
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 4

:1
9:

05
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Targeting self-as
Key Laboratory for Molecular Enzymology

School of Life Sciences, Engineering Labor

Changchun 130012, P. R. China. E-mail: wa

† Electronic supplementary informa
10.1039/d0ra09898a

Cite this: RSC Adv., 2021, 11, 1461

Received 22nd November 2020
Accepted 19th December 2020

DOI: 10.1039/d0ra09898a

rsc.li/rsc-advances

© 2021 The Author(s). Published by
sembled F127-peptide polymer
with pH sensitivity for release of anticancer drugs†

Wenzhao Han, Fanwei Meng, Hao Gan, Feng Guo, Junfeng Ke and Liping Wang *

The treatment of breast cancer mainly relies on chemotherapy drugs, which present significant side effects.

The most typical example is the cardiotoxicity and bone marrow suppression associated with doxorubicin

(DOX). Therefore, this drug is not the first choice in clinical treatment. We designed ATN-FFPFF-ATN, a new

targeted antitumor drug carrier, polymerized from phenylalanine dipeptide (FF), ATN-161 peptide, and

Pluronic® F-127. The peptide and Pluronic® F-127 are linked with acetal and are, therefore, acid-

sensitive. As cancer can reduce pH through complex mechanisms and subsequently maintain acid

ambience, our vehicle can smartly unravel at a peculiar position, through which the drug can specifically

accumulate inside the tumor. ATN-161 is a protein ligand of integrin a5b1, which is highly expressed on

the surface of some breast cancer cells. This targeting peptide sequence can play a role in the selective

delivery of DOX to tumor cells. The DOX-carrying vector was able to significantly inhibit cell proliferation

and promote cell apoptosis in MDA-MB-231 cells. Based on these results, ATN-FFPFF-ATN with pH

response is a promising vehicle for DOX delivery.
1. Introduction

In recent years, due to an increase in obesity rate and a decrease
in fertility rate, breast cancer has become one of the most
common cancers among women. Breast cancer currently
accounts for 30% of female cancers. The American Cancer
Society (ACS) expects a further 48 530 cases of breast cancer in
situ in 2020.1 The main clinical treatment strategy for breast
cancer is chemotherapy.2 However, the side effects of chemo-
therapy drugs have a great impact on patients' lives. The most
typical example is doxorubicin (DOX). As a kind of broad-
spectrum antitumor drug, DOX inhibits the synthesis of DNA
and RNA in tumor cells and is commonly used in the treatment
of malignant tumors, such as acute leukemia, breast cancer,
liver cancer, lung cancer, pancreatic cancer, and lymphoma.3

However, it can cause severe cardiotoxicity and bone marrow
suppression.4–6

Several studies have focused on avoiding damage to normal
cells during chemotherapy treatment and the systemic toxicity
caused by chemotherapy drugs.7–9 Numerous studies show that
the tumor tissue environment differs from the normal envi-
ronment.10 Specically, the internal pressure is higher11–13 and
the pH is lower than that of normal tissues. The pH of normal
tissue is 7.4, between tumor cells is 6.8, and within tumor cells
is 4.5–6.5.14 Based on this unique characteristic, antitumor
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drugs can be more precisely targeted to tumor tissues. This
observation provides new design ideas for nano drug-loading
systems.15–17 Deng et al. studied pH-sensitive frizzled peptides.
Peptides form opening and closing structures, similar to
a zipper, which are sensitive to environmental pH by virtue of
hydrophilic and hydrophobic interactions.18 Fu et al. designed
a pH-responsive peptide gel with a b-sheet structure. The
structure of the peptide gel changed under pH 5.19 In addition to
this method, it is possible to polymerize materials together
through pH-sensitive chemical bonds, including phenylimine,20

acetal or ketal,21 and acylhydrazone bonds.22 Injectable shell-
crosslinked F127 hydrogel composites were designed by Liu's
group using tacetal polymerization of chitosan and F127, which
showed a pH-dependent effect. The delivery of curcumin and 5-
uorouracil showed good antitumor effects.23 The polymer
carrier of soluble starch (St) and deoxycholic acid (DCA)
designed by Yang showed efficacy in delivering DOX. The ester
bond in St-DCA is acid sensitive and the drug release increased
signicantly at pH 5.5.24–27 These materials are relatively stable
in normal tissue environments, whereas they swell and disin-
tegrate in acidic environments.28 Therefore, these carriers can
selectively deliver drugs and reduce damage to non-targeted
tissues.

