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ABSTRACT

In this study, novel smart pH-sensitive nanoparticles of PLA-mPEGyp0/
TPGS3350-PHis-Folate for enhanced effect of chemotherapy are developed.
Polyethylene glycol (PEG) is decorated on the surface of nanocarriers in order to
prolong the circulation of nanoparticles in blood; the pH-sensitive material of
poly(L-histidine) is utilized in nanoparticles for the intelligent purposes: under
normal physiological pH, the targeting molecule of folate can be hidden into the
layer of PEG in nanoparticles, which closes the active targeting function of
nanoparticles; but in weak acid of tumor tissue, poly(L-histidine) is protonated
to expose folate on the surface of nanoparticles, opening the active targeting
function; next, nanoparticles are internalized by cells via folate receptor-medi-
ated endocytosis; finally, poly(L-histidine) in endosome/lysosome begins to
dissociate, leading to quick intracellular drug release. The features of the
nanoparticles such as morphology, particle size, drug loading content, in vitro
release and in vitro cytotoxicity are further investigated. Nanoparticles designed
in this work have multiple functions such as active targeting, long circulation
and easy internalization by cells simultaneously, and rapid intracellular drug
release, which demonstrates huge potential to apply for the efficient treatment
of cancer.
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delivery, reduced systemic side effects of drug, pro-
tection of a drug before entering into cancer cells, and
so on, resulting in improved therapeutic efficacy for
cancer [4, 5].

It was reported in 2015 that although drug-loaded
nanocarriers offer many attractive features in the

Introduction

Cancer is a major public health problem in the world
[1]. Chemotherapy as a usual approach applies
chemical drugs for controlling the proliferation,
infiltration and metastasis of cancer cells [2, 3].

Compared with traditional therapeutic formulations,
drug-loaded nanocarriers such as liposomes,
micelles, polymeric and drug conjugates offer various
advantages including enhanced efficiency of drug

treatment of cancer, nanocarriers face several bio-
logical barriers in drug delivery such as opsonization
and subsequent sequestration by the mononuclear
phagocyte system (MPS), nonspecific distribution,
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cellular internalization, escape from endosomal, and
so on, which significantly decrease drug’s therapeutic
efficacy [6, 7]. Therefore, the ideal nanocarriers
should have these characteristics: (1) long circulation
time in blood; (2) enrichment in tumor tissue; (3) to
facilitate tumor cell uptake; (4) fast and effective
intracellular drug release [8-11]. For example,
researchers generally exploited polyethylene glycol
(PEG) or PEG-based material for surface modification
of nanocarriers in order to extend circulation time in
blood of the nanocarriers [12, 13]. But PEG modifi-
cation can inhibit frequently endocytosis of
nanocarriers by cells to reduce drug accumulation in
cancer cells, resulting in reduced chemotherapy effi-
cacy [14].

In the recent decades, in order to overcome bio-
logical barriers of nanocarriers encountered in drug
delivery, stimulus-sensitive nanocarriers were
developed to trigger drug release in response to
specific external stimuli (such as light, ultrasound,
electric field, magnetic field and heating) or internal
stimuli (such as variation in pH value or concentra-
tions of ions, small molecules and enzymes) [15-17].
For example, many pH-sensitive nanocarriers were
fabricated to enhance anticancer efficacy of drug
through exploiting intrinsic differences in pH values
between normal tissues (pH 7.4) and extracellular
environment of solid tumors (pH 6.5-6.8) [18-22].
Moreover, after entering into cancer cells via endo-
cytosis pathway, nanocarriers often face early endo-
somes (pH 5.5-6.0) and lysosomes (pH 5.0-5.5),
which could be helpful for fast intracellular drug
release [23, 24].

