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ABSTRACT: The network of collagen I in tumors could prevent
the penetration of drugs loaded in nanoparticles, and this would
lead to impaired antitumor efficacy. In this study, free losartan (an
angiotensin inhibitor) was injected before treatment to reduce the
level of collagen I, which could facilitate the penetration of
nanoparticles. Then the pH-sensitive cleavable liposomes (Cl-Lip)
were injected subsequently to exert the antitumor effect. The Cl-Lip
was constituted by PEGgg-Hydrazone-PE and DSPE-PEG,-R8.
When the Cl-Lip reached to the tumor site by the enhanced
permeability and retention (EPR) effect, PEGsx-Hydrazone-PE was
hydrolyzed from the Cl-Lip under the low extra-cellular pH
conditions of tumors, then the R8 peptide was exposed, and finally
liposomes could be internalized into tumor cells by the mediation of
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R8 peptide. In vitro experiments showed both the cellular uptake of Cl-Lip by 4T1 cells and cytotoxicity of paclitaxel loaded Cl-
Lip (PTX-Cl-Lip) were pH sensitive. In vivo experiments showed the Cl-Lip had a good tumor targeting ability. After depletion
of collagen I, Cl-Lip could penetrate into the deep place of tumors, the tumor accumulation of Cl-Lip was further increased by
22.0%, and the oxygen distributed in tumor tissues was also enhanced. The antitumor study indicated free losartan in
combination with PTX-Cl-Lip (59.8%) was more effective than injection with PTX-Cl-Lip only (37.8%) in 4T1 tumor bearing
mice. All results suggested that depletion of collagen I by losartan dramatically increased the penetration of PTX-Cl-Lip and
combination of free losartan and PTX-CL-Lip could lead to better antitumor efficacy of chemical drugs. Thus, the combination
strategy might be a promising tactic for better treatment of solid tumors with a high level of collagen I
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1. INTRODUCTION

Breast cancer was one of the most prevalent cancers among
females."” A vital challenge of chemotherapy for breast cancer
was to deliver drugs effectively into tumor tissues.>* Nano-
particles had emerged as a valid drug carrier for cancer therapy,
which could enhance the intratumoral accumulation of the
payloads in nanoparticles and reduce the toxic side effects of
small-molecule drugs.5’6

Although we could take advantage of the enhanced
permeability and retention (EPR) effect to deliver nanoparticles
to the tumor area,”® the extracellular matrix (ECM) in tumors
still hampered the penetration of nanoparticles, especially the
network of collagen.” These collagen constituted up to 90% of
ECM and was widespread in breast cancers and pancreatic
cancers.'’ There were nearly 28 types of collagen being
identified. Apart from collagen IV which provided structural
support to organs and tlssues, collagen I could construct a
network between tumor cells."" The collagen I linked to tumor
cells directly through the cell matrix and indirectly through
cell—cell reactions. With the progression of tumors, the
collagen I fibers straightened, bundled, and aligned. When the
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nanoparticles and oxygen reached to the tumor area, the
collagen I fibers could prevent them from getting in touch with
the tumor cells distributed in the deep sites of tumors.
Therefore, the collagen I network could be an intrinsic
transportatlon barrier to the functional nanoparticles and
oxygen.”'” Strategies to decrease the level of collagen I before
treatment could improve the penetration of nanoparticles and
oxygen in tumors.

As an angiotensin inhibitor, losartan had high safety and low
cost. More importantly, losartan could deplete collagen I in
collagen-rich tumors including breast cancer and pancreatic
cancer. In addition, losartan would not promote the tumor
growth at a low dosage.'”" Thus, losartan might be a
promising agent which was injected before the treatment to
overcome the drawback of the tumor microenvironment. By
this way, the high penetration of drugs and oxygen distribution
in tumor tissues could be achieved.
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After the modification of the tumor microenvironment, it was
necessary to effectively transport the drugs to tumors. If we
could establish a system with high tumor targeting ability and
high internalization ability, the “better” tumor environment
after depletion of collagen I could be made full use of and the
desired antitumor efficacy could be obtained. So researchers
modified the traditional PEG nanoparticles by many methods
to achieve these two aims. Cell-penetrating peptides (CPPs)
had been utilized for the superior ability to be taken up by
tumor cells, but the in vivo a4pphcatlon was limited for the poor
selectivity of themselves.'* To overcome this bottleneck
cleavable PEG with enzyme-sensitivity,'> pH-sensitivity,"®
reduction-sensitivity'” was widely used in drug delivery
systems.

Here we constructed an intelligent pH sensitive cleavable
liposomal drug delivery system (Cl- Ll})) by utilizing the low
extracellular pH of tumors (Scheme 1)."® It consisted of a short

Scheme 1. Schematic Illustration about the Effect of
Losartan and the pH Sensitive Liposomes (PTX-Cl-Lip) in
Tumor Area
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PEG attached by R8 peptide and a long pH-sensitive PEG
derivative. R8 peptide was selected to enhance the cellular
uptake of liposomes by tumor cells.'” The long pH-sensitive
PEG derivative was synthesized to overcome the nonselectivity
of R8 peptide, and it was linked by a hydrazone bond. The
hydrazone bond was selected because of the high pH sensitivity
of the bond itself”®*' R8 peptide was shielded in blood
circulation, when the liposomes accumulated to tumors by the
EPR effect, R8 peptide could be exposed by the hydrolysis of
PEG;g-Hydrazone-PE under the low extracellular pH of
tumors, then the liposomes internalized into the tumor cells
by mediation of R8 peptide. Through this method, the drug
delivery system owned a high tumor targeting ability and
cellular internalization ability at the tumor area. Meanwhile,
paclitaxel (PTX) was applied as a model drug loaded in the
liposomes to avoid the toxicity of Cremophor EL/ethanol and
serious side effects such as neurotoxicity and hypersensitivity
reactions of free PTX.>***

