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PLGA nanotherapeutics though representing a most promising platform for targeted cancer therapy are
confronted with low stability and insufficient tumor cell uptake. Here, we report that hyaluronic acid (HA) coated
PLGA nanoparticulate docetaxel (DTX-HPLGA) is particularly robust and can effectively target and suppress
orthotopic human lung cancer. DTX-HPLGA was easily prepared with a small size of 154 nm and negative surface
charge of —22.7 mV by nanoprecipitation and covalent coating with HA. DTX-HPLGA displayed a low ICsq of
0.91 pg/mL in CD44 + A549 cells and a prolonged elimination half-life of 4.13 h in nude mice. Interestingly,
DTX-HPLGA demonstrated 4.4-fold higher accumulation in the cancerous lung than free DTX, reaching a remark-
able level of 13.7 %ID/g at 8 h post-injection, in orthotopic human A549 lung cancer-bearing mice. Accordingly,
DTX-HPLGA exhibited significantly better inhibition of tumor growth than free DTX, leading to healthy mice
growth and markedly improved survival time. DTX-HPLGA with easy fabrication, excellent stability and tumor
accumulation, effective tumor suppression, and low side effects is of particular interest for targeted chemother-

apy of lung cancers.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

With increasing incidence and mortality, lung cancer especially non-
small cell lung cancer (NSCLC) has emerged as a leading malignancy
worldwide [1]. Docetaxel (DTX), a cell cycle-specific antitumor drug
that can inhibit the depolymerization of microtubules, has been ap-
proved as first- and second-line treatment for NSCLC [2,3]. The clinical
formulation of DTX in polysorbate 80 (Taxotere®), however, causes se-
rious side effects including hypersensitivity reactions, nephrotoxicity,
and cardiotoxicity [4,5]. To reduce systemic side effects and further im-
prove therapeutic efficacy, various nanocarriers including polymeric
micelles, nanoparticles, and liposomes have been explored for DTX de-
livery [6-8]. Interestingly, polymeric DTX nanoformulations based on
e.g. poly(ethylene glycol)-b-poly(p,.-lactide) (PEG-PDLLA), PEG-b-
poly(N-(2-hydroxypropyl)-methacrylamide-lactate), or cyclodextrin-
PEG are under clinical investigation for treating various advanced solid
tumors [9-11].

PLGA nanoparticles with excellent biocompatibility and biodegrad-
ability are one of the most attractive pharmaceutical delivery
nanoplatforms [12-15]. Protein and peptide nanoformulations based
on PLGA are currently used for the treatment of various diseases includ-
ing cancer [16-18]. BIND-014, an active targeting micellar DTX formula-
tion based on PEG-PLGA copolymer, has been under clinical translation
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for treating advanced solid tumors and NSCLC [19,20]. It should be
noted, however, that current PLGA-based nanotherapeutics typically
suffers from a low plasma stability, premature drug release, poor
tumor accumulation and retention, and inefficient tumor cell uptake
[21-23]. PLGA-based nanotherapeutics are usually fabricated using
poly(vinyl alcohol), poloxamer, poly(vinyl pyrrolidone) and TPGS as
surfactants [24-26], which gives an “inert” surface hindering target
cell internalization. Moreover, these surfactants are prone to washing
off during purification or in circulation, resulting in destabilization and
aggregation of nanotherapeutics [27,28]. Interestingly, Zhang et al.
reported that coating of PLGA nanotherapeutics with the plasma
membrane of human platelets exhibited reduced cellular uptake by
macrophage-like cells and enhanced therapeutic efficacy in a rat
model of coronary restenosis and a mouse model of systemic bacterial
infection [29]. Chen et al. demonstrated that PLGA nanoparticles follow-
ing the lipid coating and AMD3100 decoration could efficiently deliver
sorafenib and overcome acquired drug resistance in the orthotopic he-
patocellular carcinoma model [30]. Garcia-Salcedo et al. reported that
PEG and antibody fragment covalently coated PLGA nanoparticulate
pentamidine could cure all infected mice at a 10-fold lower dose than
the minimal full curative dose of free drug using a murine model of Af-
rican trypanosomiasis [31]. We recently reported a facile approach to
prepare hyaluronic acid (HA) coated PLGA nanoparticles (HPLGA)
using vitamin E-oligo(methyl diglycol L-glutamate) (VEOEG) as a sur-
factant [32]. Paclitaxel-loaded HPLGA exhibited effective inhibition of
subcutaneously implanted MCF-7 breast tumor xenografts.
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In this paper, we report that HA coated PLGA nanoparticulate doce-
taxel (DTX-HPLGA) effectively targets and suppresses orthotopic
human lung cancer (Scheme 1). It is known that lung cancers like
A549 are overexpressing CD44 receptors [33-35]. Several studies have
shown that HA based self-assembled nanoparticles can effectively deliv-
er therapeutic nucleic acid, siRNA, and microRNA to both sensitive and
resistant A549 lung cancer cells, achieving targeted treatment of solid
and metastatic tumors in vivo [36,37]. HA coating of lipid/starch-based
nanomedicines via electrostatic attraction has shown better anti-
tumor efficacy toward lung cancer cells in vitro and in vivo [38,39].
DTX-HPLGA, unlike previous reported PLGA nanotherapeutics, is easy
to fabricate and possesses multi-functions such as enhanced colloidal
stability, superb tumor accumulation, and high specificity toward
orthotopic human lung cancer in nude mice.

