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Introduction

One of the main reasons for the poor survival rates among patients with lung cancer is the limited
efficiency of traditional chemotherapy. The conventional treatments use high doses of toxic
anticancer drugs which often produce severe adverse side effects on healthy organs 1. Hence, an
ideal anticancer therapy would involve the local administration of high drug concentration
directly to the target tissue for the maximum treatment effect, limitation of drug degradation in
the systemic circulation and low adverse side effects 2. For lung diseases, aerosol technology had
been developed to achieve this objective. However, the efficient aerosolized drug transfer is
possible only for a limited number of drugs. In addition, the efficacy of chemotherapy is also
limited by the rapid development of tumor resistance. The mechanisms of this resistance are
common to most cancers and include “pump” and “nonpump” resistance 2. Therefore, only
simultaneous suppression of both pump and nonpump resistances is capable of substantial
increasing in the efficacy of anticancer drugs. Consequently, the main objective of the proposed
research is to mitigate resistance of lung cancer to chemotherapy through the development,
characterization and in vivo evaluation of a novel drug delivery system (DDS) for inhalation
therapy which contains five main components: (1) nanocarrier; (2) anticancer drugs; (3)
suppressor of pump drug resistance; (4) suppressor of nonpump cellular resistance and (5)
targeting moiety to the lung cancer cells. The nanomedicine platform based on Mesoporous
Silica Nanoparticles (MSNs) has been developed for inhalation local delivery of anticancer drugs
such as Doxorubicin (DOX) and Cisplatin (CIS) in combination with MRP1 and BCL2 targeted
siRNAs as suppressors of cellular resistance, respectively. Thiol-functionalized MSNs were
synthesized by using a surfactant-templated, base-catalyzed condensation method by following
post-modification of particle surface. The pores of prepared particles have been used as
reservoirs for storing anticancer drugs, while thiol-functionalized siRNAs and polyethylene
glycol (PEG) were chemically conjugated to the surface of MSNs via cleavable disulfide bonds.
Furthermore, LHRH peptide was attached to the distal end of PEG to direct the DDS specifically
to the lung cancer cells.

BCL2: B-Cell Lymphoma 2 protein is an integral inner mitochondrial membrane protein
responsible for cellular antiapoptotic defense. Overexpression of BCL2 blocks the apoptotic cell
death.

MRP1: Multidrug resistance protein 1
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Body

All the deadlines associated with three tasks outlined in the approved Statement of Work (Table
1) were met in time.

Table 1. Scope of work and timeline of the project.

Task 1. To synthesize MSN, modify their surface, encapsulate anticancer drugs, conjugate
siRNA and characterize the resulting complex multifunctional drug delivery
system (DDS) (months 1-4):

Herein, we report the synthesis of a targeted DDS for pulmonary co-delivery of anticancer drugs
and suppressors of multidrug cellular resistance that is based on Mobile Crystaline Material-41
(MCM-41) type of mesoporous silica nanoparticles. The MSN as drug delivery cargoes were

Quarters Q1 Q2 Q3
Months 1 2 3 4 5 6 7 8 9 10 11 12

Task 1. To synthesize MSN, modify their surface, encapsulate anticancer drugs, conjugate siRNA
and characterize the resulting complex mult ifunctional DDS

1a. Synthesis of MSN
1b. Preparation of thiol-functionalized MSN
1c. Modification of MSN with thiol reactive group
1d. Characterization of MSN size and shape
1e. Evaluation of MSN surface area and pore size
1f. Encapsulation of anticancer drugs in MSN pores
1g. Modification of PEG with LHRH
1h. Conjugation of siRNA and PEG-LHRH to MSN
1i. Evaluation of anticancer drug release in vitro
1j. Evaluation of siRNA release in vitro

Task 2. To evaluate in vitro, the effectiveness of the proposed DDS for the cell transfection and
suppression both types of cellular resistance to chemotherapy

2a. Evaluation of DDS cytotoxicity on cancer cells
2b. Evaluation of DDS intracellular localization
2c. Testing of drug and siRNA accumulation in cells
2d. Evaluation of MRP1 and BCL2 gene suppression

Task 3. To select and characterize an optimal regimen of aerosol generation, nebulizer
performance, droplet size and dose, dynamic stability of MSN based DDS and body distribution of

airborne nanoparticles in vivo
3a. Testing of DDS stability after aerolization
3b. Developing of in vivo aerolization procedure
3c. Evaluation of MTD of the prepared DDS on mice
3d. Preparation of mice with lung tumor
3e. Evaluation of DDS accumulation in living mice
3f. Evaluation of DDS accumulation in mice organs
3g Estimation of adverse side effects for treatment
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synthesized and consequently modified with (3-Mercaptopropyl)trimethoxysilane (MPTS) and
Aldrithiol-2 to introduced pyridyldithiol reactive groups for covalent conjugation of multidrug
resistance suppressors, PEG and targeting ligands (Fig.1A and 1B). DOX and CIS were used as
the anticancer drugs to be encapsulated inside of the pyridyldithiol-terminated MSN (Fig.1C and
1D). Finally, the surfaces of the drug-loaded MSN were covalently modified with siRNA and
PEG-LHRH via disulfide linkages (Fig.1E and 1F).

pore

pore

A

C

E

= DOX

pore

D

F

SH
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SH

=siRNASH

=SH

MSN

=LHRH

Figure 1. Surface engineered approach for the preparation of mesoporous silica nanoparticles
(MSN) for an efficient targeted co-delivery of siRNA and anticancer drugs. (A) Modification of
MSN with MPTS ; (B) Activation of thiol groups on the MSN surface with Aldrithiol-2 to
produced pyridyldithiol reactive groups; (C) Encapsulation of DOX inside modified MSN; (D)
Encapsulation of CIS inside modified MSN; (E) Modification of surface of DOX-loaded MSN
with siRNA and PEG-LHRH; (F) Modification of surface of CIS-loaded MSN with siRNA and
PEG-LHRH.

1a. Synthesis of MSN (months 1-2)

MSN as the drug carriers for inhalatory DDS were selected based on the following
considerations. These nanoparticles have porous interiors that can be used as reservoirs for
storing hydrophobic anticancer drugs and large surface areas that could be modified with siRNA
and cell targeting moieties. The pore size can be tailored to selectively store different molecules
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of interest, while the size of the particles can be tuned to maximize the efficiency of pulmonary
delivery and cellular uptake3. In addition, a biodegradation product of MSN, orthosilicic acid, is
natural compound with low toxicity found in numerous human tissues4.
MCM-41 type of MSN was synthesized by using a surfactant-templated, base-catalyzed
condensation method as previously described3. 0.5 g of N-Cetyltrimethylammonium bromide
(CTAB) was dissolved in 240 ml of deionized (DI) water and then added with 1.75 ml of
aqueous sodium hydroxide solution (2.00 M) in a 500ml round bottom flask. The temperature of
the mixture was adjusted to 353 K and 2.50 ml of Tetraethoxysilane (TEOS) was added drop
wise to the flask under vigorous stirring. The reaction was allowed to proceed for 2 h to give rise
to white precipitate. The resulting product was filtered and washed with DI water and methanol,
and dried at 60 °C under high vacuum to yield the as-synthesized MSN. To remove the surfactant
template (CTAB), the as-synthesized MSN was refluxed for 17 h in a mixture of 1.5 ml of HCl
(37.4 wt% ) and 150.0 mL of methanol. The resulting material was filtered and extensively
washed with H2O and methanol. The surfactant-free MSNs were then dried under high vacuum at
60 °C overnight to remove the remaining solvent from the pores.

1b. Preparation of thiol-functionalized MSN (months 1-2)

The mercaptopropyl-derivatized MSN were obtained by post-modification of as-synthesized
MSN with MPTS, offering terminal thiol groups as reactive sites. Briefly, 0.40 ml of MPTS was
added to 50 ml of anhydrous toluene in a flask. Then 400 mg of surfactant-free MSNs was added.
After 24 h refluxing, the heating was stopped and the vessel was let to cool down to ~ 35 °C. The
resulting powder suspension was then centrifuged at 10000 rpm for 20 min to remove the free
MPTS and toluene. Then the precipitate was rinsed with toluene and anhydrous methanol. Thus-
obtained powder was dried under vacuum at 75 °C overnight to remove any remaining solvent.
Ellman’s reagent was employed to quantify the concentration of thiol groups on the surface of
MSNs accessible for further modification5. An average of 302.1 nmoles of thiols was measured
per 1 mg of MSNs via standardization versus MPTS.

1c. Modification of MSN with thiol-reactive groups (months 1-2)

In order to conjugate siRNA and PEG via disulfide linkages, the thiol groups on the surface of
MSNs were first reacted with 2,2'-Dipyridyl disulfide (Aldrithiol-2) to produced pyridyldithiol
reactive groups. Briefly, 250 mg of MPTS-MSN in 25 mL methanol were added drop wise to a
solution containing 0.55 g of Aldrithiol-2, 0.2 mL of glacial acetic acid, and 10 mL of methanol.
After the reaction within 24 h at room temperature, the mixture was centrifuged at 10 000 rpm
for 20 min to purify pyridylthiol-terminated MSN. Then the precipitate was rinsed with methanol
and dried under vacuum at 75 °C overnight to remove any remaining solvent. According to
Ellman’s reagent assay, after reaction with Aldrithiol-2 the free thiol groups on MSN surface
were non-detected, which represent a fact that majority of functional groups were activated and
available for further conjugation with siRNA and PEG via reversible disulfide bond.
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1d. Characterization of MSN size and shape (months 1-2)

Thus, as-synthesized MSNs and surface modified MSN were characterized by Transmission
Electron Microscopy (TEM), which showed a near spherical morphology with a hexagonal array
of mesoporous channels (Fig. 2A and B). Additionally, the Dynamic Light Scattering (DLS)
analysis revealed that as-synthesized MSN and MPTS-MSN had a uniform size around 160 nm
with relatively low dispersion (Fig 2C).
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Figure 2. Characterization of mesoporous silica nanoparticles (MSN). Transmission electron
microscope image of (A) as-synthesized MSN and (B) MPTS modified MSN. (C) Size
distribution of as-synthesized MSN, MPTS-MSN and LHRH-PEG-siRNA-DOX-MSN measured
by DLS.

1e. Evaluation of MSN surface area and pore size (months 1-2)

Furthermore, the surface areas, pore volumes, and pore size distributions of MSNs were
respectively analyzed by nitrogen adsorption/desorption techniques using ASAP 2020
(Micromeritics)3. The Brunauer-Emmett-Teller (BET) surface area, pore size and pore volume,
determined based on Barret-Joyner-Halenda (BJH) model, are summarized in Table 2. As-
synthesized MSNs have a mean pore size of 2.99 nm, surface area of 1001 m2/g, and pore
volume of 1.0 cm3/g. As a result of MSN modification with MPTS, the surface area, pore volume
and pore size of MPTS-MSNs were all decreased to 821 m2/g, 0.65 cm3/g and 2.83 nm,
respectively (Table 2).
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Table 2. The Brunauer-Emmett-Teller (BET) surface area, the pore size and pore volume
determined based on Barret-Joyner-Halenda (BJH) model. Means ± SD are shown.

Nanoparticle BET surface area
(m2/g)

BJH pore volume
(cm3/g)

BJH pore size (nm)

MSN 1001 ±8 1.00 ±0.12 2.99 ±0.11

MPTS-MSN 821 ±5 0.65 ±0.06 2.83 ±0.08

1f. Encapsulation of anticancer drugs in MSN pores (month 2-3)

The selection of anticancer drugs was based on the following considerations. First, the drugs
should be currently used in clinics for treatment of resistant small cell lung cancer. Secondly,
these drugs should be substrates for drug efflux pumps. This will allow for experimental
assessment of pump suppression by the proposed DDS. Additionally, recent clinical studies
demonstrated that combinations of the anticancer drugs result in a more efficient tumor
regression compared to either drug alone6. Consequently, a mixture of DOX and CIS as the
anticancer agents was selected for treatment of lung cancer via pulmonary route. In order to load
DOX into the pores of MSNs, our previously developed procedure was employed in the current
study3. Briefly, pyridyldithiol-terminated MSNs were suspended in a DOX solution in 3:5 (v:v)
MeOH:H2O co-solvent under continuous stirring for 24 hr. The loading efficiency of doxorubicin
into MSNs pores was determined by measuring changes in optical absorption of the feeding
solution and supernatants at 490 nm. Then the difference between concentration of the drug in
feeding solution and supernatant was used to evaluate the amount of DOX loaded into the MSNs.
The encapsulation efficiency (weight ratio of DOX loaded into MSNs to MSNs, w/w %) was
determined to be approximately 8%. Additionally, to encapsulate CIS into the pores of
nanoparticles, previously reported procedure was employed in the current study7. Briefly,
pyridyldithiol-terminated MSNs were resuspended in CIS solution in 1:1 H2O-DMSO co-solvent
(v:v) under continuous stirring for 24 hrs. After centrifugation of MSN-CIS complexes, drug
loading efficiency was determined by using a modified colorimetric assay based on the reaction
of platinum with OPDA8. It was found that CIS loading efficiency was reasonably high up to
30% as compare to DOX encapsulation into pyridyldithiol-terminated MSNs.

