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Concerns related to pulmonary toxicity and non-specificity of nanoparticles have limited their clinical
applications for aerosol delivery of chemotherapeutics in lung cancer. We hypothesized that pulmonary
surfactant mimetic nanoparticles that offer pH responsive release specifically in tumor may be a possible
solution to overcome these issues. We therefore developed lung surfactant mimetic and pH responsive lipid
nanovesicles for aerosol delivery of paclitaxel in metastatic lung cancer. 100–200 nm sized nanovesicles
showed improved fusogenicity and cytosolic drug release, specifically with cancer cells, thereby resulting in
improved cytotoxicity of paclitaxel in B16F10 murine melanoma cells and cytocompatibility with normal
lung fibroblasts (MRC 5). The nanovesicles showed airway patency similar to that of endogenous pulmonary
surfactant and did not elicit inflammatory response in alveolar macrophages. Their aerosol administration
while significantly improving the biodistribution of paclitaxel in comparison to TaxolH (i.v.), also showed
significantly higher metastastes inhibition (,75%) in comparison to that of i.v. TaxolH and i.v. AbraxaneH.
No signs of interstitial pulmonary fiborisis, chronic inflammation and any other pulmonary toxicity were
observed with nanovesicle formulation. Overall, these nanovesicles may be a potential platform to efficiently
deliver hydrophobic drugs as aerosol in metastatic lung cancer and other lung diseases, without causing
pulmonary toxicity.

A
erosol delivery of chemotherapeutics as nanoformulations has been shown to be a promising strategy for
local delivery of drugs in lung cancer and has resulted in improved biodistribution and reduced systemic
toxicity in comparison to conventional formulations, administered intravenously1–3. Nanocarriers

reported for aerosol delivery of anticancer drugs have been based on a large variety of materials, ranging from
phospholipids1,2 and polymers4 to inorganic magnetic nanoparticles5. As much as the advantages of these nano-
carriers as aerosol have been looked upon in terms of improved therapeutic efficacy of encapsulated anticancer
drugs, the material borne pulmonary toxicity of these nanocarriers has not been given much attention. This
concern becomes more crucial in the light of several reports, which have proven pulmonary toxicities of inhaled
nanoparticles6,7. It is also noteworthy that such toxic effects, which include peribronchial inflammation, inter-
stitial fibrosis, oxidative stress etc., are not limited to just inorganic nanoparticles like carbon nanotubes8 and silica
nanoparticles9, but have also been found to be associated with certain polymeric and lipid based nanoparticles10,11,
and have been shown to be a function of nanoparticle parameters such as aspect ratio12, degradability10, and
surface charge11,13. Successful clinical translation of this therapeutically beneficial strategy of aerosol drug delivery
would therefore require overcoming of the big unmet need of a pulmonary compatible and safe nanocarrier.

We hypothesized that nanoparticles engineered using endogenous pulmonary surfactant mimetic material
while maintaining normal airway patency, may not exhibit pulmonary toxicity and therefore may be a potential
strategy for efficient yet safe aerosol delivery of anticancer drugs. Inspired from the endogenous pulmonary
surfactant, we therefore developed endogenous lung surfactant mimetic lipid nanovesicles by using 1,2-dipalmi-
toyl-sn-glycero-3-phosphocholine (DPPC), the most abundant phospholipid in lung surfactant14, as one of the
components. DPPC was combined with 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) to form lipid
nanovesicles, as we have previously shown that the combination of DPPC with DOPE, a non lamellar unsaturated
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phospholipid, lowers the gel to liquid transition temperature of lipid
mixture and forms intermediate structures with negative curvature
like inverted hexagonal phases, thereby improving the surface activ-
ity and adsorption of the nanovesicles15. This effect of DOPE is
desirable for the nanovesicles to act as a well functioning surfactant,
and is similar to the role of Surfactant Protein-B (SP-B), present in
endogenous lung surfactant16,17.

In addition to the pulmonary toxicity of nanocarrier, the encap-
sulated drug may itself exhibit cytotoxic effects in the normal lung
parenchyma due to its non specific release, thereby further limiting
the clinical application of nanoparticles for aerosol drug delivery.
Essentially, nanoparticles should be engineered to specifically release
the encapsulated drug within the tumor cell’s cytosol, thereby pre-
venting the normal lung parenchyma from non specific cytotoxic
effects of drug. Site specific and triggered release of encapsulated
drugs from inhaled nanoparticles has remained an unmet need in
relation to the nanoparticles intended for aerosol delivery of antic-
ancer drugs. Use of DOPE as a fusogenic lipid has been reported
previously for the development of pH sensitive lipid nanovesicles,
which can exploit the low extracellular pH (pH 6.5–7) of tumor niche
and low endosomal/lysosomal pH (pH 4–6), thereby resulting in
improved fusion with cancer cell’s plasma membrane and lysosomal
membrane, eventually causing triggered delivery of drug into the
cell’s cytosol18–20. To the best of our knowledge there are no reports
wherein DOPE based pH responsive lipid nanovesicles have been
evaluated in relation to their application for aerosol delivery of antic-
ancer drugs for inhibition of metastatic lung cancer. Therefore, in

present work DOPE was incorporated to serve a dual role of render-
ing the nanovesicles pH responsive as well as pulmonary surfactant
mimetic. Figure 1 shows an illustrative schematic of aerosol delivery
of nanovesicles to lungs, and pH responsive release of encapsulated
drug within the cell cytosol.

In all, this is the first ever report mentioning the development and
evaluation of pulmonary surfactant mimetic, pH responsive lipid
nanovesicles as pulmonary compatible, safe and inhalable nanocar-
rier system for aerosol delivery of paclitaxel, a potent anticancer drug
in lung cancer. The nanovesicles were extensively characterized and
evaluated for their pulmonary toxicology and compatibility. pH
responsive nanoformulation of paclitaxel was also thoroughly eval-
uated for therapeutic efficacy in metastatic lung cancer, which was
developed in C57Bl/6 mice by using the highly metastatic murine
melanoma (B16F10) cell line.