2. Materials and methods
2.1. Preparation of DTX-HPLGA

DTX-HPLGA was prepared by a modified nanoprecipitation method
using VEOEG as a surfactant [40]. Briefly, 30 mg of PLGA and 2.6 mg of
DTX were dissolved in acetone (3 mL). 0.9 mL of the resulting solution
was dropwise added into VEOEG aqueous solution (0.45 mg/mL,
9 mL) under stirring at room temperature. After evaporating acetone,
DTX-PLGA NPs were collected by centrifugation at 12,000 rpm for
10 min and then washed once with deionized water to remove free
VEOEG surfactant and free drug. Taking advantages of positively
charged amine groups in VEOEG located on the nanoparticles surface,
negatively charged HA was facilely coated on the DTX-PLGA NPs via
electrostatic interaction followed by covalent conjugation via EDC/
NHS coupling method, similar to our previous report for HA coated
PTX-PLGA NPs (PTX-HPLGA) [32]. The stability of DTX-PLGA NPs against
extensive dilution and in 10% FBS was monitored by DLS measurement
(n = 3). To monitor the intracellular behaviors and in vivo tumor-
targetability, near infra-red fluorescence probe Cy5 was grafted on HA
[32,41], and then coated on HPLGA to obtain Cy5-labeled HPLGA (Cy5-
HPLGA).

DTX-HPLGA &

VEOEG surfactant

o facilitating nanoparticle fabrication
o providing functional amino groups
e good biocompatibility

i.v. injection

receptor

The DTX loading level in HPLGA was determined by dissolving DTX-
HPLGA in acetonitrile/water (50:50, v/v), filtering through a filter
(0.45 pm), and measuring using HPLC. The standard curve was acquired
with DTX in acetonitrile/water (50:50, v/v) solutions ranging from 0.05
to 100 pg/mL. Drug loading content (DLC) and drug loading efficiency
(DLE) were determined as a previous report [32].

2.2. Pharmacokinetics studies

Pharmacokinetics studies of DTX-HPLGA and free DTX were per-
formed in nude mice (dosage: 5 mg DTX equiv./kg, n = 3). The mice
were handled under protocols approved by Soochow University Labora-
tory Animal Center and the Animal Care and Use Commiittee of Soochow
University. At predetermined time points post i.v. injection (0.05, 0.25,
0.5, 1,2, 4, 8,12 and 24 h for DTX-HPLGA while 2, 5, 10, 30, 60, 120
and 240 min for free DTX), 20 pL of blood was drawn, and briefly
sonificated in 1.0 mL of acetonitrile/methanol (v/v = 1:1). After incu-
bating overnight, the blood samples were centrifuged at 13,000 rpm
for 20 min to obtain the supernatant. DTX was extracted by evaporating
the solvent, and then re-dissolve in 250 L of acetonitrile for HPLC mea-
surement. The blood circulation followed a typical two compartment
model, in which the distribution half-life (t;,4) and elimination half-
life (t1/2p) were calculated according to the following formula: y =
Ay x exp(—x/t1) + Az x exp(—x/tz) + Yo, wherein ty2o = t; x In2
and ty,2p = t x In2. The area under the curve (AUC) was estimated
using the formula: AUC = Ay x t; + Az X to.