1g. Modification of PEG with LHRH (month 2-3)

In order to enhance steric stability of DDS and reduce their uptake by cells of reticuloendothelial
system, heterobifunctional PEG was employed to modify the MSNs surface with hydrophilic
polymers. Moreover, the cytotoxic effect of chemotherapy on healthy organs can also be limited
by employing the DDS with a ligand that specifically targeted to receptors overexpressed in the
plasma membrane of cancer cells. Our previous study demonstrated that the receptors for LHRH
peptide are overexpressed in cancer cells and are not expressed detectably in most visceral
organs9. Taking advantage of this differential receptor expression, modified LHRH peptide was
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selected as targeting moiety on the proposed DDS to enhance drug uptake specifically by the lung
cancer cells and reduce the relative availability of the toxic drug to normal cells. The sequence of
LHRH peptide was modified to provide a reactive amino group only on the side chain of a lysine
residue. Therefore, primary amine of LHRH was first reacted with activated carboxylic group of
heterobifunctional HOOC-PEG-SH. Briefly, the LHRH analogue was reacted with one
equivalent of HS-PEG-COOH, in a mixture of anhydrous DMSO and DCM (3:5, v/v). Equimolar
amount of EDC·HCl, was added as a coupling agent and DMAP was used as a catalyst.
Triethylamine base was added to remove the salt from coupling agent. The reaction was stirred
continuously for 24 h at room temperature. The resulting solution was filtered to remove
dicyclohexylurea (DCU) and the filtrate was dialyzed extensively with DMSO and DI water
(dialysis membrane of molecular weight cut off = 5 000 Da) for 24 h to remove unreacted LHRH
peptide, EDC·HCl, DMAP and triethylamine. Further, the conjugate was lyophilized.

1h. Conjugation of siRNA and PEG-LHRH to MSN (month 2-3)

siRNA has been shown to be highly effective in suppressing the synthesis of different proteins10-

11. In order to suppress pump and nonpump resistance of lung cancer cells and therefore
substantially enhance antitumor efficiency of delivered drugs, two types of siRNA were
conjugated with MSN nanoparticles. The first type of siRNA was targeted to MRP1 mRNA. It is
known that this protein is mainly responsible for active efflux anticancer drugs (pump resistance)
in non-small cell lung carcinoma2. The sequence of the siRNA targeted to MRP1 mRNA was: 5'-
[S-S-C6]-GGC-UAC-AUU-CAG-AUG-ACA-CdTdT-3'(sense strand) and 5'-GUG-UCA-UCU-
GAA-UGU-AGC-CdTdT--3’. The second type of siRNA was targeted to BCL2 mRNA. This
protein plays a central role in antiapoptotic defence forming the basis for nonpump resistance in
many cancer cell lines and inhibition of such cellular defence can be effectively used in order to
enhance the efficiency of chemotherapy2. The sequence of the siRNA targeted to BCL2 mRNA
were: 5'-[S-S-C6]-GUG-AAG-UCA-ACA-UGC-CUG-CdTdT-3' (sense strand) and 5'-GCA-
GGC-AUG-UUG-ACU-UCA-CdTdT-3’ (antisense strand). In order to visualize siRNA with
fluorescence microscope, antisense strand was additionally modified with fluorescent dye: 5'-
TAM-GCA-GGC-AUG-UUG-ACU-UCA-CdTdT-3’. Consequently, we expected that the use of
siRNA targeted to MRP1 and BCL2 mRNA in the proposed DDS can provide for an effective
suppression of both pump and nonpump cellular resistance and therefore enhance the
effectiveness of anticancer drugs. To minimize the loss of RNAi activity, a thiol group was build
into the sense strand of siRNA and was involved in the conjugation of siRNA to MSNs via a
thiol/disulfide exchange reaction. Briefly, 2-pyridyl activated thiol groups on the MSN surface at
concentration of 302.1 M reacted with 10 M of thiol groups on 5’ end of siRNA sense strand
targeted either to BCL2 or MRP1 mRNAs. To determine the efficiency of the conjugation
method, the resulting siRNA-MSNs were precipitated by centrifugation and the concentration of
unconjugated siRNA in supernatant was evaluated by detecting emission of TAMRA dye on 5’
end of an antisense strand. Calibration data was then employed to calculate the siRNA
concentration left in the solution versus the covalently conjugated to the MSN surface. According
to the obtained result, 80 % of siRNA molecules were covalently attached to MSN surface via
disulfide linkage.
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Furthermore, the purified LHRH-PEG-SH conjugates derivatized with a terminal sulfhydryl
group were then added to the 2-pyridyl activated thiol groups on siRNA-Drug-MSN to obtain
LHRH-PEG-siRNA-Drug-MSNs complex via a sulfhydryl exchange reaction. It worth to
mentioned that only 2.6 % of the 2-pyridyl activated thiol groups (8.0 nmole out of 302.1
nmole/1 mg of MSNs) on MSN surface were used for conjugation of siRNA. Therefore, 97.4%
(294.1 nmole/1mg of MSN) of the 2-pyridyl activated thiol groups were available for covalent
attachment of LHRH-PEG-SH via disulfide linker.
The presence of LHRH peptide on the MSN surface was detected by BCA protein assay (Thermo
Fisher Scientific Inc., Rockford, IL)10. The spectra of the product corresponding to free LHRH
and LHRH modified MSNs have well defined absorbance maximum around 560 nm
corresponding to the absorbance of the BCA/copper complex formed as a result of the reaction of
BCA reagent with the cuprous cation produced from the reduction of Cu+2 to Cu+1 by the LHRH
peptide (Fig. 3). This maximum is absent in the assay spectra of the PEG-siRNA-MSNs
complexes that are not modified with LHRH (Fig 3). Additionally, DLS measurements revealed
the fact that in comparison with non-modified MPTS-MSNs, the modified LHRH-PEG-siRNA-
Drug-MSNs complex became slightly larger (from 160.0 nm to 180.0 nm for non-modified and
modified nanoparticles) (Fig 2C). The increase in the size of the prepared nanoparticles could be
attributed to the modification of their surfaces by PEG and the targeting LHRH peptide layer.
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Figure 3. The typical absorption spectra of the product of BCA assay reaction with (1) free
LHRH, (2) LHRH-PEG-siRNA-MSN and (3) PEG-siRNA-MSN.

1i. Evaluation of anticancer drug release in vitro (months 3-4)

Intrinsic fluorescence of DOX was employed in this study to evaluate a release of the drugs from
LHRH-PEG-siRNA-Drug-MSNs complex. Briefly, the release of DOX from DDS was studied
by suspending LHRH-PEG-siRNA-DOX-MSNs in either 10% water solution of human serum or
10% water solution of human serum containing 10 mM reduced glutathione at 37C and the
monitoring the fluorescence of the suspension at different time points. Since the fluorescence of
DOX was completely quenched after loaded into MSN, the fluorescence of DOX in a suspension
is solely due to release of DOX and was used to quantify the amount of released DOX based on
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the fluorescence calibration curve of free DOX in 10% water solution of human serum. The
DOX release profiles in both 10% water solution of human serum and 10% water solution of
human serum containing 10 mM reduced glutathione as a function of release time are presented
in Figure 4. According to Figure 4 the burst release in 10% water solution of human serum is
18.2%, while the presence of reduced glutathione in the incubation medium increased the burst
release up to 35.3%. Furthermore, the release profile indicated that over a release time up to 96
hr, only 61% of DOX was released from LHRH-PEG-siRNA-DOX-MSNs complexes. On the
other hand, the presence of 10 mM reduced glutathione facilitate the release rate of the drug at
each time point and 93% of DOX was released from MSN based DDS after 96 hr. The observed
phenomenon could be explained by the fact, that layer on the MSN surface formed by PEG-
LHRH and siRNA inhibit the release of DOX from MSN pores. At the same time, the presence
of reduced glutathione in the medium resulted in the cleavage of disulfide bonds, which
conjugate PEG-LHRH and siRNA molecules to the MSN surface. As a result of disulfide bond
cleavage, the layer formed by PEG-LHRH and siRNA around MSN is removed and the drug
release rate is increased.

0

20

40

60

80

100

120

0 20 40 60 80 100

1

2

Figure 4. DOX release profile from LHRH-PEG-siRNA-DOX-MSNs complexes resuspended in
either 10% water solution of human serum (1) or 10% water solution of human serum containing
10 mM reduced glutathione (2) at 37C.

1j. Evaluation of siRNA release in vitro (months 3-4)

The disulfide bond introduced between the MSN and siRNA is an important factor for
intracellular RNAi mechanism, because it is chemically labile and can be cleaved with cell-
produced disulfide reducing agent such as reduced glutathione. To confirm that the disulfide
bonds of siRNA-S-S-MSN could be cleaved under cellular reductive conditions, the prepared
conjugates were incubated for 30 min with 10 mM water solution of reduced glutathione at 37C,
which corresponds to the concentration of reduced glutathione in the cellular cytoplasm12. After
centrifugation, the amount of siRNA in the supernatant was quantified by measuring emission of
fluorescent dye (TAMRA) attached to an antisense strand as described above. The obtained data
demonstrated that 98% of siRNA was released from siRNA-S-S-MSN complex in the presence
of reduced glutathione. Based on the result, it is expected that the released siRNA could be
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involved in the RNAi mechanism without any loss of their activity. It worth to mentioned, the
antisense strands of siRNA used for in vitro and in vivo studies were not modified to conserve
their biological functions.

Task 2. To evaluate in vitro, the effectiveness of the proposed DDS for the cell transfection
and suppression both types of cellular resistance to chemotherapy (months 4-6):

In the present study, we describe novel complex multifunctional drug delivery systems suitable
for simultaneous tumour targeted inhalation delivery of several anticancer drugs in combination
with various types of siRNA. The proposed treatment approach includes inhalation of a mixture
(a cocktail) of several DDS. Every single DDS consists of a carrier (modified mesoporous silica
nanoparticles), an anticancer drug (doxorubicin or cisplatin), a suppressor of pump or nonpump
resistance (siRNA targeted to MRP1 or BCL2 mRNA) and a tumour targeting moiety (LHRH
peptide). Each individual component of DDS performs its specific function. A carrier binds all
other components together ensuring high water “solubility” of entire complex and effective
penetration via plasma membranes of targeted cancer cells. An anticancer drug induces apoptosis
in lung caner cells. Suppressors of pump and nonpump resistance inhibit active drug efflux from
cancer cells and their antiapoptotic defence, respectively, substantially enhancing antitumor
efficiency of anticancer drugs. A tumour targeting moiety guarantees the uptake of an entire DDS
with encapsulated drugs and siRNA specifically by cancer cells that express the corresponding
receptor limiting adverse side effects on healthy lung cells. In addition, local inhalation delivery
led to the preferential accumulation of delivered therapeutics mainly in the lungs and prevented
the leakage of DDS and their components into the systemic circulation limiting adverse side
effects of chemotherapy on healthy organs and tissues.

2a. Evaluation of DDS cytotoxicity on cancer cells (months 4-5)

Antitumor activities of the proposed MSN based DDS capable of co-delivery of anticancer drugs
and siRNAs as the suppressors of multidrug cellular resistance in A549 human lung cancer cells
were studied in vitro using a modified MTT assay10. Briefly, cancer cells were seeded into 96-
well microtiter plates at the density of 10 000 cells per well. To measure cytotoxicity, cancer
cells were separately incubated in 96-well plate with different concentrations of MSN
formulations, which resulted in a total of five separate series of experiments: (1) MPTS-MSN;
(2) LHRH-PEG-MSN; (3) Mixture of DOX and CIS (1:1, w/w); (4) Mixture of LHRH-PEG-
DOX-MSN and LHRH-PEG-CIS-MSN (DOX/CIS = 1:1, w/w) and (5) Mixture of LHRH-PEG-
siRNA(BCL2)-DOX-MSN, LHRH-PEG-siRNA(MRP1)-DOX-MSN, LHRH-PEG-
siRNA(BCL2)-CIS-MSN and LHRH-PEG-siRNA(MRP1)-CIS-MSN (DOX/CIS = 1:1, w/w).
Cells were cultured for 24 h before the cell viability assay was performed. The old medium was
removed and 100 µl of fresh medium and 25 µl of a 5 mg/mL MTT solution in DPBS were
added to each well. Plates were then incubated under cell culture conditions for 3 h. 100 µl of
50% (v/v) DMF in water containing 20% (w/v) sodium dodecyl sulfate (with pH adjusted to 4.7
by acetic acid) were added to every well and incubated overnight to dissolve the formazan
crystals. The absorbance of each sample was measured at 570 nm with a background correction
at 630 nm using a conventional microtiter plate reader. On the basis of these measurements,
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cellular viability was calculated for each concentration of the formulation tested. It was found
that a mixture of free antitumor drugs such as CIS and DOX at 1:1 w/w ratio substantially limited
the viability of the cancer cells and cytotoxicity of anticancer agents increased with drugs
concentrations (Fig. 5B, line 3). Remarkably, the drugs mixture delivered by LHRH targeted
DDS significantly enhanced their antitumor activity in the cancer cells (Fig. 5B, line 4).
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Figure 5. Cytotoxicity of different formulations: (A) Mesoporous silica nanoparticles (MSN)
without drugs; (B) Different drug formulations. A549 human lung cancer cells were incubated
within 24 h with different concentrations of indicated formulations: 1 - MPTS-MSN; 2 -
LHRH-PEG-MSN; 3 - Mixture of DOX and CIS (1:1 w/w); 4 - Mixture of LHRH-PEG-DOX-
MSN and LHRH-PEG-CIS-MSN (DOX:CIS = 1:1 w/w); and 5 - Mixture of LHRH-PEG-
siRNA(BCL2)-DOX-MSN, LHRH-PEG-siRNA(MRP1)-DOX-MSN, LHRH-PEG-
siRNA(BCL2)-CIS-MSN and LHRH-PEG-siRNA(MRP1)-CIS-MSN (DOX:CIS = 1:1 w/w).
Means ± SD are shown.