Results
Physiochemical characterization of nanovesicles. Paclitaxel loaded
lipid nanovesicles (LN-PTX) were prepared by modified thin film
hydration method21,22, with DPPC5DOPE in 352 molar ratio and
paclitaxel5lipid in 152 molar ratio. Size distribution of LN-PTX was
found to be unimodal with average hydrodynamic diameter of 114 6

11 nm and polydispersity index of 0.17 6 0.1 (Figure 2a), and was
further supported by transmission electron microscopy (TEM)
images (Figure 2b). Zeta potential was observed to be 228.5 6
2 mV (Figure 2c). Paclitaxel was encapsulated into the
nanovesicles with high encapsulation and loading efficiencies of

Figure 1 | Illustrative schematic representing aerosol delivery of paclitaxel loaded lipid nanovesicles and their pH responsive release in cancer cell
cytosol.
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80.2 6 4% and 31.3 6 3%, respectively (Figure 2c). The nanovesicles
showed good physical stability when stored as a suspension in PBS at
4uC, as no significant difference was observed in the hydrodynamic
diameter of nanovesicles over a period of 60 days (Supplementary
Figure S1).

Sustained release of paclitaxel was observed from LN-PTX under
normal physiological conditions, with 19.8 6 3.7% cumulative
release observed in 48 h (Figure 2d). However, statistically signifi-
cant increase (p , 0.05) in the release was observed under low pH
(,5.0) condition, suggesting the pH responsiveness of these
nanovesicles.

Airway patency and in vitro lung deposition. Endogenous
pulmonary surfactant plays a crucial role in maintaining the
patency of narrow airways in the lungs. Its dysfunction causes the
fluid film lining the epithelium of the airways to move from wider to
narrower airways forming liquid columns that result in the occlusion
of terminal airways23, thereby increasing the resistance to airflow. An

ideal drug delivery system intended for aerosol administration of
drugs would be one which has has similar material and functional
properties as that of endogenous lung surfactant, thereby making
it pulmonary compatible. To ensure material properties simialr to
that of endogenous pulmonary surfactant, nanovesicles were
prepared by combining DPPC, the major phospholipid present
in naturally occurring lung surfactant, with DOPE, an
unsaturated non lamellar phospholipid that functions similar to
Surfactant Protein-B (SP-B), present in lung surfactant16,17.
Functional characteristics of these nanovesicles were evaluated
by studying their ability to maintain airway patency using
Capillary Surfactometer (CS)24. LN-PTX showed 98.8 6 0.1%
capillary opening time, which was significantly higher (p ,

0.05) as compared to that of standard clinical formulation
(TaxolH) and albumin nanoparticle based clinical formulation of
paclitaxel (AbraxaneH), which exhibited 3 6 0.4% and 2 6 0.3%
capillary opening times, respectively (Figure 3a). This clearly
indicates that LN-PTX has adequate surfactant properties

Figure 2 | Physiochemical characterization of paclitaxel loaded nanovesicles. (a) Size distribution of LN-PTX obtained using dynamic

light scattering (DLS) (b) Transmission electron microscopy (TEM) image of LN-PTX. Scale bar: 200 nm. (c) Encapsulation and loading efficiency of

paclitaxel in LN-PTX, and their zeta potential. (d) In vitro release of paclitaxel from LN-PTX at 37uC temperature and different pH conditions. *p , 0.05

in comparison to pH 7.4.

Figure 3 | Airway patency and aerodynamic behavior of aerosolized nanovesicles (LN-PTX). (a) Airway patency of LN-PTX, TaxolH and

AbraxaneH measured in terms of percentage opening time of the capillary using a Capillary Surfactometer. *p , 0.05 in comparison to other groups.

(b) Percentage deposition of paclitaxel in different stages of twin impinger as a result of 1 min nebulization of LN-PTX. *p , 0.05 in comparison to

deposition in throat and stage I.
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similar to that of endogenous pulmonary surfactant, which make
it suitable for use in aerosol administration.

We then tried to understand the aerodynamics of nebulized nano-
vesicles by studying their lung deposition in vitro using a glass twin
impinger apparatus25. The amount of drug deposited in the upper
impingement chamber (stage I) can be correlated to the drug depos-
ition in tracheobronchial region whereas the depositions in lower
impingement chamber (stage II) correlates to the deposition in alve-
olar region or terminal airways. Statistically significant difference
(p , 0.05) in deposition was observed between stage II and other
stages of the impinger, with deposition in stage II to be significantly
(p , 0.05) higher as compared to other stages (Figure 3b). Since, the
cutoff aerodynamic diameter for deposition in lower impingement
chamber of twin impinger is 6.4 mm at an airflow rate of 60 l/min
and maximum deposition for LN-PTX was observed to be in stage II,
it can be inferred that mass median aerodynamic diameter (MMAD)
of LN-PTX aerosol droplets is below 6.4 mm, thereby making it cap-
able of reaching the terminal airways. TaxolH on the other hand
showed less than 8% depositions in all the three stages indicating
its poor aerodynamics in relation to its aerosol administration.

