 1, MDR1), breast cancer
resistance protein (BCRP), and multidrug resistance associated
protein 1 (MRP1).>* Certain cancers can develop multidrug re-
sistance toward a broad spectrum of anticancer drugs, such as
doxorubicin (DOX), vincristine, etoposide and paclitaxel.>® A
high dose of cytotoxic drugs is usually required to overcome
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intelligent nanoscale drug delivery systems which can bypass
drug efflux pumps by changing the cellular entry pathway from
simple diffusion to endocytosis, and can also enhance the intra-
cellular delivery efficiency.°® A number of stimuli-responsive
delivery systems that can achieve a sufficiently high concen-
tration of intracellular chemotherapeutic drugs by endocytosis
have demonstrated their ability to overcome multidrug resis-
tance, such as pH/redox dual-responsive polyplexes,'® pH-sensi-
tive micelles,"" and pH/near-infrared light dual-responsive DNA-
conjugated gold nanoparticles.”>*

In nature, influenza viruses have evolved as sophisticated,
efficient gene delivery systems over millennia. The anionic
fusogenic peptides in their protein coats can be transformed
to a membrane-disruptive state upon acidification in endo-
somes, resulting release of the nucleic cargo from endosomes
into the cytoplasm.'>"® Inspired by this, researchers have been
motivated to develop pH-responsive liposomes via surface
modification with fusogentic peptides.'” However, safety con-
cerns of the viral fusogenic peptides remain a major hurdle to
their clinical application. Instead, surface modification of lipo-
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somes with pH-sensitive, membrane-active, anionic synthetic
polymers is regarded as a more cost-effective and safer strat-
egy.'® Polymer chains can be anchored on the liposomal
surface via electrostatic interaction or insertion of hydrophobic
groups into the lipid bilayer."® Through post-modification of
already formulated liposomes, polymers could be localized
mainly on the outer surface of liposomes, thus resulting in
more inner core space available for loading of drugs.>°

A number of membrane proteins can be immobilized on the
cell membrane through the utilization of prenyl or/and alkyl
chains as membrane anchors.”! Saturated alkyl chains have been
reported to provide stronger binding to phospholipid mem-
branes than unsaturated prenyl chains.>* Therefore, researchers
have conjugated alkyl chains to synthetic polymers for surface
modification of multifunctional liposomes.”®> A variety of alkyl
anchor-bearing polymers, such as poly(vinyl alcohol)-alkyl,** poly
(N-isopropylacrylamide-co-methacrylic  acid-co-octadecyl — acry-
late)*® and alkylated derivatives of poly(a-ethylacrylic acid),>® have
been demonstrated to display stronger interaction with lipid
membranes compared to their unmodified counterparts.
However, those synthetic vinyl polymers are not readily bio-
degradable, which may limit their potential clinical application.””

We have recently reported a series of pH-responsive, comb-
like, anionic pseudopeptides by grafting hydrophobic decyla-
mine (NDA) onto carboxyl groups pendant to the backbone of a
biodegradable, metabolite-derived polyamide, poly(r-lysine iso-
phthalamide) (PLP), at different degrees of substitutions.**?
Like membrane-anchoring proteins, these comb-like pseudo-
peptidic polymers contain relatively long aliphatic side chains,
which can act as hydrophobic anchors to enhance the polymer-
membrane interaction. These pseudopeptides can display a pH-
dependent coil-to-globule conformational change and conse-
quent endosomolytic activity due to the protonation of pendant
carboxyl groups upon pH reduction, which resembles pH-
responsive anionic fusogenic peptides at the N-terminal region
of the haemagglutinin-2 protein (HA2) subunit of an influenza
virus.>® The optimal polymer containing 18 mol% NDA,
PLP-NDA18, was non membrane-lytic at pH 7.4 but displayed
superior membrane destabilization activity within the pH range
typical of endosomes. PLP-NDA18 caused almost complete
hemolysis at pH 5.5 within only 20 min, while only 0.5% hemo-
lysis was observed for its linear counterpart PLP under the same
condition. The endosomolytic pseudopeptide has been success-
fully applied for cytoplasmic delivery into a variety of cell
types.”® All these characteristics indicate that the membrane-
anchoring PLP-NDA18 is an ideal candidate for the liposomal
surface modification to enhance intracellular drug delivery.

A virus-mimicking, endosomolytic liposomal system,
whereby the surface of a cholesterol-containing liposome is
coated with the viral-peptide-mimicking PP75 pseudopeptide
bearing r-phenylalanine (Phe) pendant to the PLP backbone,
has previously been developed in our group.’’* Herein, we
report a new multifunctional liposomal platform (Scheme 1)
which consists of the pH-responsive, membrane-anchoring,
comb-like PLP-NDA pseudopeptides mimicking the fusogenic
peptides in the viral spikes, the liposomal bilayer structure
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Scheme 1 Schematic of the pH-responsive, endosomolytic liposome
with the PLP-NDA pseudopeptide surface coating.

mimicking the viral envelope, and the incorporated drug
payload mimicking the viral genome. This new virus-mimick-
ing liposomal system displayed more controllable and
improved polymer coating and consequently enhanced intra-
cellular delivery. Compared to the PP75-modified liposomal
system, the comb-like, endosomolytic PLP-NDA pseudopep-
tides exhibited much higher adsorption to the liposomal
surface due to the favorable membrane anchoring through
their hydrophobic relatively long alkyl side chains. The pH-
responsive drug release profile and liposomal size change were
investigated, and the drug release mechanism was elucidated.
The intracellular trafficking and endosomal escape of the mul-
tifunctional liposomes were confirmed by confocal microscopy
and hemolysis assay, and their cellular uptake was quantitat-
ively analyzed by flow cytometry. The intracellular delivery of
DOX by the novel virus-mimicking liposomal system and its
potency against four different cancer cell lines including a
multidrug resistant cell line were assessed and compared with
the DOX-loaded bare liposomes and free DOX.

