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Abstract

Tremendous progress has been made in the development of delivery carriers for small RNA 

therapeutics. However, most achievements have focused on the treatment of liver-associated 

diseases because conventional lipid and lipidoid nanoparticles (LNPs) readily accumulate in the 

liver after intravenous (i.v.) administration. Delivering RNAs to other organs and tumor tissues 

remains an ongoing challenge. Here, we utilized a 540-member combinatorial functional polyester 

library to discover nanoparticles (NPs) that enable efficacious siRNA delivery to A549 lung 

cancer cells in vitro and in vivo. PE4K-A13-0.33C6 and PE4K-A13-0.33C10 NPs were efficiently 

internalized into A549-Luc cells within 4 hours. The addition of PEG 2000 DMG lipid or Pluronic 

F-127 onto the surface of the polyplexes reduced the surface charge of NPs, resulting in an 

increase of serum stability. We then explored aerosol delivery of stabilized PE4K-A13-0.33C6 

and PE4K-A13-0.33C10 NPs to implanted orthotopic lung tumors. We found that by altering the 

administration route from i.v. to aerosol, the NPs could avoid liver accumulation and instead be 

specifically localized only in the lungs. This resulted in significant gene silencing in the A549 

orthotopic lung tumors. Due to the ability to deliver siRNA to non-liver targets, this approach 

provides a privileged route for gene silencing in the lungs.
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1. Introduction

Small RNAs are being evaluated as therapeutics for diverse classes of diseases because they 

can directly modulate gene expression in cells [1]. Still, their utility has largely been limited 

to liver disorders [2]. In cancer, short interfering RNAs (siRNA) can silence oncogenes that 

drive cancer progression and microRNAs (miRNA) can restore natural tumor suppressors 

[1, 3]. Small RNAs have been explored for attractive targets which are undruggable by 

conventional small molecules [3-6]. To realize the potential of small RNA therapeutics, 

tremendous effort has been spent on the development of safe and effective delivery methods. 

Among these, lipid and lipidoid nanoparticles (LNPs) are the most efficacious for gene 

silencing in the liver [7-11]. With the remarkable progress in cationic lipid development, 

the efficacy of LNPs for silencing Factor VII (FVII) in liver hepatocytes has dramatically 

increased over 3 orders of magnitude in the past 10 years [8-10], with an EC50 of 0.002 

mg/kg now realized [10]. Some of these leading materials are being used in ongoing clinical 

trials for the treatment of hepatic diseases, such as transthyretin-mediated amyloidosis and 

liver cancer [1, 12-14]. LNPs readily accumulate in the liver because of the discontinuous 

features of hepatic vasculature [2], typical 80-100 nm diameters of LNPs [1], adsorption 

of apolipoproteins [10, 15], and can be metabolized following specified lipid metabolism 

pathways. Intravenous (i.v.) administration of NPs typically results in >80% injected dose 

accumulation in the liver [2, 16, 17]. Therefore, most all top-performing nanoparticle-based 

RNA delivery is largely limited to the treatment of liver diseases [2]. In contrast, small 

RNA delivery to other organs and tumors remains challenging [3, 6]. The development of 

alternative and efficacious delivery methods to non-liver tissues are thus urgently needed 

[18-22].

We recently reported the discovery of functional polyesters that are capable of delivering 

siRNA drugs selectively to lung cancer cells without entering into normal lung cells [23]. 

Key to this project was the generation of an siRNA delivery platform with tremendous 

diversity in chemical properties. The biocompatible polymers were built on a degradable 

polyester backbone where 840 unique modifications were performed to modulate the 

tertiary amines (pKa), alkyl groups (hydrophobic packing), and polymer length (binding 

and stability). Selective polyplex nanoparticles (NPs) were identified by high-throughput 

library screening on a unique pair of matched cancer/normal cell lines obtained from a 

single patient. Remarkably, the cancer selective nanoparticles were retained inside of tumors 

in mice for more than one week, while nonselective control nanoparticles were cleared 

within only a few hours. This translated to improved siRNA-mediated cancer cell death and 

significant suppression of tumor growth.

