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ABSTRACT

A novel multifunctional liposomal delivery platform has been developed to resemble the structural and
functional traits of an influenza virus. Novel pseudo-peptides were prepared to mimic the pHresponsive endosomolytic behavior of influenza viral peptides through grafting a hydrophobic amino
acid, L-phenylalanine, onto the backbone of a polyamide, poly(L-lysine isophthalamide), at various
degrees of substitution. These pseudo-peptidic polymers were employed to functionalize the surface of
cholesterol-containing liposomes that mimic the viral envelope. By controlling the cholesterol
proportion, as well as the concentration and amphiphilicity of the pseudo-peptides, the entire payload
was rapidly released at endosomal pHs whilst there was no release at pH 7.4. A pH-triggered,
reversible change in liposomal size was observed and the release mechanism was elucidated. In
addition, the virus-mimicking nanostructures efficiently disrupted the erythrocyte membrane at pH 6.5
characteristic of early endosomes, whilst showed negligible cytotoxic effects at physiological pH. The
efficient intracellular delivery of the widely used anticancer drug doxorubicin (DOX) by the
multifunctional liposomes was demonstrated, leading to significantly increased potency against HeLa
cancer cells over the DOX-loaded bare liposomes. This novel virus-mimicking liposomal system, with
the incorporated synergy of efficient liposomal drug release and efficient endosomal escape, is
favorable for efficient intracellular drug delivery.
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1. INTRODUCTION
Despite continuous advancements in delivery systems, the development of methods for efficient
delivery of therapeutic agents to the intracellular site of action, such as the cytoplasm or the nucleus,
still remains a major issue.1 Viral vectors have high transfection efficiency, but enthusiasm for their
clinical use is dampened by concerns regarding serious safety issues and difficulties in large-scale
production.2,3 Increasing interest is focused on rational design of non-viral vectors with improved safety
and ease to synthesize.4–6 Liposomal drug-delivery systems have been demonstrated as one of the most
promising non-viral vectors with great clinical potential since the first nanomedicine (Doxil®) approved
by FDA in 1995 is based on the use of liposomes.7 However, conventional liposomes usually exhibit
low colloidal stability, difficulties in achieving controlled drug delivery/release, fast elimination, and a
lack of targeting effect, which have greatly limited their clinical applications.8
There is an increasing demand to develop multifunctional liposomes for targeted, controllable and
efficient cytoplasmic drug delivery. Many viruses have evolved anionic peptide sequences in their
protein coats, which can be transformed to a membrane-destabilizing state upon acidification in
endosomes, enabling release of their nucleic acid cargo into the cell cytoplasm.9 With this increased
understanding of the mechanisms of viral infection, researchers have been motivated to adapt viral
structures and functions towards the design of pH-sensitive liposomes via coating the liposomal
membrane surface with fusogenic peptides.10 However, safety concerns and difficulties in large-scale
production of the naturally derived peptides have potentially limited their clinical application.11 While
synthetic peptides have been developed, they are far less efficient at membrane destabilization and are
difficult to manufacture.12
A class of novel biocompatible pseudo-peptides has been recently developed to mimic the structure
and pH-responsive membrane-destabilizing activity of influenza viral peptides. The parent pseudo3

peptide is a metabolite-derived linear polyamide, poly(L-lysine iso-phthalamide) (PLP)13,14, and the
hydrophobic amino acids present in influenza viral peptides were grafted onto its pendant carboxylic
groups to manipulate its structure and amphiphilicity.15,16 The bio-inspired anionic polymers are easyto-synthesize and can undergo the desirable coil-to-globule change of conformation upon reduction of
pH below their pKa, leading to efficient membrane destabilization at endosomal pHs.17,18 PP75 (75%
stoichiometric degree of substitution with L-phenylalanine on the PLP backbone) displayed the vastly
superior membrane activity at early endosomal pH, 35-fold more efficient than the antimicrobial
peptide melittin, but essentially non-lytic at neutral pH.18 The pseudo-peptidic polymers can efficiently
traverse across extracellular matrix to reach individual cells in three-dimensional multicellular spheroid
tumor models.19 The polymers have been successfully used to deliver small-molecule model drugs18,20
and bioactive macromolecules (e.g. therapeutic protein and siRNA)21,22 into the cell interior for efficient
in vitro and in vivo cancer treatment. These characteristics make the pseudo-peptides an ideal candidate
for the liposomal surface functionalization to develop novel pH-sensitive liposomes.
Herein, we report our work on the development of a novel biocompatible multifunctional liposomal
platform, which resembles the structural and functional traits of an influenza virus for safe, efficient
and controllable intracellular drug delivery (Scheme 1). In this virus-mimicking system, the novel
endosomolytic pseudo-peptides mimic fusogenic peptides in the viral spikes, the self-assembled
liposomal structure mimics the viral envelope, and the encapsulated drug payload mimics the viral
genome. The polymer-mediated, pH-responsive drug release profiles and the effects of key parameters
(e.g. amphiphilicity and concentration of the polymer and proportion of cholesterol) were examined.
The reversible pH-triggered size change was evaluated and the mechanism of polymer-liposome
interaction was proposed. The endosomal escape ability of the virus-mimicking nanostructures was
further explored and their cytotoxicity was assessed. Doxorubicin (DOX), a widely used anticancer
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drug, was encapsulated into the novel multifunctional liposomes and their potency against HeLa cancer
cells was compared to free DOX and conventional liposomes.

Scheme 1. Schematic of the virus-mimicking, pH-sensitive liposome and its endocytic pathway. The
nanocarrier consists of the pH-responsive, endosomolytic pseudo-peptide mimicking the fusogenic
peptide in the viral spikes, the liposome mimicking the viral envelope, and the drug payload mimicking
the viral genome.

2. MATERIALS AND METHODS
2.1. Materials
L-α-phosphatidylcholine

from egg yolk (EPC), cholesterol, iso-phthaloyl chloride, N-(2-

hydroxyethyl) piperazine-N’-(2-ethanesulfonic acid) (HEPES), 6-aminofluorescein, Dulbecco's
modified Eagle's medium (DMEM), fetal bovine serum (FBS), Dulbecco’s phosphate buffered saline
(D-PBS), penicillin, calcein and doxorubicin (DOX) were purchased from Sigma-Aldrich (Dorset,
UK).

