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Abstract 

Advancing existing or developing novel nanoparticle carrier systems is a crucial part of successful 

nucleic acid delivery for therapeutic purposes. The overall aim of nanoparticle formulations is to deliver 

their cargo to the site of action. During this procedure, nanoparticles need to show qualities to be 

internalized into the cell and release their cargo. Dependent on the application route and prior to cell 

uptake, nanoparticles can be transferred into a form of administration that improves conformation and 

leads to long-term storage stability.  

The aim of this thesis is to identify various small interfering RNA (siRNA)-nanoparticle formulations 

as drug delivery systems with potential to target the lungs (Chapter I + II). Nanoparticles carrier systems 

comprised of polymers, lipids or a hybrid combination encapsulating nucleic acids and were formed 

using the concept of microfluidic mixing. The thesis can be separated into two main parts. The first part 

addresses the common dilemma of the endosomal escape problem by improving existing polymers 

through chemical modification (Chapter III), synthesizing a novel amphiphilic polymer (Chapter IV) 

and forming hybrid lipid polyplex nanoparticles (Chapter V). The second section focuses on the 

development of a spray-drying approach (Chapter VI) and the long-term storage under various 

conditions (Chapter VI) for siRNA-lipid nanoparticles (LNPs) based on an adapted Onpattro® 

formulation.  

The endosomal release problem of polymeric nanoparticles was tackled looking at physicochemical 

nanoparticle characterization and in vitro performance assessment. Throughout Chapters III - V, sizes 

of 100 – 200 nm were reached, the zeta potential was kept neutral to positive, and the encapsulation 

efficiency of siRNA showed values > 90% resulting in an improved in vitro knockdown performance 

(> 50%) in comparison to polyethylene imine (PEI) polyplexes or triblock copolymer polyplexes cores.  

The establishment of a spray drying platform for LNPs (Chapter VI) and subsequent drying for storage 

stability (Chapter VII) resulted in spray dried powders that maintained LNP integrity and stability by 

losing up to 15% of siRNA and lipid content. The aerodynamic properties showed ideal characteristics 

for pulmonary delivery with sizes of 3 μm. The in vitro performance reached knockdown levels of > 

95% and a house keeping gene silencing of > 50% was established ex vivo in human precision cut lung 

slices. 

In conclusion, this thesis should give an overview of several non-viral siRNA nanoparticles as nucleic 

acid delivery systems that on the one hand improve the endosomal escape problem of polymeric 

nanoparticles, and on the other hand are established for pulmonary delivery through a spray drying 

method. 
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Objectives of the thesis 

Advancing existing or developing novel nanoparticle carrier systems is a crucial part of successful 

nucleic acid delivery for therapeutic purposes. The overall aim of nanoparticle formulations is to deliver 

their cargo to the site of action. During this procedure, nanoparticles need to show qualities to be 

internalized into the cell and release their cargo. Dependent on the application route and prior to cell 

uptake, nanoparticles can be transferred into an administration form that improves conformation and 

leads to long-term storage stability. Spray drying produces microparticle powders embedding 

nanoparticles keeping the cargos integrity and maintaining bioactivity for pulmonary application.   

The aim of this thesis is to identify various small interfering RNA (siRNA)-nanoparticle formulations 

as drug delivery systems with potential to target the lungs. Nanoparticles carrier systems comprised of 

polymers, lipids or a hybrid combination encapsulating nucleic acids. The thesis can be separated into 

two main parts.  

The first part addresses the common dilemma of the endosomal escape problem by improving existing 

polymers through chemical modification (Chapter III), synthesizing a novel amphiphilic polymer 

(Chapter IV) and forming hybrid lipid polyplex nanoparticles (Chapter V).  

The second section focuses on the development of a spray-drying approach (Chapter VI) and the long-

term storage under various conditions (Chapter VI) for siRNA-lipid nanoparticles (LNPs) based on an 

adapted Onpattro® formulation.  

In more detail, Chapter I is separated into three parts. The first sections will give a short introduction 

to RNA interference and the discovery of small interfering RNA (siRNA). In addition, the need of a 

nucleic acid carrier system for drug delivery will be highlighted. The second part will explain the 

internalization pathway of nanoparticles linked to the endosomal escape problem. Two important 

aspects will be covered: What is the endosomal escape problem and what can be done to overcome it. 

The last section of the introduction will explain the process of spray drying. The importance of spray-

drying to convert nanoparticles into pulmonary drug delivery systems with its advantages and 

disadvantages will conclude this chapter. 

The concept of microfluidic mixing to form nanoparticles for pharmaceutical and medical application 

will be presented in Chapter II. A wide range of lipid-based, polymeric, hybrid and theranostic 

formulations will be covered. This chapter should give an overview of possibilities using microfluidic 

mixing.  

Chapter III evaluates the use of an improved version of a triblock copolymer, PEG-PCL-PEI, which 

was already implemented as a non-viral siRNA carrier system in previous studies. Our approach consists 

of a microfluidic mixing method which leads to nanoparticle characterization and in vitro performance 

assessment. The main focus will be the improvement of endosomal release resulting in efficient gene 

downregulation.  

A different approach tackling the endosomal escape problem is pursued in Chapter IV. We develop a 

novel amphiphilic poly(spermine acrylamides) polymer which represents a new class of sophisticated 

non-viral vectors for pulmonary siRNA delivery. Those nanoparticle systems undergo characterization, 

in vitro and in vivo tests. Results are compared to widely studied polyplexes based on polyethylene 

imine (PEI).  

Rounding up the first part of the thesis and the endosomal release problem, Chapter V discusses the 

approach of coating a mediocre-working triblock copolymer, PEI-PCL-PEI, with various lipids. The 

idea follows the concept of using an existing polymeric nanoparticle system which faces endosomal 

release problems and improve its performance by addition of lipids. Lipids have shown to be successful 



 

3 

nanoparticle delivery systems and would help to improve the polyplex performance. The merging of 

both systems could disclose synergistic effects and create an efficient hybrid nanoparticle system. As 

for the previous chapter, a full characterization and in vitro testing of three different lipid coatings was 

performed.  

The second part of the thesis deals with the spray drying of LNPs and its long-term storage at different 

conditions. Chapter VI describes the engineering of spray dried LNP powders in which an Onpattro®-

derived nanoparticle system acted as the therapeutic agent. Prior to establishing the spray drying process, 

a novel dual emission fluorescence spectroscopy method helped to preselect the highest possible drying 

temperature and excipient solution maintaining LNP integrity and stability. Spray dried powders were 

characterized and tested for aerodynamic properties. The chapter is completed by evaluating in vitro 

performance and ex vivo downregulation in human precision cut lung slices (hPCLS).  

Spray drying amorphous sugars, such as lactose, obtain residual moisture levels that can lead to 

degradation, chemical reactions or loss of efficacy. Chapter VII uses the spray drying approach from 

Chapter VI and applies a subsequent drying step to overcome those hurdles. A long-term storage for 3 

months at 4 °C and 25 °C enables a comparative study to characterize powders and evaluate aerodynamic 

properties as a pulmonary delivery system. The in vitro performance consists of a protein 

downregulation in H1299 lung adenocarcinoma cells and a mRNA silencing approach in mucus 

excreting Calu-3 lung cancer cells.  

In conclusion, this thesis should give an overview of several non-viral siRNA nanoparticles as nucleic 

acid delivery systems that on the one hand improve the endosomal escape problem of polymeric 

nanoparticles, and on the other hand are established for pulmonary delivery through a spray drying 

method.  
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Chapter I – Introduction 

1. RNA interference (RNAi) 

In 1998, researchers Fire and Melo discovered the RNA interference (RNAi) mechanism that enabled 

specific gene silencing by short, double-stranded fragments of RNA in Caenorhabditis elegans. [1, 2] 

The mechanism is shown in Figure 1. [3] Double stranded RNA (dsRNA) or exogenous short interfering 

RNA (siRNA) are internalized into the cytoplasma. Dicer enzymes bind to dsRNA and cleave the RNA 

into siRNA molecules at 20-25 base pair length. In a next step, a RNA-induced silencing complex 

(RISC) and its key protein Argonaute 2 (Ago2) binds to the siRNA. This complex cleaves the sense 

strand of the siRNA leaving the activated complex consisting of RISC, Ago2 and Antisense strand. 

Subsequently, messanger RNA (mRNA) is bound and cleaved which terminates the RNA interference 

process. As an additional benefit, the activated complex recycles to make use of further gene silencing 

opportunities.  

 

Figure 1 The mechanism of RNA interference (RNAi). Reprinted with permission of Whitehead et al., from ‘Knocking down 

barriers: advances in siRNA delivery’, Nat Rev Drug Discov, 8, 2009. [3] 

This groundbreaking research paved the way for downregulating homologous mRNA, which to this day, 

holds an immense therapeutic potential. To induce RNAi effects, siRNA needs to enter the cytoplasm. 
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[4] Unfortunately, siRNA itself is unable to enter cells. The chemical structure of siRNA has been 

identified as the main reasons for hindering successful deliveries. siRNA is prone to degradation by 

nucleases, the negative charge of the phosphate backbone can be repelled by the negatively charged cell 

membrane, and the hydrophilic structure hinders the diffusion across cell membranes. [5, 6]  

It was inevitable that effective carrier systems that encapsulate siRNA, enable nucleic acid protection, 

and induce cell internalization would be found. Non-viral vectors, such as polymeric or lipid 

nanoparticles, have proven to be successful options. [7] Despite the recent success in siRNA-based drug 

approvels by the Food and Drug Agency (FDA), under the names of Onpattro®, Givlaari®, Oxlumo™, 

Leqvio® and Amvuttra™, all drugs target liver and kidney diseases leaving several untouched 

therapeutic areas.  

2. Endosomal Escape 

Nanoparticles can cross the cellular membrane through multiple different entry routes which can be 

categorized into an endocytosis-based uptake pathway and a direct cellular entry pathway. [8] Research 

has shown that polymer- and lipid-based nanoparticles most commonly follow endocytosis to generate 

cell internalization. [9-11] In order to achieve nucleic acid induced therapeutic effects, nanoparticle 

systems need to escape the endosome to enter the cytosol, for RNA drugs, and the nucleus, for DNA 

drugs. [10] Several mechanisms have been studied and developed to overcome the hurdle of the 

endosomal escape problem, shown in Figure 2.  

 

Figure 2 Endosomal escape mechanisms. A) Regular particle with no endosomal escape capabilities. B) pH buffering particle 

forcing osmolysis. C) Membrane disrupting particle. D) Particle swelling upon pH change. Reprinted with permission of Cupic 

et al., from ‘Controlling endosomal escape using nanoparticle composition: current progress and future perspectives’, 

Nanomedicine, 14, 2019. [12] 

If a molecule or nanoparticle system cannot pursue an endosomal release after internalization, it will get 

stuck in the endosome and subsequentially trafficked into an acidic lysosome at pH 4.7 (Figure 2A). 
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The lysosomal compartment contains a range of enzymes, such as proteases, nucleases, esterases and 

lipases, whose main role is the degradation of any material. [11, 13] Therefore, nanoparticle carriers 

need to be engineered to overcome the endosomal escape problem. Figure 2B describes a common 

strategy to induce endosomal escape via the proton sponge effect based on the buffering capacity. [14, 

15] Positively charged polymers or lipids can undergo pH buffering through protonation inside the acidic 

endosome (pH 5.5) which leads to an additional influx of protons and chloride counterions. The 

endosomal pressure will constantly rise which subsequently terminates in an osmolysis releasing the 

nanoparticle. Polymers and peptides have shown direct interaction with the endosomal membrane which 

leads to destabilization and hole formation for the therapeutic cargo to diffuse out of the endosome 

(Figure 2C). [16] Another way of inducing endosomal escape can be obtained by using core-shell gel 

particles which swell upon acidification forcing the membrane to rupture and releasing the cargo into 

the cytosol (Figure 2D). [17] 

To improve the performance of polymer- or lipid-based nanoparticles, several approaches can lead to 

endosomal escape mechanisms, as seen in Figure 2. Either existing polymers or lipids are refined by 

addition of chemical modifications, or novel molecules are synthesized to use the benefit of a tailor-

made approach precisely addressing the endosomal escape problem.  

3. Spray drying siRNA-embedded nanoparticles  

Spray drying is a procedure used in the chemical, pharmaceutical, cosmetic and food industry. In 

particular, inhalable powders are generated by spray drying. The process is appealing to laboratory and 

industrial setups because it enables rapid, continuous, reproducible, and scalable powder production in 

a single step. [18, 19] 

Spray drying is also known as atomization drying which depends on a quick evaporation process of 

small water droplets through the impact of tempered air. The continuous process can be divided into 

three parts. First, the fluid is pumped through a nozzle into the drying chamber in which atomization of 

the fed material into small, micrometer-sized droplets occurs. Subsequently, the droplets dry fast in 

tempered air. Lastly, dried microparticles are separated from drying air by a cyclone and collected into 

a vessel. (Figure 3).  

 

 

Figure 3 Spray drying process within a spray drying tower. Reprinted with permission of Sosnik et al., from ‘Advantages and 

challenges of the spray-drying technology for the production of pure drug particles and drug-loaded polymeric carriers’, Adv 

Colloid Interface Sci, 223, 2015. [19] 
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The design of the spray drying tower facilitates fine tuning of several process parameters. This includes 

the optimal setting of inlet and outlet temperature, flow rate of air stream, atomization pressure, spray 

drying speed and equipment design. [20] For instance, larger particle sizes will be obtained when 

combining the use of a high flow rate of the fluid feed with a large nozzle diameter. Conversely, a small 

nozzle diameter paired with a high atomization pressure will render in smaller particle sizes. [19]  

The sprayed material comprises of solutions, suspensions, and emulsions which are usually sugar-, i.e. 

lactose, or sugar-alcohol-based, i.e. mannitol. Furthermore, the performance or morphology of the spray 

dried powder can be enhanced by the addition of amino acids, other sugars, inorganic substances, or 

salts.   

The main advantages of spray drying are the improved chemical and physical stability of powders 

compared to liquid formulations as well as, process scalability and cost-effectiveness. [21, 22] 

Moreover, a broad spectrum of substances, including heat-sensitive molecules, can be dried without 

facing major adverse effects. [19, 23] Conversely, the main drawback of spray drying is the large yield 

loss of 30-80%. [24]  

The aim of the spray drying process is the quick and product-protective production of a microparticle 

powder which facilitates pulmonary drug delivery characteristics while keeping the cargo integrity and 

demonstrating a long shelf-life stability.  
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Chapter II - Microfluidics for nano-pharmaceutical and medical applications 

 

This chapter presents the first part of a book chapter that is submitted to Elsevier and peer 

reviewed: „Microfluidics for Cellular Applications“, editors U. Krühne, P. Luciani, G. Peroziello. 

Paperback ISBN: 9780128224823. © 2023 Elsevier B.V. All rights reserved.  
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Abstract 

Microfluidic mixing techniques are versatile and facile tools for improving reproducible production of 

pharmaceutics on the one side and mimicking a complex cellular microenvironment on the other. In the 

first part of this chapter, a summary of nanoparticulate drug delivery systems synthesized by 

microfluidic mixing is given. Different nanocarrier systems such as polymers, lipids, or a combinatorial 

approach, known as hybrid systems, are discussed in terms of advantages and disadvantages. This 

overall aim of microfluidic platforms is to improve patient outcomes by detecting individual diseases 

and discovering tailor made therapies. 

1. Introduction 

After the approval of Doxil in 1995 and Abraxane in 2005, nanomedicine has become a popular field of 

research not only for improved therapeutic outcomes in oncology. The ongoing pharmaceutical and 

medical need of inventing and creating new drugs, cell-based approaches and manufacturing 

technologies has motivated the field of microfluidics. For decades, it has been known that microfluidics 

reduces production costs, shorten the production steps and time, while providing a production platform 

with reproducible outcomes. These favorable conditions explain the increased demand for microfluidic 

devices as all-rounders in drug development, production and screening as well as in cell culture 

application and tissue engineering. 

This chapter will emphasize on the formation and utilization of nanoparticles for drug delivery and tissue 

engineering for pharmaceutical and medical applications. The first part will discuss the wide range of 

drug delivery systems produced using microfluidic devices. The second part will focus on in vitro 

experiments mimicking cell assays, native tissues, organs, or the entire body.  

2. Nanoparticulate drug delivery systems for pharmaceutical application 

Mixing plays an important role in generating appropriate drug delivery systems for pharmaceutical 

applications. Active pharmaceutical ingredients (APIs) show certain characteristics, such as 

hydrophobicity, hydrophilicity or thermolability, which need to be addressed choosing the most suitable 

delivery systems (Figure 1). Microfluidic mixing can be a conducive alternative to bulk mixing, 

particularly for the preparation of nanoparticle-based drug delivery systems. The microfluidic platform 

offers devices that are tailor-made, operating fast, reducing the overall costs, and becoming irreplaceable 

for the field of nanomedicine. Microfluidics increase the control over nanoparticle self-assembly to 

regulate the final nanoparticle size and size distribution, compactness, surface charge, drug loading 

efficiency, and release rate, which are all important properties for nanoparticle drug delivery systems. 

[25] 

The microfluidic device plays a key role in implementing a new era for producing nanoparticle drug 

delivery systems. The key determinant for success of such mixing techniques is controlling the local 

mixing environment. While macroscopic mixing methods often result in heterogeneous particles with 

broad size distributions, rapid-mixing methods provide a high-throughput and continuous approach for 

synthesizing nanoparticles with control over size and its translation from the bench-scale to clinical 

volume. [25-29] As described in other book chapters, a vast variety of devices offers a multitude of 

choices regarding chip material (glass or polymer based), flow pattern (continuous flow, segmented 

flow, multi-inlet vortex mixer and micromixers), mixing system (active vs. passive) and the inner 

diameters and lengths. [30].  
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Figure 1 Microfluidic methods as improvements for nanoparticle production in clinical drug development. With permission 
from Ref. [31]. Copyright 2017, Elsevier. 

This multitude of characteristics and combination possibilities makes the microfluidic device unique 

and allows to implement it practically anywhere. Due to the variety in structure and of different 

applications, as stated above, various approaches for creating nanoparticle drug delivery systems for 

pharmaceutical applications can be developed accordingly. In most nanomedicine approaches, the 

overall goal is drug encapsulation of small or biomolecules into particles with sizes around 100 nm or 

smaller (Figure 2). [32] Such small particles are preferred as natural defense mechanisms such as 

macrophages are known to detect and rapidly clear particles with sizes greater than approximately 250 

nm. [33, 34]  

 

Figure 2 A summary of nanoparticle characteristics that have been explored to optimize nanocarriers for drugs.  
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The carrier material used for drug encapsulation can vary from polymers, lipids, inorganic materials to 

proteins or combinations of all the latter. If surface modification is desired, the surface is most 

commonly modified by linking poly(ethylene glycol) (PEGylation), changing the surface charge or 

binding targeting ligands. PEGylation increases colloidal stability and extends blood circulation, 

whereas a specific ligand is expected to enhance a specific cell targeting and binding effect. [35, 36] All 

these features are chosen to create a suitable and tailor-made drug delivery system adapted to the 

respective application.  

2.1 Nanoemulsions 

Preparing nanoemulsions is one of the most basic methods that can lead to the formation of nanoparticles 

which can be used in cosmetics, foods, and coating industries. Nanoemulsions are dispersions of two 

different liquids consisting of water, oil, and an emulsifier, in which hydrophilic or hydrophobic drugs 

can be solubilized. [37] The droplet size of the nanoemulsion varies from 5 to 500 nm. [38] Increasing 

the surfactant concentration can even decrease sizes. [39] Nanoemulsions can either be fabricated using 

low-energy approaches such as spontaneous emulsification or emulsion phase inversion methods. These 

types are inexpensive and simple to implement because they require no specialized equipment, and they 

are highly effective at producing small droplets for certain combinations of oils and emulsifiers. [40, 

41] However, many oil or emulsifier types cannot be utilized in these approaches. Alternatively, high-

energy approaches, which are based on homogenization, can be used. Microfluidic mixing offers a 

versatile set-up in which the mixing can be combined with high pressure homogenization in a one-step 

process to form nanoemulsion-based nanoparticles in a very efficient way. [41, 42] Microfluidics have 

been employed to generate stable nanoemulsions suitable for drug delivery, in which the oil and water 

suspensions are separately injected into the microfluidic chip forming an emulsion in procedures shown 

in Figure 3.  

 

Figure 3 T-shaped microfluidic device for generating (A) oil in water (O/W), (B) water in oil (W/O), (C) oil in water in oil 
(O/W/O) and (D) water in oil in water (W/OW/) emulsions. With permission from Ref. [30] MDPI. 
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In comparison to traditional bulk emulsification, microfluidic devices are an alternative and versatile 

tool to generate uniform and size-controlled droplets in a nanometer scale. [30] An important feature of 

microfluidics is the ability to generate single, double, or multiple O/W, W/O, W/O/W and O/W/O 

emulsions. The flow rate of the continuous and dispersed phase controls the size, its distribution and 

number of droplets. [30] The formation of single, double or multiple emulsion based carriers can be 

achieved by combining cross-flow using X-, Y- or T-junctions, flow focusing and co-flow microfluidics. 

[43-45]  

Bai et al. compared the use of single- and dual-chamber microfluidizers to produce nanoemulsions in 

regard to the emulsifier concentration and homogenization pressure on the resulting particle size. For 

both devices, keeping the homogenization pressure at 13 kpsi, the increase in emulsifier concentration, 

from 0 to 3 wt%, decreased the mean particle size from 230 nm to 110 nm. By comparing the size 

distribution between the two methods, it was shown, that the dual-channel method produced monomodal 

distribution, even at low emulsifier concentrations. However, the single-channel method produced 

bimodal distributions at all emulsifier concentrations. The influence on the homogenization pressure 

was determined using a 1 wt% emulsifier concentration. By increasing the pressure from 9 to 19 kpsi, 

the droplet diameter size was reduced from 1.3 µm before homogenization to 121 nm at the highest 

pressure. The dual-channel outperformed the single-channel in smaller particle sizes and monomodal 

distribution. Furthermore, the dual-channel method produced nanoemulsions at oil concentrations up to 

50%. In comparison, the single-channel method was able to form nanoparticles at oil concentrations up 

to 10%. [41] This study shows that a dual-channel microfluidic device is more suitable for nanoparticle 

production based on nanoemulsions than single-channel or non-microfluidic methods. Their big 

advantage is that the production is performed in a single step. No premixing of the oil-water phase is 

necessary. Moreover, the separation of oil and water phase and merging the independent streams in a 

microfluidic device not only saves time and lowers the wasted materials, but also requires just a single 

pass of emulsion through the homogenizer, rather than multiple times for conventional homogenizers. 

[41] 

In a recent study, Toprakciouglu et al. fabricated a T-junction droplet generator which was formed by 

using a two-step lithographic process to form a nanochannel-in-microchannel device. The generated 

droplets show monodisperse nanosized water-in-oil emulsions with controllable sizes ranging from 2500 

± 110 nm down to 51 ± 6 nm. They demonstrated that the control over the nanodroplet diameter can be 

achieved by varying the ratio between continuous to dispersed phase flow rate. Furthermore, they 

showed that adding a protein monomer to the dispersed phase will lead to protein self-assembly and 

consequently to the formation of protein nanogels under high temperatures. [46]  

Summarizing, micro- or nanofluidic platforms provide support in various experimental set-ups to 

generate nanosized monodisperse nanoemulsions or nanodroplets. Their biggest advantage over general 

nanoemulsion fabrication is the control over the stream’s flow rate resulting in tailor-made reproducible 

sizes and PDIs.  

2.2 Liposomes 

Liposomes have been investigated since the 1970s and are commonly used in cosmetics but also in 

clinical oncology, favored by their amphiphilicity and lipid arrangement mimicking the biological cell 

membrane. Liposomes consist of phospholipids and surfactants creating sizes ranging from ten 

nanometers to a few hundred micrometers, and they can be composed of a single shell, unilamellar or 

mulitlamellar shells. Due to their spontaneous assembly into spherical bilayers in aqueous environment, 

liposomes can be loaded with hydrophilic or hydrophobic molecules making them universally suitable 

for a broad range of cargoes. Common preparation methods, such as sonication, extrusion or high-

pressure homogenization, allow for control over liposome size, lamellarity or drug encapsulation 

efficiency, but have to be performed in numerous subsequent steps. [30, 47, 48] 
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Liposomes show, in regard to their lipid bilayer mimicking biological membranes, a proficient 

encapsulation stability, non-toxicity, flexibility, biocompatibility and biodegradability. They can reduce 

the toxicity of the encapsulated agent as seen in Amphotericin B and Taxol. Furthermore, liposomes 

display the flexibility to be coupled with site-specific ligands to achieve active targeting. [49, 50] These 

characteristics paved the way for many liposomal-encapsulated drugs to target multiple diseases. [51] 

However, liposomes are also characterized by short shelf life and low physical stability, low 

encapsulation efficiency of certain APIs, and a rapid clearance from the bloodstream by phagocytic cells 

of the mononuclear phagocyte system (MPS). Moreover, liposomes show difficulties for scaling up and 

reaching clinical translation due to the batch-to-batch variability. [52-55] 

To overcome these limitations, microfluidics help creating a single-step mixing set-up in which the 

liposome formation through confluence of aqueous and organic phases is concised. [56, 57] Microfluidic 

methods for forming liposomes consist of electroformation and hydration, extrusion, flow focusing, 

pulsed jetting, double emulsion templates, ice droplet hydration, transient membrane ejection and 

droplet emulsion transfer. [58-72] Out of all methods, flow focusing is most frequently used to form 

liposomes because of its simple set-up in which one substance inlet meets one or multiple solvent inlets 

enabling a smooth self-assembly process. Furthermore, smaller vesicles are formed and a high-

throughput production is feasible. [73] Flow focusing is also favorable for delicate proteins or 

biomolecules because pulsed jetting, for instance, would create high shear stress which can cause 

aggregation and degradation of macromolecules. In addition, flow focusing can generate higher 

encapsulation efficiencies in comparison to ice droplet hydration, or double emulsion templates. [73]  

The initial work on generating monodisperse liposomes using a flow focusing device was proposed by 

Jahn et al. in 2004. The microfluidic set-up consisted of three inlets, in which two rectangular aqueous 

buffer channels flew opposite of each other and a phospholipid plus fluorescent dye solution in isopropyl 

alcohol flew between the aqueous layers. Throughout the length of the device, the solvents were able to 

mix, and the alcohol diffused into the aqueous solution. During the process, the alcohol dilutes past a 

critical concentration to form liposomes spontaneously. The mean radius of the liposomes was found to 

decrease from 140 nm to 40 nm when the aqueous buffer to phospholipid flow rate ratio was increased 

from 5:1 to 50:1. Unfortunately, no information on the encapsulation efficiency of the fluorescent dye 

inside the liposomes was stated. [63]  

Another example of using a hydrodynamic flow focusing device was published by Ran et al. They used 

the same one-step microfluidic method as Jahn et al. to form multifunctional liposomes. They 

encapsulated a fluorescence dye preparing three different formulations consisting of plain liposomes, 

PEGylated liposomes and folic acid-functionalized liposomes. The liposomes were formed by injecting 

the lipid-containing isopropanol solution to the central channel and adding phosphate buffer solution 

through two vertical channels. Increasing the flow rate ratio from 4:1 to 16:1 resulted in a decrease of 

liposomal size from 200 nm to 56 nm. Furthermore, these liposomes were stable in serum for at least 24 

hours. [74]  

Hamano et al. who used an automated microfluidic benchtop technology (NanoAssemblr® platform 

from Precision NanoSystems) to optimize curcumin loaded liposomes. [75] The advantage of using such 

benchtop systems lies in its easy and practical operation. Furthermore, this particular benchtop contains 

a cartridge with a microfluidic chip consisting of a Y-flow channel structure followed by a herringbone 

channel to increase diffusion and create a turbulent flow for particles to form. Most of the previously 

reported curcumin delivery systems suffered from low drug loading capacity, poor solubility and 

stability. [76, 77] Curcumin-liposomes, prepared with the above mentioned microfluidic system, 

exhibited a mean diameter of 120 nm with a low polydispersity index (<0.2) and superior loading 

capacity (17 wt. %) compared to other reported liposomal systems (<5 wt %). [78-80] Furthermore, the 

water solubility of curcumin was increased by 700-fold, leading to 8-20-fold increased systemic 
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exposure compared to the standard curcumin suspension formulation. When co-administered with 

cisplatin to tumor-bearing mice, such optimized curcumin-liposomes improved the antitumor efficacy 

of cisplatin in multiple mouse tumor models and decreased cisplatin-induced nephrotoxicity. [75]  

Concluding, microfluidic mixing, especially flow focusing, helps to create monodisperse and 

reproducible liposomes of sizes below 100 nm and offers distinct advantages over macroscale or batch 

approaches. The biggest advantage is that by increasing the flow rate ratio between aqueous and 

alcoholic solution, the liposomal sizes decrease. However, the decrease is not linear, and a method 

optimization is important for every independent liposomal system.  

2.3 Lipid nanoparticles 

Lipid nanoparticle (LNP) delivery technology is a revolutionary development that has grown since its 

first approved drug formulation, AmBisome, in Europe in 1990 and enabled clinical translation of gene 

therapies. LNPs can deliver small molecules, siRNA, mRNA, DNA, or gene-editing complexes. [81-

86] Most of all, the use of nucleic acids provides opportunities to treat diseases by silencing pathogenic 

genes, expressing therapeutic proteins, or correcting genetic defects. [87]  

LNPs are solid particles at room and body temperature, consisting of solid lipids or a mixture of a solid 

lipid and a liquid lipid. In comparison, liposomes are spherical vesicles formed by phospholipids and 

other physiologic lipids. [88] LNPs can be produced by high-pressure homogenization, ultra-sonication, 

double emulsion or solvent injection method. All these methods follow LNP formation via the same 

steps: formation, size reduction, purification, and sterile filtration. In particular, size reduction via 

extrusion is a challenging process, particularly when nucleic acids are encapsulated in LNPs. [89, 90] 

Microfluidic mixing, involving its rapid mixing, merges the formation and size reduction into a single-

step method. A water-miscible organic phase, i.e., ethanol that contains lipids, is mixed with an aqueous 

phase containing the respective small molecules or nucleic acids. Purification can be incorporated by 

using tangential flow filtration to remove the solvents, as well as any non-entrapped materials. 

Furthermore, a buffer exchange can be performed setting the needed pH value and stabilizing the 

formulation. [29, 91] It is favorable to use an organic solvent, such as ethanol, having a boiling point 

lower than water to easily remove or evaporate it in the last step. [82]  

Chen et al. used a rapid microfluidic mixing system to form LNPs entrapping siRNA by introducing 

groove structures to the device. The method consisted of a stepwise ethanol dilution. Hence, an alcoholic 

solution of the lipid was mixed with an equal volume of aqueous siRNA solution. Hereby, water 

decreased the lipid solubility and promoted LNP self-assembly. Further dilution with aqueous solution 

reduced the ethanol content and prevented particle aggregation. Furthermore, a high reproducibility of 

nanoparticle sizes of 70 nm for flow rates above 200 µL/min was shown and the encapsulation efficiency 

was determined at 80%. [92] One example of successful LNP loading with siRNA via microfluidics was 

the biggest breakthrough of siRNA therapeutics resulting in the EMA (European Medicines Agency) 

and FDA (Food and Drug Association, USA) approval of Onpattro® (Patisiran) for the treatment of 

hereditary amyloidogenic transthyretin (TTR) amyloidosis. The LNPs were formed by combining an 

ethanolic lipid stream, consisting of an ionizable-lipid, DLin-MC3-DMA (hepatriaconta-6,9,28,31-

tetraen-19-yl-4-(dimethylamino)butanoate), a phosphatidylcholine (1,2-disteraroyl-sn-glycero-3-

phosphocholine, DSPG), cholesterol and a coating lipid (polyethylenglycol-dimyristolglycerol, PEG-

DMG) with an acidic aqueous buffer containing siRNA in a microfluidic mixer with herringbone 

structure at a flow ratio of 1:1 (v/v). Maximum activity was exhibited at LNP-siRNA size of 80 nm. It 

was observed that smaller particles were less active because they were less stable and fusogenic, and 

larger particles (>100 nm) did not access hepatocytes. After formulation optimization, Patisiran 

underwent phase I – III clinical studies meeting all secondary endpoints. In fact, Patisiran did not only 

halt disease progression but even reversed it. [87, 93, 94] In a project using the same lipid phase at 

different molar ratios, Jyotsana et al. developed a reproducible ionizable cationic LNP system consisting 
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of an ionizable amino-lipid, entrapping siRNA for systemic delivery against the BCR-ABL fusion driver 

oncogene in chronic myeloid leukemia (CML). [95, 96] Highly efficient and non-toxic delivery of 

siRNA in vitro and in vivo with uptake of LNP-siRNA formulations in nearly 100% of bone marrow 

cells in a leukemia model was observed resulting in reduced leukemic burden in mice. [95] Importantly 

for industrial production, Belliveau et al. confirmed that scaling-up the microfluidic production process 

can be performed without losing batch quality. They combined six staggered herringbone mixers to 

obtain a total flow rate of 72 mL/min or a combined flux of 580 mg LNP/min (Figure 4). The siRNA 

entrapping LNPs obtained were produced at sizes between 54 nm and 28 nm and polydispersity indices 

as low as 0.05 and 0.08 based on dynamic lights scattering (DLS, number mode). The optimized 

formulations achieved 50% gene silencing in hepatocytes of mice. [97]    

 

 

Figure 4 6x scaled-up microfluidic device for LNP formulation using a staggered herringbone mixing (SHM) system. With 
permission from Ref. [97]. Copyright 2012, The American Society of Gene & Cell Therapy. 

The success of mRNA LNP formulations in the 2019/2020 SARS-CoV-2 pandemic would not have 

been possible without the microfluidic LNP formulation know-how available at Acuitas Therapeutics. 

[98] While the proprietary production procedures are not published, the advantages of RNA 

encapsulation in LNPs were described above.  

As demonstrated in the examples discussed above, scalable production methods are available for 

microfluidic preparation of LNPs, and the influence of lipid compositions can be chosen to obtain 

particles with optimized uptake and endosomal escape properties. [99] For instance, ionizable lipids are 

used to reduce size and facilitate particle uptake. The use of cationic or ionizable lipids will also complex 

anionic molecules or nucleic acids to protect them from degradation. [99, 100] The LNP design 

parameters are influenced by microfluidic structure, flow rates and dilution of drug solution. In addition, 

LNP preparation can be fine-tuned to tailor particle modification, size, and encapsulation efficiency.  

