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ABSTRACT: PLGA-based nanomedicines have enormous potential for targeted cancer therapy. To boost their stability,
targetability, and intracellular drug release, here we developed novel multifunctional PLGA anticancer nanomedicines by
combining a reductively cleavable surfactant (RCS), vitamin E—SS—oligo(methyl diglycol L-glutamate), with covalent hyaluronic
acid (HA) coating. Reduction-sensitive HA-coated PLGA nanoparticles (tHPNPs) were obtained with small sizes of S$5—61 nm
and { potentials of —26.7 to —28.8 mV at 18.4—40.3 wt % RSC. rHPNPs were stable against dilution and 10% FBS while
destabilized under reductive condition. The release studies revealed significantly accelerated docetaxel (DTX) release in the
presence of 10 mM glutathione. DTX—rHPNPs exhibited potent and specific antitumor effect to CD44 + A549 lung cancer cells
(ICso = 0.52 pg DTX equiv/mL). The in vivo studies demonstrated that DTX—rHPNPs had an extended circulation time and
greatly enhanced tolerance in mice. Strikingly, DTX—rHPNPs completely inhibited growth of orthotopic human A549-Luc lung
tumor in mice, leading to a significantly improved survival rate and reduced adverse effect as compared to free DTX. This study
highlights that advanced nanomedicines can be rationally designed by combining functional surfactants and surface coating.
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1. INTRODUCTION

PLGA nanoparticles are one of the most attractive pharma-
ceutical delivery nanoplatforms.'> PLGA-based nanomedi-
cines (e.g, Lupron Depot, Decapeptyl, and BIND-014) have
been developed for treating different cancers including prostate
and lung cancers.”™ In recent years, great endeavors have been
devoted to improving PLGA-based nanomedicines.'’~"* For
example, to improve their stability, PLGA-based nanomedicines
were coated with N-trimethyl chitosan chloride via electro-
static interaction'” or photo-cross-linked using poly(propylene
fumarate)—co-PLGA.'* To improve their cancer specificity,
different targeting ligands such as S,S-2-(3-(5-amino-1-carbox-
ypentyl)-ureido)-pentanedioic acid,”'® CXCR4,' folate, and
cell-penetrating peptide R,'” have been used to decorate PLGA
nanomedicines. To enhance their drug release in target site,
pH-responsive PLGA nanoparticles have been developed by
loading ammonium bicarbonate, which could be decomposed
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to NH; and CO, at endo- and lysomal pH'® or incorporating
pH sensitive poly(f-amino ester).'” Reduction-sensitive
PLGA nanoparticles were prepared by coating with PEG—
SS—hexadecyl.”’ Dual-responsive PLGA nanoparticles were
developed from PEG—PLGA—poly(L-glutamic acid) (PEG—
PLGA—PGlu) that exhibited rapid response to both endosomal
pH and proteinase K.*' It should be noted that most of these
advanced PLGA nanomedicines are designed to solve one or
two delivery issues. We recently found that PLGA nanoparticles
obtained via nanoprecipitation using vitamin E-oligo(methyl
diglycol r-glutamate) (VEOEG) as a surfactant followed by
covalent hyaluronic acid (HA) coating had high stability and
targetability to MCF-7 breast and A549 lung tumors in vivo.””**
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These HA-coated nanoparticles, however, displayed a relatively
large size of ~150 nm as well as slow and incomplete release
of paclitaxel and docetaxel (DTX) in 7 days. The size of
nanotherapeutics is reported to play a critical role in tumor
penetration and treatment efficacy in vivo.”*”> Nanotherapeutics
with smaller sizes (<100 nm) is generally more desirable.”*™**
The slow drug release would greatly reduce drug efficacy and
possibly induce drug resistance.””*” Hence, it would be of great
interest to fabricate small-sized HA-coated PLGA anticancer
nanomedicines with a rapidly responsive drug release property.

