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New lung-tumour-penetrating nanocarrier designed for aerosolized chemotherapy   
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Summary 

In lung cancer therapy, inhaled nanomedicine could improve systemic nanomedicine-based chemotherapy by 
delivering high amounts of nanocarriers directly to the lung tumour site. However, penetration of the nanocarriers 
into a solid tumour remains difficult, whatever the selected route of administration.  

The aim of this study was therefore to develop a tumour-selective nanocarrier for inhalation that is able to 
penetrate lung tumour cells and tissues.  

Solid lipid nanoparticles (SLN) coated with a folate-grafted chitosan copolymer were prepared by a 
nanoprecipitation method with a paclitaxel entrapment efficiency of ~100%. Efficient coating was confirmed by 
particle size and zeta potential (Z-average mean diameter of 160 nm to 230 nm and zeta potential of -20 mV to 
+30 mV before and after coating, respectively). The coated SLN were characterized by significantly higher anti-
proliferative properties than Taxol

®
, with half-maximal inhibitory concentrations of 60 and 340 µM, respectively, as 

observed by means of the colorimetric MTT assay. Interestingly, the nanocarrier was able to enter HeLa and 
M109-HiFR, two folate receptor (FR)-expressing cell lines, in vitro, and in vivo after administration by inhalation to 

orthotopic M109-HiFR lung-tumour-grafted mice. The SLN remained coated with the folate-grafted copolymer in 
lung tissues and tumours after inhalation.  

This study therefore demonstrated the potential for a new FR-targeted nanocarrier to reach, penetrate and 
distribute throughout lung tumour tissues after inhalation. 

Introduction 

Conventional chemotherapy plays an important role in lung cancer therapy, as it is used in nearly every stage of 
the disease. These chemotherapies are currently administered through systemic routes, which distribute the 
chemotherapeutic drugs to all parts of the body before reaching the tumour (systemic chemotherapy) and 
inevitably cause severe systemic and dose-limiting toxicities to the patient 

[1]
. Among other therapies (e.g. 

targeted chemotherapy, immunotherapy), nanomedicine-based chemotherapy has been proposed to increase 
selectivity for lung tumours (i.e. by means of a passive targeting related to the enhanced permeability and 
retention effect), and cells (i.e. active targeting)

 [2]
. Although presenting many advantages, when administered 

through systemic routes, nanomedicine is characterized by several limitations. These limitations include (i) low 
delivery efficiency (i.e. the proportion of the injected dose of nanocarriers that effectively reach the tumour site), 
and (ii) potential poor penetration of the nanocarrier into the tumour

 [2]
. Inhaled nanomedicine could overcome 

these limitations as it presents many advantages in lung cancer therapy over both conventional and 
nanomedicine-based systemic chemotherapy

 [1]
. The advantages include the delivery of high amounts of 

nanocarriers directly to the lung tumour site, the enhancement of drug internalization by cells, the specific 
recognition of cancer cells, etc. However, penetration of the nanocarrier into a solid tumour remains difficult

 [3]
, 

whatever the selected route of administration. 

In this study, we aimed to design a nanocarrier consisting of solid lipid nanoparticles coated with a folate-grafted 
chitosan derivative, the folate-poly(ethylene glycol)-(N-[(2-hydroxy-3-trimethyl-ammonium) propyl] chitosan) (F-
PEG-HTCC) copolymer

 [4]
 and loaded with the chemotherapeutic drug paclitaxel (PTX). We intended to prove that 

this nanocarrier, in addition to targeting cancer cells through the folate receptors (FR), which are overexpressed in 
many lung cancers

 [5]
, is able to penetrate lung tumour cells and tissues, both in vitro and in vivo.  

Experimental methods 

Materials 

3-[4,5-dimethylthiazol-2-yl] diphenyltetrazolium bromide (MTT), D-α-Tocopherol poly(ethylene glycol) 1000 
succinate (TPGS) and sodium taurocholate (NaTau) were purchased from Sigma-Aldrich (Diegem, Belgium). 25-
[N-[(7-nitro-2-1,3-benzoxadiazol-4-yl)methyl]amino]-27-norcholesterol (25-NBD cholesterol) was purchased from 
Avanti Polar Lipids (Alabaster, USA). Cholesterol was purchased from Fagron (Waregem, Belgium). Glyceryl-
stearate (Geleol

®
) was purchased from Gattefosee (Nanterre, France). Cremophor

® 
EL was purchased from 

BASF (Ludwigshafen, Germany). Paclitaxel (PTX) was purchased from Carbosynth (Berkshire, UK).  All the 
mediums and supplements for cell culture were purchased from Life Technologies (Merelbecke, Belgium). All 
solvents were purchased in analytical grade from Merck (Darmstadt, Germany).  
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Preparation and characterization of coated SLN 