Experimental
Materials

Defibrinated sheep red blood cells (RBCs) were purchased
from TCS Biosciences Ltd (Buckingham, UK). Iso-phthaloyl
chloride, Dulbecco’s modified Eagle’s medium (DMEM),
cholesterol, Dulbecco’s phosphate buffered saline (D-PBS),
calcein, L-a-phosphatidylcholine from egg yolk (EPC), McCoy’s
5A modified medium, 6-aminofluorescein, penicillin, fetal
bovine serum (FBS), DOX and NDA were obtained from Sigma-
Aldrich (Dorset, UK). Hoechst 33342, LysoTracker® deep red,
alamar blue, N,N-dimethylformamide, 4-dimethyl-
aminopyridine (DMAP), Texas Red® hydrazide, dimethyl sulf-
oxide (DMSO), Lissamine™ rhodamine B 1,2-dihexadecanoyl-
sn-glycero-3-phosphoethanolamine  (Rh-PE), triethylamine,
sodium chloride, N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine  (NBD-PE)
were obtained from Fisher Scientific (Loughborough, UK). de-
DMSO, sodium hydroxide, anhydrous ethanol, chloroform,
sodium citrate dihydrate acetone, sodium phosphate, potass-
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ium carbonate and diethyl ether were obtained from VWR
(Lutterworth, UK). Triton® X-100, N,N-dicyclohexyl-
carbodiimide (DCC), t-lysine methyl ester dihydrochloride and
N-(2-hydroxyethyl)  piperazine-N'-(2-ethanesulfonic  acid)
(HEPES) were obtained from Alfa Aesar (Heysham, UK). The
FITC annexin V apoptosis detection kit with 7-amino-actino-
mycin D (7-AAD) was purchased from BioLegend (San Diego,
Us).

Synthesis and characterization of pseudopeptidic polymers

PLP**?® and its alkylated derivatives grafted with NDA at
various degrees of substitutions, such as PLP-NDA3,
PLP-NDA10, and PLP-NDA18,”® were synthesized according to
the previously published methods. Briefly, was prepared
through the single-phase polymerization of aqueous r-lysine
methyl ester-2HCL with an equivalent amount of iso-phthaloyl
chloride in acetone followed by hydrolysis in DMSO with etha-
nolic sodium hydroxide.> NDA was then conjugated onto the
PLP backbone at various degrees of substitution via DCC/
DMAP coupling. Solid impurities were removed by vacuum fil-
tration and the supernatant was added with 5 wt% NaOH in
anhydrous ethanol. PLP-NDA polymers such as PLP-NDA3,
PLP-NDA10 and PLP-NDA18 were collected after precipitation
into five volumes of diethyl ether, purified and lyophilized.
The numbers, 3, 10 and 18, denote to the actual degrees of
grafting, i.e. molar percentages of NDA relative to the pendant
carboxylic acid groups on the PLP backbone, as determined
using the ratio of the integral 0.77-0.91 ppm to the integral
7.45-7.64 ppm in their "H NMR spectra in d-DMSO (Fig. S17)
recorded on a 400 MHz NMR spectrometer (Bruker,
Germany).”® The molecular weight and polydispersity index
(PDI) of PLP (M,, = 35.7 kDa, M,, = 17.9 kDa, PDI = 1.99) were
determined according to our previous publication.?* The mole-
cular weights of the comb-like pseudopeptides were calculated
based on their actual degrees of grafting, e.g., PLP-NDA3 (M,, =
36.3 kDa, PDI = 1.99), PLP-NDA10 (MW = 37.7 kDa, PDI = 1.99),
and PLP-NDA18 (M,, = 39.3 kDa, PDI = 1.99). The FT-IR spectra
of PLP, PLP-NDA3, PLP-NDA10 and PLP-NDA18 in acid form
(Fig. S21) were recorded on a Spectrum 100 FT-IR
Spectrometer (PerkinElmer, USA), with characteristic peaks
located at 3292 cm™* (N-H str and O-H str), 1724 cm™* (C=0
acid str), 1629 cm™" and 1529 cm™' (amide bands I and 11).>®
The fluorophore-labelled pseudopeptides were synthesized by
grafting 6-aminofluorescein onto the pendant carboxylic acid
groups at a grafting degree of 2 mol% via DCC/DMAP-
mediated coupling chemistry.

Preparation of multifunctional liposomes

Cholesterol and EPC were dissolved in chloroform at a fixed
ratio of 40 : 60 (mol : mol). The organic solvent was removed by
rotary evaporation. The obtained lipid film was hydrated with
HBS buffer (5 mL, 150 mM NaCl, 20 mM HEPES, pH 7.4) in
the absence or presence of model drugs (e.g. 100 mM calcein
or 1 mg mL™" DOX) at 40 °C for 1 h. The size of the resulting
bare liposomes was controlled to be around 100 nm by soni-
cation (Sonicator, 120 watt, pulse mode, Fisher Scientific) for
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20 min. Free calcein or DOX was removed by gel filtration
chromatography using Sephadex G-50. The sample was then
stored at 4 °C after filter-sterilization using a 0.22 pm filter.

pH-Responsive multifunctional liposomes were prepared by
incubating bare liposomes with a specific PLP-NDA polymer
solution in HBS buffer (pH 7.4) at a certain concentration over-
night at room temperature. Dialysis was performed using
Float-A-Lyzer® (MWCO 300 kDa, Spectrumlabs, USA) against
the HBS buffer at pH 7.4 for 7 h to remove the free polymer.
The cholesterol proportion of 40 mol% was chosen to mini-
mize the leakage of payloads out of the multifunctional lipo-
somes at pH 7.4, whilst ensuring significant pH-responsive
payload release behavior upon acidification of PLP-NDA
polymers.*?

Polymer adsorption measurement

The polymer adsorption on the liposomal surface was quanti-
fied using PLP-NDA polymers conjugated with 6-aminofluores-
cein at a grafting degree of 2 mol%. The fluorescence intensity
of the 6-aminofluorescein labelled polymer adsorbed on the
liposomal surface after purification was measured by a spectro-
fluorometer (GloMax®-Multi Detection System, Promega, USA)
at the excitation wavelength of 490 nm and the emission wave-
length of 510-570 nm. The total amount of the polymer
adsorbed on the liposomal surface was calculated based on
the calibration curve of the fluorescent polymer concentration
versus fluorescence intensity.

pH-Dependent payload release

The pH-dependent payload release behavior of the multifunc-
tional liposomes was examined using a calcein dequenching
assay.*® Calcein (100 mM, self-quenching concentration) was
loaded into the liposomes. The pH of the multifunctional lipo-
somes was adjusted to the desired value by titration with
1 wt% HCIl. An aliquot was withdrawn and equilibrated at
37 °C for 20 min. To avoid the interference of pH on the fluo-
rescence intensity, the sample pH was adjusted back to neutral
and the fluorescence intensity was measured by the spectro-
fluorometer (GloMax®-Multi Detection System, Promega, USA)
at the excitation wavelength of 490 nm and the emission wave-
length of 510-570 nm. Triton® X-100 was used to totally
disrupt liposomal membranes in a positive control sample.
The percentage of released calcein was calculated according to
the previously published method.**

Particle size and morphology

Dynamic light scattering (DLS) was applied to investigate the
hydrodynamic sizes of the liposomes with or without surface
modification at specific pHs. The liposomal samples were
diluted with specific citrate or HBS buffer to reach certain pH.
The size measurement was taken after 5 min equilibration and
analyzed by DLS (137°, repeated 11 times, Zetasizer Nano S,
Malvern, UK) in 10 mm diameter cells. The pH-dependent
reversible size change was performed by tuning the pH
between 7.4 and 4.5 using 0.1 M NaOH or 1 wt% HCI for

This journal is © The Royal Society of Chemistry 2022
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several cycles. Size measurement by DLS was performed after
5 min equilibration of each titration.

