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Comparison of two methods for tumour-targeting peptide

modification of liposomes

Shi-gi Huang', Han-ming Zhang', Yi-cong Zhang', Lu-yao Wang', Zhi-rong Zhang' and Ling Zhang'

Liposomes decorated with tumour-targeting cell-penetrating peptides can enhance specific drug delivery at the tumour site. The
TR peptide, c(RGDfK)-AGYLLGHINLHHLAHL(Aib)HHIL, is pH-sensitive and actively targets tumour cells that overexpress integrin
receptor a,B3, such as B16F10 melanoma cells. Liposomes can be modified with the TR peptide by two different methods:
utilization of the cysteine residue on TR to link DSPE-PEG2000-Mal contained in the liposome formula (LIP™) or decoration of TR
with a C18 stearyl chain (C18-TR) for direct insertion into the liposomal phospholipid bilayer through electrostatic and hydrophobic
interactions (LIP<'®™®). We found that both TR and C18-TR effectively reversed the surface charge of the liposomes when the
systems encountered the low pH of the tumour microenvironment, but LIP<'®™ exhibited a greater increase in the charge, which
led to higher cellular uptake efficiency. Correspondingly, the ICso values of PTX-LIP™ and PTX-LIP<'® ™ in B16F10 cells in vitro were
2.1-fold and 2.5-fold lower than that of the unmodified PTX-loaded liposomes (PTX-LIP), respectively, in an acidic microenvironment
(pH 6.3). In B16F10 tumour-bearing mice, intravenous administration of PTX-LIP™® and PTX-LIP'®™® (8 mg/kg PTX every other day
for a total of 4 injections) caused tumour reduction ratios of 39.4% and 56.1%, respectively, compared to 20.8% after PTX-LIP
administration. Thus, we demonstrated that TR peptide modification could improve the antitumour efficiency of liposomal delivery
systems, with C18-TR presenting significantly better results. After investigating different modification methods, our data show that

selecting an adequate method is vital even when the same molecule is used for decoration.
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INTRODUCTION
Tumours consume more oxygen and other nutrients than the
surrounding normal tissues to meet their needs for excessive
overgrowth, which ultimately results in the oversecretion of lactic
acid and a highly acidic physical microenvironment [1-3]. The
acidic microenvironment of tumour sites is commonly exploited in
cancer therapy to achieve specific drug delivery using pH-
responsive strategies [4]. However, an active targeting strategy
using particular ligands is another attractive approach to enhance
the site-specific delivery of therapeutic drugs [5, 6].
Chemotherapy and surgery are usually used in clinical cancer
treatments [7-9]. Paclitaxel (PTX) is a widely utilized anticancer
chemotherapy drug that has poor solubility in the aqueous phase
and lacks tumour targeting ability [10-13]. Liposomes are a
common drug delivery system that can enhance the therapeutic
effect of PTX and improve its solubility [14, 15]. To further
strengthen the tumour targeting capability of liposomes, decora-
tion with functional cell-penetrating peptides (CPPs) is a useful
method [16, 17]. CPPs are simple to synthesize, functionalize and
characterize, possess cancer cell penetration abilities without
undesirable cytotoxicity, and can be attached to the surface of
liposomes in various ways. Because CPPs lack the ability to attach
to the membrane to be involved in a linking reaction, additional
membrane-binding molecules are necessary [18-22].

The integrin receptor a,(3s is highly and selectively expressed on
the surface membrane of many tumour cells, such as B16F10
melanoma cells [23, 24]. Based on the protonation and
deprotonation process of histidine under different pH conditions,
a research group fabricated a histidine-rich pH-sensitive peptide
TH (AGYLLGHINLHHLAHL(Aib)HHIL-NH,) and connected it to the
cyclic integrin receptor a,fs targeting peptide [c(RGDfK)] [25]. The
whole peptide, named TR, can facilitate tumour targeting and
charge conversion for liposomes; hence, TR-modified liposomes
could selectively deliver loaded drugs into tumour cells over-
expressing integrin receptor a,f33 and possess pH-responsive cell
penetration ability in an acidic microenvironment [25, 26].