The imidazole ring in poly(r-histidine) (PHis) has
an electron lone pair on the unsaturated nitrogen,
resulting in the pH-sensitive property of PHis.
Moreover, PHis-based nanocarriers achieved endo-
somal escape in acidic subcellular compartments
such as endosomes through proton sponge effect.
PHis-based nanocarriers have thus great potential as
an acid triggering tumor-killing platform [25-28]. For
example, Bae et al. described that pH-sensitive PHis-
PEG/PLLA-PEG mixed micelles were developed for
the treatment of cancer [25]. Furthermore, Lin Mei
et al. synthesized pH-sensitive nanoparticles of
poly(t-histidine)-poly(lactide-co-glycolide)-toco-
pheryl polyethylene glycol succinate (PHis-PLGA-
TPGS) for antitumor drug delivery [26].

p-o-Tocopheryl polyethylene glycol succinate
(TPGS) is a water-soluble derivative of natural
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vitamin E, acting as an effective emulsifier because of
its bulky structure and large surface area, resulting in
higher emulsification effect, higher drug encapsula-
tion efficiency [29]. TPGS;3350 with PEG3350 groups are
particularly effective steric stabilizers to shield
nanoparticles from opsonization and phagocytosis,
improving the aqueous solubility of nanoparticles
[30, 31]. Our group also prepared TPGS;z35,-QDs
nanoparticles for cellular imaging, and these
nanoparticles demonstrated excellent colloidal sta-
bility and reduced nonspecific cellular uptake due to
the effect of TPGSa35g [32].

In this work, pH-sensitive PLA-mPEGygq0/
TPGS3350-PHis-Folate nanoparticles were fabricated
through nanoprecipitation method, and docetaxel
was used as a model anticancer drug. The scheme of
drug-loaded smart pH-sensitive nanoparticles and
their structural changes under different pH values is
presented in Scheme 1. It was hypothesized in this
work that targeting molecules of folate were hidden
by the PEGypp chains in PLA-mPEGygy at normal
pH, while PHis in TPGS3350-PHis-Folate was proto-
nated under lowered pH of tumor tissue to enable
PEGs350 chains in TPGS3350 stretch out of nanoparti-
cles’ surface, resulting in exposing folate on the out-
most surface of nanoparticles. After internalized via
the folate receptor-mediated endocytosis pathway,
these nanoparticles quickly released drug in the inner
of cells under the effect of acid conditions in endo-
some/lysosome. Nanoparticles developed in this
study illustrated multiple functions including active
targeting, long circulation and easy cellular uptake
simultaneously, and rapid intracellular drug release,

S Y T &
Nanoprecipitation

o
i pH>7.0
\:\‘ l6.5<pH<7.0
'\k"\;\ S 9
9% " pH<6.5
;{IO \\«1\
] P = ]

TPGSsg5o-PHiS-FOIate PLA-mPEGzooo PHis Folate Docetaxel

Scheme 1 The schematic of drug-loaded smart pH-sensitive
PLA-mPEG;0o/TPGS3350-PHis-Folate nanoparticles and their
structural changes under different pH values.
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which significantly improve the anticancer effects of
chemotherapy and reduce toxic side effects of drug.

Materials and methods
Materials

Docetaxel (anhydrous, 99.8%) was purchased from
Shanghai Jinhe Bio-Pharmaceuticals Co. Ltd, China.
N*-CBZ-N"™-DNP-L-histidine was obtained from GL
Biochem. Co. Ltd. (Shanghai, China). p-a-Tocopheryl
succinate, polyoxyethylene bis (amine) (MW 3350)
were purchased from Aladdin Industrial Corporation
(Shanghai, China). Dichloromethane (DCM) and
Tween 80 were purchased from Tianjin Kemiou
Chemical Reagent Co. Ltd. p-o-Tocopheryl poly-
ethylene glycol succinate (TPGS), Folic acid, N,N'-
dicyclohexylcarbodiimide (DCC), N-hydroxysuccin-
imide (NHS), triethylamine (TEA), dimethyl sulfox-
ide (DMSO), trypsin-EDTA solution were all
purchased from Sigma-Aldrich (St. Louise, MO,
USA). PLA16000-mPEGy0090 was purchased from
Shandong Institute of Medical Instruments, China.
Coumarin-6 was obtained from J&K Scientific Ltd.
(Beijing, China). Dimethylformamide (DMF), anhy-
drous diethyl ether, 2-mercaptoethanol were pur-
chased from Bodi Drug Manufacturing Co. Ltd.
(Tianjin, China). Cell counting kit-8 assay (CCK-8)
was obtained from Beyotime Institute of Biotechnol-
ogy, China.