Phenylalanine dipeptide (FF) was discovered while studying
Alzheimer's b-amyloid protein. Meital et al. found that FF is
closely related to the self-assembly of b-amyloid protein.29 Later,
Li et al. discovered that nanospheres assembled by FF can carry
oligonucleotides into cells.30 Inspired by this, in our previous
study, we observed that the survivin-siRNA carried by FF is
effective in inhibiting tumor cells and promoting tumor
RSC Adv., 2021, 11, 1461–1471 | 1461
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apoptosis. Moreover, we found that FF has low cytotoxicity and
high transfection efficiency.31,32 In this study, we aimed to test if
this carrier is selective for tumors. For this purpose, we
designed FFPFF, which linked Pluronic® F-127 and the FF
sequence through Schiff bond aggregation. Under acidic
conditions, the Schiff bond was broken to make the carrier
structure capable of drug dispersal, thereby enabling the release
of the contained drug. To increase delivery selectivity to breast
cancer cells, we improved the carrier. We linked the ATN-161
peptides to the C-terminus of the FF sequence to target the
a1b5 integrin receptor on the surface of breast cancer cells and
named the structure ATN-FFPFF-ATN. Furthermore, we inserted
two alanines between the FF and ATN-161 sequences to avoid
steric hindrance between the two sequences. At least 24 integ-
rins have been discovered, including 18a subunits and 8b
subunits. Among them, integrins avb3, avb5, and a5b1 play a role
in regulating tumor cell growth, metastasis, and angiogenesis.
Integrin a5b1 is highly expressed on the surface of many tumor
cells. Therefore, integrin peptide ligands appear promising in
drug delivery. ANT-161, an integrin protein receptor, can
specically recognize integrin a5b1.33 In a study by Dai, ATN-161
was attached to a liposome carrier to deliver DOX to HUVEC
(human umbilical vein endothelial cells) and MDA-MB-231
(breast cancer cells). This study showed that this targeted
delivery improves the transfection efficiency of cells and can
reduce the drug dosage.34 Zhang et al. reported that the func-
tionalized ATN-161 peptide polymer effectively delivers DOX
during the treatment of melanoma. The study found that ATN-
161 peptide played a signicant targeting role in both in vivo
and in vitro experiments.35

Herein, we loaded FFPFF and ATN-FFPFF-ATN with DOX.
Aer the polymer self-assembles, it can form a shell composed
of hydrophilic groups and a core composed of hydrophobic
groups. DOX was entrapped in the hydrophobic core during
hydrophobic self-assembly. Then we tested whether the drug-
loading carrier was able to inhibit proliferation and promote
apoptosis in MDA-MB-231 cells.

2. Experimental
2.1 Materials

Fmoc-Phe-OH, Fmoc-Pro-OH, Fmoc-His(Trt)-OH, Fmoc-
Cys(Trt)-OH, Fmoc-Asn(Trt)-OH, Fmoc-Lys(Boc)-OH, Fmoc-Ala-
OH, Rink amide-AM resin, 1-hydroxybenzotriazole,
benzotriazole-1-yl-oxytripyrrolidinophosphonium hexa-
uorophosphate, and N-methylmorpholine were obtained from
GL Biochem (Shanghai, China). Dimethylformamide, meth-
anol, dichloromethane, and n-hexane were obtained from Bei-
jing Chemical Factory (Beijing, China). Pluronic® F-127 and
DMSO were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Dess–Martin periodinane was provided by Aladdin (Shanghai,
China). DMEM medium was purchased from Thermo Fisher
Scientic (Shanghai, China). Fetal bovine serum was purchased
from Kang Yuan Biology (Tianjin, China). Trypsin and Hoechst
33258 nuclear dye were obtained from Solarbio (Beijing, China).
Thiazolyl blue tetrazolium bromide (MTT) was purchased from
Genview (Beijing, China). WST-1 kit and Lysotraker Green
1462 | RSC Adv., 2021, 11, 1461–1471
procured from Beyotime (Shanghai, China). Annexin V-FITC/PI
apoptosis detection kit was purchased from BestBio (Shanghai,
China).
2.2 Synthesis, purication, and characterization of the
polymers