The discovery that nanoparticles can be selective to certain cells based only on their physical 

and chemical properties could potentially alter patient outcomes in the clinic [23]. Academic 

cancer centers are already using biomarkers, gene expression profiles, and bioinformatics 
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analysis to estimate patient responses to drugs before making therapy decisions. It may 

be true that patient responses to NP carriers, such as Doxil or Abraxane, should also be 

modeled and estimated to personalize treatment and increase drug delivery accuracy. A 

recent study using a positron emission tomography (PET) liposomal nanoreporter correlated 

Doxil responses to the heterogeneity of tumors [24]. This kind of analysis may benefit 

nanoparticle therapeutics that show selectivity to particular organs and cells.

Given these issues, there remains a need to further develop NPs that could be delivered to 

targeted organs (such as the lungs) and provide wide distribution without cellular specificity. 

Our prior work focused on achieving selectivity at the cellular level to specific patient 

cells in culture and in xenografts [23]. In this paper, we focus on organ level selectivity 

and have employed surgically implanted orthotopic tumors. We aimed to develop a more 

general delivery approach that may not need patient customization, and therefore utilized 

the more common and readily available A549 lung cancer cell line. We developed and 

optimized aerosol delivery [25-27] of functional polyester NPs to deliver siRNA locally to 

the lung. Among our candidate polyesters [23], we identified polymer compositions that 

were able to deliver to lung, cervical, and breast cancer cells without showing selectivity. 

These two features combined to allow siRNA NPs to effectively accumulate in the lungs 

after aerosol inhalation and enable efficacious gene silencing in orthotopic lung tumors. This 

work demonstrates that changing the administration method from i.v. injection to aerosol 

inhalation can overcome the small RNA biodistribution challenge by re-directing liver 

accumulating NPs to the lungs. Moreover, this work opens new engineering opportunities 

to reduce cell specialization and promote broad lung distribution of a variety of cancer 

therapeutics.

2. Materials and methods

2.1. Materials

Organic solvents were purchased from Fisher Scientific or Sigma-Aldrich and used 

as received. Amines, thiols, trimethylolpropane allyl ether (TPAE), suberoyl chloride 

(diACl-C8), 2,2-dimethoxy-2-phenylacetophonone (DMPA), γ-thiobutyrolactone (TBL) 

Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum (FBS), and phosphate 

buffered saline (PBS) were purchased from Sigma-Aldrich. 4’,6-Diamidino-2-phenylindole 

(DAPI), LysoTracker Green, and Quant-iT RiboGreen RNA assay kits were purchased 

from Life Technologies. The ONE-Glo + Tox luciferase assay kit was purchased 

from Promega. Matrigel was purchased from BD Biosciences. Custom-synthesized 

siRNA against Luciferase (siLuc) (sense: 5’-GAUUAUGUCCGGUUAUGU A[dT][dT]-3’; 

antisense: 5’-UACAUAACCGGACAUAAUC [dT][dT]-3’), and Cy5.5-labeled siRNA 

(Cy5.5-siRNA) (sense: 5’-GAUUAUGUCCGGUUAUGUA[dT][dT]-Cy5.5-3’; antisense: 

5’-UACAUAACCGGACAUAAUC[dT][dT]-3’) were purchased from Sigma-Aldrich. 

PEO80-PPO27-PEO80 (Pluronic F-68, Mw = 8,400, PDI = 1.06) and PEO101-PPO56-PEO101 

(Pluronic F-127, Mw = 12,600, PDI = 1.05) were obtained from Sigma-Aldrich. PEG 2000 

DMG lipid (Sunbright GM-020, 1,2-dimyristoyl-sn-glycerol, methoxypolyethylene glycol) 

was purchased from NOF America.
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2.2. Preparation and characterization of siRNA polyplex NPs

Amino thiols, -ene functional polyesters with Mw = 4,200 g/mol (PE4K) and Mw = 8,300 

g/mol (PE8K), and the consequent functional polyester library were synthesized according 

to our previous reports (Scheme S1) [23, 28]. For in vitro siRNA delivery, polyplex NPs 

of functional polyesters and siRNA were prepared by adding polymer DMSO solution (3 

g/L) into citric acid/trisodium citrate buffer (pH 4.2, 10 mM) at a polymer/siRNA ratio of 