Membrane stability studies: fusogenicity of nanovesicles. To gain
insights into the pH dependent fusogenicity of nanovesicles with cell
membrane, we performed membrane stability studies using DPPC
monolayer as the model cell membrane in a Langmuir Blodgett (LB)
film balance. Perturbation of the monolayer, originally maintained at
the surface pressure of 20 mN/m, as a result of externally added
formulation was monitored under different pH conditions by
measuring the monolayer’s surface pressure over a period of 270 s.
Relative change in the surface pressure (Dp) was obtained by
deducting the surface pressure of the monolayer obtained without
the addition of the formulation from the surface pressure of the
monolayer for the corresponding time points as obtained after the
external addition of the formulation. Exposure of DPPC monolayer
to LN-PTX at pH 7.4 showed immediate and continuous increase in

the surface pressure, thereby resulting in positive and increasing
values of Dp (Figure 4a), indicating rapid penetration and
intercalation of LN-PTX into the monolayer at pH 7.4. Addition of
LN-PTX at pH 6.0 showed an initial increase in the surface pressure
resulting in positive Dp values, suggesting intercalation into the
monolayer. However, a decrease in surface pressure and Dp values
was observed after 30 s, suggesting the partial desorption of LN-PTX
from the monolayer. This decrease in surface pressure continued
with time, eventually resulting in surface pressure values less than
the surface pressure values of monolayer obtained without LN-PTX,
thereby resulting in negative values of Dp (Figure 4a), which is
indicative of membrane destabilization phenomenon due to the
fusion of LN-PTX with monolayer and its dragging with the
monolayer material into the subphase. Exposure of monolayer to
LN-PTX at lower pH value i.e. 5.0 resulted in immediate and
continuous decrease in the surface pressure values, thereby
resulting in negative and decreasing values of Dp over the entire
observation period of 270 s. This indicates the ability of LN-PTX
to rapidly fuse with the monolayer resulting in its destabilization
and immediate dragging of LN-PTX with the monolayer material
into the subphase. These observations suggest fusogenic nature of
LN-PTX at pH values below the physiological pH. Also, the
fusogenicity of LN-PTX was found to be pH dependent, as
significantly higher membrane destabilization (p , 0.05) was
observed at pH 5.0 as compared to pH 6.0.

When DPPC model membrane was exposed to DPPC-PTX nano-
vesicles, significant penetration but no membrane destabilization
phenomenon was observed at any pH (Figure 4b), suggesting the
sole contribution of DOPE towards the fusogenic nature of LN-
PTX. Additionally, TaxolH also showed rapid penetration into the
monolayer but did not exhibit fusion and membrane destabilization
(Figure 4c).

In vitro cytotoxicity and pulmonary cytocompatibility. In vitro
cytotoxicity was evaluated for LN-PTX, LN-B (blank nanovesicles),

Figure 4 | pH dependent membrane fusogenicity of nanovesicles. (a) Change in surface pressure (Dp) of DPPC monolayer as a result of exogenous

addition of LN-PTX measured at 37uC and different pH conditions. *p , 0.05 in comparison to pH 7.4; **p , 0.05 in comparison to pH 6.0. (b) Change

in surface pressure (Dp) of DPPC monolayer as a result of exogenous addition of DPPC-PTX measured at 37uC and different pH conditions. (c) Change

in surface pressure (Dp) of DPPC monolayer as a result of exogenous addition of TaxolH measured at 37uC and different pH conditions.
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Figure 5 | In vitro cytotoxicity, cellular uptake and immunogenic potential of nanovesicles. (a) Percentage cell viability of B16F10 cells following incubation

with different concentrations of LN-PTX, LN-B, TaxolH and AbraxaneH. *p , 0.05 in comparison to other groups. (b) 48 h IC50 values for LN-PTX, TaxolH and

AbraxaneH in B16F10 cells. *p , 0.05 in comparison to other groups. (c) CLSM images of B16F10 cells after incubation with Rh-6G loaded nanovesicles for different

time points. (100 3) (d) CLSM images of cells incubated with Rh-6G loaded nanovesicles for 3 h in Z scan mode with the scanning done from 210 mm to 110 mm.

(e) Cellular levels of Rh-6G after incubation of B16F10 cells with Rh-6G loaded nanovesicles under normal and ATP depleted conditions. *p , 0.05 in comparison to

37uC 1 0.1% sodium azide and 4uC. (f) Comparison of intracellular uptake of paclitaxel loaded nanovesicles (LN-PTX) by B16F10 and MRC 5 cells. *p , 0.05. (g)

Levels of TNF-a in cell supernatant in response to LN-B, LPS and TCP. *p , 0.05 in comparison to LPS. (h) Levels of IL-1b in cell supernatant in response to LN-B,

LPS and TCP. *p , 0.05 in comparison to LPS. (i) Levels of IL-6 in cell supernatant in response to LN-B, LPS and TCP. *p , 0.05 in comparison to LPS.
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TaxolH and AbraxaneH in murine melanoma (B16F10) cell line. All
formulations, but LN-B exhibited a dose dependent cytotoxic effect
(Figure 5a). LN-B did not exhibit cytotoxicity even at concentrations
as high as 10 mM. IC50 value for LN-PTX was found to be
significantly less (p , 0.05) as compared to that of TaxolH and
AbraxaneH (Figure 5b), suggesting improved therapeutic efficacy
of paclitaxel with nanovesicles. In vitro cytotoxicity was also
evaluated in a primary lung cancer cell line – A549, wherein IC50

value for LN-PTX was found to be similar to that of TaxolH and
AbraxaneH (Supplementary Figure S2), suggesting comparable
therapeutic efficacy.

Additionally, the formulation was found to be cytocompatible
with normal lung fibroblast cell line (MRC 5). Quantitatively, greater
than 80% cell viability was observed upon treatment with LN-PTX at
3 mM paclitaxel concentration, which is almost 100 folds higher than
its IC50.

Cellular uptake. B16F10 cells incubated in the presence of
rhodamine-6G (Rh-6G) loaded nanovesicles showed bright
fluorescence, co-localized uniformly inside the cells at all time
points (Figure 5c). In contrast to this, cells incubated with free Rh-
6G showed negligible fluorescence (Supplementary Figure S3). This
finding implies the role of these nanovesicles in facilitating the
cellular uptake of the encapsulated material. Z scan for 3 h time
point (Figure 5d), showed highest fluorescence intensity near to
0 mm, which confirms that the nanovesicles were completely
internalized by the cells and were not present at the surface.

In the process of understanding the mechanism of cellular uptake
of these nanovesicles, it was observed that cells pretreated with 0.1%
sodium azide and cells incubated at 4uC showed significantly less (p
, 0.05) intracellular Rh-6G content at all time points as compared to
those incubated under normal conditions, i.e. 37uC without azide
(Figure 5e). Sodium azide being a metabolic inhibitor depletes the
cell of ATP and hence no active process is possible thereafter. Similar
effect is also caused by the incubation of cells at 4uC rather than 37uC.
This suggests that the cellular uptake of the nanovesicles is an ATP
dependent process.