Here, we describe development of robust, bioresponsive,
and targeted PLGA anticancer nanomedicines by combining a
reductively cleavable surfactant (RCS), vitamin E—SS—oligo-
(methyl diglycol r-glutamate) (VE—SS—OEG), with HA
coating (Scheme 1). VE—SS—OEG provides not only amino
groups on nanoparticle surface to facilitate HA coating but also
redox sensitivity to facilitate decoating and drug release within
cancer cells. The engineering of sheddable shells and coatings
has shown to be an effective way to realize fast intracellular
drug release and improved antitumor performances in vitro
and in vivo.”’ 7> HA on surface of nanoparticles has been
reported to facilitate cellular uptake of nanotherapeutics in
CD44-overexpressing cancer cells.”’~*” HA coating affords not
only high stability and minimum drug, leakage but also high
specificity toward CD44-positive cells."’~** Notably, our results
show that DTX-loaded reduction-sensitive HA-coated PLGA
nanoparticles (DTX—rHPNPs) are robust, small (55—61 nm),
selective to human A549-Luc lung cancer cells, and capable of
quickly releasing DTX in response to cytoplasmic reductive

conditions, leading to complete inhibition of tumor growth and
significantly improved survival of orthotopic human AS49-Luc
lung tumor-bearing nude mice. This is a first proof-of-concept
study on design and fabrication of robust, bioresponsive, and
small-sized PLGA nanomedicines using reductively cleavable
surfactant for targeted tumor therapy.

2. EXPERIMENTAL SECTION

2.1. Preparation of Vitamin E-Disulfide—Oligo(Methyl
Diglycol L-Glutamate). Vitamin E—disulfide—oligo(methyl diglycol
L-glutamate (VE—SS—OEG) was prepared by polymerization of
EG,—Glu—NCA in the presence of VE cystamine conjugate (VE—SS—
NH,). Under N, atmosphere, DCM solution (38 mL) of VE-SS-NH,
(119 g 196 mmol) was added to a solution of EG,—Glu—NCA
(3.78 g, 13.73 mmol) in DCM (38 mL). After 12 h stirring at 25 °C, the
reaction mixture was condensed by rotary evaporator, and precipitated
in diethyl ether. VE—SS—OEG was dried in vacuo. Yield: 67.8%.
'"H nuclear magnetic resonance (‘H NMR) (600 MHz, CDCL,
Figure 1, ): 425—3.94 (-NHCOCH—-, CH,0CH,CH,0CH,CH,—);
3.68—3.52 (CH,0CH,CH,OCH,CH,~); 340333 (—CH,CH,SSCH,CH,—,
CH,;0CH,CH,0CH,CH,-); 292 (—CH,SSCH,—); 2.71—
2.53 (—Ph(CH,);CH,CH,—, —COCH(NH)CH,CH,—); 2.25—
1.75 (-Ph(CH;);—, —COCH(NH)CH,CH,—, —Ph-
(CH,),CH,CH,—); 1.54 (CH,(CH(CH,)CELCH,CH,),~);
1.38—1.05 (CH,(CH(CH;)CH,CH,CH,);—, —C(CH,)
(CH,)—); 0.87—0.83 (CH5(CH(CH;)CH,CH,CH,);—). The
'"H NMR showed that VE-SS-OEG had a degree of polymer-
ization of 6.3 (VE—SS—OEGg;). The structure of VE—SS—OEG
was also confirmed by matrix-assisted laser desorption—ionization
time-of-flight (MALDI-TOF) analysis, and the terminal amino
functionality was quantified by 2,4,6-trinitrobenzenesulfonic

Scheme 1. Illustration of Reduction-Sensitive HA-Coated PLGA Nanoparticles for Targeted DTX Delivery to Orthotopic

Human A549-Luc Lung Xenografts
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Figure 1. Characterization of VE—SS—OEGy . (A) "H NMR spectrum
(600 MHz, CDCl;), and (B) MALDI-TOF mass spectrum. m/z = M,
+ Na* = 608.4 + 231.1 X n + 23.0, wherein n denotes the number of
repeating units of EG,—Glu, and * indicates backbiting byproducts.

acid (TNBSA) assay. VE-SS-OEG could self-assemble into
micelles in water. The critical micelle concentration of VE-SS-
OEG was determined using pyrene as a fluorescent probe.””