Synthesis of poly(Nim-DNP-L-histidine),
TPGS3350'NH2, TPGSs350'PHiS

N?-CBZ-N"™-DNP-L-histidine was transformed to the
N'™-DNP-L-histidine (NCA) with thionyl chloride.
Briefly, 2.4 mL thionyl chloride was added to the
solution of 5g N®CBZ-N™-DNP-i-histidine dis-
solved in 30 mL anhydrous THF, agitating about
5 min to obtain a clear solution [33]. Next, excess cold
diethyl ether was added to precipitate N"™™-DNP-L-
histidine carboxyanhydride. TPGS3350-NH, was syn-
thesized by a procedure reported in a publication
[30]. In a brief, b-a-Tocopheryl succinate, PEG335 bis-
amine, DCC and NHS (stoichiometric ratio of
1:1.2:2:2) were mixed to stir in a nitrogen environ-
ment at dark for 2 days. TPGSs350-NH, can be
obtained through filtering, precipitated in cold die-
thyl ether and freeze drying. TPGSz350-NH, was
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utilized to initiate the ring-opening polymerization
NCA at room temperature in a nitrogen environment
for 3 days [19, 33, 34]. Then TPGSz350-poly(L-his-
tidine) (TPGSs350-PHis) with amino-terminated was
formed and precipitated in cold diethyl ether and
freeze drying.

Synthesis of TPGS335.-PHis-Folate
and TPGS;;50-Folate

TPGS3350-PHis-Folate was synthesized through cou-
pling TPGS3350-PHis with folate via N-hydroxysuc-
cinimide to yield triblock copolymer. In detail,
1 mmol TPGSz350-PHis in 30 mL dimethyl sulfoxide
was coupled with 1 mmol folate at room temperature
for 1 day, in the presence of 1.25 mmol DCC and
1.5 mmol NHS. The byproduct was filtered, and the
filtrate was dialyzed with pre-swollen dialysis
membrane tube (Spectra/Por; MWCO 3350) to
remove unconjugated polymer. Next, 2-mercap-
toethanol was added for deprotection of triblock
copolymer followed by dialyzing against DMSO for
1 day and deionized water for 2 days. After freeze-
dried, TPGSs350-PHis-Folate was obtained. TPGSs350-
Folate was synthesized as follows: folate (1 mmol)
was dissolved in DMSO (30 mL) and stirred with
DCC (1.2 mmol) and NHS (2 mmol) at 50 °C for 6 h.
After filtration to remove DCU, FOL-NHS was reac-
ted with TPGS3350-NH, (stoichiometric molar ratio of
1:1) at room temperature overnight for 1 day. Next,
The final product TPGS;3350-Folate was precipitated in
cold diethyl ether, then dialyzed against water and
freeze-dried [30].