There are two totally different methods to effectively anchor the TR
peptide to the outer surface of liposomes: linking the cysteine residue
on TR [c(RGDfK)-AGYLLGHINLHHLAHL(Aib)HHIL-Cys] to DSPE-
PEG2000-Mal contained in the liposome formula (LIP™®), where
DSPE-PEG2000-TR is formed on the surface of liposomes [25, 27], or
decorating the lysine residue on TR with a C18 stearyl chain [named
C18-TR, c(RGDfK)-AGYLLGHINLHHLAHL(Aib)HHIL-Lys-C18] for direct
insertion into the liposomal phospholipid bilayer through electro-
static and hydrophobic interactions (LIP<'®™) [28, 29]. The added C18
chain does not affect peptide function due to its small size.

In this research, we encapsulated PTX into liposomes and
anchored the TR peptide onto liposomes using the above
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Basic structures of PTX-LIP<'®™ and PTX-LIP™. The surface charges of these formulations changed from negative to positive in

the acidic tumour microenvironment, where they selectively targeted integrin receptor a,fs-overexpressing melanoma cells.

methods. We conducted an in vitro cell uptake study and a
cytotoxicity study under different pH conditions and an in vivo
anticancer assay to investigate the differences between the two
methods to modify liposomes with this tumour-targeting peptide
to treat melanoma (Scheme 1).

MATERIALS AND METHODS
Materials and animals
The C18-TR [c(RGDfK)-AGYLLGHINLHHLAHL(Aib)HHIL-Lys-C18] and
TR [c(RGDfK)-AGYLLGHINLHHLAHL(Aib)HHIL-Cys] peptides were
synthesized according to standard solid-phase peptide synthesis
by Zheliang Ontores Biotechnologies Co. Ltd. (Hangzhou, China).
Paclitaxel was purchased from Ji'anTe Technology Co. Ltd.
(Chengdu, China). Soybean lecithin (S100) was obtained from
Lipoid Co. Ltd. (Ludwigshafen, Germany). Cholesterol was
purchased from AV.T. Pharmaceutical Co. Ltd. (Shanghai, China).
DSPE-PEG2000 and DSPE-PEG2000-Mal were purchased from
Laysan Bio, Inc. (Laysan, California, USA). 1,10-Dioctadecyl-
3,3,30,30-tetramethylindodicarbocyanine 4-chlorobenzene sulfo-
nate salt (DiD) was obtained from Biotium (Hayward, California,
USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bro-
mide (MTT) was purchased from Biosharp (Shanghai, China).
Other chemicals were obtained from commercial sources.
Female C57BL/6 mice were purchased from Chengdu Dashuo
Biological Institute (Chengdu, China).

Preparation and characterization of the liposomes

Liposomes decorated with peptides by different methods were
prepared using thin-film hydration [30, 31]. The liposomes were
composed of S100, cholesterol, DSPE-PEG2000 and DSPE-
PEG2000-Mal (3:1:0.33:0.66, w:w:w:w). All lipid materials were
dissolved in chloroform, and then the organic solvent was
removed through rotary evaporation at 40 °C to form a uniform
lipid film. The lipid film was hydrated in HEPES buffer (10 mM, pH
7.4) at 40 °C, dispersed with a probe-type ultrasonicator (JY92-II
sonicator, Scientz, Ningbo, China) in an ice bath and further
filtered through a 0.22 um filter to obtain blank liposomes (LIP).
PTX-loaded liposomes (PTX-LIP) were prepared with PTX added to
the lipid organic solution (PTX: lipids = 1:13, w:w) with the other
membrane materials prior to the evaporation step, and then the
organic solvent was removed to form the film, hydrated with
HEPES buffer and ultrasonicated. Subsequently, to prepare
peptide-decorated liposomes through the C18 insertion method
(PTX-LIPS'®™) the C18-TR peptide was incubated with the
precooled PTX-LIP at 4°C for 0.5 h, and C18-TR was inserted into
the liposomal phospholipid bilayer [28]. In addition, to prepare
peetide—decorated liposomes through the coupling method (PTX-
LIP™), the TR peptide was incubated with PTX-LIP at 37 °C for 4 h,

Acta Pharmacologica Sinica (2023) 44:832 - 840

and DSPE-PEG2000-Mal was conjugated to the cysteine residue on
the TR peptide [32].