2.3. Ex vivo imaging and biodistribution

Ex vivo imaging of HPLGA was evaluated in orthotopic human A549-
Luc lung xenografts that were established by injecting 5 x 10° A549-Luc
cells in 50 pL of matrigel/phosphate buffer (PB) mixture (1:4, v:v)
into the left lung parenchyma of mice. The tumor size and sites were
visualized by the measurement of bioluminescence through IVIS
Lumina Il imaging system (Caliper Life Sciences, U.S.A.) following the
injection of D-luciferin potassium salt solution (15 mg/mL, 100 pL)
in PBS. When the tumor luminescence intensity reached about

Orthotopic lung
cancer xenograft

CD44

Scheme 1. Illustration of hyaluronic acid (HA) coated PLGA nanoparticulate docetaxel (DTX-HPLGA) that effectively targets and suppresses orthotopic human lung cancer.
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1 x 107 p/s/cm?/sr, 150 pL of Cy5-HPLGA solution (20 ug/mL) in PBS was
intravenously administrated via the tail vein. After 8 h, mice were
sacrificed, several major organs (cancerous lung, heart, liver, spleen
and kidney) were harvested, and Cy5 fluorescence images were obtain-
ed using the IVIS Lumina Il imaging system.

To quantify the DTX amount delivered to the tumor and different or-
gans, orthotopic tumor-bearing mice at 8 h post-injection with DTX-
HPLGA or free DTX (dosage: 5 mg DTX equiv./kg) were sacrificed, and
the cancerous lung and several major organs were harvested, washed,
and weighted. DTX was extracted by homogenizing the samples in
methanol (2 volumes of tissue) at 20,000 rpm for 1 min, dispersing in
500 pL of acetonitrile, and incubating at —24 °C for 24 h. After 20 min
centrifugation at 13,000 rpm, the supernatant was collected, evaporated
to dryness, and re-dissolved in acetonitrile (500 pL) for HPLC
measurement.

2.4. In vivo antitumor efficacy of DTX-HPLGA

The in vivo antitumor efficacy of DTX-HPLGA was assessed using
orthotopic human A549-Luc lung cancer xenografts. Treatments were
started when luminescence intensity of lung tumor reached about
1 x 108 p/s/cm?/sr, and this day was designated as day 0. The mice
were randomly divided (4 groups, 6 mice/group), and treated with
DTX-HPLGA or free DTX (DTX dosage: 5 mg/kg) on day 0, 4, 8 and 12.
Bare HPLGA and PBS were used as controls. The treatment effect was
assessed by measuring the tumor luminescence intensity. The weight
of mice was recorded every other day. Mice were determined to be
dead during treatment when the weight loss was over 15%.

2.5. Histological analysis

One mouse of each cohort was sacrificed at day 16 for histological
analysis. The lung, liver and kidney were harvested, fixed with parafor-
maldehyde solution (4%), embedded in paraffin, and cut into 4 pm
slices. The slices following the staining with hematoxylin and eosin
(H&E) were observed by an optical microscope (Olympus BX41
microscope).