The hydroxyl end of Pluronic® F-127 (F127) was oxidized to the
aldehyde group using Dess–Martin reagent.23 First, 5.16 g of
F127 was stirred and completely dissolved in 410 mL of
dichloromethane. Thereaer, 0.5 g of Dess–Martin reagent was
added and stirred in water at 40 �C for 24 h. The product was
separated out using n-hexane and then dialyzed and lyophi-
lized. It was stored at �20 �C until further use. The degree of
oxidation of F127 was calculated using 1H-NMR.

FF (Ac-Phe-Phe-NH2), ATN-AAFF (Ac-Pro-His-Ser-Cys-Asn-
Lys-Ala-Ala-Phe-Phe-NH2), and ATN-161 (Ac-Pro-His-Ser-Cys-
Asn-Lys-NH2) were synthesized using solid-phase peptide
synthesis with standard Fmoc strategy on Rink Resin. The
crude peptides were identied using liquid chromatography
(LCMS, SHIMADZU, Kyoto, Japan). Coupling of amino acids
was carried out using dichloromethane (DMF) by loading
amino acids one by one from the C-terminus to the N-
terminus. The peptide sequences and F127-CHO (molar ratio
5 : 1)36 at pH 4.5 and 25 �C were stirred in ethanol for 24 h
using a magnetic stirrer to form Schiff bond, using molecular
sieve and magnesium sulfate to absorb water and promote the
reaction. Dialysis was performed at 25 �C for 24 h to remove
unloaded peptide. Ethanol was removed using rotary evapo-
ration, and the product was freeze-dried. The polymers were
identied using 1H-NMR (BRUKER, AVANCEIII500) and
a Fourier transform infrared (FTIR) (Vertex 80v, Bruker, Bill-
erica, MA, USA).

The polymer was dissolved to yield the desired concentration
and sonicated for 30 min to complete the self-assembly. The
morphology of self-assembly was observed using scanning
electron microscopy (SEM) (S-4800, Hitachi, Tokyo, Japan) and
transmission electron microscopy (TEM) (JEM-2200FS, JEOL
Ltd, Tokyo, Japan). A dynamic light scattering instrument
(NANO ZS90, Malvern Panalytical, Malvern, UK) was used to
detect the particle size and zeta potential of self-assembled
polymers.
2.3 Preparation of DOX-loaded the polymers

DOX liquor was prepared by dissolving 10 mg DOX$Cl in 2 mL
DMSO, followed by the addition of 25 mL of triethylamine for
desalting; the mixture was stirred for 2 h in the dark. DOX
solution was slowly dropped into the polymer carrier solution
while being stirred magnetically for 2 h at 25 �C. Drug-loaded
polymers were prepared with a theoretical drug loading of 5,
10, and 20%. Ultrasound was performed for 30 min to complete
the self-assembly behavior of the carrier. Dialysis was per-
formed at 25 �C for 24 h to remove unloaded DOX, triethylamine
hydrochloride, and DMSO. The freeze-dried product was sealed
and stored at �20 �C. The calculation formula of load capacity
(DLC) and load efficiency (DLE) is as follows:
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Load capacity ð%Þ ¼ DOX in the polymer ðmgÞ
Drug loaded polymer ðmgÞ � 100

Load efficiency ð%Þ ¼ DOX in the polymer ðmgÞ
Total DOX in formulation ðmgÞ � 100

2.4 In vitro drug release

PBS buffers with pH of 7.4 and 5.5 were used to congure two
polymer-carriers each with a concentration of 1 mg mL�1. Each
solution (5 mL) was taken in a pretreated dialysis bag (MW 1
kDa), suspended in a centrifuge bucket containing 50 mL of the
corresponding pH PBS buffer, and magnetically stirred at
a constant temperature of 37 �C. At the set time, 1 mL of dial-
ysate was taken and 1 mL of fresh PBS at the corresponding pH
was added to the dialysate. The absorbance of DOX was deter-
mined at each time point in each group at 480 nm using a UV
spectrophotometer (UV2501, SHIMADZU). DOX cumulative
release formula can be represented as follows:

Cumulative release of DOX ¼ 50� Cn þ 1� SCn�1

DOX in the polymer
� 100%

Cn and Cn � 1 represent the concentration of DOX (mg mL�1)
in the dialysate taken n and n � 1 times, respectively.
2.5 Cell culture and in vitro cytotoxicity of the polymers

The breast cancer cell line, MDA-MB-231, with high expression
of integrin a5b1 protein receptor, was cultured in DMEM sup-
plemented with 10% fetal bovine serum, 100 U mL�1 penicillin,
and 100 mg mL�1 streptomycin in an incubator at 37 �C in a 5%
CO2 environment.
Scheme 1 The synthesis scheme of ATN-FFPFF-ATN.

© 2021 The Author(s). Published by the Royal Society of Chemistry
A 96-well plate was plated one day before the experiment and
cells were seeded at a density was 5 � 103 cells per well. The
experimental concentration of the polymer carrier to be tested
was added on the day of the experiment. Four parallel wells were
set for each experimental concentration. Aer 24 or 48 h of
incubation, 10 mL of MTT solution (5 mg mL�1) was added to
each well. Aer incubating for 4 h, the liquid was slowly aspi-
rated from each well and 150 mL of DMSO was added to each
well. The plate was placed at a constant temperature shaker at
37 �C for 10 min. The absorbance at 490 nm was detected using
a microplate reader (Bio-Rad Laboratories, Hercules, CA, USA).
2.6 Cellular uptake of the polymers

Cell transfection was detected using ow cytometry. MDA-MB-
231 cells were seeded in a 6-well plate at a density of 5 � 106

cells per well and cultured for 24 h. The competitive inhibition
group was incubated with ATN-161 peptide (1 mg mL�1) for 4 h
and then washed with PBS. Next, experimental peptides were
added to the corresponding wells at a nal DOX concentration
of 20 mg mL�1. Aer culturing for 4 h, the medium in each well
was removed and the wells were washed with PBS. Cells in each
well were digested, centrifuged (600 rpm, 5 min), and resus-
pended in 500 mL PBS. Flow cytometry (Accuri C6, BD Biosci-
ences, San Jose, CA, USA) and confocal microscopy were used to
determine cell transfection. MDA-MB-231 cells with a density of
2 � 104 cells per dish were poured in a dedicated culture dish
and cultured for 24 h. The cell dosing protocol was similar to
that previously described in this section. Aer the cells were
transfected for 4 h, the medium in each well was removed and
washed with PBS. The cells were xed using 4% para-
formaldehyde and then stored overnight at 4 �C. Next, the cells
were washed with PBS ve times and Hoechst 33258 was added
to stain the cell nuclei for 15 min. The cells were washed ve
times with PBS aer the dye was removed. Laser scanning
RSC Adv., 2021, 11, 1461–1471 | 1463
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Fig. 1 1H NMR spectrum of F127-CHO spectrum (A), FFPFF spectrum (B), ATN-FFPFF-ATN spectrum (C); (D) FTIR spectra of F127 (a), F127-CHO
(b), FF (c), FFPFF (d), ATN-161 (e), and ATN-FFPFF-ATN (f).

1464 | RSC Adv., 2021, 11, 1461–1471 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A and B) SEM and TEM images of FFPFF at a concentration of
100 mg mL�1 (D and E) SEM and TEM images of ATN-FFPFF-ATN at
a concentration of 100 mg mL�1 (C and F) Particle size of FFPFF and
ATN-FFPFF-ATN (100 mg mL�1). Dilution stability of FFPFF (G) and
ATN-FFPFF-ATN (H). Time stability of FFPFF (I) and ATN-FFPFF-ATN
(J).
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confocal microscope (LSM710, Zeiss, Oberkochen, Germany)
was used to observe and capture images. Lysotracker staining is
to incubate the cells with a nal concentration of 200 nM dye at
37 �C for 10 min before the cells are xed.