According to MTT measurements, the IC50 dose (the dose that kills 50% of cells) of free drugs
mixture (~9.0 g/mL) was 6 times higher when compared to the mixture of CIS and DOX
delivered by MSN based DDS (~1.5 g/mL) specifically targeted to lung cancer cells. The
sufficient enhancement in cytotoxicity of anticancer agents is not caused by MSNs alone since
minimal toxicity for the drug-free nanoparticles at the employed concentrations was detected
(Fig. 5A). The improved cytotoxicity of mixture of LHRH-PEG-DOX-MSN and LHRH-PEG-
CIS-MSN can be explained by the possible higher accumulation of drugs inside the cells as
demonstrated below. Furthermore, the mixture of four cancer LHRH targeted different DDS
containing LHRH-PEG-siRNA(BCL2)-DOX-MSN, LHRH-PEG-siRNA(MRP1)-DOX-MSN,
LHRH-PEG-siRNA(BCL2)-CIS-MSN, and LHRH-PEG-siRNA(MRP1)-CIS-MSN provides for
a highest cytotoxic effect that cannot be achieved by either free drugs or drugs delivered by
targeted MSN without siRNA (IC50=0.3 g/mL) (Fig. 5B, line 5). The ability of the siRNAs to
sufficiently enhance in vitro antitumor activity of CIS and DOX could be explained by
decreasing both pump and nonpump drug resistances of cancer cells against chemotherapy.
Nonpump drug resistance is primarily attributed to the activation of antiapoptotic cellular
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defense, and BCL2 protein is a key player in this defense. While the major drug efflux pump in
non-small lung cancer cells is represented by MRP1 protein. The downregulations of genes
expression responsible for both pump and nonpump resistance demonstrated below2,10-11.

2b. Evaluation of DDS intracellular localization (months 4-5)

In order to test timed release of the active components of the prepared DDS and their intracellular
localization by confocal microscopy, living A549 human lung cancer cells were separately
incubated with LHRH-PEG-siRNA(TAMRA)-MSNs and LHRH-PEG-siRNA(non-labeled)-
DOX-MSNs within 50 min. The siRNA was labeled with TAMRA (red fluorescence) and
intrinsic fluorescence of DOX (red) was employed in the current study. The fluorescence of each
dye was registered with a confocal microscope every 10 min and digitally photographed. It worth
to mentioned that after loading into the pores of MSNs, DOX intrinsic fluorescence was
completely quenched, which is in good agreement with our confocal microscopy images.
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Figure 6. Cellular internalization of DOX and siRNA delivered by LHRH targeted MSN based
DDS. Typical confocal microscopy images of living A549 human lung cancer cells incubated
with (A-C) LHRH-PEG-siRNA(TAMRA)-MSN and (D-F) LHRH-PEG-siRNA(non-labeled)-
DOX-MSN and recorded at different time points. A and D represent light images of A549 cells.
B and E represent cellular localization of siRNA and DOX, respectively. C and F represent
fluorescence images of nuclei stained with DAPI.

According to Figure 6E, DOX fluorescence was not detected around the cell while the drug was
still encapsulated in MSN based DDS. On the other hand, siRNA fluorescence was observed in
both extracellular and intracellular environments (Fig. 6B). The above mentioned feature enables
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us to monitor the DOX release from MSN based DDS after cellular internalization. As one could
observed in Figure 6B and 6E, siRNA and DOX fluorescence was detected after A549 cells
incubation with LHRH-PEG-siRNA(TAMRA)-MSNs and LHRH-PEG-siRNA(non-labeled)-
DOX-MSNs within 10 and 20 min, respectively. The 10 min delay in DOX internalization
process could be explained by the fact that to record DOX fluorescence additional time is
required for the drug to be release from MSN. Within 40 min of cells incubation with LHRH-
PEG-siRNA(TAMRA)-MSNs and LHRH-PEG-siRNA(non-labeled)-DOX-MSNs complexes,
both siRNA and DOX were sufficiently accumulated inside of the cells.
It worth to mentioned, that DOX was detected only in nucleus and perinuclear regions of
cytoplasm, indicating efficient intracellular delivery and release of DOX from MSNs (Fig. 6 D-
F). On the other hand, following internalization siRNA was localized in nucleus and cytoplasm
of the cell (Fig. 6A-C). Since siRNA functions by binding to RNA-induced silencing complex in
the cytoplasm, so that the delivery of siRNA to cytosol is important for further gene
suppression10-11.

2c. Testing of drug and siRNA accumulation in cells (months 4-5)

To determine intracellular accumulation of siRNA and anticancer agents into cancer cells, the
cellular internalization of both TAMRA-labeled siRNA and DOX was investigated by
fluorescence and confocal microscopy.

A B C D

E F G H

Figure 7. Representative fluorescent microscopy images of A549 human lung cancer cells
incubated for 24 hrs with (A-D) LHRH-PEG-siRNA(TAMRA)-MSN and (E-H) LHRH-PEG-
siRNA(non-labeled)-DOX-MSN . A and E represent light images of A549 cells; B and F
represent fluorescence images of nuclei stained with DAPI. C and G represent cellular
localization of siRNA and DOX, respectively. D and H are superposition of light and
fluorescence images.
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In the typical experiment, LHRH-PEG-siRNA(TAMRA)-MSNs and LHRH-PEG-siRNA(non-
labeled)-DOX-MSNs were incubated with A-549 human lung cancer cell line for 24 hrs and the
appropriate images were recorded with by fluorescence (Olympus America Inc., Melville, NY)
microscope . According to Figure 7, the developed DDS is capable to efficiently facilitate
transfer of both DOX and siRNA through the cellular membrane. As one could observe the
intracellular accumulation pattern of siRNA and DOX detected by the above described confocal
microscopy study was conformed by fluorescence microscopy experiment (Fig 7E-H). After
incubation of A549 lung cancer cells with LHRH-PEG-siRNA(non-labeled)-DOX-MSNs
complexes, red fluorescence was detected only in nucleus and perinuclear regions of cytoplasm
(Fig 7E-H). On the other hand, siRNA was localized in both nucleus and cytoplasm of the cell
(Fig. 7A-D).

Z=8.555 mm Z=7.334 mm Z=6.113 mm Z=4.892 mm

Z=3.671 mm Z=2.450 mm Z=1.229 mm Z=0.000 mm

Z=7.418 mm Z=6.358 mm Z=5.299 mm Z=4.239 mm

Z=3.179 mm Z=2.119 mm Z=1.059 mm Z=0.000 mm

A

B

Figure 8. Confocal microscopy images (z-series from top to the bottom of the cells) of A549
human lung cancer cells incubated for 60 min with (A) LHRH-PEG-siRNA(TAMRA)-MSN and
(B) LHRH-PEG-siRNA(non-labeled)-DOX-MSN.
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Theoretically, DDS could adhere to the surface of cancer cells and erroneously be visualized on
microscopic images as internalized within cells. To exclude such type of errors, we also analyzed
the distribution of siRNA and DOX in different cellular layers from the upper to the lower of the
fixed cell using confocal fluorescent microscopy (z-sections, Fig.8). The obtained data shows
that distribution of siRNA and DOX was very similar in the different cell layers.

2d. Evaluation of MRP1 and BCL2 gene suppression (4-6)

The ability of the siRNAs molecules delivered by MSN to silence the targeted mRNA expression
was investigated using quantitative reverse transcription-polymerase chain reaction (RT-PCR).
RNA was isolated after 24 h incubation of A549 human lung cancer cells with (1) Control (fresh
media); (2) Mixture of LHRH-PEG-DOX-MSN and LHRH-PEG-CIS-MSN, (3) Mixture of
LHRH-PEG-siRNA(BCL2)-DOX-MSN, LHRH-PEG-siRNA(MRP1)-DOX-MSN, LHRH-PEG-
siRNA(BCL2)-CIS-MSN and LHRH-PEG-siRNA(MRP1)-CIS-MSN (siRNA(BCL2):
siRNA(MRP1) =1:1); and (4) Mixture of LHRH-PEG-siRNA(BCL2)-MSN and LHRH-PEG-
siRNA(MRP1)-MSN (siRNA(BCL2): siRNA(MRP1) =1:1); using an RNeasy kit (Qiagen,
Valencia, CA). The total concentration of siRNA was 0.20 μM. First strand cDNA was
synthesized by Ready-To-Go You-Prime First-Strand Beads (Amersham Biosciences,
Piscataway, NJ) with 4 mg of total cellular RNA and 100 ng of random hexadeoxynucleotide
primer (Amersham Bioscience, Piscataway, NJ). After synthesis, the reaction mixture was
immediately subjected to polymerase chain reaction, which was carried out using the GenAmp
PCR System 2400 (Perkin-Elmer, Shelton, CT). PCR products were seperated in 4% NuSieve
3:1 Reliant agarose gels in 1(TBE buffer (0.089 M Tris/Borate, 0.002 M EDTA, pH 8.3;
Research Organic Inc., Cleveland OH) by submarine gel electrophoresis. The gels were stained
with ethidium bromide, digitally photographed, and scanned using the Gel Documentation
System 920 (NucleoTech, San Mateo, CA). Gene expression was calculated as the ratio of mean
band intensity of analyzed RT-PCR product (BCL2) or (MRP1) to that of the internal standard
(B2-m). The value of BCL2 and MRP1 genes expression for untreated cells (control) was set to
100%. The results show that treatment of A549 human lung cancer cells with LHRH-PEG-
siRNA(BCL2)-MSN and LHRH-PEG-siRNA(MRP1)-MSN (siRNA(BCL2): siRNA(MRP1)
=1:1) complexes, which don’t carry anticancer drugs, significantly influence the expression of
the BCL2 and MRP1 genes after 24 hr. Thus, at the studied conditions, 56% and 58% silencing
were achieved for BCL2 and MRP1 genes, respectively (Fig. 9A and 9B , Lines 4). The obtained
data revealed the fact that siRNA molecules could be successfully released in cytoplasm from
LHRH-PEG-siRNA-MSN complexes as a result of disulfide bond cleavage with reduced
glutathione. Moreover, the released siRNAs are available for the formation of RISC complexes
for further gene suppression. Furthermore, we demonstrated that incubation of A549 cancer cells
with a mixture of LHRH-PEG-DOX-MSN and LHRH-PEG-CIS-MSN (DDS contain only
anticancer drugs, no siRNA molecules) resulted in overexpression of BCL2 and MRP1 genes by
~20% in comparison to non-treated cells (Fig. 9A and 9B, Lines 2). Such phenomenon
demonstrated a fact, that delivery of anticancer drugs into the cells caused an activation of both
pump and non-pump cellular resistance through overexpression of MRP1 and BCL2 genes,
respectively. On the other hand, a treatment of human lung cancer cells with LHRH targeted
DDS, which carry both anticancer drugs and siRNA molecules (mixture of LHRH-PEG-
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siRNA(BCL2)-DOX-MSN, LHRH-PEG-siRNA(MRP1)-DOX-MSN, LHRH-PEG-
siRNA(BCL2)-CIS-MSN and LHRH-PEG-siRNA(MRP1)-CIS-MSN (siRNA(BCL2):
siRNA(MRP1) =1:1)) resulted in downregulation of MRP1and BCL2mRNAs responsible for
pump and nonpump cellular resistance by 50% and 35%, respectively (Fig.9A and 9B , Lines 3).
Therefore, the highest cytotoxic effect of the proposed DDS that cannot be achieved by either
free drugs or drugs delivered by targeted MSN without siRNA is related to simultaneous
suppression of both types of cell resistance.
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Figure 9. Representative images of RT-PCR products of MRP1 (A), BCL2 (B) and 2-m (C and
D, internal standard) mRNA and densitometric analysis of bands in A549 lung cancer cells
incubated with following formulations: (1) Control (medium); (2) mixture of LHRH-PEG-DOX-
MSN and LHRH-PEG-CIS-MSN; (3) mixture of LHRH-PEG-siRNA(BCL2)-DOX-MSN,
LHRH-PEG-siRNA(MRP1)-DOX-MSN, LHRH-PEG-siRNA(BCL2)-CIS-MSN and LHRH-
PEG-siRNA(MRP1)-CIS-MSN; and (4) Mixture of LHRH-PEG-siRNA(BCL2)-MSN and
LHRH-PEG-siRNA(MRP1)-MSN. Gene expression in control was set to 100%. Means ± SD are
shown. *P < 0.05 when compared with control.

Task 3. To select and characterize an optimal regimen of aerosol generation, nebulizer
performance, droplet size and dose, dynamic stability of MSN based DDS and
body distribution of airborne nanoparticles in vivo (months 6-12):

A Collison nebulizer (BGI) connected to four-port, nose-only exposure chambers (CH
Technologies) was used for inhalation co-delivery of drugs and siRNA by MSN based DDS (Fig.
10). The solution of DDS was aerosolized at a flow rate of 2 L/min and then diluted by an
additional 2 L/min air. The flow meter allows regulating drug concentration and air flow.
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Figure 10. Installation for inhalation treatment.

3a. Testing of DDS stability after aerolization (months 6-7)

Pneumatic aerosol nebulizers, such as Collison nebulizer used in this study, are known to exert
considerable shear forces on the particles being generated. In addition, the liquid in the devise is
constantly re-circulated which could lead to the accumulation of the stress during the prolonged
nebulization. In certain cases the stress can lead to the loss of particle integrity. Thus, to ensure
that the integrity of the DDS is not affected during exposure experiments, the Collison nebulizer
was operated continuously for 60 min at a low pressure of 20 psi and size distributions of
airborne and liquid-borne MSN were examined before and after nebulization. The airborne size
of LHRH-PEG-siRNA-Drug-MSN was monitored every 15 min using a Scanning Mobility
Particle Sizer (SMPS) (model 3936, TSI Inc., Shoreview, MN). The size of the liquid-borne DDS
was analyzed using photon correlation spectroscopy (PCS) using a Malvern Nano ZS90 (Malvern
Instruments, UK). SPMS measurements demonstrated that the airborne particle diameter is ~160
nm and did not vary substantially over aerosolization time. At the same time, PCS measurements
represented that the particles diameter in liquid is ~180 nm (Fig. 2C). The small discrepancy in
airborne and liquid-borne sizes of DDS could be related to the fact that different methods were
employed for the size measurements. Thus SMPS determines particle electrical mobility, while
PCS determines hydrodynamic particle diameter. Overall, SPMS and PCS measurements do not
show a significant change in airborne and liquid-borne size of MSN based DDS which indicates
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that the LHRH-PEG-siRNA-Drug-MSN were not substantially damaged during their continuous
aerosolization.