3. Results and discussion
3.1. Preparation and characterization of DTX-HPLGA

DTX-HPLGA was easily prepared through the nanoprecipitation
method using VEOEG as a surfactant followed by surface coating with
HA via electrostatic interaction and carbodiimide chemistry. The theo-
retical drug loading content (DLC) was set at 8 wt.%. DLS measurements
showed that DTX-HPLGA had a small size with an average diameter of
154 nm and narrow PDI of 0.11 (Fig. 1A). TEM micrograph demonstrat-
ed that DTX-HPLGA was spherical and had a size distribution close to
that determined by DLS (Fig. 1B). As anticipated, DTX-HPLGA exhibited
a negative surface charge of —22.7 mV, in line with coating of nanopar-
ticles with HA [42-44]. HPLC revealed a DLC of 5.5 wt.%, corresponding
to a decent drug loading efficiency of 67.5%. Interestingly, DTX-HPLGA
displayed a high colloidal stability and could remain a small size and
narrow size distribution in serum for over 60 h and at a very low con-
centration of 1 pg/mL (after 1000-fold dilution) (Fig. S1). Besides,
blank HPLGA could maintain their size in PBS at 4 °C for over one
month. The long-term storage stability of HPLGA facilitates their clinical
use [45-47]. The in vitro release studies demonstrated a sustained DTX
release from DTX-HPLGA, in which ca. 52.9%, 64.5%, and 73.6% of DTX
was released in 7 d at pH 7.4, 5.0, and 4.0, respectively (Fig. 1C). Impor-
tantly, no burst drug release was observed, further confirming that DTX-
HPLGA has enhanced stability. PLGA NPs often expose a low colloidal
stability and/or burst drug release [23,40,48].

A
204
s 151
2
i 101
S
5 | |
0 II, II .
10 100 1000
Size (nm)
B
C

Cumulative Release (%)

Time (day)

Fig. 1. Size of DTX-HPLGA determined by DLS (A) and TEM (scale bar: 100 nm) (B). (C) In
vitro drug release profiles of DTX-HPLGA at pH 7.4 (square), 5.0 (circle) and 4.0 (triangle).
Data are presented as mean + SD (n = 3).

3.2. Selectivity and in vitro antitumor activity of DTX-HPLGA

To study their cellular uptake and intracellular delivery path, HPLGA
was labeled with Cy5. Flow cytometry revealed that Cy5-HPLGA was ef-
ficiently taken up by CD44 receptor-overexpressing A549-Luc cells fol-
lowing 4 h incubation (Fig. 2A). The cellular uptake was, however,
significantly reduced by pre-treating A549-Luc cells with free HA. In ac-
cordance, confocal microscopy witnessed strong Cy5 fluorescence in the
A549-Luc cells following 4 h incubation with Cy5-HPLGA and weak Cy5
fluorescence in free HA-treated A549-Luc cells under otherwise the
same conditions (Fig. 2B). These results indicate that HPLGA is taken
up by A549-Luc cells via a receptor-mediated mechanism. Therefore,
HA coating endows PLGA NPs not only enhanced stability but also better
tumor selectivity, which is superior to PLGA NPs decorated with
targeting ligands like antibody and peptides [49-51].

Interestingly, our previous results show that bare HPLGA is nontoxic
toward normal cells like L929 cells while cause moderate cytotoxicity
toward cancerous cells such as MCF-7 and U87MG cells [32]. The selec-
tive toxicity of bare HPLGA to cancerous cells originates from vitamin E
in the surfactant [52,53]. MTT assays showed a concentration-depen-
dant cytotoxicity of bare HPLGA to A549-Luc cells, where about 60%
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Fig. 2. Flow cytometry and CLSM studies of HPLGA. (A) Flow cytometry of A549-Luc cells
following 4 h incubation with Cy5-HPLGA (Cy5 dosage: 5.0 ug/mL). The inhibition
experiment was performed by pre-treating cells for 4 h with free HA (5 mg/mL) prior to
incubation with Cy5-HPLGA; and (B) CLSM images of A549-Luc cells following 4 h
incubation with Cy5-HPLGA (Cy5 dosage: 5.0 pg/mL). For each column, images from left
to right show cell nuclei stained by DAPI (blue), Cy5 fluorescence in cells (red) and
overlays of above images (scale bar: 20 um). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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cell viability was discerned at an HPLGA concentration of 600 pg/mL
(Fig. 3A). DTX-HPLGA exhibited slightly better antitumor effect to
free DTX in A549-Luc cells (ICso: 0.91 versus 1.06 pg DTX equiv./mL)
(Fig. 3B).