PTX-LIP'™® and PTX-LIP<'®™ were obtained by washing with HEPES
buffer and using a Sephadex G-75 column to remove free PTX
and peptide. In addition, DiD-loaded liposomes (DiD-LIP™® and
DiD-LIP<'® ™) were prepared by adding an appropriate amount of
DiD to the solution before the evaporation step. Transmission
electron microscopy (TEM, H-600, Hitachi, Japan) was used to
observe the morphology of PTX-LIP™ and PTX-LIP<'®™ through
negative staining with 2% phosphotungstic acid. The particle sizes,
size distribution and zeta potentials of PTX-LIP™ and PTX-LIP<'®® at
pH 7.4 and pH 6.3 were measured by a Malvern Zetasizer Nano ZS90
instrument (Malvern Instruments Ltd., UK) at 25 °C.

To confirm the successful coupling of TR and DSPE-PEG2000-Mal
and the optimal incubation time, a sulfhydryl detection kit (KeyGEN
BioTECH, Jiangsu, China) was used, which detects the uncoupled
sulfhydryl of the cysteine residue of TR. The absorbance was
measured at 412 nm by a microplate reader (Varioskan Flash, Thermo
Fisher Scientific, USA). In addition, to confirm the successful insertion
of C18-TR, a BCA detection kit (Thermo Fisher Scientific, USA) was
used. The peptide conjugation rate was surveyed by the following
equation: (P./Pa) X 100%, where P, is the amount of liposomes
ultimately decorated with TR or C18-TR, and P, is the total amount of
TR or C18-TR added to the liposomes initially. The amount of PTX was
measured by HPLC (Agilent 1260, USA) at a wavelength of 227 nm
[13]. The entrapment efficiency (EE) was determined by the following
equation: W /W, x 100%, where W/ is the amount of drug ultimately
loaded into the liposomes collected from the Sephadex G-75 column,
and W, is the total amount of drug added to the organic solution
initially. The drug loading rate (DL) was calculated by the following
equation: W /(W_ + Wy) X 100%, where W), is the total amount of
lipid material.

In vitro drug release study

The in vitro release of PTX from the different liposomal
formulations was determined using a dialysis method under sink
conditions [33]. An aliquot of PTX-loaded liposomes (PTX-LIP™ and
PTX-LIPS'® ™R 1 mL) was placed into a dialysis bag (MWCO =28
kDa), which was immersed in release media [PBS containing 0.4%
(v/v) Tween 80 (pH 7.4 or pH 6.3)] and incubated at 37 °C with
gentle oscillation for 72 h. At predetermined time points (1 h, 2 h,
4h, 8h, 12h, 24h, 48h and 72h), 1 mL of release media was
sampled and replaced with an equal volume of fresh release
media. Then, each sample was diluted with acetonitrile, and the
concentration of PTX was determined by HPLC.

In vitro stability study in serum

Variations in the particle sizes and turbidity of the liposomes were
measured to demonstrate the serum stability of different
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liposomes in the presence of foetal bovine serum (FBS). In brief,
PTX-LIP™ and PTX-LIP<'®™® were mixed with an equal volume of
FBS at 37 °C with gentle shaking. At predetermined time points,
200 yL of each sample was transferred to a 96-well plate to
measure the transmittance (T) at 750 nm with a microplate reader,
and absorbance (A) was calculated as follows: A = —LogT. Another
200 pl of each of the PTX-LIP™® and PTX-LIPS'®™® samples was
diluted to 1 mL to measure the variation in particle size [13, 34].

Cell line and cell culture

B16F10 cells (a mouse melanoma cell line) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, KeyGEN BioTECH,
China) with 10% FBS and 5% streptomycin/penicillin at 37°C in a
humidified 5% CO, atmosphere. Cells utilized for the assays at pH
6.3 were preadapted to pH 6.3 culture media.

Cellular uptake study

To compare the differences in LIP™® and LIP<'®™® cellular uptake,
B16F10 cells were seeded in a 24-well plate and incubated
overnight. DiD-LIP™® and DiD-LIP*'®™ in media with different pH
values (pH 6.3 and pH 7.4) were added to the plate at a
concentration of 400 ng/ml DiD. After incubating at 37°C for
another 2h, the cells were washed with precooled PBS,
trypsinized, and resuspended in PBS. The fluorescence intensity
was determined using flow cytometry (Cytomics™ FC 500,
Beckman Coulter, USA) with an excitation wavelength of 633 nm
and an emission wavelength of 675 nm. To survey the function of
the TR peptide in the cellular uptake process, B16F10 cells were
seeded in a 6-well plate overnight and incubated with free TR
peptide or normal media (as a control group) for 1 h at 37 °C. After
incubation, the peptide-containing culture medium or normal
medium was replaced by PTX-LIP-, PTX-LIP™® or PTX-LIP<'®TR.
containing media (pH 6.3) for another 2h of incubation. The
content of intracellular PTX was determined by liquid
chromatography-mass spectrometry combined with liquid chro-
matography (LC-MS/MS).