Transmission electron microscopy (TEM) (JEOL JEM 2100F)
was applied to observe the morphology of liposomes with or
without polymer modification. The liposome samples were
diluted for certain times and dropped on a carbon-coated
cooper grid (Agar, 300 Mesh). 2% phosphotungstic acid was
used to stain the samples for 2 min and air-dried at room
temperature.

To visualize the liposomal size change, liposomes were
modified with the fluorphore-labelled polymer, diluted with
citrate or HBS buffer at a specific pH, and imaged by laser
scanning confocal microscopy (Zeiss LSM-510 inverted laser
scanning confocal microscope, Germany) at the excitation
wavelength of 488 nm and the emission wavelength of 535 nm.

Lipid mixing assay

A lipid mixing assay was carried out by monitoring fluo-
rescence resonance energy transfer (FRET)’® to investigate
whether membrane fusion occurred in the pH-triggered liposo-
mal membrane destabilization. Briefly, the liposomal mem-
brane was incorporated with the donor lipid NBD-PE (1 mol%)
and the acceptor lipid Rh-PE (1 mol%), and then coated with
the PLP-NDA pseudopeptides. The resulting probe liposomes
were mixed with the unlabeled liposomes at a ratio of 1:9
(mol/mol) at different pHs for various time durations. The
donor NBD fluorescence was detected at Ao, = 490 nm and Aep,
= 510-570 nm with the spectrofluorometer. The lipid mixing
percentage was calculated using the following equation.

F,—F,
L% % 100% (1)

max — L0

where F; is the NBD fluorescence intensity at time ¢, F, is the
initial NBD fluorescence intensity and Fy,.x is the NBD fluo-
rescence intensity of the liposomal sample solubilized with
Triton® X-100.

Hemolysis assay

The membrane disruptive activity of the liposomes was exam-
ined by hemolysis assay®" to investigate whether the comb-like
pseudopeptides which were adsorbed on the liposomal surface
retained their pH-responsive endosomolytic activity. After
three times of wash with 150 mM NaCl aqueous solution,
RBCs were resuspended in the liposomal solutions in citrate
or phosphate buffer at specific pHs to a final concentration of
1-2 x 10° RBCs mL ™. RBCs resuspended in deionized water or
buffer alone were used as positive and negative controls,
respectively. The samples were incubated at 37 °C with
shaking for 1 h, and then centrifuged at 4000 rpm for 4 min.
The relative hemolysis was calculated based on the absorbance
of the supernatant at 541 nm, measured with a UV-Vis spectro-
photometer (GENESYS™ 10S UV-Vis, Thermo Scientific, USA).

Cell culture

HeLa human cervical cancer cells and A549 human lung
cancer cells were grown in DMEM supplemented with 100 U
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mL~" penicillin and 10% (v/v) FBS unless specified otherwise.
HeLa and A549 cells were trypsinized using trypsin-EDTA and
maintained at 37 °C in a humidified incubator containing 5%
CO,.

MES-SA human uterus cancer cells and multidrug resistant
cancer cells MES-SA/DX5 were cultured in McCoy’s 5a medium
containing 100 U mL ™" penicillin and 10% (v/v) FBS unless
specified otherwise. MES-SA and MES-SA/DX5 cells were
detached using EDTA solution (0.8 mM disodium EDTA,
68.5 mM NaCl, 6.7 mM sodium bicarbonate, 5.6 mM glucose
and 5.4 mM KCl) and maintained at 37 °C in a humidified
incubator containing 5% CO,.

Laser scanning confocal microscopy

In order to assess the effect of the liposomal coating with the
PLP-NDA pseudopeptides on intracellular trafficking, fluo-
rescent liposomes were prepared by incorporating Rh-PE in
the liposomal membrane and visualized by laser scanning con-
focal microscopy. 2 mL of HeLa cells (1 x 10> cells per mL)
were seeded into a 35 mm glass bottom petri-dish (MatTek,
USA) and cultured for 24 h. The HeLa cells were treated with
the serum-free DMEM containing fluorescent liposomes
(1 mol% Rh-PE, 0.22 pm filter-sterilized) with or without
PLP-NDA coating. After 1 h of treatment, the cells were washed
with D-PBS (containing calcium and magnesium to avoid cell
detachment during the washing process) for three times and
further incubated with serum-free DMEM for 3 h. The cells
were then stained with LysoTracker deep red (50 nM) and
Hoechst 33342 (1.6 pM) and imaged using the inverted laser
scanning confocal microscope (Zeiss LSM-510, Germany).
Rhodamine was excited at 543 nm and the emission at 580 nm
was collected. Lysotracker deep red and Hoechst were excited
at 647 and 405 nm, respectively, and their respective emissions
at 668 and 461 nm were collected. Colocalization of the
PLP-NDA18-coated fluorescent liposomes with lysotracker was
analyzed by means of the Pearson’s correlation coefficient (R,)
using the “colocalization finder” plugin of the Image]
software.®’

The intracellular delivery of DOX to a variety of cell lines
was explored by laser scanning confocal microscopy. Cells
(2 mL, 1 x 10’ cells per mL) were seeded into a petri-dish
(35 mm, glass bottom) and cultured for 24 h. The spent
medium was replaced with 1 mL of the serum-free culture
medium containing free DOX or DOX-loaded liposomal
samples with or without PLP-NDA coating (0.22 pm filter-
sterilized). The DOX concentration for treatment of HeLa,
A549 and MES-SA cells was fixed at 2.5 pM. Due to the multi-
drug resistance characteristics, MES-SA/DX5 cells were
treated with samples at a fixed DOX concentration of 5 pM in
order to achieve a sufficient fluorescence signal. The cells
were then washed with D-PBS containing calcium and mag-
nesium after 1 h of incubation and stained with Hoechst
33342 (1.6 pM). The cells were imaged using the Zeiss
LSM-510 inverted laser scanning confocal microscope (exci-
tation wavelength at 480 nm, emission wavelength at
560 nm).
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Flow cytometry

Flow cytometry was employed to quantitatively investigate the
cellular uptake of the liposomes with or without PLP-NDA
coating. HeLa cells were cultured in a 6-well plate (3 x 10> cells
per well) for 24 h and then treated with 1 mL of the serum-free
DMEM containing fluorescently labelled liposomes (1 mol%
Rh-PE) with or without PLP-NDA coating (0.22 pum filter-steri-
lized). The cells were washed with D-PBS containing calcium
and magnesium for three times after 1 h of treatment and
then further incubated with serum-free DMEM medium for
3 h. The cells were trypsinized and supernatants were removed
by centrifugation at 1000 rpm. The cell pellets were resus-
pended in serum-free DMEM and filtered through 40 um
Flowmi™ tip strainers (Bel-Art, USA) to remove aggregates. The
flow cytometry measurements were carried out by a cell analy-
zer (LSRFortessa, BD, USA) with an excitation wavelength of
543 nm.