Formulation of docetaxel-loaded
nanoparticles

The docetaxel-loaded nanoparticles were prepared
by the nanoprecipitation method [35]. 100 mg mix-
ture of PLA-mPEG;qgg and TPGS3350-PHis-Folate (2:1;
5:1; 10:1, weight ratios) and 10 mg docetaxel were
dissolved in 8 mL DMSO. Next, the above solution
was dropped into 120 mL of aqueous solution with
0.03% (w/v) TPGS as emulsifier and then dialyzed
against water for 24 h to remove DMSO. After
washed and centrifuged at 10000 rpm for 15 min,
final nanoparticles were obtained. The docetaxel-
loaded PLA-mPEG2000 and PLA—mPEGzooo /
TPGS3350-Folate nanoparticles were prepared using
the same procedure.
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Acid-base titration of PLA-mPEG,o,/
TPGS;350-PHis-Folate nanoparticles

PLA-mPEG09/ TPGSz350-PHis-Folate nanoparticles
(weight ratio 5:1) were used to investigate pH sensi-
tivity. The PLA-mPEGggg0/TPGS;3350-PHis-Folate
nanoparticles (20 mg) were dispersed in 20 mL of
deionized water, and pH of the nanoparticles solu-
tion was adjusted to pH 11 using 1 M NaOH. Next,
0.01 M HCI solution was added stepwise above
nanoparticles solution to obtain the titration profile.

Determination of drug loading content
and drug encapsulation efficiency

The drug loading content and encapsulation effi-
ciency of nanoparticles were determined with HPLC
(Agilent LC1100). In brief, 5 mg dry nanoparticles
were dissolved with DCM, followed by evaporating
overnight. Furthermore, 2 mL mobile phase (50:50 v/v
acetonitrile/water) was added to extract. Next, the
solution was filtered with a 0.22-pm poly(vinylidene
fluoride) (PVDEF) syringe filter for HPLC analysis.
The column was eluted with acetonitrile/water
(50:50, v/v) at a flow rate of 1.0 mL/min. The column
effluent was detected at 230 nm with a UV-Vis
detector. Drug loading content and encapsulation
efficiency were calculated as follows, respectively:

DLC (%) = Veight of drug in the nanoparticles

~ Weight of drug loaded nanoparticles
x 100%

DEE (%)

~ Weight of drug encapsulation in nanoparticles
~ Amount of drug in the fabrication of nanoparticles

x 100%

In vitro drug release at different pH values

Ten milligram of nanoparticles dispersed in 5 mL
PBS (pH 5.0, 6.5, 7.4) was placed into a dialysis bag
(MWCO 3350) and dialyzed against 25 mL of PBS
(pH 5.0, 6.5, 7.4) containing 0.1% w/v Tween 80 in an
orbital water bath shaking (100 rpm) at 37 °C. At
designed time intervals, 0.5 mL solution was taken
out and replaced with an equal volume of fresh PBS
medium. The solution was extracted with DCM and
transferred in mobile phase. After the evaporation of
DCM and filtration using a 0.22 um pore size filter,
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the released docetaxel concentration was detected at
230 nm by HPLC.

Cell culture

Murine breast cancer 4T1 cell lines were purchased
from cell culture center of Institute of Basic Medical
Sciences, Chinese Academy of Medical Sciences
(Beijing, China). 4T1 cells were grown in RPMI-1640
medium containing 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin in a humidified
incubator at 37 °C with 5% COs,.

In vitro cellular uptake of nanoparticles

After 12 h incubation, the adherent 4T1 murine breast
cancer cells were washed twice with PBS. The pH of the
culture medium was adjusted with 0.1 M HCI to a
desired pH (pH 7.4, 6.8 and 5.8). The coumarin-6-loa-
ded nanoparticles were prepared in the same way as
that of the docetaxel-loaded nanoparticles except
coumarin-6 instead of docetaxel was encapsulated in
the nanoparticles. The suspension of Coumarin-6 loa-
ded nanoparticles in the different pH medium at
nanoparticles concentration 0.1 mg/mL was added
into the chamber. After 4-h incubation, the nanoparti-
cles suspension was removed and the wells were
washed three times with 50 mL of PBS. Moreover, cells
were fixed with 75% ethanol for 15 min. Finally, the
cell was washed with PBS and recorded with confocal
laser scanning microscope (CLSM) (Zeiss LSM 410).