Coated SLN were prepared by a modified nanoprecipitation method at room temperature. First, SLN were 
prepared. To do this, 2 ml of a lipid solution containing 10 mg glyceryl-stearate, 40 mg cholesterol and 3 mg PTX 
in acetone was poured into 20 mL ultrapure water containing 3 mg TPGS and 2 mg NaTau under magnetic 
stirring (1 300 rpm). Precipitation immediately occurred. Acetone was evaporated at room pressure and 
temperature overnight. The SLN dispersion was ultrafiltrated (molecular weight cut-off (MWCO) = 10 kDa, 
Amicon

©
, Merck) and the filtrate was collected. PTX entrapment efficiency (EE) (mass proportion relative to total 

PTX) and drug loading (DL) (mass proportion relative to total SLN) were determined. Quantification of PTX was 
determined by means of the HPLC method described elsewhere

 [6]
. The SLN were then coated by adding 5 mL 

solution containing 7.5 mg of F-PEG-HTCC
 [4]

 in ultrapure water to the SLN dispersion. Coated fluorescent SLN 
were prepared with the same method by using 50 µg of 25-NBD-cholesterol and Alexa Fluor

® 
405–grafted F-PEG-

HTCC instead of PTX and F-PEG-HTCC, respectively. The SLN were analysed at 25°C in terms of particle size 
(Z-average mean diameter) and zeta potential using a Malvern Zetasizer nano ZS (Malvern Instruments, 
Worcestershire, UK). Each sample was analysed in triplicate. 

In vitro release profile of paclitaxel 

The in vitro release profile of PTX from the coated SLN was determined in triplicate by a dialysis method
 [6]

. 
Briefly, the dissolution medium was a phosphate buffer at pH 5 (European pharmacopeia 7.0) to guarantee the 
stability of PTX. The PTX release from a Taxol-like formulation (6 mg/ml PTX in a 50:50 v/v mix of Cremophor

®
 

EL and absolute ethanol) in the same conditions was used as a control for the method. An amount of coated SLN 
corresponding to 20 µg of PTX was added to the dissolution medium to obtain a volume of 200 µL. The dispersion 
was then put in a dialysis membrane (MWCO = 10 kDa) and placed in 200 mL dissolution medium maintained at 
37 ± 1°C under magnetic agitation (200 rpm). The percentages of dissolved PTX that were released from the 
dialysis bag were determined using the HPLC method

 [6]
 at different times up to 72 h. 

In vitro studies in FR-expressing cancer cell lines 

Two models of FR-expressing cancer cells were used: the human HeLa adenocarcinoma and the murine M109-
HiFR lung carcinoma cell lines

 [6]
. 

For fluorescence microscopy, cells were allowed to grow overnight in 6-well plates containing glass coverslips 
(5 x 10

4
 and 1 x 10

5 
cells per well for HeLa and M109-HiFR, respectively). After one wash with cold PBS, cells 

were incubated for 30 min, 3 h or 6 h at 37°C with coated fluorescent SLN or left untreated. After two washes with 
cold PBS, cells were kept on ice until observation under a Zeiss Axio fluorescence microscope (Zeiss, 
Oberkochen, Germany). Two coverslips were analysed. 

The anti-proliferative properties of the coated SLN were determined by means of the colorimetric MTT assay on 
the M109-HiFR and the HeLa cell lines using an adaptation of the reported protocol

 [6]
. Briefly, cells were allowed 

to grow in a 96-well plate for 24 h (4 x 10
3
 or 1.8 10

3
 cells/well of M109-HiFR or HeLa cell line, respectively). The 

culture medium was replaced for 8 h by fresh folate-free RPMI containing a Taxol-like formulation, the SLN, or by 
fresh medium supplemented with 1 mM folic acid containing the SLN. The medium was then refreshed and cells 
left to grow for 64 h. The PTX-relative concentrations ranged from 10

-9
 M to 10

-5
 M. The amount of formazan was 

measured by spectrophotometry using a Biorad 680XR spectrometer (Biorad, Nazareth, Belgium) at 570 nm (with 
a reference of 630 nm). The half maximum inhibitory concentration (IC50) values (relative to PTX) were defined as 
the PTX concentrations that inhibit 50% of cell growth compared to the untreated control. The experiments were 
performed three times (from independent formulations) in six replicates. Results are expressed as the mean ± SD 
(n = 3). 