The intracellular delivery of DOX was assessed by flow cyto-
metry. Cells were cultured in a 6-well plate (5 x 10° cells per
well) for 24 h. The spent medium was replaced with 1 mL
serum-free culture medium containing free DOX or DOX-
loaded liposomes with or without PLP-NDA coating (0.22 pm
filter-sterilized). The DOX concentration for treatment of
HeLa, A549 and MES-SA cells was fixed at 2.5 uM, whilst
MES-SA/DX5 cells were incubated with samples at a fixed DOX
concentration of 5 pM. The cells were washed with D-PBS con-
taining calcium and magnesium for three times after 1 h of
treatment, detached by trypsin or EDTA and the supernatants
were removed by centrifugation. The cell pellets were resus-
pended and filtered before measurements by flow cytometry
with an excitation wavelength of 488 nm.

In vitro cytotoxicity

The cytotoxicity of the multifunctional liposomes with or
without DOX payload was studied by Alamar Blue assay. Cells
(10* cells per well) were cultured in a 96-well plate (Corning,
USA) for 24 h. The spent medium was replaced with 0.1 mL of
the filter-sterilized sample solutions in serum-free culture
medium. The negative control was performed by incubating the
cells with 0.1 mL of serum-free culture medium and the positive
control was prepared by complete cell lysis with 1% Triton®
X-100. After incubation for a specific time duration, the sample
solutions were completely removed, and the cells were washed
three times with D-PBS containing calcium and magnesium.
Only for the cells treated with DOX-containing samples, there
was further incubation with the complete medium for 24 h. The
plate with replenished complete medium containing alamar
blue (10%, v/v) was then incubated for 4 h. The fluorescence in
each well was quantified by the spectrofluorometer (excitation
wavelength at 525 nm, emission wavelength at 580-640 nm).
The half inhibitory concentrations (ICs,) were calculated from
the concentration-dependent cell viability curves.

The in vitro cytotoxicity was further assessed by flow cyto-
metry. A549 cells were cultured for 24 h, followed by 24 h of
treatment with serum-free culture medium containing 2.5 uM
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free DOX or DOX-loaded liposomes with or without PLP-NDA
coating. The cells were washed, detached and resuspended as
described above and stained with Annexin V and 7-AAD for
30 min following the manufacturer’s instructions. The cells
were measured by flow cytometry with an excitation wave-
length of 488 nm.

Statistical analysis

Results and graphical data are presented as mean + standard
deviations. Two tailed Student’s ¢ test was carried out to evalu-
ate the statistical significance of difference. A value of P < 0.05
was considered to be statistically significant and is shown as
follows: *0.01 < p < 0.05; **0.001 < p < 0.01; and ***p < 0.001.
All data points were repeated in triplicate (n = 3).

Results and discussion
pH-Triggered payload release

pH-Responsive liposomes can be developed by surface modifi-
cation of already formulated liposomes with pH-sensitive poly-
mers.*® Hydrophobic interaction is one major driving force
controlling adsorption of polymers onto the surface of lipo-
somes.*® Grafting relatively long hydrophobic alkyl chains,
which act as membrane anchors, onto the PLP backbone can
increase the hydrophobicity of the amphiphilic pseudopeptide
significantly, thus leading to considerable enhancement of its
hydrophobic interaction with the neutral EPC/cholesterol lipo-
somal membrane. Cholesterol plays an important role in alter-
ing the permeability of the lipid membrane. It can tighten the
alkyl chains of phospholipids in the lipid bilayer, and induce a
high order degree in the membrane resulting in a pronounced
thickening of the lipid bilayer, thus increase the membrane
rigidity and decrease the membrane permeability.>**° Upon
pH reduction, protonation of the pendant carboxyl groups can
cause the coil-to-globule conformational change of the
adsorbed polymers, thus resulting in the enhanced membrane
destabilization and consequent pH-dependent content release
from the modified liposomes. As shown in Fig. 1, the PLP-

120
. —v— PLP-NDA18-LP
X 100 —a— PLP-NDA10-LP
o —e— PLP-NDA3-LP
§ 80 —=—PLP-LP
C 6o}
£
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Fig.1 pH-Dependent calcein release from the multifunctional lipo-

somes, PLP-LP, PLP-NDA3-LP, PLP-NDA10O-LP and PLP-NDA18-LP,

coated with PLP, PLP-NDA3, PLP-NDA10 and PLP-NDA18, respectively.
Mean + S.D. (n = 3).
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coated liposome exhibited almost no calcein release through-
out the pH range (4.0-7.4) tested. As comparison, pH-depen-
dent release profiles were observed for all multifunctional lipo-
somes coated with the comb-like, membrane-anchoring pseu-
dopeptides containing different amounts of relatively long
hydrophobic NDA side chains. These PLP-NDA-coated lipo-
somes displayed essentially no calcein release at pH 7.4 whilst
significantly increased payload release upon pH reduction. In
addition, the pH-responsive release capacity of the multifunc-
tional liposomes was enhanced with increasing the amount of
NDA side chains pendant to the PLP backbone. The liposome
coated with PLP-NDA18 displayed the superior release behav-
ior, causing almost complete payload release at pH 4.5. This is
due to the improved polymer-cell membrane interaction as a
result of the enhanced hydrophobicity of the amphiphilic
pseudopeptide at a higher degree of grafting.>*® It is consist-
ent with our previously reported finding that PLP-NDA18
exhibited the stronger cell membrane interaction and higher
hemolysis at acidic pHs than PLP-NDA10, PLP-NDA3 and PLP
with a lower amount or no NDA side chains as membrane
anchors.”® This pH-responsive release profile is ideal for a
smart drug delivery system that is stable during blood circula-
tion but could quickly release its payload in response to the
environmental pH change.*' Further increasing the degree of
grafting above 18 mol% NDA could enable PLP-NDA to signifi-
cantly enhance membrane activity at physiological pH and
thus lead to the unwanted payload leakage at pH 7.4.
Therefore, PLP-NDA18 was chosen as an optimal polymer for
preparing the virus-mimicking liposomes.