2.7 In vitro antitumor activity assay

The inhibitory effect on tumor cells was assessed using a WST-1
kit. A 96-cell well plate was prepared the day before the experi-
ment and seeded with MDA-MB-231 at a density of was 5 � 103

cells per well. On the day of the experiment, a DOX-loaded
carrier or free-DOX was added and four parallel wells were set
in each group. The inhibition experiment was carried out by
using free ATN-161 to pretreated cells for 4 h before adding
ATN-FFPFF-ATN-DOX. MDA-MB-231 cells incubation with
formulations (DOX 20 mg mL�1) in 4 h, and then replace the
drug-free medium and continue culturing for 20 hours. Then,
10 mL of WST-1 working solution was added, and aer 1 h of
incubation, the absorbance at 690 nm was measured using
a microplate reader. An Annexin V-FITC cell apoptosis kit was
used to determine apoptosis. Cell culture and drug-delivery
methods were similar to that described under ow cytometry.
To suspend the cells, 400 mL of 1� Annexin V binding solution
was added, and 5 mL of Annexin V-FITC staining solution was
then added, mixed well, and incubated on ice for 15 min in the
dark. Lastly, 5 mL of PI staining solution was added, mixed well,
and incubated in the dark for 5 min. Flow cytometry was carried
out within an hour of incubation.

2.8 Statistical analysis

Data were analyzed using GraphPad Prism8 soware (GraphPad
Soware, San Diego, CA, USA). Differences between two groups
were compared using Student's t-test. P values <0.05 were
considered statistically signicant.

3. Results and discussion
3.1 Synthesis and characterization of the polymers

The peptides synthesized using solid-phase peptide synthesis
were veried using LCMS, as shown in Fig. S1.† The purity and
molecular weights were consistent with the calculated and ex-
pected values. The synthesis process of ATN-FFPFF-ATN is
shown in Scheme 1. The structure of FFPFF and ATN-FFPFF-
ATN were conrmed using 1H-NMR and FTIR. As shown in
Fig. 1A, the proton peak on the aldehyde group appeared at
9.71 ppm. The areas of the two proton peaks at 9.71 ppm
(–CHO) and 1.11 ppm (OCH2OH(CH3)O) were calculated using
integration19 and the degree of oxidation of PF-127-CHO was
about 83%. FFPFF showed the peaks of FF at 7.21–7.33 ppm
(–CHCH2C6H5) and the peak at 9.71 ppm disappeared, con-
rming that the F127-CHO was successfully crosslinked by FF
(Fig. 1B). ATN-FFPFF-ATN showed the characteristic peak of
imidazolyl at 8.62 ppm (NHCHNCH–) and the peak of amino on
Lysine at 5.02 ppm (–NH2), similarly the peak at 9.71 ppm dis-
appeared. This proved that both sides of F127-CHO are
conrmed to be conjugated by ATN-161-AA-FF (Fig. 1C). As
shown in Fig. 1D, the spectrum of F127-CHO shows a new peak
© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 1461–1471 | 1465
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Table 1 The particle size and zeta at pH 5.5 and 7.4

pH Size (nm) Zeta (mV)

FFPFF 100 mg mL�1 7.4 195.7 �18.1
5.5 490.4 0.199

ATN-FFPFF-ATN 100 mg mL�1 7.4 255.3 �19
5.5 896.6 0.182

Table 2 Characteristics of FFPFF-DOX and ATN-FFPFF-ATN-DOX at
20 wt% theoretical DOX loading content

Theoretical DLC
(wt%) DLC (wt%) DLE (wt%)

FFPFF-DOX 20 18.33 91.64
ATN-FFPFF-ATN-DOX 20 19.53 97.65
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at 1725 cm�1 (C]O stretching of the aldehydes), which indi-
cated that some of the primary alcohols had been successfully
oxidized to aldehydes. However, the peak at 1725 cm�1 dis-
appeared in the FTIR spectra of FFPFF and ATN-FFPFF-ATN.
FFPFF showed a new peak at 800 cm�1 which was attributed
to a benzene ring, and ATN-FFPFF-ATN showed a new peak at
1530 cm�1 which was attributed to imidazolyl, suggesting the
aldehydes groups in the F127-CHO reacted with the amino
groups in the peptides.