30:1 (wt/wt) and final siRNA concentration of 2.5 ng/uL. For in vivo siRNA delivery, the 

NPs were prepared following the same procedure, except that 5 wt. % F-127 was added 

to the polymer stock solution prior to mixing with siRNA. The NPs were dialyzed against 

PBS (4 h) for i.v. injection or aerosol inhalation in mice. The size and surface charge of 

the NPs were measured using a Zetasizer Nano ZS (Malvern, He-Ne laser, λ = 632 nm). 

siRNA binding was quantified using the Quant-iT RiboGreen RNA assay [6, 23, 29-31]. The 

measurements were performed in quadruplicate.

2.3. In vitro siRNA delivery to A549-Luc cells

A549 human non-small cell lung cancer (NSCLC) cells stably expressing luciferase (A549-

Luc) were generated by lentiviral injection, selected for high expressing clones, and cultured 

in RPMI 1640 medium with 5% FBS (5% CO2, 37 °C). A549-Luc cells were seeded 

into opaque white 96-well plates (10,000 cells/well) and incubated for 24 h. Medium was 

replaced with the fresh RPMI with 5% FBS (200 μL/well) prior to the addition of 20 μL 

NPs to cells. After 24-hour incubation with NPs, the cell viability and luciferase expression 

was analyzed using ONE-Glo + Tox assay kits. The luciferase activity and cell viability were 

normalized to those of untreated cells. All transfection assays were performed in triplicate 

and the average with standard deviation was reported.

2.4. Cellular uptake

A549-Luc cells were seeded into an 8-well glass bottom chamber (30,000 cells/well) and 

allowed to attach overnight in RPMI 1640 medium with 5% FBS (5% CO2, 37 °C). 60 

μL NPs (containing 150 ng of Cy5.5-siRNA and 4.5 μg of polyester) were added to the 

cells with 600 μL fresh medium. After incubation for 0.5 to 8 h, the media was removed 

and the cells were fixed with 4% (vol%) paraformaldehyde (PFA) and stained with DAPI 

for confocal microscopy. For the co-localization of Cy5.5-siRNA and lysosomes, the cells 

were further incubated with 0.1% (vol%) LysoTracker Green for 30 min before fixation and 

DAPI staining. To identify the endocytic pathway(s) of siRNA polyplex nanoparticles to 

A549-Luc, chlorpromazine (28 μM, inhibitor of clathrin-mediated endocytosis), 5-(N-Ethyl-

N-isopropyl)amiloride (EIPA) (75 μM, inhibitor of macropinocytosis), or genistein (200 μM, 

inhibitor of caveolar endocytosis) was added to the cell culture and incubated for 1 h prior 

to the addition of nanoparticles. Images were captured using a Zeiss LSM 700 confocal 

microscope with 20X objective lens and processed with consistent threshold using ImageJ.

2.5. Tumor models

All animal experiments were approved by the Institutional Animal Care and Use 

Committees of the University of Texas Southwestern Medical Center and were consistent 

with local, state and federal regulations as applicable. Female athymic nude Foxnlnu/nu 
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mice were purchased from Harlan Laboratories (Indianapolis, IN) and used for tumor 

models. A549-Luc cells were harvested, centrifuged, washed with PBS, and resuspended 

in Hanks’ balanced salt solution (HBSS) with 50% Matrigel (vol%). 5 million cells (100 μL 

A549-Luc suspension) were subcutaneously injected into the right hind leg of mice. ~6 mm 

tumor xenografts (110 mm3 in volume) formed in ~2 weeks. For the orthotopic A549-Luc 

lung tumor model, 3 million A549-Luc cells (25 μL, 50% Matrigel) were orthotopically 

implanted to the left lung of the nude mouse to develop single module orthopotic lung 

tumor. Strong luciferase signal was detected by bioluminescence imaging in 2-3 weeks after 

surgical implantation.