2.4 Polymeric nanoparticles 

Polymers offer a big variety and diversity in design and synthesis which enables many possibilities for 

them to be integrated in a nanotechnology system. [101] Hence, polymers can be used to produce solid 

sphere nanoparticles, micelles, vesicular polymersomes, polyplexes, polymer-drug conjugates, and 

dendrimers. [102, 103] The preparation of polymeric nanoparticles is similar to the preparation of lipid 

nanoparticles and most commonly performed using emulsion and/or precipitation methods. The 

nanoparticle formation can be obtained using a one- or a two-step method. A one-step method does not 

require an emulsification process. Nanoparticles form through precipitation in conditions of spontaneous 

dispersion formation or self-assembly. In a two-step method, firstly an emulsified system is prepared 
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followed by precipitation or gelation of a polymer. Comparing both techniques reveals some advantages 

and disadvantages for each method. The biggest advantage of a one-step method is that the 

nanoprecipitation can be performed by using only three basic ingredients: the polymer, the polymer 

solvent, and the non-solvent, i.e., acetone. Hence, the experimental set-up can be developed further. The 

nanoparticle formation is obtained by a rapid diffusion after adding the polymer solution to the non-

solvent. The resulting polymeric nanoparticle size is well defined around 200-300 nm and characterized 

by a narrow distribution. [104] On the other hand, a two-step method starting with an emulsification 

followed by precipitation, introduces a lot of variables to the experimental set-up which can be 

favorable, but can also add complexity. The droplet size range of the emulsion can vary from 10 µm to 

10 nm depending on producing a macroemulsion or a microemulsion. In regard to the size and the chosen 

emulsion type, polydispersity can also vary amongst wide range between the different methods. 

Furthermore, stability plays an important role during emulsion formation and the time frames of stability 

can differ from a few seconds, in macroemulsions, to an infinite stability upon constant storage 

conditions in microemulsions, a thermodynamically stable system. Another big disadvantage is the 

amount of equipment that is needed, such as mechanical stirrers, high pressure homogenizers and colloid 

mills. [104] This process is followed by the precipitation and solvent extraction. Hence, many steps are 

needed to obtain polymeric nanoparticles and a simpler method that contains all different experimental 

steps in a single set-up, and still ensuring monodisperse sizes, would be favorable. Microfluidic mixing, 

in its tailor-made design simplifies all requirements. The following polymers are regularly used in 

microfluidic nanoparticle formation: polylactic-co-glycolic acid (PLGA), poloxamer, chitosan, 

hyaluronic acid, or alginates. [105-120] 

Majedi et al. described that chitosan particle formation in an 2D-hydrodynamic flow focusing (2D-HFF) 

system was driven by pH changes in the aqueous environment. [121] The polymer solution was simply 

mixed with alkaline water (pH 9.0) to form nanoparticle sizes of sub 200 nm. It was shown that paclitaxel 

was encapsulated at an efficiency above 95%, and the nanoparticles conserved the drug’s potency. In 

addition, the use of 3D-hydrodynamic flow focusing (3D-HFF) devices allowed to produce PLGA, 

PLGA-b-PEG and hydrophobically modified chitosan nanoparticles in the range of 20-350 nm given 

the advantages of 3D-coaxial flow with a more rapid and uniform mass transfer. [113, 122, 123] Further 

mixing techniques are the multi-inlet vortex mixer (MIVM) and confined-impinging jet mixers (CIJM). 

These methods have been used to improve the precipitation of PLGA-b-PEG with docetaxel and insulin. 

The advantage of these systems is rapid mixing driven by the collision of fluids under a high shear rate 

and an instant molecular diffusion among these fluids. Possible drawbacks could be shear stress causing 

aggregation of biomolecules such as insulin and potential increases in temperature which could 

negatively affect thermosensitive drugs and polymers. A particle size below 100 nm and a narrow size 

distribution (PDI < 0.2) were obtained both in case of insulin and docetaxel encapsulation. [31, 124]  

Polyplexes, a sub-class of polymer-based nanoparticles, undergo spontaneous formation of oppositely 

charged molecules based on electrostatic interactions of polycations and negatively charged 

counterparts, i.e. nucleic acids.[125] Amongst polymer materials for nanoformulation and delivery of 

nucleic acids, cationic polymeric materials, i.e. polyethylenimine (PEI), PEI-derived-block copolymers, 

such as PEG-poly(caprolactone) modified PEI (PEG-PCL-PEI), chitosan or poly(β-amino esters) 

(PBAE) are well established as non-viral delivery systems. [34, 126-128] The polyplex formation 

reaction is commonly performed by bulk mixing and often results in batch-to-batch variability regarding 

polyplex size and polydispersity. [129, 130] Furthermore, polyplex formation via pipetting generates a 

lower polyplex concentration in suspension limiting in vitro and in vivo experiments. [131] Therefore, 

directed and controlled mixing as it can be performed in a microfluidic mixer has been discussed to offer 

an approach for overcoming such issues. Depending on the microfluidic device chosen for polyplex 

assembly, an aqueous solution containing nucleic acids or other active ingredients and an aqueous 

solution containing a polymer are directed at a certain flow rate. Their mixing ratio is usually shifted to 
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the polymer side generating a polymer excess and commonly positively charged polyplexes are obtained 

which facilitate cell uptake by adsorptive endocytosis. [132-134] Wilson et al. mixed polymer and 

plasmid DNA solution at a 1:1 v/v ratio in 25 mM sodium acetate in a self-built polydimethylsiloxane 

(PDMS) chip to generate PBAE/DNA complexes. [128]  The obtained polyplexes showed sizes of 

around 100 nm, detected by nanoparticle tracking analysis (NTA). Uptake efficiency in over 70% of 

human glioblastoma cells (GB319) was obtained and no cell toxicity was detected in a cell proliferation 

assay (MTT), a colorimetric assay assessing cell metabolic activity. Subsequent lyophilization and 

storage at -20°C retained the sizes, its distribution and efficacy for at least three months. [128] In a 

different example of microfluidic polyplex assembly, Wang et al. prepared DNA polyplexes with 

cyclodextrin-grafted-PEI (CD-PEI) using a digital microfluidic droplet generator (DMDG). To obtain 

tailored nanoparticles, additional building blocks with specific ligands, such as arginylglycylaspartic 

acid (RGD) and/or a peptide derived from the transactivator of transcription (TAT) of the human 

immunodeficiency virus (HIV) were incorporated. The optimization resulted in a library of 648 

nanoparticle formulations which were screened to detect the best transfection efficiency of plasmids. 

The best formulation consisted of 0.60 µM CD-PEI, 0.60 µM of TAT and 0.28 µM of RGD with sizes 

of 40 nm and a zeta potential of 3.7 mV, measured by DLS. Furthermore, the polyplexes kept their sizes 

at pH values ranging from 5.0 to 9.0 and over a time of 48 hours. The transfection efficiency (> 70%) 

of this formulation resulted in a superior behavior compared with Lipofectamine 2000 and RGD-PEI in 

all tested cell lines. [135] We showed recently that a decrease in size of siRNA/PEG-PCL-PEI from 260 

nm (bulk mixing) to 122 nm (microfluidic mixing) may not affect their in vitro behavior in conventional 

cell culture but that in vivo smaller polyplexes, prepared by microfluidics, which were administered to 

the lung more efficiently silenced endogenous gene expression. [34] This observation was explained by 

the multitude of clearance mechanisms in the lung which smaller particles apparently escape more 

efficiently, while larger particles sediment faster in cell culture. Polyplexes of siRNA and PEG-PCL-

PEI were later described to silence the DNA repair genes ERCC1 and XPF1 in lung cancer more 

efficiently than lipofectamine lipoplexes, leading to restored cisplatin sensitivity in previously cisplatin 

resistant lung cancer cells. [136] 

Polyplexes have also shown to be successful delivery systems for peptide-based drug molecules. In a 

multi-inlet vortex mixer having four independent inlets, insulin-loaded nanoparticles were engineered 

by simultaneous infusion of water and aqueous solutions of chitosan, tripolyphosphate (TPP) and 

insulin. The insulin-loaded chitosan nanoparticles prepared via microfluidics showed smaller average 

particle sizes (45 nm), narrower size distributions and a higher encapsulation efficiency (90%) in 

comparison to the same particles prepared by drop wise addition (240 nm). Stability studies of 

nanoparticles produced via microfluidic mixing confirmed that physicochemical properties of 

reconstituted polyplexes, after lyophilization and storage at -20°C for 6 months, did not alter to freshly 

prepared polyplexes. Oral administration of the smaller insulin loaded chitosan nanoparticles in a rat 

model of type I diabetes resulted in an effective control of the blood glucose levels. [31, 137] 

2.5 Hybrid nanoparticles 

While improving the solubility of hydrophobic drugs via formulation in cyclodextrins or emulsions is 

commonly addressed by classic galenics, hydrophilic drug molecules with high solubility but poor 

permeability or drugs with low solubility and low permeability require efficient formulation for 

intracellular delivery. [138, 139] This is particularly important for nucleic acid based drugs such as 

siRNA, proteins, and some anticancer drugs such as docetaxel. [140, 141] The goal is to improve 

entrapment efficiencies and drug recovery rates to widen applications for drugs with low drug 

permeability. [142, 143] As discussed above, water-soluble polymers can encapsulate hydrophilic drugs 

and improve their drug delivery. If the drug molecules are charged such as nucleic acids or insulin, they 

can be encapsulated by charge-charge-interactions, but the biggest drawback of polyplexes is their 
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physical instability, aggregation, or dissociation in high salt environment. To further stabilize 

polyplexes, so-called lipid-polymer hybrid nanoparticles (LPHNP) can be formed by coating a polyplex 

core with a lipid shell. In comparison to polyplexes, the hybrid nanoparticle formation does not merely 

rely on electrostatic interactions creating a stable nanoparticle. [144-146] LPHNP can be produced 

through a two-step or single-step preparation method. In the two step-method, the polymeric core and 

the lipid shell are prepared separately and then merged by direct hydration, sonication or extrusion. [147-

149] Nowadays, the single-step method is preferred mixing the polymer, lipid and the incorporated drugs 

to form the LPHNP via self-assembly using a microfluidic system. [150, 151]  

In 2020, Tahir et al. compared LPHNP loaded with Sorafenib prepared via bulk nanoprecipitation or a 

microfluidic co-flow mixing technique with a glass capillary microfluidic device. [152] The 

morphological analysis of LPHNPs prepared by bulk nanoprecipitation revealed well-defined spherical 

nano-sized particles of 200 nm size with PDIs of 0.21-0.25. In contrast, core-shell morphology was 

observed in particles prepared by microfluidic mixing at sizes of 190-200 nm and PDIs below 0.16. The 

formulation indicated higher encapsulation efficiency (95% vs. 86-89%) and controlled release of 

Sorafenib from the particles as compared to the LPHNPs obtained by bulk nanoprecipitation. In addition, 

the colloidal stability, in vitro cytotoxicity, and cell growth inhibition studies of LPHNPs also 

demonstrated stability in biological media, biocompatibility and safety with enhanced anti-proliferative 

effects than free Sorafenib in breast cancer and prostate cancer cells. [152] A different approach was 

developed by Zhang et al. They used the microfluidic mixing technique to form controllable core-shell 

nanoparticles with polymer cores and lipid-monolayer- or lipid-bilayer-shells. The microfluidic device 

consisted of two stages. The first stage had three inlets. The main synthesis channel was fed with PLGA 

or lipid solution to undergo precipitation and form the core nanoparticle. The second stage comprised 

of a middle inlet-channel, to introduce the lipid or PLGA to the system, and a spiral synthesis channel. 

Both hybrid systems obtained sizes of just above 100 nm. However, lipid-bilayered particles require 

twice as much lipid than monolayered nanoparticles to completely cover the PLGA core. This results in 

lower flexibility, but also a more efficient cellular uptake and thus superior anticancer effects than 

bilayered particles. [153] Wei et al. used a multi-stage microfluidic device to form core-shell lipid-PCL-

PEI-siRNA nanoparticles (LPS NPs). The chip is organized in a way that every part of the LNP NP will 

be added consecutively. The siRNA is compressed in a hydrophilic core of reverse PCL-PEI micelles 

coated with a neutral lipid membrane consisting of cholesterol, DOPE, a phosphatidylethanolamine, and 

DSPE-PEG, a phosphatidylglycerol modification. Uniform sizes of 120 nm, a PDI of 0.18 and 

encapsulation efficiencies of almost 98% were detected. In comparison, bulk mixing led to sizes of 200 

nm, a PDI of 0.26 and 79% encapsulation efficiency. Furthermore, these LNP NPs demonstrated 

significant downregulation of mRNA and protein expression level both in vitro and in vivo. [154] 

The possibility to merge the advantages of polymers and lipids results in great potential for hybrid 

nanoparticles to be a versatile nanoparticulate drug delivery toolbox for pharmaceutical applications. 

[101] In combination with microfluidic systems, a simple all-in-one formulation set-up will give enough 

flexibility to change and optimize physicochemical characteristics or drug loading efficiencies.  

2.6 Theranostic nanoparticles 

Theranostic nanoparticles combine a therapeutic and diagnostic application in one delivery system. The 

particle structure can consist of polymers, lipids or a hybrid combination and can incorporate multiple 

agents, such as therapeutic drugs and imaging agents. [155-158] These theranostic nanoparticles can 

also achieve specific targeting, enhanced blood circulation and enhanced penetration, as all 

nanoparticles discussed above. Surface modifications target specific cells or cellular markers to exploit 

their diagnostic aspects. A controlled or stimuli-driven release of the therapeutic agent is often required 

to account for the theranostic characteristics. The formation of theranostic nanoparticles occurs in the 

same way as polymeric, lipid or hybrid nanoparticles are formed. Precipitation is the nanoparticle 
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forming step. Microfluidics help to simplify the preparation procedure by incorporating a controlled 

flow to form uniform nanoparticles with diagnostic and therapeutic features. [157, 159]  

Mosayebi et al. highlighted recent advances in microfluidic preparation from nanoparticle synthesis and 

functionalization steps to the final design considerations of physicochemical properties such as size and 

shape, composition, hydrophobicity, and surface charge (Figure 5). They incorporated magnetic 

nanoparticles (MNPs) as diagnostic means and modified the particles to evade the body’s immune 

system targeting several different cancer types. Magnetic polarization and magnetophoretic mobility in 

a magnetic field form the basis of magnetic drug targeting. MNPs that respond to the magnetic field can 

be attracted to their targets. The applied magnetic field can keep the MNPs localized to their target sites. 

A wide range of synthetic routes such as wet chemistry, state-of-the-art microfluidic reactions, and 

biogenic routes, along with nanoparticle coating to stabilize the resulting MNPs can be incorporated. 

Additionally, key aspects of prolonging the half-life of MNPs via overcoming the sequential biological 

barriers are covered through unraveling the biophysical interactions at the bio–nano interface and 

propose a set of criteria to efficiently modulate MNPs’ physicochemical properties. [160] Concepts of 

passive or specific targeting for successful cell internalization have been described in the literature for 

theranostic particles prepared by microfluidics. [31, 161] The unique properties of cancers can thus be 

exploited, and novel targeting ligands can be developed accordingly.  

 

Figure 5 Theranostic applications of magnetic nanoparticles (MNPs) 

Kim et al. used as 2D-hydrodynamic flow focusing technique to produce high density lipoprotein 

(HDL)-derived nanoparticles that were able to incorporate simvastatin, as a hydrophobic drug, as well 

as gold, iron oxide, quantum dots or fluorophores as diagnostic agents. Therefore, these HDL-particles 

can be considered a targeted delivery therapeutic and can be detected by computed tomography (CT), 

magnetic resonance imaging (MRI), or fluorescence microscopy. Their sizes varied from 30 nm to 10 

nm, decreasing by increasing the Reynolds number. 

Another example of a theranostic approach described hybrid nanoparticles prepared by microfluidic 

mixing as fine-tuned bone-seeking nanoparticles. The nanoparticles consisted of bisphosphonate 

conjugated PLGA chains co-encapsulating superparamagnetic iron oxide nanoparticles, as an MRI 

contrast agent, and paclitaxel, as the cytostatic therapeutic. It was shown that by reducing the flow ratio 

the particles sizes were decreased to 60-70 nm. These HNPs were labeled by fluorescein isothiocyanate 

(FITC), and the bisphosphonate part resulted in a strong affinity for hydroxyapatite, as demonstrated in 

an in vitro bone-binding assay, which was further supported by molecular dynamics simulation results. 

An in vivo proof of concept study verified the prolonged circulation of targeted microfluidic HNPs 

compared to non-targeted nanoparticles or targeted bulk-synthesized particles. Biodistribution as well 
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as noninvasive bioluminescence imaging experiments, by luciferin injection, showed high tumor 

localization and higher level of tumor suppression of the bone metastatic tumor using targeted 

microfluidic HNPs. [157] 
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Abstract 

Polyplexes have shown to be successful drug delivery systems, useful to encapsulate nucleic acids and 

to enable more precise targeting with a controlled release. However, reproducibility and scalability are 

major concerns in industrial preparation of polyplex formulations. Polyethylene imine (PEI)-based 

polyplexes facilitate siRNA complexation, cell internalization and endosomal escape. However, the 

excess positive charge can increase cytotoxicity and an inability to release nucleic acids leading to 

insufficient therapeutic effects. The addition of hydrophobicity and/or hydrophilicity can improve the 

polyplex’ performance. PEI’s performance can be improved covalently linking polycaprolactone (PCL) 

and polyethylene glycol (PEG) to it, generating block-copolymers. Tuning the polymer hydrophilic-

hydrophobic balance, the particle’s affinity for the cell membrane and leaving the endosome can be 

increased, the degradation rate slowed down, the polymer’s solubility improved, aggregation is 

minimized, and colloidal stability increased.  

This aim of this work was to test newly synthesized PEG-PCL-PEI (PPP) polymers as building block of 

polyplexes to improve the performance of physicochemical properties and in vitro compared to PEI-

based polyplexes. Polyplex formation was established through aqueous microfluidic mixing using a 

Dolomite Micromixer® system and compared to direct pipetting. PPP polyplexes resulted in sizes < 100 

nm at more homogeneous and smoother complexation. Furthermore, microfluidic mixing led to a more 

uniform charge distribution and increased colloidal stability. In vitro performance revealed a superior 

behavior of PPP- over PEI-based polyplexes. PPP polyplexes achieved a 3-fold increase in cell uptake 

and more than 50% gene silencing at no cytotoxic activity.        

1. Introduction 

Nucleic acids themselves lack the ability to be taken up into the cells and regulate cell expression 

because of rapid nuclease cleavage and renal and hepatic clearance. [162] Therefore, viral and non-viral 

carriers have been used to protect nucleic acids from degradation, minimize exposure to off-target cells 

and maximize delivery to on-target cells. [163] Non-viral systems, based on lipids or polymers, are more 

favorable because polymeric drug delivery systems have shown to be advantageous regarding safety 

profiles, mutagenicity and productions costs. [164] However, some biological hurdles, such as efficient 

cellular uptake, rapid endosomal escape of genetic cargo into the cytosol, and efficient nucleus 

localization, need to be overcome. [165, 166] Polyethyleneimine (PEI) is one of the most studied 

polymers used as a nucleic acid carrier system. Its structure consisting of a protonable amino group for 

every third atom enables the electrostatic complexation with negatively charged nucleic acids, such as 

siRNA, to form polyplexes. Even though PEI-based polyplexes facilitate cell internalization and 

endosomal escape, the excess positive charge leads to cell membrane damage followed by increased 

cytotoxicity and the inability to release their cargo renders in insufficient therapeutic effects. [167, 168] 

Studies have shown that the molecular weight and cationic densities influence the cytotoxicity while 

affecting transfection and endosomal escape behavior. [11] Low molecular weight PEI is less toxic but 

causes increased endosomal entrapment. Therefore, cationic polymers, such as PEI, face a dilemma 

associated with an efficiency versus toxicity trade-off which needs to be solved. [167] Synthesis of new 

polymers or modification of existing polymers delved into the problems of cationic polymers by 

improving biocompatibility and transfection performance at the same time. [169] The chemical toolbox 

enables various approaches of designing novel polymers, such as block addition, grafting or branching 

out. [170-172] Moreover, the integration of hydrophobic or hydrophilic groups has shown to refine the 

polyplex formation, impact the cellular uptake, facilitate cargo release and lower cytotoxicity. [170, 173] 

Hydrophobicity can be increased by adding amphiphilic polycaprolactone (PCL) blocks. PCL is 

biodegradable, biocompatible, increases the particles’ affinity to adhere to the cell membrane and shows 

a slow degradation rate. [34, 174] However, increasing the hydrophobic part may lead to polymer 

insolubility in aqueous solutions. PEGylation, the addition of poly(ethylene glycol) (PEG), can help to 
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increase hydrophilicity and ensures an improvement in solubility of the polymer, minimizes its 

aggregation, increases colloidal stability and acts as a stealth agent to prevent macrophage clearance of 

nanoparticles. [175-178] On the other hand, high molecular PEG has shown to reduce cellular uptake 

and endosomal escape. [179] To overcome the hurdles that PEI polymers face, planning the synthesis 

of novel PEI-based polymers can lead to synergistic outcomes  

In prior studies PEG-PCL-PEI (PPP) triblock copolymers were synthesized with the aim of combining 

the advantages of each individual component optimizing siRNA encapsulation and physicochemical 

properties as a nucleic acid drug delivery system. [170, 180-182] PPP helped to create polyplexes that 

promoted trans-membrane transport improving the transfection efficiency of nucleic acid-based 

nanoparticles. [170] The triblock copolymer mostly consisted of a hyper-branched 25 kDalton (kDA) 

PEI enabling endosomal buffering capacity and a proton-sponge effect promoting endosomal escape. 

The PCL block was kept to 342-800 Da, of which higher molecular weight PCL reduced cytotoxicity. 

PEG blocks were kept at 2 kDa as longer PEG-chain lengths can reduce cytotoxicity as well. [170, 183] 

The triblock copolymers demonstrated reduced cytotoxic effects at increased transfection efficiencies 

compared to hyper-branched PEI. Feldmann et al. used a PPP polymer consisting of 5 kDa PEG, 570 

Da PCL and 25 kDA PEI to form siRNA polyplexes using a microfluidic mixing approach. [34] While 

direct pipetting is poorly suited to reproducibly generate uniform particles, microfluidic mixing uses the 

approach of molecular diffusion and turbulent mixing to rapidly form reproducible nanoparticle batches. 

[125, 184] Furthermore, a more homogeneous complexation could benefit from a more uniform charge 

distribution, increase in colloidal stability of nanoparticles, and improve transfection efficiency. [185] 

It was shown that the obtained nanoparticles resulted in smaller sizes at reduced size distribution and 

efficiently delivered siRNA in vivo. However, only one triblock copolymer was synthesized and the 

sizes of >120 nm at PDIs between 0.3 – 0.52 were worthy of improvement.  

The aim of this work was to test newly synthesized PEG-PCL-PEI (PPP) polymers as building block of 

polyplexes by improving the previously stated polymers’ performance using microfluidic mixing. The 

polymer composition was adapted reducing the molecular weight of PEG to 2 and 4 kDa, increasing 

PCL molecular weight to 1 and 2 kDa and using branched PEI at 10 kDa, respectively. Moreover, 

different grafting densities were synthesized as higher grafting degrees of the amphiphilic chains showed 

to enhance siRNA delivery in vivo. [181] We hypothesize an improvement of transfection efficiency by 

reducing the PEG content and increasing the hydrophobicity. Simultaneously, a less branched PEI at 

lower molecular weight should reduce its initial cytotoxicity by not affecting the endosomal escape. 

Physicochemical properties were tested, and targets were set at sizes of <100 nm and PDI values of 

about 0.2 at full siRNA encapsulation. Furthermore, in vitro performance was evaluated in the form of 

cell uptake, protein knockdown and cytotoxicity in adenocarcinoma cells H1299. PPP- should 

outperform PEI-polyplexes in vitro generating a gene knockdown of at least 50%.   

2. Materials & Methods 

2.1 Materials 

Dicer substrate double-stranded siRNA targeting green fluorescent protein (DsiRNA EGFP, 25/27) 

(siGFP), scrambled, non-specific control (siNC) and amine modified siRNA labeled with succinimidyl 

ester (NHS) modified AF 488 (siAF488) (Life Technologies, Carlsbad, USA) were purchased from IDT 

(Integrated DNA Technologies, Inc., Leuven, Belgium). [186] Tris-EDTA buffer solution 100x 

(T9285), RPMI-1640 medium (R8758), fetal bovine serum (FBS) (F9665), penicillin-streptomycin 

(P/S) (P4333), G418 disulfate salt solution (G8168), Dulbecco’s phosphate buffered saline (D-PBS) 

(D8537), methylthiazolyldiphenyl-tetrazoliumbromid (MTT) and 2,4,6-trinitrobenzene sulfonic acid 

(TNBS)  were purchased from Sigma-Aldrich, a subsidiary of Merck KGaA (Darmstadt, Germany). 
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Black 96-well plates (10307451), were bought from Thermo Fisher Scientific (Schwerte, Germany). 

Micromixer® chip was bought from Dolomite Microfluidics, Blacktrace Holdings Ltd., Royston, UK.  

2.2 Triblock copolymer PEG-PCL-PEI (PPP) synthesis 

The synthesis of triblock copolymers based on methoxy-poly(ethyleneglycol)-block-poly(ɛ-

caprolactone)-graft-branched-poly (ethylenimine) mPEG-b-PCL-g-br-PEI was performed as described 

before (Figure 1A). [170, 187-189] The components consisted of mPEG (2 000 and 4 000 g/mol), PCL 

(250, 1 000 and 2 000 g/mol) and branched PEI (10 000 g/mol). The grafting density was calculated 

using 1H-NMR spectroscopy. Furthermore, the polymer’s solubility in highly purified water (HPW) was 

examined after sterile filtration using a 0.22 µm syringe filter (Figure 1B).  

 

Figure 1 A) Chemical structure of triblock copolymer methoxy-poly(ethyleneglycol)-block-poly(ɛ-caprolactone)-graft-

branched-poly (ethylenimine) (mPEG-PCL-g-br-PEI, PPP). B) Table overview of different triblock copolymers including the 

molecular weight of each individual component and the final grafting density (g). 

2.3 TNBS assay for PEI quantification in PPP polymer 

The total amount of PEI in triblock copolymer PPP can be calculated using the 2,4,6-trinitrobenzene 

sulfonic acid (TNBS) assay. Polymers were dissolved in HPW to get a concentration of 1 mg/mL. This 

concentration was diluted 200 times to reach a polymer concentration of 0.5 µg/100 µL. Subsequently, 

a PEI (1 mg/mL) standard curve was prepared by diluting 13.4 µL in 336.6 µL HPW. Further dilutions 

prepared a PEI mass range of (1.914 µg – 0.166 µg). An aliquot of 100 µL of each sample was pipetted 

into a transparent 96-well plate and mixed with 30 µL of 0.088% TNBS (w/V) in 0.1 M borax buffer. 

The plate was left for 1 h incubation under light exclusion. The absorbance was measured at 405 nm 

using a microplate reader (TECAN Spark, TECAN, Maennedorf, Switzerland). The data are shown as 

concentration of PEI (mg/mL) in comparison to the triblock copolymer PPP (1 mg/mL) and PEI amount 

detected via 1H-NMR (Table 1).  

Table 1 TNBS measurement results of PEI vs. calculated PEI concentration in various triblock copolymers PEG-PECL-PEI 

(PPP).   
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2.4 PEG-PCL-PEI (PPP) polyplex preparation 

The polyplexes were formed by encapsulating siRNA in PPP polymers. Prior to the polyplex formation, 

all polymers were dissolved in highly purified water (HPW) to reach a concentration of 1 mg/mL. The 

amount of polymer needed was calculated by the following equation taking into account the PEI 

concentration found by the TNBS assay: 

PEI (pg) = Mw (PEI) x siRNA nucleotides x N/P ratio x siRNA amount (pmol) 

Mw (PEI): Molecular weight (Mw) of PEI’s protonable unit is 43.04 g/mol. siRNA nucleotides: the 

number of nucleotides in siRNA sequence is 52, due to 25/27 base pairs. N/P ratio: the charge ratio 

between the cationic groups on the PEI molecule to the anionic phosphate in the RNA backbone. 

All polyplex formulations consisted of 50 pmol siRNA (siAF488, siGFP, siNC). To form PPP 

polyplexes via microfluidic mixing, the hydrophobic Dolomite Micromixer®, was used. The set-up of 

the mixer enabled a polyplex formation as described before. [34] The flow rates were controlled by 

syringe pumps (KD Scientific Inc, USA) set to 1.0 mL/min. N/P ratios were set between 1 – 10, although 

all further experiments were performed using N/P ratio 6. The microfluidic chip was washed with HPW 

prior and with isopropanol after usage. PPP polyplexes were ready to be used directly after collection.  

2.5 Hydrodynamic diameter and zeta (ζ) potential measurements of PPP polyplexes 

Hydrodynamic diameters and polydispersity indices (PDI) of HLPNPs (70 µL, 500 pmol siRNA per 

mL) were measured, dispersed in highly purified water (HPW), in disposable cuvettes (Brand GmbH, 

Wertheim, Germany) using the Zetasizer Nano ZS instrument (Malvern Instruments Inc., Malvern, 

U.K.). All samples were detected at a backscatter angle of 173°. Results are presented as Z-average size 

(nm) ± SD and analyzed via polynomial fit. Zeta potentials were measured by Laser Doppler 

Anemometry (LDA) using a Zeta Cell (Zetasizer Nano series, Malvern, UK) containing a 6.5X dilution 

of the same 70 µL sample of HLPNP suspension in HPW. For each HLPNP formulation, measurements 

were presented as an average charge (mV) ± SD. 

2.6 PPP polyplex encapsulation efficiency 

A SYBR-Gold assay was performed to determine the siRNA encapsulation efficiency of PPP 

polyplexes. All samples were loaded with 50 pmol siRNA at N/P ratios 1-10, as described in 2.3. Firstly, 

100 µL of each sample were transferred into a black 96-well plate, followed by the addition of 30 μL of 

4x SYBR-Gold (Thermo Fisher Scientific). The plate was incubated for 10 min under light exclusion. 

Measurements were done using a FLUOstar Omega multi-mode microplate reader (BMG LABTECH 

GmbH, Ortenberg, Germany) at an excitation wavelength of 485/20 nm and an emission wavelength of 

520/20 nm. siRNA samples served as a positive control to set the 100% value of free siRNA. Results 

were presented as the mean ± SD, n = 3. 

2.7 In vitro characterization of PPP polyplexes 

2.7.1 Cell Culture 

The human non-small cell lung carcinoma cell line H1299 (ATCC CRL-5803) and the same cell line 

stably expressing enhanced green fluorescence protein (eGFP, H1299-GFP) were cultured in RPMI 

1640 medium supplemented with 10% FBS, 1% P/S and additional 0.4% G418 for H1299-GFP cells. 

Cells were passaged every 3 days with 0.05% v/v trypsin and subcultured in 75 cm2 flasks. Cells were 

kept in a humidified atmosphere at 37 °C with 5% CO2. 

2.7.2 In vitro uptake of PPP polyplexes in H1299 cells 

For uptake experiments, amine modified siRNA (Integrated DNA Technologies, Coralville, USA) was 

labeled with succinimidyl ester (NHS) and linked to AF 488 (Life Technologies,Carlsbad, USA). PPP 
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polyplexes were prepared as described above loading 50 pmol siRNA. Lipoplexes were prepared with 

Lipofectamine (LF) 2000 at 50 pmol siRNA acting as a positive control. H1299 cells were seeded at a 

density of 50 000 cells per well in a 24-well plate (Thermo Fisher Scientific). Each well was filled with 

500 µL medium and left for 24h incubation at 37°C and 5% CO2. Subsequently, cells were transfected 

with 100 µL of PPP polyplexes and left for another 24 h incubation time. As negative controls, blank 

samples were seeded and left untreated. Cells were harvested and washed three times before 

resuspension in 500 μL PBS/2 mM EDTA (Sigma-Aldrich). Samples were analyzed using an Attune 

NxT flow cytometer (Thermo Fisher Scientific) with 488 nm excitation and 530/30 nm emission filter. 

All PPP polyplex samples were gated by morphology for a minimum of 10 000 viable cells. Results are 

displayed as mean MFI values (%) ± SD, n = 3. 

2.7.3 In vitro eGFP downregulation in H1299-GFP cells 

The in vitro gene silencing efficiency of PPP polyplexes was evaluated by transfecting H1299-GFP cells 

with 50 pmol of siNC- and siGFP-loaded nanoparticles, prepared as described in 2.3. A 24-well plate 

was seeded at a density of 25 000 cells per well in 500 µL medium, incubated for 24 h at 37 °C and 5% 

CO2. Cells were transfected adding 100 µL of polyplexes to 400 µL of fresh culture medium, left for 

48 h incubation at 37 °C and 5% CO2. At the end of the incubation time, cells were washed with PBS, 

trypsinized and collected and resuspended PBS with 2 mM EDTA. Samples were analyzed by flow 

cytometry (Attune® NxT, Thermo Fischer Scientific, Waltham, Massachusetts, USA), and the median 

fluorescence intensity (MFI) of GFP protein expression was measured by using a 488 nm excitation 

laser and the emitted light passing through a 530/30 nm band pass emission filter set was detected. All 

PPP polyplex samples were gated by morphology for a minimum of 10 000 viable cells. Results are 

displayed as mean MFI values (%) ± SD, n = 3. 

2.7.4 In vitro cytotoxicity of PPP polyplexes in H1299 cells 

Cell viability after transfection with PPP polyplexes was tested via an MTT assay as described 

previously. [32, 33] Briefly, 5 000 H1299 cells per well were seeded in 100 µL medium in a transparent 

96-well plate (BioLite 96 well multidish, Thermo Fisher Scientific, Rochester, New York, USA). After 

24 h, 10 µL of PPP polyplexes was added to 90 µL of prewarmed medium and pipetted to each well. 

The plate was incubated for another 24 h at 37 °C and 5% CO2. As a full viability control, cells were 

incubated in 100 µL medium only. At the end of incubation time, medium was aspirated and 200 µL of 

MTT containing medium (0.5 mg/ml in serum-free RPMI-1640 medium) was added to each well. The 

plate was incubated for another 3 h at 37 °C and 5% CO2. Subsequently, the cell culture medium was 

completely removed, and insoluble purple formazan crystals were dissolved in 200 µl DMSO. The plate 

was set on a horizontal shaker for 20 min for all crystals to dissolve. The absorbance was measured at 

570 nm and corrected with background values measured at 680 nm, using a microplate reader (TECAN 

Spark, TECAN, Maennedorf, Switzerland). The data are shown as mean ± SD as percentage of viable 

cells in comparison to untreated cells representing 100% viability, n = 3. 