In summary, in this study, free losartan was administered
before treatment, after the collagen I was significantly depleted
by losartan, the pH sensitive liposomes (PTX-Cl-Lip) was
subsequently injected (Scheme 1). We hoped that by the
depletion of collagen I, the PTX-Cl-Lip could penetrate deeply
into tumors and more PTX loaded in liposomes could
accumulate in tumors. As a result, the PTX-Cl-Lip could
exert a higher antitumor efficacy compare to the monotherapy.
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The combination strategy not only relieved the intrinsic
weakness of the tumor microenvironment but also took
advantage of passive targeting. At the same time, it could also
avoid poor selectivity of CPPs and utilize the high internal-
ization of CPPs. The prompt agent we used (losartan) was
cheap and safe, and the drug delivery system we utilized had
higher cellular internalization ability than the PEGlyation
systems. Additionally, this combination strategy could notice-
ably enhance the antitumor efficacy to solid tumors with a high
level of collagen I, and it hadn’t been reported before. In our
study, 4T1 cells were selected for high expression of collagen

® The strategy was evaluated by the pH-sensitivity of the
PTX Cl-Lip, the level of collagen after injection of free losartan,
the tumor distribution of liposomes with preinjection of free
losartan, and antitumor efficacy of free losartan in combination
with PTX-Cl-Lip.

2. MATERIALS AND METHODS

2.1. Materials. Methoxy (Polyethylene glysol)-5000 propionalde-
hyde (PEGgx-CHO) was purchased from Jenkem Technology Co.
Ltd. (Beijing, China). 3-(2-Pyridyldithio) propionyl hydrazide
(PDPH) was purchased from Thermo Fisher Scientific Inc. (Waltham,
MA). 1,2-Dipalmitoyl-sn-glycero-3-phosphothioethanol (PE-SH), 1,2-
distearoyl-sn-glycero-3-phosphoethalamine-N-[ methoxy(polyethylene
glycol)-2000] (DSPE-PEG,x-OMe), 1,2-distearoyl-sn-glycero-3-phos-
phoethalamine-N-[maleimide(polyethylene glycol)-2000] (DSPE-
PEG,¢-Mal), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
(carboxyfluorescein) (CFPE) were purchased from Avanti Polar Lipids
(Alabaster, AL). Soybean phospholipid (SPC) was purchased from
Shanghai Advanced Vehicle Technology Ltd. Co. (Shanghai, China).
Cholesterol was purchased from Chengdu Kelong Chemical Company
(Chengdu, China). R8 peptide with a terminal cysteine (Cys-
RRRRRRRR) was purchased from Chengdu Kai Jie Biopharmaceutical
Co. Ltd. (Chengdu, China). 1,1’-Dioctadecyl-3,3,3',3'-tetramethylin-
dodicarbocyanine and 4-chlorobenzenesulfonate salt (DiD) were
purchased from Biotium (Hayward, CA). Paclitaxel (PTX) was
purchased from AP Pharmaceutical Co. Ltd. (Chongqing, China).
losartan was purchased from Meilun Biotech Co. Ltd. (Dalian, China).
4/-6-Diamidino-2-pheylindole (DAPI) and 3-(4,5-dimethylthiazol-2-
yl)-2,S-diphenyltetrazolium bromide (MTT) were purchased from
Beyotime Institute Biotechnology (Haimen, China). The Annexin V-
FITC/PI apoptosis detection kit was purchased from KeyGEN
Biotech (Chengdu, China). Rabbit HIF-alpha (HIF-a) antibody and
CD34 antibody were purchased from Abcam (Cambridge, MA). Alexa
Fluor488 donkey antirabbit IgG (H+L) was purchased from Jackson
Immuno Research (West Grove, PA). Rabbit Collagen I antibody was
purchased from Proteintech (Chicago, IL). Evans Blue was purchased
from Baoxin Biotech (Chengdu, China). Cell culture plastic plates
were purchased from Wuxi NEST Biotechnology Co. (Wuxi, China).
Other chemicals were purchased from relevant commercial companies.

Female Balb/c mice were purchased from the West China Animal
Center of Sichuan University (Chengdu, China). All animal
procedures were carried out under the protocol approved by the
Experiment Animal Administrative Committee of Sichuan University.

2.2. Synthesis of PEGs-Hydrazone-PE. The synthesis proce-
dure of PEGg,-Hydrazone-PE was carried out by a two-step procedure
according to previous method with some modifications™ (Figure S1 in
the Supporting Information). For step 1, SO mg (0.21 mmol) cross-
linker PDPH and 228 mg (0.04 mmol) PEGg-CHO were dissolved in
2 mL of anhydrous chloroform with the ratio 1:5 (—~CHO/—NH,).
The reaction mixture was stirred at room temperature for 48 h. The
product PEG;y-Hydrazone-PDP was obtained by ether-precipitation.
The yield of the product was 90.2%. The unconverted reactant PDPH
in ether solution was collected for the same reaction next time. For
step 2, 250.2 mg (0.033 mmol) of PEGg-Hydrazone-PDP, 13.7 mg
(0.013 mmol) of PE, and 36.9 L (0.12 umol) of TEA were dissolved
in 2 mL of anhydrous chloroform with the ratio 2.5:1:0.1 (PEGg-
Hydrazone-PDP/PE/ TEA). After 24 h reaction at room temperature,
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the mixture was concentrated by a rotary evaporator and precipitated
by dry ether overnight. The precipitation was dissolved in deionized
water with pH 10.5 (1 M NaOH) to get the PEGg-Hydrazone-PE
micelles. The unreacted PEGgg-Hydrazone-PE and 2-SH Pyridine
were separated by a CL-4B column. Then the purified micelles were
freeze-dried to obtain the final product. The yield of the product was
70.1%. The structure and molecular weight of PEGsk-Hydrazone-PE
were confirmed by "H NMR and mass spectrometry.

2.3. Synthesis of DSPE-PEG,,-R8. In total, 10.0 mg (3.39 yimol)
of DSPE-PEG,x-Mal was dissolved in 4 mL of dry chloroform, and 7.2
mg (5.01 ymol) of cys-R8 in 2 mL of dry methanol was added in the
above solvent, then 2 uL of TEA was added in the mixture solvent and
reacted for 24 h under nitrogen atmosphere. The mixture solvent was
evaporated by a rotary evaporator. The residue was redissolved in
chloroform and the solvent was evaporated with a rotary evaporator
once again to acquire the purified product. The yields of the product
was 79.7%. The product was validated by mass spectrometry.