Dimethyl

sulfoxide

(DMSO),

triethylamine,

N,N-dimethylformamide

(DMF),

4-

dimethylaminopyridine (DMAP), sodium chloride, Hoechst 33342, alamar blue and Pierce™ LDH
Cytotoxicity Assay Kit, LysoTracker® Red DND-99, N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2dihexadecanoyl-sn-glycero-3-phosphoethanolamine (NBD-PE) and Lissamine™ rhodamine B 1,25

dihexadecanoyl-sn-glycero-3-phosphoethanolamine (Rh-PE) were purchased from Fisher Scientific
(Loughborough, UK). Anhydrous ethanol, acetone, hydrochloric acid, d6-DMSO, potassium carbonate,
sodium hydroxide, chloroform, methanol, diethyl ether, sodium citrate dehydrate and sodium
phosphate were obtained from VWR (Lutterworth, UK). L-lysine methyl ester dihydrochloride, Lphenylalanine methyl ester hydrochloride, N,N’-dicyclohexylcarbodiimide (DCC) and triton® X-100
were purchased from Alfa Aesar (Heysham, UK). Defibrinated sheep red blood cells were obtained
from TCS Biosciences Ltd (Buckingham, UK).

2.2. Synthesis and characterization of pseudo-peptidic polymers
PLP (Mw = 35,700, Mn = 17,900, polydispersity = 1.99) was synthesized and then grafted with
different amounts of L-phenylalanine (Phe) to prepare the pseudo-peptidic PP polymers (e.g. PP25,
PP50 and PP75) according to the previously published methods.13,16 The numbers (e.g. 25, 50 and 75)
denote to the stoichiometric molar percentages of Phe relative to pendant carboxylic acid groups on the
backbone of PLP. The FT-IR spectra of PLP, PP25, PP50 and PP75 in their acid forms were recorded
using a Spectrum 100 FT-IR Spectrometer (Perkin Elmer, USA) (Figure S1), with characteristic peaks
located at 3301 cm-1 (N–H str and O–H str), 1726 cm-1 (C=O acid str), 1636 cm-1 (amide band I), and
1527 cm-1 (amide band II). The actual degrees of grafting of PP25, PP50 and PP75 were 25.2, 46.8 and
63.4 mol% respectively, which were calculated according to the previously published method16 from
their 1H-NMR spectra (Figure S2) recorded in d6-DMSO at room temperature using a 400 MHz NMR
spectrometer (Bruker, Germany). Fluorophore-labelled pseudo-peptides were prepared by conjugating
6-aminofluorescein to the pendant carboxylic acid groups by DCC/DMAP coupling. A low level of
labeling at 2 mol% was chosen to avoid a significant change to the properties of pseudo-peptides.

2.3. Preparation of virus-mimicking liposomal systems
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Firstly, unmodified liposomes were prepared using the lipid film hydration method.23 Briefly, EPC
and cholesterol with required ratios were dissolved in chloroform containing 1% (v/v) ethanol. A lipid
film was formed by rotary evaporation overnight to remove the organic solvent. The lipid film was
hydrated using a 5 mL of HBS buffer (20 mM HEPES, 150 mM NaCl, titrated to pH 7.4) for 1 h. The
size of the liposomes was controlled to be around 100 nm by sonication (Sonicator, 120 watt, Fisher
Scientific) using a pulse mode for 20 min. After filtration through a 0.22 μm filter, the sample was
stored at 4 °C. Virus-mimicking liposomes were then prepared by incubation of the unmodified
liposomes with an aqueous solution of a specific pseudo-peptide (in HBS buffer at pH 7.4) at a desired
concentration for overnight at room temperature. Excess pseudo-peptides were removed through
dialysis (Float-A-Lyzer®, MWCO 300 kDa, Spectrumlabs, USA) against the HBS buffer (pH 7.4) for 7
h. Buffer was frequently changed to ensure the efficiency of dialysis.
To encapsulate DOX into the liposomes, a lipid film was prepared and hydrated with HBS buffer
containing DOX at certain concentration. After sonication and filtration, unloaded DOX was removed
by dialysis against HBS buffer at pH 7.4 at 4 °C for 3 h. The PP75-coated, DOX-loaded liposomes
were prepared following the same protocol as described before.

2.4. Measurement of polymer adsorption
Fluorophore-labelled pseudo-peptidic polymers were used to coat the EPC/cholesterol liposomes
following the step described in the Section 2.3. The fluorescence intensity of the fluorescent polymermodified liposomes was measured by a spectrofluorometer (GloMax®-Multi Detection System,
Promega, USA) with an excitation wavelength of 490 nm and emission wavelength from 510 to 570
nm. The amount of the adsorbed polymer was calculated using the standard linear curve of
fluorescence intensity versus the concentration of fluorescent polymer.
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2.5. pH-dependent drug release
The release profiles of the virus-mimicking liposomes mediated by the polymer coating layer at
different pHs were investigated using a fluorescence dequenching assay.24 The model drug calcein was
encapsulated into the liposomes at a self-quenching concentration (100 mM). The virus-mimicking
nanostructures were acidified to the desired pHs with 1 wt% HCl. An aliquot was withdrawn and
equilibrated for 1 h at 37 oC. Then the pH was adjusted to 6.5-7.5 in order to minimize the effect of pH
on calcein fluorescence. The fluorescence intensity was measured by the spectrofluorometer
(GloMax®-Multi Detection System, Promega, USA) under excitation at 490 nm and emission at 510570 nm. The percentage of calcein released was calculated using the following equation:

% Release =

Ft − F 0
×100%
Fmax − F 0

Where Ft is the fluorescence intensity at time t, F0 is the initial fluorescence and Fmax is the
fluorescence upon addition of detergent (triton® X-100) to completely lyse liposomal membranes.
For the measurement of pH-triggered calcein release from the diluted liposomal particles containing
the PP75 coating, the assembled liposomal particles were diluted for different folds with HBS buffer at
pH 7.4 and then acidified to pH 4.5 with 1 wt% HCl. The release percentage was determined following
the method described above.