3b. Developing of in vivo aerolization procedure (months 7-8)

In addition, the drug delivery and exposure system itself was characterized to estimate the
inhaled dose and to ensure that all test animals received a similar dose of the DDS. In order to
test the mass distributions across the ports of inhalation system, DDS labeled with Cy.5.5 dye
were used in this study. Here, a probe was inserted into each containment tube so that a probe’s
inlet would be in approximately the same position as an animal’s nose. The air flow of 25
mL/min through each probe was provided by a pump with a low-flow adapter, and the particles
were collected on a filter positioned immediately after a containment tube. The sampling airflow
was selected to mimic mouse breathing. The four probes at ports P1, P2, P4, and P5 were
operated simultaneously. The concentration of Cy5.5 labeled DDS was 1mg/mL and
aerosolization time was 10 min. The mass of Cy5.5 labeled DDS collected on each filter was
quantified by a fluorometer (FM109515, Sequoia-Turner Corp., Mountain View, CA) using
previously obtained calibration curve. Briefly, each filter with collected particles was soaked in
ethanol in a glass container for 4 hours to dissolve the Cy5.5-DDS and then an aliquot of 100 µL
was used to measure fluorescence intensity from each sample. As could be seen in Figure 11, the
relative mass fraction did not vary substantially across four exposure ports.
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Figure 11. The DDS mass distributions across the ports of inhalation system. Aerosolization
time-10 min. LHRH-PEG-siRNA-Drug-MSN concentration – 1 mg/mL.

Based on the obtained DDS mass distribution measurements, the doses of the inhaled drugs
required for the planed in vivo studies were adjusted by changing initial concentrations of LHRH-
PEG-siRNA-Drug-MSN complexes.

3c. Evaluation of MTD of the prepared DDS on mice ( months: 8-10)

In vivo toxicity of drug-loaded formulations: (1) LHRH-PEG-siRNA-DOX-MSN (2) LHRH-
PEG-siRNA-CIS-MSN and (3) 1:1 mixture of LHRH-PEG-siRNA-DOX-MSN and LHRH-PEG-
siRNA-CIS-MSN was evaluated to determine maximum tolerated dose (MTD). The MTD was
defined as the allowance of a median body weigh loss of 15% of the control and causes neither
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death due to toxic effects nor remarkable changes in the general signs within 3 days after
treatments. Six different drug doses were used in our studies: (1) control- 0 mg/kg (mg of drug
per 1 kg of mouse body weight); (2) 1 mg/kg; (3) 2 mg/kg; (4) 3 mg/kg; (5) 4 mg/kg; and (6) 5
mg/kg; The selection of drug doses was based on the previous study, which demonstrated that
MTD of free DOX is 2.5 mg/kg13-14. In each instance, the present studies included 18
experimental groups consisting of 5 nu/nu nude mice, which were exposed to single inhalation of
either (1) LHRH-PEG-siRNA-DOX-MSN; or (2) LHRH-PEG-siRNA-CIS-MSN or (3) 1:1
mixture of LHRH-PEG-siRNA-DOX-MSN at the above mentioned concentrations. The weight
of mice in control and treated groups were recorded during 3 days after single inhalation. All
procedures used were according to the guidelines of the Care and Use of Laboratory Animals and
were approved by the Animal Care Committee of the Rutgers University and USAMRMC
Animal Care and Use Review Office (ACURO). According to Figure 12, none of the
concentrations used in this study was toxic to the mice. The obtained result demonstrated the
advantage of using the developed MSN based DDS in comparison to the free drug.

3d. Preparation of mice with lung tumor (months 8-9)

Six week old NCR nude mice (20 g) were purchased from Taconic Farms, Inc. (Germantown,
NY). A mouse orthotopic model of human lung cancer developed in our lab was used2. Briefly,
A549 human lung adenocarcinoma epithelial cells transfected with luciferase (5–8 × 106) were
resuspended in 0.1 mL of RPMI medium containing 20% FBS, mixed with 5 μM EDTA and

Figure 12. Toxicity of (A) DOX; (B) CIS
and (C) DOX +CIS delivered via LHRH-
PEG-siRNA-Drug-MSN complexes at the
does of 0 mg/kg; 1 mg/kg, 2 mg/kg, 3
mg/kg, 4 mg/kg, and 5 mg/kg. Mice (N=5
per each treatment) were exposed to single
inhalation and body weight was recorded
for 3 days.
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administered intratracheally to the murine lung of 10 mice through a catheter (Fig. 13A). It was
shown that a slight disruption of the pulmonary epithelium or the surfactant layer by co-
administration of either pancreatic elastase or EDTA allowed significantly better tumour
engraftment15. At the same time, cancer cell suspensions tolerate this concentration of EDTA,
and animals subjected to EDTA at this concentration exhibit no histological pulmonary
abnormalities. The progression of tumour growth was monitored by an IVIS (Xenogen, Alameda,
CA) imaging system (Fig. 13C). Rapid growth of lung tumor developed in 90% of animals (total
9 mice).

A B

Figure 13. Orthotopic lung model. (A) Human A549 lung cancer cells transfected with luciferase
were intratracheally injected into the lungs of nude mice. (B) Typical bioluminescent image of a
mouse with lung tumor 4 weeks after instillation of cancer cells. Intensity of bioluminescence is
expressed by different colors, with blue reflecting the lowest intensity and red indicating the
highest intensity.

3e. Evaluation of DDS accumulation in living mice (months 9-10)

For an efficient lung cancer treatment, the active ingredients of DDS should be easily delivered
by inhalation to the lung cancer cells and retained there. Four weeks after the instillation of tumor
cells, 9 mice, which developed lung tumors, were exposed to the single inhalation of LHRH-
PEG-siRNA-DOX-MSN. The dose of all formulations containing doxorubicin for inhalation
administration was 2.5 mg/kg for the single injection. The distribution of labeled MSN (Cy5.5,
near infrared dye), siRNA (FAM, green dye) and DOX (red, intrinsic fluorescence) was analyzed
in live anesthetized animals at different time points after injection using IVIS Xenogen imaging
system (Fig. 14A and 14B). As Figure 14 demonstrates, a strong fluorescence background from
blood and tissues of the mice complicated an evaluation of DDS organ distribution in the live
animals.
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Figure 14. (A) Distribution of FAM-siRNA, DOX and Cy5.5-MSN after 1 hr following mice
exposure to single inhalation with LHRH-PEG-siRNA-DOX-MSN complexes. (B) Distribution
of Cy5.5 labeled MSN at different time points (1hr, 6hr, 12hr, 24hr, 48hr, 72hr) after mice
exposure to single inhalation with LHRH-PEG-siRNA-DOX-MSN complexes. The intensity of
fluorescence was represented on composite light/fluorescent images by different colors with blue
color reflecting the lowest fluorescence and red color – the highest intensity.

3f. Evaluation of DDS accumulation in mice organs (months 9-10)

After measuring the fluorescence distribution in the entire animal, four mice were sacrificed after
3 hr and five mice after 72 hr. Furthermore, organs were excised and distribution of FAM-
siRNA, DOX and Cy5.5-labeled DDS was studied using the IVIS system. (Fig. 15A and 15B).
The data show that inhalation delivery substantially enhanced lung exposure to DDS and limited
the accumulation of DDS in other organs. Moreover, pulmonary delivery sufficiently enhances
the accumulation of DDS in the cancer tumor. Thus, the total amount of DDS retained in the
lungs within 3 hr after inhalation was 73%. While the amount of MSN based DDS after single
inhalation in liver, kidneys and spleen was 17%, 9% and 1%, respectively. Similar profiles of
organ distribution were found also for siRNA and DOX (Fig. 15A). Sufficient amount of LHRH-
PEG-siRNA-DOX-MSN nanoparticles retained in the cancer tumor after 72 hr, while the rest of
the complexes were cleared from lungs and accumulated in the liver and kidneys (Fig. 15B).
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Figure 15. Organ and tumor content of LHRH-PEG-siRNA-DOX-MSN. MSN and siRNA were
labeled with near infrared Cy5.5 dye and FAM (green) respectively. Intrinsic fluorescence of
DOX (red) was employed. LHRH-PEG-siRNA-DOX-MSN nanoparticles were injected into the
mice by inhalation. The distribution of Cy5.5-MSN, FAM-siRNA and DOX was analyzed in
different organs (A) 3 hr and (B) 72 hr after injection using IVIS Xenogen imaging system. The
intensity of bioluminescence (tumor cells) and fluorescence (MSN, siRNA and DOX) are
expressed by different colors with blue color reflecting the lowest intensity and red color
reflecting the highest intensity.
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3g. Estimation of adverse side effects for treatment (months 10-12)

In order to estimate adverse side of treatment, the different organs (liver, kidneys, spleen, heart,
brain and lungs) were isolated from mice on the 3rd day after their exposure to single inhalation
with 1:1 mixture of LHRH-PEG-siRNA-DOX-MSN and LHRH-PEG-siRNA-CIS-MSN (drug
concentration – 5mg/kg). Tissues were fixed with in 10% phosphate-buffered formalin. Samples
were subsequently dehydrated and embedded in Paraplast. Sections (5 μm) were cut, stained with
hematoxylin-eosin and imaged using Olympus (Melville, NY) microscope. According to
histopathologic analysis (Fig. 16), the signs of damage were not observed in healthy organs after
the mice treatment with 1:1 mixture of LHRH-PEG-siRNA-DOX-MSN and LHRH-PEG-
siRNA-CIS-MSN (drug concentration – 5mg/kg).
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C D
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Figure 16. Histologic sections of (A-B) liver, (C-D) kidneys, (E-F) spleen, (G-H) heart, (I-J)
brain and (K-L) lungs without treatment and after mice exposure to single inhalation with 1:1
mixture of LHRH-PEG-siRNA-DOX-MSN and LHRH-PEG-siRNA-CIS-MSN (drug
concentration – 5mg/kg).
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Key Research Accomplishments

 The tumor targeted nanomedicine platform based on MSNs has been developed for
inhalation local delivery of anticancer drugs such as Doxorubicin and Cisplatin as cell
death inducers in combination with MRP1 and BCL2 targeted siRNAs as suppressors of
cellular resistance, respectively.

 The developed DDS system is capable of effectively delivering inside cancer cells
anticancer drugs (doxorubicin and cisplatin) combined with two types of siRNA targeted
to MRP1 and BCL2 mRNA.

 Suppression of cellular resistance by siRNA effectively delivered inside cancer cells with
the developed DDS substantially enhanced the cytotoxicity of anticancer drugs.

 Local delivery of DDS by inhalation and specific targeting to lung cancer cells led to the
preferential accumulation of drugs and siRNA in the mouse lungs prevented their escape
into the systemic circulation, and limited adverse side effect in healthy organs.

Reportable Outcome

 Manuscript: submitted to Journal of Drug Targeting (appendix A).

 Presentations: The PI (Oleh Taratula) was invited to present the current work at ACS
42nd Middle Atlantic Regional Meeting; Section: Medicinal Chemistry and Chemical
Biology of Anticancer Agents (appendix B).

 Published abstract: Oleh Taratula, Olga Garbuzenko, Alex M. Chen, Zuocheng Wang,
Gediminas Mainelis and Tamara Minko. Oral presentation: “Innovative Strategy for
Treatment of Lung Cancer: Inhalatory Co-Delivery of Anticancer Drugs and siRNA for
Suppression of Cellular Resistance”. ACS 42nd Middle Atlantic Regional Meeting:
International Year of Chemistry at the University of Maryland, College Park, Maryland,
May 21-24, 2011 (appendix C).

Manuscript submitted to Journal of Drug Targeting is presented as appendix A.

The Symposium Program Highlights which shows the name of the PI, the title and abstract of his
talk is provided as an appendices B and C.
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Conclusions

The experimental data confirm that the developed DDS for pulmonary drug administration
satisfies the major prerequisites for effective treatment of non-small cell lung carcinoma.
Therefore, the proposed cancer targeted MSN-based system for complex delivery of drugs and
siRNA has high potential in the effective treatment of lung cancer. Based on the successful
outcome of the current project, PI is planning to apply for a new grant in order to perform a
detailed study of lung cancer treatment with the developed DDS.
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Abstract

A tumour targeted mesoporous silica nanoparticles (MSN)-based drug delivery system (DDS)

was developed for inhalation treatment of lung cancer. The system was capable of effectively

delivering inside cancer cells anticancer drugs (doxorubicin and cisplatin) combined with two

types of siRNA targeted to MRP1 and BCL2 mRNA for suppression of pump and nonpump

cellular resistance in non-small cell lung carcinoma, respectively. Targeting of MSN to cancer

cells was achieved by the conjugation of LHRH peptide on the surface of MSN via poly(ethylene

glycol) spacer. The delivered anticancer drugs and siRNA preserved their specific activity

leading to the cell death induction and inhibition of targeted mRNA. Suppression of cellular

resistance by siRNA effectively delivered inside cancer cells and substantially enhanced the

cytotoxicity of anticancer drugs. Local delivery of MSN by inhalation led to the preferential

accumulation of nanoparticles in the mouse lungs, prevented the escape of MSN into the

systemic circulation, and limited their accumulation in other organs. The experimental data

confirm that the developed DDS satisfies the major prerequisites for effective treatment of non-

small cell lung carcinoma. Therefore, the proposed cancer targeted MSN-based system for

complex delivery of drugs and siRNA has high potential in the effective treatment of lung cancer.
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Introduction

Lung cancer is a leading cause of cancer death in both men and women (Molina et al. 2008).