Compared with the amphiphilic PP polymers containing
hydrophobic amino acids Phe pendant to the PLP backbone,*
a lower degree of grafting is required for the comb-like, mem-
brane-anchoring PLP-NDA polymers with the purpose to
develop the polymer-coated, pH-responsive liposomes. The
virus-mimicking liposomes coated with PLP-NDA3 (molar per-
centage of NDA at 3% relative to the pendant carboxylic acid
groups on the PLP backbone) showed 5.5 times higher calcein
release than the liposomes coated with PP25 (molar percen-
tage of Phe at 25%) at pH 4.5. With increasing the molar
degree of grafting of NDA to 18%, almost all the liposomal
content was released at pH 4.5, which was comparable to the
pH-responsive release capacity of the virus-mimicking lipo-
somes coated with PP75 with an actual molar degree of graft-
ing of Phe at 63.4%. Fluorescence measurement using 6-ami-
nofluorescein-labeled PLP-NDA18 detected 87.8 pM polymer
adsorbed on the liposomal membrane, reaching an adsorption
efficiency of 34.5%. This was 1.5 times more efficient than the
liposomal surface coating with PP75 under the same con-
dition. It was interesting to note that the pH-responsive release
profile of the PLP-NDA18-coated liposomes remained similar
with decreasing the concentration of the adsorbed PLP-NDA18
to 6.1 uM, comparable with the liposomes coated with 58.2 pM
PP75.% Thus, lower amount of PLP-NDA18 was needed for the
liposomal modification in order to achieve the same level of
pH-responsiveness compared to the surface coating with PP75.
These results are consistent with the findings that alkyl side

This journal is © The Royal Society of Chemistry 2022
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chains play an important role in facilitating the binding of
various membrane proteins and antimicrobial peptides/poly-
mers to lipid membranes.*” This is because that long alkyl
chains could enable strong membrane anchorage through
deep membrane insertion.?* The hydrophobic amino acid Phe
with an aromatic group has been shown to enhance the inter-
action with the lipid bilayer.**** However, Grof3auer et al. have
found that the hydrophobic alkyl side chains, such as octanoyl
(C8) of the peptide hormone ghrelin can play a more impor-
tant role than Phe in membrane binding.*®

pH-Triggered size change

As shown in Fig. S3A,T the mean particle size of bare lipo-
somes characterized by DLS was 77.1 + 0.7 nm. After surface
modification with PLP-NDA18, the DLS size increased to 89.2 +
0.5 nm (Fig. S3Bf), further confirming the successful coating
of PLP-NDA18 on the outer surface of the liposomal mem-
brane. No significant change in morphology was observed by
TEM between the bare liposomes (Fig. S3At) and
PLP-NDA18 modified liposomes (Fig. S3BT). Fig. 2A shows that
the particle size of the unmodified liposomes remained the
same within the pH range (4.0-7.4) tested. Negligible pH-
dependent size change was observed for the liposomes coated
with PLP and PLP-NDA3. However, the PLP-NDA10-coated lipo-
somes displayed a noticeable size increase at pH 4.0, whilst for
the liposomes coated with PLP-NDA18, a remarkable size
change was observed in the range 4.0 < pH < 5.5. The pH-
induced size change was also confirmed by confocal
microscopy. As seen in Fig. S4,f a homogeneous distribution
of tiny green dots was observed at pH ranging from 6.0 to 7.4,
indicative of the well-dispersed liposomes modified with FITC-
labelled PLP-NDA18. Aggregates were visualized once the pH
was dropped below 5.5, which was in agreement with the size
change measured by DLS (Fig. 2A). We have previously
reported that the increasing degree of substitution with rela-
tively long hydrophobic NDA side chains enhanced polymer
hydrophobicity,”® which has been reported to increase inter-

interactions and the consequent liposomal
33,46

vesicular
aggregation.

A lipid mixing assay was then employed to investigate
whether membrane fusion was involved during liposomal
aggregation by measuring the FRET between the donor
NBD-PE and the receptor Rh-PE upon incubation of the probe
liposomes (containing 1 mol% NBD-PE and 1 mol% Rh-PE)
with the unlabeled liposomes. As shown in Fig. 2B, almost no
lipid mixing was detected at pH 7.4 or 4.5 for the liposomes
with or without PLP-NDA18 coating, indicative of no obvious
liposomal membrane fusion. This was validated by the revers-
ible liposomal size change in response to pH. As seen in
Fig. 2C, once pH was decreased from 7.4 to 4.5, a dramatic size
increase was observed for the liposomes coated with
PLP-NDA18. Upon titration of the pH from 4.5 back to 7.4,
within only 5 min the particle decreased to its original size.
This reversible size change was repeated for several titration
circles, further confirming that the liposomal size increase at
acidic pHs was not induced by membrane fusion.*®
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Fig. 2 (A) Mean hydrodynamic sizes of the bare liposomes (bare-LP),

PLP-coated liposomes (PLP-LP), PLP-NDA3-coated liposomes
(PLP-NDA3-LP), PLP-NDA10-coated liposomes (PLP-NDA10-LP), and
PLP-NDA18-coated liposomes (PLP-NDA18-LP) at different pHs. (B)
Lipid mixing assay of bare-LP and PLP-NDA18-LP at pH 7.4 and pH 4.5,
respectively. The lipid mixing ratio was determined upon incubation of
the probe liposomes (containing 1 mol% NBD-PE and 1 mol% Rh-PE)
with the unlabeled liposomes (at a molar ratio of 1:9) at different pHs
for various time durations. (C) Reversible size change of the
PLP-NDA18-LP measured by DLS. Mean + S.D. (n = 3).

The polymer-bridged liposomal network model®® could be
applied to interpret the pH-triggered, reversible size change of
the liposomes surface-coated with the comb-like polymers.
Specifically, a number of hydrophobic relatively long alkyl side
chains pendant onto the backbone of PLP-NDA18 could facili-
tate its anchoring with more than one liposome, resulting in
the formation of a polymer-bridged liposomal network. At pH
7.4 no significant liposomal size change was observed due to
the expanded polymer structure as a result of electrostatic
repulsion between negatively charged carboxylate groups. With
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decreasing pH, the comb-like polymers were neutralized and
displayed a coil-to-globule conformational change.® The for-
mation of compact polymer structure led to aggregation of the
polymer-bridged liposomal network, which resulted in a dra-
matic size increase.”” Once pH was changed back to 7.4, the
particle size was reduced because of the expansion of polymer
structure. The reversibility of the liposomal size change further
confirms the successful coating of PLP-NDA18 on the liposo-
mal surface and suggests that PLP-NDA18 facilitated efficient
payload release from the multifunctional liposomes at acidic
pHs (Fig. 1) without permanent damage of the lipid mem-
brane.?® It is also worth mentioning that the significant
release of liposomal content could be achieved at some pHs
where no obvious size change was detected (Fig. 1 and 2A),
suggesting that payload release was not necessarily dependent
on the change of colloidal stability.