2.8 Statistics, data analysis and presentation 

All experiments were run in independent triplicates. Experimental data was analyzed for normality by 

running a D'Agostino & Pearson omnibus normality test. Statistical significance was analyzed using the 

One-Way ANOVA repeated measurements on the GraphPad Prism 5 software with Tukey’s post-hoc 

test with p>0.05 considered not significant (ns), * p<0.05, **p<0.01, ***p<0.001. Data presentation 

was performed using GraphPad Prism 5 data science packages. Data not fitting normality were excluded 

from presentation. 
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3. Results and Discussion 

3.1 Physicochemical properties of PEG-PCL-PEI-based polyplexes 

The preparation of PPP-based polyplexes via microfluidic mixing was performed via an aqueous phase 

mixing of a polymer stream and a siRNA stream. The layout of the microfluidic mixing chip ensured a 

rapid, turbulent mixing process, as described before. [34] As described in 2.2 and shown in Figure 1, 

various PPP polymers were synthesized. The block compositions were varied to have polymers with 

different hydrophobic and hydrophilic characteristics. The only constant was the PEI molecule at a 

branched layout and 10 kDa molecular weight. Prior to the mixing, the polymers PPP 1 – 5 needed to 

be dissolved in HPW. As seen in Figure 1B, PPP 2 and PPP 4 did not dissolve in water excluding them 

for polyplex formation and further evaluation. Those two polymers comprised of higher hydrophobicity 

having a PCL to PEG ratio of 1:1 (PPP 2) or 1:2 (PPP 4) at low grafting densities. However, polymers 

PPP 1, 3 and 5 were water soluble enabling polyplex formation at N/P ratio 6, shown in Table .  

Table 2 Comparison of sizes, PDI and zeta potential of PPP-based polyplexes formed via direct pipetting or microfluidic 
mixing. All samples consisted of N/P ratio 6. Results are displayed as mean ± SD, n = 3. 

 Direct pipetting Microfluidic mixing 
 

Size (nm) 
Polydispersity 

index (PDI) 

Zeta 

potential 

(mV) 

Size (nm) 
Polydispersity 

index (PDI) 

Zeta 

potential 

(mV) 

PPP 1 87.9 (± 3.5) 0.406 (± 0.017) 5.06 (± 1.48) 68.0 (± 8.1) 0.404 (± 0.022) 4.10 (± 0.18) 

PPP 3 100.4 (± 2.8) 0.273 (± 0.004) 2.63 (± 0.74) 72.4 (± 0.9) 0.263 (± 0.010) 3.27 (± 0.48) 

PPP 5 96.0 (± 5.0) 0.395 (± 0.080) 4.60 (± 0.97) 96.8 (± 0.4) 0.334 (± 0.004) 3.12 (± 0.39) 

 

A size, PDI and zeta potential comparison between direct pipetting and microfluidic mixing of PPP 

polyplexes was obtained. Direct pipetting led to sizes of 87.9 – 100.4 nm. The PDI values varied from 

about 0.4 for PPP 1 and PPP 5 to 0.27 for PPP 3. Therefore, all polyplexes showed a wider size 

distribution when prepared by direct pipetting. The zeta potential was measured at +2.6 - +5 mV giving 

standard deviations of up to 1.5 mV. In comparison, the nanoparticle formation via microfluidic mixing 

resulted in smaller sizes for PPP 1 and PPP 3 polyplexes of 68.0 and 72.4 nm, respectively. Solely, PPP 

5 polyplexes were not reduced in size but the standard deviation between batches was reduced from 5 

nm to 0.4 nm. The target sizes of below 100 nm was reached as the optimal nanoparticle size is ranged 

between 10 nm, to prevent kidney clearance, and below 200 nm to enable microcapillary passage. [190] 

This underlines the smooth and reproducible complexation of polyplexes when formed with 

microfluidic mixing. [184, 185] Even though sizes of PPP 1 and PPP 3 polyplexes were reduced by 20 

– 28 nm, the PDI remained similar. The PPP polymers might have already encapsulated the siRNA in 

the most efficient way, which would not have given much room of improvement for microfluidic 

mixing. PPP 5 polyplexes, however, narrowed their size distribution to 0.334 in comparison to 0.395 

with direct pipetting. The zeta potentials remained slightly positive between 3.1 – 4.1 (± 0.18 – 0.48) 

mV. The reductions in standard deviation reveal the potential of microfluidic mixing to overcome batch-

to-batch variability and increase reproducibility. Feldmann et al. used the same microfluidic mixing 

approach to form PEG-PCL-PEI/siRNA polyplexes at N/P 6 showing sizes of 168 nm, a PDI of 0.423 

and a zeta potential of +5.6 mV at a flow rate of 1 mL/min. [34] The physicochemical properties of 

previous studies and of Table  leave the impression that PPP polyplexes reached the limit in regards to 

size distribution Neither Feldmann et al., nor we were able to match PDI values of 0.2 or below. On the 
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one hand, the electrostatic interaction to form polyplex will always lead to broader size distributions 

than PLGA nanoparticles or other solid nanoparticle systems. [191] On the other hand, narrow sizes 

distributions are set at PDI values <0.2 and various studies have shown to produce PEI-based polyplexes 

at the target size distribution. [5, 192] Therefore, newly synthesized PPP polymers improved polyplex 

sizes and maintained PDIs and positive zeta potential through microfluidic mixing. A low positive zeta 

potential should induce cell uptake but keeping a reduced cytotoxicity. [193]  

To prove and quantify the siRNA encapsulation efficiency of the PPP polyplexes, a SYBR-Gold assay 

was performed (Figure 2). N/P ratios of 1-10 were prepared via microfluidic mixing and SYBR-Gold 

dye was added. displays the siRNA complexation process of PEI-, PPP 1-, PPP 3- and PPP 5-based 

polyplexes at increasing N/P ratios. All polymers managed to encapsulate more than 90% of siRNA at 

N/P 2. This value was improved to encapsulation efficiencies of >95% from N/P 3 onwards. All three 

PPP polyplexes have shown successful encapsulation of siRNA, as well as adequate sizes and zeta 

potentials via microfluidic mixing to be tested as drug delivery systems. 

 

Figure 2 Encapuslation efficiency of PEI- and triblock copolymers (PPP 1, PPP 3 and PPP 5)-based polyplexes at various N/P 
ratios via SYBR-Gold assay. Polyplexes were prepared via microfluidic mixing. Results are displayed as mean ± SD, n = 3. 

 

3.2 In vitro evaluation of PEG-PCL-PEI-based polyplexes 

The in vitro performance of nanoparticle systems needed to be evaluated to classify triblock copolymer 

polyplexes as successful drug delivery systems. The uptake of nanoparticles into adenocarcinoma cells, 

H1299, was tested with all triblock copolymers and compared to Lipofectamine 2000 (LF), the positive 

control, and PEI-based polyplexes. Feldmann et al. have shown that there was no significant uptake 

improvement between hyper-branched PEI and PPP polymers, independent of direct pipetting or 

microfluidic mixing. [34] The aim was to achieve a better cellular uptake in comparison to branched 

PEI and at best as high as LF. As seen in Figure Figure 3, PEI polyplexes showed the lowest uptake of 

all nanoparticle systems. Even though PPP 1 polyplexes resulted in an increased uptake to PEI 

polyplexes, no statistical improvement was detected. However, PPP 3 and PPP 5 polyplexes showed a 

statistically significant uptake in comparison to PEI polyplexes that was almost as high as the uptake 

performance of LF lipoplexes. As mentioned above, amphiphilic PCL increases the polyplexes’ affinity 

to adhere to the cell membrane and its hydrophobicity induces improved cell uptake. The differences in 

uptake performance can be explained by the molecular weights of PCL used for each individual PPP 

polymer. PPP 1 was composed of a 250 Da PCL block and showed a low grafting density of 1.7. This 

explained the weakest uptake performance of all PPP polymers. PPP 3 was synthesized with a 2 kDa 

PCL block and a grafting density of 3.2, giving the highest hydrophobicity of all PPP polymer. However, 
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the uptake performance did not exceed PPP 5 because the PEG block had a molecular weight of 4 kDa 

and high molecular PEG has shown to reduce cellular uptake. [179] The best performing polymer was 

PPP 5 consisting of a 1 kDa PCL and 2 kDa PEG at a grafting density of 4.9. The composition of lower 

PEG content, middle PCL weight and high grafting density enabled an uptake improvement to PEI 

polyplexes and almost reached the performance level of LF. Moreover, the newly synthesized PPPs 

outperformed the uptake performance shown from Feldmann et al. 

 

Figure 3 Uptake efficiency of triblock copolymers PPP1, PPP3 and PPP5 in comparison to PEI-based polyplexes and 
lipfectamine (LF) nanoparticles. Polyplexes were formed via microfluidic mixing encapsulating 50 pmol siAF488 at N/P ratio 
6. Control values consisted of only medium (Blank) and non-encapsulated siRNA in medium (siRNA). MFI = Mean 
fluorescence intensity. Results are displayed as mean ± SD, n = 3. 

The successful uptake of nanoparticle systems does not automatically imply a successful localization in 

the cytosol or nucleus, hence, a successful gene regulation. The cell uptake of nanoparticles occurs 

through endocytosis into endosomes. Subsequently, the particles leave the endosome to enter the acidic 

lysosomal compartment. [194] The endosomal escape is one of the most common hurdles of 

nanoparticles systems to successfully deliver their cargo to the target site. [10, 195] The structure of the 

triblock copolymer was chosen to use PEI to buffer the endosomal/lysosomal compartments leading to 

proton-sponge effect which is an osmotically induced swelling of the endosome. [196] Furthermore, PEI 

induces membrane thinning and pore formation causing endosomal escape. [11, 197, 198] Support of 

endosomal release was given by reducing the molecular weight of the PEG-block to 4 kDa and 2 kDa, 

respectively. A gene silencing evaluation was performed using siNC and siGFP encapsulated polyplexes 

to determine the endosomal release capability of PPP polyplexes and evaluate the GFP downregulation 

(Figure 4).  

The positive control LF lipoplexes resulted in a very effective downregulation (>95%). PEI polyplexes 

silenced GFP for 40%. In comparison, PPP 1 and PPP 3 polyplexes did not improve the gene knockdown 

in H1299-GFP cells. PPP 1 resulted in 35% and PPP 3 in a 40% knockdown. Solely, PPP 5 managed to 

achieve a protein downregulation of more than 50% improving PEI’s performance. Even though using 

the PPP improved the uptake of siRNA, it did not lead to an improved protein silencing. This can be 

explained by the endosomal escape dilemma, as stated above. This study used a PPP composition of 10 

kDa branched PEI which was different to the 25 kDa hyperbranched PEI which was mainly evaluated 

in prior studies. [178, 180, 185]  The buffering capacity and the ability to undergo the proton-sponge 

effect seemed to have adversely affected the polymers endosomal release. The triblock copolymers’ 

composition was not able to synergize and outperform PEI. 
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Figure 4 Knockdown efficiencies of LF-lipoplexes, PEI- and PPP- based polyplexes. Nanoparticles were formed via 
microfluidic mixing encapsulating 50 pmol siNC and siGFP at N/P 6. NC = negative control, GFP = green fluorescent protein. 
Results are displayed as mean ± SD, n = 3. 

Figure 5 shows the cytotoxic effect of polyplexes in adenocarcinoma cells, H1299, via an MTT assay. 

Various N/P ratios were chosen to determine the impact of increased PPP polymer proportion on the 

cell viability. Up to N/P ratio 3, neither PEI-, nor PPP polyplexes revealed any cytotoxic behavior. At 

N/P 6, only PPP 5 reduced the cell viability to 85%. The other polyplexes did not affect the cell viability. 

Increasing the polymer content in the polyplexes led to a gradual increase in cell death from N/P 6 to 

N/P 15. At N/P 10, only PPP 1 polyplexes did not affect cell viability. All other polyplexes induced cell 

deaths of 10-20%. This range remained stable after another increase of polymer content to a N/P ratio 

of 15. In conclusion, the switch to a 10 kDa PEI and the addition of PCL and PEG blocks have helped 

to reduce the cytotoxic effect of PEI-based nanoparticle systems.   

 

Figure 5 Cytotoxic evaluation of PEI- and PPP-based polyplexes at N/P ratios 1, 3, 6, 10 and 15. All samples were formed via 
microfluidic mixing having 50 pmol siRNA encapsulated. Results are displayed as mean ± SD, n = 3. 

4. Summary & Conclusion 

In this study we tested novel triblock copolymers, PEG-PCL-PEI (PPP), adapting the composition to 

optimize the polymer’s siRNA complexation, physicochemical properties and in vitro performance as a 

nucleic acid drug delivery system. Prior studies served as a template to address PEIs weaknesses in cell 

uptake and cytotoxic effects. Various PPP compositions were synthesized to evaluate polyplex 

characteristics of hydrophobicity versus hydrophilicity, induced by the ratio between PCL and PEG 

block, or PEG versus PEI amount, influencing the endosomal release capability. Microfluidic mixing 

was the preferred polyplex formation method as it rapidly mixes polymers and siRNA to form 
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reproducible and homogeneous nanoparticle systems. In a comparison of polyplexes produced by direct 

pipetting against microfluidic mixing, latter method resulted in smaller sizes of 68.0 – 96.8 nm. A 

discrepancy between all PPP polyplexes was observed as PPP 5 polyplexes did not change in sizes using 

microfluidic mixing. However, PPP 1 and PPP 3 polyplex sizes were reduced by 20-28 nm. PDIs 

remained at 0.26 – 0.4 showing wider size distribution, independent of the formation method. Hence, 

the polymers’ chemical composition to complex siRNA did already reach the performance limit which 

could not be improved by microfluidic mixing. The zeta potential reached the target of slightly positive 

values of +3 mV - +5 mV. These results go hand in hand with a prior mixing study of PPP polyplexes 

by Feldmann et al. [34] The polymer’s composition of various PEG and PCL block weights and lengths 

confirmed the hypothesis of improving the cellular uptake by increasing hydrophobicity. All PPP 

polyplexes outperformed PEI. PPP 3 and PPP 5 almost managed to reach a cell uptake which was as 

good as the golden standard Lipofectamine 2000. Unfortunately, this trend was not seen in the gene 

silencing experiment. Only PPP 5 managed to knock GFP down at about 50% which was a slight 

improvement to the performance of PEI-based polyplexes. Therefore, the polyplexes seem to face an 

endosomal escape problem. The reduction in PEI mass and branching benefited a low cytotoxicity but 

came to the cost of a reduced endosomal escape. 

In conclusion, the idea to improve PEIs’ performance and overcome its weaknesses by adding 

hydrophobicity and colloidal stability through creation of a triblock copolymer PEG-PCL-PEI was well 

thought. Results of physicochemical properties and uptake behavior underline the superiority of the PPP 

over PEI. However, the transfection did not lead to sufficient outcomes because of the existing 

endosomal release problem. Further optimization of finding the right composition of the PPP polymer 

would be necessary. Another idea could be to synthesize a triblock copolymer PEI-PCL-PEI leaving out 

PEG. The loss in hydrophilicity can be overcome by adding PEI endings which would increase the 

buffering capacity and proton-sponge effect leading to an improved endosomal release. An important 

fact that needs to be considered when working with PPP is the long-term storage and composition. The 

chemical structure reveals amines close to ester bonds which could undergo aminolysis leading to 

degradation and loss in effectiveness.   
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Chapter IV – Amphiphilic poly(spermine acrylamides): A new class of sophisticated non-

viral vectors for pulmonary siRNA delivery  
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Abstract 

RNA interference by small interfering RNA (siRNA) is an efficient strategy to silence genes. However, 

clinically relevant, and targeted application of siRNA still faces several challenges since siRNA is a 

negatively charged macromolecule. Consequently, suitable carriers for siRNA must be developed in 

which the synthesis of spermine-based, brushed poly(acrylamides) is reported herein. Polymers are 

prepared via polymerization of N-acryloxysuccinimide, an active ester of acrylic acid. The active ester 

was converted into spermine-based pendant groups by reaction with a spermine-derivative. 

Copolymerizations with hydrophobic decylacrylamide, which has an excellent balance of 

hydrophobicity and size, are employed to increase the hydrophobicity of the polymers and to obtain 

amphiphilic materials. After deprotection of the primary and secondary amino groups of spermine-

containing side chains, these polymers are observed to have high potential as siRNA delivery agents for 

pulmonary delivery. Polymers showed excellent siRNA encapsulation to obtain perfectly sized 

polyplexes at very low N/P ratios. Hydrophobic segments improved siRNA uptake to cancer cells due 

to an enhanced compatibility of the amphiphilic polymers with the plasma membrane. In vitro 2D and 

3D cell culture and in vivo experiments revealed superior properties of amphiphilic spermine-

copolymers in delivery of siRNA to lung cells in comparison to commonly used transfection agents 

showing a perfect balance between efficient polyplex formation, toxicity, and siRNA delivery 

efficiency. 

1. Introduction 

RNA mediated targeted inactivation of genes, known as RNA interference (RNAi), is an established 

technique for the investigation of cellular processes in vivo and is increasingly being suggested for the 

potential treatment of a plurality of diseases such as respiratory disorders (e.g. severe acute respiratory 

syndrome viruses or asthma), rheumatic diseases, brain diseases or degenerative disorders. [199-215] 

Since artificially synthesized siRNAs can be introduced into cells by transfection, in principle sequence-

specific cleavage of any target mRNA can be achieved via a complementary siRNA. [216-221] Despite 

intensive research, to date, FDA has approved five siRNA agents: Onpattro®/patisiran, 

Givlaari®/givosiran, Oxlumo™/lumasiran, Leqvio®/inclisiran, and Amvuttra™/vutrisiran; all targeting 

liver-specific diseases, which shows the lack of current therapy in specific targeting of siRNA 

therapeutics beyond the liver, especially when administered intravenously. [4, 222, 223] Local 

administration routes can improve the performance of in vivo RNAi. Intranasal or intratracheal delivery 

to airway and alveolar epithelium can enhance delivery efficiency of siRNA regarding respiratory 

disorders without the need for active targeting combined with the advantage of reduced doses compared 

to systemic administration. Thus, less systemic side effects are expected, and interactions with serum 

proteins can be avoided. Due to administration directly to nose or mouth, direct access to target lung 

epithelial cells is facilitated which are essential target cell types in a variety of pulmonary diseases (e.g., 

cystic fibrosis, chronic obstructive pulmonary disease, asthma, lung cancer, pulmonary fibrosis, 

influenza, or SARS corona viruses). [216-220, 224-226] Despite several advantages of pulmonary 

administration, major barriers of respiratory delivery are mucociliary clearance, the presence of mucus 

and clearance of particles by macrophages. [227] In the context of pulmonary delivery, polymers can be 

advantageous over other non-viral vectors to protect and transport negatively charged siRNA due to 

their higher encapsulation efficiencies of nucleic acids, combined with a better reproducibility of the 

formed siRNA/polymer-complexes (polyplexes) and their improved stability in lung surfactants. [227, 

228] In addition, these polycationic polymers can be synthesized on a large scale and generally exhibit 

higher biocompatibility than viral vectors. [229] The development of polymers overcoming low 

transfection efficiencies of non-viral systems combined with minimal cytotoxicity remains to be the 

greatest barrier of successful non-viral nucleic acid delivery. [230, 231] Spermine is a biogenic 

polyamine with great potential in nucleic delivery as it is found as a polycation at all pH values, however, 
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it shows only low ability to condense siRNA due to its low molecular weight. It is produced 

biosynthetically from the amino acids arginine and ornithine via polycationic intermediates putrescine 

and spermidine regulated by several enzyme classes such as oxidases, transferases, synthases and 

decarboxylases, making spermine-containing polymers potentially biodegradable. [232-235] Although 

the first gene transfer in mammalian cells was performed by Szybalksa and Szybalksi in 1962 with 

spermine, spermine polymers still remain rare in literature. [236] To the best of our knowledge, 

spermine-containing polymers for RNA delivery are restricted to oligomeric and low-molecular weight 

forms, modification of precursors with low numbers of spermine molecules or linear spermine-polymers 

that solely bear secondary amines hindering efficient nucleic acid delivery. [237-249] However, for all 

these examples, excellent toxicity profiles have been reported. 

Since high molecular weight and branched polymers often have beneficial transfection efficiencies, we 

herein report on novel high molecular weight, brushed spermine-based polyacrylamides synthesized via 

facile free-radical polymerization of N-acryloxysuccinimide (NAS), an active ester monomer. Post-

polymerization functionalization with a modified spermine-species and deprotection led to 

poly(spermine acrylamides) P(SpAA) with increased molecular-weights which still contain a high 

density of secondary and primary amines. To boost the non-specific cellular uptake, enhanced 

interaction of hydrophobic groups with the plasma membrane by binding of amphiphilic compounds to 

lipid membranes can be exploited to consequently also result in higher transfection efficiencies. [229, 

250, 251] Additionally, hydrophobic modifications with alkyl chains have been reported to decrease 

cytotoxicity of cationic polymers. [252, 253] 

To investigate the impact of different hydrophobic fractions on siRNA delivery, copolymers with 

varying ratios of spermine acrylamide (SpAA) units (cationic) and hydrophobic units, derived from N-

decylacrylamide (DAA), were synthesized. This hydrophobic monomer, which has an excellent balance 

of hydrophobicity and size, has received little attention for drug delivery applications. Only very few 

reports are published in the current literature in which DAA was used for micellar approaches. [254-

256] The obtained homopolymers P(SpAA) 1-3 and copolymers P(SpAA-co-DAA) 1-3 showed 

different molecular weights and molar ratios of DAA ranging from 0-60 mol%. Polymers were fully 

characterized and achieved excellent siRNA encapsulation to obtain perfectly sized polyplexes at low 

polymer excess. In vitro 2D and 3D cell culture experiments and in vivo experiments revealed superior 

properties of amphiphilic P(SpAA-co-DAA) in delivery of siRNA to lung cells showing a perfect 

balance between polyplex formation, toxicity, and siRNA delivery efficiency. 

2. Experimental section 

2.1 Materials and Methods for Polymer Synthesis and Characterization of Polymer-Samples: 

All reactions were carried out under nitrogen atmosphere using standard Schlenk techniques. All 

glassware was heat dried under vacuum prior to use. Unless otherwise stated, all chemicals were 

purchased from Sigma-Aldrich, Acros Organics, or TCI and used as received. Hyperbranched 

polyethylenimine (PEI, 25 kg/mol) was obtained from BASF (Ludwigshafen, DE). Solvents for 

polymerization were used in an anhydrous form unless otherwise stated. 

NMR spectra were recorded on a Bruker AVIII-300, AVIII-400, a Avance III HD Bruker BioSpin 400 

or AVIII-500 Cryo spectrometer at Ludwig-Maximilians University Munich or Technical University of 

Munich in the respective NMR facilities.  

Unless otherwise stated, 1H- and 13C-NMR spectroscopic chemical shifts δ are reported in ppm. δ (1H) 

is calibrated to the residual proton signal, δ (13C) to the carbon signal of the solvent. Deuterated solvents 

were obtained from Sigma-Aldrich, Deutero or Eurisotop. 
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Elemental analysis was measured at the Laboratory for Microanalysis of the Central Analytics of the 

Faculty of Chemistry and Pharmacy, Ludwig-Maximilians-University Munich, on an Elementar vario 

EL or Elementar vario micro cube. 

ESI-MS analysis was performed using a Thermo Finnigan LTQ FT Ultra Fourier Transform ion 

cyclotron resonance mass spectrometer in positive ionization mode. The resolution was set to 100,000 

at 400 m/z. Depending on the respective measurement, mass ranges from 50 to 2000 u were detected. 

The spray capillary voltage on the IonMax ESI head was 4 kV, the heater capillary temperature 250 °C, 

the nitrogen sheath gas flow 20 and the sweep gas flow 5 units. 

Molecular weights and polydispersities of polymers were measured via size exclusion chromatography 

(SEC) with samples of 3-5 mg/ml concentration either on a Varian 390-LC at 30 °C equipped with two 

PL Gel 5 μm Mixed C columns using a refractive index detector (RI detector) with chloroform as eluent 

relative to polystyrene standards or on an Agilent PL-GPC 50 equipped with two PL-Polargel-M 

columns and an RI detector at 30°C using a mixture of DMF and 0.025 mol/l lithium bromide as eluent 

relative to poly(methyl methacrylate) (PMMA) depending on the solubility of the polymers. 

2.1.1 Buffering capacity.  

Acid-base titration studies over pH values ranging from 12 to 2 were performed to determine the 

buffering capacity of the studied polymers. In brief, an aqueous polymer solution with a concentration 

of 1 or 5 mg/mL was prepared and the pH was adjusted to 12 to 11.5 with 0.1 M NaOH. Subsequently, 

the solution was titrated with 0.1 M HCl and pH change was measured after every 50 µL addition, until 

the pH of the polymer solutions decreased to a constant pH of 2-3. The pH value was monitored with a 

pH-meter and an electrode at 25 °C (Fisherbrand accumet AB150, Fisher Scientific GmbH, Schwerte, 

Germany). 

2.1.2 Critical Micelle Concentration (CMC).  

The measurement of the CMC of the studied polymers was carried out according to literature. [257] A 

Nile red stock solution was prepared by dissolving the dye in DMSO at a concentration of 0.794 mg/mL. 

Multiple stock solutions of each polymer were prepared in high purity water, then combined with the 

Nile red stock solution and additional water high purity water was added to provide the final 

concentrations to obtain a concentration series of each polymer. The solutions were sonicated for 30 

min at 35 °C and incubated at 25 °C for 5 h. After incubation, the solutions were transferred to a black 

96-well microplate (Microplate, PS 96 well, Black, Fluotrac, Greiner Bio-One, Frickenhausen, 

Germany). Excitation/emission wavelengths of 485/636 nm were used measured on a microplate reader 

(TECAN Spark, TECAN, Maennedorf, Switzerland). 

2.2 Materials and Methods for Cell Culture: 

Highly purified water (HPW) was provided by Ludwig-Maximilians-University Munich. HEPES (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid), sodium acetate, Heparin sodium salt, Thiazolyl blue 

tetrazolium bromide (MTT), RPMI-1640 Medium, Fetal Bovine Serum (FBS), Penicillin-Streptomycin 

solution, Dulbecco’s Phosphate Buffered Saline (PBS), Trypsin-EDTA solution 0.05%, L-glutamine 

solution 200 mM, dimethyl sulfoxide (DMSO) and Geneticin (G418) disulfate solution were purchased 

from Sigma-Aldrich (St. Louis, MO, USA). NCI-H1299 (human non-small cell lung carcinoma) cell 

line, green fluorescent protein (GFP) reporter cell line-NCI-H1299 (human non-small cell lung 

carcinoma) and L929 cells (subcutaneous tissue fibroblasts) were purchased from ATCC (Manassas, 

VA, USA). SYBR Gold Dye, Lipofectamine 2000 Transfection Reagent, AlexaFluor 488 (AF488) dye 

were purchased from Life Technologies (Carlsbad, California, USA). HyClone trypan blue solution 

0.4% in phosphate buffered saline was obtained from FisherScientific (Hampton, New Hampshire, 

USA). Amine modified GFP siRNA (5′ - pACCCUGAAGUUCAUCUGCACCACcg, 3′ - 
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ACUGGGACUUCAAGUAGACGGGUGGC) and scrambled siRNA (5′ - 

pCGUUAAUCGCGUAUAAUACGCGUat, 3′ - CAGCAAUUAGCGCAUAUUAUGCGCAUAp) 

were purchased from Integrated DNA Technologies (Coralville, IA, USA) (indication of modified 

nucleotides: “p” denotes a phosphate residue, lower case letters are 2′-deoxyribonucleotides, capital 

letters are ribonucleotides, and underlined capital letters are 2′-O-methylribonucleotides). 

NCI-H1299 cells (human non-small cell lung carcinoma cells) and L929 cells (mouse subcutaneous 

tissue fibroblasts) were cultured in RPMI-1640 media supplemented with heat inactivated FBS (10%) 

and Penicillin-Streptomycin (1%). GFP reporter cell line-NCI-H1299 was cultivated in RPMI-1640 

media supplemented with heat inactivated FBS (10%), Penicillin-Streptomycin (1%) and 0.4% (v/v) 

Geneticin (G418). The plasmid for GFP expression contains an antibiotic resistance for Geneticin to 

enable the selection of stably expressing GFP cells. All cells were subcultured, maintained, and grown 

in an incubator under humidified air with 5% CO2 at 37 °C. 

2.2.1 Preparation of Polyplexes  

To prepare polymer-siRNA complexes (polyplexes), aqueous polymer stock solutions (1 mg/mL) were 

diluted with freshly, sterile filtered HEPES buffer (pH 7.4) to predetermined concentrations. Afterwards, 

the polymer solution was added to a defined amount of siRNA in a microcentrifuge tube and vigorously 

mixed to obtain polyplexes at various N/P ratios. An incubation time of one hour facilitated a stable 

polyplex formation. The N/P ratio is defined as the molar ratio between the polymers’ amine groups (N) 

and the siRNA’s phosphate groups (P). The amount of polymer needed to obtain different N/P ratios 

was calculated according to following equation: 

m (polymer in pg) = n siRNA (pmol) x protonable unit (g/mol) x N/P x number of nucleotides siRNA. 

Hyperbranched PEI (25 kg/mol, Lupasol® WF, BASF, Ludwigshafen, Germany) has a protonable unit 

of 43.1 g/mol. The number of nucleotides of 25/27mer siRNA is set to 52. Lipofectamine polyplexes 

were prepared according to the manufacturer’s protocol. 

2.2.2 Size and Zeta (ζ)-Potential Analysis by Dynamic Light Scattering and Laser Doppler 

Anemometry  

Particle size, polydispersity index (PDI) and zeta potential of polyplexes were measured using a 

Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). After 1-hour incubation time, 100 µl of freshly 

prepared polyplexes were used for particle size and PDI measurements. Zeta potentials were measured 

using a Zeta Cell (Zetasizer Nano series, Malvern, UK) containing a 6.5X dilution of the same 100 µl 

sample of polyplex suspension. Results are expressed as mean ± standard deviation (n = 3; the diameter 

was averaged over three independent values consisting each of 15 measurements). 

2.2.3 siRNA encapsulation Assay by SYBR Gold assay  

SYBR Gold assay was used to evaluate the capacity of the polymers to condense siRNA at various N/P 

ratios as previously described. [237] For each batch, 100µl of polyplex solution was transferred to a 

black FLUOTRAC 96 well plate (Greiner Bio-One, Frickenhausen, Germany). A 4X SYBR Gold 

solution (30 μL) was added to each well and the plate was incubated for 10 min in the dark. The 

fluorescence signal was determined using a fluorescence plate reader (TECAN Spark, TECAN, 

Maennedorf, Switzerland) at 485 nm and 535 nm excitation and emission wavelengths. Analogue 

procedure with free siRNA was used as 100% value. Measurements were performed in triplicates and 

results are shown as mean values ± standard deviation (n = 3). 

2.2.4 Heparin Assay  

Heparin assays were used to determine the stability of the polyplexes at a physiologically relevant pH 

7.4, as well as at pH 4.5 representing the late endosome. N/P ratio of 7 was chosen for all polymer-
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siRNA polyplex formations for testing the stability against increasing amounts of heparin (0, 0.1, 0.25, 

0.5, 0.75 and 1.0 international Unit (1 IU = 4.926 µg heparin sodium salt). All polyplexes were formed 

as described in the preparation of polyplexes. The samples at pH 7.4 were prepared in 100 µL 10 mM 

HEPES buffer, while the samples measured at pH 4.5 were prepared in 100 µL sodium acetate buffer. 

Samples were prepared as described for the SYBR gold assay with the exception of adding 10 μL of 

heparin solution at various concentrations (0 - 1.0 IU per well) and incubated for another 30 minutes 

before adding the SYBR Gold solution. The fluorescence was measured at 485 nm and 535 nm 

excitation and emission wavelengths using a microplate reader (TECAN Spark, TECAN, Maennedorf, 

Switzerland). The experiments were run in triplicates and results were analyzed as described before for 

the SYBR Gold assay. 

2.2.5 MTT Assay  

Cytotoxicity of free polymers (PEI, P(SpAA)1-3 and P(SpAA-co-DAA)1-3) was tested via an MTT 

Assay as described previously. [258, 259] 5,000 L929 cells per well were seeded in a transparent 96 

well plate (BioLite 96 well multidish, Thermo Fisher Scientific, Rochester, New York, USA). After 24 

hours, different stock concentrations of free polymers were diluted in 10 mM HEPES buffer (pH 7.4) to 

a final volume of 10 µL. This volume was added to 90 µL of prewarmed RPMI-1640 medium to obtain 

polymer concentrations of 5, 10, 15, 25, 50 and 100 µg/mL. The cell medium of every well was aspirated 

and 100 µl of polymer containing media was added to each well and incubated for 24 hours at 37 °C 

and 5% CO2. As a positive control, cells were incubated in 100 µL consisting of 10 µL 10 mM HEPES 

buffer (pH 7.4) and 90 µL medium. After 24 hours, media was aspirated and 100 µl of MTT containing 

medium (0.5 mg/ml in serum-free RPMI-1640 medium) was added to each well. Cells were incubated 

for another 3 hours in the incubator. Subsequently, the cell culture medium was completely removed 

and insoluble purple formazan crystals, converted from water soluble MTT by metabolically active 

mitochondria, [260] was dissolved in 200 µl DMSO. The absorption was measured at 570 nm, corrected 

with background values measured at 680 nm, using a microplate reader (TECAN Spark, TECAN, 

Maennedorf, Switzerland). Data is shown as mean ± SD from three independent experiments that were 

run in duplicates as percentage of viable cells in comparison to untreated cells representing 100% 

viability. IC 50 values were calculated by plotting the concentration on a logarithmic axis against cell 

viability using OriginPro 2019b software (OriginLab, Northampton, Massachusetts, USA). 