2.2. Preparation of Redox-Sensitive Hyaluronic Acid Coated
PLGA Nanoparticles. Reduction-sensitive PLGA nanoparticles
(rPNPs) were prepared using VE—SS—OEG as a reductively cleavable
surfactant (RCS) by a modified nanoprecipitation method.** Briefly,
PLGA was dissolved in a mixed solution of acetone, tetrahydro-
furan, and triethylamine (v/v/v, 40:6:1) to obtain a PLGA solution
(10.0 mg/mL). A total of 705 L of the above solution was quickly
added to 9.0 mL of aqueous solution of VE—SS—OEG (18.4, 31.0, or
40.3 wt % of VE—SS—OEG and PLGA total weight) under stirring
at 37 °C. After stirring for 6 h at room temperature, the residual
organic solvent was removed by evaporation. The aqueous phase was
extensively dialyzed against deionized water and lyophilized to obtain
rPNPs. rHPNPs were prepared through coating rPNPs with negatively
charged HA followed by covalent cross-linking reaction between
amino groups on the surface of rPNPs and carboxyl groups of HA, as
previously reported.”> The stability of rHPNPs against 1000-fold
dilution and 10% fetal bovine serum (FBS), as well as their respon-
sivity to 10 mM glutathione, was monitored by DLS. To monitor their
intracellular trafficking and in vivo tumor-targetability, near-infrared
fluorescence probe Cy5 grafted HA™ was used to coat rPNPs yielding
CyS-labeled rtHPNPs (CyS—rHPNPs).

2.3. MTT Assays. The cytotoxicity of bare nanoparticles was
studied by MTT assays. AS49-Luciferase (AS49-Luc) human lung
cancer cells and L929 mouse fibroblast cells were cultured in 96 well
plates (8.0 X 10° cells per well) for 24 h and then incubated with
prescribed amounts of rHPNPs (10, 50, 150, 300, and 600 ug/mL) at
37 °C in 5% CO, atmosphere for 48 h. The cells following the
addition of MTT solution in PBS (10 uL, S mg/mL) were incubated
for 4 h at 37 °C. After careful removal of the supernatant, the MTT—
formazan generated by live cells was dissolved in DMSO (150 uL),
and the absorbance at a wavelength of 492 nm was measured using a

3987

Scheme 2. Synthesis of VE—SS—OEG*”
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microplate reader (Multiskan FC, Thermo Scientific). The cell viability
(%) was determined by comparing the absorbance with control wells
containing only cell-culture medium.

The antitumor activity of DTX-rHPNPs was evaluated in a similar
way except that the cells were incubated with DTX—rHPNPs for 4 h
and then cultured in a refreshed medium for another 44 h. Free DTX
dissolved in Tween 80 and ethanol (v/v = 1:1) was used as a control.
The inhibition experiment was performed by pretreating AS49-Luc
cells with free HA (5 mg/ mL) for 4 h prior to incubating with DTX—
rHPNPs. The ICy, of DTX—rHPNPs was calculated by curve fitting of
the cell viability versus drug concentrations (n = 4).

2.4. In Vivo Antitumor Efficacy of DTX—rHPNPs. The in vivo
antitumor efficacy of DTX—rHPNPs was investigated using the nude
mice bearing orthotopic human AS49-Luc lung cancer xenografts.
All mice studies were performed under protocols approved by the
Animal Care and Use Committee of Soochow University. Orthotopic
lung cancer model was built by directly injecting 5 X 10° A349-Luc
cells suspended in SO yL of matrigel/PB (1/4, v/v) into the left lung
parenchyma of mice.***® The tumor size and sites were monitored by
the measuring bioluminescence through IVIS Lumina II imaging
system (Caliper Life Sciences) after the intravenous injection of
p-luciferin potassium salt solution (15 mg/mL, 100 uL) in PBS.
Treatments were started when luminescence intensity of lung tumor
reached about 1 x 10° p/s/ cm?/sr, and this day was designated as day
0. The mice were randomly divided (six mice per group) and treated
via the intravenous injection of DTX—rHPNPs or free DTX at a DTX
dosage of 5 mg/kg on day 0, 4, 8, and 12, respectively. A single-dose
treatment was also evaluated by the administration of DTX—rHPNPs
formulation at 15 mg DTX/kg in 0.15 mL of PBS on day 0. Bare
rHPNPs and PBS were used as controls. The treatment effect was
assessed by measuring the luminescence intensity of lung tumor. Mice
were weighed and normalized to their initial weights. Mice with the
weight loss of over 15% were considered to be dead during treatment.