Only about 14% of the patients with lung cancer survive for five years, and the majority die

within two years (Minna 2008; Youlden et al. 2008). One of the main reasons for the poor

survival rates among patients with lung cancer is the limited efficiency of traditional treatment.

Since lung cancer is often widely disseminated among the lung tissues, spread out tumours are

not easy to remove by surgery and therefore, chemotherapy and/or radiotherapy is the only

treatment of choice. The conventional parenteral systemic chemotherapy uses high doses of toxic

anticancer drugs which often produce severe adverse side effects on healthy organs (Jaracz et al.

2005; Reference 2007). Therefore, an ideal anticancer therapy would involve the local

administration of high drug concentration directly to the target tissue for the maximum treatment

effect, limitation of drug degradation in the systemic circulation, and low adverse side effects.

For lung diseases, pulmonary drug delivery approach had been developed to satisfy this

requirement (Melani 2007). Inhalation route of drug administration has several advantages over

systemic delivery routes. The most important advantage of an inhalatory route for drug

administration is that lungs provide a large absorptive surface for aerosol deposition and allow

the drug to avoid the first-pass metabolic degradation (Yu 1997; Koshkina et al. 2001). Despite

these advantages, the efficient nebulization and inhalation delivery is possible only for a limited

number of drugs. Therefore, a special drug delivery system (DDS) is required for inhalation

deposition of chemotherapeutic agents into the lungs (Koshkina et al. 2001). Recent reports

demonstrated a development of some DDS based on liposomes and polymer nanoparticles for

pulmonary delivery of variety anticancer drugs (Koshkina et al. 2001; Garbuzenko et al. 2009;
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Garbuzenko et al. 2010); (Borm and Kreyling 2004; Nguyen 2008; Beck-Broichsitter et al.

2009). It was shown that pulmonary delivery improves retention of active agents in the lungs and

limits their penetration into the blood circulation (Valle et al. 2007; Valle 2008; Garbuzenko et

al. 2009) creating prerequisites for limiting adverse side effects of chemotherapy.

The efficacy of chemotherapy is also limited by intrinsic or the rapidly developed tumour

resistance. The main mechanisms of this resistance are common to most cancers and include

“pump” and “nonpump” resistance (Pakunlu et al. 2003; Minko et al. 2004; Pakunlu et al. 2004).

The pump resistance is caused by membrane transporters that pump out the anticancer agents

from cells, decreasing the efficacy of the treatment. Inhibition of pump resistance augments

intracellular drug concentrations without increasing the total applied drug dose. However, even if

drug efflux pumps are suppressed, cells still can survive high intracellular drugs concentrations

due to the activation of nonpump resistance. One of the main mechanisms of nonpump resistance

is the activation of cellular antiapoptotic defence. Consequently, only simultaneous suppression

of both types of cell resistances is capable of substantially increasing the efficacy of anticancer

drugs (Pakunlu et al. 2006; Garbuzenko et al. 2010).

Recently, we developed a liposome-based system for pulmonary co-delivery of anticancer

drugs and antisense oligonucleotides as the suppressors of both pump and nonpump cellular

resistance (Garbuzenko et al. 2010). The simultaneous delivery of anticancer drug(s) and

suppressors of pump and nonpump resistance via the inhalation route demonstrated enhanced

antitumor activity and lower adverse side effects of treatment on healthy organs. It should also be

mentioned that severe adverse side effects of chemotherapy can be further (in addition to the

local inhalatory delivery) limited by developing targeted tumour-specific DDS (Saad et al. 2008;
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Taratula et al. 2009; Savla et al. 2011). We demonstrated that modification of DDS with cancer

targeting ligand such as LHRH peptide, which receptors overexpressed in the plasma membrane

of cancer cells, can facilitate delivery of therapeutic agents specific to the human lung cancer

cells and limit adverse side effects of the treatment (Saad et al. 2008; Savla et al. 2011).

Lately, the application of mesoporous silica nanoparticles (MSN) as carriers for the targeted

DDS has been investigated (Radu et al. 2004; Chen et al. 2009; Tao et al. 2010). Large pore

volume and surface area of MSN make them an ideal platform for loading a large amount of

drugs inside the pores and conjugation of other active components (e.g. siRNA) on the surface

for simultaneous delivery into cells. Furthermore, MSN exhibit biocompatibility at

concentrations tolerable for pharmacological applications (Vivero-Escoto et al. 2010). It was

reported that PEG modified MSN has good blood compatibility as they demonstrated minimized

nonspecific binding to human serum proteins and the phagocytosis by macrophages (He et al.

2010). Due to biocompatibility and the possibility of lodging different drug molecules, MSN

have been widely employed as cell markers (Lin et al. 2005), drug and gene delivery vehicles,

(Radu et al. 2004; Chen et al. 2009; Tao et al. 2010) and enzyme carriers (Slowing et al. 2007).

Moreover, our previous report demonstrated that mesoporous silica nanoparticles can be

efficiently employed for co-delivery of doxorubicin (DOX) and a siRNA. The anticancer efficacy

of DOX delivered by DDS that contains siRNA in addition to drugs was 132 times higher when

compared with the same concentration of free DOX, mainly because the siRNA used suppressed

cellular resistance and, as a result, provided for better killing of cells by the anticancer drug

(Chen et al. 2009).
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The present work is aimed at developing a lung tumour targeted DDS for inhalation therapy

of lung cancer that contains five main components: (1) MSN as a carrier; (2) anticancer drugs;

(3) suppressor of pump drug resistance; (4) suppressor of nonpump cellular resistance (5)

targeting moiety specific for lung cancer cells. To the best of our knowledge, this is the first

report, which demonstrates an application of MSN as nanocarriers for tumour specific targeted

co-delivery of chemotherapeutic agents and suppressor of cancer cell resistance via the

pulmonary route.

Material and methods

Materials
N-Cetyltrimethylammonium bromide (CTAB), (3-Mercaptopropyl)trimethoxysilane (MPTS),

Aldrithiol-2, sodium hydroxide, Tetraethoxysilane (TEOS), 4-(Dimethylamino) pyridine

(DMAP), triethylamine, 1-Ethyl-3-(3-dimethyllaminopropyl)carbodiimide hydrochloride

(EDC·HCl), methanol, toluene, Dimethyl sulfoxide (DMSO), Dimethylformamide (DMF),

Dichloromethane (DCM), HCl, glacial acetic acid, 5,5'-dithiobis-(2-nitrobenzoic acid) (Ellman’s

reagent), o-phenylenediamine (OPDA) were obtained from Sigma Chemical Co. (St. Louis,

MO) and used without further purification. Glutathione Reduced was purchased from

AMRESCO (Solon, OH). Reductacryl was obtained from EMD Chemicals, Inc. (Gibbstown, NJ)

and HS-PEG-COOH from Rapp Polymere GmbH (Tuebingen, Germany). Cy5.5 NHS ester was

purchased form GH Healthcare Life Sciences (Piscataway, NJ). Synthetic analog of Luteinizing

Hormone-Releasing Hormone (LHRH) decapeptide (Gln-His-Trp-Ser-Tyr-DLys(D-Cys)-Leu-

Arg-Pro) was synthesized according to our design by American Peptide Company, Inc.
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(Sunnyvale, CA). DOX and cisplatin (CIS) were obtained from Sigma Chemical Co. (St. Louis,

MO). siRNA was custom synthesized by Invitrogen (Carlsbad, CA). The sequences of the siRNA

targeted to BCL2 mRNA were: 5'-[S-S-C6]-GUG-AAG-UCA-ACA-UGC-CUG-CdTdT-3'

(sense strand) and 5'-GCA-GGC-AUG-UUG-ACU-UCA-CdTdT-3’ (antisense strand). The

sequence of the siRNA targeted to MRP1 mRNA was: 5'-[S-S-C6]-GGC-UAC-AUU-CAG-

AUG-ACA-CdTdT-3' (sense strand) and 5'-GUG-UCA-UCU-GAA-UGU-AGC-CdTdT-3’. In

order to visualize siRNA with fluorescence microscope, antisense strand was additionally

modified with fluorescent dye 5’-tetramethylrhodamine (TAMRA): 5'-TAMRA-GCA-GGC-

AUG-UUG-ACU-UCA-CdTdT-3’.

Methods
Synthesis of mesoporous silica nanoparticles. Mobile Crystaline Material-41 (MCM-41) type of

MSN was synthesized by using a surfactant-templated, base-catalyzed condensation method as

previously reported (Chen et al. 2009; Slowing 2009). 0.5 g of CTAB was dissolved in 240 mL

of deionized (DI) water and then mixed with 1.75 mL of aqueous sodium hydroxide solution (2

M) in a 500 mL round bottom flask. The temperature of the mixture was adjusted to 353 °K and

2.5 mL of TEOS was added drop wise to the flask under vigorous stirring. The reaction was

allowed to proceed for 2 h to give white precipitate. The resulting product was filtered, washed

with DI water and methanol, and then dried at 60 °C under high vacuum to yield the as-

synthesized MSN. To remove the surfactant template (CTAB), the as-synthesized MSN were

refluxed for 17 h in a mixture of 1.5 mL of HCl (37.4 wt%) and 150 mL of methanol. The

resulting material was filtered and extensively washed with DI H2O and methanol. The
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surfactant-free MSN were then dried under high vacuum at 60 °C overnight to remove the

remaining solvent from the particles.

Synthesis of 3-mercaptopropyl-functionalized MSN (MPTS-MSN). 0.4 mL of MPTS were added

to 50 mL of anhydrous toluene in a flask. Then 400 mg of surfactant-free MSN were added. After

24 h refluxing, the heating was stopped and the vessel was left to cool down to ~ 35 °C. The

resulting powder suspension was then centrifuged at 10 000 rpm for 20 min to remove the free

MPTS and toluene. Then, the precipitate was rinsed with toluene and anhydrous methanol. Thus-

obtained powder was dried under vacuum at 75 °C overnight to remove any remaining solvent.

Synthesis of pyridylthiol-terminated MSN. In order to prepare pyridylthiol-terminated

nanoparticles, 250 mg of MPTS-MSN in 25 mL of methanol were added drop wise to a solution

containing 0.55 g of Aldrithiol-2, 0.2 mL of glacial acetic acid, and 10 mL of methanol. After the

reaction within 24 h at room temperature, the mixture was centrifuged at 10 000 rpm for 20 min

to purify pyridylthiol-terminated MSN. Then, the precipitate was rinsed with methanol and dried

under vacuum at 75 °C overnight to remove any remaining solvent. The thiol groups on the

surface of 3-mercaptopropyl-functionalized MSN before and after reaction with Aldrithiol-2

were quantified by using Ellman’s reagent (Bravo-Osuna 2007).

Loading of DOX and CIS inside the pores of pyridylthiol-terminated MSN. DOX loaded MSN

nanoparticles were prepared according to the previously described procedure (Chen et al. 2009).

5.0 mg of pyridylthiol-terminated MSN were added into 5 mL of DOX solution in 3:5 (v:v)

MeOH:H2O cosolvent (4.5 mg/mL) and sonicated for 5 min to obtain a well-dispersed
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suspension. This suspension was then stirred at room temperature for 24 h to allow the DOX to

be encapsulated inside the pores of MSN. After that, the suspension was centrifuged at 10 000

rpm for 15 min and the supernatant was removed. The residual pellet was rinsed with DI water

and redispersed into 2.0 mL of 50 mM HEPES buffer (1mM EDTA, pH=7.5) by sonicating for 2

min. The loading efficiency of DOX into MSN pores was determined by measuring changes in

optical absorption of the feeding solution and supernatants at 490 nm. MSN loaded with CIS

were prepared according to the previously reported procedure (Gu 2010). Briefly, 5 mg of CIS

were dissolved in 5 mL of 1:1 H2O:DMSO cosolvent (v:v) and 5 mg of pyridylthiol-terminated

MSN were dispersed in the CIS solution by sonication. After 24 h stirring, CIS loaded MSN were

centrifuged at 10 000 rpm for 15 min and the precipitated pellet was rinsed with DI water.

Quantification of CIS loading efficiency. Amount of CIS loaded into MSN was evaluated using a

modified colorimetric assay based on the reaction of platinum with OPDA (Taylor 2010).