2.2.6 Quantification of Cellular Uptake by Flow Cytometry  

Flow cytometry was used to quantify the in vitro cellular uptake of polyplexes. Amine modified siRNA 

was labeled with the fluorescence dye Alexa Fluor 488 (siAF488) following the manufacturer´s protocol 

and purified by ethanol precipitation and spin column binding as described previously. [180] NCI-

H1299 cells were seeded in 24 well plates at a density of 50,000 cells per well and incubated for 24h at 

37 °C and 5% CO2. For all uptake experiments, negative controls consisted of cells treated with free 

siRNA (siAF488), while positive control cells were transfected with Lipofectamine 2000-siAF488 

lipoplexes, which were prepared according to the manufacturer's protocol. Cells were transfected with 

positive and negative controls and polyplexes containing 100 pmol siAF488 for 24 hours. After 

incubation, medium was aspirated, cells were washed with prewarmed PBS and detached using 0.05% 

trypsin-EDTA. RPMI-1640 medium was added to all samples and spun down at 400G for 5 minutes 

using a centrifuge (Heraeus Megafuge 16R, Thermo Fisher Scientific, Osterode am Harz, Germany). 

Medium was aspirated without taking out the cell pellet. Samples were washed two times with PBS and 

resuspended in 500 µl PBS/2 mM EDTA. Median fluorescence intensities (MFI) were analyzed using 

an Attune NxT Acoustic Focusing Cytometer (Thermo Fisher Scientific, Waltham, Massachusetts, 

USA) by exciting the siRNA-AF488 at 488 nm and measuring the fluorescence signal with an 530/30 

nm emission filter. Subsequently, trypan blue quenching was used to exclude surface fluorescence 

signals of not completely internalized siRNA-complexes and MFI of samples was measured again. Data 
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is shown from two independent experiments that were run in duplicates, each sample consisting of a 

minimum of 10,000 viable cells. Three-way ANOVA with Bonferroni mean comparison (p > 0.05 

considered not significant (ns); *p < 0.05, **p < 0.01, ***p < 0.001 considered significantly different) 

was performed with OriginPro 2019b software (OriginLab, Northampton, Massachusetts, USA). 

2.2.7 In vitro eGFP Knockdown  

To determine if polyplexes can efficiently knockdown protein levels in cells, the green fluorescent 

reporter gene (eGFP) was intended to be silenced by siRNA (siGFP) comprised polyplexes. 25,000 NCI-

H1299/eGFP cells per well were seeded in 24 well plates in 500 µl RPMI-1640 + 0.4% G418 medium 

and grown for 24 h at 37 °C in humidified atmosphere with 5% CO2. As positive control, Lipofectamine 

2000-siGFP lipoplexes formulated with 100 pmol of siRNA against eGFP and as negative control poly 

- and lipoplexes containing 100 pmol of scrambled siRNA (siNC) were used. Nanoparticle formation 

was followed as described for the preparation of polyplexes. Cells were transfected with siGFP-

polyplexes for 48 h at 37 °C in humidified atmosphere with 5% CO2. Subsequently, cells were 

trypsinized and prepared for flow cytometry measurements as described for cellular uptake experiments. 

MFIs of samples were quantified using an Attune Cytometer (Thermo Fisher Scientific, Waltham, 

Massachusetts, USA) with an 488nm excitation laser and an 530/30 nm emission filter. Data is shown 

from two independent experiments that were run in duplicates, each sample consisting of a minimum of 

10,000 viable cells. Three-way ANOVA with Bonferroni mean comparison (p > 0.05 considered not 

significant (ns); *p < 0.05, **p < 0.01, ***p < 0.001 considered significantly different) was performed 

with OriginPro 2019b software (OriginLab, Northampton, Massachusetts, USA). Results are shown as 

percentage of knockdown in comparison to the expression level in negative controls of each polymer. 

2.3 Methods for Air-Liquid Interface (ALI) Cell Culture: 

2.3.1 Materials  

Eagle´s Minimum Essential Medium (EMEM), Trypsin 0.25%, PBS, Tween 20 and formaldehyde 

solution were purchased from Sigma Aldrich (St. Louis, MO, USA). Rhodamine phalloidin, 4′,6-

diamidino-2-phenylindole (DAPI), and AF488-wheat germ agglutinin were obtained from Life 

technologies. FluorSave was purchased from Merck Millipore. Transwell® polyester cell culture inserts 

(6.5 mm, 0.4 µm pore) were purchased by Corning. PneumaCult™ ALI medium was obtained by 

STEMcell technology.  

2.3.2 Culturing conditions 

Calu3 cells were maintained in EMEM medium supplemented with 10% FBS and 1% P/S. Cells were 

cultivated in 75 cm2 and split with 0.25% trypsin/EDTA solution. Cells were maintained at 37°C and 

5% CO2. 

Calu3 cells were seeded at a density of 250,000 cells onto uncoated Transwell® polyester cell culture 

inserts (6.5 mm, 0.4 µm pore, Corning, USA) in 100 µl of medium, while 700 µl were added to the 

basolateral chamber. After 72 hours, apical medium was removed from the inserts to obtain ALI 

conditions, while the basolateral medium was replaced with 200 µl of PneumaCult™ ALI medium 

(STEMcell technology, Vancouver, Canada) and replaced every two days. Experiments were performed 

after TEER values ≥ 300 Ω*cm2 were reached as measured by EVOM epithelial volt/ohm meter (World 

Precision Instruments, Sarasota, USA). 

2.3.3 Phalloidin staining  

For microscopy experiments, amine modified siRNA was labeled with succinimidyl ester (NHS) 

modified AlexaFluor647 (Life Technologies, Carlsbad, USA) according to the manufacturer´s protocol 

and purified via ethanol purification to obtain the resulting AF647-siRNA, as previously described. 

[180] Calu3 monolayers were transfected with 100 pmol AF647-siRNA/P(SpAA-co-DAA)3 polyplexes 
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at N/P 5 for 24 h. Afterwards, monolayers were fixed in 4% PFA for 15 minutes, washed three times 

with PBS and permeabilized with PBS + 0.3% Tween 20 for 10 minutes. Cells were then incubated with 

rhodamine phalloidin (Life technologies, Carlsbad, USA) for 60 minutes. Finally, nuclei were stained 

with 4′,6-diamidino-2-phenylindole (DAPI) (Life technologies, Carlsbad, USA) at a concentration of 

0.5 µg/ml for 15 minutes and washed two times with PBS. Samples were then mounted on glass slides 

using FluorSave reagent (Merck Millipore, Billerica, USA) prior to analysis with a SP8 inverted 

scanning confocal microscope (Leica Camera, Wetzlar, Germany). The images were exported from the 

Leica Image Analysis Suite (Leica) and processed with the Fiji distribution of ImageJ. 

2.3.4 Mucus staining  

Calu3 monolayers were transfected with 100 pmol AF647-siRNA/P(SpAA-co-DAA)3 polyplexes at 

N/P 5 for 24 h. Once the incubation time was completed, cells were incubated for 15 minutes with 

AF488-wheat germ agglutinin (WGA) (Life technologies, Carlsbad, USA) at 37 °C and 5% CO2, 

washed with PBS twice and mounted on glass slides using Fluorsave. Monolayers were then 

immediately analyzed with a SP8 inverted scanning confocal microscope (Leica Camera, Wetzlar, 

Germany). The images were exported from the Leica Image Analysis Suite (Leica) and processed with 

the Fiji distribution of ImageJ. 

2.3.5 qPCR  

Calu3 monolayers were transfected with 100 pmol siGAPDH/P(SpAA-co-DAA)3 polyplexes at N/P 5 

and respective siNC as negative control for 24 h at 37 °C and 5% CO2. Lipofectamine lipoplexes were 

prepared as positive control. Cells were then lysed, and RNA was isolated using the PureLink RNA mini 

kit (Thermo Fischer Scientific, Waltham, USA) according to the manufacturer’s protocol with additional 

DNase digestion. Afterwards, cDNA was synthetized using the high-capacity cDNA synthesis kit 

(Applied Biosystems, Waltham, Massachusetts). For qPCR, cDNA was diluted 1:10 and run with 

primers for GAPDH (Qiagen, Hilden, Germany) as well as β-actin (Qiagen, Hilden, Germany) for 

normalization. Cycle thresholds were acquired by auto setting within the qPCRsoft software (Analytic 

Jena, Jena, Germany). Values are given as mean ± SEM with n = 3. Two-way ANOVA with Bonferroni 

mean comparison (p > 0.05 considered not significant (ns); * p < 0.05, **p < 0.01, ***p < 0.001 

considered significantly different) was performed with OriginPro 2019b software (OriginLab, 

Northampton, Massachusetts). 

2.4 Methods for in vivo studies: 

2.4.1 Animals 

All animal experiments were carried out according to the German law of protection of animal life and 

approved by an external review committee for laboratory animal care. 

Female Balb/c mice were purchased form Charles River Laboratories and used at 5 weeks of age. Mice 

were intratracheally instilled (under ketamine/xylazine anaesthesia) with 2 nmol siRNA/P(SpAA-co-

DAA)3 polyplexes at N/P 5 prepared in 50 µl 5% glucose as well as with siRNA/PEI polyplexes 

prepared in 50 µl 5% glucose. As negative control, animals were administered with 5% glucose only. 

After 48 h, mice were sacrificed and bronchoalveolar lavage fluid (BALF) as well as blood was 

collected. 

BALF was obtained by lavaging lungs with 1 ml PBS/protease inhibitor and stored at -80 °C. The 

concentration of interleukins in BALF was determined using the mouse LEGENDplex ELISA kit 

(BioLegend, San Diego, California). Values are given as mean ± SEM with n= 4 for treatment with PEI 

or P(SPAA-co-DAA)3 polyplexes and n = 2 for untreated mice. One-way ANOVA with Bonferroni 

mean comparison (p > 0.05 considered not significant (ns); * p < 0.05, **p < 0.01, ***p < 0.001 
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considered significantly different) was performed with OriginPro 2019b software (OriginLab, 

Northampton, Massachusetts).  

Additionally, lung cell suspensions were prepared as previously reported. [261] Lung cell suspension 

were counterstained with BB515 labelled rat anti-mouse CD45 (30-F11, 1:40, BD Biosciences, Franklin 

Lakes, New Jersey), pacific orange labelled F4/80 (1:100, Invitrogen, Waltham, Massachusetts), BV421 

labelled anti-tubulin Beta 3 (1:100, BioLegend, San Diego, California), anti-prosurfactant protein C 

(1:100, Abcam), mouse anti-rabbit PE-Cy7 (1:200, Santa Cruz Biotechnology), anti-uteroglobin 

antibody (1:100, Abcam) and mouse anti-rabbit AF594 (1:200, Invitrogen, Waltham, Massachusetts) 

following the manufacturer’s protocol. The analysis was performed on a Cytek Aurora (Cytek 

Biosciences, Fremont, California). The different populations of leukocytes (CD45+), 

macrophage/monocytes (F4/80+), Type II pneumocytes (proSPC+), ciliated cells (tubulin beta +) and 

club cells (uteroglobin +) were gated and the MFI of siRNA-AF647 in the different cell populations was 

quantified. Values are given as mean ± SEM with n= 2 for treatment with PEI or P(SPAA-co-DAA)3 

polyplexes.  

2.5 Buffering capacity 

In the past years, a multitude of different polymers ranging from bio-based polymers such as chitosan 

and poly(L-lysine) to synthetic ones like polyethylenimine (PEI) and polymethacrylates were tested as 

non-viral vectors for gene and nucleic acid therapy. Studies on structure-function relationships revealed 

a necessity of positively charged amines in which the structure and density of amines impacted the 

transfection efficiency. A higher density of amines and thus a higher charge provoke a higher efficiency, 

but also a higher toxicity. [229] An important property of polycations is their buffering capacity to 

facilitate endosomal escape of siRNA. Due to the buffering capacity of amine-containing polymers, 

endosomes can be destabilized which is often explained by the “proton-sponge effect”. The residual 

non-protonated amino groups of the polymers after complexation with siRNA are protonated due to a 

lower pH in the endosome causing the disruption of the membrane, release of the genetic material into 

the cytoplasm, and successful transfection. [15, 262]  

Amongst the polymers used for nucleic acid delivery, branched PEI is one of the most widely used 

polymers. It shows a superior transfection efficiency, due to its high buffering capacity caused by its 

branched polymer architecture. With primary, secondary and tertiary amino groups exhibiting pKa 

values distributed over the entire physiological pH range (10 to 4), it still has a good buffering capacity 

in the acidic environment of endo-lysosomes thus acting as a proton sponge. [15, 262] However, as a 

consequence thereof, it also causes high cytotoxicity, which is associated with limitations and concerns 

in in vivo applications and with restrictions in clinical trials. [263]  

The basic capacity of spermine-polymer P(SpAA)3 and spermine-molecule 4, both with a ratio of 

primary/secondary/tertiary amines = 1/2/0, was investigated by performing an acid/base titration with 

0.1M HCl. It was compared to hyperbranched PEI with a molecular weight of 25 kg/mol and a ratio of 

primary/secondary/tertiary amines of 1/1.1/0.7 (indicated by the manufacturer, BASF, Ludwigshafen, 

Germany). Additionally, spermine (primary/secondary/tertiary amines = 2/2/0) was investigated to 

compare the results with the spermine polymers with respect to changes in basicity when one primary 

amine is converted to an amide. The resulting titrations curves were illustrated by plotting the pH value 

versus the amount of added acid (A1, Figure S1). In these measurements, polymers with higher buffering 

capacities required larger amounts of HCl for the alteration of the pH value of the solution. As presented, 

PEI has a substantial buffering capacity over almost the whole pH range. The buffering capacity at the 

pH values higher than 9 is mainly attributed to the primary and secondary amines with the reported pKa 

values of 8-9, whereas the buffering capacity at lower pH values, especially in the range of 5.5-7, might 

be associated to the tertiary amines with the pKa values of 6-7, which is in accordance with literature. 

[264] Spermine itself is known to induce pH buffering. Since the same amount of substance (in mol) 



 

41 

was used regarding each protonable unit, the buffering capacity of P(SpAA)3, 4 and spermine was found 

to be better than that of PEI in the region of pH 11 to pH 6. The P(SpAA)3 and the small modified 

spermine molecule 4 showed similar buffering capacities, with the latter performing slightly better, 

revealing the similarity of both structure with regards to the ratio of primary and secondary amines. 

Having the highest percentage of primary amines, spermine performed best in the pH region of 11-6. 

Due to the absence of tertiary amines, a lower buffering capability is observed for P(SpAA)3, 4 and 

spermine in the pH region of 5 to 2.  

Taking into account, that coiling in polyplexes of the brushed polymers might further lower the pKa 

value of the sterically hindered secondary amines, these results suggest, that within the experimental pH 

range of 5−8, spermine polymers offer a buffering ability, which can facilitate endosomal escape. 

2.6 Critical micelle concentration 

The critical micelle concentration (CMC) is defined as the concentration of amphiphilic molecules 

required for the spontaneous formation of micelles. It is a determining factor for applications of 

amphiphilic polymers, including drug delivery, as it predicts the micelle-forming capacity and stability 

of polymeric micelles. Hence, P(SpAA)3 and P(SPAA-co-DAA) 1-3 solutions in water with increasing 

concentration were prepared. Using the water-insoluble Nile red, a fluorogenic dye that undergoes an 

increase of fluorescence intensity when encapsulated in the hydrophobic core of a micelle, CMC values 

were determined by plotting the concentration of the polymer versus the fluorescence of Nile red. [257]  

Homopolymer P(SpAA)3 was barely able to encapsulate small amounts of Nile Red when using 

concentrations of 0.1 mg/mL or more, but only a very low fluorescence was observed (A1, Figure S2). 

It seems, that the hydrophobic backbone of the polymer led to negligible amphiphilic properties. In 

contrast, copolymers P(SPAA-co-DAA) 1-3 that bear different percentages of hydrophobic comonomer 

DAA can encapsulate considerable amounts of Nile Red. In detail, the CMC decreased from 0.24 mg/mL 

determined for P(SPAA-co-DAA)1 (17% DAA units) nearly six-fold to 0.041 mg/mL for P(SPAA-co-

DAA)3 bearing 57% hydrophobic monomer units (A1, Figures S3 – S5). This value is within the same 

range or even lower than values reported for hydrophobically-modified PEI systems. [265-269] In 

addition, not only the CMC decreased with increasing amounts of hydrophobic moieties, also the 

fluorescence value increased significantly indicating that higher amounts of Nile red were encapsulated. 

Consequently, copolymers P(SPAA-co-DAA) 1-3 seemed to be promising candidates with amphiphilic 

properties that can enhance cellular uptake and stability of polyplexes. 

3. Physico-chemical characterization of siRNA-polyplexes 

3.1 siRNA encapsulation ability 

SYBR Gold assay was used to evaluate the capacity of the polymers to condense siRNA at various 

concentrations. An excellent condensation of siRNA is needed to protect siRNA and to ensure cellular 

uptake while preventing enzymatic degradation. The synthesized positively charged polymers can 

electrostatically interact with negative charges of phosphate groups in siRNA which is quantified using 

the fluorescent dye SYBR Gold. Apart from P(SpAA)1-3 and P(SpAA-co-DAA) 1-3, hyperbranched 

PEI (25 kg/mol) and spermine were used for comparison reasons. In a first comparison, the same 

concentrations of polymers per siRNA were used, due to different protonable units, to compare 

polyplexes prepared with the same amount of polymer (Figure 1). However, taking the higher molecular 

weight of the spermine-polymer repeating units into account, amine concentration is lower in 

comparison to PEI when using the same amount of polymer. All polymers and spermine were able to 

condense siRNA in which more efficient encapsulation was observed with increased concentrations, 

due to higher amounts of positively charged amines facilitating more electrostatic interactions with 

siRNA. Spermine showed a relatively low siRNA encapsulation ability with a constant value of 

approximately 4% free siRNA (or detectable siRNA on the surface of the complexes) even at high 
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concentrations attributed to the rigid siRNA-structure and the low molecular weight of spermine 

compared to the spermine polymers. Homopolymers P(SpAA)1 and P(SpAA)3 showed full 

encapsulation at about 1.0 µg polymer per µg siRNA, whereas P(SpAA)2 showed a slightly better 

encapsulation. Due to the higher number of amines in PEI using same concentrations, siRNA 

encapsulation is more efficient leading to full encapsulation at weight ratios above 0.4 

µgpolymer/µgsiRNA. In matters of N/P ratio this would be a value of 3 regarding the protonable unit of 

PEI which is in accordance with SYBR gold assays of hyperbranched PEI (25kDa) performed in 

literature. [270] The N/P ratio is defined as the numbers of amines in the polymer divided by the number 

of siRNA phosphate groups. Regarding that commonly used number, P(SpAA)1-3 show full 

encapsulation already at N/P of 1, showing the excellent encapsulation ability of these polymers (A1, 

Figure S6). An extensive use of free amine groups can be avoided that can provoke high toxicities. In 

comparison to similar systems, such low N/P ratios for fully condesing siRNA were neither reported for 

spermine/siRNA complexes nor for hydrophobically-modified PEI/siRNA systems. [237, 240, 241, 244, 

249, 271-273] 

 

Figure 1 siRNA encapsulation profiles of polyplexes as measured by SYBR Gold assay at various polymer to siRNA weight 

ratios. 100% values are represented by the determined fluorescence of uncondensed siRNA (data points indicate mean, n = 3).  

Copolymers P(SpAA-co-DAA)1 and P(SpAA-co-DAA)2 showed comparable profiles with a sufficient 

encapsulation of siRNA at concentrations of 1.0 µg polymer per µg siRNA. Furthermore, the P(SpAA-

co-DAA)3 copolymer required a higher concentration for a complete encapsulation of siRNA due to 

high amounts of hydrophobic subunits that do not contribute to electrostatic interactions between amines 

and siRNA. siRNA encapsulation based on N/P ratio showed that also copolymers can encapsulate 

siRNA at an N/P ratio of one or higher (A1, Figure S6). From these results, it can be concluded that 

hydrophobic segments in the polymer do not negatively influence electrostatic interactions of siRNA 

and amines, as was already observed in literature in which hydrophobic modification led to less efficient 

siRNA encapsulation than with the unmodified PEI-counterpart at the same N/P ratio. [271, 273]  

3.2 Size and zeta(ζ)-potential analysis 

Not only the full encapsulation of siRNA, but also size and charge of polyplexes play a major role in 

successful delivery of the payload. Particle sizes, polydispersity indices (PDI) and zeta potentials of 

polyplexes were measured using dynamic light scattering (DLS) and laser Doppler anemometry (LDA). 

Comparing polyplexes, formed with the same concentration of polymers using three different 

concentrations (c1 = 5.603 µg/mL, c2 = 7.844 µg/mL, c3 = 11.206 µg/mL polymer representing N/P 

ratios of 5, 7 and 10 for PEI), all polyplexes were small with slightly positive zeta potentials. These 

results indicate optimal siRNA encapsulation already at low polymer excess with low to moderate 
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polydispersities (A1, Figure S7). Solely, P(SPAA-co-DAA)3 was not able to fully encapsulate siRNA 

at a low concentration of c1; which equals an N/P ratio of 0.75 for this polymer. Incomplete 

encapsulation is concluded based on the negative zeta-potentials and large, polydisperse particles. Since 

more phosphate groups are present than nitrogen atoms at such a low N/P ratio, full condensations are 

rather uncommon. Additionally, spermine was not able to form polyplexes at all concentrations owing 

to its low molecular weight. Incompletely encapsulated siRNA on the surface of the polyplex causes 

negative zeta potentials as well as a detection of “free” siRNA as already shown for SYBR gold assays 

with spermine. Zeta-potentials of PEI-polyplexes were slightly positive to neutral at all concentrations 

even if those concentrations are comparably high for PEI in matters of N/P ratio (NP = 5 (c1), 7 (c2) 

and 10 (c3)). All other spermine-polymers showed similar or higher zeta-potentials, confirming that 

poly(spermine acrylamides) were able to fully encapsulate siRNA already at low concentrations (equals 

N/P ratio of about 1) and higher concentrations (NP = 1.5 to 2.2). No correlation between sizes and zeta 

potentials with increasing concentrations was found, as sizes remained small for all polyplexes with full 

siRNA encapsulation.  

To further analyze sizes, polydispersities and zeta potentials with regard to the number of nitrogen atoms 

per polymer, measurements with all polymers were conducted at N/P ratios of 2, 5 and 7 which are 

relevant descriptors for in vitro experiments (Figure 2). Since PEI does not show full encapsulation of 

siRNA at N/P ratio of 2, zeta potentials for these polyplexes were negative and polyplexes showed 

increased sizes and polydispersities. Polyplexes from poly(spermine acrylamides) displayed efficient 

siRNA encapsulation at low N/P ratios with small polyplexe sizes between 70 and 130 nm and positive 

zeta potentials (3 – 23 mV), indicating that these polymers can form optimal particles already at 

exceptionally low N/P ratios. Advantageously, the use of low polymer excess helps avoiding unwanted 

side or toxic effects due to a low number of amines present in the system. Polyplexes from P(SpAA)1, 

P(SpAA)3, P(SPAA-co-DAA)1 and P(SPAA-co-DAA)2 formed at N/P ratios of 2 showed very slightly 

positive zeta potentials indicating a low amount of excess positive charges. With increasing N/P ratios, 

zeta potentials became more positive while sizes remained around 100 nm for these polymers. For all 

polyplexes, polydispersities were low to moderate with values raging between 0.13 and 0.37, with 

P(SPAA-co-DAA)3 forming the most monodisperse polyplexes (PDI = 0.14 - 0.23) at all tested N/P 

ratios, most likely due to its most amphiphilic character. Smaller as well as similar to higher sizes were 

reported in literature for amphiphilic PEI-polyplexes in comparison to the parent PEI indicating that the 

ability for a dense packaging of siRNA is individual for each cationic system. [271, 274] However, 

reported polyplex sizes for similar systems were mostly higher than our reported sizes of around 100nm. 

[273-275] 
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Figure 2 Dynamic light scattering and laser Doppler anemometry measurements of polyplexes formed with PEI, P(SpAA) 1-

3 and P(SpAA-co-DAA) 1-3 (Top) Hydrodynamic diameters (left y-axis), polydispersity indices (PDI, right y-axis) and (B) 

zeta potentials of polyplexes at N/P ratios of 2, 5, and 7 (data points indicate mean ± SD, n = 3). 

3.3 Stability of polyplexes 

To evaluate polyplex stability in the presence of competing polyanions under neutral and acidic 

conditions, a heparin-modified SYBR gold competition assay was performed to estimate the behavior 

in cell culture medium or serum as well as intracellular stability. The ability of P(SpAA)1-3 and 

P(SpAA-co-DAA)1-3 to protect siRNA in the presence of increasing concentrations of polyanionic 

heparin under physiologically relevant conditions of the cytoplasm (pH 7.4) was tested (Figure 3, top). 

siRNA displacement at pH 7.4 from P(SpAA) polyplexes was not observed at low heparin 

concentrations and reached maximum release of less than 20% at high concentration of 1.00 I.U. heparin 

per well. P(SpAA)1 and P(SpAA)2 showed slightly better stability at pH 7.4 than P(SpAA)3 reflected 

by a higher concentration of heparin necessary to replace initial amounts of siRNA. In comparison, PEI 

formed more loosely assembled polyplexes as higher amounts of siRNA (up to 30%) were released 

generally, and siRNA replacement took place already at low concentrations of heparin. Similar 

observations were made for polyplexes with spermine at low heparin concentrations. At high 

concentrations of 1.00 I.U. heparin per well, a release of up to 80% siRNA was detected from unstable 

polyplexes formed with spermine which corroborates our earlier findings and investigations on low-
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molecular weight oligospermines. [237] P(SpAA-co-DAA) copolymers showed less effective siRNA 

complexation at higher heparin concentration than homopolymers. Polyplexes from P(SpAA-co-DAA)2 

and 3 started to release siRNA at a concentration of 0.25 whereas P(SpAA-co-DAA)1 formed more 

stable polyplexes with concentrations of 0.50 I.U. of heparin necessary to displace small amounts of 

siRNA. At high heparin concentration, all polyplexes from copolymers release between 35 and 55% 

siRNA. Even if this release is higher than for the homopolymers and a low release would be preferred 

to confirm a high protection ability at pH 7.4, similar values were observed for other polycationic 

systems [237, 250]  

 

Figure 3 Release profiles of siRNA from PEI, Spermine, P(SpAA) 1-3 and P(SpAA-co-DAA) 1-3 polyplexes at N/P 7 as a 

function of heparin concentration (0.0 - 1.0 I.U. heparin per well, 1 I.U. = 4.9 µg) at pH 7.4 (top) and pH 4.5 (bottom). 

Additionally, siRNA release ability under acidic conditions (pH 4.5), mimicking the endosomal 

compartment, was analyzed using a different buffer system (Figure 3, bottom). siRNA was more easily 

released from P(SpAA) and PEI polyplexes reaching almost 100% release for P(SpAA)2 and 70-90% 

for P(SpAA)1, P(SpAA)3 and PEI due to higher amount of protonated amines causing an elevated 

charge repulsion. A similar behavior was observed using copolymers, with all copolymers releasing 

100% siRNA at high heparin concentrations, indicating suitable siRNA release abilities. Spermine, on 

the other hand, is not able to form any stable polyplexes at pH 4.5. 

It seems, that amphiphilic copolymers P(SpAA-co-DAA) 1-3 and homopolymer 3 form less stable 

polyplexes which release siRNA even more efficiently than PEI. These polyplexes might be less stable 

due to lower charge density or higher steric hindrance caused by the hydrophobic subunits, which in 

turn also helps to release the payload at lower pH values in the endo-lysosomal compartment probably 

due to further destabilization caused by charge repulsion of additionally protonated amine groups. 



 

46 

4. In vitro performance of polyplexes in lung cells 

4.1 Cellular uptake in H1299 cells 

Initial experiments indicated that spermine-containing polyacrylamides are suitable for siRNA delivery 

regarding siRNA encapsulation efficiency and physicochemical characteristics. To further test their 

ability to mediate internalization into H1299 human non-small cell lung carcinoma cells, cellular uptake 

of Alexa Fluor 488-labeled siRNA was quantified by flow cytometry determining the median 

fluorescence intensity (MFI). Incubation times of 24 h were chosen, and polyplexes from P(SpAA) 1-3, 

P(SpAA-co-DAA)1-3 and PEI with fluorescent siRNA at N/P ratios of 2, 5 and 7 were analyzed. Trypan 

blue treatment, which was additionally applied in order to exclude extracellular fluorescent signals 

caused by cell surface-bound siRNA, resulted in insignificantly lower MFI values for all tested 

polyplexes, indicating that negligeable amounts of polyplexes were only attached to the outer cell 

membranes (Figure 4 and 5). 

PEI polyplexes showed similar uptake abilities independent from the used N/P ratio. For P(SpAA) 1-3 

homopolymers, the fluorescence signals of cellularly internalized siRNA-AF488 decreased from N/P 

ratios of 2 to 7 (Figure 4). Independent of this observation, significantly higher uptake was reached at 

all N/P ratios of the three homopolymers in comparison to PEI-mediated siRNA uptake. Highest uptake 

was reached with P(SpAA)3 at N/P 2 which was about 6-times higher than observed in PEI-mediated 

uptake experiments. P(SpAA)1, the lowest performing homopolymer, still induced more than three-fold 

cellular uptake of fluorescent siRNA even at N/P 7, highlighting that all P(SpAA) homopolymers are 

able to outperform commonly used PEI at all tested N/P ratios. 

 

Figure 4 Cellular uptake of polyplexes made of AF488-labeled siRNA with PEI or P(SpAA) 1-3 at N/P ratios of 2,5 and 7 

after 24 h of incubation, as quantified by flow cytometry performed with and without trypan quenching and presented as median 

fluorescence intensity. Cells treated with free siRNA served as negative control. Significance levels shown in comparison to 

PEI uptake. Lipofectamine as positive control was omitted for clarity. 

Similar trends were observed for copolymers P(SpAA-co-DAA)1-3 (Figure 6). All polyplexes induced 

higher cellular uptake in comparison to PEI-polyplexes with a correlation with the hydrophobic fraction 

of the polymer on the MFI, however without any clear influence of the N/P ratio. The copolymer with 

the lowest hydrophobic ratio (P(SpAA-co-DAA) 1) induced between 3 and 4-times higher uptake 

compared to PEI polyplexes, which is in the same range as the homopolymers. With higher hydrophobic 

fraction, copolymers further enhanced cellular uptake of Alexa Fluor 488-labeled siRNA. P(SpAA-co-

DAA)2 polyplexes formed at N/P 2 and 5 reached performance insignificantly different from positive 
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control Lipofectamin (LF). Remarkably, P(SpAA-co-DAA)3 polyplexes formed at N/P 2 were able to 

outperform “gold standard” Lipofectamin in our experiments and additionally induced 10-times higher 

cellular uptake of siRNA in comparison to PEI. To the best of our knowledge, none of the previously 

hydrophobically-modified PEI-polyplexes or spermine-containing polyplexes were able to outperform 

25 kg/mol hyperbranched PEI by this far especially at such low N/P ratios of 2-7. [271, 276, 277] 

 

Figure 5 Cellular uptake of polyplexes made of AF488-labeled siRNA with PEI at N/P 5 or P(SpAA-co-DAA) 1-3 at N/P 

ratios of 2, 5 and 7 after 24 h of incubation, as quantified by flow cytometry performed with and without trypan quenching and 

presented as median fluorescence intensity. Cells treated with free siRNA served as negative control, whereas Lipofectamine 

(LF) lipoplexes served as positive control. Significance levels shown in comparison to PEI uptake.eGFP knockdown in H1299 

cells. 

To evaluate the gene silencing efficiency of spermine-acrylamide polyplexes on the protein level, 

H1299/eGFP cells were utilized that express the ‘enhanced green fluorescent protein’ reporter gene 

(eGFP). Based on in vitro cellular uptake experiments, H1299/eGFP cells were transfected with PEI, 

P(SpAA)2, P(SpAA-co-DAA)2 or P(SpAA-co-DAA)3 polyplexes formulated with siRNA against 

eGFP (siGFP) or with scrambled siRNA (siNC) as negative control using N/P ratios of 2, 5 or 7 to 

determine optimal parameters for efficient protein knockdown (A1, Figure S8). As positive control, 

Lipofectamin 2000 lipoplexes were used. After treatment, the median fluorescence intensity of eGFP in 

each sample was quantified via flow cytometry after 48 hours of incubation. Polyplexes containing siNC 

did not reduce the MFI of GFP, proving that protein knockdown is not attributed to the polymeric system 

or any non-specific effects. All siGFP-polyplexes from spermine-polyplexes were able to provoke eGFP 

knockdown between 20 and 47%, however with P(SpAA-co-DAA)2 polyplexes at N/P 5 showing 

statistically insignificant knockdown ability. Whereas PEI solely showed a significant knockdown at 

N/P ratios of 5 and 7 with up to 36% eGFP knockdown, P(SpAA-co-DAA)3 showed a constant 

knockdown after 48h of 47 to 40% at all tested N/P ratios even without chloroquine treatment (often 

used to induce endosomal release of siRNA). [278, 279] These findings emphasize that P(SpAA-co-

DAA)3 polyplexes efficiently escape the endosome. Consequently, polyplexes with P(SpAA-co-DAA)3 

can be used at various N/P ratios without drastic effects on their performance allowing less optimization 

steps and thus also reduced costs.  
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4.2 Staining and GAPDH knockdown in ALI culture 

Following validation of cellular uptake mediated by poly(spermine acrylamide)(siRNA polyplexes in 

vitro, further evaluation of uptake and knockdown abilities in a more in vivo relevant context was 

performed using air-liquid interface (ALI) cultures of lung epithelial cancer cells.  

Mucus staining of Calu3 cells in ALI cultures was performed by WGA-AF488 staining of the mucus 

layer (A1, Figure S10). Polyplexes were prepared using P(SpAA-co-DAA)3 and fluorescently labeled 

AF647-siRNA at an N/P ratio of 5. After 24 hours of incubation time, AF647-siRNA can be found 

below the mucus layer indicating successful polyplex transport across mucus. 

Cell uptake was visualized by staining of Calu3 cells in the presence of fluorescent siRNA (Figure 6, 

left and A1, Figure S9). Nuclei were stained by DAPI (blue), and the cytoskeleton was stained using 

rhodamine-labeled phalloidin. For 24 hours, cells were incubated with the same polyplexes as described 

above. Confocal microscopy confirmed that siRNA was located in the cytoplasm of Calu3 cells, 

confirming cellular uptake of polyplexes.  