2.4. Preparation of Liposomes. Three kinds of liposomes were
prepared by the thin film hydration method. PEGylated liposomes
(PEG-Lip) were prepared by cholesterol, SPC, and DSPE-PEG-
OMe at the molar ratio of 35:65:0.8. R8 modified liposomes (R8-Lip)
were prepared by cholesterol, SPC, and DSPE-PEG,-R8 at the molar
ratio of 35:65:0.8. PEGsx-Hydrazone-PE and R8 peptide surface-
modified liposomes (Cl-Lip) were prepared by cholesterol, SPC,
DSPE-PEG,-R8, and PEGgg-Hydrazone-PE at the molar ratio of
35:57:0.8:8. All liposomal compositions were dissolved in chloroform,
and then chloroform was removed from the mixture by a rotary
evaporator to form lipid films and the films were further kept in
vacuum overnight. All films were hydrated with PBS (pH 8.0) at 37
°C. The hydrated fluid was sonicated at 4 °C for 100 s to form
liposomes. The liposomes were preserved at 4 °C for more
experiments. For CFPE, DiD, PTX loading, a certain concentration
of these materials were dissolved separately in chloroform and mixed
with liposomal compositions before forming lipid films.

2.5. Characterization of Liposomes. The mean size and zeta
potential of PEG-Lip, R8-Lip, and Cl-Lip were determined using a
Malvern Zetasizer Nano ZS90 (Malvern Instruments Ltd., U.K.). The
morphology of Cl-Lip was observed by a transmission electron
microscope (TEM) (JEM-100CX, JEOL, Japan). The entrapment
efficiency of PTX loaded liposomes was measured by high-perform-
ance liquid chromatography (HPLC, Alltech).

The serum stability of liposomes was determined in S0% fetal
bovine serum (FBS). Briefly, the liposomes were incubated with the
same volume of fetal bovine serum at 37 °C with shaking of 7S rpm for
24 h. The transmittance of the samples was detected at different time
points under 750 nm by a micro plate reader (Thermo Scientific
Varioskan Flash).

The drug release of PTX-loaded liposomes was determined by the
dialysis method. The drug-loaded liposomes were dispersed in 1 mL of
PBS and sealed tightly in dialysis tubes (MW = 8000). Then the
dialysis tubes were immersed in 40 mL of PBS containing 1% Tween-
80 and incubated under 37 °C with shaking of 75 rpm for 48 h. A
volume of 100 uL of release media was taken out and replaced with
the same volume of fresh release media at predetermined time
intervals. The concentration of released PTX was determined by
HPLC.

2.6. In Vitro pH Sensitivity of PEG;-Hydrazone-PE. In total,
4.0 mg of PEGk-Hydrazone-PE was used to form 2 mL of micelles by
the thin film hydration method. Then the micelles were divided into 4
equal volumes and added into 1.0 mL of PBS of different pH (pH 5.0,
pH 6.0, pH 7.4, and pH 8.0), respectively. After incubation at 37 °C
for different times, 100 yL of mixture was removed from the samples
and replaced with the same volume of fresh PBS of different pH.
Ultrafiltration was used to separate the PEGx-Hydrazone-PE micelles
and free PEGgy, and the molecular weight cutoff (MWCO) was set to
100 kDa. Free PEGsx was determined by the procedure of Deng et
al2® Briefly, 100 uL of free PEGg was diluted with distilled water to
get the final PEGk concentration within the range of 0—10 pg/mL.
To a 4 mL sample, S00 L of 5% barium chloride solution and 250 uL
of iodine solution were added into free PEGgg solution. Then the
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mixture was allowed to incubate 15 min for color development at
room temperature. The absorbance of the complex was detected at
536 nm by a UV spectrophotometer.

2.7. Cellular Uptake on 4T1 Cells. A volume of 0.1 mL of CFPE-
labeled PEG-Lip and R8-Lip were preincubated in 0.9 mL of serum
free culture media 1640 at pH 7.4 each for 4 h at 37 °C, respectively.
The same volume CFPE-labeled Cl-Lip was preincubated in 0.9 mL of
serum free culture media 1640 at pH 6.0 or pH 7.4 each for 4 h at 37
°C. After the preincubation, the mixture of liposomes and culture
media had its pH raised back to pH 7.4. Then, the culture media
containing liposomes was added to 4TIl cells until the final
concentration of CFPE reached 2 ug/mL. After incubation with 4T1
cells for 2 h at 37 °C, the cells were washed with PBS three times,
treated with 0.25% trypsin solution, and suspended in 0.4 mL of PBS.
The fluorescence intensity of different liposomes treated cells was
detected by a flow cytometer (Cytomics FC 500, Beckman Coulter,
Miami, FL).

For qualitative study, after above CFPE-labeled liposomes incubated
with 4T1 cells for 2 h, cells were washed three times with PBS and
fixed by 4% paraformaldehyde at room temperature for 30 min.
Finally, the nuclei were stained by DAPI for 5 min in the dark. All cells
were observed under a confocal laser scanning microscope (FV1000,
Olympus).

2.8. In Vitro Cytotoxicity Study. The cytotoxicity of blank
liposomes, free losartan, free PTX, and PTX-loaded liposomes were
evaluated by MTT assay.””?® Primarily, 4T1 cells were seeded into 96-
well plates (3000 cells/well) and grew for 24 h. Then the cells were
reacted with a series concentration of blank liposomes, free losartan,
free PTX, and PTX-loaded liposomes, respectively. After 48 h, 20 uL
of MTT solution (S mg/mL) was added into each well and continued
to incubate for another 4 h. The crystals formed were dissolved in 150
UL of DMSO, and the plates were read by a micro plate reader at 490
nm (Thermo Scientific Varioskan Flash).

2.9. In Vitro Apoptosis Study. The quantitative analysis of cell
apoptosis was evaluated by Annexin V-FITC/PI staining, after 4T1
cells were incubated with different liposomes at the dose of 2 ug/mL
for 24 h, the cells were rinsed by PBS three times, suspended in S00
uL of binding buffer, and stained with 5 yL of Annexin V-FITC and 5
uL of PI according to the protocols, after 15 min, the cells were
measured by a flow cytometer (Cytomics FC 500, Beckman Coulter,
Miami, FL).