3. RESULTS AND DISCUSSION
3.1. Synthesis of VE-SS—OEG. VE—SS—OEG was readily
acquired by polymerization of EG,—Glu—NCA using VE—SS—NH,
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as an initiator that was prepared through coupling NH,—Cys—
Boc to vitamin E followed by the deprotection of Boc
(Scheme 2). '"H NMR of VE—SS—NH, showed besides char-
acteristic signals of VE also signals assignable to cystamine
moieties (5: 2.79, 2.88, 3.03, and 3.61) (Figure S1). The methy-
lene protons at § 2.58 (vitamin E) and 3.03 (cystamine) had
equal integrals, corroborating successful coupling of vitamin E
and cystamine. The ROP of EG,—Glu—NCA was carried out in
DCM at 25 °C. 'H NMR of VE—SS—OEG detected signals
attributed to the OEG block (§ 4.25—3.94, 3.68—3.52, 3.40—
3.33, and 2.71-2.53) and vitamin E group (6 2.25—1.75, 1.54,
1.38—1.05, and 0.87—0.83) (Figure 1A). Interestingly, VE—
SS—OEG had degree of polymerization (DP) of 6.3—12.2,
calculated by comparing the intensities of signals at  3.68—3.52
and 6 0.87—0.83, close to the monomer-to-initiator molar ratios
(Table 1). VE—SS—OEG had low polydispersities of 1.12—1.24

Table 1. Characteristics of VE—SS—OEG

M, (kg/mol)

M],, DP'H 'H b CMC*
entry [I], NMR? NMR* GPC’” GPC” (mg/L) HLB?
1 7 6.3 2.1 19 LI2 190.8 14.1
2 10 9.6 2.8 2.1 1.19 192.4 15.7
3 13 122 34 29 124 198.9 164

“Calculated from 'H NMR. “Determined by GPC (standard:
poly(methyl methacrylate)). “Determined using pyrene as a
fluorescence probe. 4(HLB), = 20 X My/(My + M,), in which My,
and M are the molecular weight of hydrophobic and hydrophilic
chain, respectively.

as characterized by GPC measurements (Table 1). MALDI-
TOF analysis of VE-SS-OEGg; confirmed its low polydispersity
and well-controlled molecular weight (Figure 1B). Notably, a

minor mass distribution with cyclic pyroglutamate end group
instead of amino end group was observed, which is due to
occurrence of backbiting reaction.””*” TNBSA analysis revealed
that 63.2% VE—SS—OEG had an amino end group. VE—SS—OEG
possessed a HLB value of 14.1—16.4 and could self-assemble
into micelles in aqueous medium with a CMC of 190—199 mg/L
(Table 1).