 

Figure 6 (Left) Orthogonal view of phalloidin staining of Calu3 cells at ALI. Incubation time: 24 h; Blue: DAPI (nuclei); 

Green: Rhodamine-labelled Phalloidin (cytoskeleton); Red: AF647-siRNA. (Right) GAPDH gene knockdown of P(SpAA-co-

DAA)3 polyplexes using an N/P ratio of 5 in Calu3 cells grown in ALI cultures after 24 h transfection. 100 pmol hGAPDH 

siRNA were used. Blank samples consisted of Calu3 monolayers treated with 5% glucose only. The positive control consisted 

of Lipofectamine 2000 (LF) lipoplexes with 100 pmol hGAPDH siRNA. GAPDH expression was quantified by real time PCR 

and normalized to β-actin expression. Data points indicate mean ± SD (n=3).  

The ability of spermine-acrylamides to silence an endogenously expressed gene in Calu3 monolayers, 

after successful mucus diffusion and cellular uptake, was additionally tested. Cells were transfected with 

P(SpAA-co-DAA)3 polyplexes containing siRNA against the housekeeping gene GAPDH (siGAPDH) 

or scrambled sequence siRNA (siNC as negative control) at N/P 5 for 24 h. Negative controls consisted 

of blank cells that were treated with 5% glucose only, while positive control cells were transfected with 

Lipofectamine 2000. GAPDH gene expression was quantified by real time PCR and normalized to β-

actin gene expression (Figure 6, right). Calu3 cells that were transfected with P(SpAA-co-

DAA)3/siGAPDH polyplexes showed higher levels of gene knockdown when compared to the blank 

cells or those that were treated with P(SpAA-co-DAA)3/siNC polyplexes. Lower levels of reduced 

GAPDH gene expression were also observed in comparison to cells that were treated with LF/siGAPDH, 

indicating that P(SpAA-co-DAA)3 polyplexes are able to efficiently deliver siRNA to lung epithelial 

cells in an in vitro model of the lung, resulting in efficient gene knockdown. In more in vivo-like models 

such as ALI cultures, especially when mucus is present, lipofectamine is shown not to be as effective as 
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in standard in vitro experiments since pulmonary surfactants inhibit lipofection, [228] while polyplexes 

from P(SpAA-co-DAA)3 can still efficiently mediate a target gene downregulation. Additionally, 

lipofectamine cannot be employed in in vivo experiments due to its toxicity. Just recently, Merkel et al. 

tested hyperbranched PEI and a highly efficient virus-inspired polymer for endosomal release (VIPER) 

in the same ALI-culture setup and it was shown that both polymers induce less (PEI) or similar (VIPER) 

GAPDH knockdown than P(SpAA-co-DAA)3. [280] Thus, P(SpAA-co-DAA)3 is a very promising 

candidate for safe and efficient siRNA delivery to lung cells via pulmonary delivery routes. 

5. Toxicity experiments 

MTT assays were used to colorimetrically evaluate cell proliferation as well as the viability of the cells 

treated with all spermine-containing homo- and copolymers and PEI. Mitochondrial activity in L929 

mouse fibroblasts was assessed after 24 h of incubation using different polymer concentrations. Results 

are presented as the percentage of cell viability compared to untreated control cells. IC50 values were 

calculated by plotting cell viability and concentration of polymers on a logarithmic scale using a 

sigmoidal model fit (A1, Figure S11). [281] All spermine polymers affected the cell viability less than 

PEI (25 kg/mol, IC50 = 19.05 μg/mL), and IC50 values for the spermine polymers were observed to be 

between 25 and 71 μg/mL. P(SpAA-co-DAA)3 showed the lowest toxicity with regards to the IC50 

value, most likely due to the lowest number of free amine groups when using the same polymer mass 

concentrations which is in accordance with previous studies in which hydrophobically modified PEIs 

affected the cell viability less than the respective unmodified cationic motif. [266, 274, 282] These 

results are very promising, especially considering that all spermine-polymers had much higher 

molecular weights than the tested PEI. In general, cytotoxicity correlates directly with molecular weight 

of polyamines. [283] Therefore, lowering the molar mass of poly(spermine acrylamide) homo and 

copolymers could have an additional beneficial effect on their biocompatibility. 

To further test the toxicity of the newly developed polycationic polymers in a more relevant setup when 

used for pulmonary siRNA delivery, immune and cytokine responses of polyplexes from PEI and 

P(SpAA-co-DAA)3 at an N/P ratio of 5 were analyzed in mice. Bronchoalveolar lavage fluid (BALF) 

and BALF cells were collected after mice were intratracheally treated with PEI or P(SpAA-co-

DAA)3/siRNA polyplexes, and levels of various cytokines were quantified in a multiplex-ELISA 

(Figure 7).  

For most of the tested cytokines, P(SpAA-co-DAA)3 treated mice showed similar or lower levels of 

inflammation than untreated mice (IL-23, IL-27, IFN-y, IL-12p70, IL-10, IFN-b). In some cases, the 

values were below the detection limit (IL-1a, GM-CSF). 

Solely, IL-1b, IL-6, TNF-a and IL-17A levels were slightly, but not significantly higher after P(SpAA-

co-DAA)3 polyplex treatment, and MCP-1 values showed a 6-fold increase. At the administered 

concentration, PEI/siRNA complexes showed similarly low proinflammatory effects, with an increased 

IL-23 level (not significant) and without increasing the secretion of MCP-1. In case of some cytokines, 

levels were lower after treatment with P(SpAA-co-DAA)3 as compared to PEI polyplexes. Taking into 

account that previous comparable in vivo inflammation studies of poly(ethylenimine) for pulmonary 

delivery revealed that in vivo cytokine releases were generally higher with amphiphilic PEIs than with 

unmodified polymers, such generally low levels of cytokines of amphiphilic P(SpAA-co-DAA)3 

indicate that spermine-polymers are a safe and biocompatible delivery system. [177, 284] 
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Figure 7 Cytokine release in BALF after intratracheal instillation of siRNA polyplexes using PEI or P(SpAA-co-DAA)3 at an 

N/P ratio of 5. Data represent mean ± SEM (n= 4 for treatment with PEI or P(SPAA-co-DAA)3 polyplexes and n = 2 for 

untreated mice); significantly increased cytokine levels compared to control were marked with an asterisk (*p < 0.05). Detection 

limit: dotted line. 

6. Distribution of P(SpAA-co-DAA)3-siRNA polyplexes in lung cells 

Epithelial cells are considered as essential target cell types in a variety of pulmonary diseases. [224-226] 

To quantify the in vivo distribution of P(SpAA-co-DAA)3/siRNA polyplexes in different lung cell 

types, BALB/c mice were intratracheally administered with 2 nmol of polyplexes loaded with AF647-

labeled siRNA. After 48 h, bronchoalveolar lavage fluid (BALF) was collected while lungs were further 

processed to obtain a single cell suspension. Different types of lung cells were counterstained with 

specific markers to quantify the fate of polyplexes after pulmonary administration. P(SpAA-co-

DAA)3/siRNA polyplexes were mainly taken up by two cellular subsets: type II pneumocytes and 

macrophages proving that siRNA can reach the site of action when being transported by spermine-

polymers after intratracheal administration to lung (Figure 8). The cellular uptake observed in type II 

pneumocytes was higher (not significantly) than uptake to macrophages. Since Alveolar macrophages 

are the initial cellular defense in the deep lungs against foreign substances, uptake by these cell types is 

not surprisingly, nevertheless, total macrophage clearance was avoided since small polyplexes of around 

100nm were administered. Similar observations were recently made by Merkel et al. with PEI and 

VIPER/siRNA polyplexes. [280] 
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Figure 8 In vivo P(SpAA-co-DAA)3/siRNA polyplex distribution in lung cells using P(SpAA-co-DAA)3 at an N/P ratio of 5. 

Cellular uptake of in different lung cell populations was quantified by flow cytometry. Data points indicate mean ± SEM.  

7. Conclusion 

The research regarding carrier systems for siRNA delivery has caught a lot of attention, since it offers a 

promising therapeutic approach by downregulation of disease-related genes via RNA interference. 

Especially polyamine-containing polymers are considered promising delivery systems due to their 

electrostatic interactions with siRNA, leading to high loading efficacy and protecting the payload from 

the degrading environment. However, the development of polymers with high transfection efficiencies 

and minimal cytotoxicity remains to be the greatest barrier of successful non-viral nucleic acid delivery. 

In this study, the approach of using the endogenous, cationic molecule spermine as pendant groups in 

polyacrylamides was examined. In an effort to improve the transfection ability by increasing the 

molecular weight, a protocol to synthesize brushed poly(spermine acrylamides) via free-radical 

polymerization of the active ester N-acryloxysuccinimide was developed. To evaluate the impact of 

different hydrophobic content in the polymer chain for further enhancement in cellular uptake, 

copolymerizations of NAS and N-decylacrylamide were performed. The monomer reactivity ratios of 

each monomer were determined in copolymerizations using Fineman-Ross technique showing a 

compositional drift from DAA to NAS units within the polymer chain. The active ester monomer was 

converted into spermine-based pendant groups by reaction with Tri-boc spermine followed by 

deprotection of the amine groups resulting in poly(spermine acrylamide) and poly(spermine acrylamide-

co-N-decylacrylamide) polymers. A set of three different homopolymers and three copolymers with 

varying molecular weights and ratios of hydrophobic DAA-units were obtained. Critical micelle 

concentration studies were conducted confirming self-assembly into micelles at low concentrations. 

siRNA condensation ability and physicochemical characteristics, i.e., particle size, size distribution and 

zeta potential, were determined showing that all synthesized polymers were able to form uniform 

polyplexes with siRNA at favorable sizes of around 100 nm in hydrodynamic diameter supplemented 

by narrow size distributions at very low N/P ratios. These results in combination with slightly positive 

zeta-potentials and desired buffering-capacities indicate optimal conditions for efficient encapsulation 

and siRNA release. All homo- and copolymers showed an improved cellular uptake in lung carcinoma 

cells compared to hyperbranched 25 kg/mol PEI. P(SpAA-co-DAA)3, with a ratio of 43% cationic and 

57% hydrophobic monomer subunits, mediated a better cellular uptake than “gold standard” 
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lipofectamine and a 10-fold higher uptake than induced with PEI polyplexes under similar conditions. 

Efficient endosomal escape and siRNA release was tested using air-liquid interface studies to examine 

the efficiency in pulmonary siRNA delivery to lung cells. P(SpAA-co-DAA)3 induced a significant 

knockdown outperforming PEI and Lipofectamine in ALI-cultured Calu3 cells. In vivo studies, 

regarding biodistribution and cytotoxic effects in the lung after intratracheal injection verified that 

P(SpAA-co-DAA)3 treated mice showed similar or lower levels of most tested cytokines than untreated 

mice and that P(SpAA-co-DAA)3 polyplexes efficiently reached type II pneumocytes, club and cilia 

cells in the lung. These findings qualify the newly described spermine based homo- and copolymers as 

promising pulmonary nucleic acid agents for therapeutic applications in lung diseases such as respiratory 

viral infections, asthma, or COPD. 

Acknowledgements 

The authors acknowledge support from the European Research Council (ERC-2014-StG – 637830), 

from the Bavarian Research Foundation (AZ-1449-20C) and from the Center for NanoScience at LMU 

Munich. F.A. is grateful for funding from the Federal Ministry of Education and Research (BMBF) and 

the Baden-Württemberg Ministry of Science, Research and Art as part of the Excellence Strategy of the 

German Federal and State Governments. M.K. is grateful for the PhD scholarship from the 

Studienstiftung d. dt. Volkes. 

  



 

53 

Chapter V – Design and characterization of lipid-polyplex hybrid nanoparticles 

for siRNA delivery 

 

This chapter is prepared for submission and peer review as: 

„Design and characterization of lipid-polyplex hybrid nanoparticles for siRNA delivery " 

 

Author‘s contributions:  

Christoph M. Zimmermann a,b, Rosario Milazzo, Benjamin Winkeljann b,c, Paola Luciani a and 

Olivia M. Merkel b 

 

C.M.Z and R.M. performed the experiments and evaluated the data. C.M.Z wrote the manuscript. 

C.M.Z, B.W., P.L. and O.M.M. conceived the presented idea and planned the experiments. B.W., P.L. 

and O.M.M supervised the work, provided conceptual guidance and corrected the manuscript. 

 

 

a. Pharmaceutical Technology, Department for Chemistry, Biochemistry and Pharmacy, 

University Bern, Freiestrasse 3, CH - 3012 Bern 

b. Pharmaceutical Technology and Biopharmaceutics, Department Pharmacy, Ludwig- 

Maximilians-University Munich, Butenandtstr. 5-13, 81377 Munich, Germany 

c. Center for NanoScience (CeNS), Ludwig-Maximilians-University Munich, 80799 Munich, 

Germany 

 

Key words: polymer, lipid, hybrid nanoparticle, RNA therapeutics, siRNA delivery, novel therapeutic 

option 

  



 

54 

Abstract 

Lipid-polymer hybrid nanoparticles can be used as a nucleic acid delivery system improving the 

characteristics of polymer-based nanoparticle systems. Cationic polymers, such as polyethylene imine 

(PEI) and its derivatives, form tightly packed polyplexes that might face endosomal release problems. 

Chemically tunable lipid coatings can overcome those hurdles by destabilization of the lipid bilayer 

structure of the cell membrane or using pH-sensitivity. Additionally, lipids facilitate excellent 

biocompatibility, biomimicking properties, and chemical tunability. Hybrid nanoparticle systems 

combine synergistic features from both worlds resulting in an improved nanoparticle delivery system.  

The aim of the study was to identify a hybrid nanoparticle system to be produced in a one-step 

microfluidic method with improved physicochemical properties, stability, and in vitro performance with 

respect to its polyplex precursor. Polyethylene imine-polycaprolactone-polyethylene imine (PEI-PCL-

PEI), a triblock copolymer, served as the complexation agent for siRNA while 1,2-Dioleoyl-sn-glycero-

3-phosphocholine (DOPC), 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) and 4-

(dimethylamino)-butanoic acid, (10Z,13Z)-1-(9Z,12Z)-9,12-octadecadien-1-yl-10,13-nonadecadien-1-

yl ester (DLIN-MC3-DMA) were used for lipid coating. The microfluidic mixing setup was defined by 

the respective N/P ratio and flow rate ratio (FRR) between siRNA, polymer and lipid. The target values 

were set at a size of 150 nm, PDI of ≤ 0.2, a positive zeta potential, encapsulation efficiency of >95% 

and a gene silencing efficiency of >50%. Results show that hybrid-lipid-polyplex nanoparticles 

(HLPNP) coated with DOPC and DOTAP reached the set targets for physicochemical properties and 

siRNA encapsulation. However, DOTAP-coated HLPNP did neither improve their respective polyplex 

uptake performance, nor did they mediate more than 40%. Gene silencing efficacy. On the other hand, 

D-LIN-coated HLPNPs achieved all set target values and successfully silenced enhanced green 

fluorescence protein (eGFP) expression in vitro by 60% compared with 30% for the respective polyplex 

formulation. 

1. Introduction 

Polymeric nanoparticle systems have shown great potential to successfully encapsulate nucleic acids, 

such as DNA and RNA, as therapeutic drug delivery systems. [11, 177, 181, 285, 286] Especially, short 

interfering RNA (siRNA) therapeutics have opened new possibilities for treatment options due to a 

reversible gene knockdown approach. Cationic polymers, such as poly(ethylene) imine (PEI) or its 

modifications, form polyplexes with negatively charged RNA demonstrating effectiveness in vitro and 

in vivo. [34, 287-289] Even though electrostatic interactions are advantageous producing polyplexes of 

smaller sizes and positive charges facilitate cell internalization, as well as inducing an endosomal 

buffering capacity to promote endosomal escape, the inability to release siRNA and cell membrane 

damage can lead to insufficient therapeutic effects and increased cytotoxicity. [167, 290] Moreover, 

polyplexes face wider polydispersity causing poor reproducibility and adding towards its effectiveness.  

Polymer architecture created a pool of various modifications to improve biocompatibility and 

transfection performance. [286, 291] Numerous modifications were synthesized having 

polycaprolactone (PCL) and/or poly(ethylene) glycol (PEG) linked to increase hydrophobicity or 

hydrophilicity. Several studies on PEI modifications showed improvements in sizes and uptake 

performances in comparison to PEI-polyplexes. However, one of the biggest hurdles remains to be the 

endosomal release. [177, 179, 181] This can be overcome by searching for a new polymer modification, 

as abovementioned, or to make use of the advantages of lipids as nanocarrier systems. They account for 

amphiphilicity and mimick the biological cell membrane which enables a proficient encapsulation 

stability, non-toxicity, flexibility, biocompatibility and biodegradability. [49, 50, 292] The approach of 

forming lipid-polymer hybrid nanoparticles can combine the synergies of both to improve existing 

polyplex systems. Previous studies have shown that combining lipids and polymers can lead to higher 
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stability of nanoparticles, a much higher transfection and improve circulatory half-lives. [293-295] 

Various lipids and phospholipids were used for structure enhancement ranging from positively charged 

lipids (1,2-dioleoyl-3-trimethylammonium-propane, DOTAP), helper lipids (1,2-dioleoyl-sn-glycero-3-

phosphocholine, DOPC), and ionizable lipids (4-(dimethylamino)-butanoic acid, (10Z,13Z)-1-

(9Z,12Z)-9,12-octadecadien-1-yl-10,13-nonadecadien-1-yl ester, DLIN-MC3-DMA). The addition of 

helper lipids can lead to an enhancement of transfection activity of lipid nanoparticles through 

destabilization of the lipid bilayer structure in cell membranes. [50] Ionizable lipids found their 

breakthrough in the siRNA-LNP formulation of Onpattro®. The pH-sensitivity of ionizable lipids is 

beneficial for nucleic acid delivery, especially in vivo, because at a neutral pH the ionizable lipids have 

less interactions with the anionic membranes of blood cells which improves the biocompatibility of lipid 

nanoparticles. In addition, entering the endosome, resulting in a lower pH value, protonates the lipids 

which increases the positive charge promoting membrane destabilization and facilitating endosomal 

release. [296, 297] 

Despite the vast variety and promising characteristics of lipid-polymer hybrid nanoparticles, traditional 

methods of particle formation lack batch reproducibility and the translation into large-scale production. 

[152, 298] Most common methods of preparing hybrid nanoparticle systems consist of two-steps or one-

step. Two step methods prepare nanoparticles via nanoprecipitation, emulsification-solvent evaporation 

or high-pressure homogenization. Generally, hybrids are formed by the addition of preformed polymeric 

nanoparticles to a dried lipid film or lipid vesicles. The final assembly is achieved by the input of external 

energy via ultrasonication or vortexing. In a single-step method, nucleic acid and polymer are dissolved 

together and the lipid is dissolved in water. Lipids are heated and the polymer/nucleic acid solution is 

added dropwise. [299] Both attempts are time, energy, and material intense. Microfluidic mixing is an 

alternative technology for nanoparticle production offering a precise, rapid, and cost-effective 

regulation, as well as a wide set-up variety. [300] It can act as a single-step method in which the 

polymeric-, nucleic acid- and lipid-stream are mixed in the same microfluidic chip. Either the 

components are added continuously in the same stream, or the layout allows a polymer nanoparticle 

formation in one chip circuit, followed by a subsequent lipid coating in another circuit on the same chip. 

The company Dolomite Microfluidics have found a Micromixer® chip which displays two circuits, each 

of them having mixing chambers increasing the turbulent flow. Feldmann et al. and our group (Chapter 

2) have previously used this particular chip to improve polyplex formation of siRNA encapsulation in a 

triblock copolymer (PEG-PCL-PEI). [34] However, only one circuit was used leaving room for 

exploration of lipid-polymer hybrid nanoparticle formation. 

The aim of this study was to establish a single step microfluidic formulation of hybrid-lipid-polyplex 

nanoparticles (HLPNPs) based on a PEI-PCL-PEI triblock copolymer, used for siRNA encapsulation, 

with a lipid coating. For the latter, either a zwitterionic lipid, DOPC, a positively charged lipid, DOTAP, 

or an ionizable lipid, DLIN-MC3-DMA, were utilized. The purpose of the coating was to improve the 

polyplex performance, especially, regarding the in vitro performance. The set target parameters 

consisted of a size of 150 nm, a PDI of about 0.2 and a positive zeta potential. A size range below 200 

nm is advisable to avoid nanoparticle clearance by renal and hepatic pathways. [301] siRNA 

encapsulation over >95% and nanoparticle stability at pH 7.4 is expected. The in vitro uptake of HLPNPs 

should be comparable or better than that of polyplexes without significant cytotoxicity. The in vitro gene 

silencing performance of HLPNPs should exceed 50% for better performance than observed with 

polyplexes. Overall, the lipid coating should verify the formation of a hybrid nanoparticle system to 

improve the polyplex performance. This study’s findings provide an approach to enhance the 

performance of polymers as non-viral delivery systems by simply coating with a lipid using a single-

step sequential microfluidic mixing set-up. 
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2. Materials & Methods 

2.1 Materials 

Dicer substrate double-stranded siRNA targeting green fluorescent protein (DsiRNA EGFP, 25/27mer) 

(siGFP), scrambled, non-specific control (siNC) and amine modified siRNA labeled with succinimidyl 

ester (NHS) modified AF 488 (siAF488) (Life Technologies, Carlsbad, USA) were purchased from IDT 

(Integrated DNA Technologies, Inc., Leuven, Belgium) (A2, Table S1) [237, 270, 302, 303]. Tris-EDTA 

buffer solution 100x (T9285), RPMI-1640 medium (R8758), fetal bovine serum (FBS) (F9665), 

penicillin-streptomycin (P/S) (P4333), G418 disulfate salt solution (G8168), Dulbecco’s phosphate 

buffered saline (D-PBS) (D8537), methylthiazolyldiphenyl-tetrazoliumbromid (MTT), heparin porcine 

salt, were purchased from Sigma-Aldrich, a subsidiary of Merck KGaA (Darmstadt, Germany). 1,2-

Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-3-trimethylammonium-propane 

(DOTAP) and 4-(dimethylamino)-butanoic acid, (10Z,13Z)-1-(9Z,12Z)-9,12-octadecadien-1-yl-10,13-

nonadecadien-1-yl ester (DLIN-MC3-DMA; D-LIN, A2, Figure S1) were bought from Avanti Polar 

Lipids (Alabaster, USA). Black 96-well plates (10307451) were bought from Thermo Fisher Scientific 

(Schwerte, Germany). Micromixer® chips were bought from Dolomite Microfluidics, Blacktrace 

Holdings Ltd. (Royston, UK). 

2.2 Preparation of hybrid lipid-polyplex nanoparticles (HLPNPs) via microfluidic mixing 

LPHNPs consist of a polyplex core, which forms via electrostatic attraction between positively charged 

polymer and negatively charged siRNA, and a lipid coating (Table 1). The polyplexes were formed 

using a triblock copolymer consisting of two polyethylenimine termini and a polycaprolactone center 

block (polyethyleneimine-polycaprolactone-polyethylenimine, PEI-PCL-PEI). The polymer was 

synthetized as described before and dissolved in acetone to reach a stock concentration of 1 mg/mL. 

Subsequently, to enable an aqueous mixing in the microfluidic chip, the polymer stock solution was 

transferred by dropwise addition under magnetic stirring to a 10 mM 4-(2-Hydroxyethyl)piperazine-1-

ethanesulfonic acid (HEPES) buffer solution (pH 7.4) for acetone evaporation. Prior to the polyplex 

formation, the amount of polymer needed was calculated by the following equation taking into account 

a PEI ratio of 2/3 within the triblock copolymer: 

PEI (pg) = MW (PEI) x siRNA nucleotides x N/P ratio x siRNA amount (pmol) 

MW (PEI): Molecular weight (MW) of PEI’s protonable unit is 43.04 g/mol. siRNA nucleotides: the 

number of nucleotides in the 25/27mer siRNA sequence is 52. N/P ratio: the charge ratio between the 

protonable groups in the PEI molecule to the anionic phosphate in the RNA backbone. 

All polyplex formulations consisted of an siRNA (siAF488, siGFP, siNC) concentration of 1000 

pmol/mL. To form polyplexes and hybrid lipid-polyplex nanoparticles, microfluidic mixing in the 

Micromixer® was performed. The microfluidic set-up consisted of two mixing circuits with three inlet 

positions. The mixing procedure was performed in a single-step of aqueous solutions to form the 

polyplexes. Subsequently, the lipid coating was added in the second circuit. The flow rates were 

controlled by syringe pumps (KD Scientific Inc, USA). Formation of polyplexes was approached in two 

different manners. Either, polyplexes were formed by loading polymer and siRNA solutions into 

syringes and setting the same flow rate of 0.5 mL/h. N/P ratios of 7, 10 and 14 were investigated. Or, 

the flow rate ratio (FRR) was adapted by fixing the polymer flow rate to 0.5 mL/h and decreasing the 

siRNA flow rate 6-fold or 8-fold. Hence, the final siRNA concentration was always 1000 pmol/mL. N/P 

ratios of 7 and 14 were prepared. The microfluidic chip was washed with 10 mM HEPES buffer solution 

prior and after use. The lipid coating of the polyplexes was performed in the second mixing circuit of 

the Micromixer® chip. Different lipids were used to form the HLPNPs. Zwitterionic lipid DOPC and 

positively-charged lipid DOTAP were used to establish a hybrid system. D-LIN was used to further 

optimize the HLPNP system. All lipids were dissolved in a mixture of methanol and ethanol (1:1) to 
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obtain a 1 mg/mL stock solution. Adapted from a previous study, a solvent displacement was achieved 

by adding the lipid solution dropwise to a stirring 10 mM HEPES buffer solution. The mixture was left 

stirring for 30 min to let the organic solvent to evaporate. [304] The polyplex stream was guided into 

the second circuit to mix with the lipid solution. Various FRR of 1:1, 1:4 and 1:8 were investigated 

keeping the polyplex to lipid ratio at 1:1 (Table 1). This led to a final siRNA concentration of 500 

pmol/mL within the HLPNPs. 

Table 1 Polymer, siRNA and lipids concentrations for different samples synthesis 

Sample Abbreviation N/P ratio FRR 
Polymer 

[µg/mL] 

siRNA 

[pmol/mL] 

Lipid 

[µg/mL] 

PP N/P 7 PP 1 7 6:1 23.52 1000 / 

PP N/P 14 PP 2 14 6:1 47.04 1000 / 

DOPC N/P 14 HLPNP 1 14 1:1 23.52 500 23.52 

DOTAP N/P 7 HLPNP 2 7 1:1 11.76 500 11.76 

DOTAP (2x) N/P 7 HLPNP 3 7 1:1 11.76 500 23.52 

DOTAP N/P 14 HLPNP 4 14 1:1 23.52 500 23.52 

D-LIN N/P 7 HLPNP 5 7 1:1 11.76 500 11.76 

D-LIN N/P 14 HLPNP 6 14 1:1 23.52 500 23.52 

 

2.3 Hydrodynamic diameter and zeta (ζ) potential measurements of HLPNPs 

Hydrodynamic diameters and polydispersity indices (PDI) of HLPNPs (70 µL, 500 pmol siRNA per 

mL) were measured, dispersed in highly purified water (HPW), in disposable cuvettes (Brand GmbH, 

Wertheim, Germany) using the Zetasizer Nano ZS instrument (Malvern Instruments Inc., Malvern, 

U.K.). All samples were detected at a backscatter angle of 173°. Results are presented as Z-average size 

(nm) ± SD and analyzed via polynomial fit. Zeta potentials were measured by Laser Doppler 

Anemometry (LDA) using a Zeta Cell (Zetasizer Nano series, Malvern, UK) containing a 6.5X dilution 

of the same 70 µL sample of HLPNP suspension in HPW. For each HLPNP formulation, measurements 

were presented as an average charge (mV) ± SD. 

2.4 Atomic force microscopy (AFM) measurements of HLPNPs 

AFM was performed using the Multimode AFM (Veeco, Plainview, USA) to assess the size and 

morphology of the HLPNPs. For AFM size and morphology measurements, HLPNPs were prepared as 

mentioned above via microfluidic mixing. A volume of 20 µL (500 pmol siRNA/mL) HLPNP 

suspension was added to a glass coverslip and let dry. DOTAP and DOPC lipid coatings of HLPNPs 

were compared. 

2.5 Nanoparticle tracking analysis (NTA) for HLPNPs 

NTA measurements were performed using the NanoSight NS300 (Malvern Instruments Inc., Malvern, 

U.K.). Polyplexes and HLPNPs, at concentrations of 500 pmol siRNA/mL, were prepared via 

microfluidic mixing, as mentioned above. DOTAP was used at N/P ratios of 7 and 14 for HLPNP 

formation. Samples were injected using a syringe and five regions were recorded and analyzed for 1 

min. 
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2.6 Transmission electron microscopy (TEM) measurements of HLPNPs 

Transmission electron microscopy was used in order to assess the size and morphology of HLPNPs. For 

TEM analysis, HLPNPs were formed using DOPC and DOTAP, as described above, at final siRNA 

concentrations of 500 pmol/mL and an N/P ratio of 14. A volume of 5 µL of samples were added 

dropwise to an activated copper-coated grid and air-dried for 5 min. The excess liquid was removed 

using filter paper and 10 µL of staining solution (2 % phosphotungstic acid (m/V) in HPW) was added. 

Subsequently, the staining agent was removed and washed three times with 10 µL of HPW. HLPNPs 

were imaged using a FEI TECNAI G2 200kV s-Twin microscope (FEI Titan Themis, Hillsboro, USA). 

2.7 Co-localization of HLPNP components via confocal microscopy 

For confocal microscopy experiments, an AlexaFluor488 (AF488) labeled siRNA and a Liss Rhod 

(Avanti Polar Lipids, Michigan, United Stated) –linked DOPC lipid were used for HLPNP formation. 

To evaluate the co-localization of polymer and lipid within the same HLPNP system, 20 µL of HLNPs 

solution was pipetted on a glass slide and observed under the SP8 Inverted scanning confocal 

microscope (Leica Camera, Wetzlar, Germany). The pinhole was set to 1AU and a 63x oil objective was 

used. The images were exported from the Leica Image Analysis Suite and processed with the Fiji 

distribution of ImageJ. Co-localization was calculated by determining the Pearson coefficient. 

2.8 HLPNP encapsulation efficiency and stability 

To determine siRNA encapsulation efficiencies of polyplexes and HLPNPs, a SYBR-Gold assay was 

performed. All samples were loaded with 50 pmol siRNA at N/P ratios 7 and 14. Furthermore, sample 

formation was adjusted by changing the FRR or the composition, as mentioned under 2.2. First, 100 µL 

of each sample were transferred into a black 96-well plate, followed by the addition of 30 μL of 4x 

SYBR-Gold Nucleic Acid Gel Stain (Thermo Fisher Scientific). The plate was incubated in the dark for 

10 min. Measurements were conducted on a SPARK® multimode microplate reader (TECAN Group 

Ltd., Maeneedorf, Switzerland) at an excitation wavelength of 485/20 nm and an emission wavelength 

of 520/20 nm. Samples with only siRNA were prepared, treated and measured in the same way as all 

the other samples. Fluorescence of free siRNA was used as a control for 100% free siRNA. Results were 

presented as the mean ± SD, n = 3. 

To compare the stability of formed nanoparticle systems, polyplexes and HLPNPs were exposed to a 

heparin solution. Heparin, a polyanion, competes with the negatively charged nucleotides to bind to the 

cationic polymer thus allowing to examine a potential siRNA release. In brief, various heparin 

concentrations at 1.0, 0.75, 0.5 and 0.25 international units (IU) in 10 μL were prepared. Then, 100 μL 

of HLPNP samples were added to each well of a black 96-well plate, followed by the addition of 10 μL 

heparin solution at various concentrations. The plate was left to incubate for 30 min. Subsequently, a 

SYBR-Gold assay was run as above mentioned. Results are shown as mean ± SD, n = 3. 

2.9 In vitro characterization of HLPNPs 

2.9.1 Cell Culture 

The human non-small cell lung carcinoma cell line H1299 (ATCC CRL-5803) and the same cell line 

stably expressing enhanced green fluorescence protein (eGFP, H1299-GFP) was cultured in RPMI 1640 

medium supplemented with 10% FBS, 1% P/S and additional 0.4% G418 for H1299-GFP cells. Cells 

were passaged every 3 days with 0.05% v/v trypsin and subcultured in 75 cm2 flasks. Cells were kept 

in a humidified atmosphere at 37 °C with 5% CO2. 

2.9.2 In vitro uptake of HLPNPs in H1299 cells 

For uptake experiments, amine modified siRNA (Integrated DNA Technologies, Coralville, USA) was 

labeled with succinimidyl ester (NHS) modified AF 488 (Life Technologies,Carlsbad, USA) . HLPNPs 
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were prepared at a concentration of 500 pmol siRNA-AF488 per mL at different N/P ratios as described 

in 2.2. Lipoplexes were prepared with Lipofectamine 2000 as positive control. Per well, 50,000 H1299 

cells were seeded in 24-well plates (Thermo Fisher Scientific) with 500 µL medium and left for 24h 

incubation at 37°C and 5% CO2. Then, cells were transfected with 100 µL of samples and left for another 

24 h incubation time. As negative controls, blank samples were seeded and left untreated. Cells were 

harvested and washed three times before resuspension in 500 μL PBS/2 mM EDTA (Sigma-Aldrich). 

Samples were analyzed using an Attune® NxT flow cytometer (Thermo Fisher Scientific) with 488 nm 

excitation and 530/30 emission filter. All LNPs samples were gated by morphology for a minimum of 

10,000 viable cells. For trypan blue quenching, one half of each sample was washed with 0.4% trypan 

blue to mask any signal originating from extracellular fluorescence. Results are displayed as mean MFI 

values (%) ± SD, n = 3. 

2.9.3 In vitro GFP downregulation in H1299-GFP cells 

To evaluate the in vitro gene silencing efficiency of HLPNPs, H1299-GFP cells were seeded in a 24-

well plate at a density of 25,000 cells per well in 500 µL medium incubated for 24 h at 37 °C and 5% 

CO2. Cells were transfected with 100 µL of HLPNPs at a concentration of 500 pmol/mL and added to 

400 µL of fresh culture medium left for 48 h incubation at 37 °C and 5% CO2. At the end of the 

incubation time, cells were washed with PBS, trypsinized and collected. After centrifugation at 400 rcf 

for 5 min, the supernatant was discarded, and the cell pellet was washed two times in PBS before being 

resuspended in PBS with 2 mM EDTA. Samples were analyzed by flow cytometry (Attune NxT, 

Thermo Fischer Scientific, Waltham, Massachusetts, USA), and the median fluorescence intensity 

(MFI) of GFP protein expression was measured by using a 488 nm excitation laser and the emitted light 

passing through a 530/30 nm band pass emission filter set was detected. All HLPNPs samples were 

gated by morphology for a minimum of 10,000 viable cells. Results are displayed as mean MFI values 

(%) ± SD, n = 3. 