Briefly, 1 mL of either CIS feeding solution or collected supernatant was mixed with 0.9 mL of

1.4 mg/mL OPDA dissolved in DMF. The mixture was heated to 110 °C for 10 min and then

cooled in an ice bath for further 10 min. Furthermore, the mixture was diluted 10 times with

DMSO and absorbance was measured at 720 nm. A calibration curve was constructed with

solutions of known CIS concentrations in the range of 0.1-1.0 mg/mL. The percentage of loading

was calculated as follows:

% loading = [(Drug weight in MSN) / (MSN weight)] x 100
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Preparation of siRNA-conjugated (siRNA-MSN) MSN via disulfide linkage. 5’ thiol-siRNA

targeted either to BCL2 or MRP1 mRNAs was obtained in a disulfide form. Prior to conjugation,

the received siRNA was reduced using dithiothreitol (DTT) immobilized onto acrylamide resin

(Reductacryl) according to the previously published procedure (Sun 2007). The siRNA and

Reductacryl were first resuspended in water at a ratio of 1 mg siRNA to 50 mg resin to ensure

complete reduction and the mixture was stirred at room temperature for 30 minutes. Reductacryl

was finally removed by syringe filtration (pore size 0.2 μm). Furthermore, drug loaded MSN

were reacted in 10 mM HEPES buffer (pH 8.5) with the reduced 5’ thiol-siRNA targeted either

to BCL2 or MRP1 mRNA for 3 h. The final concentrations of MSN and 5’ thiol-siRNA in the

reaction mixture were 1 mg/mL and 10 M, respectively. The resulting siRNA-MSN conjugates

were purified by centrifugation at 10 000 rpm for 10 min. The pellet was then collected,

redispersed into DI H2O, and centrifuged again at 10 000 rpm for 10 min. This centrifuge-

redisperse cycle was repeated for a total of 4 times to remove any free siRNA. The amount of

siRNAs conjugated to the surface of pyridylthiol-terminated MSN via disulfide bonds was

quantified by measuring emission at 580 nm (excitation = 565 nm) of the dye such as TAMRA

attached to the 5’ siRNA antisense strand. The release of siRNA from MSN as the result of

disulfide bond cleavage was evaluated in the same manner as previously described (Taratula et

al. 2009; Jung et al. 2010). Briefly, siRNA-MSN pellet resuspended in water was incubated with

reduced glutathione at the concentration of 10 mM for 1 h at 37 °C. The resulting suspension was

then centrifuged at 10 000 rpm for 10 minutes. The concentration of siRNA in the supernatant

was evaluated by measuring emission of TAMRA dye at 580 nm using a Cary-Eclipse

fluorescence spectrophotometer (Varian, Inv., Palo Alto, CA).
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Synthesis of SH-PEG-LHRH conjugates. Heterobifunctional HS-PEG-COOH (5 kDa, Rapp

Polymere GmbH, Tuebingen, Germany) was modified with LHRH peptide via amide bond

formation according to our previously reported procedure (Chandna 2007). Briefly, the LHRH

analogue, which has a reactive amino group only on the side chain of the lysine at position 6, was

reacted with one equivalent of HS-PEG-COOH, in a mixture of anhydrous DMSO and DCM

(3:5, v/v). Equimolar amount of EDC·HCl, was added as a coupling agent and DMAP was used

as a catalyst. Triethylamine base was added to remove the salt from coupling agent. The reaction

was stirred continuously for 24 h at room temperature. The resulting solution was filtered to

remove dicyclohexylurea (DCU) and the filtrate was dialyzed extensively with DMSO and DI

water (dialysis membrane of molecular weight cut off = 5 000 Da) for 24 h to remove unreacted

LHRH peptide, EDC·HCl, DMAP and triethylamine. Furthermore, the conjugate was

lyophilized.

Conjugation of LHRH-PEG-SH to siRNA-MSN. Drug loaded siRNA-MSN (concentration 1

mg/mL) were reacted in 10 mM HEPES buffer (pH 8.5) with thiol-modified PEG-LHRH

(concentration 400 µM) for 3 h. The resulting product was purified by centrifugation at 10 000

rpm for 10 min and redispersed in DI water for further in vitro and in vivo studies. The presence

of LHRH peptide conjugated to MSN was confirmed by bicinchoninic acid (BCA) protein assay

according to our previously published procedure (Taratula et al. 2009). The BCA method

employs the reduction of Cu+2 to Cu+1 by protein in an alkaline medium. The combination of

BCA and Cu+1 creates a purple-collared product that absorbs at 562 nm. The amount of final

product formed depends upon the amount of protein in the sample. Briefly, 20 L of the test

solution were mixed with 200L of working reagent and left to react for 30 min at 37 °C. The
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solution then was incubated at room temperature for 10 min and the absorbance was measured at

560 nm.

Surface area, pore volume and pore size distribution. The surface areas, pore volumes, and pore

size distributions of as-synthesized MSN and MPTS-modified MSN were analyzed by nitrogen

adsorption/desorption techniques using accelerated surface area and porosimetry analyzer ASAP

2020 (Micromeritics, Norcross, GA) as previously described (Chen et al. 2009).

Particle size analysis. A Zetasizer Nano ZS90 (Malvern Instruments, UK) instrument was used

to determine the size of the particles. All measurements were carried out at room temperature.

Each parameter was measured five times, and average values and standard deviations were

calculated.

Transmission electron microscopy (TEM). TEM imaging of MSN was performed using a Libra

120 TEM (Carl Zeiss, Thornwood, NY). A carbon coated 200 mesh copper grid was pre-rinsed

with 5 µL of EtOH and then deposited with 5 µL of MSN suspension. After 3 minutes, the

sample was drained off with a filter paper and further dried with a flow of N2 gas. Then the

sample was visualized using electron microscope and photographs were taken using a camera

attached to the microscope.

Cell lines. A549 human lung adenocarcinoma cell line was obtained from the ATTC (Manassas,

VA); A549 cells transfected with luciferase were purchased from Xenogen Bioscience,
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(Cranbury, NJ). Cells were cultured in RPMI 1640 medium (Sigma Chemical Co., St. Louis,

MO) supplemented with 10% fetal bovine serum (Fisher Chemicals, Fairlawn, NJ). Cells were

grown at 37 ºC in a humidified atmosphere of 5% CO2 (v/v) in air. All of the experiments were

performed on the cells in exponential growth phase.

Cytotoxicity. The cellular cytotoxicity of all studied formulations of drugs and MSN was

assessed using a modified 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)

assay as previously described (Taratula 2011). Briefly, cancer cells were seeded into 96-well

microtiter plates at the density of 10 000 cells per well. To measure cytotoxicity, cancer cells

were separately incubated in a 96-well plate with different concentrations of MSN formulations,

which resulted in a total of six separate series of experiments: (1) Control (fresh media); (2)

MPTS-MSN; (3) LHRH-PEG-MSN; (4) Mixture of DOX and CIS (1:1, w/w); (5) Mixture of

LHRH-PEG-DOX-MSN and LHRH-PEG-CIS-MSN (DOX/CIS = 1:1, w/w) and (6) Mixture of

LHRH-PEG-siRNA(BCL2)-DOX-MSN, LHRH-PEG-siRNA(MRP1)-DOX-MSN, LHRH-PEG-

siRNA(BCL2)-CIS-MSN and LHRH-PEG-siRNA(MRP1)-CIS-MSN (DOX/CIS = 1:1, w/w).

Cells were cultured for 24 h before the cell viability assay was performed. The old medium was

removed and 100 µl of fresh medium and 25 µl of a 5 mg/mL MTT (Sigma-Aldrich, Allentown,

PA) solution in DPBS were added to each well. Plates were then incubated under cell culture

conditions for 3 h. 100 µl of 50% (v/v) DMF in water containing 20% (w/v) sodium dodecyl

sulfate (with pH adjusted to 4.7 by acetic acid) were added to every well and incubated overnight

to dissolve the formazan crystals. The absorbance of each sample was measured at 570 nm with a

background correction at 630 nm using a conventional microtiter plate reader. On the basis of
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these measurements, cellular viability was calculated for each concentration of the formulation

tested.

Cellular internalization of MSN. Fluorescent dye-labelled siRNA was synthesized by Invitrogen

according to our design through the conjugation of TAMRA dye to the 5’ siRNA antisense

strand. The labeled siRNA possessed red fluorescence. Intrinsic fluorescent of DOX was

employed for the detection of drug internalization into the cancer cells. In order to visualize

cellular internalization of MSN with either siRNA or DOX, two different formulations were

prepared: LHRH-PEG-siRNA(TAMRA)-MSN and LHRH-PEG-siRNA(non-labelled)-DOX-

MSN. Prior to the visualization, A549 cells were plated (10 000 cells/well) in 6-well tissue

culture plate and incubated with the studied formulations for 24 hr. In addition, cell nuclei were

stained by a nuclear dye (4',6-diamidino-2-phenylindole, DAPI, Sigma Chemical Co., St. Louis,

MO). Cellular internalization of LHRH-PEG-siRNA(TAMRA)-MSN and LHRH-PEG-

siRNA(non-labelled)-DOX-MSN complexes were analyzed by a fluorescence microscope

(Olympus America Inc., Melville, NY) as previously described (Taratula 2011).

Suppression of targeted mRNA. Quantitative reverse transcription-polymerase chain reaction

(RT-PCR) was used for the analysis of the expression of genes encoding BCL2, MRP1 and 2-

microglobulin (2-m) proteins as previously described (Taratula 2011). Cancer cells were

incubated within 24 h with following substances: (1) Control (fresh media); (2) Mixture of

LHRH-PEG-DOX-MSN and LHRH-PEG-CIS-MSN, (3) Mixture of LHRH-PEG-

siRNA(BCL2)-DOX-MSN, LHRH-PEG-siRNA(MRP1)-DOX-MSN, LHRH-PEG-

siRNA(BCL2)-CIS-MSN and LHRH-PEG-siRNA(MRP1)-CIS-MSN (siRNA(BCL2):
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siRNA(MRP1) =1:1); and (4) Mixture of LHRH-PEG-siRNA(BCL2)-MSN and LHRH-PEG-

siRNA(MRP1)-MSN (siRNA(BCL2): siRNA(MRP1) =1:1). After incubation, RNA was isolated

using an RNeasy kit (Qiagen, Valencia, CA). The total concentration of siRNA was 0.20 μM.

First strand cDNA was synthesized by Ready-To-Go You-Prime First-Strand Beads (Amersham

Biosciences, Piscataway, NJ) with 4 mg of total cellular RNA and 100 ng of random

hexadeoxynucleotide primer (Amersham Bioscience, Piscataway, NJ). After synthesis, the

reaction mixture was immediately subjected to the PCR, which was carried out using the

GenAmp PCR System 2400 (Perkin-Elmer, Shelton, CT). The following pairs of primers were

used: BCL2 – GGA TTG TGG CCT TCT TTG AG (sense), CCA AAC TGA GCA GAG TCT

TC (antisense); MRP1 – ATG TCA CGT GGA ATA CCA GC (sense), GAA GAC TGA ACT

CCC TTC CT (antisense); 2-m (internal standard) – ACC CCC ACT GAA AAA GAT GA

(sense), ATC TTC AAA CCT CCA TGA TG (antisense). PCR products were separated in 4%

NuSieve 3:1 Reliant agarose gels in 1X TBE buffer (0.089 M Tris/Borate, 0.002 M EDTA, pH

8.3; Research Organic Inc., Cleveland OH) by submarine gel electrophoresis. The gels were

stained with ethidium bromide, digitally photographed, and scanned using the Gel

Documentation System 920 (NucleoTech, San Mateo, CA). Gene expression was calculated as

the ratio of mean band intensity of analyzed RT-PCR product (BCL2) or (MRP1) to that of the

internal standard (2-m). The value of BCL2 and MRP1 genes expression for untreated cells

(control) was set to 100%.

In vivo body distribution. Six week old NCR nude mice (20 g) were purchased from Taconic

Farms, Inc. (Germantown, NY). A mouse orthotopic model of human lung cancer developed in

our lab was used (Garbuzenko et al. 2010). Briefly, A549 human lung adenocarcinoma epithelial
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cells transfected with luciferase (5–8 × 106) were resuspended in 0.1 mL of RPMI medium

containing 20% FBS, mixed with 5 μM EDTA and administered intratracheally to the murine

lung through a catheter. It was shown that a slight disruption of the pulmonary epithelium or the

surfactant layer by co-administration of either pancreatic elastase or EDTA allowed significantly

better tumour engraftment (March 2001). At the same time, cancer cell suspensions tolerate this

concentration of EDTA, and animals subjected to EDTA at this concentration exhibit no

histological pulmonary abnormalities. The progression of tumour growth was monitored by an

IVIS (Xenogen, Alameda, CA) imaging system. Four weeks after the instillation of tumour cells,

fluorescently labelled LHRH-PEG-siRNA-DOX-MSN formulation was administered into mice

by inhalation or intravenous injection. The dose of the formulation containing DOX for both i.v.

and inhalation administration was equal to 2.5 mg/kg. This dose corresponds to the maximum

tolerated dose of free DOX. Animals were anesthetized with isoflurane using the XGI-8 Gas

Anesthesia System (Xenogen, Alameda, CA). Fluorescence of labelled with Cy5.5 MSN was

visualized 3 h after the injection using IVIS imaging system (Xenogen, Alameda, CA). Visible

light and fluorescence images were taken and overlaid using the manufacturer’s software to

obtain composite images. The distribution of fluorescence in different organs was analyzed using

original software developed in our laboratory.

Statistical analysis. Data were analyzed using descriptive statistics, single-factor analysis of

variance (ANOVA), and presented as mean values ± standard deviation (SD) from four to eight

independent measurements. The comparison among groups was performed by the independent

sample student’s t-test. The difference between variants was considered significant if P < 0.05.
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Results

Synthesis and characterization of MSN
Herein, we report the synthesis of a targeted DDS for pulmonary co-delivery of anticancer drugs

and suppressors of multidrug cellular resistance that is based on MCM-41 type of mesoporous

silica nanoparticles. The MSN as drug delivery cargoes were synthesized and consequently

modified with MPTS and Aldrithiol-2 to introduced pyridyldithiol reactive groups for covalent

conjugation of multidrug resistance suppressors, PEG and targeting ligands (Fig.1A and 1B).

DOX and CIS were used as the anticancer drugs to be encapsulated inside of the pyridyldithiol-

terminated MSN (Fig.1C and 1D). Finally, the surfaces of the drug-loaded MSN were covalently

modified with siRNA and PEG-LHRH via disulfide linkages (Fig.1E and 1F).

MCM-41 type MSN were synthesized using a surfactant-templated, base catalyzed

condensation method, and were characterized by TEM, which showed a near spherical

morphology with a hexagonal array of mesoporous channels (Fig. 2A). Furthermore, the surface

areas, pore volumes, and pore size distributions of MSN were analyzed by nitrogen

adsorption/desorption techniques. The Brunauer-Emmett-Teller (BET) surface area, the pore

size and pore volume of nanoparticles determined using Barret-Joyner-Halenda (BJH) model are

summarized in Table 1. As-synthesized MSN have an average pore size of 2.99 nm, surface area

of 1001 m2/g, and pore volume of 1.0 cm3/g.