In vitro cytotoxicity study

The toxicity of different peptide-loaded liposomes to B16F10 cells
was evaluated using the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2-H-tetrazolium bromide (MTT) method at different pH values.
B16F10 cells were inoculated in 96-well plates, and after overnight
incubation, free PTX, PTX-LIP, PTX-LIP™, and PTX-LIP<'®™® at pH
7.4 or pH 6.3 were placed into each well for another 24h of
incubation. The media were then replaced with 100 uL of MTT
solution (1 mg/mL), and the cells were cultured for 4 h. Then,
the formazan was dissolved in 150 uL dimethyl sulfoxide. The
absorbance was measured by a microplate reader at 490 nm. The
cell viability (%) in each well was calculated using the following
formula: (Asample - Ablank)/(Acontrol - Ablank) X 100%, where Asamplel
Acontrol and Apjank represent the absorbance values of the cells
treated with the different test solutions and blank culture media
and blank wells, respectively. The toxicity of the bare formulations
(LIP, LIP™® and LIP<"® ™) to B16F10 cells was evaluated using the
same method at pH 6.3.

Tumour model

All animal experiments were performed in accordance with the
experimental guidelines of the Animal Experimentation Ethics
Committee of Sichuan University. B16F10 cells were subcuta-
neously injected into the left flanks of female C57BL/6 mice to
establish melanoma tumour-bearing model mice. Tumour volume
(mm?®) was measured as follows: [length x width?]/2.

Biodistribution study

To investigate the differences in the tumour-targeting abilities of
LIP™ and LIP*'®™ in vivo, tumour-bearing mice with an average
tumour volume of 200-500 mm> were randomly assigned to
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different groups and intravenously (iv) injected with sterile saline,
DiD, DiD-LIP, DiD-LIP™, and DiD-LIP<'®™ at a dose of 200 ug/kg
DiD. At 24 h, the mice were sacrificed, and the hearts, livers,
spleens, lungs, kidneys and tumour tissues were collected and
photographed with an IVIS® Spectrum system (Caliper, USA).

To quantify the effect of peptide modification on the
distribution of PTX in vivo, tumour-bearing mice were randomly
divided into fourcgroups and iv injected with PTX, PTX-LIP, PTX-
LIP™, and PTX-LIP'®™ at a dose of 8 mg/kg PTX. At 24 h, the mice
were sacrificed, and the hearts, livers, spleens, lungs, kidneys and
tumour tissues were collected and weighed. Two volumes of
physiological saline were added to each sample, and the mixtures
were homogenized with the aid of a homogenizer (Precellys 24,
Bertin, France). The distribution of PTX in the different organs was
measured by LC-MS/MS.

Antitumour efficacy

When the mouse tumour volumes reached approximately 50 mm?,
the mice were weighed, assigned to different groups, and iv
injected with sterile saline, free PTX, PTX-LIP, PTX-LIP'®, or PTX-
LIP<'®® at a dose of 8 mg/kg PTX every other day for a total of 4
injections. The day of tumour treatment was defined as d 1, and
tumour volume was measured every other day. The tumour growth
inhibition rate was calculated as (1 — Wieated/Weontrol) X 100%,
where Wyeated and Weontol represent the mean tumour weights in
the treated groups and the control group, respectively. On d 11, all
the mice were sacrificed, and the tumours were collected,
photographed and weighed. Additionally, haematoxylin and eosin
(HE) staining of paraffin-embedded tumours was conducted.

Statistical analysis

Data are reported as the mean+SD (standard deviation).
Comparisons among multiple groups were evaluated by one-
way ANOVA, and *P-value <0.05, **P-value <0.01, ***P-value <
0.001, ****P  value <0.0001 were considered statistically
significant.