The scanning electron microscopy (SEM) and the trans-
mission electron microscopy (TEM) revealed FFPFF (100 mg
mL�1) nanospheres with uneven surface structures, as seen in
Fig. 2A and B. The dynamic light scattering (DLS) revealed the
particle size to be 195.7 nm (PDI ¼ 0.389) (Fig. 2C), and the zeta
potential was determined to be �18.1 mV. ATN-FFPFF-ATN was
observed and it also exhibited a nanosphere structure, although
the surface protrusions were more obvious, which may be
attributed to the conformation of the targeting peptide as
shown in Fig. 2D and E. The particle size of ATN-FFPFF-ATN was
255.3 nm (PDI ¼ 0.522) as seen in Fig. 2F. The peptides of ATN-
161 were mainly hydrophilic amino acids, which might have
opposed the internal hydrophobic forces of the nanospheres
and caused an increase in the diameter. The zeta potential of
ATN-FFPFF-ATN was �19 mV. The dilution stability of the two
polymer carriers is shown in Fig. 2G and H. The average particle
size of FFPFF gradually increased with dilution; it increased to
294.3 nm in 0.1 mg mL�1. In contrast, the particle size of ATN-
FFPFF-ATN did not change signicantly during the dilution
process. In time stability, ATN-FFPFF-ATN also performed
better. As shown in Fig. 2I and J, within 24 h, the average
particle size of ATN-FFPFF-ATN did not change signicantly. In
Fig. 3 TEM images of FFPFF (100 mg mL�1) (A) and ATN-FFPFF-ATN (10

1466 | RSC Adv., 2021, 11, 1461–1471
general, the particle size of the carrier does not change signif-
icantly, which may be ascribed to PEG in F127.37
3.2 pH responsiveness of the polymers

During the design of the carrier material, the peptide and F127
were linked by a Schiff bond, which is stable under neutral and
alkaline conditions and can be broken under acidic condi-
tions.38 Therefore, the carrier material of the matrix can stably
contain the internal drug in normal tissue and blood (pH 7.4),
while the drug-containing carrier will collapse in the tumor cell
(pH 4.5–6.5). This allows the targeting of the drug to tumor cells
while reducing their effects on normal tissues. In our study, PBS
with pH 7.4 and 5.5 was used to congure two polymer self-
assemblies with a concentration of 100 mg mL�1 and the
particle size and surface potential of each experimental group
were measured. Table 1 shows that the particles of the two
polymers increased signicantly in pH 5.5. These ndings
indicated that in an acidic environment, the rupture of the
Schiff bond reduced the stability of the self-assembled structure
and resulted in structural expansion. In addition, the surface
potential also changed signicantly, which indicated that the
stability of the colloidal dispersion decreased.

In addition, the two carriers treated with pH 5.5 were
observed using TEM and the results are shown in Fig. 3A and B.
Under acidic conditions, both carriers showed structural
disintegration, an obvious increase in particle size.
3.3 Drug loading of the polymers and in vitro drug release

DOX is a hydrophobic drug that can be incorporated into the
carrier core during the self-loading process.39 We calculated
0 mg mL�1) (B) at pH 5.5.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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DLC and DLE for theoretical drug loading of 5, 10, and 20%.
The comprehensive comparison revealed that drug loading and
the rate of drug loading were optimum at the theoretical drug
loading of 20%. Therefore, for subsequent experiments, the
theoretical drug loading of 20% was chosen. The drug loading
and drug-loading rates for the two carriers are shown in Table 2.

The results of in vitro release of DOX are presented in Fig. 4,
which shows that the drug release of the two carriers at pH 5.5
increased signicantly. The FFPFF and ATN-FFPFF-ATN drug-
loaded drug release reached 41.53 and 44.87%, at 3 h, respec-
tively. At the same time, 12.07 of FFPFF and 7.17% of ATN-
FFPFF-ATN were released, at pH 7.4. At 24 h, the FFPFF drug
release rate at pH 5.5 was 66.60%, ATN-FFPFF-ATN was 59.09%.
FFPFF drug-release rate at pH 7.4 was 39.21%, while that of
ATN-FFPFF-ATN was 31.51%. There were signicant differences
in the cumulative release rate between the two polymer-carriers
at pH 7.4 and 5.5. From the above data analysis, it can be
inferred that the carrier was benecial to the release of the drug
in an acidic environment.
3.4 In vitro cytotoxicity of the polymers