2.9.4 In vitro cytotoxicity of HLPNPs in H1299 cells 

Cell viability after transfection with HLPNPs was tested via an MTT assay as described previously. 

[258, 259] Briefly, 5,000 H1299 cells per well were seeded in 100 µL medium in a transparent 96-well 

plate (BioLite 96 well multidish, Thermo Fisher Scientific, Rochester, New York, USA). The samples 

were prepared at a concentration of 500 pmol/mL as described in 2.2. After 24 h, 90 µL of prewarmed 

medium was added to each well and supplemented with 10 µL of sample, respectively. The plate was 

incubated for 24 h at 37 °C and 5% CO2. As a full viability control, cells were incubated in 100 µL 

medium only. After 24 h, the media was aspirated and 200 µL of MTT containing medium (0.5 mg/ml 

in serum-free RPMI-1640 medium) was added to each well. Cells were incubated for another 3 h at 37 

°C and 5% CO2. Subsequently, the cell culture medium was completely removed, and insoluble purple 

formazan crystals were dissolved in 200 µl DMSO. The plate was set on a horizontal shaker for 20 min 

for all crystals to dissolve. The absorbance was measured at 570 nm, corrected with background values 

measured at 680 nm, using a microplate reader (TECAN Spark, TECAN, Maennedorf, Switzerland). 

The data are shown as mean ± SD as percentage of viable cells in comparison to untreated cells 

representing 100% viability, n = 3. 

2.10 Statistics, data analysis and presentation 

All experiments were run in independent triplicates. Experimental data was analyzed for normality by 

running a D'Agostino & Pearson omnibus normality test. Statistical significance was analyzed using the 

One-Way ANOVA repeated measurements on the GraphPad Prism 5 software with Tukey’s post-hoc 

test with p>0.05 considered not significant (ns), * p<0.05, **p<0.01, ***p<0.001. Data presentation 

was performed using GraphPad Prism 5 data science packages. Data not fitting normality were excluded 

from presentation. 
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3. Results and Discussion 

3.1 Characterization of physicochemical properties of DOPC- and DOTAP-coated HLPNPs 

Hybrid nanoparticles consisted of a polyplex core made of the triblock copolymer PEI-PCL-PEI and a 

lipid coating. The HLPNP formation was achieved using a single-step microfluidic mixing method to 

simplify the production by keeping a high reproducibility and quality. The Micromixer set-up allowed 

a premixing of the polyplex in one circuit before coating the polyplex with the lipid in the other circuit. 

All components were dissolved or transferred into an aqueous solution keeping the mixing procedure as 

simple as possible. At a neutral pH of 7.4, the PEI ends of the triblock copolymer have protonated 

nitrogen groups enabling the electrostatic attraction and binding with the negatively charged siRNA. 

Various polyplex samples were tested by adapting the N/P ratio from 5, 7 and 10 to 20, while keeping 

the FRR at 1:1 (Table 2).  

Table 2 Size, polydispersity index (PDI) and zeta potential of polyplexes, DOPC-coated and DOTAP-coated HLPNPs after 

microfluidic mixing. Polyplexes consist of siRNA complexed with PEI-PCL-PEI polymer. Results are displayed as mean ± 

SD, n = 3. 

Sample Abbreviation 
N/P ratio 

polyplex 

FRR 

polyplex 

Polyplex-

lipid ratio 
Size (nm) PDI 

Zeta potential 

(mV) 

Polyplex 

- 5 1:1 - 113.4 ± 5.6 0.373 ± 0.034 -14.4 ± 7.5 

- 7 1:1 - 123.2 ± 1.2 0.237 ± 0.005 -3.85 ± 0.55 

- 10 1:1 - 869.4 ± 467.2 0.305 ± 0.394 -4.90 ± 0.89 

- 20 1:1 - 65.13 ± 0.15 0.199 ± 0.014 -1.48 ± 0.47 

Polyplex 

- 7 1:1 - 123.2 ± 1.2 0.237 ± 0.005 -3.85 ± 0.55 

-  4:1 - 87.7 ± 2.96 0.121 ± 0.024 -0.65 ± 1.73 

PP 1  6:1 - 96.9 ± 1.28 0.201 ± 0.026 9.42 ± 7.29 

-  8:1 - 88.1 ± 0.72 0.130 ± 0.007 5.46 ± 9.24 

PP 2 14 6:1 - 101.6 ± 7.3 0.211 ± 0.039 16.00 ± 2.92 

DOPC 

hybrid 

- 7 6:1 1:1 157.4 ± 21.9 0.379 ± 0.070 -13.71 ± 6.54 

HLPNP 1 14 6:1 1:1 210.9 ± 0.6 0.233 ± 0.005 0.31 ± 2.07 

DOTAP 

hybrid 

HLPNP 2 7 6:1 1:1 147.9 ± 15.1 0.227 ± 0.045 -2.73 ± 0.36 

HLPNP 3 7 6:1 1:2 198.2 ± 0.2 0.204 ± 0.012 2.42 ± 1.30 

HLPNP 4 14 6:1 1:1 107.6 ± 6.6 0.212 ± 0.014 7.04 ± 8.14 

 

This first screening revealed a wide range of sizes from 65 nm at N/P 20 to 869 nm at N/P 10. N/P ratios 

5 and 7 gave sizes of 113 to 123 nm, a range that fits the target values of <150 nm. The PDIs varied 

from 0.2 to 0.373. Despite that wide size distribution obtained, the zeta potential showed a negative 

value throughout all samples. That means, the siRNA is not complexed within the polyplex and negative 

charge is detected at the outer layer of the nanoparticle. Our findings seemed to suggest that the flow 

speed at which the polymer solution and the siRNA solution meet might be too high. To overcome the 
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negative zeta potential, the FRR was changed to a slower siRNA stream but keeping the same polymer 

solution flow rate of 0.5 mL/h. The siRNA concentration was increased to keep the final polyplex 

concentration constant at 1000 pmol/mL. The N/P ratio of 7, instead of N/P 20, was chosen as it gave 

the best first set of data by keeping in mind that a lower polymer amount will induce lower positive 

charge, and therefore, less cytotoxicity. [193] The increasing FRR of 4:1, 6:1 and 8:1 stabilized the 

polyplex sizes at round 87-97 nm. The PDI was reduced to 0.121 – 0.201 showing a narrow size 

distribution of polyplexes. Reaching a PDI value of 0.2 or lower fulfills the target values and matches 

literature values. [305] In addition, the increase in FRR resulted in a more positive zeta potential. 

Starting with a neutral value of -0.65 mV for FRR 4:1, a gradual increase in FRR to 6:1 and 8:1 resulted 

in zeta potentials of 9.4 mV and 5.5 mV, respectively. The neutral zeta potential value of FRR 4:1 is 

generally not favorable for nanoparticle systems because the lack of electrostatic repulsion could lead 

to particle aggregation. [306] Changing the FRR from 6:1 to 8:1 should result in additional positive 

charge, however, the zeta potential dropped by almost half. This decrease can be explained by the 

dynamic electrostatic interaction within the polyplex that constantly forms and deforms the nanoparticle 

structure until an equilibrium is reached. [307] Furthermore, shifting the ratio between siRNA- and 

polymer flow can influence the complexation efficiency. Therefore, the FRR of 6:1 was chosen to be 

used for further polyplex formations implying most suitable physicochemical properties. For the same 

reason, though room for improvement, the N/P ratios for polyplex formation were set to 7 and 14. The 

polyplex formation at N/P 14 led to adequate sizes of around 100 nm, a PDI value of 0.21 and a zeta 

potential of +16 mV. Hence, PP 1 and PP 2 are favored for all further hybrid coating experiments. In a 

comparable polyplex formation study by Feldmann et al. using the same microfluidic setup but a 

different triblock copolymer, PEG-PCL-PEI, their polyplexes at N/P 6 resulted in bigger sizes of 122 - 

168 nm and polydisperse PDI values of 0.3 – 0.52. Two major discrepancies included a constant FRR 

of 1:1 and much higher flow rates of 0.5 – 2 mL/min which can explain the values yet worthy for 

improvement. [34] Therefore, the adjustment of the FRR has already proven to be successful in forming 

a polyplex system of sizes at around 100 nm and narrower size distributions of ≤0.2.  

DOPC-coated (HLPNP 1) and DOTAP-coated (HLPNP 2, 3, 4) hybrid nanoparticles maintained a 

polyplex core at N/P ratios 7 and 14 and had a lipid FRR of 1:1. Only in the case of DOTAP, a double 

lipid amount, resulting in a FRR of 1:2 (HLPNP 3), was evaluated as well. The zwitterionic lipid DOPC 

exhibiting an overall neutral charge should set the DOPC-coated HLPNPs’ zeta potential to about 0 mV. 

For DOPC-coated hybrids at N/P 7, bigger sizes of 157 nm and PDI values of 0.379 were obtained. The 

zeta potential resulted in a negative value of -13.7 mV which can be explained by a disruption of the 

hybrid construct externalizing the nucleic acid and disqualifying this hybrid system for microfluidic 

formation. In comparison to N/P 7, HLPNP 1 resulted in a neutral zeta potential of +0.3 mV at sizes of 

210 nm and PDI values of 0.233. This affirms the assumption that a coating with the neutrally charged 

DOPC can lead to a zeta potential around 0 mV. The results from DOPC-coated HLPNPs at N/P 7 could 

rise the question if the hybrid systems are proper hybrids, or if the microfluidic coating led to a disruption 

or even a co-existence of polyplexes and lipid nanoparticles. Figure S2 (A2) shows the DLS 

measurements of DOPC-lipids in comparison to HLPNP 1. The distribution profiles differ from each 

other and most importantly, DOPC-coated HLPNPs show a single size distribution peak indicating that 

a monodisperse hybrid system is detected. To confirm these results, a confocal microscopy measurement 

to co-localize siRNA embedded polyplexes and DOPC lipid was performed. As seen in Figure 1, a co-

localization of siRNA (red) and Liss Rhod PE linked DOPC lipid (green) led to color change to yellow. 

The Pearson coefficient, quantifying the co-localization, was calculated at 0.558 meaning a strong 

positive correlation was observed. [308] Therefore, the DOPC-coated HLPNPs at N/P 14 were 

considered promising candidates as a nucleic acid carrier and will be further evaluated.  
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Figure 1 Confocal pictures of HLPNPs. A) siRNA-AF488 (red), B) Liss Rhod PE linked DOPC lipid (green) and C) siRNA-

lipid co-localization (yellow). 

A second HLPNP formulation was tested using the positively charged lipid DOTAP to coat the polyplex 

nanoparticles. The decision was led by the assumption that a positively charged lipid will increase the 

positive zeta potential which in conclusion would stabilize the hybrid system and improve the 

transfection efficiency. The sizes of DOTAP-coated HLPNPs at N/P 7, single and double amount of 

lipid, and N/P 14, differed widely from 107 nm up to 198 nm. The obtained sizes were verified by NTA 

measurement of N/P 7 and N/P 14 DOTAP-coated HLPNPs resulting in sizes of 134 nm and 86 nm, 

respectively (A2, Figure S3). This big size range did not affect the PDI which remained around 0.2 – 

0.23. However, the zeta potential varied from -2.7 – +7 mV showing that the positive charge of DOTAP 

does not have a severe impact on the overall charge of the HLPNPs. The positive charge of DOTAP is 

most likely partially directed towards the siRNA and partially towards the outside of the HLPNPs. 

Therefore, the overall charge does not appear to be highly positive.  

 

Figure 2 Morphology and sizes of HLPNPs at a N/P ratio of 14 and a polyplex to lipid FRR of 1:1. TEM pictures of A) HLPNP 

4 (DOTAP) and B) HLPNP 1 (DOPC). AFM measurement of C) HLPNP 4 (DOTAP) and D) HLPNP 1 (DOPC). 
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All hydrodynamic measurements of freshly prepared DOPC- and DOTAP-coated HLPNPs varied 

widely between N/P 7 and 14, as seen via DLS. Therefore, TEM and AFM measurements were done to 

evaluate the morphology of fresh nanoparticles and to confirm their size. TEM pictures in Figure 2A 

and B show round-shaped nanoparticles. In Figure 2A, HLPNP 4 showed sizes of about 70 nm, whereas 

HLPNP 1 showed aggregates and sizes of 200 nm and more. In Figure 2C, the AFM measurement of 

HLPNP 4 displayed sizes of about 70 nm in good agreement with the TEM results. HLPNP 1 showed 

sizes of up to 200 nm which substantiates the results of DLS and TEM (Figure 2D). As mentioned above, 

the neutral charge of DOPC-coated HLPNPs (HLPNP 1) favors the aggregation.  

The zeta potential of a nanoparticle system is just one indicator for the complexation of the siRNA. 

Another approach is to test the encapsulation efficiency by SYBR-Gold assay. Figure 3 showed a 

quantification of the amount of free siRNA of all microfluidic produced polyplexes and HLPNPs. In 

Figure 3A, the different FRR for polyplex formation were examined resulting in almost full 

encapsulation of the siRNA. Polyplexes of N/P 7 and 14, as well as DOPC- and DOTAP-coated HLPNPs 

showed encapsulation efficiencies of more than 99% exceeding the set target of 95% and most PLGA-

based hybrid nanoparticles (Figure 3B). The HLPNP stability can be observed performing a heparin 

competition assay using the presence of heparin as a large polyanion to effectively compete with the 

polyplexes and hybrid complex. 

 

Figure 3 Encapsulation efficiency using the SYBR-Gold assay. A) Detection of siRNA complexation within polyplex 

nanoparticles at N/P 7 (PP) and various FRR. B) Comparison of siRNA encapsulation between polyplexes (PP 1-2) and DOPC- 

and DOTAP-coated hybrid nanoparticles (HLPNP 1-4). Results are displayed as mean ± SD, n = 3. 

Figure  showed that all samples resulted in an increased amount of free siRNA of 20-40% by gradually 

adding more heparin up to 1 I.U. HLPNP 2 seemed to have the weakest complexation of siRNA at 40% 

free siRNA which underscores the negative zeta potential observed. All other DOTAP-coated HLPNPs 

(HLPNP 3 and 4) displayed 20% of free siRNA. Hence, the nucleic acids tighter packed in the hybrid 

particles than the corresponding polyplex nanoparticles indicating that the lipid coating improves the 

nanoparticle properties. In conclusion, the siRNA was complexed inside the various HLPNPs, and all 

nanoparticle systems fulfilled quality criteria to be tested in an in vitro environment.  
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Figure 4 Polyplex (PP 1-2) and HLPNPs (1-4) stability evaluation using a Heparin-SYBR-Gold assay at pH 7.4. Results are 

displayed as mean ± SD, n = 3. 

3.2 In vitro evaluation of DOPC- and DOTAP-coated HLPNPs 

The in vitro performance of polyplexes and HLPNPs was tested by examining cytotoxic effects after 

transfection and the uptake behavior in H1299 cells. If the HLPNP systems should find clinical 

application as drug delivery system, they must not show any cytotoxic effects. Figure 5A examined the 

nanoparticles’ cytotoxicity using a MTT assay in H1299 cells. No statistically significant cytotoxicity 

was observed using any of the polyplexes (PP 1 and PP 2) and HLPNPs 1-4. Figure 5B shows the mean 

fluorescence intensity (MFI) of all samples as they were detected non-quenched and quenched with 

trypan blue. Nanoparticles might stick to the cell membrane without internalizing into the cell resulting 

in a surface fluorescence signal. To avoid a false-positive uptake detection, cell membranes are dyed 

with trypan blue to detect absolute uptake intensities. [309] HLPNP 1 had half the uptake intensity of 

the corresponding polyplexes at N/P 14 (PP 2), whereas HLPNP 4 maintained the same uptake behavior. 

PP 1 resulted in a similar uptake value as PP 2 and HLPNPs 2-4. Therefore, the uptake seems to be 

independent of the surface charge of the nanoparticles. HLPNP 2’s uptake value was slightly lower than 

its preformed polyplexes. One reason was the highest leakage in siRNA for this composition as revealed 

in the heparin competition assay. In addition, a slight negative zeta potential could have caused a cell 

membrane repulsion. leading to a reduced uptake. The only formulation that increased the uptake 

performance was HLPNP 3, which consisted of a double amount of DOTAP-lipid.  

 

Figure 5 In vitro evaluation of siRNA embedded nanoparticles via microfluidic mixing. A) Cytotoxicity evaluation of 

polyplexes and HLPNPs in H1299 cells. B)) Uptake behavior of polyplexes (PP 1-2), DOPC-coated (HLPNP 1) and DOTAP-

coated HLPNPs (HLPNP 2-4) in H1299 adenocarcinoma cells. Nanoparticle compositions found in Table 2. Results are 

displayed as mean ± SD, n = 3. 
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A-combination of a positive zeta potential, bigger particle sizes and sufficient hybrid nanoparticle 

stability were identified as the contributing reasons. Overall, the uptake performance of polyplexes PP 

1and PP 2 were only improved by one hybrid formulation (HLPNP 3) but decreased by HLPNP 1 and 

HLPNP 2. These results underline the complexity of lipid-coating in aqueous environment via 

microfluidic mixing. 

The uptake behavior alone does not imply that a carrier system can efficiently release its cargo to the 

cell interior. A gene silencing evaluation can help to understand if a cargo is released at its designated 

point, i.e., to downregulate protein expression. Figure 6 presents the knockdown data of all polyplexes 

(PP 1 + 2) and HLPNP 2-4 in H1299 cells expressing the enhanced green fluorescence protein (H1299-

GFP). HLPNP 1 (DOPC coating) was excluded because of its insufficient prior performance. Polyplexes 

and hybrid nanoparticles were formed having scrambled siRNA (siNC) and GFP-targeting siRNA 

(siGFP) encapsulated. Samples with scrambled siRNA were used as negative control. The knockdowns 

resulted in a non-significant gene silencing of about 10% throughout all samples. Only HLPNP 4 showed 

a 40% knockdown efficiency. This overall poor performance can be explained by the endosomal escape 

problem. [10, 195] Polyplexes are considered to escape the endosomes via the proton sponge effect, 

which is an osmotically induced swelling of the endosome. This is triggered by the proton buffering 

capacity of the polyplexes, ultimately resulting in rupture of the endosomal membrane. [196] 

Furthermore, protonation of polymers will cause polymer swelling because of the electrostatic repulsion 

between the protonated polymers that show an enhanced electrostatic interaction with the endosomal 

membrane. Molecular dynamic simulation has shown that membrane adsorption of polymer under 

tension, in case of osmotic swelling and size increase, lowers the critical stress required to disrupt the 

endosomal membrane. [310] To evaluate if this is occurring, polyplexes and HLPNPs are transfected 

with chloroquine which induces an endosomal release. [311] A highly significant knockdown of >90% 

was observed for all samples. Therefore, all polyplex and hybrid nanoparticle systems got stuck in the 

endosome and did not release their siRNA cargo effectively. One the one hand, a stable nanoparticle 

structure, tightly encapsulating the nucleic acid, is helping nanoparticle transfection. On the other hand, 

this tight formation could hinder the siRNA to be released from the endosome. Furthermore, an increase 

in size could have led to the reduced critical stress to disrupt the endosomal membrane. Despite 

sufficient physicochemical properties and nanoparticle stability, DOPC- and DOTAP-coated hybrid 

nanoparticle systems did not improve the performance of their polyplex precursor. 

 

Figure 6 Knockdown efficiencies of polyplexes (PP 1-2) and DOTAP-coated HLPNPs (HLPNP 2-4). NC = negative control 

siRNA (siNC). All other HLPNPs had siGFP encapsulated. CQ = chloroquine treatment, forcing endosomal release. Exact 

nanoparticle compositions found in Table 1. Results are displayed as mean ± SD, n = 3. 
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3.3 Optimization of HLPNP systems using DLIN-MC3-DMA lipid 

Hybrid nanoparticles based on DOPC- and DOTAP-coating showed good physicochemical properties 

but could not exceed in their in vitro performance concluding not to be used as siRNA delivery systems. 

Therefore, a different approach was chosen by using the ionizable lipid DLIN-MC3-DMA which is 

widely used in the formation of lipid nanoparticles. [312-314] In lipid nanoparticles (LNPs), the ability 

of ionizable lipids, such as DLIN, to form destabilizing non-bilayer structures at acidic pH is the major 

factor for their efficient endosomal release and nucleic acid cytosolic delivery. [315] Hence, the coating 

with DLIN-MC3-DMA could help tackling the endosomal release problem.by inducing the disruption 

of the endosomal membrane. The procedure of D-LIN coated nanoparticle formation remained as above-

mentioned and the first approach determined the sizes, PDIs and zeta potentials of HLPNP 5 + 6. As 

shown in Table 3, the D-LIN-coated nanoparticle sizes were measured between 178 – 217 nm. The PDI 

resulted in size distribution of 0.2, which have been the best and most consistent values of all polyplexes 

and hybrid nanoaprticles. The zeta potential results confirmed the previous values of 0 - +5 mV. This 

was expected because DLIN-MC3-DMA is not charged at physiological pH. However, as discussed 

above, the neutral charge could have caused the particle’s increased size. In comparison to DOPC- and 

DOTAP-coated HLPNPs, the newly formed D-LIN hybrids showed similar sizes and charge values, 

independently of the N/P ratio of the polyplex cores. 

Table 3 Size, polydispersity index (PDI) and zeta potential of freshly prepared D-LIN-coated hybrid nanoparticles (HLPNP 

5-6) via microfluidic mixing. Results are displayed as mean ± SD, n = 3. 

Sample Abbreviation 
N/P ratio 

polyplex 

FRR 

polyplex 

Polyplex-

lipid ratio 
Size (nm) PDI 

Zeta 

potential 

(mV) 

DLIN-

MC3-DMA 

(D-LIN) 

hybrid 

HLPNP 5 7 1:6 1:1 217.3 ± 10.6 0.200 ± 0.070 -0.84 ± 0.55 

 

HLPNP 6 
14 1:6 1:1 178.2 ± 0.3 0.197 ± 0.026 5.81 ± 7.98 

Another important comparison between polyplexes and D-LIN HLPNPs was assessed by evaluating the 

encapsulation efficiency and performing a hybrid stability assay. The D-LIN hybrid encapsulation 

efficiency of siRNA was detected at 99% for N/P ratios 7 and 14 (Figure 7A). These results match the 

encapsulation results displayed in section 3.1 which also detected about 99% encapsulation for DOPC- 

and DOTAP-based HLPNPs (Figure 3A). This underscores the effectiveness of the hybrid system to 

keep the siRNA complexed. In an in vivo environment many proteins and anions interact with the 

nanoparticles making them a target for disruption. Hence, the heparin competition assay tries to mimic 

the interaction. D-LIN-coating (HLPNP 5+6) led to an improvement of siRNA complexation in 

comparison to polyplexes. The amount of released siRNA from the polyplex, detected at 20-40%, was 

reduced to 10-18% (Figure 7B). The results highlight the newly formed D-LIN hybrid nanoparticles as 

stable siRNA delivery systems that outperform the previously formed DOPC- and DOTAP-coated 

HLPNPs. 
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Figure 7 Encapsulation efficiency and HLPNP stability using the SYBR-Gold assay. A) Detection of siRNA complexation 

for HLPNP 5 + 6. B) Comparison of heparin competition assay on polyplexes (PP 1 + 2) and D-LIN-coated nanoparticles 

(HLPNP 5 + 6). Results are displayed as mean ± SD, n = 3.  

The physicochemical property testing of D-LIN-coated HLPNPs was followed by performance 

assessment in an in vitro environment. It is noteworthy, that all D-LIN-coated nanoparticles (HLPNP 5 

+ 6) did not induce cytotoxicity (Figure 8A). The uptake performance of HLPNPs 5 + 6 underperformed 

PP 1 and PP 2. In comparison, DOTAP-coated nanoparticles (HLPNP 2-4) achieved an uptake level 

which was at least as good as PP 1 and PP 2 or even exceeded their value as seen for HLPNP 3. As seen 

with HLPNP 2-4, trypan blue quenching led to a reduced MFI value of D-LIN hybrids (HLPNP 5-6), in 

comparison to the non-quenched detection. Especially, HLPNP 5 obtained a very low uptake level below 

500 MFI. In comparison to PP 1, HLPNP 5 resulted in a non-quenched reduction of 6-fold and a 

quenched reduction of 4-fold. (Figure 8B). In summary, D-LIN-coated HLPNPs were not as efficiently 

taken up by H1299 cells as their polyplex precursors.  

 

Figure 8 In vitro evaluation of polyplexes (PP 1 + 2) and D-LIN-coated nanoparticles (HLPNP 5 + 6). A) Cytotoxicity 

evaluation of in H1299 cells.  B) Uptake behavior in H1299 adenocarcinoma cells. Results are displayed as mean ± SD, n = 3. 

However, as already discussed, the advantage of ionizable lipids lies within their chemical 

characteristics to promote an endosomal escape at an acidic environment. The gene silencing efficiency 

of D-LIN-coated hybrids (HLPNP 5-6) was evaluated targeting H1299-GFP cells. Despite the decreased 

uptake of HLPNP 5 + 6 with respect to their polyplex precursors, an improved knockdown was noticed. 

PP 1 and PP 2 showed GFP knockdowns of 20-30% whereas D-LIN-coated hybrids improved the 

knockdown level to 30% for HLPNP 5 and over 60% for HLPNP 6 (Figure 9). In comparison to DOPC- 

and DOTAP-coated hybrid nanoparticles, only HLPNP 4 reached a 40% knockdown. In a study by Wei 
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et al., a 50% downregulation of EGFR mRNA using siRNA in PEI-PCL polyplexes coated with DOPE 

lipid was obtained. [154] Our HLPNP 6 was able to outperform the hybrid formulation and HLPNP 4, 

respectively. A valid comparison can be drawn because Wei et al. used a similar one-step microfluidic 

set-up in and a polyplex core that should be improved in performance by lipid coating. 

 

Figure 9 Knockdown efficiencies of polyplexes (PP 1 + 2) and D-LIN-coated nanoparticles (HLPNP 5 + 6). All HLPNPs were 

encapsulated with siGFP. Results are displayed as mean ± SD, n = 3. 

The use of the ionizable lipid D-LIN seemed to improve the endosomal release of HLPNP 5 + 6. 

However, the N/P ratio of 7, leading to a lower D-LIN amount as seen in Table 1, did not improve uptake 

behavior and only led to a slight significant knockdown improvement. Therefore, a minimum amount 

of ionizable lipid might be required to induce a sufficient cell uptake and endosomal release. 

4. Summary & Conclusion 

The urge to find novel and efficient nucleic acid delivery systems is a constant demand. Nucleic acid 

delivery systems based on polymers and lipids fulfill the specifications that carriers need to deliver its 

cargo to the designated destination. Nevertheless, the production processes of polyplexes or lipid 

nanoparticles comprise of multiple and even time-consuming steps. Our approach aimed at finding a 

hybrid nanoparticle system that merges and uses the synergies of polymer- and lipid-based nanoparticles 

to successfully encapsulate and delivery siRNA to adenocarcinoma cells. Microfluidic mixing was 

chosen for nanoparticle formation as a rapid and reproducible set-up. After finding the right mixing 

parameters for polyplexes and hybrid nanoparticles, all HLPNPs resulted in sizes of 100-200 nm, 

However, this particle size is still in the range of being useful for nucleic acid delivery without being 

cleared by renal or hepatic pathways. Throughout the fine-tuning of the mixing parameters, the 

nanoparticles’ zeta potential was moved from a negative to a positive value. This was important to 

enable a cell membrane attraction and not triggering a repulsion. The in vitro transfection of all hybrid 

nanoparticles did not induce any cytotoxic effects. The uptake performance of our HLPNPs, however, 

varied between DOPC-, DOTAP and D-LIN coated hybrid systems. HLPNP 1 (DOPC-coated) showed 

the weakest uptake performance of all three lipid coatings. Thus, it was excluded from further 

evaluation. DOTAP-coated hybrid nanoparticles (HLPNP 2-4) kept the uptake behavior of their 

polyplex precursors, or even outperformed them in the case of HLPNP 3. However, only HLPNP 4 

managed to significantly downregulate the green fluorescence protein for 40%. The internally set target 

value of 50% gene knockdown was not reached. Forcing endosomal release of siRNA with chloroquine 

led to a 90% gene knockdown, confirming the hypothesis that HLPNPs remained confined in the 

endosome. In addition, a strong complexation stability, as seen in the heparin assay, might have hindered 

the siRNA to be released in the cytosol. In case of D-LIN-MC3-DMA-coated HLPNPs, the targeted 

physicochemical properties of sizes around 150 nm and a positive zeta potential were met. The positive 

charge should not cause membrane activity or side effects; hence, the hemolysis of the hybrid 
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nanoparticle systems should be evaluated in future experiments to generate a complete dataset of D-

LIN-coated HLPNPs. The uptake behavior was slightly reduced for HLPNP 6 (N/P 14) but drastically 

reduced for HLPNP 5 (N/P 7), suggesting that the microfluidic mixing of HLPNP 5 and its precursor 

PP 1 rearrange the nanoparticle composition resulting in a worsened uptake behavior. However, the 

knockdown efficiency was improved for both N/P ratios resulting in a GFP-knockdown of 60% at N/P 

14. As shown for DOTAP-coated HLPNPs, D-LIN coating did not render in cytotoxicity.  

In conclusion, if polymer-based nanoparticles show limitations regarding the in vitro performance, it is 

worthwhile to form hybrid nanoparticles to use the advantages of lipids to improve the hybrid 

nanoparticles’ behavior. In our case, the formation of HLPNPs with a D-LIN coating at N/P 14 (HLPNP 

6) using microfluidic mixing, as a quick, reliable, and reproducible method, proved to improve the 

knockdown efficiency drastically by retaining physicochemical properties and siRNA complexation. 

Further optimization of the D-LIN-coated HLPNPs could be obtained by investigating the N/P ratio or 

FRR or using other ionizable lipids to find the best possible HLPNP formation. Additional evaluation 

of hybrid nanoparticle stability would be essential to classify this coating approach as a long-term drug 

delivery system. The heparin competition assay was a first implication of the siRNA complexation 

ability of HLPNPs. However, it reflected only a single time point which was placed after preparation. A 

long-term storage of polyplexes and their corresponding HLPNPs could gain more insight about the 

hybrid nanoparticles’ suitability as a nucleic acid drug delivery system.   
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Chapter VI – Spray drying siRNA-lipid nanoparticles for dry powder pulmonary 

delivery 
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Graphical Abstract 

 

Abstract 

While all the siRNA drugs on the market target the liver, the lungs offer a variety of currently 

undruggable targets which could potentially be treated with RNA therapeutics. Hence, local, pulmonary 

delivery of RNA nanoparticles could finally enable delivery beyond the liver. The administration of 

RNA drugs via dry powder inhalers offers many advantages related to physical, chemical and microbial 

stability of RNA and nanosuspensions. The present study was therefore designed to test the feasibility 

of engineering spray dried lipid nanoparticle (LNP) powders. Spray drying was performed using 5% 

lactose solution (m/V), and the targets were set to obtain nanoparticle sizes after redispersion of spray 

dried powders around 150 nm, a residual moisture level below 5%, and RNA loss below 15% at 

maintained RNA bioactivity. The LNPs consisted of an ionizable cationic lipid which is a sulfur-

containing analog of DLin-MC3-DMA, a helper lipid, cholesterol, and PEG-DMG encapsulating 

siRNA. Prior to the spray drying, the latter process was simulated with a novel dual emission 

fluorescence spectroscopy method to preselect the highest possible drying temperature and excipient 

solution maintaining LNP integrity and stability. Through characterization of physicochemical and 

aerodynamic properties of the spray dried powders, administration criteria for delivery to the lower 

respiratory tract were fulfilled. Spray dried LNPs penetrated the lung mucus layer and maintained 

bioactivity for >90% protein downregulation with a confirmed safety profile in a lung adenocarcinoma 

cell line. Additionally, the spray dried LNPs successfully achieved up to 50% gene silencing of the 

house keeping gene GAPDH in ex vivo human precision-cut lung slices at without increasing cytokine 

levels. This study verifies the successful spray drying procedure of LNP-siRNA systems maintaining 

their integrity and mediating strong gene silencing efficiency on mRNA and protein levels both in vitro 

and ex vivo. The successful spray drying procedure of LNP-siRNA formulations in 5% lactose solution 

creates a novel siRNA-based therapy option to target respiratory diseases such as lung cancer, asthma, 

COPD, cystic fibrosis and viral infections. 
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1. Introduction 

The lungs are the most vulnerable internal organ to infection and injury from the external environment 

because of its constant exposure to particles, chemicals, and infectious organisms in ambient air. 

Respiratory diseases impose an immense worldwide health burden. Altogether, >1 billion people suffer 

from either acute or chronic respiratory conditions. [316] Chronic respiratory diseases such as asthma, 

chronic obstructive pulmonary disorder (COPD), cystic fibrosis and lung cancer made up >545 million 

cases in 2017. Noteworthy, this number increased by almost 40% from 1990 to 2017. [317] Since the 

start of the Covid-19 pandemic in 2019, an increased number of pulmonary dysfunctions on top of all 

other pulmonary diseases was noted [318], followed by an inevitable increasing demand for novel 

pulmonary therapies being locally applied to the site of action. RNA therapeutics are promising for the 

treatment of respiratory diseases, and nucleic acid-based therapy have been studied for COPD or asthma 

therapies. [189, 319-321] In comparison to conventional therapeutic approaches using proteins, 

peptides, small molecules or monoclonal antibodies, RNA therapeutics provide high selectivity, 

potency, and the possibility of personalized therapy. [322, 323] Small interfering RNA (siRNA) as one 

class of RNA therapeutics inhibits gene expression to improve or cure disease symptoms, underlying 

pathologic mechanisms, and viral infections. [324] However, siRNAs are negatively charged 

macromolecules that do not bind to the cell surface and do not permeate through the cell membrane. 