RESULTS

Preparation and characterization of the different liposomes

The particle sizes and zeta potentials of PTX-LIP, PTX-LIP™®, and
PTX-LIP<'®TR were determined by dynamic light scattering (DLS),
and their shapes were examined by TEM. The sizes of both PTX-
LIP™ and PTX-LIP<'®R were less than 200 nm, and their shapes
were spherical (Fig. 1a, ¢, d). The pH-sensitive and tumour-
targeting CPPs C18-TR and TR were synthesized using standard
solid-phase peptide synthesis methods. The optimal reaction time
between TR and DSPE-PEG2000-Mal was 4 h (Table 1). The peptide
conjugation rates of C18-TR and TR were 87.8% + 1.48% and
85.8% + 1.67%, respectively. The peptide modification density
rates of C18-TR and TR were 36.3% +0.6% and 22.6% * 0.4%,
respectively. The zeta potentials of PTX-LIP™® and PTX-LIPC'®™®
turned from negative at pH 7.4 to positive at pH 6.3 (Fig. 1b,
Table 2), indicating that TR was coupled to PTX-LIP through
reaction between the cysteine residue of TR and maleimide of
DSPE-PEG2000-Mal [35] and that the C18-TR peptide was
successfully inserted into the phospholipid bilayer of the
liposomes via electrostatic and hydrophobic interactions [36].
However, PTX-LIP<'®TR exhibited better charge conversion ability,
as the zeta potential changed from —6.37+0.61mV to
+8.99 £ 0.18 mV, indicating that the peptide modification method
of insertion into the liposomal phospholipid bilayer would
promote liposomal entry into cells in the tumour microenviron-
ment by electrostatic adsorption.

In vitro PTX release profile and stability study

An in vitro PTX release study was conducted to determine
whether the drug release properties would be influenced by
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Table 1. Conjugation rates of TR and DSPE-PEG2000-Mal after
different lengths of time.

Reaction time (h) Conjugation rate (%)

1 64.6+0.92
2 734158
4 85.8+1.67
8 86.1%1.59
24 86.6+0.96
Table 2. Particle sizes, PDls, zeta potentials, EEs, and DLs of PTX-LIP,

PTX-LIP™® and PTX-LIP<'®™R at pH 7.4 and pH 6.3 (mean +SD, n = 3).

pH Size (hm)  PDI Zeta potential (mV) EE (%) DL (%)

PTX-LIP 74 147.1+£29 0.189+0047 —1693+0.26 90.0£3.6 647024
63 1551+32 0214+0030 -16.60+0.16

PTX-LIP™ 74 1565+48 0238+0047 —7.76+0.28 893+17 643+0.11
63 1520+54 0.242+0.025 477+0.29

PTX-LIP'®™ 74 1529485 022040022 —6.37+061 883+26 6.36+0.18
63 1552%3.0 0.251+0.022 8.99+0.18

different peptide-modified liposomes under different pH condi-
tions (Fig. 2). LIP, LIP*'®™ and LIP™ all showed similar sustained
release patterns in a pH-independent manner. No initial burst
release behaviour was observed. These results showed that pH-
sensitive peptide modification and the different peptide modifica-
tion methods did not affect the release profile of PTX.

To investigate the stability of the different liposomes in a
biological environment, transmittance and particle size variations
were measured in 50% FBS, which mimics conditions in vivo.
These two important parameters of LIP, LIP™® and LIP<'®™®
displayed little alteration after 72h (Fig. 2c, d), indicating that
they were all stable and would not aggregate in vivo, which may
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be due to the protective ability provided by PEGylation that
reduced the interactions between serum proteins and the
liposomes [25, 32, 37].

In vitro cell uptake study and cytotoxicity study

The entrapment efficiencies of DIiD by LIP™ and LIP<'®™® were
95.8% + 1.6% and 96.2% + 2.4%, respectively. B16F10 cells exhib-
ited higher uptake of both DiD-LIP™® (2.6-fold higher) and
DID-LIP<'®™® (8.5-fold higher) than DiD-LIP at pH 7.4. At pH 6.3,
DiD-LIP™ (5.2-fold) and DiD-LIP<'®™® (13.5-fold) displayed better
uptake efficiency than DiD-LIP (Fig. 3a). Moreover, DiD-LIP<'®™®
maintained higher efficiency than DiD-LIP™® under different pH
conditions, indicating that C18-TR-decorated liposomes could
deliver more drugs into B16F10 cells than TR-decorated liposomes;
however, uptake of both of these liposomes occurred in a pH-
sensitive manner. To explore the active targeting capacity of the
TR peptide, free peptide was employed to block the integrin
receptors highly expressed on melanoma cells. The results (Fig. 3b)
demonstrated that the internalization efficiency of both LIP™ and
LIPS'®*™ was influenced by the free TR peptide. The inhibition
rates of the LIP™™- and LIP“'®™-treated groups were 28.79% and
40.87%, respectively.