2.10. Penetration of Evans Blue in Tumors. Evans Blue’s
penetration was regarded as a marker of tumor penetration ability
according to a previous study.”” Female Balb/c mice weighing around
18—20 g were chosen to establish tumor models, and 10° 4T1 cells
were injected into the left flank area of mice. Twenty four mice with
4T1 tumors were randomly divided into different groups. When the
tumors reached to an average volume of 200 mm?®, the mice of each
losartan group received different concentrations of losartan solution
daily by intraperitioneal injection, and the saline group received an
injection of an equal volume of saline every day as well. Two weeks
later, Evans Blue was injected at the dose of 60 mg/kg and allowed the
dye-albumin complex to penetrate into tumor tissues for 24 h, then the
tumor bearing mice were anaesthetized and perfused with PBS to
remove the Evans Blue—Albumin complex in the vascular lumen.
Finally, the tumors were weighed, and Evans Blue was extracted by
formamide for 72 h at 37 °C. The concentration of Evans Blue in
tumor tissues was measured by a UV spectrophotometer at 621 nm.

2.11. Biodistribution Study. When the tumors grew to an
average volume of 200 mm?, the mice were randomly divided into §
groups (Blank, PEG-Lip, R8-Lip, Cl-Lip, and free losartan plus Cl-
Lip), the free losartan plus Cl-Lip group was treated with 40 mg/kg by
peritoneal injection continuously each day for 2 weeks, while the other
groups were injected with the same volume of saline at the same time.
On the last day of treatment, the mice were injected with PBS or DiD-
labeled liposomes at the dose of 25 ug DiD/kg via caudal vein. After
24 h, the mice were imaged with an IVI Spectrum system (Caliper,
Hopkington, MA). Then the mice hearts were perfused and fixed, and
the hearts, livers, spleens, lungs, and kidneys of these mice were
collected and imaged with an IVI Spectrum system. All the separated
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Table 1. Particle Sizes and Zeta Potentials of Blank Liposomes and PTX Loaded Liposomes under pH 7.4 (n = 3)

size (nm) PDI zeta potential (mV) entrapment efficiency (%)
PEG-Lip 99.2 £ 0.5 0.180 + 0.006 —4.71 + 0.11
R8-Lip 101.0 + 1.2 0.241 + 0.008 0.48 + 0.07
CL-Lip 100.0 + 7.7 0.190 + 0.017 —4.36 + 0.24
PTX-PEG-Lip 107.0 + 7.2 0.192 + 0.003 —4.92 + 0.13 94.03 + 1.96
PTX-R8-Lip 122.8 + 4.2 0.231 + 0.015 0.49 + 0.09 89.90 + 2.73
PTX-Cl-Lip 1171 £ 2.1 0.220 + 0.034 —4.69 + 0.08 9428 + 1.40
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Figure 1. (A) Size distribution graph of PTX-Cl-Lip. (B) Size image of PTX-Cl-Lip observed under transmission electron microscope. (C)
Transmittance of different liposomes in 50% FBS (n = 3). (D) PTX release percentage of free PTX and different liposomes over 48 h (n = 3). (E)
PEGg-Hydrazone-PE hydrolysis percentage in different pH conditions (n = 3).

tumors frozen sectioned at the thickness of 10 ym. The samples were
stained by collagen I antibody, HIF-1a antibody, and CD34 antibody,
respectively, and then all samples were stained with DAPI for S min.
Finally, the samples were observed under a confocal laser scanning
microscope (FV1000, Olympus).

2.12. Antitumor Efficacy. Mice bearing 4T1 tumor were
randomly divided into eight treatment groups (n = 6) when the
tumors reached to 100—200 mm?>, then the mice were injected with 40
mg/kg losartan or an equal volume of saline through the peritoneal
cavity subsequently each day, and the mice were injected with saline,
free PTX, or different PTX loaded liposomes via caudal vein at the
dose of S mg/kg every 3 days (4 h after losartan injection). The body
weight and tumor volume of these mice were measured every 2 days.
On the 27th day of the therapy, the mice were sacrificed and the
tumors were separated and washed with cold PBS. Then the tumors
were weighed and photographed. Hematoxylin and eosin (HE)
staining on the paraffin-embeded tumors was performed according to
the standard protocols provided by the manufacturers.

2.13. Statistical Analysis. All data were displayed as mean + SD.
Statistical difference between two groups were performed by the
Students ¢ test. A P value <0.0S and <0.01 were considered indications
of statistical difference and statistically significant difference,
respectively.

3. RESULTS

3.1. Synthesis of Materials. The hydrazone bond of
PEGqg-Hydrazone-PE was formed by the reaction between the
—CHO of PEG-CHO and —NH, of PDPH. The result of 'H
NMR (300 MHz, CDCl;) confirmed the structure of the
PEGgg derivative (Figure S2A in the Supporting Information).
From Figure S2A in the Supporting Information, the signal
peak at 3.65 ppm was the characteristic peak of PEG
(methylene groups), the peaks at 1.25 ppm were the
characteristic peaks of PE (methylene groups), and the
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formation of hydrazone bond was validated by the signal
peak at 8.05 ppm. The mass spectrometry also confirmed the
successful synthesis of PEGg-Hydrazone-PE (Figure S2B in
the Supporting Information) (observed MW = 5790.18 Da,
calculated MW = 5867.3 Da).

R8 was conjugated to DSPE-PEG,x-Mal by the reaction
between the cysteine residue of R8 and maleimide of DSPE-
PEG;sg-Mal. The mass spectrometry demonstrated the
successful synthesis of DSPE-PEG,.-R8 (Figure S3 in the
Supporting Information) (observed MW = 4113.66 Da,
calculated MW = 4312.78 Da).

3.2. Characterization of Liposomes. The basic properties
of liposomes were important to further studies. According to
the result, the sizes of blank liposomes were around 100 nm,
while after PTX was loaded, the size of these liposomes were
about 120 nm. Nevertheless, the PDI of all liposomes was less
than 0.30 (Table 1 and Figure 1A). These data illuminated the
homogeneity of all liposomes, and PEGg-Hydrazone-PE had
no significant influence on the size of Cl-Lip. Transmission
electron microscope proved the size of the PTX-Cl-Lip was
almost 120 nm and these liposomes were generally spheroids
(Figure 1B).