3.2. Preparation and Characterization of rPNPs and
rHPNPs. PLGA nanoparticles were fabricated via nano-
precipitation method using VE—SS—OEG as a surfactant.
As revealed by DLS, rPNPs prepared at 18.4—40.3 wt % VE—
SS—OEG had small sizes (~55 nm) and low polydispersity
indices (PDI) (Figure 2A and Table 2). Figure 2B reveals
that rPNPs were spherical and had a small size similar to
that determined from DLS. Notably, rPNPs formed with
VE—SS—OEG could maintain their structures during centrifu-
gation and over 1 week storage. Taking advantages of amino
groups on the nanoparticle surface, various biomolecules could
be easily decorated on nanoparticles to form multifunctional
PLGA nanoparticles. Here, HA was coated on nanoparticles via
physical absorption and 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride—N-hydroxysuccinimide (EDC—
NHS) coupling reaction, yielding tumor-targeting rHPNPs.
DLS and TEM showed that rHPNPs retained small sizes and
narrow PDI (Figure 2A,B). rHPNPs were about 3—6 nm bigger
than rPNPs (Table 2). In comparison, PLGA nanoparticles
prepared using reduction-insensitive VEOEG surfactant had a
much larger size (~150 nm).”»** ¢ potential measurements
revealed that coating of rPNPs with HA resulted in 7.5—12.8 mV
more negative surface charge. The larger particle size and
higher negative surface charge of rHPNPs than rPNPs supports
coating of rPNPs with HA. Using CyS-labeled HA as a model,
HA content was shown to increase from 6.5 to 13.1 wt % with
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Figure 2. Characteristics of rPNPs and rHPNPs formed at 40.3 wt % VE—SS—OEG. (A) Size distribution of rPNPs and rHPNPs determined by
DLS; (B) TEM images of rPNPs and rHPNPs (dropping 15 uL of 0.25 mg/mL nanoparticle suspension on the copper grid followed by staining
with 1 wt % phosphotungstic acid, scale bar: 50 nm); (C) stability of rHPNPs against extensive dilution and 10% FBS; (D) change of rHPNPs size

and distribution in response to 10 mM GSH at 37 °C determined by DLS.
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Table 2. Characteristics of rPNPs and rHPNPs

rPNPs rHPNPs
entry VE—SS—OEG content (wt %) size” (nm) PDI” ¢ (mv) size” (nm) PDI* ¢% (mv) HA content® (wt %)
1 18.4 SS 0.14 —-19.2 61 0.15 —26.7 6.5
2 31.0 54 0.13 -16.9 59 0.15 —284 10.3
3 40.3 52 0.10 -16.0 S§ 0.13 —28.8 13.1

“Determined by DLS using a Zetasizer Nano-ZS. ®Measured using a Zetasizer Nano-ZS equipped with a standard capillary electrophoresis cell.
“Determined by fluorescence measurements at 662 nm using CyS as a fluorescence probe.

increasing VE—SS—OEG content from 184 to 40.3 wt %
(Table 2). To acquire high-stability and abundant HA for
tumor-targetability, rHPNPs with 13.1 wt % of HA were selec-
ted for the following experiments. As expected, cross-linked
rHPNPs exhibited negligible size change against 1000-fold
dilution and in 10% FBS for 12 h (Figure 2C), suggesting they
have high colloidal stability. Cross-linked nanotherapeutics
has been extensively explored to avoid premature drug release
during circulation and enhance targeting delivery of drugs in
tumor sites.***” Under the condition of 10 mM GSH, rHPNPs
swelled and aggregated in 12 h (Figure 2D), demonstrating that
rHPNPs are redox-sensitive. We and others have shown that
micelles following shedding off shells and nanoparticles following
decoating are prone to aggregation.”””' Thus, rHPNPs have
remarkable stability but tend to decoat the HA layer inside cells.

3.3. DTX Loading and Release. DTX was loaded into
rHPNPs at a theoretical drug loading content (DLC) of 10 or
20 wt %. Notably, DTX-loaded rHPNPs exhibited a small size
of 56—58 nm and a low PDI of 0.11—0.12. The { potential
measurements showed that DTX—rHPNPs had negative
surface charge of ca. —30 mV (Table 3), supporting the fact

Table 3. Characteristics of DTX—rPNPs and DTX—rHPNPs
prepared at 40.3 wt % VE—SS—OEG

DTX—rPNPs DTX—-rHPNPs
DLC DLC*
theory  size” size® I (wt  DLEC
entry (wt%) (nm) PDI” (am) PDI* (mV) %) (%)
1 10 53 0.13 56 0.12 -30.0 6.5 63.8
2 20 54 0.12 58 0.11 —-29.4 112 SLS

“Determined by DLS using Zetasizer Nano-ZS. “Measured using
Zetasizer Nano-ZS equipped with a standard capillary electrophoresis
cell. “Determined by HPLC.