2.6. siRNA silencing in xenograft lung tumors

NPs containing 50 ng/μL siLuc were prepared as described above and intravenously injected 

into mice bearing A549-Luc xenograft tumors (1 mg/kg, 200 μL). After 24 or 48 h, 

80 μL of 40 g/L luciferin PBS solution was injected subcutaneously 10 min prior to 

bioluminescence imaging on an IVIS Lumina imaging system (Caliper Life Science). The 

luciferase gene silencing was evaluated by the decrease of bioluminescence signal after 

treatment with siLuc NPs. To quantitate the luciferase knockdown, the tumor tissue was 

collected and homogenized in 2 mL of 25 mM HEPES (pH 7.5, 5 mM MgCl2, 1 mM 

EDTA). The luciferase in the supernatant was measured using a Luciferase Assay System 

kit (Promega) and normalized to the total protein as determined by the BCA assay (Piece). 

For biodistribution imaging, 200 μL Cy5.5-siRNA NPs were injected intravenously to mice 

bearing xenograft tumors. The mice were imaged at 4 and 24 h after i.v. administration 

of Cy5.5-siRNA NPs. The mice were sacrificed and the biodistribution of Cy5.5-siRNA 

in the tumor and organs was evaluated by Cy5.5 fluorescence measurement using an IVIS 

Lumina instrument. Statistical analysis was performed with two-tailed Student’s t-test; 95% 

confidence interval.

2.7. siRNA silencing in orthotopic lung tumors

The same NP solution was diluted 2-fold with PBS delivered to mice bearing orthotopic 

A549-Luc lung tumors (1 mg/kg, total NP volume of 400 μL) as an aerosol mist using a 

micropump nebulizer (Aeroneb Lab, Kent Scientific). The luciferase signal in the lungs of 

living mice was measured at 24 and 48 h after aerosol inhalation as described above. The 

biodistribution of NPs through aerosol inhalation was investigated by replacing the siLuc 

with Cy5.5-siRNA following the same procedure above. Statistical analysis was performed 

with two-tailed Student’s t-test; 95% confidence interval.

3. Results and discussion

3.1. Synthesis of a functional polyester library

As a class, functional degradable polymers are particularly well suited for small RNA 

delivery [6, 28, 29, 32-36]. It has been demonstrated that NP delivery of siRNA requires a 

balance between cationic charge and hydrophobicity, where tertiary amines and hydrophobic 

alkyl chains provide pH-dependent small RNA binding and NP stabilization [6, 23, 

29-31, 37-44]. Nevertheless, incorporation of these functional groups, particularly amines, 

into degradable polyesters remains challenging due to potential hydrolysis of the ester 
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backbone. To overcome this issue, we recently developed a scalable (100+ gram) synthetic 

strategy based on the polymerization of trimethylolpropane allyl ether (TPAE) with diacid 

chlorides (poly(TPAE-co-AC)s) [28]. The side chain – ene groups could be easily modified 

via thiol-ene addition under UV irradiation in the presence of a free radical generator. 

These –ene groups could also be oxidized using 3-chloroperbenzoic acid (mCPBA) to 

epoxides, for further reaction with nucleophiles including amines to generate amino 

alcohols. Such chemistries are useful in preparing both functional linear polymers and 

cross-linked hydrogels [28]. Subsequently, we found that the thiol-ene addition route was 

particularly versatile, and could be expanded to generate combinatorial polymer libraries 

[23] (Figure 1) using commercially available and synthetic amino thiols via aminolysis of 

γ-thiobutyrolactone (Scheme S1).

In addition to functional group modification, polymeric carriers offer the ability to modulate 

the molecular weight, which plays an important role in the stability of siRNA-loaded NPs 

and delivery efficacy. These cumulative physiochemical properties allow NPs to overcome 

delivery barriers including RNA NP stability, cellular internalization, intracellular release, 

and cancer cell targeting [1, 5, 12]. Using rational design and high throughput screening 

approaches, we have discovered NPs that are efficacious in animal models of liver [6] and 

lung cancer [23], in some cases selectively killing tumor cells but normal cells. We have 

shown that carriers can exhibit cell type specificity without attachment of targeting ligands 

[23]. Moreover, i.v. delivery of these NPs largely resulted in liver accumulation. Coupled 

to cell selectivity, the specific delivery to non-liver tissues is still challenging for systemic 

administration of RNA nanoparticles.