The zeta potential of PEG-Lip was negative. However, the
zeta potential of R8-Lip was positive, due to the positive charge
of R8 peptide. After PEGsg-Hydrazone-PE shielding, the zeta
potential of Cl-Lip was approximate to that of PEG-Lip. This
result showed the amount of PEGs-Hydrazone-PE of Cl-Lip
was sufficient to shield R8 peptide. Meanwhile, all entrapment
efficiciencies of PTX loaded liposomes were nearly 90%.

3.3. In Vitro Stability in 50% FBS and PTX Release of
Liposome. The transmittance of these liposomes was all above
90% after 24 h incubation, indicating the liposomes were stable
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in the in vivo-mimicking condition (Figure 1C). From the drug
release property of different liposomes (Figure 1D), free PTX
exhibited a rapid release of drug in the media, while the
liposomes displayed a temperate release rate. After 48 h, the
percentages of PTX released in all liposomes were close to 60%
and no statistical difference was obtained between these
liposomes.

3.4. In Vitro pH Sensitivity of PEGs-Hydrazone-PE. We
performed the hydrolysis assay in PBS of different pH
conditions to determine the pH-sensitivity of PEGg-
Hydrazone-PE. The hydrolysis percentage of PEGgg-Hydra-
zone-PE was nearly to 20% in pH 7.4 or pH 8.0 after 4 h
incubation, while the hydrolysis percentage dramatically
increased up to 90% in pH 5.0 or pH 6.0 after 4 h incubation
(Figure 1E). Therefore, the hydrazone bond in the PEGgy
derivative could remain relatively stable in pH 7.4 or pH 8.0,
while almost totally hydrolyzed in pH 5.0 or pH 6.0 after 4 h,
indicating the PEGg-Hydrazone-PE could shield R8 peptide in
physiological conditions and expose it in mild acid tumor area.
This result confirmed the pH sensitivity of the hydrazone
linkage and was consistent with previous studies.”

3.5. In Vitro Cellular Uptake Study. To evaluate the pH
sensitivity of Cl-Lip, cellular uptake study was applied in this
study. As the flow cytometry detected (Figure 2A), the
fluorescence intensity of PEG-Lip preincubated in pH 7.4 was
comparable to Cl-Lip preincubated under pH 7.4, and both of
them were at a low level, which suggested R8 peptide was
shielded by the PEGgy derivative in pH 7.4. However, the
fluorescence intensity of Cl-Lip preincubated in pH 6.0 was 8.0-
fold higher than that in pH 7.4 condition. Although the
fluorescence intensity of Cl-Lip preincubated in pH 6.0 was
lower than that of R8-Lip, the two groups still had no
significant difference. This result manifested the PEGgyk
derivative of Cl-Lip could be almost totally removed and R8
peptide was exposed in mild acid conditions. The cellular
uptake confirmed the PEG;y derivative was sensitive to distinct
pH conditions. It presented agreeable shielding and deshielding
performance over R8 peptide under different pH conditions. At
the same time, the confocal images indicated the identical result
(Figure 2B). Additionally, R8-Lip could not enter the cell
nucleus, which was in consistent with previous studies.*’
Similarly, Cl-Lip in pH 6.0 and pH 7.4 could not enter the cell
nucleus either. Since neither PEG-Lip nor R8-Lip was pH-
sensitive, the cellular uptake of the two liposomes preincubated
in pH 6.0 was not evaluated.

3.6. Cytotoxicity Study and Apoptosis Assay in Vitro.
MTT assay was employed to estimate the cytotoxicity of PTX
loaded liposomes and losartan. The cell viability was all above
85% after 4T1 cells culturing with different concentrations of
blank liposomes for 48 h (Figure 3A). Therefore, the materials
constituting liposomes did not show obvious cytotoxicity to
4T1 cells. However, the PTX loaded liposomes exerted
cytotoxicity in various degrees (Figure 3B). Nearly 75% cells
after treating with PTX-PEG-Lip and PTX-CI-Lip preincubated
in pH 7.4 still remained viable even at the PTX concentration
of 16 pug/mL for 48 h. In contrast, the alive cells treated with
free PTX preincubated at pH 7.4, PTX-R8-Lip preincubated in
pH 7.4, and PTX-Cl-Lip preincubated in pH 6.0 remained at a
low level under the same conditions. The ICs, of free PTX
preincubated in pH 7.4, PTX-R8-Lip preincubated in pH 7.4,
and PTX-Cl-Lip preincubated in pH 6.0 was 5.32 ug/mL, 6.99
ug/mL, and 7.95 pug/mL, respectively. Owing to the fact that
free PTX could enter into tumor cells by passive diffusion, the
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Figure 2. (A) Cellular uptake of liposomes with different
preincubation on 4T1 cells detected by a flow cytometry (n = 3). *
indicates p < 0.0S. (B) Confocal images of cellular uptake of liposomes
with different preincubation on 4T1 cells. Scale bars represent 25 ym.

ICs, of free PTX preincubated in pH 7.4 was lower than other
groups.®’ The result above revealed the cytotoxicity of PTX-CI-
Lip was pH-dependent. In addition, when the cells were treated
with free losartan for 48 h, there were 90.7% cells still kept alive
even at the concentration of 64 yug/mlL, indicating losartan did
not show evident cytotoxicity to the cells.

From Figure 3C, PTX-PEG-Lip and PTX-Cl-Lip preincu-
bated in pH 7.4 showed equivalent apoptosis and a necrosis
ratio at 11.0 & 0.5% and 14.1 + 0.4%, respectively. By contrast,
free PTX preincubated at pH 7.4, PTX-R8-Lip preincubated at
pH 7.4, and PTX-Cl-Lip preincubated at pH 6.0 had a higher
apoptosis-inducing effect, and the percentages of apoptotic and
necrotic cells were 16.3 + 0.8%, 19.0 + 0.1%, and 20.5 + 0.5%,
respectively. This indicated after the PEG;y derivative of PTX-
Cl-Lip hydrolyzed, the apoptotic and necrotic percentage of
PTX-Cl-Lip was increased by 45.4%. Free losartan showed the
lowest apoptotic and necrotic ratio among all the groups (5.1 +
0.9%). This was consistent with the result of the MTT assay.