2.6. pH-dependent change of liposomal size
The hydrodynamic sizes of the virus-mimicking liposomes at different pHs were measured by
dynamic light scattering (DLS, Zetasizer Nano S, Malvern, UK) at an angle of 137o in 10 mm diameter
cells at 25 ˚C, repeated for 11 times. When needed, liposomal samples were diluted with specific HBS
or citrate buffer and equilibrated for 5 min before analysis to yield an appropriate counting rate.
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To measure the reversibility of size change in response to pH, the virus-mimicking liposomes at pH
7.4 were titrated to pH 4.5 using 1% HCl and back to pH 7.4 using 0.1 M NaOH, and then repeated for
several cycles. The size was measure by DLS after 5 min of each titration. In order to visualize the
change of liposomal size, the fluorescent polymer-modified liposomes (as described in the Section 2.4)
were 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.

2.7. Hemolysis assay
The membrane-disruptive activity of the virus-mimicking liposomes was examined using a
hemolysis model.18 Liposomal samples were prepared at required concentrations in the phosphate or
citrate buffer at specific pHs. Defibrinated sheep red blood cells (RBCs) were washed three times with
NaCl aqueous solution (150 mM) and resuspended in the liposomal solutions to achieve a final RBC
concentration (1-2Í108 RBC mL-1) within the range of a linear relationship between the absorbance of
hemoglobin solution and the number of lysed RBCs. The samples were incubated in a shaking water
bath at 37 ˚C for 1 h, and then centrifuged at 4000 rpm for 4 min. Two controls were prepared by
resuspending RBCs either in buffer alone (negative control) or in deionized water (positive control).
The absorbance of the supernatant from each sample was measured at 541 nm using UV-Visible
spectrophotometer (GENESYS™ 10S UV-Vis, Thermo Scientific, USA), and the percentages of
relative hemolysis were determined.

2.8. Cell culture
HeLa adherent epithelial cells (human cervical cells) were grown in DMEM supplemented with 10%
(v/v) FBS and 100 U mL-1 penicillin unless specified otherwise. The HeLa cells were trypsinized using
trypsin-EDTA and maintained in a humidified incubator with 5% CO2 at 37 oC.
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2.9. Laser scanning confocal microscopy
In order to assess the endosomal escape ability of the virus-mimicking liposomes, membraneimpermeable calcein was used as a tracer molecule. 2 mL of HeLa cells (2Í105 cells mL-1) were
cultured for 24 h followed by the treatment with 2 mL of the serum free DMEM containing 0.22 µm
filter-sterilized 3.2 mM calcein and the unloaded virus-mimicking liposomes or bare liposomes. After
incubation for 2 h, the cells were washed three times with D-PBS and replenished with the complete
medium for 2 h of further incubation. LysoTracker (50 nM) and Hoechst 33342 (1 µg mL-1) were then
employed to stain endosomes/lysosomes and nuclei respectively. The cells were imaged following the
same procedure as described above. Calcein was excited at 488 nm and the emission at 535 nm was
collected.
The intracellular delivery of DOX to HeLa cancer cells was examined by confocal microscopy. 2 mL
of HeLa cells (2Í105 cells mL-1) were seeded into a 35 mm glass bottom plate (MatTek, USA) and
cultured for 24 h. The spent medium was removed and replaced with 2 mL of the serum free DMEM
containing 0.22 µm filter-sterilized, DOX-loaded liposomal samples (e.g. virus-mimicking liposomes
or bare liposomes) or free DOX at the fixed DOX concentration of 2.5 µM. After incubation for 1 h,
the cells were washed three times by D-PBS buffer and stained with Hoechst 33342 at 1 µg mL-1 for 5
min. The cells were then rinsed with D-PBS for three times and imaged using the laser scanning
confocal microscope. DOX was excited using a 480 nm laser and the emission at 560 nm was
collected.

2.10. Flow cytometry
Flow cytometry was applied to evaluate the cellular uptake. 2 mL of HeLa cells (2.5Í105 cells mL-1)
were cultured for 24 h. The spent medium was replaced with 1 mL of the serum-free DMEM
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containing free DOX, DOX-loaded bare liposomes or DOX loaded, PP75 coated liposomes. The
amount of DOX for all the samples was fixed at 2.5 µM. After 1 h of incubation, the cells were washed
with D-PBS for three times and then detached via the treatment with trysin for 1 min. The cell
suspensions were centrifuged to remove the supernatants and the cell pellets were then resuspended in
serum-free DMEM. The cell suspensions were filtered through 40 µm FlowmiTM tip strainers (Bel-Art,
USA) to remove cell aggregates before flow cytometry measurements (LSRFortessa cell analyzer, BD,
USA) with an excitation wavelength of 488 nm.

2.11. Alamar Blue assay
The cytotoxicity of the virus-mimicking liposomes with or without DOX loading was evaluated by
Alamar Blue assay. HeLa cells were seeded into a 96-well plate (Corning, USA) containing the
complete DMEM (0.1 mL per well) at a density of 104 cells per well and cultured for 24 h. The spent
medium was replaced with 0.1 mL of 0.22 µm filter-sterilized sample solutions in the serum free
DMEM. After 24 h of incubation, the medium was completely removed and the cells were washed with
D-PBS for three times. After that, only for the HeLa cells treated with the DOX-loaded liposomal
samples or free DOX, was conducted a 24 h of further incubation with the complete DMEM medium.
The plate with replenished complete DMEM containing 10% (v/v) alamar blue was then incubated for
4 h according to the manufacturer’s instructions and the fluorescence in each well was measured by the
spectrofluorometer at the emission wavelength of 580-640 nm and the excitation wavelength of 525
nm. The cytotoxic effect was determined from the fluorescence readings. The concentrations leading to
50% inhibition, IC50, were determined from the concentration-dependent cell viability curves.