In this paper, we focused on using an alternative delivery method: aerosol inhalation. We 

found that the biodegradable siRNA delivery carriers could accumulate exclusively in the 

lungs and silence luciferase expression in orthotopic lung tumors. We re-synthesized a 

library of 540 functional polyesters via combinatorial modification of polyesters (Mw of 

4,200 and 8,300 prior to thiol-ene modification) with 20 amino thiols and 3 alkyl thiols 

(Scheme S1). The polymers are named by the starting MW, followed by the amino thiol, the 

alkyl thiol feed ratio, and alkyl thiol.

3.2. Functional polyester library screening for siLuc silencing in A549-Luc lung cancer 
cells

Our previous study demonstrated that functional poly(TPAE-co-AC)s with Mw between 

4,000-8,000 g/mol exhibited siRNA delivery capability to HeLa cervical cancer cells. 

Using this library of polyesters, polyplex NPs were prepared and evaluated for siLuc 

delivery to A549-Luc lung cancer cells (Figure 2 and Figure S1). High throughput 

screening of 540 siLuc-polymer NPs shows that a large number of functional polyesters 

are capable of efficient luciferase gene silencing. In particular, the modification with 4-

mercapto-N-(2-(piperidin-1-yl)ethyl)butanamide (A13) or 1-(4-(2-hydroxyethyl)piperazin-1-

yl)-4-mercaptobutan-1-one (A5) endows the polyesters with the highest luciferase 

knockdown and lowest cytotoxicity. The delivery efficacy was validated by dose response 

experiments for the selected A13 modified polyesters (Figure 2b). The top performing 
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polymers show comparable siRNA delivery capability to the commercial benchmark 

RNAiMax.

The NP size and siRNA binding with lead polyesters were measured (Figure 3). Most 

of the functional polyesters were able to completely bind the loaded siRNA under the 

complexation conditions (pH 4.2, 10 mM, and polymer/siRNA weight ratio of 30:1). It is 

known that the size of NPs plays a significant role in siRNA delivery. NPs larger than 200 

nm are usually less effective [23]. It is worth noting that these polymers are not only capable 

of siLuc delivery to A549-Luc, but also show good delivery capability to HeLa-Luc and 

MDA-MB-231-Luc (Figures S2 and S3). Although selectivity can be advantageous, there 

is also a need for carriers that do not need customization. We therefore focused on these 

polyesters that can deliver to multiple cell types for further study.

3.3. Cellular uptake.

Successful modification of the polyesters with A13 and 1-hexanethiol (C6-SH)/1-

decanethiol (C10-SH) was verified by the increase of MW in GPC curves (Figure S4) 

and complete disappearance of –ene groups after functionalization (NMR). Focusing 

on the most active polymers, we then studied the cellular uptake kinetics and in vivo 
efficacy of their siRNA NPs on different tumor models. Figure 4a shows that both 

Cy5.5-siRNA loaded PE4K-A13-0.33C6 (C6-Cy5.5-siRNA) NPs and Cy5.5-siRNA loaded 

PE4K-A13-0.33C10 (C10-Cy5.5-siRNA) NPs were endocytosed into A549 within 4 h. 

But in general, fluorescence signal in cells transfected by C10-Cy5.5-siRNA NPs was 

stronger than that for C6-Cy5.5-siRNA NPs in 0.5-4 h, indicating faster cellular uptake 

of C10-Cy5.5-siRNA NPs. The longer hydrophobic alkyl chains may facilitate the fusion 

of NPs with cell membrane and consequent internalization into A549 cells. To test the 

intracellular fate of Cy5.5-siRNA NPs after endocytosis, we examined the co-localization 

of Cy5.5-siRNA and lysosomes at 4 and 8 h after addition of NPs (Figure 4b). There is 

stronger co-localization between siRNA-Cy5.5 and LysoTracker green at 8 h than at 4 h. 

Moreover, some nanoparticles remain out of lysosomes, which gives the chance for siRNA 

loading to RNA-induced silencing complex (RISC) to silence targeted mRNAs. We further 

examined the endocytosis pathway(s) of these nanoparticles by analysing cellular uptake in 

the presence of various inhibitors of distinct endocytosis pathways (Figure 4c). Confocal 

images show that the internalization of both siRNA polyplex nanoparticles into A549-Luc 

cells is dominated by clathrin-mediated endocytosis.