In vitro cytotoxicity

A cell counting kit-8 (CCK-8) assay was utilized to
measure the cytotoxicity of the nanoparticles. Briefly,
4T1 murine breast cancer cells were incubated in
96-well plates (Corning Inc., NY, USA). The pH of the
culture medium was adjusted with 0.1 M HCI to a
desired pH (7.4, 6.8 and 5.8). The several formulations
(PLA-mPEGy0pp  nanoparticles, PLA-mPEGyg00/
TPGS3350-Folate nanoparticles and PLA-mPEGygo/
TPGS3350-PHis-Folate nanoparticles) containing three
different docetaxel concentrations (1,4 and 10 pg/mL)
were added to 96-well plates. In vitro cytotoxicity in
medium with pH 7.4, 6.8 and 5.8 were used as control.
After 8 h incubation, cells were washed twice with
PBS. After 10 pL of CCK-8 supplemented with 90 pL
culture medium added into each well for 2-h incuba-
tion, the absorbance of each well was measured by the
microplate reader of absorbance-wavelength at
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450 nm minus background at 620 nm. Cell viability
was calculated as the percentage of the absorbance
from the wells containing the cells incubated with the
nanoparticles suspension over that of the cells only.

Results and discussion
Synthesis of TPGS335.-PHis-Folate

TPGS3350-PHis-Folate copolymer was synthesized by
the ring-opening polymerization in the presence of
NCA and TPGSs35-NH, (initiator), followed by
reacting with folate. The protected TPGSz350-PHis-
Folate was reacted with 2-mercaptoethanol in DMSO
to remove benzyl groups of poly(N™-DNP-1-his-
tidine). The synthesis route of TPGS3350-PHis-Folate
is illustrated in Fig. 1.

The actual number of L-histidine units in the
polymer was 15 (calculated from "H-NMR spectra),
which is basically consistent with the designed
number. Figure 2 shows the structure of synthesized
TPGSsas0-PHis-Folate detected with 'H-NMR in
DMSO-d6. It could be observed in Fig. 2 that the peak
at 3.51 ppm was assigned to the CH, protons of PEG
part of TPGS3350. The peaks in the aliphatic region
(signals at 2.69 and 2.85ppm; signals at
2.35-1.84 ppm; signal at 1.09 ppm; signal at
0.82 ppm) belonged to various moieties of vitamin E
tails. The peak at 11.43 ppm and peak at 6.63 and
7.86 ppm were attributed to the -COOH protons and
benzene group protons of folate segment, and the
imidazole ring of poly(L-histidine) (3.05, 6.65, 7.63
and 8.13 ppm) was also confirmed in 'H-NMR
spectrum.

Based on the findings from gel permeation chro-
matography (GPC), it should be noticed that Mw and
Mn of TPGSs3s0-PHis-Folate were 7484 and 6143,
respectively, which was not consistent with the 'H-
NMR data. It was reported that the molecular size in
solution is also influenced by the molecular archi-
tecture [36], so the molecular weights of the copoly-
mers from 'H-NMR were exploited in the current
study.

The drug loading content and encapsulation effi-
ciency of nanoparticles are important factors for drug
delivery systems. The drug loading content in PLA-
mPEG2000 nanoparticles, PLA-mPEGzooo/TPGS3350-
Folate nanoparticles, PLA-mPEGsq00/ TPGS3350-PHis-
Folate nanoparticles were 55%, 53% and 5.2%,
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respectively. The drug encapsulation efficiency of
PLA-mPEG,p0  nanoparticles, = PLA-mPEGsgg0/
TPGS3350-Folate  nanoparticles,  PLA-mPEGypo/
TPGS;350-PHis-Folate nanoparticles were found to be
60.3 £ 0.5%, 58.8 + 0.7% and 57.7 + 0.6%, respec-
tively. These results present strong evidence that
drug loading content and encapsulation efficiency of
nanoparticles were not associated obviously with the
amount of TPGS;350-PHis-Folate in nanoparticles.