3.3. In vivo pharmacokinetics and biodistribution studies

To study the in vivo pharmacokinetics, plasma DTX level at different
time intervals following a single i.v. injection of 5 mg DTX equiv./kg
DTX-HPLGA in nude mice was quantified by HPLC. The results revealed
that DTX-HPLGA had a significantly longer circulation time than free
DTX (Fig. 4A). The elimination half-lives of DTX-HPLGA and free DTX
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Fig. 3. MTT assays in A549-Luc cells. (A) Bare HPLGA. The cells were incubated with NPs
for 48 h; (B) DTX-HPLGA. The cells were treated with DTX-HPLGA for 4 h, the medium
was removed and replenished with fresh culture medium, and the cells were incubated
for another 44 h. Data are presented as mean 4 SD (n = 4).
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Fig. 4. In vivo pharmacokinetics and biodistribution studies. (A) In vivo pharmacokinetics
of DTX-HPLGA and free DTX in mice (5 mg DTX equiv./kg, n = 3); (B) ex vivo Cy5
fluorescence images of the major organs and cancerous lung harvested from the nude
mice bearing orthotopic human A549-Luc lung cancer xenografts following 8 h
intravenous injection of Cy5-HPLGA (1: Heart, 2: Liver, 3: Spleen, 4: Cancerous lung, and
5: Kidney); and (C) quantification of DTX accumulated in different organs and
cancerous lung. DTX uptake is expressed as %ID/g (mean =+ SD, n = 3).

were 4.13 h and 0.45 h, respectively (Table S1). In accordance, DTX-
HPLGA displayed over 14-fold higher area under the curve (AUC) than
free DTX. The long blood circulation time of DTX-HPLGA is likely attrib-
uted to their high stability and absence of burst drug release.

Orthotopic human A549-Luc lung xenografts were established by
injecting A549-Luc cells with matrigel into the left lung of nude mice
[54,55]. The in vivo and ex vivo imaging showed that strong tumor bio-
luminescence in the lung following the injection of D-Luciferin potassi-
um salt, indicating successful establishment of orthotopic lung cancers
(Fig. S2). To picture the in vivo biodistribution of nanovehicles, Cy5-
HPLGA was administrated when the tumor luminescence intensity
reached about 1 x 107 p/s/cm?/sr. Interestingly, the ex vivo Cy5 fluores-
cence images displayed strong Cy5 fluorescence in the lung at 8 h post
injection, which was far stronger than that in the other major organs
like heart, spleen and kidney and close to that in the liver (Fig. 4B),
supporting that HPLGA can home to A549-Luc tumor. To accurately
determine drug biodistribution, DTX level in different organs of
orthotopic A549-Luc tumor-bearing mice following the administration
of DTX-HPLGA was quantified using HPLC measurements. Notably,
DTX-HPLGA afforded a remarkably high DTX level of 13.7 %ID/g in the
lung, which was over 4-fold higher than that with free DTX (Fig. 4C).
Moreover, DTX level in the heart, liver, spleen and kidney of mice treat-
ed with DTX-HPLGA was slightly lower than or comparable to those
with free DTX. These results corroborate that DTX-HPLGA can selective-
ly enhance drug accumulation in the cancerous lung tissue.

3.4. In vivo antitumor efficacy of DTX-HPLGA

It should be noted that in spite of extensive reports on develop-
ment of nanotherapeutics for lung cancer treatment, most work
was based on subcutaneous lung cancer models and only a few stud-
ies were performed using orthotopic human lung cancer models
[55-59]. The therapeutic efficacy of DTX-HPLGA was evaluated in
orthotopic human A549-Luc lung tumor xenografts. The tumor-
bearing mice were i.v. injected with 5 mg DTX equiv./kg every four
days and for a total of four injections. Interestingly, Fig. 5A shows
that mice treated with DTX-HPLGA exhibited weak tumor biolumi-
nescence over the whole treatment period of 16 days, corroborating
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Fig. 5. Tumor volume changes of mice treated with DTX-HPLGA, HPLGA, free DTX, and PBS, respectively. Tumor volume change evaluated by luminescence optical imaging (A) and
quantified by average luminescence (B). The in vivo luminescent images were normalized and reported as photons per second per centimeter squared per steradian (p/s/cm?/sr)
(mean + SD, n = 6). ***p < 0.001 (Student's t-test); and (C) the bioluminescence of cancerous lung on day 16.