3.4. Effects of NP stabilizers on size, surface charge and in vitro delivery efficacy

To reduce non-specific protein interactions and increase the stability of NPs in serum, we 

added amphiphilic Pluronic block copolymers (F-68 and F-127) or a PEG 2000 DMG 

lipid to polymer stock solutions prior to the preparation of siRNA polymer NPs. Coating 

nanoparticles with PEG and other hydrophilic non-fouling polymers is a well-established 

and effective approach to shield NPs from protein adsorption. Moreover, dense PEG brushes 

can improve transport through mucus [45-53]. Therefore, we examined F-68, F-127, and 

PEG 2000 DMG lipid as stabilizers. We found that these coatings did not significantly 

change the size of NPs, but that the surface charge decreased dramatically when formulated 

with PEG 2000 DMG lipid and F-127 (Figure 5a). Because the surface charge of NPs 
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remained constant with addition of 5% F-68, this implied that there was no shielding effect 

by F-68. The hydrophobic PPO block of F-68 may be too short to make it well incorporated 

into NPs during the complexation of siRNA and polymers. In vitro transfection with the 

formulated NPs shows that the addition of 5% stabilizer does not compromise the luciferase 

gene knockdown or increase the cytotoxicity (Figure S5), in particular for C10-siLuc NPs 

(Figure 5b). However, the delivery efficacy decreases when 10% stabilizer was added to the 

NPs. More PEG on the surface may hinder the interaction between NPs and cell surface 

and decrease the cellular uptake. The addition of stabilizers shows similar effects on siRNA 

delivery to MDA-MB-231 breast cancer cells (Figure S6).

3.5. Intravenous siRNA NP delivery to xenograft tumors.

Before evaluating the luciferase knockdown in vivo, we measured the biodistribution of 

Cy5.5-siRNA NPs in mice upon i.v. tail vein injection. Live animal imaging indicates 

that NPs accumulated by tumors at 4 h after i.v. administration and the accumulation 

increased with time up to 24 h (Figure 6a). Ex vivo images clearly show that both C10-

Cy5.5 NPs and C6-Cy5.5 NPs were mainly distributed in liver and tumor after 24 h, 

which corroborates with the luciferase gene silencing in the tumor by siLuc NPs. We also 

examined biodistribution of i.v. administered Cy5.5-siRNA NPs to mice bearing orthotopic 

lung tumors, which confirmed major accumulation in liver and minimal accumulation in 

the lungs after tail vein injection (Figure S7). These data suggested that i.v. administration 

may be suitable for xenograft tumors, but that aerosol administration may be required for 

orthotopic tumors.

To evaluate in vivo siRNA delivery efficacy of siRNA polymer NPs, we first generated 

A549 xenograft tumors by subcutaneously injecting A549-Luc cells to the right hind 

leg of the nude mice. The effective delivery of siRNA against luciferase to the tumor 

induces the knockdown of luciferase gene and consequently suppresses the expression of 

luciferase protein. By i.v. injection of C10-siLuc or C6-siLuc NPs, the bioluminescence 

in the tumors significantly decreased while no remarkable change of bioluminescence was 

seen for the untreated mice, suggesting the siLuc-mediated luciferase silencing through i.v. 

administration of siLuc NPs (Figure 6b). To quantify the decrease of luciferase expression, 

the tumor tissue was homogenized and the luciferase in the suspension was measured and 

normalized to total protein. Results show that a single i.v. injection of siLuc NPs at the dose 

of 1 mg/kg enabled ~ 50% luciferase knockdown in A549 xenograft tumors in 48 h (Figure 

6c). However, this administration route (i.v.) does not solve the non-specific liver uptake that 

hinders siRNA NPs for use in treatment of non-liver diseases. Therefore, we aerosolized the 

polyplex NPs and applied the siRNA NPs to the mice with surgical implanted orthotopic 

lung tumors.