Also, paclitaxel loaded nanovesicles (LN-PTX) showed signifi-
cantly higher (p , 0.05) uptake in 3 h by B16F10 cells, in comparison
to their uptake observed for MRC 5 normal lung fibroblast cells. This
is evident from significantly higher (p , 0.05) intracellular paclitaxel
levels, as observed in B16F10 cells, in comparison to levels observed
in MRC 5 cells (Figure 5f), and therefore confirms the selectivity of
these nanovesicles towards cancer cells.

Inflammatory response of nanovesicles. Stimulation of murine
alveolar macrophages (RAW 264.7) in response to their interaction
with LN-B (blank nanovesicles) resulting in the production of key
cytokines i.e. tumor necrosis factor-alpha (TNF-a), interleukin-1
beta (IL-1b) and interleukin-6 (IL-6) was studied to understand
the immunogenic potential of these nanovesicles. Cells treated
with blank nanovesicles (LN-B) at concentration equivalent to
10 mM concentration of paclitaxel in LN-PTX, i.e. 400 times
higher concentration as compared to the concentration equivalent
to the IC50 of paclitaxel in LN-PTX, resulted in the production of all
three cytokines at levels similar to those produced by cells exposed to
tissue culture plate (TCP) (Figure 5g, 5h and 5i). Also, these levels
were found to be significantly less (p , 0.05) as compared to the
levels of cytokines obtained in case of cells treated with bacterial
lipopolysaccharide (LPS) at 4 mg/ml, which is known to stimulate
macrophages resulting in the secretion of inflammatory cytokines26.
These results therefore indicate the non inflammatory and safe
nature of these nanovesicles.

Biodistribution. Biodistribution studies of LN-PTX, administered
as aerosol; and TaxolH, administered intravenously were conducted
in Balb/c mice. LN-PTX (does: 0.5 mg PTX/ml, 10 ml/group)
administered as aerosol though resulted in slightly less deposition
of paclitaxel in lungs in comparison to TaxolH i.v. (dose: 10 mg/kg),
as observed after 0.5 h of treatment; yet exhibited reduced lung
clearance and longer pulmonary residence time which can be
inferred from significantly less (p , 0.05) paclitaxel levels in lungs
of TaxolH treated mice as compared to levels observed in lungs of LN-
PTX treated mice after 2 h of treatment (Figure 6a). Also, the

Figure 6 | Biodistribution of aerosolized nanovesicles (LN-PTX). (a) Paclitaxel accumulation in lungs.*p , 0.05 in comparison to corresponding time

points for TaxolH. (b) Paclitaxel accumulation in liver. *p , 0.05 in comparison to corresponding time points for TaxolH. (c) Paclitaxel accumulation in

spleen. *p , 0.05 in comparison to corresponding time points for TaxolH. (d) Paclitaxel concentration in plasma. *p , 0.05 in comparison to

corresponding time points for TaxolH.

www.nature.com/scientificreports
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effective inhaled dosage of LN-PTX as calculated using the formula
mentioned elsewhere3 was found to be 73.8 mg/kg, which is
significantly less as compared to the dosage of i.v. TaxolH (10 mg/
kg); but resulted in significantly higher (p , 0.05) lung accumulation
of paclitaxel as compared to that obtained with Taxol i.v. On a more
significant note, LN-PTX as aerosol significantly and drastically
reduced paclitaxel burden in plasma, liver and spleen as compared
to the levels observed with TaxolH i.v. (Figures 6b, 6c and 6d). This
can substantially contribute towards reducing the adverse toxic
effects of paclitaxel in these organs, which are otherwise observed
with TaxolH.

In vivo metastases inhibition and pulmonary toxicity. To
understand the pulmonary metastases inhibition potential of LN-
PTX as aerosol, study was performed in C57Bl/6 mice with
pulmonary metastases of murine melanoma (B16F10). LN-PTX
(0.5 mg/ml, 10 ml/group of 6 mice) was administered five days a
week, as aerosol over an exposure period of 30 minutes. In vivo
metastases inhibition potential of LN-PTX (aerosol) was compared
to that of TaxolH and AbraxaneH, both administered intravenously at
standard paclitaxel dosage of 10 mg PTX/kg/mice, once in three
days. The anti-metastatic effect of treatment was evaluated upon
sacrifice by the following parameters: lung weights, percentage
metastases inhibition based on increase in the lung weights due to
metastasized tumor in comparison to the lung weights of control
mice treated with 0.9% saline aerosol, number of metastatic tumor
nodules on lungs, percentage area of lung occupied by tumor nodules
and histopathology of hematoxylin and eosin (H&E) stained lungs of
animals from different groups. Significantly reduced lung weights (p
, 0.05) in comparison to the lung weights of 0.9% saline (aerosol)
treated control animals were observed in the LN-PTX (aerosol)
treatment group (Figure 7a). Also, the lung weights of LN-PTX
treated group were found to be significantly less (p , 0.05) as
compared to the lung weights of animals treated with TaxolH (i.v.)
and AbraxaneH (i.v.). TaxolH and AbraxaneH showed 50.2 6 7% and
52.1 6 6% metastases inhibitions, respectively, whereas LN-PTX
given as aerosol showed an inhibition of 74.4 6 7% (Figure 7b).
LN-PTX also showed significantly less (p , 0.05) number of
metastatic tumor nodules and percentage area of lung occupied by
those nodules in comparison to control and other treatment groups
(Figure 7c and 7d). Kaplan-Meir survival curves showed signifcantly
improved survival with LN-PTX aerosol, in comparison to the
survival obtained for TaxolH i.v., AbraxaneH i.v. and control
groups, respectively (Figure 7e). H&E stained lung tissues of
animals also showed marked reduction in tumor mass in lungs of
LN-PTX treated animals as compared to that observed in the lungs
of control animals and animals treated with TaxolH and AbraxaneH
(Figure 7f). These results therefore suggest the superior metastases
inhibition potential of LN-PTX as compared to that of TaxolH and
AbraxaneH. Further, H&E analysis of LN-PTX treated animals’ lungs
did not show any indications of major pulmonary toxicities such as
pulmonary fibrosis and chronic inflammatory response.