In vivo lung tumour distribution of coated SLN after pulmonary delivery 

The distribution of the coated fluorescent SLN in the M109 lung tumours was evaluated after pulmonary delivery 
using an adaptation of the protocol described

 [6]
. Briefly, on day 13 post orthotopic M109-HiFR cell-implantation, 

coated fluorescent SLN were administered to mice by the endotracheal route using a spray insufflator 
(Microsprayer

®
, Penn-Century, Philadelphia, USA) as described previously

 [6]
. Then, 50 µg Alexa Fluor

®
 647 

isolectin GS-IB4 conjugate (Life Technologies) was administered via intravenous injection. After 2 h, mice were 
sacrificed, perfused with PBS and with 4% formaldehyde in PBS and the lungs were collected. Lung and tumour 
tissues were easily visualized macroscopically and were therefore isolated. After incubation overnight in the dark 
in 4% formaldehyde in PBS and extensive washing with PBS, the tissues were cut into ~1 mm slices by means of 
a scalpel. The slices (3 throughout the tumours) were mounted on SuperFrost

TM
 slides (Thermo Fischer Scientific) 

using a fluorescent mounting medium (Dako, Heverlee, Belgium) and finally covered with a coverslip. The slides 
were observed under a Leica SP8 confocal microscope (Leica Microsystems, Diegem, Belgium). The images 
were processed using ImageJ Software (National Institutes of Health, USA). 

Results and discussion 

PTX-loaded SLN were first prepared with an EE of 99.0 ± 0.3 % (w/w) and the SLN were coated with F-PEG-
HTCC. The PTX DL was 5.1 ± 0.2 % (w/w). Efficient coating was confirmed by particle size and zeta potential (Z-
average diameter of 160 nm to 230 nm and zeta potential of -20 mV to +30 mV before and after F-PEG-HTCC 
coating, respectively).   
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The coating is related to the presence of opposite charges in water, with the surface of lipid particles being 
negatively charged, and the HTCC being positively charged. Non-coated and coated fluorescent SLN were 
prepared with similar size properties. The PTX release from the coated SLN, compared to Taxol, was slower and 
more sustained, with ~50% of the PTX released within three days (Fig. 1). After a first burst (13% of the PTX 

released within seven hours), the PTX release rates remained constant, with approximately 15% of the PTX 
released each 24 h. 

Fluorescence images of treated cells confirmed the effective uptake, or at least bounding, of the coated 
fluorescent SLN into both the HeLa and M109-HiFR cells (Fig. 2), in comparison with non-treated cells (control). 

For coated SLN, green (corresponding to 25-NBD cholesterol) and blue (corresponding to Alexa Fluor
®
 405-

grafted F-PEG-HTCC) fluorescence seemed to increase with the time of incubation, especially regarding 
differences obtained between 30 min and 3 h incubation. However, this observation was not so obvious between 
3 h and 6 h incubation. 

Regarding the results in Fig. 3, the SLN 

formulations potentiated the anti-proliferative 
properties of PTX in vitro, especially in M109-
HiFR. This improvement was highly dependent on 
the cell line (p < 0.01, two-way ANOVA). Two 
main observations allowed this improvement to be 
demonstrated. First, whereas F-PEG-HTCC-
coated SLN led to an IC50 similar to that of Taxol 
in HeLa (about 40 nM), in M109-HiFR, this 
nanocarrier increased very significantly the anti-
proliferative properties of PTX (p < 0.001, two-
way ANOVA with Bonferroni post-tests). In this 
lung cancer cell line, the IC50 was reduced almost 
six-fold compared to Taxol (60 and 340 nM for F-
PEG-HTCC-coated SLN and Taxol, respectively, 
Fig. 3). An explanation of this potentiated activity 

in M109-HiFR and not in HeLa might be that it is 
the result of a possible PTX resistance in the lung 
cancer cell line being overcome. M109-HiFR is 
less sensitive than HeLa to Taxol. However, with 
the use of the SLN in M109-HiFR, especially the 
F-PEG-HTCC-coated SLN, PTX recovered the 
same proliferative properties as those obtained 
for HeLa. We therefore hypothesized that the F-
PEG-HTCC-coated SLN overcame the resistance 
of M109-HiFR to PTX. Interestingly, non-coated 
SLN, but not PEG-HTCC-coated SLN, led to 
significant reduction of IC50 in M109-HiFR 
compared to Taxol (p < 0.05, two-way ANOVA 
with Bonferroni post-tests). 
Second, the presence of the folate moieties on 
the SLN surface influenced the anti-cancer 
activity of the PTX-loaded SLN in vitro. F-PEG-
HTCC-coated SLN were almost five times more 
active than PEG-HTCC-coated SLN in M109-
HiFR (IC50 values of 60 and 295 nM, respectively) 
and almost three times in HeLa (45 and 126 nM, 
respectively) (Fig. 3). This difference was 
significant in M109-HiFR but not in HeLa (p < 0.01 
and p > 0.05, respectively, two-way ANOVA with 
Bonferroni post-tests). Moreover, the presence of 
free folic acid in the medium tended to decrease 
the F-PEG-HTCC-coated SLN activity in the two 
FR-expressing cell lines. The IC50 values were 
indeed at least doubled in the presence of folic 
acid (170 and 130 nM in HeLa and M109-HiFR, 
respectively). However, these IC50 increases were 
not significant (p > 0.05, two-way ANOVA with 
Bonferroni post-tests). 
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Figure 1 - In vitro release profiles of PTX in phosphate buffer 
(pH5) at 37°C. Formulations containing 20 µg of PTX were put in 
a dialysis membrane (MWCO = 10 kDa) and placed in 200 ml of 
dissolution medium under agitation (200 rpm) (sink conditions). 