3.6. Aerosol siRNA NP delivery to orthotopic A549 tumors.

To further explore the potential of functional polyesters in lung cancer therapy, we 

developed an orthotopic lung tumor model by surgical implantation of A549-Luc cells to 

the lung of nude mouse. 3-4 mm (diameter) tumors were generated by 3 weeks after surgical 

implantation under these conditions (Figure 7a). Using this more clinically relevant tumor 

model and the pulmonary disease-specific aerosol administration method, the biodistribution 
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of Cy5.5-siRNA NPs and in vivo efficacy of siLuc NPs were investigated. Ex vivo images 

show that the aerosol inhalation of Cy5.5-siRNA NPs or free Cy5.5-siRNA to mice led to 

the highly specific accumulation of siRNA in lung. No Cy5.5 fluorescence was observed in 

any other organs, which confirmed the advantage of the aerosol inhalation for pulmonary 

diseases (Figure 7b).

Using a similar protocol, siLuc NPs were aerosolized and inhaled to mice bearing A549-Luc 

tumors in their lungs. The luciferase signal decreased dramatically at 48 h after aerosol 

inhalation of C10-siLuc or C6-siLuc NPs comparing to that before inhalation (Figure 8a), 

indicating the efficient luciferase gene knockdown by the delivered siLuc. There was no 

significant change of the bioluminescence intensity for the untreated mice and the mice 

inhaled with free siLuc. The naked siLuc could be locally accumulated in lung through 

aerosol inhalation, but it cannot be efficiently internalized into tumor cells and mediate 

gene silencing without a delivery vehicle. The quantitative luciferase in homogenized lungs 

further verified the luciferase knockdown by this delivery approach (Figure 8b).

4. Conclusions

In this paper, we utilized a combinatorial functional polyester library that satisfies 

biodegradability and multifunctionality requirements of polymeric carriers for siRNA 

delivery. High throughput screening of the 540-member polyester library allowed discovery 

of the synthetic amine A13 modified polyester series as being potent for siRNA delivery 

to A549-Luc lung cancer cells. Using the best performing polyesters, siRNA polyplex NPs 

were prepared for detailed investigation of cellular uptake and in vivo gene knockdown in 

different tumor models. siRNA-polymer NPs were efficiently internalized into A549-Luc 

cells within 4 hours and started to co-localize with lysosomes by 8 hours. The addition 

of PEG 2000 DMG lipid and Pluronic F-127 onto the surface of the polyplexes reduced 

the surface charge of NPs, therefore decreasing the nonspecific binding and increasing 

the stability in serum. This surface modification did not significantly change the size of 

NPs or their siRNA delivery efficacy in vitro. By i.v. injection to mice bearing xenograft 

tumors, the siRNA NPs effectively accumulated in tumor tissues, which resulted in ~50% 

siLuc-mediated luciferase gene silencing at 48 hours. Furthermore, the in vivo delivery 

efficacy of NPs was evaluated by aerosol inhalation to mice bearing orthotopic lung tumors. 

Bio-distribution studies showed that aerosol inhalation enabled specific accumulation of 

NPs in the lung. Using this non-invasive delivery approach, NPs successfully delivered 

siLuc to orthotopic lung tumors and enabled ~65% knockdown of luciferase expression 

in the tumors. Because of the biodegradability, diverse functionality, and the ability to be 

aerosolized, these polyesters may provide great potential for the treatment of lung cancers.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Stabilized NPs were developed for aerosol delivery to orthotopic lung tumors. Functional 

polyesters were prepared by the polycondensation of trimethylolpropane allyl ether (TPAE) 

and suberoyl chloride (diACl-C8) in dichloromethane (DCM) using pyridine as promotor, 

followed by the thiol-ene reaction with different ratios of 20 amino thiols and 3 alkyl thiols 

functional thiols (Scheme S1). High throughput in vitro screening of the functional polyester 

library enabled the discovery of efficacious polymeric carriers for siLuc delivery to A549-

Luc cancer cells. Stabilized PE4K-A13-0.33C6 and PE4K-A13-0.33C10 NPs were able to 

silence gene expression in A549-Luc xenograft and orthotopic tumors by administration of 

intravenous injection or aerosol inhalation, respectively.
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Figure 2. 
Screening of a functional polyester library identified effective carriers for A549 lung cancer 

cells, notably amine A5 or A13 modified polyesters. a) siLuc (17.1 nM) was delivered in 

polymer-siRNA NPs in vitro to A549-Luc cells. b) Dose response of siLuc NPs with amine 