2.12. Lactate dehydrogenase (LDH) assay
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The effect of the virus-mimicking liposomes on the cell membrane integrity was investigated by
LDH assay. HeLa cells were seeded into a 96-well plate (Corning, USA) containing the complete
DMEM (0.1 mL per well) at a density of 104 cells per well and cultured for 24 h. The spent medium
was replaced with 0.1 mL of the serum free DMEM containing 0.22 µm filter-sterilized virusmimicking liposomes or bare liposomes without drug loading at various lipid concentrations. After
incubation for 24 h, the LDH released into the supernatant was quantified using a LDH Cytotoxicity
Assay Kit. Briefly, 50 µL of supernatant in each well was transferred to a new plate and mixed with the
reaction mixture from the kit. After 30 min of incubation, the reaction was stopped by the stop solution
and the absorbance at 490 nm (using 680 nm as reference) was measured using the spectrofluorometer.

2.13. Statistical analysis
All data points were repeated in triplicate (n = 3). Reported results and graphical data are mean
values with standard deviation encompassing a 95% confidence interval. The Student’s t-test was
performed to evaluate the statistical significance of difference. A value of P < 0.05 was considered to
be statistically significant.

3. RESULTS AND DISCUSSION
3.1. Effect of cholesterol
Cholesterol is an important component to maintain the integrity and fluidity of the phospholipid
membrane. The effect of cholesterol on the membrane permeability of the virus-mimicking liposomes
was investigated. Figure 1A shows the leakage of the model drug calcein from the liposomes
containing a variety of cholesterol proportions during functionalization with PP75 for overnight at pH
7.4. For the liposome in the absence of cholesterol, 98.9 ± 1.9 % of the loaded calcein was lost. The
12

calcein leakage percentage decreased gradually with the increase in the proportion of cholesterol in the
liposomal formulation. The liposome containing 40 mol% cholesterol only showed 9.8 ± 0.3 % calcein
leakage. When the cholesterol proportion was increased to 60 mol%, no calcein leakage was observed.
After the post-functionalization removal of the excessive pseudo-peptide, ideally there should be no
leakage of drug payload from the virus-mimicking liposomal delivery system at pH 7.4. Figure 1B
shows the pH-dependent release profiles of the PP75-coated, virus-mimicking liposomes containing 40
and 60 mol% cholesterol. Although no content leakage was observed in the multifunctional liposome
containing 60 mol% cholesterol at pH 7.4, it showed a much less efficient release of the model drug
calcein in response to pH than the liposome containing 40 mol% cholesterol. This could be due to the
enhanced rigidity of the liposomal membrane as result of an increased amount of cholesterol.25 The
virus-mimicking liposome containing 40% cholesterol also had no calcein leakage at pH 7.4, but
showed an efficient calcein release facilitated by the adsorbed polymer within the endosomal pH range
(5.0 – 6.8), reaching up to 92.5 ± 3.0 % at pH 5.0. Therefore, 40 mol% cholesterol was chosen for the
liposomes used in the following experiments to ensure significant pH-responsive behavior.
It is proposed that the addition of cholesterol should change the mechanism of interaction between
the pseudo-peptidic polymer and the liposome (Figure 1C), therefore impacting the permeability of the
virus-mimicking liposomal system and its pH-responsive drug release profiles. In the absence of
cholesterol, the hydrophobic segments of the polymer chain are not stable in the aqueous solution and
tend to be embedded into the apolar region of the lipid membrane.26 However, the addition of
cholesterol could condense the lipid packing27, change the membrane fluidity to make it more rigid25,
and reduce the permeability of liposomes28,29. As a result, cholesterol could hamper the insertion of the
hydrophobic parts of the polymer into the liposomal membrane. Furthermore, cholesterol could
enhance the hydrophobicity of liposomal surface and therefore the hydrophobic interaction between the
polymer and the liposome would mainly take place at the membrane surface instead of translocation
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through the membrane.27 This hypothesis was validated by the DLS results in Table S1, showing that
after the surface coating with PP75 the hydrodynamic diameter of the liposome containing 40%
cholesterol was increased by 6.4 nm, higher than the size increase (2.7 nm) for the liposome without
cholesterol. The efficient, pH-triggered release behavior of the PP75-coated liposomes (Fig. 1B) is in
agreement with the results of other researchers demonstrating that a deep polymer insertion into the
bilayer is not always required for membrane destabilization.30 When increasing the cholesterol
proportion in the liposomal formulation, the enhancement of membrane rigidity and elasticity as well
as the adsorption of polymer on the liposomal surface lead to a lower leakage at pH 7.4.

Figure 1. The effect of cholesterol addition into the PP75-coated, virus-mimicking liposomes. (A)
Calcein leakage from the liposomes containing different proportions of cholesterol during
functionalization with PP75 for overnight at pH 7.4. (B) pH-responsive calcein release from the PP7514

coated liposomes (5 mg mL-1 lipids, 58.2 µM PP75) containing 40 (¢) and 60 mol% () cholesterol.
Mean ± S.D. (n=3). (C) Schematic of the interactions between the polymer and the liposome in the
absence (left) and presence of cholesterol (right).

3.2. Effect of polymer amphiphilicity
In general, interactions between polymers and lipid membranes include hydrophobic interaction,
hydrogen bonding, columbic association and other possible effects.31 The hydrophobicityhydrophilicity balance of the amphiphilic pseudo-peptides and their hydrophobic interaction with the
neutral EPC/cholesterol membrane can be well controlled by side-chain modification. Herein, a variety
of pseudo-peptidic polymers (e.g. PP25, PP50, PP75) were synthesized by grafting different amounts
of hydrophobic amino acid Phe onto the PLP polymer backbone, and the effect of polymer
amphiphilicity on the pH-dependent release profiles of the virus-mimicking liposomes was assessed.