Cellular uptake

The bare liposomes and the virus-mimicking liposomes were
fluorescently labelled with 1 mol% Rh-PE to investigate their
cellular uptake and intracellular trafficking. As shown in
Fig. 3A, both liposomes appeared as red punctate spots, with
partial colocalization with the green lysotracker (leading to
yellow dots), suggesting that they were internalized mainly
through endocytosis. Thus, unlike many chemotherapeutic
drugs which enter cells by diffusion and could be extruded by
efflux pumps overexpressed on the plasma membrane,* lipo-
somes can shuttle loaded drugs across the cellular membrane
via endocytosis and thereby avoid the drug efflux.*"*®

The intracellular distribution of red fluorescence, shown in
Fig. 3A, suggests that the PLP-NDA18-coated liposomes dis-
played the significantly enhanced uptake by HeLa cells com-
pared to the bare liposomes. The quantitative flow cytometry
analysis (Fig. 3B and C) further confirmed that the mean fluo-
rescence intensity (MFI) of the cells treated with the
PLP-NDA18-coated liposomes was 4.7 + 0.2 times higher than
those treated with the bare liposomes. The improved cellular
uptake of the PLP-NDA18-coated liposomes could be due to
the presence of the negatively charged, comb-like pseudopep-
tides containing relatively long hydrophobic NDA side chains.
Alkyl chains have been utilized as membrane anchors by a
variety of membrane proteins to bind with the lipid mem-
brane.*® For the liposomes coated with PLP-NDA18, accessible
free NDA chains on the comb-like polymers could facilitate the
hydrophobic interaction of the multifunctional liposomes with
the cell membrane, thus improving cellular uptake.
Furthermore, other researchers have reported that anionic
polymers or delivery systems modified with anionic polymers
could also display enhanced cell internalization due to their
recognition by scavenger receptors that are expressed on the
surface of a wide range of cell types including HeLa
CellS.33’46'50

Furthermore, Fig. 3D shows that some red fluorescent
PLP-NDA18-coated liposomes were not colocalized with green
lysotracker. The values of Pearson’s correlation coefficients at
zero or almost zero show no correlation between localization

This journal is © The Royal Society of Chemistry 2022
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(A) Confocal microscopy images showing the subcellular localization of the bare liposomes (bare-LP) and PLP-NDA18-coated liposomes

(PLP-NDA18-LP) labeled with 1 mol% Rh-PE (red channel) in HeLa cells stained with LysoTracker (green channel) and Hoechst 33342 (blue channel).
Scale bar 20 pm. (B) Relative mean fluorescence intensity (MFI) and (C) representative histogram plots of Hela cells treated with the fluorescent lipo-
somes. All samples were analyzed after 1 h of uptake and 3 h of further incubation before flow cytometry analysis. ***p < 0.001. (D) Evaluation of
colocalization of the red fluorescent PLP-NDA18-LP with green lysotracker in HelLa cells in the merged image in (A) using the Pearson'’s correlation
coefficient (R,). (E) pH-Dependent relative hemolysis of RBCs incubated with the bare-LP, PLP-LP and PLP-NDA18-LP for 1 h. Mean + S.D. (n = 3).

of the virus-mimicking liposomes and lysotracker, indicative
of a successful endosomal escape.’® The endosomolytic
activity of the virus-mimicking liposomes was validated by the
hemolysis assay using RBCs as a model of endosomes.”" As
shown in Fig. 3E, the bare liposomes and the PLP-coated lipo-
somes displayed almost no hemolytic activity within the pH
range (5.0-7.4) tested. As comparison, the PLP-NDA18-coated
liposomes were almost non-hemolytic at pH 7.4, but hemo-
lyzed 92.1 + 1.5% RBCs at pH 6.0 characteristic of early endo-
somes. The pH-responsive hemolytic activity of the
PLP-NDA18-coated liposomes similar to that of
PLP-NDA18,”® suggesting that the comb-like pseudopeptidic
polymers coated on the liposomal surface well-retained their
endosomolytic ability.

was

This journal is © The Royal Society of Chemistry 2022

Intracellular drug delivery

The PLP-NDA18-coated, endosomolytic liposomes were then
evaluated for intracellular delivery of a widely used anticancer
drug DOX. Quantitative results indicate that the virus-mimick-
ing liposomes had an encapsulation efficiency of 57.3 + 1.1%
and a loading efficiency of 14.8 + 3.5%. Due to overexpression
of drug efflux pumps on the membrane of multidrug resistant
MES-SA/DX5 cancer cells,”' relatively weak red fluorescence
was observed in MES-SA/DX5 cells compared to HeLa cervical
cancer cells, A549 lung cancer cells and MES-SA uterus cancer
cells treated with free DOX at the same concentration of
2.5 uM (Fig. 4 and S51). Thus, higher DOX concentrations were
used for treatment of MES-SA/DX5 cells in further experi-

Biomater. Sci, 2022, 10, 6718-6730 | 6725


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2bm01087a

Open Access Article. Published on 17 October 2022. Downloaded on 4/2/2026 11:02:24 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

DOX

Hoechst Merge

DOX-LP Free DOX >

PLP-NDA18
-DOX-LP

DOX Hoechst Merge

DOX-LP FreeDOX O

PLP-NDA18
-DOX-LP

View Article Online

Biomaterials Science

DOX

Hoechst Merge

DOX-LP Freepox O

PLP-NDA18
-DOX-LP

DOX Hoechst

O

Merge

DOX-LP Free DOX

PLP-NDA18
-DOX-LP

Fig. 4 Confocal microscopy images of (A) Hela, (B) A549, (C) MES-SA, and (D) MES-SA/DXS5 cells showing subcellular DOX distribution. Cells were
treated with free DOX, DOX-loaded bare liposomes (DOX-LP), and DOX-loaded, PLP-NDA18-coated liposomes (PLP-NDA18-DOX-LP), respectively
for 1 h before imaging. HelLa, A549 and MES-SA cells were treated with a fixed equivalent DOX concentration of 2.5 pM, whilst MES-SA/DXS5 cells
were treated with a fixed equivalent DOX concentration of 5 uM (scale bar 20 pm).

ments. As shown in Fig. 4, the red fluorescence intensity in
HelLa cells (Fig. 4A), A549 cells (Fig. 4B), MES-SA cells (Fig. 4C),
and MES-SA/DX5 multidrug resistant cancer cells (Fig. 4D)
treated with the DOX-loaded bare liposomes was all signifi-
cantly lower than those treated with free DOX at an equivalent
drug concentration. This is because free DOX is usually inter-
nalized by cells and enters the nuclei (active site) by rapid
diffusion,>” whilst the DOX-loaded liposomes are internalized
mainly through endocytosis and the released DOX can enter
the nuclei.”® In contrast, the DOX fluorescence intensity in all
the four cell lines treated with the PLP-NDA18-coated, DOX-
loaded liposomes was comparable to those treated with free
DOX, while much higher compared to those treated with the
DOX-loaded bare liposomes.