3.7. Evans Blue Penetration Study. Evans Blue was a
cationic dye which could spontaneously bind to serum albumin
(negative charged) in blood circulation to form dye-albumin via
electrostatic interaction. Since the formed dye-albumin were
macromolecules, when the dye-albumin circulated to a tumor
area by EPR effect, the dye-albumin could penetrate into
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Figure 3. (A) Cytotoxicity study of blank liposomes preincubated in
different pH conditions on 4T1 cells (n = 3). Horizontal coordinate
represents corresponding PTX concentrations of blank vehicles. (B)
The cytotoxicity study of free losartan, free PTX, and PTX loaded
liposomes preincubated in different pH conditions on 4T1 cells (n =
3). Every concentration of losartan was 4 times PTX. * and ** indicate
p < 0.05 and p < 0.01 versus the PTX-PEG-Lip group, respectively.
(C) Percentage of apoptotic and necrotic 4T1 cells after treatment
with all of the above preparations (n = 3). * indicates p < 0.0S.

tumors. The penetration of Evans Blue in tumors could
generally evaluate the penetration property of tumors.>>*?
According to Figure 4, compared to the saline group, injection
of losartan at 10—40 mg/kg for 1 week did not significant
enhance the penetration of Evans Blue in tumor tissues.
However, after injection of losartan at 40 mg/kg for 2 weeks,
the penetration of Evans Blue in tumor tissues was increased by
21.0%, and other losartan dosage of losartan injection for 2
weeks did not significantly affect the penetration of Evans Blue
in tumor tissue in our study. This result indicated that with the
preinjection of losartan at 40 mg/kg for 2 weeks, the drug
penetration in tumors might be increased. Therefore,
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Figure 4. Effect of losartan with different dosages and treatment
schedules on Evans Blue’s penetration in tumors (n = 3). * indicates p
< 0.0S.

preinjection of losartan at 40 mg/kg for 2 weeks was selected
in our further study.

3.8. In Vivo Image and Distribution Study. 4T1 tumor
bearing Babl/c mice were used to estimate the tumor
distribution of liposomes and the possible role of losartan in
tumor treatment. From the in vivo and ex vivo images (Figure
SAB), the fluorescence signal in tumor tissues of the Cl-Lip
group was stronger than that of the PEG-Lip and R8-Lip group.
It was 1.44-fold as the PEG-Lip group and 2.54-fold as the R8-
Lip group from the semiquantitative result of the ex vivo images
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Figure S. (A) In vivo images of 4T1 tumor bearing Babl/c mice with
treatment of different preparations. (B) Ex vivo images about the
distribution of DiD labeled liposomes in different organs. (C)
Semiqualitative study of fluorescence intensity in tumors from the ex
vivo images.
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(Figure SC). More importantly, when the mice were injected
with free losartan in combination with Cl-Lip, the fluorescence
signal in the tumor region was further enhanced (Figure SA,B),
and the signal was 1.22-fold as the group only treated with CI-
Lip (Figure SC). This result showed Cl-Lip had good tumor
targeting ability and losartan could further enhance the
accumulation of Cl-Lip in tumor tissues. The same result was
also found in the confocal images (Figure 6). The ex vivo
images clearly revealed the distribution of liposomes in livers
and spleens was remarkably decreased in the Cl-Lip group and
free losartan plus the Cl-Lip group compared to the R8-Lip
group, especially the free losartan plus Cl-Lip group (Figure
SB).

Figure 6A displayed the group without injection of losartan
and liposomes (Blank) had a high level of collagen I,
demonstrating that the collagen I was widespread in 4T1
tumors. At the same time, the groups including the R8-Lip
group, PEG-Lip group, and Cl-Lip group also had the same
level of collagen I as the blank group, which showed injection of
liposomes did not affect the level of collagen 1. However, the
collagen I level of Cl-Lip plus losartan was dramatically reduced
compared to other groups. Therefore, the depletion of collagen
was caused by injection of losartan.

In addition, the tumor tissues were also stained with CD34
antibody, which represented the location of blood vessels. It
could be seen that after 24 h injection of DiD labeled
liposomes, although the fluorescence signal of Cl-Lip was
higher than that of PEG-Lip and R8-Lip, the CI-Lip still located
in or around the blood vessels. While the group with injection
of losartan in advance showed that more much liposomes could
accumulate in tumor sites than other groups and the liposomes
in this group could penetrate much farther from the blood
vessels in comparison with other groups. Hence, the injection
of losartan in advance not only could increase the tumor
accumulation of liposomes but also could lead to deep
penetration of liposomes.

Since collagen I in tumor tissues also led to insufficient
transportation of oxygen in the tumor area,'”"® HIF-1a (a
symbol of oxygen content of the organism) in tumor tissues
was also labeled in our studies.>* Figure 6C displayed the group
with injection of losartan in advance had a lower HIF-1a level
than other groups, which meant this group had high oxygen
distribution intensity than others. As a consequence, losartan
could be a promoter factor in delivering liposomes and oxygen
to tumor tissues by decreasing the collagen L

3.9. In Vivo Antitumor Efficacy. The pharmacological
effect of different preparations was carried out on 4T1 tumor
bearing mice. From Figure 74, it could be seen the average
tumor volume of the losartan group had no significant
difference with the saline group. The result pointed out
losartan at the dosage of 40 mg/kg for 2 weeks did not affect
the growth rate of tumors. At the same time, the free PTX and
combination of the two free drug did not show obvious
antitumor eflicacy. Although PTX-Cl-Lip improved the
antitumor efficacy (with the tumor growth inhibition of
37.8%) to some extent, it was still lower than the combination
of free losartan and PTX-Cl-Lip (with the tumor growth
inhibition of 59.8%) (Figure 7A,C). Meanwhile, other groups
did not show evident tumor inhibition ability. When the
treatment procedure ended, the average tumor weight of the
Saline group, Free Losartan group, Free PTX group, Free
losartan + Free PTX group, PTX-PEG-Lip group, and PTX-R8-
Lip group had no significant difference, all the average tumor
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Figure 7. Antitumor efficacy of different preparations on 4T1 tumor bearing Balb/c mice. (A) Tumor growth curves of mice receiving different
preparations (n = 6). (B) Body weight variations of mice during the treatment (n = 6). (C) Weights of extracted tumors at the end of the treatment
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Lip, (g) PTX-Cl-Lip, (h) Free losartan + PTX-Cl-Lip. (E) HE staining of tumors after treatment. Yellow arrows represent advanced cell apoptosis

and necrosis in tumors. Scale bars represent 50 pm.