that nanoparticles were coated with negatively charged HA that
has been extensively reported to have excellent tumor-
targetability toward CD44+ cancer cells.””™>" DTX—rHPNPs
showed a decent DLC of 11.2 wt % at a theoretical DLC of
20 wt %. Interestingly, DTX—rHPNPs could be freeze-dried
and redispersed in PB buffer, which would largely facilitate
their storage, scale-up fabrication, and clinic applications.”>*
In the following, DTX—rHPNPs with a DLC of 11.2 wt % was
selected for in vitro drug release and cell and animal experi-
ments. DTX—rHPNPs exhibited high stability and slow DTX
release under physiological conditions in which less than 30%
of DTX was released in 48 h (Figure 3). In contrast, nearly 80%
of DTX was released with addition of 10 mM GSH. Hence,
drug release from DTX—rHPNPs is triggered by GSH. Com-
pared to free drugs, PLGA-based nanotherapeutics with intra-
cellular triggered drug release have exhibited significantly
enhanced antitumor efficacy on various solid tumors and drug-
resistant tumors.””*’
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Figure 3. GSH-triggered drug release of DTX—rHPNPs (nanoparticle
concentration: 0.2 mg/mL) at pH 7.4 and 37 °C in PB buffer
(10 mM) (n = 3).

3.4. Targetability and Antitumor Activity of DTX—
rHPNPs. For the study of their tumor targetability, rHPNPs
were labeled with Cy5. Flow cytometry showed efficient uptake
of CyS-rtHPNPs by CD44-overexpressing A549-Luc cells in 4 h

(Figure 4A). Notably, the uptake of CyS—rHPNPs was
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Figure 4. (A) Flow cytometry study. AS49-Luc cells were incubated
for 4 h with CyS—rHPNPs (5.0 ug CyS/mL); (B) cytotoxicity of bare
rHPNPs in 1929 and A549-Luc cells after 48 h of incubation; (C)
antitumor activity of DTX—rHPNPs in A549-Luc cells (mean + SD,
n = 4); (D) in vivo pharmacokinetics of DTX—rHPNPs and free DTX
in mice (means + SD, n = 3).

significantly reduced by pretreating AS49-Luc cells for 4 h
with free HA, indicating that rHPNPs are internalized by
AS49-Luc cells via receptor-mediated internalization.

MTT assays indicated that bare rHPNPs appeared nontoxic
to normal cells like 1.929 cells, while it exhibited moderate
cytotoxicity toward AS49-Luc lung cancer cells (Figure 4B).
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For example, L929 and AS49-Luc cells following 48 h
incubation with 600 pg/mL bare rHPNPs displayed cell
viabilities of 93% and 61%, respectively. We and other groups
found that VE conjugates and nanoparticles coated with
VE—oligopeptide were toxic toward cancer cells.”” o162 Inter-
estingly, DTX—rHPNPs exhibited a high inhibitory effect toward
AS49-Luc cells with IC, = 0.52 pg DTX equiv/mL (rHPNPs
concentration =4.12 ug/mL), which was even lower than
that of free DTX (0.87 ug/mL) (Figure 4C). In comparison,
reduction-insensitive DTX—HPNPs showed an ICs, of 0.91 ug
DTX equiv/mL to A549-Luc cells.”” The high antitumor effect
of DTX—rHPNPs is likely due to their efficient internalization
by AS49-Luc cells, redox-triggered drug release, and presence of
VE—SS—OEG. The antitumor activity of DTX—rHPNPs was,
however, markedly truncated after treating A549-Luc cells by
free HA (Figure 4C), in line with their excellent targetability to
AS549-Luc cells.

3.5. In Vivo Pharmacokinetics and Antitumor Efficacy
of DTX—rHPNPs. HPLC quantification of DTX levels in the
blood after intravenous injection of DTX—rHPNPs revealed
that DTX—rHPNPs had an over 12-fold longer circulation
time than free DTX (3.85 versus 0.32 h) (Figure 4D). The long