The toxicity of the different liposomal formulations to B16F10 cells
was examined using MTT assays (Fig. 3c-e, and Table 3). At a
concentration of 24 uM PTX, the cell viability in the PTX-LIP-, PTX-
LIP™- and PTX-LIP<"® ™ treated groups was 59.0%, 39.0% and 36.5%
at pH 74 and 56.9%, 27.7% and 17.2% at pH 6.3, respectively,
showing that the in vitro antiproliferative activities of PTX-LIP™ and
PTX-LIP*'®™ increased in a pH-dependent fashion, while C18-TR
modification strengthened the antitumour toxicity more effectively
than that of TR. At pH 74, the half-maximal inhibitory concentration
(ICso) values of PTX-LIP™® and PTX-LIP<'®™ were 1.8-fold and 1.9-fold
lower than that of PTX-LIP, respectively. When the pH decreased from
74 to 6.3, the ICso values of PTX-LIP™ and PTX-LIP<'®™ were also
reduced and were 2.1-fold and 2.5-fold lower than that of PTX-LIP,
respectively.
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These results illustrated that both TR and C18-TR exhibited unmodified liposomes, and PTX-LIP<'®™® presented a higher drug
stronger pH-dependent cellular uptake efficiency and tumour cell delivery ability and greater cytotoxicity than PTX-LIP™®,
killing ability in the acidic tumour microenvironment than the
Biodistribution study
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Fig. 4 Tumour-targeting ability of different peptide-modified liposomes. a In vivo whole-body fluorescence images of B16F10 tumour-
bearing mice 24 h after intravenous injection of different DiD-loaded formulations. b The semiquantitation of the in vivo fluorescence intensity
of the mouse tumours 24 h after injection of different DiD-loaded formulations (mean + SD, n = 3). ¥, *** and **** indicate P < 0.05, P < 0.001 and
P <0.0001 vs. DID-LIP<'®™, ¢ Ex vivo fluorescence images of (i) major organs and (i) tumours from mice 24 h after intravenous injection of
different DiD-loaded formulations. d The semiquantitation of the ex vivo fluorescence intensity of the mouse tumours 24 h after injection
of different DiD-loaded formulations (mean + SD, n = 3). *, ** and **** indicate P < 0.05, P < 0.01 and P < 0.0001 vs. DiD-LIP<'® TR, Quantification
of PTX levels in e tumours and f major organs 24 h after injection of different PTX formulations measured by LC-MS/MS (mean = SD, n = 4). *,
** and **** indicate P < 0.05, P<0.001 and P < 0.0001 vs. PTX-LIP<'®TF,
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DID-LIP™ administration. Ex vivo images of tumour tissues also
showed similar results (Fig. 4c, d). The semiquantified data of
fluorescence strength showed that the drug delivery efficiency of
LIP<'®™® was 1.4-fold and 1.7-fold higher than that of LIP™ and LIP,
respectively. These results suggested that LIP<'®™ could accu-
mulate more precisely at tumour sites and deliver more loaded
drugs into tumours than LIP™,

Encouraged by the above results, the differences in PTX
distribution in the tumours and major organs influenced by
peptide modification were further examined by LC-MS/MS.
Tumour-bearing mice were euthanized to collect the tumours
and major organs for measurement of the PTX concentrations
(Fig. 4e, f). Both LIPS'®™ and LIP™® delivered more PTX to the
tumour area and reduced nonspecific delivery to the major organs
than traditional liposomes. However, the PTX concentration in the
tumour site after administering LIP<'®™ was 1.5-fold higher than
that after LIP™ treatment, demonstrating that the former peptide
modification, achieved by insertion into the liposomal phospho-
lipid bilayer, had better tumour targeting ability and could exert a
better tumour inhibition effect.
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Fig. 5