weight of these groups remained at a high level. By comparison,
the average tumor weight of the PTX-Cl-Lip group and the free
losartan plus PTX-Cl-Lip group decreased to 34.7% and 54.3%,
respectively, compared to the Saline group (Figure 7C). The
photograph of the typical tumors at the end of the therapy
offered an intuitive proof of the remarkable antitumor efhicacy
of free losartan plus PTX-Cl-Lip (Figure 7D). When the
therapy process ended, the body weights of all mice were
around 20 g, indicating the high safety of losartan and the
liposomes (Figure 7B). After the tumors were stained with HE,
the free losartan plus PTX-Cl-Lip group generated more
apoptotic and necrotic cells than other groups (pointed by
yellow arrows) (Figure 7E).

4. DISCUSSION

Although the EPR effect could make the nanoparticles
effectively accumulate in tumor sites, the intrinsic barriers
seriously impaired the drug penetration in tumors, and this
drawback significantly affected the antitumor efficacy of
nanoparticles. Thus, it was important to deplete these intrinsic
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barriers including abnormal and high density of collagen 1> It
could be predicted that the more nanoparticles penetrated into
tumor cells and the higher possibility that nanoparticles
penetrated deeply into tumors, the better antitumor efficacy
could be obtained. Since the cancer stem cells could regenerate
the tumor after therapy and existed in the deep region of the
tumors, the nanoparticles penetrated into the deep region of
tumors might also cause the necrosis of cancer stem cells and
prevent the regeneration of tumors.

On the basis of the characterization of the tumor targeting
ability of nanoparticles and the intrinsic barriers of the tumor
microenvironment, there were studies demonstrating combina-
tion therapy consisting of administration of one preparation to
modify the tumor microenvironment and followed by
administration of functional nanoparticles to exert the
antitumor effect.>>*” In our study, the intrinsic barrier, collagen
I, was depleted by losartan to facilitate the penetration of
functional nanoparticles, which had higher safety than others.
What’s more, according to previous studies, the functional
nanoparticles were always traditional PEG nanoparticles and
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the poor internalization of PEG significantly impaired the
antitumor efficacy. In order to obtain the maximum antitumor
efficacy after depletion of collagen I, there was much room for
the PEG nanoparticles to improve.

Thus, in the first place, we constructed a pH sensitive
cleavable drug delivery system (Cl-Lip) which owned both high
tumor targeting ability and high internalization ability at tumor
sites. To the Cl-Lip we designed, the long PEG at the molecule
weight of 5000 was used for shielding the R8 peptide and the
short PEG at the molecule weight of 2000 attachin§ the R8
peptide was chosen according to our previous studies.”*’ This
was because the liposomes modified with these two PEG with
the molecular weight and the ratio we predetermined could
provide the highest mask effect on the R8 peptide. It was an
improvement compared to previous studies.”

It was beneficial for the Cl-Lip for passive targeting having an
average size around 117.1 nm, as the liposomes with an average
diameter of 100—200 nm could effectively accumulate in
tumors.”® The zeta potential of R8-Lip was the result of the
high pH of PBS (pH 8.0) used to hydrate R8-Lip. The PBS
under pH 8.0 was utilized in order to reduce the percentage of
hydrolyzed PEGsyg-Hydrazone-PE during the procedure of
storage. Nevertheless, Cl-Lip still had a higher negative charge
than that of R8-Lip, so the potential difference of the two kinds
of liposomes could demonstrate the desirable shielding effect of
PEGi-Hydrazone-PE. Moreover, the positive charge of R8
would increase the instability of liposomes in vivo,*" so the
negative zeta potential of Cl-Lip also indicated the increased
stability of Cl-Lip in vivo. The high stability of Cl-Lip was also
verified by the serum stability study (Table 1 and Figure 2C).
In addition, the moderate PTX release of the PTX loaded
liposomes implied the drugs in liposomes could efficiently
reach to the tumor area even after 48 h (Figure 2D). These
basic characteristics of PTX-Cl-Lip laid the foundation for
further studies.

In vitro studies showed the hydrolysis of the PEG derivative
was pH-responsive (Figure 2E). It was because of the pH
sensitivity of the PEG-Hydrazone-PE itself. Liposomes
preincubated with 1640 culture medium of different pH
conditions was to hydrolyze the PEG;g-Hydrazone-PE
modified on the surface of Cl-Lip under in vitro conditions.
According to the in vitro hydrolysis percentage of PEGgk-
Hydrazone-PE, the cellular uptake intensity under different
conditions could be evaluated. The time period of 4 h was
chosen because nearly 90% of PEG;x-Hydrazone-PE could be
hydrolyzed in pH 6.0 and the hydrolysis difference of PEGg-
Hydrazone-PE between pH 6.0 and pH 7.4 was noticeable.
After hydrolysis of PEGsg-Hydrazone-PE, Cl-Lip was positive
charged and it could benefit the interaction of a negatively
charged cell membrane and the liposomes. It was all above
factors that lead to the higher uptake of Cl-Lip in pH 6.0 than
in pH 7.4 (Figure 3), which indicated the cellular uptake of CI-
Lip was pH-sensitive. The higher uptake of R8-Lip than Cl-Lip
in pH 6.0 might be due to existing PEGx-Hydrazone-PE on
the surface of Cl-Lip after 4 h preincubation. Since Cl-Lip
internalized into cells via mediation of R8, the uptake
mechanism of Cl-Lip was similar to that of R8-Lip. Previous
studies showed the uptake of R8-Lip was dependent on many
pathways, the two main ways were clathrin-mediated
endocytosis and macropinocytosis-mediated endocytosis.*!
Therefore, the uptake of Cl-Lip in lower pH probably also
depended on these two pathways.
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From in vivo studies, the fluorescence intensity of Cl-Lip
group in tumors was higher than that of PEG-Lip and R8-Lip
group, demonstrating the Cl-Lip had high tumor targeting
ability (Figures 6 and 7B). This was because the PEGylation of
Cl-Lip was in physiological conditions. The PEG derivative in
Cl-Lip could shield the R8 peptide and keep stable in such a
microenvironment, and it could prolong the blood circulation
time of liposomes as well.** Since the high density PEG of
liposomes could lead to a “brush” formation of PEG, and this
formation was more beneficial for reticuloendothelial system
evasion than the liposomes with low PEG density,*" the tumor
targeting ability of Cl-Lip (8% PEG) was higher than that of
PEG-Lip (0.8% PEG). The tumor targeting ability of R8-Lip
was seriously limited by the poor selectivity and instability of
R8 peptide. In the terms of PTX loaded liposomes, the poor
antitumor efficacy of free PTX was the result of its poor tumor
targeting ability. As to PTX-PEG-Lip, the undesired effect was
because of the poor internalization ability and tumor targeting
ability, while the damaged effect of PTX-R8-Lip was on account
of poor tumor targeting ability. Since the dosage (S mg/kg) we
utilized was low and treatment schedule (every third day) was
not frequent, these two factors might also be the reasons for the
undesirable antitumor effect of free PTX, PTX-R8-Lip, and
PTX-PEG-Lip. Because of the high tumor targeting ability of
Cl-Lip and the high internalization ability of these liposomes in
mild acid conditions, the tumor inhibition rate of PTX-CI-Lip
was higher than free PTX, PTX-PEG-Lip, and PTX-R8-Lip
(Figure 7). All the results proved the PTX-Cl-Lip could shield
R8 peptide in physiological conditions and expose it when
liposomes accumulated to the tumor sites. Therefore, the PTX
loaded in PTX-CI-Lip could effectively accumulate in the tumor
area to exert the pharmacological effect.