Particle size, size distribution and zeta
potential at different pH values

Herein, the change of size and zeta potential of
nanoparticles at different pH values are key features,
ensuring that the nanoparticles are smart nanoparti-
cles for enhanced anticancer effect of chemotherapy.
It can be seen from Fig. 3a that the particle sizes of
the nanoparticles were varied as the pH change.
There was no big difference in the particle size of
PLA-mPEGgp nanoparticles at pH from 8.0 to 5.0,
which verified that the size and size distribution of
PLA-mPEG,p9 nanoparticles were not significantly
affected by different pH values. But the mean diam-
eter of the PLA-mPEGyy/TPGS;3350-PHis-Folate
nanoparticles was enlarged with decreasing pH value
from 7.4 to 5.0 due to the protonation of poly(L-his-
tidine). Consequently, the targeting molecule of folate
in PLA-mPEGygg9/ TPGS3350-PHis-Folate nanoparti-
cles could be buried in the hydrophilic PEG layer
because of water insolubility of PHis at normal
physiological pH 7.4, while folate was exposed on the
outmost surface of nanoparticles due to water solu-
bility of PHis at weak acid of tumor tissue (pH 6.8),
which helped to carry out following folate receptor-
mediated endocytosis.

The zeta potential of PLA-mPEGsyg00/TPGS3350-
PHis-Folate nanoparticles at different pH values is
shown in Fig. 3b. The PLA-mPEG;o0 nanoparticles
exhibited a stable zeta potential at pH from 5.0 to 8.0.
But the zeta potential of the PLA-mPEGy0/
TPGS3350-PHis-Folate nanoparticles was influenced
by the weight ratio of the two polymer components.
As shown in Fig. 3b, zeta potential of PLA-
mPEGy000/ TPGS3350-PHis-Folate nanoparticles was
enhanced with decreasing pH due to the ionization of
PHis segment. Furthermore, it can be found from
Fig. 3b that PLA-mPEGsq00/TPGS3350-PHis-Folate
nanoparticles with high content of TPGSz350-PHis-
Folate achieved slightly higher zeta potential than
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those with low content of TPGSs350-PHis-Folate at
same pH value. In this work, PLA-mPEGyg0/
TPGS3350-PHis-Folate (weight ratio 5:1) nanoparticles
were selected for the further experiment.

Surface morphology

As shown in Fig. 4, PLA-mPEG0/TPGS3350-PHis-
Folate nanoparticles are about 250 nm in diameter
with narrow size distribution. These nanoparticles
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with smooth surface ensured them have long circu-
lation time in blood compared to those with a
rougher surface [37]. Moreover, the particle size
detected with FESEM was good agreement with that
determined by the laser light scattering.
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Figure 2 The 'H NMR spectra of TPGS;350-PHis-Folate.
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Figure 3 a Particle size of PLA-mPEG;q00/TPGS;350-PHis-
Folate nanoparticles with weight ratios of 1:0, 10:1, 5:1, 2:1 at
different pH values; b zeta potential of PLA-mPEG0o/TPGS3350-

PHis-Folate nanoparticles with weight ratios of 1:0, 10:1, 5:1, 2:1
at different pH values.
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Figure 4 FESEM image of PLA-mPEGz()()()/TPGS3350-PHiS-
Folate nanoparticles with a weight ratio of 5:1.

Acid-base titration of PLA-mPEG,o,/
TPGS;350-PHis-Folate nanoparticles

The acid-base titration profile of PLA-mPEGyn/
TPGS3350-PHis-Folate nanoparticles is shown in
Fig. 5, indicating that the PLA-mPEGzn09/ TPGS3350-
PHis-Folate nanoparticles were pH-sensitive. And
the apparent pKa of PLA-mPEG0/TPGS3350-PHis-
Folate nanoparticles was calculated as 6.42 based on
the first-order derivation of the titration curve. pH-
dependent properties of PLA-mPEGgg00/ TPGS3350-
PHis-Folate nanoparticles may be caused by a lone
pair electron on the unsaturated nitrogen in the imi-
dazole ring of PHis segment [38, 39].