We chose MDA-MB-231 cell line with high expression of the
integrin a5b1 protein as the targeting cell model, MCF-7 cell line
as the non-targetedmodel. We performed an in vitro cytotoxicity
test on the empty vector. The results are shown in Fig. 5. The
survival rates of FFPFF and ATN-FFPFF-ATN cells at the
maximum concentration aer 24 h were 90.72 and 91.93%,
respectively, in MDA-MB-231 cells. Further analysis found that
Fig. 4 Release profile of DOX at pH 7.4 and pH 5.5. *p < 0.05, **p < 0.0

Fig. 5 Cell viability of MDA-MB-231 (A) MCF-7 (B) HUVEC (C) cells was d
for 24 h.

© 2021 The Author(s). Published by the Royal Society of Chemistry
the two vectors had no signicant difference in cell-survival rate
in MDA-MB-231 cells, which proved that the targeting peptide
sequence would not cause additional inhibition of cell prolif-
eration. This is consistent with the conclusion reported in the
literature that ATN-161 has no antitumor effect in vitro.34

Similar results were seen in MCF-7 cells, in which the survival
rates of FFPFF and ATN-FFPFF-ATN cells at 100 mg mL�1

concentration aer 24 h were 88.79% and 87.40%, respectively.
It is also very important to evaluate the toxicity of carrier
materials in the blood circulation process.40 In HUVEC cells, the
survival rates of FFPFF and ATN-FFPFF-ATN at 100 mg mL�1

were 91.18% and 91.10%. Therefore, it can be speculated that
the carrier will be biocompatible to vascular endothelial cells in
the blood circulation.
3.5 Cellular uptake of the polymers

In this part of the experiment, the effectiveness of internaliza-
tion and targeting was assessed with MDA-MB-231 cells. It can
be seen in the laser scanning confocal microscope (CLSM)
image (Fig. 6A) that DOX emitted red uorescence, while the
nucleus was blue. The cells in the control group did not emit red
uorescence, while the other four groups showed red uores-
cence with different brightness intensities. It can be deduced
from Fig. 6A that DOX was able to enter the cells aer a 4 h
incubation period. When comparing FFPFF-DOX and ATN-
FFPFF-ATN-DOX, it could be seen that the red uorescence
intensity of the targeted group was greater than that of the non-
targeted group. This showed that the ATN-161 targeting peptide
1, ***p < 0.001.

etermined with different concentrations of FFPFF and ATN-FFPFF-ATN
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Fig. 6 (A) Confocal microscopy images of MDA-MB-231 cells after
incubation for 4 h (magnification: 400�). The inhibition experiment
was carried out by using free ATN-161 to pretreat cells for 4 h before
adding ATN-FFPFF-ATN-DOX. (B) Flow cytometric analysis of MDA-
MB-231 cells for 4 h incubation. (C) The mean fluorescence intensities
of B. (D) Flow cytometric analysis of MCF-7 cells for 4 h incubation. (E)
The mean fluorescence intensities of D. The co-localization
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played a role in the process of cell transfection. In addition, in
order to further verify the effect of the targeting peptide, we set
up a targeted competition inhibition group. The cells were
incubated with the ATN-161 peptide rst, so that the integrin
a5b1 protein on the MDA-MB-231 cells was bound to the ATN-
161 peptide. Results revealed that the red uorescence of the
targeted competitive inhibition group was signicantly weaker
than that of the ATN-FFPFF-ATN group. This proved that the
ATN-161 peptide had a specic targeting effect on the integrin
a5b1 protein.

We performed a quantitative analysis using ow cytometry
and the results are seen in Fig. 6B. The free-DOX group had the
strongest uorescence intensity, which might have occurred
due to the small size of the free DOX molecules, which were
able to enter cells through passive diffusion. This method was
faster than endocytosis; therefore, the amount of DOX was
highest. In addition, when the other three groups were
compared, it could be seen that the uorescence intensity of
the ATN-FFPFF-ATN targeting group was greater; our ndings
were similar to those from CLSM, indicating that the targeting
sequence could play a targeting role and promote cell trans-
fection. We did the same experiment in nonselective cells
(MCF-7), and the results are demonstrated in Fig. 6D. There
was no signicant difference between FFPFF ATN-FFPFF-ATN
and ATN + ATN-FFPFF-ATN in MCF-7 cells. This means that
in non-targeted cells, there is no interaction between the tar-
geting peptide sequence and the receptor on the cell
membrane, so there is no difference between FFPFF, ATN-
FFPFF and the competitive inhibition group.