Figure 2. pH-dependent calcein release from the bare liposomes (¿), and the virus-mimicking
liposomes coated with PLP (q), PP25 (p), PP50 (), and PP75 (¢) respectively. Mean ± S.D. (n=3).
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As shown in Figure 2, no calcein leakage was observed at pH 7.4 for all the virus-mimicking
liposomal systems coated with different pseudo-peptidic polymers, indicating that these liposomal
nanostructures were stable at pH 7.4. At pH below 7.0, a dramatic calcein release was observed in the
liposomes coated with PP50 and PP75, whilst the liposomes coated with PP25 and PLP only showed a
marginal increase in the calcein release compared to the bare liposomes without polymer coating.
Increasing the amount of pendant hydrophobic amino acids on the polymer backbone could
significantly enhance the hydrophobicity of the polymer.16 The calcein release percentages of the pHresponsive liposomes in response to acidification were ranked in the order of PLP-coated liposomes ≈
PP25-coated liposomes < PP50-coated liposomes < PP75-coated liposomes, which well correlated to
the order of the increase in the degree of substitution with Phe and in the level of polymer
hydrophobicity.
For non-covalent polymer-liposome complex, hydrophobic interactions were shown to be crucial in
affecting the polymer’s affinity for phospholipid vesicles.32 The higher polymer hydrophobicity, the
tighter membrane association can be obtained. This is consistent with our recent report that the main
driving force for the association of PP75 with the 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
monolayer model membrane is the hydrophobic interaction.33 Side-chain modification with Phe, the
most hydrophobic amino acid in nature with an aromatic residue, could facilitate the anchoring of the
polymer into the liposomal membrane. This is in agreement with the report that aromatic residues in
peptide structures can cause a dramatic increase in their interaction with the lipid membrane.34

3.3. Effect of polymer adsorption
Figure 3A shows the pH-responsive calcein release profiles of the virus-mimicking liposomes (with a
fixed lipid concentration at 3.0 mM) coated with different amounts of PP75, i.e. different polymer-tolipid molar ratios. For the liposomes coated with 58.2 µM PP75, up to 92.5% ± 3.0 % calcein was
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released upon acidification to pH 5.0, which approaches the lower end of endosomal pH range. It was
considerably higher than the calcein release percentages of the liposomes coated with 33.3 and 3.6 µM
PP75 (both less than 20% at pH 5.0). This demonstrated that the pH-responsive membranedestabilizing pseudo-peptidic polymer well retained its membrane activity upon acidification.18 A
higher concentration of the polymer adsorbed would interconnect different vesicles and destabilize the
membrane more efficiently.35,36

Figure 3. The effect of the amount of PP75 adsorbed on the liposomal membrane. (A) pH-dependent
calcein release from the virus-mimicking liposomes (containing a fixed lipid concentration at 3.0 mM)
coated with PP75 at 3.6 µM (p), 33.3 µM () and 58.2 µM (¢) respectively. (B) pH-triggered calcein
release from the diluted liposomal particles containing the PP75 coating. The assembled liposomal
particles were diluted at pH 7.4 for 10 and 100 folds (i.e. decrease of the concentration of adsorbed
polymer from 58, to 5.8 and 0.58 µM respectively but the polymer-to-lipid molar ratio was fixed at
1.9:100) and then acidified to pH 4.5. Mean ± S.D. (n=3).

The assembled liposomal particles with PP75 coating were diluted with HBS buffer at pH 7.4 for 10
and 100 folds. Consequently the concentration of adsorbed polymer was decreased from 58 to 5.8 and
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0.58 µM respectively, but the polymer-to-lipid molar ratio was fixed at 1.9:100. Figure 3B shows the
drug release behavior of the diluted liposomal particles upon acidification to pH 4.5. The difference in
calcein release percentage was insignificant, indicative of the dilution-independent, pH-responsive drug
release behavior of this virus-mimicking liposomal system. This characteristic is of crucial importance
for a drug delivery system as the concentration of delivery formulations would be dramatically
decreased due to the dilution during circulation in the bloodstream.26
It is interesting to note that the 100-fold diluted pH-sensitive liposome (concentration of the adsorbed
PP75 at 0.58 μM, polymer-to-lipid molar ratio at 1.9:100) retained a high calcein release rate of 91.8 ±
28.7 % at pH 4.5 (Figure 3B). As comparison, the PP75-coated liposome with over six times more
adsorbed polymer (3.6 μM) but with a lower polymer-to-lipid molar ratio (0.12:100) released only 25.6
± 3.4 % calcein at pH 4.5 (Figure 3A). This indicates that the polymer-to-lipid molar ratio played a
more important role than the concentration of adsorbed polymer in destabilization of the liposomal
membrane and controlled drug release.

3.4. pH-triggered change of liposomal size
The interaction between the adsorbed pseudo-peptidic polymers and the liposomes was also
investigated via monitoring the change of liposomal size with pH. Figure 4A depicts the pH-responsive
size change of the bare liposomes and the virus-mimicking liposomes. The particle sizes at pH 7.4 were
similar between modified (96.5 ± 2.5 nm) and unmodified liposomes (90.1 ± 1.4 nm) (Figure S3),
demonstrating that the surface coating with the pseudo-peptides did not considerably change the
particle diameter. The size of the bare liposomes without polymer coating was stable within pH range
tested. For the PLP- and PP25-coated liposomes, only a marginal size increase was observed at pH 4.0.
As comparison, the particle size of the PP50- and PP75-coated liposomes increased remarkably at pH
below 5.0. This trend well correlates to the above results showing that the PP50- and PP75-coated
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liposomes exhibited a significantly enhanced content release at acidic pHs compared to the PLP- and
PP25-coated liposomes (Figure 2). This could be because the increased polymer hydrophobicity
introduced the stronger interaction between the adsorbed polymers and the liposomes, leading to the
enhanced intervesicular interaction and the subsequent aggregation or fusion of the liposomes.37
In order to further investigate whether the size increase at acidic pH was due to membrane fusion or
particle aggregation, the reversibility of the size change of the PP75-coated liposomes was assessed by
titration between pH 7.4 and 4.5. As shown in Figure 4B, upon titration from pH 4.5 to 7.4, the particle
size decreased to the original size within 5 min. Once pH was decreased back to 4.5, the particle size
again immediately increased significantly. The reversible size change was validated by confocal
microscopy using the pH-sensitive liposomes coated with the 6-aminofluorescein-labelled PP75. At pH
7.4, green fluorescence was homogenously distributed in the solution. Immediately after pH decrease to
4.5, aggregation of the fluorescent liposomes was observed. Upon titration back to pH 7.4, the
aggregation disappeared quickly and the homogenous green fluorescence distribution was visible again.
This suggests that the size increase at acidic pH should not be due to liposomal fusion.38 This was
further confirmed by the lipid mixing assay through the detection of the NBD–rhodamine fluorescence
resonance energy transfer (FRET) (Figure S4). As shown in Figure 4S, the bare liposomes and the
PP75-coated liposomes exhibited negligible lipid mixing at pHs 7.4 and 4.5, indicating that the
polymer coating prevented membrane fusion at pH 7.4 and the size increase at pH 4.5 (Figure 4) was
due to aggregation instead of fusion between the liposomes.
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Figure 4. pH-dependent change of the liposomal size. (A) The mean hydrodynamic size of the bare
liposomes (Bare-LP), PLP-coated liposomes (PLP-LP), PP25-coated liposomes (PP25-LP), PP50coated liposomes (PP50-LP) and PP75-coated liposomes (PP75-LP) at different pHs. (B) Reversible
size change of the PP75-coated liposomes between pH 7.4 and 4.5, as measured by DLS and imaged by
confocal microscopy. Mean ± S.D. (n=3).