Discussion
Herein, we demonstrate that endogenous pulmonary surfactant
mimetic, pH responsive lipid nanovesicle aerosols can efficiently
deliver anticancer drugs in metastatic lung cancer, without causing
pulmonary toxicity. Paclitaxel encapsulating nanovesicles (LN-PTX)
were developed using DPPC, the major component of lung surfact-
ant, combined with DOPE, a pH responsive non lamellar phospho-
lipid, which functions similar to Surfactant Protein-B (SP-B), present
in lung surfactant15. 100–200 nm sized nanovesicles showed negative
surface charge, crucial for their physiochemical stability in suspen-
sion21. Nano size of these vesicles may prevent their mucociliary
clearence, the major defense mechanism in the upper airways. It
has been previously shown that inhaled nanoparticles dispersed in

aqueous droplets can overcome mucociliary clearance in lungs due to
rapid displacement of particles via surface energetics27. Micro-
particles, on the other hand are highly susceptible to mucociliary
clearance, as shown previously28. Engineering porous microparticles
may be a solution to overcome this defense mechanism, thereby
improving the efficacy of microparticles or pulmonary delivery, as
previously shown by Edwards et al29. However, porosity of micro-
particles may result in premature release of the encapsulated drug, i.e.
before the microparticle reaches the target tissue. Premature release
of encapsulated drug may cause toxic effects in normal lung par-
enchyma, and is therefore not desirable. Additionally, upon reaching
the target tumor tissue, nano size of these vesicles may also facilitate
their cellular uptake by cancer cell, as it has been shown previously
that cellular uptake of particles is size dependent and decreases with
an increase in the size30. All these previous evidences justify our
choice of nanoparticles over microparticles for pulmonary delivery.

Paclitaxel was encapsulated into nanovesicles with high encap-
sulation efficiency (,80%) due to its hydrophobic nature, which also
resulted in its sustained release under physiological conditions.
Considering rapid deposition of nanovesicles in lungs following their
aerosol adminsitration; total amount of drug leakage from nanove-
sicles, before they reach the target tumor tissue would be negligible,
due to significantly low release rate of paclitaxel under physiological
conditions. Significant increase in release under low pH (,5.0) con-
ditions, in comparison to physiological pH suggests that the nano-
vesicles may exhibit locally triggered release, in response to the low
endosomal pH (5–6) upon their endocytosis by cancer cells.
Although significant increase in release was observed at lower pH
(,5.0), in comparison to the release at physiological pH; further
optimization of the nanovesicle composition may increase the pH
responsiveness of these nanovesicles and hence the release at low pH.
Increasing the amount of DOPE in nanovesicles can do this; as long
as it does not compromise the pulmonary surfactant mimetic nature
of these nanovesicles. Overall, we think that a balanced optimization
may be required to further enhance the pH responsiveness of these
nanovesicles. Fusogenicity of nanovesicles with cell membrane in
response to low pH (,5–6) was established by membrane stability
studies. This crucial feature would ensure the specific fusion of these
nanovesicles with cancer cells due to low pH conditions prevalent in
their extracellular environment. Normal or non cancerous tissue’s
niche on the other hand, usually displays physiological pH, and
therefore these nanovesicles would exhibit minimal fusion with nor-
mal cells. Once fused with cancer cells’ plasma membrane, the low
pH conditions within endosome and lysosome would further facil-
itate the fusion of these nanovesicles with endosomal and lysosomal
membranes, thereby resulting in the escape of these nanovesicles
from endosome and releasing the drug specifically within cancer
cell’s cytosol. These pH responsive nanovesicles would therefore
exhibit cytotoxicity specifically in cancer tissue, thereby preventing
the normal lung parenchyma from drug mediated toxicity.

While pH responsiveness was used as a tool to prevent normal
lung parenchyma from drug mediated toxicities, pulmonary surfact-
ant mimetic design was used to ensure pulmonary compatibility of
the nanocarrier. Pulmonary surfactant mimetic nature will allow for
the opening of the upper airways and will help in the permeation of
aerosol in the narrow passages of the diseased lungs. Also, having
material and functional properties similar to the naturally occurring
lung surfactant, these nanovesicles may not exhibit pulmonary tox-
icity. Surface active nature of these nanovesicles and their unique
composition combining DPPC with an unsaturated phospholipid
may also help in their improved adsorption at the air aqueous inter-
face in the alveolar region, as shown by us previously21. In the process
of adsorption, the nanovesicles transport from subphase to the inter-
phase followed by conversion from bilayer structures to interfacial
layer31. Rapid adsorption of LN-PTX nanovesicles would therefore
cause the release of paclitaxel at the air-liquid interface, resulting in
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Figure 7 | In vivo metastases inhibition potential and pulmonary toxicity. (a) Average lung weights of different groups as observed after sacrifice. n 5 6;

*p , 0.05 in comparison to control group; **p , 0.05 in comparison to TaxolH and AbraxaneH. (b) Percentage inhibition of pulmonary metastasis for

different groups. n 5 6; *p , 0.05 in comparison to TaxolH and AbraxaneH. (c) Number of metastatic tumor nodules as observed in different groups upon

sacrifice. n 5 6; *p , 0.05 in comparison to control group; **p , 0.05 in comparison to TaxolH and AbraxaneH. (d) Percentage area of lung occupied by

tumor nodules as observed in different groups upon sacrifice. n 5 6; *p , 0.05 in comparison to control group; **p , 0.05 in comparison to TaxolH and

AbraxaneH. (e) Kaplan-Meir survival curves of animals from different treatment groups. (f) Histopathology images (203) of hemtoxylin and eosin

(H&E) stained lung tissue sections from different groups. Scale bar: 200 mm.
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their function as drug delivery vehicle. Unlike LN-PTX, TaxolH
showed poor surface activity and airway patency, suggesting its inab-
ility for aerosol administration. Even AbraxaneH, the albumin nano-
particle based commercial formulation of paclitaxel couldn’t meet
these challenges of achieving good surface activity and airway
patency due to the presence of albumin in it, which is a known
inhibitor of endogenous lung surfactant activity32. Additionally, in
vitro lung deposition patterns for LN-PTX were found to be aero-
dynamically favorable.