The intracellular delivery of DOX was further quantified by
flow cytometry. The DOX-loaded multifunctional liposomes
enabled considerably enhanced DOX fluorescence in all the
four cell lines compared to the DOX-loaded bare liposomes
(Fig. S6t). As shown in Fig. 5, the MFI of HeLa, A549, MES-SA
and MES-SA/DX5 cells treated with the PLP-NDA18-coated,
DOX-loaded liposomes was 2.4 + 0.3, 2.3 + 0.5, 2.8 + 0.1, and

6726 | Biomater. Sci,, 2022,10, 6718-6730

1.7 + 0.1 times, respectively, higher than those treated with the
DOX-loaded bare liposomes. This could be because that the
presence of the surface-coated PLP-NDA18 enhanced cellular
uptake (Fig. 3A-C) and then the acidification process inside
endosomes/lysosomes triggered the membrane-destabilizing
activity of PLP-NDA18,?® leading to not only efficient liposomal
drug release (Fig. 1) but also efficient endosomal escape
(Fig. 3D). Interestingly, the PLP-NDA18-coated liposomal
system was especially efficient at delivering DOX into MES-SA
(Fig. 5C) and MES-SA/DX5 cancer cells (Fig. 5D), where the
intracellular DOX fluorescence intensity was significantly (p <
0.05) higher than the diffusion of free DOX. These suggest that
the PLP-NDA18-coated liposomes could facilitate efficient
intracellular drug delivery to a variety of cell lines, including
multidrug resistant cancer cells.

In vitro cytotoxicity

Alamar Blue assay was carried out to assess the effect of the
pH-responsive, endosomolytic liposomes, at a fixed polymer-
to-lipid ratio of 2.85:100 but varying lipid concentrations up
to 300 uM, on the metabolic activity of a variety of cell lines.

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Cellular uptake of DOX quantitatively analyzed by flow cytometry and presented as the relative MFI. All the samples were analyzed after 1 h
of treatment of (A) Hela, (B) A549, and (C) MES-SA cells with free DOX, DOX-loaded bare liposomes (DOX-LP), and DOX-loaded, PLP-NDA18-
coated liposomes (PLP-NDA18-DOX-LP), respectively, at the fixed equivalent DOX dosage of 2.5 pM. (D) MES-SA/DX5 cells were treated with free
DOX, DOX-LP, and PLP-NDA18-DOX-LP, respectively, at the fixed DOX concentration of 5 uM for 1 h before flow cytometry measurements. **0.001

<p <£0.01and ***p < 0.001. Mean + S.D. (n = 3).

The bare liposomes and the liposomes coated with PLP-NDA18
were well tolerated by HeLa (Fig. S7A}), A549 (Fig. S7Bt) and
MES-SA/DX5 (Fig. S7D7) cells after 24 h of treatment within
the lipid concentration range (5-300 pM) tested. However, as
shown in Fig. S7C,t MES-SA cells which were treated with the
PLP-NDA18-coated liposomes at the lipid concentration
>75 uM (i.e. the concentration of the adsorbed PLP-NDA18
>2.1 uM) for 24 h displayed a significantly reduced viability. As
comparison, the bare liposomes were well tolerated by MES-SA
cells for up to 24 h within the lipid concentration range
(5-300 uM) tested. This indicates MES-SA cells which have
been reported to be sensitive to various drugs, including doxo-
rubicin, dactinomycin, mitomycin C and bleomycin,>**’
might also be sensitive to the pH-responsive, comb-like
PLP-NDA pseudopeptides. Therefore, a tolerant concentration
of the PLP-NDA18-coated liposomes against MES-SA cells (and
kept fixed for the other cell lines tested) was chosen to investi-
gate the potency of the DOX-loaded virus-mimicking
liposomes.

The potency of the DOX-loaded liposomes against a variety
of cancer cell lines was evaluated to assess the therapeutic
potential of the pH-responsive, endosomolytic, PLP-NDA18-
coated liposomal system. The endocytic mode of cellular
uptake of DOX-loaded bare liposomes could reduce anticancer
effects as result of not only the decreased internalization but
also the entrapment within intracellular vesicles and possible
lysosomal degradation of DOX.”® As shown in Fig. 6A, the

This journal is © The Royal Society of Chemistry 2022

DOX-loaded bare liposomes showed a much lower cytotoxic
effect toward HeLa cells compared to free DOX at an equi-
valent concentration above 0.5 uM. However, the DOX-loaded,
PLP-NDA18-coated liposomes displayed a higher potency
against HeLa cells than the DOX-loaded bare liposomes and
even free DOX at an equivalent DOX concentration >1 uM. The
ICs, of the DOX-loaded, PLP-DNA18-coated liposomes against
HeLa cells was 0.80 + 0.01 uM, which was lower than the ICs,
of the free DOX (1.25 + 0.07 uM) and the DOX-loaded bare lipo-
somes (5.62 + 0.87 uM). Similarly, the DOX-loaded,
PLP-NDA18-coated liposomes also displayed higher cytotoxicity
toward A549 cells (Fig. 6B) than the DOX-loaded bare lipo-
somes and even free DOX. The enhanced cytotoxicity was
further confirmed by flow cytometry, as evidenced by a remark-
ably decreased number of A549 cells treated with the DOX-
loaded, PLP-DNA18-coated liposomes (Fig. S8D1) compared
with the cells treated with culture medium alone (Fig. S8AY),
free DOX (Fig. S8Bf) or DOX-loaded bare liposomes
(Fig. S8CT¥), where the initial cell number in all those four
groups was kept the same.