Furthermore, challenges such as nuclease degradation, off-target gene silencing and immune-

stimulating effects need to be addressed and resolved. [325] To overcome these limitations, siRNAs are 

encapsulated in a vast variety of materials including lipids, polymers, inorganic materials, proteins, and 

combinations of the above. Lipid-based carrier systems mimicking the composition of pulmonary 

surfactant, or the cell membrane enhance the ability to overcome the lungs’ biological barriers and 

reduce toxicity and antigenicity. [326, 327]  

One of the biggest breakthroughs of siRNA therapeutics was the approval of the first siRNA-LNP drug, 

Onpattro® (Patisiran) by the FDA (Food and Drug Association, USA) and EMA (European Medicines 

Agency). Onpattro® consists of lipid nanoparticles (LNPs) encapsulating siRNA in its lipid matrix to 

treat hereditary amyloidogenic transthyretin (TTR) amyloidosis. [29, 313] The target is the liver after 

intravenous administration. Recently, LNP technology has also enabled the rapid development and 

approval of mRNA-based vaccines against COVID-19. [328] These types of LNPs consist of 

phospholipids, cholesterol, polyethylene glycol-conjugated lipids, and ionizable helper lipids. Ionizable 

helper lipids bind to anionic RNA to enable efficient encapsulation and promote endosomal escape 

following internalization into the target cell. [329] The major advantage of LNP technology is its 

adaptability to different siRNA payloads as its physicochemical properties remain similar. [330] 

Therefore, LNP formulations can potentially be pursued to deliver therapeutic cargoes via different 

administrative routes for the treatment of a large variety of diseases.  

The lungs are one of the most complex organs and offer advantages of local, over systemic, delivery 

such as noninvasive access and a large alveolar surface area. [331] Furthermore, the administered dose 

can be reduced for local effects compared to systemic delivery, resulting in decreased side effects. 

Regarding RNA delivery to the lungs, the absence of serum proteins on the air-side keeps the nuclease 

activity relatively low. [181] Therefore, drugs can most effectively be delivered by inhalation and are 

immediately available to the lungs. [200, 332] In order to deliver drugs or nanoparticles to the lungs, 

incorporation into microparticles with aerodynamic diameters between 1 and 5 μm are required. The 

matrices of these particles need to consist of excipients, such as FDA-approved lactose or mannitol, 

which readily dissolve upon contact with the lung fluid to release their cargo. [333-335] During the 

spray drying process, two main stress factors applied to the product are heat and shear forces which may 

tear the nanoparticle structure and result in degradation of the cargo. To avoid a negative impact on the 

quality of nanoparticles, appropriate sugar excipients need to be selected and the process parameters 
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need to be optimized. Another important aspect that needs to be considered is the restricted outlet 

temperature range for thermolabile drugs. [336] siRNAs are prone to degrade at about 90 °C, and 

Onpattro-like LNPs have shown phase transition temperatures of 38 °C with a gradual phase transition. 

[337] Furthermore, during the development of novel dosage forms for lung administration, lung 

deposition, retention, dissolution, metabolism and toxicity of spray dried microparticles need to be 

tested. [338]  

The aim of this study was to transfer LNP formulations based on an updated Onpattro® composition 

but consisting of a neutral, positively or negatively charged helper lipid (nLNP, (+)LNP and (-)LNP) 

into a successful spray dried powder at maintained physicochemical properties and siRNA integrity for 

pulmonary application. The target range was set to obtain sizes after redispersion of around 150 nm, a 

residual moisture level below 5%, and RNA loss below 15% at maintained RNA bioactivity. A novel 

dual emission fluorescence spectroscopy method was used to simulate the stability of LNPs in different 

excipient solutions (PBS, lactose, mannitol and trehalose) at different temperatures. This prescreening 

to find the best combination of LNPs, excipients and temperatures for the spray drying process, 

supersedes the necessity for a trial-and-error approach. Quantification of siRNA and lipid concentration 

of LNPs after redispersion of spray dried powders underlines a quality criterion which should always be 

carried out to avoid performance loss or increased material costs. The particles’ performance and siRNA 

integrity were tested in vitro in lung cancer cells expressing enhanced green fluorescent protein (eGFP), 

and ex vivo in human precision-cut lung slices (hPCLS) targeting the house keeping gene GAPDH. The 

findings of this study provide unique insights into the possibility of spray drying siRNA embedded LNPs 

and maintaining their bioactivity while keeping optimal properties for pulmonary delivery. 

2.     Materials & Methods 

2.1 Materials  

Dicer substrate double-stranded siRNA targeting green fluorescent protein (DsiRNA EGFP, 25/27) 

(siGFP), dicer substrate double-stranded siRNA targeting the house-keeping gene GAPDH (DsiRNA 

GAPDH) (siGAPDH) and scrambled, non-specific control (siNC) were purchased from IDT (Integrated 

DNA Technologies, Inc., Leuven, Belgium) (A3, Table S1). [237, 270, 302] Cholesterol, tris-EDTA 

buffer solution 100× (T9285), RPMI-1640 medium (R8758), fetal bovine serum (FBS) (F9665), 

penicillin-streptomycin (P/S) (P4333), G418 disulfate salt solution (G8168), Dulbecco’s phosphate 

buffered saline (D-PBS) (D8537), isopropanol for molecular biology, methylthiazolyldiphenyl-

tetrazoliumbromid (MTT), D-mannitol, HEPES buffer 1 M, Triton X- 100, MISSION® siRNA 

fluorescent universal negative control #1, cyanine 4 (SIC005) and cholesterol quantitation kit were 

purchased from Sigma-Aldrich, a subsidiary of Merck KGaA (Darmstadt, Germany). PEG-DMG, 

DSPC, DSPG and DOTAP were bought from Avanti Polar Lipids, Alabaster, USA. The ionizable 

cationic lipid is a sulfur-containing analog of DLin-MC3-DMA (pKa 6.3–6.6) defined by the structure 

shown in Figure S1 (A3). [339] InhaLac®230, lactose monohydrate for dry powder inhalers, was 

purchased from Meggle Group (Wasserburg, Germany). Quant-it™ RiboGreen DNA reagent, 

chloroform as molecular biology reagent, black and white 96-well plates (10307451), TRIzol reagent, 

Power SYBR™ green PCR master mix and Aquastar® water standard oven 1% were bought from 

Thermo Fisher Scientific (Schwerte, Germany). Pumpsil® tubings were bought from Watson-Marlow 

GmbH (Rommerskirchen, Germany) and had an inner diameter and a thickness of 1.6 mm. Lysing 

matrix D 2.0 mL tubes and D(+)-trehalose were purchased from VWR International GmbH (Ismaning, 

Germany). White 96 well PCR plate and 0.2 mL PCR tubes were purchased from Biozym Scientific 

GmbH (Hessisch Oldendorf, Germany). AL-crucibles at 40 μL (ME-26763) for DSC measurements 

were bought from Mettler Toledo (Fürstenfeldbruck, Germany). High sensitivity capillaries (PR-C006) 

produced by NanoTemper Technologies GmbH were used for all formulation screening measurements.  
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2.2 Preparation of lipid nanoparticles (LNPs) entrapping siRNA 

LNP-siRNA formulations had a lipid composition based on the clinically approved Onpattro® 

formulation and were prepared as previously described [29, 297, 313]. Briefly, lipid components 

(ionizable cationic lipid, helper lipid, cholesterol, and PEG-DMG) at molar ratios of 50:10:38.5:1.5 

mol% were dissolved in ethanol to a concentration of 10 mM total lipid. Different helper lipids, i.e. 1,2-

distearoyl-sn-glycero-3- phosphocholine (DSPC), 1,2-dioleoyl-3-trimethylammonium-propane 

(DOTAP), and 1,2-distearoyl-sn-glycero-3-phospho-(1′ -rac-glycerol) (DSPG), were used to enable 

formation of LNP-siRNA systems with near neutral [nLNP], positive [(+)LNP], and negative [(-)LNP] 

zeta potential, respectively. Purified siRNA (siNC, siGFP and siGAPDH) was dissolved in 25 mM 

sodium acetate pH 4 buffer to achieve an N/P ratio of 3, which is the charge ratio between the ionizable 

cationic head group on the lipid to the anionic phosphate in the RNA backbone. The two solutions were 

mixed through a T-junction mixer at a total flow rate of 20 mL/min, and a flow rate ratio of 3:1 v/v 

(aqueous:organic phase). The resulting LNP suspension was subsequently dialyzed overnight against 

PBS pH 7.4, sterile filtered (0.2 μm), and concentrated to 1.0 mg/mL siRNA.  

2.3 siRNA loading of preformed LNPs for thermal stability measurements  

10 nmol MISSION® siRNA Fluorescent Universal Negative Control #1, Cyanine 5 (Cy5-siRNA) was 

diluted to 1000 μg / μL in 10 mM HEPES buffer pH 7.4 and used as a stock in all experiments. To load 

preformed LNPs, Cy5-siRNA was diluted 1:10 in 25 mM sodium acetate buffer pH 4. Afterwards, 1.2 

μL LNP, 0.7 μL 100 μg / mL Cy5-siRNA and 1.4 μL 25 mM sodium acetate buffer pH 4 were gently 

mixed and incubated at room temperature in the dark for 5 min. LNPs were then diluted in 97 μL final 

formulation buffer (PBS, 5% mannitol, 5% trehalose or 5% lactose) and incubated for additional 30 min 

at room temperature in the dark before being further analyzed.  

2.4 Thermal stability of LNPs  

A novel and highly sensitive method was used to characterize environmental changes experienced by 

Cy5-labelled siRNA within different LNPs in regards to their excipient buffer and temperature. The 

system used was a prototype instrument developed by NanoTemper Technologies GmbH to monitor a 

dedicated dual-emission optical system. Detection channels were used at LED excitation of 570 nm and 

emission detection with two filters simultaneously, one at 640 +/- 20 nm and one at 697 +/- 29 nm. 

2.4.1 Fluorescence spectral detection of LNP spectral shift  

Experiments were performed in a JASCO FP-8300 Fluorescence Spectrometer with a PCT-818 Peltier 

Temperature Controller controlled by the Spectra Manager 2.0 (JASCO Deutschland GmbH, 

Pfungstadt, Germany). For each sample, 100 μL LNP suspension was loaded into a quartz microcuvette 

and fluorescence spectra was recorded at an excitation wavelength of 590 ± 20 nm and the fluorescence 

emission was recorded at a wavelength between 620 and 725 nm, with a 10 nm bandgap, 1 nm step, 0.2 

s integration time, using high sensitivity, with 4 accumulations per scan. The emission spectra were 

recorded as the temperature ramped from 20 °C to 90 °C, at a ramp rate of 2 °C / min, with scans taken 

every 10 °C.  

2.4.2 Fluorescence based temperature stability scans  

Thermal stability experiments were performed in coated high sensitivity capillaries (PR-C006) on a 

prototype instrument equipped with dual emission optics (NanoTemper Technologies GmbH, Munich, 

Germany). Each data point requires 10 μL of sample. For each ratiometric reading, the fluorescence was 

recorded simultaneously at 650 nm and 670 nm after excitation with an amber LED. For fluorescence 

stability experiments, data were recorded in a modified version of Pr. Control. The excitation power was 

set to 100% and scans were performed from 15 °C to 110 °C, with a 1 °C / min ramp rate. The 
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temperature stressing experiments were performed in a modified version of Pr.TimeControl, with the 

temperatures as indicated in the figures, and a temperature ramp rate of 7 °C / min.  

2.5 Spray drying of LNPs  

For production of spray dried LNPs, a B-290 spray drying tower (Büchi Labortechnik, Flawil, Schweiz) 

was used. Pumpsil Tubing 1.6 mm × 1.6 mm (Watson Marlow Tubing, Falmouth, UK) with a pump rate 

of 1.4 mL/min was chosen. Nitrogen functioned as atomizing gas, whereas drying gas was air. In order 

to avoid dust and other airborne particles, both nitrogen gas and air were filtered through a 0.2 μm PTFE 

membrane pore. Pressurized air was used to ensure sufficient heating of the air supply and to avoid 

overheating of the Büchi’s vacuum pump. The aspirator was set to 70% and vacuum ranged from - 40 

mbar to - 35 mbar. The airflow was set to 40 mm corresponding to 473 NL/h. The inlet-temperatures 

(T-In) were set to 100 °C and 120 °C resulting in measured outlet-temperatures (T-Out) of accordingly 

62 °C and 72 °C ± 2 °C, respectively. Each individual stock solution of LNP-siRNA formulations was 

diluted to a concentration of 30 μg siRNA in 5000 μL of a specified solvent (highly purified water 

(HPW) with lactose (InhaLac) at 5% w/V, sterile filtered). This resulted in an siRNA to sugar 

concentration of 0.12 μg siRNA/mg lactose.  

2.6 Loss detection after spray drying of LNPs  

2.6.1 siRNA quantification 

The Quant-IT™ Ribogreen assay was adapted as described in Walsh et al. [340] Briefly, LNPs were 

either freshly prepared or redispersed as described above. For each reading, 50 μL of samples was 

transferred in a black 96-well plate and filled to 100 μL with 2% Triton X-100 solution. A siRNA 

standard curve was pipetted at 25.0, 10.0, 5.0 and 2.5 μL of a stock solution (20 μg/mL) resulting in 

final concentration of 2.5, 1.0, 0.5 and 0.25 μg/mL, respectively. The plate was incubated at 37 °C for 

30 min in a shaking incubator. Upon the addition of the Ribogreen reagent at a 1:100 dilution, the 

fluorescence intensities were measured at an excitation wavelength of 480 nm and an emission 

wavelength of 525 nm. The siRNA loss was quantified by normalizing the siRNA amount of spray dried 

samples to the siRNA amount of fresh LNP samples.  

2.6.2 Cholesterol quantification  

The cholesterol quantification method was performed following the Cholesterol Quantitation Kit 

product information sheet (Sigma-Aldrich). To construct the standard curve, 20 μL of a 2 μg/μL 

cholesterol standard solution was diluted with 140 μL of the cholesterol assay buffer resulting in a 0.25 

μg/μL stock solution. Amounts of 0, 4, 8, 12, 16 and 20 μL were pipetted into a clear 96 well plate, and 

each well was replenished to 50 μL by addition of cholesterol assay buffer. To measure the cholesterol 

content of the test samples, 50 μL per sample were transferred into the well plate. Since the cholesterol 

amount was unknown, each individual sample was diluted several times and replenished to 50 μL with 

cholesterol assay buffer. Subsequently, the Reaction Mix at 50 μL/well was prepared and added to each 

well. The plate was protected from light and placed in a shaking incubator for 60 min at 37 °C. The 

cholesterol concentration was determined by measuring the absorbance at 570 nm. 

2.7 Hydrodynamic diameter and zeta (ζ) potential measurements of LNPs  

Hydrodynamic diameters and polydispersity indices (PDI) were measured in disposable cuvettes (Brand 

GmbH, Wertheim, Germany) using the Zetasizer Nano ZS instrument (Malvern Instruments Inc., 

Malvern, U.K.). To measure the size and PDI of spray dried formulations after redispersal, 

approximately 8.33 mg of spray dried LNP powder was dissolved in 100 μL HPW. This equates to 1 μg 

of siRNA (10 μg siRNA/ mL). For comparison, fresh LNPs (c = 1 mg/mL) were diluted in 5% lactose 

to reach a concentration of 10 μg siRNA/mL. All samples were detected at a backscatter angle of 173°. 

Results are presented as average size (nm) ± SD. Zeta potentials were measured by Laser Doppler 
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Anemometry (LDA) using a Zeta Cell (Zetasizer Nano series, Malvern, UK) containing a 6.5× dilution 

of the same 100 μL sample of LNP suspension. For each LNP formulation, measurements were 

presented as an average charge (mV) ± SD.  

2.8 Residual water content – Karl Fischer titration  

The residual water content for spray dried LNPs in 5% lactose (w/V) was determined by weighing 10 

mg powder of each LNP sample into 2R vials. A 1% water standard was equally prepared with 

approximately 40–50 mg powder. Empty vials served as blank values. For coulometric measurements, 

an Aqua 40.00 Karl Fischer Autosampler-Titrator with corresponding software from Analytik Jena AG 

(Jena, Germany) was used. The oven was heated to 100 °C, and the final drift was set to <10.0 μg/min. 

Blank measurements were run and automatically subtracted from the standards and samples. Residual 

moisture measurements were considered valid if the 1% water standard measurement resulted in a value 

between 0.9 and 1.1%. Results are presented as mean residual moisture (%) ± SD.  

2.9 Differential scanning calorimetry (DSC)  

For calorimetric measurements 5 to 10 mg of spray dried LNPs were weighed into AL-crucibles at 40 

μL volume and closed. The reference was an empty crucible. The reference and samples were inserted 

into the oven at a set point of 25 °C. Measurements were taken with a DSC 214 Polyma (Erich 

NETZSCH GmbH & Co. Holding KG, Selb, Germany) starting from 0 °C with a ramp of 8 °C/min until 

temperature reached 200 °C for all spray dried LNP formulations in 5% lactose (w/V) and spray dried 

5% lactose (w/V). Data was analyzed using the Proteus Analysis software.  

2.10 Scanning electron microscopy (SEM)  

Scanning electron microscopy (SEM) is used to determine the geometric diameter and morphology of 

spray dried powders. A small amount of spray dried LNPs was placed on top of a stub covered with 

double-sided carbon tape. The stub was then coated with carbon under vacuum for 40 s. The 

microparticles were examined imaged using a FEI Helios G3 UC (Thermo Fisher Scientific, Schwerte, 

Germany).  

2.11 Aerodynamic properties of spray dried LNPs  

For the analysis of the aerodynamic properties of spray dried powders, procedures specified in the 

monograph 2.9.18, apparatus E, of the European Pharmacopoeia was performed using a next generation 

impactor (NGI) from Copley Scientific (Nottingham, UK). The measurement procedure was adapted as 

previously described. [189] Spray dried LNP powder was transferred into 2–3 

hydroxypropylmethylcellulose capsules. Each capsule was loaded into a Handihaler® (Boehringer 

Ingelheim Pharma GmbH & Co. KG, Ingelheim, Germany) and hole-punched. Every capsule was 

discharged twice with a 5 s interval between the two actuations. Following the application of the 

Handihaler®, the same procedure as in 2.6.1. was performed. Every stage of the NGI was washed with 

2% Triton-X buffer. The induction port (IP) was washed with 5 mL and the pre-separator (PS) was pre-

filled with 15 mL 2% Triton-X buffer. The small cups were filled with 2 mL 2% Triton-X buffer, 

whereas the greater cups were filled with 4 mL 2% Triton-X buffer solution. All parts were cautiously 

shaken and placed on a horizontal shaker for 20 min. A standard curve of fresh siRNA was prepared 

and topped up to 100 μL with 2% Triton-X buffer. As a control, fresh LNPs, at siRNA concentration of 

10 μg/mL, similar to the redispersed samples, were prepared in 2% Triton-X buffer. Three aliquots of 

100 μL from each stage were used for further analysis. All samples were pipetted to a black 96-well 

plate and put into a shaking incubator for 60 min at 37 °C. Upon the addition of Ribogreen reagent at a 

1:100 dilution, the fluorescence intensities were measured at an excitation wavelength of 480 nm and 

an emission wavelength of 525 nm. The mass median aerodynamic diameter (MMAD), geometric 

standard deviation (GSD), fine particle dose (FPD), fine particle fraction (FPF) and powder recovery 
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(%) were calculated as described in the European Pharmacopoeia considering fine particles at sizes 

below 5 μm MMAD.  

2.12 Mucus penetration assay of spray dried LNPs  

The mucus penetration of fresh versus spray dried LNPs was adapted from Casciaro et al. [341] Briefly, 

75 μL of artificial mucus was transferred onto 8 μm pore polycarbonate membrane Transwell® inserts 

submerged in 300 μL of acceptor medium in a 24-well plate. Afterwards, 5 mg of spray dried LNPs was 

redispersed in HPW (0.6 μg siRNA / 100 μL) and labelled with 1 μL 1,1-dioctadecyl-3,3,3,3-

tetramethylindodicarbocyanine solution (DiD) solution, acting as a fluorescence lipid marker. The same 

procedure was performed to assess diffusion of fresh LNPs at the same concentration. Hence, 100 μL 

of samples was deposited on artificial mucus. Non-deposited samples were stored for 24 h under light 

exclusion for further fluorimetric analysis as a comparable value. Simulated interstitial lung fluid (SILF) 

was used as acceptor media for mucus diffusion experiments and placed on the bottom of the well, 

respectively. SILF was carefully prepared according to the instructions provided by Moss et al. [342] 

At scheduled time intervals (0.5, 1, 2, 4 and 24 h), the acceptor medium was collected, pipetted to a 96 

well plate and quantified by spectrofluorimetric analysis at excitation wavelength of 520 nm and an 

emission wavelength of 635 nm. Values were calculated by normalizing each mucus deposited sample 

value to the non-deposited and stored DiD-LNPs. The results are reported as percentage (%) of total 

LNPs permeated over time.  

2.13 In vitro characterization of spray dried LNPs in a lung cell line  

2.13.1 Cell culture  

The human non-small cell lung carcinoma cell line H1299 (ATCC CRL-5803) stably expressing 

enhanced green fluorescence protein (eGFP) was cultured in RPMI 1640 medium supplemented with 

10% FBS, 1% P/S and 0.4% G418. Cells were passaged every 3 days with 0.05% v/v trypsin and 

subcultured in 75 cm2 flasks. H1299-GFP cells were kept in a humidified atmosphere at 37 °C with 5% 

CO2.  

2.13.2 In vitro GFP protein downregulation  

To evaluate the in vitro gene silencing efficiency, H1299-GFP cells were seeded in a 24-well plate at a 

density of 2.5 × 104 cells per well in 500 μL medium at 37 °C and 5% CO2. Fresh LNPs of different 

helper lipids were prepared at concentrations of 1 μg/mL and 10 μg/mL in 5% lactose (w/V). 

Comparably, 0.833 mg and 8.333 mg of spray dried LNPs encapsulating siNC or siGFP, were 

resuspended in 100 μL HPW resulting in equal concentrations as aforementioned. The day after, 100 μL 

of each sample was added to 400 μL of fresh culture medium and incubated for 24 h at 37 °C and 5% 

CO2. The medium was then discarded and replaced with 500 μL of fresh medium, and the plates were 

further incubated for another 24 h. At the end of the incubation time, cells were washed with PBS, 

trypsinized and collected. After centrifugation at 400 rcf for 5 min, the supernatant was discarded and 

the cell pellet was washed two times in PBS before being resuspended in PBS with 2 mM EDTA. 

Samples were analyzed by flow cytometry (Attune® NxT, Thermo Fischer Scientific, Waltham, 

Massachusetts, USA), and the median fluorescence intensity (MFI) of GFP protein expression was 

measured by using a 488 nm excitation laser and the emitted light passing through a 530/30 nm band 

pass emission filter set (BL-1H) was detected. All LNPs samples were gated by morphology for a 

minimum of 10,000 viable cells. Results are displayed as mean MFI values (%) ± SD.  

2.13.3 In vitro cytotoxicity of spray dried LNPs  

Cell viability after transfection with spray dried LNPs (neutral, positive and negative LNPs) was tested 

via an MTT Assay as described previously. [258, 259] Shortly, 5000 H1299-GFP cells per well were 

seeded in 100 μL medium onto a transparent 96-well plate (BioLite 96 well multidish, Thermo Fisher 
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Scientific, Rochester, New York, USA). The samples were prepared by redispersing 0.833 mg (1 μg 

siRNA) and 8.33 mg (10 μg siRNA) of spray dried powders in 100 μL of HPW. After 24 h, 90 μL of 

prewarmed medium was added to each well and supplemented with 10 μL of sample, respectively. Thus, 

siRNA concentrations of 1.0 and 10.0 μg/mL were added for each LNP sample. The plate was incubated 

for 24 h at 37 °C and 5% CO2. As a full viability control, cells were incubated in 100 μL of liquid 

consisting of 10 μL sterile 5% lactose solution (m/V) and 90 μL medium. After 24 h, the media was 

aspirated and 200 μL of MTT containing medium (0.5 mg/mL in serum-free RPMI- 1640 medium) was 

added to each well. Cells were incubated for another 3 h at 37 °C and 5% CO2. Subsequently, the cell 

culture medium was completely removed, and insoluble purple formazan crystals, converted from water 

soluble MTT by metabolically active mitochondria, were dissolved in 200 μL DMSO. [260] The plate 

was set on a horizontal shaker for 20 min for all crystals to dissolve. The absorbance was measured at 

570 nm, corrected with background values measured at 680 nm, using a microplate reader (TECAN 

Spark, TECAN, Maennedorf, Switzerland). The data are shown as mean ± SD as percentage of viable 

cells in comparison to untreated cells representing 100% viability.  

2.14 Ex vivo gene silencing of spray dried LNPS in human precision-cut lung slices (hPCLS)  

2.14.1 Human tissue, ethics statement and hPCLS  

Human tissue was obtained from the CPC-M bioArchive at the Comprehensive Pneumology Center 

(CPC), from the University Hospital Großhadern of the Ludwig-Maximilian University (Munich, 

Germany) and from the Asklepios Biobank of Lung Diseases (Gauting Germany). Participants provided 

written informed consent to participate in this study, in accordance with approval by the local ethics 

committee of the Ludwig-Maximilians-Universit¨at Munich, Germany (Project 19–630). Precision-cut 

lung slices (PCLS) were prepared as described before. [343-345] Briefly, PCLS were prepared from 

tumor-free peri-tumor tissue. The lung tissue was inflated with 3% agarose solution and solidified at 4 

°C. Afterwards, 500 μm-thick slices were cut from tissue blocks using a vibration microtome 

(HyraxV50) (Karl Zeiss AG, Oberkochen, Germany). PCLS were cultured in DMEM F-12 medium 

supplemented with 0.1% FBS. Prior to the experiments, PCLS were cut by means of a biopsy puncher 

into 4 mm-diameter PCLS punches.  

2.14.2 LNP transfection, nucleic acid extraction and qPCR 

For the gene silencing of hPCLS cells, LNPs loaded with siGAPDH and siGFP were spray dried in 5% 

lactose. The spray dried powder was redispersed to reach a concentration of 10 μg siRNA/mL. 100 μL 

of each sample was added to a well consisting of three PCLS punches in 500 μL medium, respectively. 

The plate was incubated for 24 h at 37 °C and 5% CO2. Once the incubation time was completed, the 

RNA extraction was performed by homogenizing the hPCLS punches in 1 mL TRIzol using a Fast Prep 

24 Tissue Lyzer (M.P. Biomedicals, Irvine, California, USA). The samples were incubated for 5 min at 

room temperature. Subsequently, 0.2 mL of chloroform was added, and each tube was vigorously mixed, 

followed by another incubation at room temperature for 3 min. Afterwards, samples were centrifuged at 

11000 rcf for 15 min at 4 °C. The aqueous phase containing RNA was transferred into a new tube. Next, 

500 μL of isopropanol was added and incubated for 10 min at room temperature before another 

centrifugation at 11000 rcf for 10 min at 4 °C was run. The supernatant was discarded, and the pellet 

was washed with 1 mL of ice-cold 75% ethanol followed by centrifugation at 7500 rcf for 5 min at 4 

°C. The supernatant was discarded and the RNA pellet was resuspended in 30 μL of RNase free water. 

The RNA concentration and purity were quantified by RT-qPCR. In brief, cDNA was synthesized from 

total RNA using high-capacity cDNA synthesis kit (Applied Biosystems, Waltham, Massachusetts, 

USA). The obtained cDNA was then diluted 1:10, and a qPCR was performed using the SYBR™ Green 

PCR Master Mix (Thermo Fischer Scientific, Waltham, Massachusetts, USA) with primers for human 

GAPDH and β-actin (Qiagen, Hilden, Germany) for normalization. Cycle thresholds were acquired by 

auto setting within qPCRsoft software (Analytik Jena AG, Jena, Germany). Three individual batches of 
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spray dried LNPs (siGAPDH and siGFP) were tested on three individual donor hPCLS samples. The 

GAPDH silencing results are reported in the mean percentages (%) normalized to siGFP values ± SEM.  

2.14.3 Cytokine secretion from hPCLS  

To assess the toxicity of the spray dried LNPs toward human lung tissue, the levels of 12 pro-

inflammatory cytokines in the supernatant of the treated hPCLS was determined using the human 

LEGENDplex Inflammation Panel 1 kit (BioLegend, San Diego, USA) according to the manufacturer’s 

protocol. Briefly, 25 μL samples of supernatant were diluted with the supplied assay buffer and 

incubated with the supplied beads for 2 h. After washing the beads, they were incubated for 1 h with the 

detection antibodies, and the fluorophore was added. After further incubation, the beads were washed 

and diluted in PBS/EDTA buffer for analysis on an Attune® NxT flow cytometer. Cytokine levels were 

determined relative to a standard curve obtained with a standard supplied by the manufacturer.  

2.15 Statistics, data analysis and presentation  

All experiments were run in independent triplicates. Experimental data was analyzed for statistical 

significance using the One Way or Two Way ANOVA repeated measurements on the GraphPad Prism 

5 software with either Bonferroni or Dunnetts post-hoc test with p > 0.05 considered not significant 

(ns), * p < 0.05, **p < 0.01, ***p < 0.001. Data analysis was performed using Python (3.8.8) using the 

ipython (v7.29.0), matplotlib (v3.5.0), numpy (v 1.20.3), seaborn (v 0.11.2) and GraphPad Prism 5 data 

science packages. Analysis routines and algorithms were specifically written to analyze dual emission 

fluorescence traces. 

3. Results and Discussion 

3.1 LNP stability using dual emission fluorescence spectroscopy  

Lipid based nanoparticles are most commonly spray dried at comparably low temperatures because the 

lipid component acts as a limiting factor showing phase transition temperatures at about 55 °C for the 

used helper lipids. [346] In comparison, when spray drying polymer-based nanoparticles, the polymers 

can resist much higher temperatures having melting points over 100 °C. In this case, the cargo might 

face degradation or melting before the polymer does. [189] Therefore, spray drying lipids requires a 

maximum temperature which does not melt the lipid layers while still reducing the moisture levels to a 

sufficient level in the produced powders, as this is important for avoiding agglomeration and microbial 

growth. However, the residual moisture level depends on the excipient used and the temperature applied. 

It has been shown that spray dried powders based on crystalline excipients such as mannitol can be 

obtained with very low residual moisture level below 0.5%. In comparison, amorphous sugars such as 

lactose and trehalose ensue higher residual moisture levels of 3–5% after spray drying. [347-349] Here, 

we used a new dual-emission epifluorescence setup to screen all LNP formulations at different 

temperatures and in different excipient solutions to avoid a trial-and-error approach of selecting spray 

drying temperatures and finding suitable excipient solutions (A3, Figure S2). The fluorescence-based 

stability measurements were found to be highly sensitive when characterizing environmental changes 

experienced by fluorophore-labelled siRNA within LNP formulations. Since the Cyanine 5 (Cy5) dye 

is very sensitive to environmental changes, its fluorescence emission is red shifted with a 6 nm peak 

shift from 660 to 666 nm upon encapsulation within a lipid nanoparticle (LNP) (A3, Figures S3-S5). 

Instead of measuring the full emission spectrum, the fluorescence is recorded simultaneously only at 

two pre-selected wavelengths, 670 nm and 650 nm, with photon-multiplier-tubes (PMTs), which greatly 

enhance sensitivity. The small hypsochromic (blue-) or bathochromic (red-) shifts of the emission peak 

of the fluorescent dye are translated into large changes in the 670 / 650 nm ratio (A3, Figure S6). These 

changes are then monitored as a function of temperature, either online, or after temperature stressing. 

Therefore, we expected to obtain information through fluorescence emission about the LNPs’ stability 

related to temperature applied and excipient used. All LNP samples were produced encapsulating Cy5-
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siRNA and monitored for a change in fluorescence ratio while heating the samples from 15 °C to 110 

°C. LNPs were prepared in either a control PBS buffer, or in 5% mannitol, 5% trehalose and 5% lactose 

solution (m/V) (A3, Figure S7). The behavior of the LNPs when subjected to a melting curve is more 

difficult to interpret than a standard nanoDSF analysis of protein melting. Proteins have sharp melting 

curves where the maximum of the first derivative of the melting curve can provide a Tm of melting. 

LNPs, where the lipids and cholesterols have wider glass transitions as opposed to defined transition 

temperatures, as points of denaturing, lead to less defined curves. [337] While melting events are 

somewhat visible in PBS, in the sugar solutions the melting events occur over a much larger temperature 

range. The first derivatives of each curve were analyzed and plotted in Figure S8 (A3). The inflection 

temperatures (Ti) do not accurately represent the stability of the LNPs, as visual inspection of the data 

shows that the nLNPs in 5% trehalose are likely to be more stable than an inflection of approx. 20 °C 

indicates. Visually, it appears that LNPs in 5% lactose and 5% mannitol seem to be more stable than in 

PBS or 5% trehalose. An alternative approach to observe LNP behavior was sought, which would also 

align with spray drying methods. Here, LNPs were subjected to four temperatures (41 °C, 51 °C, 62 °C, 

72 °C) mimicking the elevated outlet temperatures in a spray dryer, and then returned to the original 

temperature (A3, Figure S9A). As the LNPs are heated, the ratio, and therefore the environment 

experienced by the Cy5-siRNA irreversibly changes. This change is quantified by the difference 

between the initial ratio (Ri) and final ratio (RI) measurements, determined using the simple equation 

ΔR = Ri - Rf (A3, Figure S10B). The change in ΔR was determined for each LNP formulation, at each 

temperature and in each excipient solution as summarized in Fig. 1. Looking at the ΔR alone, (+)LNPs 

appear to be the most stable LNP in every dispersant measured. (-)LNPs are the least stable. An issue 

that arose was that in some cases of LNP and dispersant combination, the ratio value for the LNP was 

not greatly different from the Cy5-siRNA in solution (A3, Figure S10B) – suggesting that the buffer 

changes lead to a different conformation of the LNP during formation. Furthermore, (-)LNPs 

encapsulating negatively charged siRNA might experience repulsion effects, thus leading them to be 

less stable than (+)LNPs. To provide a more holistic view, ΔR was plotted against initial ratio and the 

marker sizes used to indicate the temperature stress (Figure 2). The plots allow us to visualize a region 

of stability in the upper left-hand corner of each plot, with larger shifts in initial ratio and lower ΔR at 

increasing stress temperature easily observed for LNPs in 5% mannitol and 5% lactose, while PBS and 

5% trehalose show higher ΔR values trending higher as the stress temperatures increases and lower 

initial ratios. Moreover, applying a temperature of up to 72 °C seemed not to have an influence of the 

LNPs stability in 5% lactose and 5% mannitol solutions (m/V). In the previous studies by Freitas and 

Müller, solid lipid nanoparticles were successfully spray dried at outlet temperatures of 50–60 °C using 

mannitol, trehalose or lactose as the excipient solution. However, the particles were not carrying any 

cargo, and no in vitro or in vivo work was performed. [350] Of the different excipient solutions tested, 

5% mannitol and 5% lactose solutions were most effective at stabilizing the LNPs at the temperatures 

tested. Comparing these two excipient solutions more closely, the 5% lactose solution stabilized the 

different LNPs more efficiently at chosen temperatures. Furthermore, the Δ ratio within each LNP 

formulation remained lower than in the LNPs prepared in 5% mannitol solution. Hence, it seems 

favorable to use 5% lactose as an ideal excipient solution for spray drying of LNP formulations. In 

regards to the LNP carriers, the thermal stressing of LNPs up to 72 °C did not lead to any reduction of 

stability. RNA stability was not assessed, however. In conclusion, the highest possible temperatures, 62 

°C and 72 °C, were selected for spray dry all LNP formulations in 5% lactose solution (m/V). 