Cell cytotoxicity study in B16F10 murine melanoma cells showed
superior cytotoxic potential of LN-PTX in comparison to TaxolH and
AbraxaneH. This may be attributed to the fusogenicity of these nano-
vesicles at low extracellular pH prevalent in cancer microenviron-
ment, thereby resulting in their improved cellular uptake; and the
ability of these nanovesicles to elicit triggered release of paclitaxel in
response to low endosomal and lysosomal pH, thereby resulting in
the improved intracellular delivery of paclitaxel. There are many
previous reports exploring the advantages of pH responsive and
fusogenic nanoparticles towards improved drug delivery in can-
cers33–35. However, none of them have focused on the exploration
of pH responsiveness and fusogenicity in case of surface-active nano-
particle systems intended for local or regional delivery of drugs as in
aerosol. Improved cellular interaction of fusogenic nanovesicles with
B16F10 cells was confirmed in the cellular uptake study and was
found to be ATP dependent. Improved cellular interaction of nano-
vesicles may also be attributed to their surface-active nature, as there
are previous reports wherein the use of surface-active materials has
been shown to enhance interaction with biological membranes36,37.
Additionally, pH dependent fusogenicity resulted in selective inter-
nalization of LN-PTX nanovesicles by B16F10 melanoma cells, with
minimal uptake observed in the case of MRC 5 normal lung fibro-
blast cells.

While exhibiting cytotoxic effects in B16F10 and A549 cells, LN-
PTX showed cytocompatibility with normal lung fibroblast (MRC 5),
suggesting that upon inhalation, the formulation would induce cell
death specifically in cancer cells, thereby preventing the normal lung
parenchyma from drug mediated cytotoxicity. This specificity is a
result of pH responsive nature of these nanovesicles, as a result of
which they selectively fuse and release the drug within cancer cells
upon sensing their low extracellular pH. pH responsiveness of these
nanovesicles therefore in addition to improving the intracellular
delivery of paclitaxel within cancer cells and hence its therapeutic
efficacy, also prevents the normal lung parenchyma from non spe-
cific drug mediated toxicity, thereby acting as a double edged sword.

Nanoparticles intended for aerosol delivery of drugs need to meet
an important criteria of being non immunogenic, otherwise they may
elicit inflammatory response through alveolar macrophages. There
are several reported cases where different nanoparticles such as car-
bon nanotubes8, silica nanoparticles9 etc. have found to cause serious
pulmonary toxicity by inducing inflammation. Non immunogenic
nature of our nanovesicles was established in macrophage stimu-
lation study. Cytocompatibility of these nanovesicles with normal
lung fibroblasts, and their non immunogenic nature therefore proves
that these endogenous lung surfactant mimetic, pH responsive nano-
vesicle aerosols may not induce both pulmonary toxicity and non
specific drug toxicity upon inhalation.

Aerosol administration of LN-PTX in mice while showing
improved lung accumulation of paclitaxel, also showed reduced
paclitaxel burden in other organs, both in comparison to i.v. Taxol.
This can substantially contribute towards reducing the adverse toxic
effects of paclitaxel in these organs, otherwise observed with intra-
venously administered TaxolH and AbraxaneH, respectively.
Additionally, LN-PTX aerosol significantly increased the pulmonary
retention time of paclitaxel in comparison to the retention time
observed with Taxol i.v. This is encouraging, as prolonged retention
time is desirable for topical therapeutics in pulmonary diseases.

Further in vivo studies may be performed in future to better under-
stand the pulmonary retention time of LN-PTX aerosols. Finally,
LN-PTX as an aerosol exhibited significant inhibition of pulmonary
metastases (,75%), which was found to be significantly higher (p ,
0.05) than the inhibitions observed for TaxolH and AbraxaneH, admi-
nistered intravenously. LN-PTX aerosol also improved survival in
comparison to that of TaxolH i.v. and AbraxaneH i.v., respectively.
Increased metastases inhibition observed with LN-PTX may be
attributed to its pH responsiveness leading to increased fusogenicity
with cancer cell membrane and triggered cytosolic delivery of pacli-
taxel, improved bioavailability and reduced lung clearance. pH
responsive fusogenicity of LN-PTX and its ability to elicit triggered
release in tumor site gives a significant boost to the therapeutic
efficacy of paclitaxel, thereby making this system superior in com-
parison to the other previously reported nanoparticles developed for
aerosol delivery of paclitaxel2,38. TaxolH and AbraxaneH were not
evaluated as aerosol, due to their poor airway patency. Therefore
for all in vivo studies, LN-PTX aerosol was compared with TaxolH
i.v., and AbraxaneH i.v., respectively. We speculate that intravenous
administration of LN-PTX for the treatment of pulmonary meta-
stases may also show improved anti-tumor efficacy in comparison
to intravenous TaxolH and AbraxaneH, respectively. This may be due
to increased accumulation of LN-PTX in tumor tissue by enhanced
permeability and retention (EPR) effect, and pH triggered site spe-
cific release of paclitaxel. However, extensive in vivo studies are
required to support this.