Before losartan was administrated in vivo with Cl-Lip, we
tested the cytotoxicity of losartan to 4T1 cells. The result of
MTT and apoptosis study showed nearly 90% cells were alive
under all concentrations we set (Figure 4), confirming the high
safety of losartan. Another issue we must pay attention to was
the antihypertension effect of losartan. The dosage and
treatment schedules of losartan should not lower the mean
arterial blood pressure (MABP). Previous studies manifested
losartan treatment at 20 mg/kg or 40 mg/kg for 2 weeks before
tumor treatment would not lower the MABP in the mice.'®"?
Thus, the dose and dosing schedule of losartan in our study (40
mg/kg) had a minimal effect on blood pressure and maximum
effect on depletion of collagen I. Then we verified the
promotion effect of losartan in tumor penetration with Evans
Blue. After we injected losartan at 40 mg/kg for 2 weeks, the
penetration of Evans Blue in tumors was significantly enhanced
compared to the saline group (Figure S). The result showed
losartan might facilitate the penetration of macromolecules and
functional nanoparticles in tumors.

When free losartan was in combination with Cl-Lip, in vivo
imaging showed the liposomes accumulated in tumors was
remarkably increased compared to the mice with only injection
of Cl-Lip, which had the highest fluorescence signal intensity
among all groups (Figures 6 and 7). By the staining of collagen
I, we found the injection of losartan could decrease the level of
collagen I (Figure 7A), while other groups had high collagen I
level. More importantly, after the intrinsic barrier of collagen I
was weakened, the liposomes could distributed farther from the
blood vessels compared to the groups without injection of
losartan (Figure 7B). This result indicated that the Cl-Lip could
penetrate into deep place of tumors by depletion of collagen L
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So, in term of the high tumor accumulation of Cl-Lip after
preadministration of losartan, it was all the factors combined
including the high penetration of Cl-Lip by depletion of
collagen I and high tumor targeting of Cl-Lip (Figure 6).
Meanwhile, the decreased level of HIF-1a demonstrated the
enhanced oxygen distribution intensity in tumors after injection
of losartan (Figure 7C). Herein, the depletion of collagen I by
losartan paved the way for the delivery of liposomes and oxygen
into tumor tissues.

The studies of Jain et al. elucidated that losartan decreased
the collagen I level in tumors by down—regulating the active
transforming growth factor-f1 (TGF-$1).">* Their studies
also discovered that collagen fibers interacted with hyaluronan
in a complex manner and both contributed to the accumulation
of solid stress. Reduction of collagen I can also ease the
compression of hyaluronan to tumor vessels.">

Consequently, because of the enhanced penetration of Cl-Lip
after the depletion of collagen I by losartan, the passive tumor
targeting of Cl-Lip and high internalization ability of Cl-Lip
under the low extracellular pH of tumor sites, it was reasonable
that the combination of losartan and PTX-Cl-Lip displayed the
highest tumor inhibition rate than other groups. While the
damaged effect of the combination of free PTX and free
losartan was mainly due to the poor tumor growth inhibition
ability of free PTX. With the depletion of collagen I by losartan,
the dosage of PTX we used was reduced in comparison with
other dosages such as 10 and 15 mg/kg.*** Although there
also were reports showing the losartan could attenuate the
growth of tumors,46 a similar result was not obtained in our
studies. This might be due to the low dose of losartan we
injected. In summary, only when depletion of collagen I by
preadministration of losartan was in combination with an
effective drug delivery system PTX-Cl-Lip could the best
antitumor efficacy among the eight groups be achieved.

5. CONCLUSION

In this study, losartan was administered in advance to deplete
collagen I so that the penetration of liposomes and distribution
intensity of oxygen could be improved in 4T1 breast cancer.
Meanwhile, the intelligent pH sensitive cleavable liposomal
drug delivery system (PTX-Cl-Lip) consisted of PTX, R8
peptide, and a pH-sensitive PEG derivative and was successfully
constructed. It possessed high accumulation and internalization
ability in the tumor area. When losartan was in combination
with PTX-Cl-Lip, the chemotherapy efficacy of PTX-CI-Lip in
4T1 bearing mice was remarkably increased compared to PTX-
Cl-Lip alone. Therefore, the reduction of collagen I by losartan
to enhance the penetration of paclitaxel loaded cleavable pH-
sensitive liposomes could be a promising strategy, which would
bring about enhanced antitumor effect in breast cancer
treatment.
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