A13 modified polyesters validates the delivery capability of the selected NPs (mean ± s.d., n 

= 3).
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Figure 3. 
Size and siRNA binding for selected NPs (mean ± s.d., n = 3). The siRNA polyester NPs 

were prepared using the same protocol as in Figure 2.
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Figure 4. 
Cellular uptake of C6-Cy5.5-siRNA NPs and C10-Cy5.5-siRNA NPs. a) Internalization 

kinetics of NPs within 0.5-8 h. The NPs were prepared following the procedure in in vitro 
delivery assays. After incubation with NPs for 0.5-8 h, A549 cells were washed with PBS, 

fixed by 4% PFA, and stained with DAPI for confocal microscopy. Scale bars = 20 μm. b) 
Co-localization (yellow) of siRNA-Cy5.5 (red) and lysozymes (green) at 4 and 8 h. The cells 

were incubated with LysoTracker green for 0.5 h before fixing and staining. Scale bars = 10 

μm. c) Cellular uptake in the presence of various endocytosis inhibitors (8 h). Scale bars = 

20 μm.
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Figure 5. 
Effects of stabilizers on physicochemical properties and delivery of efficacy of siLuc PE4K-

A13-0.33C6 (C6-siLuc) NPs and siLuc PE4K-A13-0.33C10 (C10-siLuc) NPs. a) Size (Dh) 

and surface charge (ζ) of polyester NPs, and b) in vitro siRNA delivery efficacy of NPs 

(mean ± s.d., n = 3). 5% or 10% (weight ratio of stabilizer to the polymer) stabilizers (PEG 

lipid, F-68, or F-127) were added into the polymer stock solution before mixing with siLuc. 

NPs were prepared using the same protocol in screening assays and 17.1 nM siLuc was 

used.
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Figure 6. 
Lead NPs can deliver siRNA in vivo to xenograft tumors. a) Biodistribution of Cy5.5-siRNA 

NPs upon tail vein injection (1 mg/kg Cy5.5-siRNA, 100 μL). Live animal imaging shows 

efficient accumulation of Cy5.5-siRNA NPs in xenograft tumors at 4 and 24 h. ex vivo 
images verify that the NPs are mainly distributed in liver and tumor at 24 h after i.v. 

administration. b) Bioluminescence images of mice with i.v. injection of C10-siLuc NPs or 

C6-siLuc NPs (1 mg/kg siLuc, 200 μL). The decrease of bioluminescence intensity indicates 

the siLuc-mediated luciferase knockdown in xenograft tumors after administration of siLuc 

NPs. One of three mice was shown as a representative for each group. c) Efficient luciferase 

knockdown was confirmed by the decrease of protein normalized bioluminescence in the 

homogenized tumor tissues with injection of siLuc NPs (mean ± s.d., n = 3). ***P < 0.0005.
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Figure 7. 
Aerosol inhalation is an effective method to increase NP and siRNA localization to the 

lungs. a) Representative ex vivo pictures of the lung with orthotopic tumor. b) ex vivo 
images show that Cy5.5-siRNA NPs or free Cy5.5-siRNA could be specifically accumulated 

in lung at 24 h after administration through aerosol inhalation (1 mg/kg Cy5.5-siRNA, 400 

μL).
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Figure 8. 
Aerosolized NPs can deliver siRNA in vivo to surgically implanted orthotopic lung tumors. 

a) The decrease of luminance intensity in the lung indicates the siLuc-mediated luciferase 

knockdown in orthotopic A549 tumors after inhalation of siLuc NPs (1 mg/kg siLuc, 

400 μL). One of three mice was shown as a representative for each group. b) Efficient 

luciferase knockdown was confirmed by the decrease of protein normalized luminance in the 

homogenized lung with aerosol inhalation of siLuc NPs (mean ± s.d., n = 3). n.s. P > 0.05; 

*P < 0.05; **P < 0.005.
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