Scheme 2 depicts the bridging mechanism which could be used to explain the pH-triggered,
reversible size change of the PP75-coated liposomes. It has been previously reported that the pseudopeptidic polymer displays a coil-to-globule conformational change upon reduction of pH and this
process is reversible.16 When PP75, which bears a significant amount of hydrophobic pendant groups,
was coated on the liposomal surface, some hydrophobes on the polymer could be associated with the
liposomes, whilst others could facilitate the intermolecular interaction, leading to formation of the
PP75-bridged liposomal network. At pH 7.4, the PP75 polymer exhibited an expanded structure due to
the electrostatic repulsion between the negatively charged carboxylic groups outweighing the
hydrophobic interaction.16,39 Therefore the virus-mimicking liposomes would be uniformly dispersed in
the loose polymer-bridged networks, displaying the similar particle size with the bare liposomes.
However, with decreasing pH, the carboxyl groups were protonated and the hydrophobic interaction
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becomes predominant, leading to the transition of polymer conformation to the collapsed globular
structure.40 The size of the virus-mimicking liposomal system would increase tremendously as result of
the significantly enhanced intermolecular interaction between polymer coating layers. When pH was
increased back to 7.4, the expansion of the polymer structure would lead to a considerable reduction to
the original size of the virus-mimicking liposomes. The proposed mechanism is in agreement with the
report that tethering hydrophobic groups onto the backbone of biopolymers (e.g. chitosan and
hydroxyethylcellulose) could enhance the intermolecular interaction and the subsequent formation of
networks of surfactant vesicles and micelles.41,42 Other researchers reported the similar aggregation and
disaggregation of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) giant unilamellar vesicles
(GUVs).43

Scheme 2. Schematic representation of the mechanism of the revisable size change of the PP75-coated,
virus-mimicking liposomes between pH 7.4 and 4.5.

It has been reported that the bridging effect involving phospholipid vesicles and cationic (e.g.
polylysine) or anionic polymers (e.g. polyacrylic acid) would usually lead to membrane fusion between
vesicles or formation of polymer-lipid micelles.35,44 However, in the case of the virus-mimicking
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liposomes coated with the anionic pseudo-peptidic polymers in this study, the liposomal membrane was
not lysed or fused during the formation liposomal aggregates as the size change was reversible for
several pH cycles (Figure 4B). The aggregates of the PP75-coated liposomes, which were kept at pH
4.5 for 7 days, could still be readily disaggregated to the original liposomal size with increasing pH to
7.4. The lipid mixing assay (Figure S4) further confirmed the size increase at pH 4.5 was due to
aggregation instead of membrane fusion. Comparing the pH-triggered content release (Figure 2) and
pH-triggered liposomal size change (Figure 4A), the release of the encapsulated model drug calcein
from this virus-mimicking liposomal system did not seem to be necessarily dependent on the size
change. At pH above 5.0 (e.g. 5.5-7.0), the PP75-coated liposomes already showed a significant calcein
release, reaching 60.9 ± 0.5 % at pH 5.5, whilst no obvious size change was observed. The content
release could be dependent on the transformation of PP75 on the liposomal surface to a membranedestabilizing state upon acidification, instead of arising from the change of colloid stability.

3.5. Cell membrane destabilization
As shown above, the virus-mimicking, pH-sensitive liposomes showed efficient and controllable
release of the encapsulated model drug calcein at endosomal pH through the liposomal membrane
destabilization by the adsorbed pseudo-peptides. Herein, the hemolysis assay was performed using the
RBC membrane as a model of the endosomal membrane17 to assess the endosomal escape ability of the
pH-sensitive liposomes and their potential for further enhancement of the cytoplasmic delivery. The
relative hemolysis of the PP75-coated liposomes, with a fixed polymer-to-lipid molar ratio at 1.9:100
but varying concentrations of the adsorbed polymer, were compared between physiological pH 7.4 and
a typical early endosomal pH 6.5 (Figure 5A). With decreasing the PP75 concentration, the hemolytic
activity of the virus-mimicking liposomes was gradually reduced at both pHs. Ideally, an effective
cytoplasmic delivery system should have no or low hemolysis at physiological pH, but can efficiently
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destabilize the endosomal membrane upon acidification in endosomal compartments. In Figure 5A, the
liposome coated with 0.5 μM PP75 showed the largest difference between the hemolysis at pH 7.4
(27.7 ± 1.6 %) and pH 6.5 (77.6 ±1.8 %).
Figure 5B shows the relative hemolysis of the liposomes with and without polymer coating at pH
ranging from 7.4 to 4.5, mimicking the pH range of the endosomal and lysosomal environments. For
the liposomes with 0.5 μM adsorbed PP75, 77.6 ± 1.8 % relative hemolysis was reached at a typical
early endosomal pH 6.5, whilst the hemolysis at pH 7.4 was relatively low. As comparison, the
conventional liposomes without polymer coating showed no hemolysis within the pH range tested,
indicating that the membrane-destabilizing activity of the virus-mimicking liposomes resulted from the
polymer layer instead of the liposomes. This hemolysis result well correlated to the membranedestabilizing activity of the PP75 polymer18, suggesting that the polymer in the coating layer well
retained its membrane activity. With increasing the concentration of the adsorbed PP75 to 5.8 μM, the
virus-mimicking liposomes displayed a high level of relative hemolysis at 71.9 ± 3.1 % at pH 7.4. This
is consistent with the report that a sufficiently high concentration of poly(α-ethylacrylic acid) may lead
to complete membrane destabilization45.