On a more significant note, continuous aerosol treatment of LN-
PTX with a frequency of five days a week did not show indications of
any adverse pulmonary effects including interstitial pulmonary fib-
rosis and chronic inflammation– the major chronic pulmonary tox-
icities, otherwise observed with inhaled nanoparticles39. No signs of
chronic inflammation, as observed from H&E stained sections of
lungs from animals treated with LN-PTX corroborates our claim
of non immunogenic nature of nanovesicles, as observed in vitro.
However, further in vivo studies are required to study the acute and
chronic inflammatory response of these nanovesicles in detail.

In all, these findings with significantly corroborated in vitro-in
vivo data support our hypothesis that pH responsive and pulmonary
surfactant mimetic lipid nanovesicles offer a pulmonary compatible
and efficient platform for delivery of anticancer drugs as aerosol in
lung metastases. Melanoma metastases, however involve multiple
other organs, including liver and bone, in addition to lungs. In this
regard, the loco-regional therapy described here can have significant
translational implications if it can be used for the treatment of mel-
anoma metastases in other organs as well, thereby provoking
adequate therapeutic outcome against lethality from melanoma
metastases. This can be achieved by further engineering of these
nanovesicles to result in their partial absorption into systemic cir-
culation, following their aerosol delivery in lungs. The nanovesicles
absorbed in systemic circulation can then passively accumulate in
metastatic tumors in other organs by EPR effect. Further studies are
therefore required to successfully translate this strategy in clinics for
the treatment of melanoma metastases.

Methods
Materials. 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine (DOPE) with purity . 99% were purchased
from Avati Polar Lipids, Inc (Alabaster, USA). Paclitaxel (purity . 99%) was
purchased from Fresenius Kabi India Pvt. Ltd. (India). TaxolH was purchased from
Cipla Ltd. (India) and AbraxaneH was purchased from Biocon (India). Dialysis
membrane (molecular wt. cutoff 5000–10000), Dulbecco’s Modified Eagles Medium
(DMEM), fetal bovine serum (FBS), antibiotic antimycotic solution, sodium azide,
phosphate buffered saline (PBS) and trypsin-EDTA solution were purchased from
Himedia Laboratories Pvt Ltd., Mumbai (India). Sulphorhodamine-B was purchased
from Sigma Aldrich, Mumbai (India). Rhodamine-6G was purchased from Anaspec
Inc. (San. Jose, CA, USA) and BCA protein assay kit was purchased from Thermo
Scientific, Pierce (Rockford, Il, USA). Mouse TNF-a, mouse IL-1b and mouse IL-6
elisa kits were purchased from RayBiotech, Inc., USA. High pressure liquid
chromatography (HPLC) grade methanol and chloroform were purchased from
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Merck, Mumbai (India). All the tissue culture plates and tissue culture flasks were
purchased from NUNC (USA). High purity water purified by a Milli Q Plus water
purifier system (Milli pore, USA), with a resistivity of 18.2 MVcm, was used in all
experiments.

Preparation of lipid nanovesicles. Both blank and paclitaxel loaded lipid
nanovesicles (LN-PTX) were prepared by modified thin film hydration method21,22.
LN-PTX was characterized for size distribution by dynamic light scattering (DLS)
using laser particle analyzer (BI 200SM, Brookhaven Instruments Corporation, USA).
The nanovesicles were also characterized for surface charge by determining their zeta
potential using zeta potential analyzer (ZetaPALS, Brookhaven Instruments
Corporation, USA). Transmission electron microscopy of nanovesicles was done as
per the negative staining protocol40, and images were analyzed by a transmission
electron microscope (Tecnai G2 12 BioTWIN), at 120 kV. Encapsulation and loading
efficiency of paclitaxel in the nanovesicles was determined by breaking them open
using methanol and quantifying the drug using reverse phase HPLC (Agilent 1100
Binary LC pump liquid chromatograph)21. In vitro release of paclitaxel from LN-PTX
was studied by dialysis bag method41, both under normal physiological condition (pH
7.4 and 37uC) and low pH condition (pH 5.0 and 37uC). Physical stability of paclitaxel
loaded nanovesicles, when stored at 4uC as a suspension in PBS was studied by
evaluating their size distribution using DLS, at five different time points over a period
of 60 days.

Airway patency and in vitro lung deposition. Pulmonary surfactant mimetic
characteristics of LN-PTX, TaxolH and AbraxaneH were evaluated by studying their
airway patency using Capillary Surfactometer (CS) from Calmia Biomedicals
(Toronto, Ontario)24. In vitro lung deposition studies for LN-PTX, aerosolized using
jet nebulizer (Micelfluss F400, Brescia, Lombardia, Italy), were performed using glass
twin impinger apparatus (Copley Scientific, Nottingham, UK), adapted from
apparatus A of European and British Pharmacopoeia25.

Membrane stability studies: fusogenicity of nanovesicles. We performed
membrane stability studies using DPPC monolayer as the model cell membrane42,43.
Studies were performed using a computer controlled Langmuir Blodgett (LB) film
balance (KSV Mini trough model, KSV Instruments, Finland). DPPC monolayer
model was created as described previously44. An appropriate volume of TaxolH or LN-
PTX or DPPC-PTX was injected into the subphase of the LB system. Surface pressures
were then recorded as a function of time till 270 seconds. In order to obtain the effects
of drug penetration alone, the surface pressure of the monolayer over time was
monitored without any formulation and these values were deducted from the
corresponding ones on addition of the formulation. The difference was denoted as the
relative change in surface pressure (Dp) due to penetration of the drug and was then
plotted against time for the interpretation of the results. Studies were performed at 37
6 0.1uC under different pH conditions corresponding to values of 5, 6 and 7.4.