The mercaptopropyl-derivatized MSN were obtained by post-modification of as-synthesized

MSN with MPTS, offering terminal thiol groups as reactive sites. Ellman’s reagent was

employed to quantify the concentration of thiol groups on the surface of MSN accessible for

further modification. An average of 302.1 nmoles of thiols was measured per 1 mg of MSN via
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standardization versus MPTS. As a result of MSN modification with MPTS, the average pore

size, surface area and pore volume of MPTS-MSN were decreased to 2.83 nm, 821 m2/g and 0.65

cm3/g, respectively (Table 1). The DLS analysis revealed that MPTS-MSN had a uniform size

around 160 nm with relatively low dispersion (Fig 2B).

In order to conjugate siRNA and PEG via disulfide linkages, the thiol groups on the surface

of MSN were first reacted with Aldrithiol-2 to produce pyridyldithiol reactive groups. According

to Ellman’s reagent assay, after reaction with Aldrithiol-2, the free thiol groups on MSN surface

were non-detected, which represent a fact that a majority of functional groups were activated and

available for further conjugation with siRNA and PEG via reversible disulfide bond.

Loading of anticancer drugs inside the pores of pyridyldithiol-terminated MSN
In order to load DOX into the pores of MSN, our previously developed procedure was

employed in the current study (Chen et al. 2009). Briefly, pyridyldithiol-terminated MSN were

suspended in a DOX solution in 3:5 (v:v) MeOH:H2O co-solvent under continuous stirring for 24

hr. After loading the suspension was centrifuged and DOX concentration in the supernatant was

determined by UV-VIS spectroscopy (Chen et al. 2009). The difference between concentration of

the drug in the feeding solution and supernatant was used to evaluate the amount of DOX loaded

into the MSN. The encapsulation efficiency (weight ratio of loaded DOX to MSN carrier, w/w

%) was determined by UV-Vis spectroscopy. To encapsulate CIS into the pores of nanoparticles,

previously reported procedure was used in the current study (Gu 2010). Briefly, pyridyldithiol-

terminated MSN were resuspended in CIS solution in 1:1 H2O:DMSO cosolvent (v:v) under

continuous stirring for 24 hrs. After centrifugation of MSN-CIS complexes, drug loading
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efficiency was determined by using a modified colorimetric assay based on the reaction of

platinum with OPDA. It was found that loading efficiency of DOX and CIS was approximately

8% and 30%, respectively.

Conjugation of siRNA and LHRH-PEG to MSN
To minimize the loss of siRNA activity, a thiol group was built into the sense strand of siRNA.

This group was involved in the conjugation of siRNA to MSN via a thiol/disulfide exchange

reaction. Briefly, 2-pyridyl activated thiol groups on the MSN surface at concentration of 302.1

M reacted with 10 M of thiol groups on 5’ end of siRNA sense strand targeted either to BCL2

or MRP1 mRNA. To determine the efficiency of the conjugation method, the resulting siRNA-

MSN were precipitated by centrifugation and the concentration of unconjugated siRNA in

supernatant was evaluated by detecting emission of TAMRA dye on 5’ end of an antisense

strand. Calibration data were then employed to calculate the siRNA concentration left in the

solution versus the covalently conjugated to the MSN surface. According to the obtained result,

80 % of siRNA molecules were covalently attached to MSN surface via disulfide linkage. The

disulfide bond introduced between the MSN and siRNA is chemically labile and can be cleaved

with a cell-produced disulfide reducing agent such as reduced glutathione releasing siRNA inside

the cytoplasm. To confirm that the disulfide bonds of siRNA-S-S-MSN could be cleaved under

cellular reductive conditions, the prepared conjugates were incubated for 30 min with 10 mM

water solution of reduced glutathione at 37 °C, which corresponds to the concentration of

reduced glutathione in the cellular cytoplasm (Anderson 1998). After centrifugation, the amount

of siRNA in the supernatant was quantified by measuring emission of fluorescent dye (TAMRA)
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attached to an antisense strand as described above. The obtained data demonstrated that 98% of

siRNA was released from siRNA-S-S-MSN complex in the presence of reduced glutathione

within 30 min. Based on this result, it is expected that the released siRNA could be involved in

the RNAi mechanism without any loss of their activity. It is worth to mention, the antisense

strands of siRNA used for in vitro and in vivo studies were not modified to preserve their

biological functions.

In order to conjugate to nanoparticles via PEG polymer, the sequence of LHRH peptide was

modified to provide a reactive amino group only on the side chain of a lysine residue. Therefore,

primary amine of LHRH was first reacted with activated carboxylic group of heterobifunctional

HOOC-PEG-SH. The purified LHRH-PEG-SH conjugates derivatized with a terminal sulfhydryl

group were then added to the 2-pyridyl activated thiol groups on siRNA-Drug-MSN to obtain

LHRH-PEG-siRNA-Drug-MSN complex via a sulfhydryl exchange reaction. It should be

stressed that only 2.6 % of the 2-pyridyl activated thiol groups (8.0 nmole out of 302.1 nmole/1

mg of MSN) on MSN surface were used for conjugation of siRNA. Therefore, 97.4% (294.1

nmole/1mg of MSN) of the 2-pyridyl activated thiol groups were available for covalent

attachment of LHRH-PEG-SH via disulfide linker. The presence of LHRH peptide on the MSN

surface was confirmed by BCA protein assay (Thermo Fisher Scientific Inc., Rockford, IL).

Additionally, DLS measurements revealed the fact that in comparison with non-modified MPTS-

MSN, the modified LHRH-PEG-siRNA-Drug-MSN complex became slightly larger (from 160.0

nm to 180.0 nm for non-modified and modified nanoparticles, respectively) (Fig. 2B). The

increase in the size of the prepared nanoparticles could be attributed to the modification of their

surfaces by PEG and the targeting LHRH peptide layer.
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In vitro cytotoxicity of nanoparticles
Cytotoxicity of a drug carrier is a major barrier for the efficient delivery of therapeutic agents.

Whether the formulated non-targeted and cancer cell-targeted MSN influenced cell viability was

investigated in A549 human lung cancer cells by MTT assay. The results of the measurements

are shown in Figure 3A. One can see that over 90% of average cell viability was observed after

incubation of cells with both MPTS-MSN (line 1) and LHRH-PEG-MSN (line 2) nanoparticles,

at the concentrations which were used for in vitro experiment of the present study. Therefore,

MSN in the concentrations used in the present study did not possess cellular toxicity.

Cellular internalization and extracellular localization of DOX and siRNA
To determine whether the MSN nanocarriers were able to efficiently deliver siRNA and

anticancer drugs into cancer cells, the cellular internalization of both TAMRA-labelled siRNA

and DOX delivered by nanoparticles was investigated by fluorescence microscopy (Fig. 4). In the

typical experiment, LHRH-PEG-siRNA(TAMRA)-MSN and LHRH-PEG-siRNA(non-labelled)-

DOX-MSN were incubated with A549 human lung cancer cells for 24 hrs and the appropriate

visible light and fluorescence images were recorded using a fluorescence microscope. It should

be stressed that after loading into the pores of MSN, DOX intrinsic fluorescence was completely

quenched, which is in good agreement with our previous study (Chen et al. 2009). Moreover, the

same results were observed for DOX encapsulated in liposomes and micelles and the

phenomenon is attributed to a self-quenching effect of the drug (Gaber 1995; Kwon 1997).

Consequently, the registered fluorescence of the drug inside the cells was attributed solely to the

drug released from the nanoparticles. The above mentioned feature enables us to monitor the
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release of active components from MSN-based DDS after cellular internalization. According to

Figure 4, the developed DDS was capable to efficiently facilitate transfer of both siRNA (Fig.

4A-D) and DOX (Fig. 4E-H) through the cellular membrane. After incubation of A549 lung

cancer cells with LHRH-PEG-siRNA (TAMRA)-MSN complexes, red fluorescence was detected

in both cytoplasm and nuclei, indicating efficient intracellular delivery and release of siRNA

from MSN (Fig 4A-D). On the other hand, following internalization DOX was predominately

localized in the nuclear and perinuclear region of the cytoplasm (Fig. 4E-H).

Suppression of targeted mRNA
The ability of the siRNAs molecules delivered by MSN to silence the targeted mRNA was

investigated using quantitative RT-PCR. The sequences of siRNA targeted to BCL2 and MRP1

mRNA were selected on the basis of our previously reported studies (Saad 2008). In the typical

experiments, we measured the expression of targeted BCL2 and MRP1 genes in mRNA isolated

from A549 human lung cancer cells incubated with a mixture of LHRH-PEG-siRNA(BCL2)-

MSN and LHRH-PEG-siRNA(MRP1)-MSN (siRNA(BCL2): siRNA(MRP1) =1:1) for 24 hrs

Untreated cells were used as controls. The results show that treatment with the developed

complexes significantly influenced the expression of the BCL2 and MRP1 genes. Thus, at the

studied conditions, 58% and 56% silencing were achieved for MRP1 and BCL2genes,

respectively (Fig.5A and 5B, lines 4). The obtained data support the conclusion that siRNA

molecules were successfully released in cytoplasm from LHRH-PEG-siRNA-MSN complexes as

a result of disulfide bond cleavage with reduced glutathione. Moreover, the released siRNA was

available for the formation of RISC complexes for further gene suppression.
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Anticancer efficiency of MSN-based DDS
Anticancer effect of the proposed MSN-based DDS that was capable of co-delivering anticancer

drugs (cell death inducers) and siRNA (suppressors of pump and nonpump resistance) was

studied in vitro using a modified MTT assay. It was found that a mixture of free antitumor drugs

such as CIS and DOX at 1:1 w/w ratio substantially limited the viability of the cancer cells and

cytotoxicity of anticancer agents increased with drugs concentrations (Fig. 3B, line 3). The

complex of MSN with both drugs (Fig. 3B, line 4) demonstrated much higher cytotoxicity when

compared with drugs alone (Fig. 3B, line 3) Remarkably, the mixture of both drugs and both

siRNA delivered by LHRH-targeted MSN significantly enhanced their anticancer efficiency (Fig.

3b, line 5). According to MTT measurements, the IC50 dose (the dose that kills 50% of cells) of

free drugs mixture (~9.0 g/mL) was 6 times higher when compared to the mixture of CIS and

DOX delivered by MSN based DDS (~1. 5 g/mL, P < 0.05) specifically targeted to lung cancer

cells. Therefore, the delivery of the same drug mixture by cancer-targeted nanoparticles

significantly augmented their anticancer effect. The sufficient enhancement in cytotoxicity of

anticancer agents is not caused by MSN alone since minimal toxicity for the drug-free

nanoparticles at the employed concentrations was detected (Fig. 3A). The improved cytotoxicity

of mixture of LHRH-PEG-DOX-MSN and LHRH-PEG-CIS-MSN can be explained by the

possible higher accumulation of drugs inside the cells, which is in good agreement with our

previous reports (Saad et al. 2008; Taratula et al. 2009). Furthermore, LHRH targeted MSN-drug

complexes carrying both BCL2 and MRP1 siRNAs led to further enhancement of the antitumor
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activity of CIS and DOX mixture (IC50=0.3g/mL, P < 0.05). The ability of the siRNAs to

sufficiently enhance in vitro antitumor activity of CIS and DOX could be explained by

decreasing both pump and nonpump drug resistances of cancer cells against chemotherapy.

According to Figure 5 A (line 2) and 5 B (line 2), the expression of both MRP1 and BCL2

proteins responsible for pump and nonpump drug resistances increases after the treatment with

anticancer drugs. Inhibition of pump resistance allows for increasing intracellular drug content

while applying lower drug concentrations. However, even if drug efflux pumps are suppressed,

cells still can survive high intracellular drugs concentrations due to the activation of nonpump

resistance. Consequently, only simultaneous suppression of both types of cell resistance is

capable to substantially increase the efficacy of anticancer drugs. Therefore, the above discussed

effect was observed in the present study, when expression of MRP1 and BCL2 mRNAs

responsible for pump and nonpump cellular resistance was downregulated by 50% and 35%

respectively with apropriate siRNAs (Fig.5A and 5B, lines 3).

Organ distribution of MSN in vivo
Previously, we have shown (Garbuzenko et al. 2010) that for an efficient lung cancer treatment,

the active ingredients of DDS should be locally delivered by inhalation to the lungs and retained

there. In order to evaluate ability of the MSN-based DDS to provide local inhalation lung

delivery of active components, previously developed instillation containing a Collison nebulizer

connected to four-port, nose-only exposure chambers was used for inhalation co-delivery of the

developed DDS into nude mice bearing an orthotopic murine model of lung cancer (Garbuzenko

et al. 2010). The solution of LHRH-PEG-siRNA-DOX-MSN labelled with Cy5.5 was

aerosolized at a flow rate of 2 L/min and then diluted by an additional 2 L/min air. Organ

distribution of Cy5.5-labeled DDS was studied using the IVIS imaging system 3 h after a single
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inhalation or i.v. administration. The data presented in Fig. 6 show that in comparison to i.v.

administration, inhalation delivery substantially enhanced lung exposure to nanoparticles and

limited the accumulation of complex MSN in other organs. Thus, the total amount of MSN

retained in the lungs after inhalation (73%) was 14.6 times higher (P < 0.05) when compared to

i.v. injection (5%). On the other hand, after intravenous (i.v.) administration the total content of

MSN-based DDS per an entire organ was highest in liver (73%), kidneys (15%), and spleen

(7%). While the amount of MSN-based DDS after single inhalation in liver, kidneys and spleen

was 17%, 9% and 1%, respectively.