In vitro drug release

The in vitro release profiles of nanoparticles at pH
5.0, 6.5 and 7.4 are shown in Fig. 6. Within the first
10 h, the accumulated docetaxel release of the PLA-
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Figure 5 Acid-base of PLA-mPEG,gg¢/
TPGS3350-PHis-Folate nanoparticles with a weight ratio of 5:1.

titration  profile
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mPEG00/ TPGSz350-PHis-Folate nanoparticles was
12% at pH 5.0, 10% at pH 6.5 and 2.7% at pH 74,
respectively, which confirmed that PLA-mPEGg00/
TPGS;350-PHis-Folate nanoparticles demonstrated
pH-dependent drug release profiles, owing to pH-
sensitive structure change of PHis in the
nanoparticles.

= PLA-mPEG2(00
«=PLA-mPEG2000/TPGS3350-Folate
«=PLA-mPEG2000/TPGS3350-PHis-Folate

60{pH 7.4

Acumulated release (%)
°o35859

0 20 40 60 80 100 120
Time (hour)

70-
60]PH 6.5
504
40-
30-
20-
104

Acumulated release (%)
o

0 20 40 60 80 100 120
Time (hour)

pH 5.0

Acumulated release (%)
= N W H O
o029

0 20 40 60 80 100 120
Time (hour)

Figure 6 The release profiles of docetaxel from nanoparticles at
different pH values.
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As shown in Fig. 6, drug release from the PLA-
mMPEGog0/ TPGS3350-PHis-Folate nanoparticles inside
lysosomes (pH 5.0) within tumor cells is faster than
that in the blood circulation environment (pH 7.4),
achieving the objectives of fast intracellular drug
delivery and enhanced antitumor effectivity of drug.

In vitro cellular uptake of nanoparticles

Figure 7 shows confocal laser scanning microscope
(CLSM) images of 4T1 murine breast cancer cells after
4h culture with the coumarin-6-loaded PLA-
mPEGy000/ TPGS3350-PHis-Folate nanoparticles sus-
pension, at 0.1 mg/mL nanoparticles concentration at
37 °C at pH 7.4, 6.8, 5.8, respectively.

At pH 7.4, the slight intensity of green fluorescence
from PLA-mPEG;ng9/ TPGS3350-PHis-Folate nanopar-
ticles in Fig. 7, which are similar to those of PLA-
mPEGyo nanoparticles and PLA-mPEGyg00/
TPGS3350-Folate nanoparticles without PHis-func-
tionalization, in comparison with nanoparticles in
Fig. 7b1 at pH 6.8 and Fig. 7c1 at pH 5.8, showed
slow cellular uptake. These findings confirmed that
PLA-mPEG;np9/ TPGS3350-PHis-Folate nanoparticles

b1 b2
pH=6.8 pH=6.8
pH=5.8

Figure 7 CLSM images of 4T1 murine breast cancer cells after
4 h culture with the coumarin-6-loaded PLA-mPEG;qq¢/
TPGS3350-PHis-Folate nanoparticles suspension at 0.1 mg/mL
nanoparticles concentration at 37 °C at pH 7.4, 6.8, 5.8,
respectively. (al-a3: pH 7.4; b1-b3: pH 6.8; c¢1-c3: pH 5.8).
The three photographs from left to right were coumarin-6, bright

field and merged graphs.
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exhibited higher and faster cellular uptake by 4T1
murine breast cancer cells than those with targeting
or/and pH sensitive, which is helpful for enhancing
the efficacy of chemotherapy.