In vitro cytotoxicity and pulmonary cytocompatibility. In vitro cytotoxicity was
evaluated for LN-PTX, LN-B, TaxolH and AbraxaneH in B16F10 murine melanoma
and A549 human lung cancer cell lines. Around 80% confluent cells were harvested
and seeded onto 96 well tissue culture plates at a density of 104 cells per well and
incubated for 24 h in saturated humid conditions at 5% CO2 and 37uC. Spent
medium was then replaced by fresh medium containing formulations with graded
concentrations of paclitaxel ranging from 10–10000 nM, and plates were further
incubated for 48 h. Cells treated with medium only served as control. At the end, SRB
(Sulphorhodamine B) assay was conducted21. Cell viability was measured using the
formula:

% Viability~Absorbance of sample=Absorbance of control|100:

IC50 values for all the formulations were calculated using GraphPad Prism 4
software. In addition, in vitro cytocompatibility of LN-PTX with normal lung
fibroblast cell line (MRC 5) was evaluated using propidium iodide (PI) assay45.

Cellular uptake. Cellular uptake of the nanovesicles by B16F10 cells was studied at
three different time points viz. 0.5, 1 and 3 h, by incubating cells with rhodamin-6G
(Rh-6G) loaded nanovesicles46. Cells were observed using a confocal laser scanning
microscope (CLSM) (Olympus Fluoview, FV500, Tokyo, Japan) and images were
acquired and analyzed using the Fluoview software (Olympus, Tokyo, Japan).

To understand the mechanism of cellular uptake, cells were incubated in the
presence of Rh-6G loaded nanovesicles in normal and ATP depleted conditions47.
ATP depleted conditions were obtained by pre incubation of cells in the presence of
metabolic inhibitor i.e. 0.1% sodium azide and incubation at 4uC temperature.
Cellular Rh-6G content was quantified by a fluorescence plate reader (Victor 3V
Multilabel Plate Reader, PerkinElmer, USA) and was normalized with respect to
cellular protein content as determined by Pierce BCA protein assay kit (Thermo
Scientific, Pierce, USA).

Selectivity of LN-PTX nanovesicles towards cancer cells was evaluated by com-
paring the cellular uptake of LN-PTX nanovesicles by B16F10 murine melanoma cells
versus MRC 5 normal lung fibroblast cells. Briefly, cells were incubated with LN-PTX
nanovesicles (1 mM PTX) for 3 h. Cells were lysed and intracellular paclitaxel was
extracted and quantified using reverse phase HPLC (Agilent 1100 Binary LC pump
liquid chromatograph, Agilent Technologies, USA). Paclitaxel levels were normalized

with respect to cellular protein content as determined by Pierce BCA protein assay kit
(Thermo Scientific, Pierce, USA).

Inflammatory response of nanovesicles. Inflammatory response of alveolar
macrophages to nanovesicles was evaluated in vitro using RAW 264.7 murine alveolar
macrophages. Cells were incubated with nanovesicles for 24 h, following which the
spent medium was assessed for three different inflammatory cytokines viz. tumor
necrosis factor-alpha (TNF-a), interleukin-1 beta (IL-1b) and interleukin-6 (IL-6).
Cells treated with tissue culture plate (TCP) and bacterial lipopolysaccharide (LPS)
(4 mg/ml) were used as control.

Biodistribution and dosage calculation. Biodistribution studies of LN-PTX,
administered as aerosol; and TaxolH, administered intravenously were conducted in
Balb/c mice (20–22 g). Animals were provided by Piramal Life Sciences Ltd.,
Mumbai, India and experiments were performed onsite at Piramal Life Sciences
facility in accordance with the protocols approved by Institutional Animal Ethical
Committee.

Animals were divided into two groups with six animals in each. Group I received
LN-PTX (0.5 mg PTX/ml) as aerosol, nebulized using jet nebulizer (Micelfluss F400,
Brescia, Lombardia, Italy); operated at an airflow rate of 10 l air/min; resulting in the
aerosol droplets with a mass median aerodynamic diameter of 2.8 mm and geometric
SD of 2.1. Aerosol was administered for a period of 30 minutes to the entire group of
mice placed in sealed and transparent plastic chamber. Almost 10 ml volume of LN-
PTX was nebulized in 30 minutes. TaxolH was administered intravenously to second
group at 10 mg PTX/kg dose. Three mice from each group were sacrificed by cervical
dislocation at different time points viz. 0.5 and 2 h after treatment. Plasma, lung, liver,
intestine, skin and spleen were collected at each time point and were stored in 280uC
until further analysis. Paclitaxel was extracted and analyzed using reverse phase
HPLC (Agilent 1100 Binary LC pump liquid chromatograph, Agilent Technologies,
USA) to obtain the plasma and organ distribution.

In vivo metastases inhibition and pulmonary toxicity. Six to eight weeks old female
C57Bl/6 mice (20–22 gm) were purchased from National Toxicology Centre, Pune,
India and experiments were performed there itself in accordance with the protocols
approved by Institutional Animal Ethical Committee. Animals were inoculated in tail
vein with 106 B16F10 cells in 100 ml of serum free DMEM using a 27-gauge needle on
day 0. On day 1, mice were randomly divided into four groups, each having six
animals in it. Group A received LN-PTX at 0.5 mg PTX/ml (10 ml, 30 minutes
exposure) dosage given as aerosol, group B received TaxolH at 10 mg PTX/kg dosage
intravenously and group C received AbraxaneH at 10 mg PTX/kg dosage
intravenously. The last group (group D) was kept as control, which received 0.9%,
saline (10 ml, 30 minutes exposure) by aerosol. All aerosol treatments were given 5
days a week for four weeks and intravenous treatments were given once in three days
for four weeks. Body weights were taken intermittently during the entire experiment.
Lungs were resected, weighed and fixed in formalin. Metastases inhibition potential
was evaluated on the basis of percentage inhibition in the increase of lung weight due
to the metastasized tumor in comparison to the animals treated with 0.9% saline, and
by comparing the survival of animals in different groups. Tumor nodules on the lungs
were counted using stereomicroscope. Additionally, hematoxylin and eosin (H&E)
stained lung tissue sections were observed for any pulmonary toxicity indications
including pulmonary fibrosis and chronic inflammatory response.

Statistics. All the studies were done in atleast triplicates and the results expressed as
mean 6 standard deviation. Statistical significance of the data was analyzed by
Student’s t-test. In all the cases p , 0.05 was considered to be significant.
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