Antitumour study

To demonstrate the therapeutic antitumour activity of the different
peptide-modified liposomes, B16F10 tumour-bearing C57BL/6
mice were intravenously injected with saline, free PTX, PTX-LIP,
PTX-LIP™® and PTX-LIP<'® ™. On d 11, the mice were euthanized,
and the tumours were collected (Fig. 5a). Changes in body weight
during treatment reflect systemic toxicity and side effects [40]. The
body weight indices of all groups showed a slight increase (Fig. 5b),
indicating that the formulations exhibited low systemic toxicity
[41, 42]. The mouse tumour volumes were effectively impaired
after PTX-LIP™ and PTX-LIP*'®™® treatment compared with the
control group, where the tumour weights were 2.51+0.26 g and
1.81+0.21g and the tumour reduction ratios were 39.4% and
56.1%, respectively (Fig. 5a, c—e). Moreover, mice treated with PTX-
LIP displayed only weak tumour inhibition, in which the tumour
weight was 3.27+0.36g and the tumour reduction ratio was
20.8%. The HE images showed that PTX-LIP'®*™® caused more
necrosis and stronger antiproliferative effects in vivo than the PTX-
LIP and PTX-LIP™® (Fig. 5f). Cell necrosis in the control group was
attributed to ischemia and hypoxia caused by tumour overgrowth
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In vivo antitumour efficiency of prepared drug delivery systems. a Images of tumours at the end of treatment (mean +SD, n=5).

b The body weight changes and ¢ tumour volume curves of B16F10 tumour-bearing mice during treatment (mean + SD, n = 5). d The tumour
weights and e tumour inhibition rates of different formulation-treated mice at the end of treatment (mean +SD, n=5). f HE staining of
tumour tissues after treatment. Scale bar, 50 um. *, ** and **** indicate P < 0.05, P < 0.01 and P < 0.0001 vs. PTX-LIP<'®™® or PTX-LIP™R,
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[43]. These data revealed that both TR and C18-TR modification
could enhance the tumour inhibition ability of liposomes
compared with unmodified liposomes, while the addition of C18-
TR could suppress tumour growth to a greater extent than the
addition of TR.

DISCUSSION

In this study, the performances of two different peptide
modification methods were investigated. The model molecule
applied was the pH-sensitive TR peptide, which actively targets
tumours overexpressing integrin receptors and improves cellular
internalization. The TR peptide was either conjugated to
liposomes containing DSPE-PEG2000-Mal via its cysteine residue
or directly inserted into the liposomal phospholipid bilayer by
electrostatic and hydrophobic interactions with the addition of a
C18 chain to TR (C18-TR). Moreover, the DSPE-PEG2000 chains in
the liposomes may also reduce the nonspecific binding of
biomolecules in the tumour microenvironment [44]. We found
that the modified liposomes displayed better charge reversal
ability in the acidic tumour microenvironment, and higher
internalization and tumour suppression were observed with the
latter method (LIP'®™F). We suggest that both the C18 stearyl
chain and the DSPE-PEG2000-Mal spacer could move the peptide
away from the liposomal surface; however, the DSPE-PEG2000-Mal
chain is longer and more flexible than C18. Therefore, DSPE-
PEG2000-Mal may reduce the influence of TR on the surface
charge of the liposomes, thus leading to weaker charge reversal
ability and cell internalization efficiency. In addition, the long
stearyl chain from the C18 linker inserted into the liposomal lipid
bilayer could decrease the permeability and leakage of the
entrapped drug in vivo; hence, more antitumour drugs would be
delivered to the tumour site to exert its tumour suppression effect
[45, 46]. Moreover, the membrane-binding molecule C18 can
anchor more functional peptides onto liposomes than DSPE-
PEG2000-Mal, which would further strengthen its charge reversal
and tumour targeting abilities [47]. Decoration with alkyl chains
could even enhance the stabilization, biocompatibility, membrane
permeability and secondary structure of CPPs [48-51]. However,
the detailed mechanism of these differences involves multiple
factors and requires further investigation. Nonetheless, both types
of TR-modified liposomes improved tumour suppression efficiency
and reduced the in vivo side effects and toxicity of the delivery
system. Therefore, surface modification is an effective way to
improve liposomal delivery systems, but the exact modification
method requires evaluation for better outcomes.
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