plasma retention of DTX—rHPNPs is likely due to their superb
colloidal stability, small size, and inhibited drug leakage.
DTX—rHPNPs was used to treat orthotopic human A549-Luc
lung tumor-bearing mice. The mice, following the intravenous
injection of DTX—rHPNPs (5 mg DTX/kg), exhibited weak
bioluminescence over the whole treatment period of 16 days
(Figure SA), indicating that DTX—rHPNPs can completely
suppress tumor growth. In contrast, mice treated with free
DTX, bare rHPNPs, and PBS displayed incessant tumor
growth. The semiquantitative analysis of radiance corroborated
that DTX—rHPNPs caused significantly more effective tumor
inhibition than free DTX, while bare rHPNPs had little
antitumor effect (Figure SB). The pictures of tumors excised on
day 16 confirmed that DTX—rHPNPs group possessed
negligible tumor luminescence and invasion in the lung, while
tumor not only occupied the whole lung but also invaded into
heart tissue in PBS group (Figure SC). Encouraged by their
excellent therapeutic efficacy, we further evaluated the anti-
tumor effect of DTX—rHPNPs at a single dose (sd). Single-
dosing scheme has attracted recent interests due to a better
compliance with patients.”>** Interestingly, the results showed
that a single dose of DTX-rHPNPs (15 mg DTX equiv/kg) led
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to significantly more effective inhibition of tumor growth than
multiple injection of free DTX (Figure SB).

Owing to tumor invasion, mice treated with bare rHPNPs
and PBS exhibited gradual body weight loss (about 7.9% and
12.4%, respectively, at day 16) (Figure 6A). On the contrary,
increased body weight was observed for mice treated with
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DTX—rHPNPs, corroborating that DTX—rHPNPs effectively
suppress tumor invasion and cause little adverse effects. Notably,
mice treated with a single dose of DTX—rHPNPs showed also
increased body weight after initial slight loss of body weight.
Consistently, DTX—rHPNPs remarkably increased the survival
rates of AS49-Luc lung-tumor-bearing mice (Figure 6B). All mice
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treated with multiple doses of DTX—rHPNPs survived over
an experimental period of 50 days. Even single dosing of
DTX—rHPNPs led to 80% mice survival in 50 days. In contrast,
short median survival times of 20 and 22 days were observed for
PBS and bare rHPNPs groups, respectively. The mice treated
with PBS and bare rtHPNPs showed shortness of breath, sluggish,
and loss of appetite over time due to fast tumor invasion.
Free DTX group exhibited a moderate median survival time of
32 days. The histological analyses using hematoxylin and eosin
staining revealed extensive nuclei lysis of tumor tissue in both
DTX—rHPNPs and free DTX groups (Figure 6C). Moreover,
unlike free DTX-treated mice, DTX—rHPNPs groups exhibited
well-organized lung tissue and little liver and kidney damage.
As expected, pronounced lung damage including disrupted
alveolar structure was observed in mice treated with rHPNPs or
PBS (Figure S2), causing respiratory failure and eventually
death. It is evident that DTX—rHPNPs achieve efficacious and
selective delivery of DTX to CD44 positive orthotopic human
AS549-Luc lung tumor xenografts, leading to eflicient tumor inhi-
bition, reduced systemic side effects, and markedly improved
survival rates.

4. CONCLUSIONS

We have demonstrated that robust, bioresponsive, and targeted
PLGA anticancer nanomedicines can be conveniently devel-
oped by combining a reductively cleavable surfactant with
hyaluronic acid coating. The in vitro and in vivo results show
that docetaxel-loaded redox-sensitive HA-coated PLGA nano-
particles (DTX—rHPNPs) possess superior stability, potent
antitumor activity, long circulation time, high targetability, and
effective inhibition of orthotopic human A549-Luc lung tumor
in nude mice. In accordance, DTX—rHPNPs lead to superior
survival rate and significantly reduced adverse effects in ortho-
topic human AS549-Luc lung tumor-bearing mice as compared to
free DTX. To the best of our knowledge, this represents the first
development of multifunctional PLGA-based anticancer nano-
medicines by combining a reductively cleavable surfactant with
hyaluronic acid coating. Notably, different lipophilic drugs can be
loaded into rHPNPs to suit for different indications. The easy
fabrication and multifunctional feature of rHPNPs render them a
highly promising targeted nanoplatform for the effective
treatment of various malignancies.
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