With acidification to pH ≤5.0, the PP75-coated, virus-

mimicking liposomes lost their hemolytic activity as a result of the formation of liposomal aggregates
(Figure 4A).
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Figure 5. Relative hemolysis of the PP75-coated, virus-mimicking liposomes with a fixed polymer-tolipid molar ratio at 1.9:100. (A) Relative hemolysis of sheep RBCs by the liposomes with different
concentrations of the adsorbed PP75 polymer at pH 6.5 (close columns) and pH 7.4 (open columns);
(B) pH-dependent relative hemolysis of the bare liposomes (¢) and the virus-mimicking liposomes
with the concentrations of the adsorbed PP75 at 5.8 μM () and 0.5 μM (p). Mean ± S.D. (n=3).

3.6. Intracellular drug delivery
Membrane-impermeable calcein was used as a tracer molecule to demonstrate the ability of the coadministered virus-mimicking liposomal carrier to release endocytosed calcein from intracellular
vesicles into the cell cytoplasm. As seen in Figure 6A, when HeLa cells were co-treated with free
calcein and the bare liposomes, calcein appeared as green punctate spots co-localized with red
lysotracker, suggesting that calcein was restricted within intracellular vesicles after endocytosis. When
HeLa cells were co-treated with free calcein and the PP75-coated, virus-mimicking liposomes, strong
diffuse green fluorescence throughout the cell interior was observed (Figure 6B), indicative of the
efficient release of endocytosed materials into the cytoplasm. This further confirmed that the polymer
PP75 present in the coating layer of the virus-mimicking liposomes well retained its efficient pHresponsive membrane-destabilizing activity as shown in Figure 5.
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Figure 6. Confocal microscopy images of HeLa cells showing the escape of the endocytosed free
calcein (3.2 mM) from intracellular vesicles into the cytoplasm mediated by (A) the bare liposomes and
(B) the PP75-coated, virus-mimicking liposomes. The polymer-to-lipid molar ratio was kept at 1.9:100
for the liposomes with polymer coating. Images were acquired after 2 h of uptake and 2 h of further
incubated (scale bar: 20 µm).

The synergy of efficient liposomal drug-release behavior and efficient endosomal-escape ability of
the novel PP75-coated, virus-mimicking liposomal system has prompted an evaluation of its use for
intracellular delivery of encapsulated DOX, a widely used anticancer drug, to the immortalized HeLa
human cervix adenocarcinoma cells. The mean diameter of the DOX-loaded liposomes was 94.2 ± 2.6
nm, the encapsulation efficiency was 53.1 ± 0.9 %, and the weigh percentage of drugs over the carrier
was 15.2 ± 2.2%. Figure 7A revealed that the virus-mimicking, PP75-coated liposomal system was
highly efficient at delivering DOX into cancer cells, where strong DOX fluorescence was observed
inside the cells after only 1 h of incubation. Free DOX entered and accumulated inside cells by
diffusion46, while the multifunctional liposomes were internalized mainly via endocytosis8. After
cellular uptake of the DOX-loaded, PP75-coated liposomes, the acidic environment of
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endosomes/lysosomes could efficiently trigger not only the DOX release from the liposomes (Figure 2)
but also endosomal escape into the cytoplasm (Figures 5 and 6), leading to the consequent nuclear
localization to exert its toxicity. As comparison, HeLa cells treated with DOX-loaded bare liposomes
showed the substantially lower intracellular DOX fluorescence (Figure 7B) due to the absence of the
endosomolytic pseudo-peptide PP75. The significantly enhanced cytoplasmic delivery of calcein that
was encapsulated into this virus-mimicking, endosomolytic liposomal system was also demonstrated
(Figure S5), further consolidating that the novel system is favorable for intracellular delivery of various
drugs.

Figure 7. (A) Confocal microscopy images of HeLa cells showing the subcellular distribution of the
anticancer drug DOX. The cells were treated with free DOX, DOX-loaded bare liposomes (DOX-LP),
and DOX-loaded, PP75-coated liposomes (PP75-DOX-LP, polymer-to-lipid molar ratio=1.9:100) at the
fixed equivalent DOX concentration of 2.5 µM. Images were acquired after 1 h incubation (scale bar:
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20 µm). Cellular uptake of DOX was further analyzed by flow cytometry and presented as (B) relative
mean fluorescence intensity (MFI) and (C) representative histogram plots. All the flow cytometry
samples were analyzed after 1 h of treatment with a fixed DOX dosage of 2.5 µM.

The efficient delivery of DOX by the PP75-coated liposomes was further confirmed by quantitative
analysis using flow cytometry. As shown in Figures 7B and 7C, the HeLa cells treated with the DOXloaded, PP75-coated liposomes showed almost an identical mean fluorescence intensity (MFI) to those
treated with free DOX, but over twice of those treated with the DOX-loaded bare liposomes. This is in
agreement with the confocal microscopy results shown in Figure 7A. The enhanced intracellular DOX
fluorescence in the cells treated with PP75-coated liposomes could be due to the enhanced release of
DOX into the cytoplasm. Furthermore, Surface functionalization of liposomes with the amphiphilic
PP75 polymer containing hydrophobic amino acid grafts could enhance the surface hydrophobicity of
liposomes, leading to the enhanced interaction between the polymer and the cell membrane.