that DTX-HPLGA can effectively suppress tumor growth. In compar-
ison, mice treated with free DTX revealed increasing tumor biolumi-
nescence over time, indicating that free DTX exerts less effective
tumor inhibition than DTX-HPLGA. Notably, mice treated with bare
HPLGA at a comparable nanoparticle concentration to DTX-HPLGA
displayed almost the same tumor bioluminescence to those with
PBS, insinuating that bare HPLGA at such a low concentration has
no antitumor effect in vivo. The semi-quantitative analysis of radi-
ance further corroborated that DTX-HPLGA caused significantly
more effective tumor inhibition than free DTX (Fig. 5B). The biolumi-
nescence imaging of lung tissues isolated on day 16 confirmed that
mice treated with DTX-HPLGA had the weakest tumor luminescence
and invasion among all the treatment groups (Fig. 5C). In contrast to
control groups treated with PBS or blank HPLGA that possessed nu-
merous white bulges and pleural effusion, as also reported by
Mumper et al. for orthotopic human lung cancer xenografts [56],

DTX-HPLGA group exhibited relatively smooth and healthy lung
surface.

Fig. 6A shows that mice treated with bare HPLGA and PBS exhib-
ited gradual body weight loss in 16 days likely due to lung tumor in-
vasion and malfunction. On the contrary, DTX-HPLGA group
continued to grow over time, corroborating effective suppression
of tumor invasion and little adverse effects of DTX-HPLGA. Striking-
ly, DTX-HPLGA significantly improved the survival rates of tumor-
bearing mice with all mice survived over an experimental period
of 46 days (Fig. 6B). In contrast, mice treated with free DTX, HPLGA
and PBS all died in 46 days and had a median survival time of 34,
24 and 20 days, respectively. It is interesting to note that as com-
pared to previously reported liposomal and PLGA nanoparticulate
DTX [56-58], DTX-HPLGA appeared more effectively improved the
survival rate of orthotopic lung cancer-bearing mice over free DTX,
likely as a result of its superior colloidal stability and tumor-
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DTX, or PBS within 16 days (mean 4 SD, n = 6); (B) survival rates of mice in different treatment groups within 46 days (mean + SD, n = 5); (C) histological analysis of the lung, liver, and
kidney of mice following 16 days treatment with different formulations. The images were obtained at high magnification (400x ).

selectivity. Fig. 6C revealed that bare HPLGA and PBS groups had
widespread lung damage with significant disruption of alveolar
structure while DTX-HPLGA group maintained well-organized lung
tissue. Moreover, in compared to free DTX, DTX-HPLGA induced sig-
nificantly less damage to the liver and kidney. It is evident that DTX-
HPLGA can effectively target and suppress orthotopic human A549-
Luc lung cancers, affording significantly improved survival rates and
markedly reduced systemic side effects as compared to free DTX.

4. Conclusions

We have demonstrated that hyaluronic acid coated PLGA
nanoparticulate docetaxel (DTX-HPLGA) is particularly robust, and can
effectively target and suppress orthotopic human A549-Luc lung cancer
in nude mice, resulting in greatly improved survival rates and reduced
systemic side effects as compared to free DTX. To the best of our knowl-
edge, this represents the first development of multifunctional DTX
nanotherapeutics based on PLGA via direct surface coating with
hyaluronic acid for targeted lung cancer chemotherapy. Hyaluronic
acid coating endows PLGA NPs not only enhanced colloidal stability
but also superior tumor cell selectivity in vitro and in vivo. DTX-HPLGA
exhibits prolonged circulation time, a remarkably high accumulation
in the cancerous lung (13.7 %ID/g), effective tumor inhibition and low
off-target toxicity. It should further be noted that DTX-HPLGA is easy
to fabricate, which renders it particularly interesting for further clinical
translation.
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