Data represents mean  SD (n=3). 

 
 

 
Figure 2 - Fluorescent images of HeLa and M109-HiFR cells 
following the incubation of coated fluorescent SLN for 30 min, 
3 h and 6 h (40x). Green = 25-NBD-cholesterol; Blue =  Alexa 
Fluor

®
 405-grafted-F-PEG-HTCC 
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Figure 3 – IC50, determined by means of the colorimetric MTT assay. HeLa and M109-HiFR were incubated for 8 h with 
Taxol (positive control) or PTX-loaded SLN (i.e. non-coated, PEG-HTCC-coated and F-PEG-HTCC-coated SLN incubated in 
folate-free medium, and F-PEG-HTCC-coated SLN incubated in the presence of 1 mM folic acid). Data are presented as mean 

IC50 values  SD from three independent tests realized in six replicates. (n.s.) means non-significant, (*) p < 0.05, (**) p < 0.01, 
(***) p < 0.001 (two-way ANOVA with Bonferroni post-tests). 

 
These two observations (i.e. the differences between F-PEG-HTCC and PEG-HTCC, and their activity in the 
presence or absence of free folic acid) proved that the FR played a role in the anti-proliferative properties of the F-
PEG-HTCC-coated SLN, in particular in the M109-HiFR cell line. It is therefore assumed that F-PEG-HTCC-
coated SLN should preferentially interact with and enter high FR-expressing lung cancer cells in comparison with 
low FR-expressing normal lung cells. This will be confirmed in extended experiments. The differences obtained 
between the two FR-expressing cell lines might be the result of multiple pathways, other than FR-mediated 
endocytosis, for the nanocarriers to enter the cells. 

Regarding the data obtained in (i) dissolution tests, (ii) fluorescence microscopy and (iii) especially MTT assays, 
the F-PEG-HTCC-coated SLN unquestionably entered the FR-expressing cells in vitro. PTX must enter cancer 
cells to exert its anti-proliferative activity, which was best achieved by the F-PEG-HTCC-coated SLN. PTX mostly 
entered the cells while entrapped in the nanocarrier, given the low percentage released within 8 h (i.e. the 
incubation time in MTT assays), i.e. about 10% (Fig.1). 

Images obtained from the non-treated M109 mice (control) revealed an unstructured vasculature in red revealed 
by isolectin, which characterizes tumour tissues (Fig. 4). The tumours obtained from the mice treated with the 

coated fluorescent SLN also presented green fluorescence, confirming that the SLN, after inhalation, were able to 
reach and penetrate the M109 tumours in vivo. In addition, blue fluorescence was observed (Fig. 4). Interestingly, 

there was an undeniable co-localization of the green and the blue fluorescence. This observation therefore proves 
that the F-PEG-HTCC coating remained stable after administration in vivo. 

 

Figure 4 – In vivo tumour distribution of coated fluorescent SLN after administration by inhalation (M109 model). 
Confocal pictures of control untreated M109 mouse lung and coated fluorescent SLN-treated mouse lung. Red = vessels 
labelled with isolectinB4, green = 25-NBD-cholesterol, blue = Alexa Fluor

®
 405-grafted-F-PEG-HTCC 
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Conclusion 

In this work, we developed a nanocarrier for aerosolized chemotherapy to treat lung cancers. This nanocarrier 
consists of SLN coated with F-PEG-HTCC, a positively charged folate-grafted copolymer, through ionic 
interaction. PTX was successfully loaded into the SLN with a high EE. In vitro, we clearly proved that the coated 
SLN are taken up by FR-expressing cancer cell cells and they showed significant higher anti-proliferative activity 
than Taxol

®
, the commercial form of PTX. In addition, we demonstrated involvement of the FR in the anti-

proliferative activity of the coated SLN. Interestingly, we demonstrated that the nanocarrier is able to reach the 
lung tumour site after pulmonary delivery and consequently penetrate and distribute throughout the lung tumours. 
The treatment proposed could therefore potentially involve a dual targeting approach: the direct targeting of 
tumour-affected lungs by means of an inhalable treatment and (ii) the active targeting of FR-expressing lung 
tumour cells. 
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