32,39

Scavenger receptors, a family of glycoproteins overexpressed on the surface of various cells including
HeLa used herein 47, could play a role in the enhancement of cellular uptake of PP75-coated liposomes.
Similar observations have been reported by other researchers for the liposomes coated with different
anionic polymers. 37,48
3.7. In-vitro cytotoxicity
The effect of the virus-mimicking liposomes (without drug loading), at a fixed polymer-to-lipid
molar ratio of 1.9:100 but varying lipid concentrations, towards the metabolic activity of HeLa cells
was evaluated by Alamar Blue assay. As shown in Figure 8A, the bare liposomes without polymer
coating had no cytotoxic effect within the lipid concentration range of 7.5-300.0 µM. HeLa cells also
well tolerated the virus-mimicking liposomes, displaying no cytotoxic effect at the lipid concentration
below 60 µM. The relative viability of HeLa cells decreased to 75.9 ± 19.2 % with increasing the
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concentration of lipid present in the PP75-coated liposomes to 300.0 µM, suggesting that at this
concentration, the presence of PP75 (5.7 µM) led to a reduction of cell metabolic activity.

Figure 8. Concentration-dependent relative viabilities of HeLa cells treated with the liposomes with
(close columns) or without (open columns) PP75 for 24 h as determined by (A) Alamar Blue assay and
(B) LDH assay. The polymer-to-lipid molar ratio of the PP75-coated, virus-mimicking liposomes was
kept constant at 1.9:100. Mean ± S.D. (n=3).

Plasma membrane damage is a good indicator of serious injury prior to cell death and can be assayed
by measuring the lactate dehydrogenase (LDH, a stable cytosolic enzyme) activity in the extracellular
medium. The effect of the virus-mimicking liposomes (without drug loading) on the cellular membrane
integrity of HeLa cells was investigated using a standard LDH assay. As shown in Figure 8B, Hela
cells well tolerated all the liposomes with or without PP75 coating within the lipid concentration tested,
indicating that the liposomes did not cause significant cell membrane damage.
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Figure 9. Potency of free DOX (open columns), DOX-loaded bare liposomes (grey columns), and
DOX-loaded, PP75-coated liposomes (dark columns) against HeLa cells after 24 h of treatment and 24
h of further incubation. The drug to lipid molar ratio was kept at 20.2:100 and polymer-to-lipid molar
ratio was 1.9:100 for the PP75-coated liposomes. Mean ± S.D. (n=3). *P < 0.05, **P < 0.01.

The anticancer drug DOX was then applied as a payload to assess the potency of the PP75-coated,
virus-mimicking liposomal system towards HeLa cancer cells. As a small-molecule drug, DOX can
readily traverse across the phospholipid membrane into the cytoplasm and the nuclei by simple
diffusion. However, due to its non-specific uptake and thus systemic side effects, it needs to be
delivered by nano-carriers such as liposomes, which, compared to free DOX, are usually internalized
into cells via endocytosis. The change in mode of uptake can lead to a considerable reduction of the
potency of DOX delivered by nano-carreirs.49 This is validated by the results shown in Figure 9 that the
DOX-loaded bare liposomes exhibited a substantially lower cell-killing activity than free DOX at all
concentrations tested (0.01-10.0 µM). However, it is interesting to note that the DOX-loaded, PP75coated liposomes displayed the significantly enhanced potency against HeLa cells (P < 0.05) over the
DOX-loaded bare liposomes, reaching the same or even higher potency level than free DOX within the
concentration range tested (Figure 9). The IC50 of DOX-loaded, PP75-coated liposomes was 0.86 ±
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0.21 µM, almost the same with the IC50 of free DOX (0.83 ± 0.18 µM) while 2.5 times lower than the
IC50 of DOX-loaded bare liposomes (2.17 ± 0.10 µM). The enhanced potency of the DOX-loaded,
PP75-coated liposomes was due to the efficient, synergistic liposomal release of DOX and endosomal
escape. This suggests the promising applications of this virus-mimicking liposomal delivery system for
efficient, pH-triggered intracellular drug delivery.

4. CONCLUSIONS
A novel, virus-mimicking, pH-sensitive liposomal delivery platform was successfully developed by
surface-functionalization of the self-assembled EPC/cholesterol liposomes with the influenza viral
peptide-mimicking, anionic pseudo-peptides. The pH-responsive release resulted from the liposomal
membrane destabilization by the pseudo-peptidic polymers and was well controlled by varying the
cholesterol proportion and the amount and amphiphilicity of the adsorbed polymers. The PP75-coated
liposomes were optimal, showing no leakage at pH 7.4 but a complete content release at endosomal pH
of 5.0-6.8. This pH-sensitive release profile was dilution-resistant, which is of crucial importance for a
drug delivery formulation that would be dramatically diluted upon administration into the bloodstream.
Liposomal particle aggregation was observed at pH below 5.0 and the size change was reversible,
probably due to the bridging effect. The adsorbed polymer well retained its pH-responsive membranedestabilizing activity, and as a result, the PP75-coated liposomes efficiently destabilized the erythrocyte
membrane at early endosomal pH, whilst necessarily exhibited a low hemolysis at physiological pH.
The pH-sensitive liposomal carriers were well tolerated by HeLa cells. The high efficiency of the novel
PP75-coated, virus-mimicking liposomal system in endosomal escape into the cell cytoplasm, which
together with the efficient pH-responsive liposomal release of DOX, led to the considerably enhanced
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potency towards HeLa cells over the DOX-loaded bare liposomes. This suggests its great potential
applications in intracellular drug delivery.

SUPPORTING INFORMATION
Mean hydrodynamic diameters of the liposomes before and after polymer coating, FT-IR and 1H-NMR
spectra of PLP, PP25, PP50 and PP75, size distribution of the bare and PP75-coated liposomes, lipid
mixing assay, and the confocal images showing the subcellular localization of calcein as a model drug
loaded inside the liposomes.
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