Discussion

In the present study, we describe the novel complex multifunctional drug delivery systems

suitable for simultaneous tumour targeted inhalation delivery of several anticancer drugs in

combination with various types of siRNA. The proposed treatment approach includes inhalation

of a mixture (a cocktail) of several DDS. Every single DDS consists of a carrier (modified

mesoporous silica nanoparticles), an anticancer drug (doxorubicin or cisplatin), a suppressor of

pump or nonpump resistance (siRNA targeted to MRP1 or BCL2 mRNA) and a tumour targeting

moiety (LHRH peptide). Each individual component of DDS performs its specific function. A

carrier binds all other components together ensuring high water “solubility” of entire complex

and effective penetration via plasma membranes of targeted cancer cells. An anticancer drug

induces apoptosis in lung caner cells. Suppressors of pump and nonpump resistance inhibit active

drug efflux from cancer cells and their antiapoptotic defence, respectively, substantially

enhancing antitumor efficiency of anticancer drugs. A tumour targeting moiety guarantees the
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uptake of an entire DDS with encapsulated drugs and siRNA specifically by cancer cells that

express the corresponding receptor limiting adverse side effects on healthy lung cells. In addition,

local inhalation delivery led to the preferential accumulation of delivered therapeutics mainly in

the lungs and prevented the leakage of DDS and their components into the systemic circulation

limiting adverse side effects of chemotherapy on healthy organs and tissues. We found that the

mixture of four cancer targeted different DDS containing LHRH-PEG-siRNA(BCL2)-DOX-

MSN, LHRH-PEG-siRNA(MRP1)-DOX-MSN, LHRH-PEG-siRNA(BCL2)-CIS-MSN, and

LHRH-PEG-siRNA(MRP1)-CIS-MSN provides for a highest cytotoxic effect that cannot be

achieved by either free drugs or drugs delivered by targeted MSN without siRNA. The

components of DDS were selected based on the following considerations.

MSN as the drug carriers for inhalatory DDS have distinctive advantage over other

nanocarriers. These nanoparticles have porous interiors that can be used as reservoirs for storing

hydrophobic anticancer drugs and large surface areas that could be modified with siRNA and cell

targeting moieties. The pore size can be tailored to selectively store different molecules of

interest, while the size of the particles can be tuned to maximize the efficiency of pulmonary

delivery, cellular uptake and ensuring the preferential accumulation of the lungs and preventing

nanoparticle escape into the blood stream. In addition, a biodegradation product of MSN,

orthosilicic acid, is a natural compound with low toxicity found in numerous human tissues

(Perry 2009).

The selection of anticancer drugs in the current study was based on the following

considerations. First, the drugs should be currently used in clinics for treatment of resistant non-

small cell lung cancer. Secondly, experimental and clinical studies demonstrated that

combinations of the anticancer drugs result in a more efficient tumour regression compared to
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either drug alone (Muggia et al. 1997; Aziz et al. 1998; du Bois et al. 1999; Parra et al. 2001;

Ahmed et al. 2006; Armstrong et al. 2006; Pinmai et al. 2008; Bilgi et al. 2010). Consequently, a

mixture of DOX and CIS as the anticancer agents was selected for treatment of lung cancer via

the pulmonary route.

siRNA has been shown to be highly effective in suppressing the synthesis of different

proteins (Chen and Zhaori 2010; Guo et al. 2010; Laitala-Leinonen 2010; Shi et al. 2010;

Tokatlian and Segura 2010). In order to suppress pump and nonpump resistance of lung cancer

cells and therefore substantially enhance antitumor efficiency of delivered drugs, two types of

siRNA were conjugated with MSN nanoparticles. The first type of siRNA was targeted to MRP1

mRNA. It is known that this protein is mainly responsible for active efflux anticancer drugs

(pump resistance) in non-small cell lung carcinoma (Pakunlu et al. 2004; Xu et al. 2010). The

second type of siRNA was targeted to BCL2 mRNA. This protein plays a central role in

antiapoptotic defence forming the basis for nonpump resistance in many cancer cell lines and

inhibition of such cellular defence can be effectively used in order to enhance the efficiency of

chemotherapy (Pakunlu et al. 2003; Pakunlu et al. 2004; Pakunlu et al. 2006; Chen et al. 2009).

Consequently, we expected that the use of siRNA targeted to MRP1 and BCL2 mRNA in the

proposed DDS can provide for an effective suppression of both pump and nonpump cellular

resistance and therefore enhance the effectiveness of anticancer drugs.

In order to improve steric stability of DDS and reduce its uptake by cells of

reticuloendothelial system, heterobifunctional PEG was employed to modify the MSN surface

with hydrophilic polymers. Moreover, the cytotoxic effect of chemotherapy on healthy organs

can also be limited by employing the DDS with a ligand that specifically targeted to receptors

overexpressed in the plasma membrane of cancer cells. Our previous study demonstrated that the
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receptors for LHRH peptide are overexpressed in cancer cells and are not expressed detectably in

most visceral organs (Dharap and Minko 2003; Dharap et al. 2003; Dharap et al. 2005). Taking

advantage of this differential receptor expression, modified LHRH peptide was selected as

targeting moiety for the proposed DDS to enhance drug uptake specifically by the lung cancer

cells and limit the relative availability of the toxic drugs to normal cells in the lungs and other

organs.

The investigation of synthesized targeted MSN showed that they were characterized by a

narrow size distribution and were able to encapsulate both DOX and CIS. In addition, we were

able to conjugate a tumour targeting moiety (LHRH peptide) and different siRNA molecules to

the surface of the nanoparticles. The proposed DDS were able to effectively deliver their payload

(anticancer drug and siRNA) into the cytoplasm preserving its specific activity. We found that

both types of siRNA were able to significantly suppress the expression of targeted mRNA

(MRP1 and BCL2) and delivered drugs effectively induced cell death. In fact, drugs delivered

with tumour targeted MSN demonstrated higher cytotoxicity when compared with that of free

drugs. This could be explained by the different mechanisms of cell internalization of free low

molecular weight drugs and drug delivered by high molecular weight DDS targeted to the

specific plasma membrane receptors (Mukherjee et al. 1997; Fotin-Mleczek et al. 2005;

McNiven 2006; Bareford and Swaan 2007; Hillaireau and Couvreur 2009; Zaki and Tirelli

2010). It is well known that low molecular weight drugs are internalized by the cells via a

“simple” diffusion. In non-small lung cancer cells these drugs are pumped out by the plasma

membrane-bound drug efflux pumps, mainly attributed to the overexpression of MRP1 protein.

Large molecular weight carriers containing a receptor-targeted moiety are internalized by

receptor-mediated endocytosis in membrane limited organelles avoiding existing efflux pumps.
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However, it is possible that a fraction of drugs delivered by tumour targeted DDS might be

captured and effluxed by the pumps after their release from the DDS and diffusion out of

endosomes or lysosomes. Therefore, the suppression of pump resistance is important even if the

drugs are delivered by a targeted high molecular weight DDS. Such an assumption is supported

by the experimental data obtained in the present investigation. We found that the combination of

anticancer drugs with a suppressor of MRP1 protein significantly enhances their cytotoxicity.

However, the cytotoxicity of anticancer drugs is also limited by the development a nonpump

resistance. It is known that cellular antiapoptotic defence plays a central role in nonpump

resistance. In turn, BCL2 protein is a major component of cellular defence mechanisms against

apoptosis induction in many cancer cells (Gross et al. 1999; Reed 1999). Antiapoptotic cellular

defence limits the activation of caspases on the response to the pro-apoptotic signal triggered by

an anticancer drug and prevents the cell death. Consequently, BCL2 protein prevents drug-

induced damage from being efficiently translated into the cell death. Therefore, the suppression

of BCL2 protein should enhance cytotoxicity of simultaneously delivered anticancer drug(s). The

data obtained in the present study fully support such a conclusion. We found that siRNA targeted

to BCL2 mRNA delivered by MSN simultaneously with anticancer drugs significantly enhanced

their cytotoxicity.

One major challenge of highly toxic anticancer therapeutics is their non-specific toxicity to

healthy cells, tissues and organs which leads to severe adverse side effects of chemotherapy. The

most effective approach for limiting such non-specific toxicity consist of the local delivery of

cytotoxic agents specifically to the site of action, preventing their exit into the systemic

circulation and targeting the delivery specifically to the cancer cells (Koshkina et al. 2001;

Densmore 2003; Gautam and Koshkina 2003; Koshkina et al. 2003; Bunn 2004; Martins 2005;
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Huang et al. 2010; Yi and Wiedmann 2010). In case of lung cancer, the anticancer agents should

be delivered directly to the lungs by inhalation and a cancer specific targeting of DDS

specifically to lung cancer cells should be employed to protect healthy lung tissues. The proposed

MSN-based targeted DDS completely satisfies such requirements. It can be delivered by

inhalation and incorporates a lung cancer-specific targeting moiety. The present experimental

data showed that inhalatory delivery of the MSN led to their preferential accumulation in the

lungs when compared with intravenous delivery of nanoparticles.

Conclusions

The developed complex MSN-based drug delivery system satisfies the major prerequisites for an

effective treatment of lung cancer. This DDS can be locally delivered into the lungs limiting the

penetration of nanoparticles into the systemic circulation and exposure to other healthy organs.

The proposed system is able to deliver different anticancer drugs into lung cancer cells in

combination with siRNA for a simultaneous induction of cell death and suppression of pump and

nonpump cellular drug resistance. The drugs and siRNA delivered by the targeted MSN-based

DDS preserve their specific activity. Moreover, simultaneous induction of cell death by

anticancer drugs and suppression of pump and nonpump resistance by siRNA substantially

enhances drugs cytotoxicity. Consequently, the proposed DDS has high potential in the effective

treatment of lung cancer.
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Figure legends

Figure. 1. Surface engineered approach for the preparation of mesoporous silica nanoparticles

(MSN) for an efficient targeted co-delivery of siRNA and anticancer drugs. (A) Modification of

MSN with MPTS; (B) Activation of thiol groups on the MSN surface with Aldrithiol-2 to

produced pyridyldithiol reactive groups; (C) Encapsulation of DOX inside modified MSN; (D)

Encapsulation of CIS inside modified MSN; (E) Modification of surface of CIS-loaded MSN

with siRNA and PEG-LHRH; (F) Modification of surface of DOX-loaded MSN with siRNA and

PEG-LHRH.
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Figure 2. Characterization of mesoporous silica nanoparticles (MSN). (A) Transmission electron

microscope image of as-synthesized MSN. (B) Size distribution of MPTS-MSN and LHRH-

PEG-siRNA-DOX-MSN measured by dynamic light scattering.

Figure 3. Cytotoxicity of different formulations: (A) Mesoporous silica nanoparticles (MSN)

without drugs; (B) Different drug formulations. A549 human lung cancer cells were incubated

within 24 h with different concentrations of indicated formulations: 1 - MPTS-MSN; 2 -

LHRH-PEG-MSN; 3 - Mixture of DOX and CIS (1:1 w/w); 4 - Mixture of LHRH-PEG-DOX-

MSN and LHRH-PEG-CIS-MSN (DOX:CIS = 1:1 w/w); and 5 - Mixture of LHRH-PEG-

siRNA(BCL2)-DOX-MSN, LHRH-PEG-siRNA(MRP1)-DOX-MSN, LHRH-PEG-

siRNA(BCL2)-CIS-MSN and LHRH-PEG-siRNA(MRP1)-CIS-MSN (DOX:CIS = 1:1 w/w).

Means ± SD are shown.

Figure 4. Representative fluorescent microscopy images of A549 human lung cancer cells

incubated for 24 hrs with (A-D) LHRH-PEG-siRNA(TAMRA)-MSN and (E-H) LHRH-PEG-

siRNA(non-labeled)-DOX-MSN . A and E represent light images of A549 cells; B and F

represent fluorescence images of nuclei stained with DAPI. C and G represent cellular

localization of siRNA and DOX, respectively. D and H are superposition of light and

fluorescence images.
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Figure 5. Representative images of RT-PCR products of MRP1 (A), BCL2 (B) and 2-m (C and

D, internal standard) mRNA and densitometric analysis of bands in A549 lung cancer cells

incubated with following formulations: (1) Control (medium); (2) mixture of LHRH-PEG-DOX-

MSN and LHRH-PEG-CIS-MSN; (3) mixture of LHRH-PEG-siRNA(BCL2)-DOX-MSN,

LHRH-PEG-siRNA(MRP1)-DOX-MSN, LHRH-PEG-siRNA(BCL2)-CIS-MSN and LHRH-

PEG-siRNA(MRP1)-CIS-MSN; and (4) Mixture of LHRH-PEG-siRNA(BCL2)-MSN and

LHRH-PEG-siRNA(MRP1)-MSN. Gene expression in control was set to 100%. Means ± SD are

shown. *P < 0.05 when compared with control.

Figure 6. Distribution of tumour targeted nanoparticles with siRNA and drugs in different organs

after inhalation or intravenous administration. Nude mice bearing orthotopic human lung cancer

were treated with Cy5.5-labeled LHRH-PEG-siRNA-DOX-MSN. Three hours after the

treatment, fluorescence images of different organs were taken by IVIS imaging system and

quantified. Panel A demonstrates representative fluorescence images of different organs. The

intensity of fluorescence is expressed by different colours with blue colour reflecting the lowest

intensity and red colour - highest intensity. Panel B demonstrates average relative content per an

entire organ of labelled nanoparticles. Fluorescence intensity in each tissue is expressed as a

percentage of the total.

Table 1. The Brunauer-Emmett-Teller (BET) surface area, the pore size and pore volume

determined based on Barret-Joyner-Halenda (BJH) model. Means ± SD are shown.
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Nanoparticle BET surface area
(m2/g)

BJH pore volume
(cm3/g)

BJH pore size (nm)

MSN 1001 ±8 1.00 ±0.12 2.99 ±0.11

MPTS-MSN 821 ±5 0.65 ±0.06 2.83 ±0.08

Table 1.
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