In vitro cytotoxicity

It is evident in Fig. 8 that blank sample (no
nanoparticles formulation) had almost no cytotoxicity
to 4T1 murine breast cancer cells at pH 7.4, 6.8 and
5.8, suggesting the cytotoxicity of pH change can be
neglected. The in vitro cytotoxicity of docetaxel-loa-
ded PLA-mPEG,py nanoparticles, PLA-mPEGygq0/
TPGS;350-Folate  nanoparticles,  PLA-mPEGyo/
TPGS;350-PHis-Folate nanoparticles, at pH 7.4 (nor-
mal tissue), pH 6.8 (tumor extracellular space) and
pH 5.8 (early endosomal compartment) were evalu-
ated using CCK-8 assays. At pH 7.4, 6.8 and 5.8, PLA-
mMPEGyq00/ TPGS3350-PHis-Folate nanoparticles
demonstrated significant advantages verse PLA-

=P A-mPEGy NPs
= PLA-mPEG 0o/ TPG S3350-Folate NPs
mmm PLA-mPEG ¢/ TPG S3350-PHis-Folate NPs

- 120
= PH7.4
£ g0
S
8
S 404
3
(&) 0 -
100 Bk 1 4 10
9 pH 6.8
> 0.
2
E 40 -
@
O 0 i 4 10
@120' pH 5.8
= 80-
3
— 40 4
£
3 -
© Blank 1 4 10

Drug concentration (ug/ml)

Figure 8 In vitro cell viability of 4T1 murine breast cancer cells
with various nanoparticles formulations at 1, 4, 10 pg/mL drug
concentration, after 8 h incubation at pH 7.4, 6.8, 5.8,
respectively.
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mPEG,pp0 nanoparticles and PLA-mPEGygg/
TPGS3350-Folate nanoparticles. For example, at pH
7.4, 4T1 murine breast cancer cells viability was
decreased from 82.17% for PLA-mPEG;p0 nanopar-
ticles to 69.72% for the PLA-mPEG»q00/ TPGS3350-Fo-
late nanoparticles, which is a 15.15% increase in
cellular cytotoxicity; and 54.82% for PLA-mPEGggq0/
TPGS3350-PHis-Folate nanoparticles, which is a
33.28% increase in cellular cytotoxicity at the drug
concentrations of 4 pug/mL after 8 h incubation.
Similar trends were also observed at the other drug
concentrations and pH value. But PLA-mPEGg00/
TPGS;350-PHis-Folate nanoparticles showed diverse
cytotoxicity toward 4T1 murine breast cancer cells at
different pH values. For instance, 4T1 murine breast
cancer cells decreased in cell viability at 4 pg/mL
drug concentrations after 8-h incubation from 54.82%
at pH 7.4 to 33.07% at pH 6.8 and to 14.31% at pH 5.8,
which is a 1.66-fold and 3.83-fold decrease, respec-
tively. Perhaps, this is because that folate in PLA-
mMPEGg000/ TPGS3350-PHis-Folate nanoparticles can
bind folate receptors on cell membranes, triggering
fast endocytosis into lysosomes, followed by rapid
intracellular drug release. Therefore, the results
indicated that the pH-sensitive PLA-mPEGygg0/
TPGS;350-PHis-Folate nanoparticles demonstrated
significantly increased in vitro therapeutic effects.

Conclusions

In this study, a novel pH-sensitive copolymer of
TPGS;350-PHis-Folate  was  synthesized. The
nanoparticles containing pH-sensitive TPGS;z350-
PHis-Folate and PLA-mPEG,p, were prepared by
the nanoprecipitation method with docetaxel as a
model anticancer drug. The PLA-mPEGy0/
TPGS;350-PHis-Folate nanoparticles combined active
targeting with pH-triggered quick drug release could
achieve fast cellular uptake of the nanoparticles and
enhanced accumulation in tumor tissues for the bet-
ter therapeutic efficacy of drug-loaded nanoparticles
systems. Thus, the drug-loaded PLA-mPEGsygq0/
TPGS3350-PHis-Folate nanoparticles designed in this
work have great potential to be used for
chemotherapy.
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