In the next experiment, we observed how DOX was inter-
nalized by cells at different incubation time. As shown in
Fig. 6F and G, the amount of DOX entering the cells gradually
increased in the rst 4 hours. The superimposed yellow
uorescence presents much more brilliant in 4 h than that in
2 h. However at 8 h, the uorescence intensity of DOX
decreases, and the uorescence of DOX and Lysotracker no
longer overlaps, which is the same for both carriers. This
indicates that aer 8 hours of incubation, DOX is gradually
metabolized by cells, and almost all DOX escapes from
endosomes.
3.6 Antitumor in vitro with the drug-loaded polymers

In this study, we used the WST-1 kit and ow cytometry (FACS)
to detect the proliferation inhibition and promotion of
apoptosis in MDA-MB-231 cells, as shown in Fig. 7. The drug-
loaded group was able to inhibit the proliferation of MDA-MB-
231 cells, and free-DOX group had the best inhibitory effect
with an inhibition rate of 49.34%. The inhibition rate of free-
ATN + ATN-FFPFF-ATN-DOX was about 48.74%, while the
rates of the FFPFF-DOX and ATN + ATN-FFPFF-ATN-DOX groups
were 26.56% and 26.01%, respectively. Results of ow cytometry
are shown in Fig. 8. Compared to the control group, the four
capabilities of the nucleus, DOX and lysosome in MDA-MB-231 cells
delivered by FFPFF-DOX (F) and ATN-FFPFF-ATN-DOX (G) for different
time. *p < 0.05, **p < 0.01, ***p < 0.001.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 WST-1 kit detected the proliferation inhibition at 24 h. The
inhibition experiment was carried out by using free ATN-161 to pre-
treated cells for 4 h before adding ATN-FFPFF-ATN-DOX. MDA-MB-
231 cells incubates with formulations (DOX 20 mg mL�1) in 4 h. Then
replace with a new medium and continue culturing for 20 hours. Data
are presented as the average�SD (n ¼ 6). *p < 0.05, **p < 0.01, ***p <
0.001.

Fig. 8 Flow cytometry to detect the promotion of apoptosis of MDA-MB-
161 pretreating cells for 4 h before adding FFPFF-DOX, ATN-FFPFF-ATN
(DOX 20 mgmL�1) in 4 h. Then replace with a newmedium and continue cu
< 0.05, **p < 0.01, ***p < 0.001.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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experimental groups signicantly promoted the apoptosis of
MDA-MB-231 cells. Among them, ATN-FFPFF-ATN-DOX had the
best effect of promoting tumor cell apoptosis, with a cell
apoptosis rate of 26.31%, followed by the free-DOX group, in
which the rate was 23.65%. The FFPFF-DOX group and the ATN
+ ATN-FFPFF-ATN-DOX groups exhibited values of 12.13 and
11.04%, respectively. ATN-FFPFF-ATN-DOX had the best effect
of promoting tumor cell apoptosis, due to the gradually
decomposing aer drug delivery into cells. During this period,
the effect of the drug was maximum; therefore, prolonging its
action in tumor cells could has a better effect on inhibiting
tumor cell proliferation and promoting apoptosis.

4. Conclusions

In this study, we designed and synthesized two pH-responsive
drug carriers, FFPFF and ATN-FFPFF-ATN. ANT-161 peptide
selectively increased the internalization of integrin a5b1-positive
cells. Moreover, at pH 5.5, the disintegration of the material was
able to release a large amount of DOX. These specic selections
for tumor cells increased their ability to kill tumor cells. In
summary, ATN-FFPFF-ATN are potential carriers for targeted
delivery of DOX to treat breast cancer.
231 cells. The inhibition experiment was carried out by using free ATN-
-DOX or free-DOX. MDA-MB-231 cells incubates with formulations
lturing for 20 hours. Data are presented as the average�SD (n¼ 3). *p
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