Multidrug resistance remains one of the major barriers to
successful cancer therapy.’ Herein, the human uterine
sarcoma MES-SA cell line and the multidrug resistant MES-SA/
DX5 cell line that derived from MES-SA were employed to
further evaluate the therapeutic efficacy of the PLP-NDA18-
coated, DOX-loaded liposomes. It has been reported by other
researchers that overexpression of P-glycoprotein on the

Biomater. Sci, 2022, 10, 6718-6730 | 6727
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Fig. 6 Potency of free DOX (open columns), DOX-loaded bare liposomes (gray columns), and DOX-loaded, PLP-NDA18-coated liposomes (dark
columns) against (A) Hela, (B) A549, (C) MES-SA, and (D) MES-SA/DXS5 cells after 24 h of treatment and 24 h of further incubation. The drug-to-lipid
molar ratio was fixed at 20.2 : 100 and the polymer-to-lipid ratio of the PLP-NDA18-coated liposomes was kept at 2.85:100. Mean + S.D. (n = 3). *P

< 0.05, **P < 0.01, ***P < 0.001.

MES-SA/DX5 plasma membrane can extrude DOX out of the
cells, and thus result in multidrug resistance.’® As expected,
nearly all (92.3 + 4.2%) multidrug resistant MES-SA/DX5 cells
were viable after treatment with a relatively high concentration
of free DOX at 5 uM for 24 h (Fig. 6D). In contrast, 5 uM DOX
killed nearly all HeLa (Fig. 6A), A549 (Fig. 6B) and MES-SA
cells (Fig. 6C) after 24 h of treatment. The multidrug resistance
of MES-SA/DX5 cells was also evidenced by a considerably
higher ICs, of free DOX at 21.51 + 1.02 uM (Fig. 6D), than that
of free DOX at 0.78 + 0.04 uM against non-resistant MES-SA
cells (Fig. 6C). As comparison, the ICs, of the DOX-loaded,
PLP-NDA18-coated liposomes against multidrug resistant
MES-SA/DX5 cells was significantly reduced to 7.50 + 0.62 uM
(Fig. 6D), which was 2.9 and 6.0 times lower than that of free
DOX and DOX-loaded bare liposomes, respectively. In other
words, a remarkably lower dose of DOX was required to
achieve the same anticancer effect once it was encapsulated
inside the pH-responsive, endosomolytic liposomes coated
with the comb-like polymers.

The remarkably enhanced cytotoxicity of the DOX-loaded,
PLP-NDA18-coated virus-mimicking liposomes toward multi-
drug resistant cancer cells could be attributed to several
reasons. Firstly, only approximately below 10% of drug payload
was released at neutral pH (Fig. 1 and S9t). Majority of the
loaded drug was stably retained in the virus-mimicking lipo-
somes and then internalized by cells via endocytosis (Fig. 3A),
thereby changing the cellular uptake mode and bypassing the
drug efflux pumps.®”*® As seen in Fig. 5C and D, although the
free DOX concentration for treatment of multidrug resistant

6728 | Biomater. Sci, 2022, 10, 6718-6730

cells MES-SA/DX5 was twice the concentration for MES-SA
cells, no significant enhancement in the intracellular DOX
MFI was observed. As compassion, when treated with DOX-LP,
the MFI of MES-SA/DX5 cells was 1.7 times higher than that of
MES-SA cells. This suggests that there is potential to overcome
multidrug resistance by liposomal encapsulation of DOX lipo-
somes. Secondly, lower cellular uptake of nanoscale drug deliv-
ery systems compared to free small-molecule drugs usually
remains a long-standing challenge.'® As a result of surface
modification with the membrane-protein-mimicking, comb-
like pseudopeptides, the virus-mimicking liposomes displayed
significantly improved cellular uptake (Fig. 3A-C) due to the
enhanced membrane binding attributed to the “anchor-like”
hydrophobic NDA side chains®®**® and the favorable reco-
gnition by scavenger receptors.***®*° Furthermore, the comb-
like pseudopeptidic PLP-NDA18 coated on the liposomal
surface well-retained its membrane activity. This enabled the
virus-mimicking liposomes to have a synergy of efficient endo-
somal-escape ability and efficient liposomal drug release be-
havior in response to pH decrease (Fig. 1, 3A, D, 4 and 5),
which can overcome endo-lysosomal sequestration and avoid
enzymatic degradation of drugs. A higher intracellular drug
delivery rate compared to the drug efflux rate has been
reported by other researchers to cause the accumulation of
chemotherapeutic agents in the cytoplasm and eventually kill
multidrug-resistant cancer cells before the drug efflux pump
can exclude all the drug.**' Therefore, all those taken together
enabled the DOX-loaded, PLP-NDA18-coated liposomes to over-
come multidrug resistance and result in high cytotoxicity.

This journal is © The Royal Society of Chemistry 2022
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Other nanoscale drug delivery systems, such as pH-responsive
endsomolytic polymeric micelles, pH-sensitive nanoporous
silicon particles, and heparin/protamine/calcium carbonate
hybrid nanovesicles have also been reported to be capable of
combating multidrug resistance via similar
mechanisms,*®°1°9761

Conclusions

A novel virus-mimicking liposomal drug delivery system was
successfully developed, with the membrane-anchoring, comb-
like pseudopeptides mimicking the fusogenic peptides in the
viral spikes, the self-assembled liposomal bilayer structure
mimicking the viral envelope, and the encapsulated drug
payload mimicking the viral genome. The pH-responsive
release profile of the resulting multifunctional liposomes
could be manipulated by controlling the structure and concen-
tration of the adsorbed polymers. The liposomes coated with
PLP-NDA18 (degree of substitution with NDA at 18 mol%) were
demonstrated to display the desired pH-responsive release
profile and endosomolytic activity. The multifunctional lipo-
somes had a reversible change of the mean hydrodynamic size
in response to pH due to particle aggregation without involve-
ment of membrane fusion and PLP-NDA18 facilitated efficient
payload release at acidic pHs without permanent damage of
the lipid membrane. The considerably improved intracellular
delivery of DOX to HeLa cervical cancer cells, A549 lung cancer
cells, MES-SA uterus cancer cells, and MES-SA/DX5 multidrug
resistant cancer cells was demonstrated by confocal
microscopy and flow cytometry. The potency of the
PLP-NDA18-coated, DOX-loaded, virus-mimicking liposomal
system against all the four cancer cell lines including the mul-
tidrug resistant cell line was shown to be remarkably higher
than the DOX-loaded bare liposomes and free DOX, due to the
bypass of the efflux mechanism, enhanced cellular uptake,
efficient endosomal escape and efficient liposomal drug
release. All these characteristics of the novel virus-mimicking
liposomes are of critical importance for the applications in
intracellular drug delivery and multidrug resistance treatment.
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