 

81 

 

Figure 1 Box plots of the Δ R values observed by each LNP in different buffers (as indicated by colored legends) and hold 

temperatures). 

 

Figure 2 Stability plot shows stability of LNPs in each excipient buffer condition. The ΔR is plotted against initial ratio in each 

buffer condition, with the color indicating LNP and the size of marker stating the temperature the LNPs were stressed at.  The 

top left quadrants represent the most stable environments.  
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3.2 Characterization of spray dried LNPs  

3.2.1 Losses during spray drying  

Spray drying of LNPs was performed in a Büchi B-290 spray drying tower applying inlet temperatures 

of 100 °C and 120 °C resulting in outlet temperatures of 62 °C and 72 °C, respectively. In order to 

ascertain whether the spray drying process results in LNP- and subsequently siRNA losses, the 

respective amounts were measured before and after spray drying. When spray dried at 62 °C outlet 

temperature, none of the LNP formulation showed high siRNA or LNP losses of >30%. The siRNA 

losses were shown to be 7.5–14.0% (Figure 3A). The cholesterol detection assay resulted in 3.85–9.54% 

LNP losses (Figure 3B). There were no significant differences between the lipid and the siRNA losses 

observed between the three LNP formulations. However, even though the dual emission fluorescence-

based stability measurements were performed at the outlet temperature of 72 °C (Tin = 120 °C), this 

temperature led during the spray drying process to visual destruction of LNP samples. Only a very low 

amount of powder was collected showing streaks in the collection vial indicating that the LNP 

formulation had started to melt. Analysis of the small amount of collected powder showed high 

cholesterol losses over 80% (Figure 3B). Accordingly, the maximum temperature suitable for spray 

drying LNPs was set at an inlet temperature of 100 °C, resulting in an outlet temperature of 62 ± 2 °C.  

 

 

Figure 3 2Quantification of the losses of A) siRNA and B) cholesterol after spray drying of LNPs in 5% lactose solution (m/V) 
at an outlet temperatures of 62°C. A nLNP loss at outlet temperature of 72°C is shown in B). Each bar shown as mean ± 
standard deviation, n=3. SD stands for spray dried. 

3.2.2 Physicochemical properties of spray dried LNPs  

Besides heat, spray drying exerts shear forces on LNP-siRNA systems and could melt, disassemble, 

destroy or merge LNPs. Therefore, DLS measurements were performed before and after spray drying to 

visualize any possible effects. Subsequently, spray dried microparticles, having the LNPs embedded, 

were dissolved in HPW for LNP redispersion to mimic impaction and matrix excipient dissolution in 

the lungs. As demonstrated in Figure 4, Z-average values of freshly LNPs prepared in 5% lactose (m/V) 

and redispersed LNPs from spray dried powders did not show any statistical differences. Also, 

differences in PDI were not observed except for redispersed nLNPs. Here, the PDI increased slightly by 

keeping the sizes similar to before spray drying. However, we recognized higher PDI values which may 

be explained to some extent by sugar monomers that change the size distribution of the particles. It was 

shown by Weinbuch et al. that monomers of sugar and sugar alcohol are detected by DLS in highly 

concentrated solutions. [351] Furthermore, by measuring the size of redispersed spray dried 5% lactose 

solution, without any LNP cargo, we detected particle structures at 200 nm size and a PDI of over 0.3. 

It is expected that the sugar matrix does not instantly dissolve. By diluting the obtained lactose solution 

further, the count rate dropped and no significant peaks were detected (data not shown). Furthermore, a 

PEG-DMG loss from the LNP formulation could potentially explain the increased PDI and zeta potential 

changes.  



 

83 

  

Figure 4 A) DLS measurements of freshly prepared (full colored bars) and redispersed (shaded colored bars) LNPs. PDI is 
indicated by black squares. LNP formulations with neutral, positive or negative charge and spray dried (SD) 5% lactose were 
redispersed in HPW after spray drying at 62°C outlet temperature and compared to freshly prepared LNPs in 5% lactose 
solution. B) Zeta potential measurements of fresh and spray dried LNPs in 5% lactose solution via LDA. Mean ± standard 
deviation, n=3. 

In summary, LNP size and distribution were not affected by spray drying and remained comparable to 

the freshly prepared samples. The zeta potential of LNPs, on the other hand, is dictated by their helper 

lipid. Neutral DSPC, positively charged DOTAP and negatively charged DSPG were implemented into 

the LNP structure to facilitate different characteristics. However, by spray drying LNPs in 5% lactose 

solution (m/V), the zeta potential of positively and negatively charged LNPs was reduced. It was 

therefore investigated in the following experiments whether the decreased zeta potentials changed in 

vitro cellular uptake. 

As seen in Table 1, the average amount collected for all LNP formulations was around 65% yield at a 

maximum of 250 mg spray dried powder. This is in line with the expectations from a Büchi B-290 spray 

dryer which is stated to achieve a yield of about 70% and is ranked at the upper end of collected yield 

in comparison to literature values. [352, 353] Another important parameter that needs to be tested is the 

residual moisture.  

Table 1 Residual moisture recovered spray dried mass and yield of LNPs spray dried with 5% lactose (w/V) at an outlet 

temperature of 62°C. 

 

Spray dried powders should show low residual moisture levels in order to allow for storage stability. 

Although it was discussed above that residual moisture may act as a plasticizer stabilizing LNPs during 
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the spray drying process, it could nonetheless cause microparticle aggregation lead to microbial growth 

and RNase contamination. Therefore, the moisture content of all formulations was measured by Karl 

Fischer titration. The results show that for all LNP formulations, independent of the charge of the LNP 

and the drying temperature, the residual moisture levels were 3.5–4%. Interestingly, spray drying 5% 

lactose solution without any LNPs showed a slightly higher residual moisture level of 4.9%. However, 

the differences are not significant and are in line within previously reported literature values. [347] 

Lactose often solidifies upon spray drying into an amorphous state. This was detected by DSC of spray 

dried 5% lactose solution in comparison to all other spray dried LNP formulations (Figure 5). In addition 

to the hygroscopic nature of lactose, the reason for the formation of amorphous structures is the fast 

drying step which does not provide sufficient time for lactose molecules to arrange into an ordered 

structure with subsequent crystal nucleation and growth. This explanation is supported by the molecule’s 

crystallization temperature of around 110 °C and melting points ranging from 150 °C to 180 °C. [354] 

All of the lactose formulations showed glass transitions at temperatures between 47 °C and 56 °C 

corresponding to their residual moisture content (Table 1). [347, 355, 356] This temperature (Tg) is 

important for stability predictions during storage as amorphous solid forms are thermodynamically 

unstable and tend to crystallize if stored close to or above Tg. [357] The amorphous state of the 

formulation is favorable for LNP preservation. Therefore, when storing these products at 4 °C or room 

temperature for a longer period of time, high Tg values are necessary. The final Tg of a formulation, 

however, is closely linked to the water content: the higher the residual moisture the lower Tg. Also, with 

a lower residual moisture content degradation processes are less likely to occur. [358] It is therefore of 

interest to further decrease the amount of residual moisture in lactose formulations to avoid nucleation 

and degradation processes over time and in order to maintain the amorphous state of the formulation. 

(See Table 2.) When administration of spray dried powders application is envisioned via the pulmonary 

route, their morphology and particle sizes need to be examined. Aerodynamic sizes of 1–5 μm are 

considered ideal for inhalation because >50% of particles of an aerodynamic size of 3 μm deposit in the 

alveolar region.  

 

Figure 5 DSC measurements of lactose formulations spray dried at an outlet temperature of 62°C: 1.3) SD (-)LNP (brown), 
2.3) SD 5% lactose (grey), 3.3) SD (+)LNP (green), 4.3) SD nLNP (blue). 
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Figure 6 SEM pictures of spray dried A) 5% lactose solution, B) nLNP formulation, C) (+)LNP formulation and D) (-)LNP 
formulation. All samples were spray dried in 5% lactose solution at 62°C outlet temperature. 

If the particle sizes are smaller than 3 μm, an 80% chance of reaching the lower airways and a 50–60% 

chance of deposition in the alveoli is given. [359-361] Therefore, the optimal aerodynamic size for deep 

lung deposition after pulmonary delivery is around 3 μm. For local effects, aerodynamic particles sizes 

around 5–7 μm can as well be acceptable. To determine whether the spray dried particles in this study 

fit these criteria, they were imaged using SEM. The geometric median diameters (GMD) which reveal 

the actual visual particle size. As seen in Fig. 6, spray drying of all LNP formulations with 5% lactose 

solution resulted in smooth round microparticles of sizes below 10 μm. In Figure 6A, spray dried 5% 

lactose, and 6B, spray dried nLNPs, showed a GMD size range from particles of 2–7 μm, whereas, (+) 

LNPs and (-)LNPs were slightly larger with 3–9 μm (Figures 6C and D). For porous materials, geometric 

sizes commonly exceed the aerodynamic diameter, which was therefore examined experimentally. [362] 

Furthermore, the residual moisture has a direct impact on the particles’ size with higher water content 

resulting in more particle aggregation and bigger GMD values accordingly.  

3.2.3 Aerodynamic performance of spray dried LNPs  

The aerodynamic performance of each spray dried LNP formulation was measured using an NGI. The 

mass median aerodynamic diameters (MMAD) of all powders present sizes of 2.85–2.9 μm with 

standard deviations of 0.07–0.42 μm. These results position the spray dried LNP formulations at 

aerodynamic sizes of about 3 μm which was discussed as the optimal particle size range for lower 

respiratory delivery targeting a wide field of pulmonary diseases such as COPD, or respiratory viruses, 

e. g., influenza or SARS-CoV-2. This is underlined by the fact that the geometric standard deviation 

(GSD) remains low at 2 μm. Reaching a fine particle fraction (FPF, defined as particles under 5 μm in 

diameter) of almost 30% is a very good value that is in line with the geometric diameter results obtained 

from SEM pictures. The FPF can be improved by reducing the residual moisture of spray dried LNPs to 

narrow down the size distribution, GSD, of spray dried powders and avoid particle agglomerates. This 
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can be achieved by drying the spray dried powder in a subsequent drying step at a lower inlet temperature 

to reduce the heat stress on the product. The temperature should not be increased since the spray drying 

temperature was already set to an upper threshold value keeping the LNPs integrity.  

Table 2 Microparticle characteristics of spray dried LNP formulations in 5% lactose solution at an outlet temperature of 62 °C 
using a Next Generation Impactor (NGI). DD: dose delivered, FPD: fine particle dose, FPF: fine particle fraction, MMAD: 
mass median aerodynamic diameter, GSD: geometric standard deviation.  

 

 

The fine particle dose (FPD) expresses the FPF value in an absolute mass. Therefore, 0.74 μg siRNA 

were delivered at sizes below 5 μm out of 2.6 μg siRNA applied, known as dose delivered (DD). The 

overall recovery rate ranged from 71.1% to 86.8%. Some losses could have been caused by an 

insufficient clearance of capsules using the Handihaler device. Furthermore, depending on the surface 

charge of the LNPs, a difference in electrostatic charge was noticeable that could have led to higher 

adhesion of powders to the walls of capsules, induction port and pre-separator. The conclusion can be 

drawn that for all the different powders, regardless of their different LNP cargo, optimal microparticulate 

characteristics for pulmonary application were achieved. 

3.3 Mucus penetration of spray dried LNPs  

For efficient delivery of spray dried powder to the lungs, a few hurdles need to be overcome. First, the 

nano-in-microparticles need to be redispersed in lung fluid quick enough to dissociate into nanoparticles. 

Second, the nanoparticles need to pass the lung fluid as quickly as possible before the fluid is renewed 

and all particles are washed away. To mimic this scenario, we performed a mucus penetration study, in 

which we compared the penetration ability of freshly prepared LNPs in 5% lactose solution with spray 

dried LNPs redispersed in HPW. By taking into account the LNPs zeta potential which remained neutral 

for all LNP formulations in 5% lactose solution (m/V), LNPs are expected to pass the mucus layer 

without diffusion restrictions due to charge interactions. [363] As seen in Figure 7, 65–90% of the 

freshly prepared LNPs penetrate the mucus layer, whereas only 20–40% of the spray dried LNP 

penetrate the mucus. This higher amount of penetration for freshly prepared LNPs can be explained by 

referring to the sizes of redispersed LNPs which lets us assume that the sugar matrix was not fully 

dissolved resulting in bigger nanoparticle sizes. Moreover, the spray dried LNPs were still immobilized 

inside the sugar matrix not being able to pass the mucus layer as efficiently as freshly prepared LNPs. 

It is noteworthy, that the negatively charged, (-)LNPs, showed the least efficient mucus diffusion both 

as freshly prepared or spray dried particles. Comparing our results to the literature, a negatively charged 

particle should pass through the negatively charged mucus more efficiently because of charge repulsion. 
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A positively charged particle would interact with the negative mucus charge and be hindered in 

diffusion. A neutral charged particle would pass the mucus layer but not as efficiently as the negative 

ones. [341, 363] Freshly prepared (+)LNPs show mucus penetration characteristics of 90% which 

contradicts the charge theory. However, low nanoparticle sizes and near to neutral zeta potential in 5% 

lactose solution can explain its efficient mucus penetration. Spray dried nLNPs showed the highest 

penetration at 40%. In conclusion, the spray dried LNPs are capable of penetrating a lung mucus layer 

in order to reach the lung cells to release the siRNA cargo even if to a lesser extent than their freshly 

prepared counterparts. 

 

Figure 7 Mucus penetration assay of fresh LNPs vs spray dried (SD) LNPs. The time points were chosen at 0h, 0.5h, 1h, 2h, 
4h and 24h.  

3.4 In vitro characterization of spray dried LNPs  

For siRNA delivery it is fundamental to maintain the molecule’s bioactivity throughout the spray drying 

and storage process. Since the outlet temperature of 62 °C is not close to the degradation temperature of 

siRNAs and no severe losses of LNPs or siRNA were detected as abovementioned (Figure 3), the 

bioactivity of the LNPs was expected to be intact. Therefore, the gene silencing efficiency of spray dried 

LNPs (nLNP, (+)LNP and (-)LNP) of the enhanced green fluorescence protein expressing H1299 

(H1299-GFP) cells were tested. All LNPs had an siRNA against GFP (siGFP) encapsulated. 

Furthermore, for comparison, another set of LNPs was prepared with scrambled, negative-control 

siRNA (siNC). Freshly prepared LNPs were dispersed in 5% lactose solution (m/V), whereas spray 

dried LNPs were redispersed in HPW. The specific amount of fresh LNPs and spray dried LNPs was 

chosen to transfect the cells at an siRNA concentration of 1 μg/mL (55.7 nM siGFP/ siNC) and 10 

μg/mL (557 nM siGFP/siNC), respectively. As other controls, spray dried 5% lactose solution was 

redispersed in HPW and free siRNA in the same amount was added to the cells. As seen in Figures 8A 

and B, all LNPs having siGFP encapsulated show a highly significant GFP downregulation effect on the 

protein level. The downregulation ranged from approximately 80% for freshly prepared nLNPs at 1 

μg/mL to >95% downregulation of fresh (+)LNPs at 10 μg/mL. All control values showed no gene 

knockdown effect. Hence, the gene silencing efficiency is RNAi mediated and a result of the 

complementary siRNA sequence. At 1 μg siRNA/mL, Figure 8A, freshly prepared nLNPs performed 

least efficiently of all LNP formulations with 80% downregulation, in comparison to 90% knockdown 

of spray dried nLNPs. 
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Figure 8 In vitro gene silencing effect of enhanced green fluorescent protein (eGFP) within a H1299-eGFP expressing cell 
line. Different siRNA concentrations were tested: A) 1 µg/mL , B) 10 µg/mL. Samples are plotted as follow: freshly prepared 
LNPs in full colored bars, spray dried LNPs in shaded colored bars. Bars show the mean fluorescent intensities (MFI) of the 
eGFP as a percentage relative to the untreated sample (grey, unpatterned bar). 

This difference can be explained by the charge difference of freshly prepared LNPs in comparison to 

redispersed spray dried LNPs. More positively charged nanoparticles show a greater interaction with 

the cell membrane through attractive electrostatic interactions with negatively charged phospholipids or 

membrane proteins, and subsequently lead to a higher cell uptake. [193, 364] Therefore, a higher eGFP 

knockdown can be the result of the aforementioned with an increased amount of siRNA entering the 

cells. (-)LNPs showed 90% gene silencing and were outperformed with >95% performance by (+)LNPs. 

By increasing the siRNA amount 10-fold, the gene silencing effect increased throughout all LNP 

formulations to values >90% (Figure 8B). The negative control, scrambled siRNA values remained 

above 100% for each LNP formulation reflecting a highly significant gene silencing effect. To compare 

the LNP formulations against each other, (+)LNPs outperformed the other two formulations, even at 

lower siRNA concentrations. This observation can be explained by (+)LNPs entering the cell more 

easily and releasing higher amounts of siRNA from the endosome. [365] The 5% lactose solution should 

not interfere with the charges since the cells were cultivated in 400 μL cell medium and 100 μL of 

redispersed LNPs. This dilution could have enhanced the dissolution of LNPs out of the sugar matrix. 

Noteworthy, the gene silencing effects do not differ between freshly prepared and spray dried LNPs, 

and a knockdown on protein level was successfully achieved. This underlines the excellent 

characteristics of the LNPs which did not change after the spray drying process. To compare our results 

to previous studies, Jensen et al. spray dried DOTAP modified PLGA nanoparticles loaded with siRNA 

in mannitol at an outlet temperature of 30 °C to obtain hybrid dry powder formulations. Performing 

eGFP knockdown experiments in H1299-GFP cells resulted in a maximum silencing of 73%. [366] This 

knockdown result was one of the highest found in literature but not close to our outcome for the hybrid 
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system spray dried at low temperatures. In another study, Karve et al. spray dried mRNA embedded 

hybrid nanoparticles at an outlet temperature of 46–50 °C. Neither in vitro, nor in vivo work was 

performed and the attempt to spray dry lipid particles without polymer pre-encapsulation resulted in a 

recovery rate of 1–2%. [367] The temperature increase came in cost of the recovery rate. Adding a 

polymer to stabilize the system helped the authors to create a more feasible system. This confirms the 

difficulty of spray drying lipid nanoparticles at the highest possible temperatures while keeping the 

composition and bioactivity of the cargo. To the best of our knowledge, we are the first to report a 

successful eGFP knockdown of over 95% after spray drying of Onpattro®-derived LNPs at an outlet 

temperature of 62 °C. Neither different spray dried lipid based nanoparticle systems, nor hybrid or 

polymeric nanoparticulate systems have shown a similar eGFP in vitro activity. 

To exclude any toxic effects originated from LNP formulations, a cytotoxicity evaluation via an MTT 

assay was performed. All samples show no toxic effects and results are not statistically significantly 

different for freshly prepared LNPs vs. spray dried LNPs, apart from (+) LNP at a siRNA concentration 

of 10 μg/mL (Figure 9). This cytotoxic effect of about 35% could result from combining the positive 

LNP charge with a high amount of sugar being added to the cells. As discussed in literature and shown 

for many nanoparticulate systems, high positive charges cause increased toxicity to the cells. [193, 368] 

By increasing the siRNA amount by 10 fold, we also increased the (+)LNP amount. This could cause 

an increased impact of positive charge to the cell membrane leading to cell disruption and cell death. 

Furthermore, an increasing amount of sugar can cause increased osmotic effects on the cells, inevitably, 

resulting in the same outcome. However, all other LNP formulations, redispersed after spray drying, do 

not show any cytotoxic effects. Hence, the main cytotoxic reason results from its positive charge. In 

summary, it was determined that a siRNA concentration of no higher than 10 μg/mL was necessary for 

achieving adequate gene knockdown, and higher concentrations were likely to increase the risk of 

cytotoxicity. 

 

Figure 9 In vitro cytotoxicity evaluation via a MTT assay in H1299-eGFP cells. The siRNA concentrations were set at 1 µg/mL 
and 10 ug/mL for all samples. Samples are plotted as follow: freshly prepared LNPs in full colored bars, spray dried LNPs in 
shaded colored bars. 

3.5 Ex vivo activity of spray dried LNPs in human precision-cut lung slices (hPCLS)  

Human PCLS represent complex ex vivo 3D tissue culture models closely mimicking the anatomy and 

physiology of the lungs by maintaining the structure and cellular diversity. Furthermore, by closing the 

translational gap between in vitro and in vivo models, PCLS enable the study of respiratory diseases 

such as allergic asthma, COPD, IPF and viral infections and can act as a more sophisticated nucleic acid 

delivery model to the lungs. [369-376] Following the investigation of successful gene silencing on the 

protein level using spray dried LNPs, human precision cut lung slices (hPCLS) of individual donors 

were used to evaluate the gene knockdown efficiency of LNPs on the mRNA level. Human PCLS were 

transfected at siRNA concentrations of 10 μg/mL using redispersed spray dried LNP formulations 

targeting the house keeping gene GAPDH (siGAPDH). As a reference control, spray dried LNP-siGFP 

formulations were used to rule out any off-target effects. Untreated control hPCLS were treated with 
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medium and 5% lactose solution only. Figure 10 shows the normalization of GAPDH mRNA by the 

mRNA levels of β-actin and all values being normalized against LNP-siGFP values. The hPCLS treated 

with spray dried LNPs-siGAPDH showed significant reduction of GAPDH expression for each LNP 

formulation tested. The knockdown results ranged from 35% in (-)LNPs to 50% in (+)LNPs. The nLNP 

formulation showed a silencing efficiency of 45%. Figure S11 (A3) underlines that no statistically 

significant inflammatory effects were observed after transfection of hPCLS with different LNPs based 

on the level of twelve different proinflammatory cytokines. As stated in the in vitro protein silencing 

experiment, the (+)LNPs outperformed the other LNP formulations demonstrating their drug delivery 

potential for pulmonary administration. The overall performance of LNPs being able to reduce the 

mRNA level up to 50% underlines the LNPs’ preservation of bioactivity and transfection efficiency 

after spray drying. Most importantly, the LNP formulations did mediate a level of ex vivo gene 

knockdown that has not been observed before with spray dried LNP delivery systems targeting the lungs. 

In comparison, Ruigrok et al. reported approximately 50% gene silencing of GAPDH in murine PCLS 

using non-spray dried Accell siRNA not using a nanocarrier delivery system [376]. As discussed in the 

beginning, naked siRNAs cannot cross the cell membrane sufficiently and need to be protected from 

heat stress during the spray drying process, hence, a galenic packaging of the cargo is necessary. 

Moreover, pulmonary administration is most commonly achieved via nebulization or dry powder 

inhalation. Furthermore, the LNPs’ stability to retain the siRNA after spray drying highlights robustness 

and manifoldness of LNP formulations for pulmonary application systems. Those aspects underline the 

complexity of spray drying of LNP-siRNA formulations for silencing of GAPDH RNA levels emphasize 

the relevancy of spray dried LNPs as a promising therapy for the treatment of respiratory diseases such 

as asthma, COPD, lung cancer, cystic fibrosis or viral infections.  

 

Figure 10 Ex vivo knockdown of house-keeping gene GAPDH. Human precision cut lung slices (hPCLS) were transfected at 
10 µg siRNA / mL with spray dried LNPs encapsulating either siGAPDH or siGFP. All values were expressed as a percentage 
in comparison to the baseline values of samples treated with LNP-siGFP. Mean ± standard deviation, n=3. 

4. Conclusion  

In this study, we established a spray drying setup that allows RNA-loaded lipid nanoparticle systems to 

be spray dried at the highest possible temperature while retaining the LNP structure, cargo integrity and 

maintaining bioactivity and gene silencing efficiency. The detection of thermal stability of LNPs using 

the dual emission fluorescence-based method enabled a prescreening of different LNP formulations in 

different excipient solutions and at different temperatures. It was beneficial to test LNP stabilities near 

the lipids’ phase transition temperatures to understand whether a spray drying process would damage 

the LNP composition or lead to cargo leakage. In addition, it enabled measurements of low sample 

volume and wide temperature ranges to simulate heat stress on the individual LNP systems during spray 

drying. These results led to a preselection of spray drying parameters including the best suitable 

excipient solution. Therefore, spray drying was performed in 5% lactose solution (m/V) in combination 
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with a maximum spray drying inlet temperature of 100 °C (62 °C outlet temperature). Quantification 

measurements of spray dried LNPs resulted in low losses underlining the preservation of siRNA and 

LNPs. The spray dried microparticles demonstrate optimal physicochemical and aerodynamic properties 

for pulmonary administration to the lower respiratory tract. Spray dried LNP formulations were able to 

successfully pass an artificial mucus layer similarly found in human lungs. Efficient gene silencing on 

the protein level was achieved in vitro in an adenocarcinoma cell line showing very good cellular 

compatibility. Spray dried LNPs efficiently silenced the house keeping gene GAPDH in ex vivo human 

lung tissues. In conclusion, our research confirms the successful spray drying of LNP-siRNA 

formulations to create a novel siRNA-based therapy to target respiratory diseases such as lung cancer, 

asthma, COPD, cystic fibrosis and viral infections.  
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Chapter VII – Evaluation of storage conditions on spray dried siRNA-LNPs before 
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Abstract 

An ideal world would have pharmaceutical drugs at an infinite shelf life, no susceptibility to degradation, 

chemical reactions or loss of efficacy. In reality, these processes occur making it desirable to extend a 

drugs’ shelf life. Nucleic acid based drugs are most commonly stored in an aqueous solution making it 

vulnerable to microbial growth and degradation processes. Drying procedures, such as lyophilization 

and spray drying, help to reduce the products’ residual moisture by increasing the products’ shelf life 

and stability. The present study was designed to evaluate a 90-days storage of spray dried siRNA-LNPs 

at 4 °C and 25 °C. An updated Onpattro® composition consisting of a positively charged helper lipid 

was used as the LNP carrier system. In addition, all LNP samples were subsequently dried in the spray 

drying tower for 20 min. Physicochemical properties measurements of spray dried and subsequently 

dried LNPs resulted in sizes of 180 nm, PDI values of 0.1-0.15 and zeta potentials of +3 mV. Spray 

drying resulted in residual moisture levels of 3.6 - 4% and was reduced by subsequent drying to 2.8 - 

3.1%. Aerodynamic properties showed discrepancies between the storing conditions. MMADs remained 

at 2.8 µm at storing conditions of 4 °C, whereas an increase to 5 µm at 25 °C was observed. Subsequent 

drying led to sizes of 3.6-3.8 µm, independent of the storing conditions. Spray dried LNPs maintained 

bioactivity for > 95% protein downregulation confirming no cytotoxic effects in a lung adenocarcinoma 

cell line. Furthermore, the spray dried and subsequently dried LNPs stored for 3-months at 4 °C and 25 

°C achieved up to 50% gene silencing of the house-keeping gene GAPDH by addition to the mucus 

layer of Calu-3 cells. This study confirms the long-term stability of spray dried and subsequently dried 

LNPs after 90 days at 4 °C and 25 °C raising its importance as a therapy option targeting pulmonary 

diseases.   

1. Introduction 

In the last decade, nucleic acid-based drugs have demonstrated to treat diseases by targeting their genetic 

construction plan. Nucleic acid therapeutics can accomplish long-term or curative effects through gene 

addition, inhibition, editing or replacement. [377] The nucleic acid carriers consisted of polymers, lipids 

or hybrid combinations. [300] Among those, lipid nanoparticles have become one of the most promising 

drug delivery systems for nucleic acids, driven by several FDA approvals and the mRNA-based COVID-

19 vaccines. [313, 378, 379] The storage of drugs and vaccines is an ongoing debate and logistical 

problem. The latest updates from the European Medicines Agency (EMA) estimate the shelf life for 

mRNA vaccines from BioNTech/Pfizer and Moderna to a maximum of 2.5 months and 1 months at 4 

°C. At storage temperatures of −80 °C and −20 °C, the shelf life increases to a 9-month and 6-month 

period, respectively. However, once opened the vaccines needed to be used up within 24 hours. [380-

383] This discrepancy in storage life gives a hint of the difficulty in creating the ideal product conditions 

for long-term storage on a global supply level. Onpattro®, which is the first FDA-approved siRNA drug 

based on a LNP system, shows a three-year shelf life when kept between 2 °C and 8 °C, provided that 

the drug vials are kept closed. [384] Further studies demonstrated that siRNA-LNPs remained stable at 

2 -4 °C for 6 to 18 months keeping their initial particle size and siRNA encapsulation efficiency. [385, 

386] However, long-term storage on an aqueous basis can lead to microbial growth and chemical 

degradation. Hence, drying procedures are favorable of transferring the drug substance in a water-

reduced storage environment. Lyophilization is one way of drying, performing a gentle procedure. In a 

freeze-dried form, mRNA-LNP vaccines could be conveniently shipped worldwide without the need for 

cooling or freezing. Ball et al. studied the impact of freeze drying on siRNA-LNPs maintaining the 

bioactivity of the siRNA after 11-months storage at -80°C. [385] In another study, Shirane et al. 

lyophilized ethanol-containing siRNA-LNPs maintaining the gene knockdown efficiency of the freshly 

prepared (ethanol removed by ultrafiltration) and the reconstituted lyophilized formulations in vivo. 

[387] The approach of lyophilization helped to prolong the shelf life. However, lyophilization of LNPs 

is not straightforward due to the complex composition of various lipids at certain ratios and the freezing 
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process which can alter the LNP composition. In addition, it is very cost-intensive and time-consuming 

process. Therefore, other drying approaches, such as spray drying, can help overcoming them. [388] 

Spray drying is a widely used method for improving shelf-life conditions of drugs. It works on the 

principle of converting a liquid material into a dry powder offering multiple advantages for industrial 

use, such as up-concentration and encapsulation of bioactive ingredients into sugar matrix, extended 

storage stability due to less molecular mobility, shorter production time, and reduced production, 

transportation and storage costs. [389] The drying effect mainly relies on the sugar spray dried. 

Crystalline sugars, such as mannitol, tend to reach residual moisture levels of <1%, whereas amorphous 

sugars, such as lactose, obtained moisture levels of 4 - 5%. [189, 347] Despite the higher moisture level 

in amorphous matrices, they result in higher product stability and are preferred over crystalline sugars. 

Independend of the sugar matrix, the lower the moisture level in the product, the less susceptible it is to 

alterations or decline. [358] Thus, the spray drying parameters need to be adapted to the delivery system 

being spray dried. Due to the higher melting point, polymer-based systems can be spray dried at higher 

temperatures as lipid-based particle systems. The spray drying parameters need to find the balance 

between having the biggest drying impact and keeping the products integrity. One approach of reducing 

the residual moisture would be the implementation of a subsequent drying step to an amorphous sugar. 

A constant heat supply in the spray drying tower and the turbulence conditions in the collecting vessel, 

would dry the product in a gentle way. The most common application of dry powders is the use of dry 

powder inhalers, such as a Handihaler®. 

Various nanoparticle systems have been spray dried focusing on the spray drying process itself, keeping 

the cargo intact and maintaining nucleic acid bioactivity. [189, 303, 366, 390] Unfortunately, none of 

those studies evaluated the impact of a subsequent drying step or the long-term storage influence on the 

product. In a previous study, we have shown a successful spray drying procedure of LNP-siRNA 

formulations in 5% lactose solution (m/V). The LNP formulation was based on an updated Onpattro® 

composition maintaining its integrity and mediating strong gene silencing efficiency on protein and 

mRNA levels both in vitro and ex vivo. [303] However, long-term assessments of spray dried LNPs 

were not performed and need to be observed.  

The aim of this study was to evaluate the long-term stability of spray dried and subsequently dried LNPs 

at 3-month storing conditions of 4 °C and 25 °C. The LNPs consisted of an updated Onpattro® 

composition using a positively charged helper lipid, DOTAP ((+)LNP). Subsequent drying was applied 

for 20 min within the collection vessel, immediately following the spray drying process. Powders were 

analyzed and compared for physicochemical properties, siRNA losses, aerodynamic performance and 

siRNA integrity. The target range was set based on previous studies to obtain sizes after redispersion of 

around 150 nm, RNA losses below 15% and residual moisture levels below 5%, which should be 

reduced by to at least 4% after subsequent drying. [303] Furthermore, aerodynamic sizes should range 

between 3-7 µm and maintain RNA bioactivity. The LNPs’ performance and siRNA integrity were 

tested in vitro in H1299 adenocarcinoma cells expressing enhanced green fluorescent protein (H1299-

GFP). Moreover, in a more sophisticated in vitro setup, spray dried and subsequently dried powders 

were added to mucus excreting Calu-3 cells and tested for gene silencing targeting the house-keeping 

gene GAPDH. The findings of this study were compared to the previously found data and between the 

different storage conditions. Unique insights on the performance of long-term stored spray dried LNPs 

could be made keeping and improving microparticle properties as a pulmonary delivery system. 

2. Materials & Methods 

2.1 Materials 

Dicer substrate double-stranded siRNA targeting green fluorescent protein (DsiRNA EGFP, 25/27) 

(siGFP), dicer substrate double-stranded siRNA targeting the house-keeping gene GAPDH (DsiRNA 



 

95 

GAPDH) (siGAPDH) and scrambled, non-specific control (siNC) were purchased from IDT (Integrated 

DNA Technologies, Inc., Leuven, Belgium). [186, 237, 270, 302] Tris-EDTA buffer solution 100x 

(T9285), RPMI-1640 medium (R8758), EMEM medium, fetal bovine serum (FBS) (F9665), penicillin-

streptomycin (P/S) (P4333), G418 disulfate salt solution (G8168), Dulbecco’s phosphate buffered saline 

(D-PBS) (D8537),  methylthiazolyldiphenyl-tetrazoliumbromid (MTT), Triton X-100 were purchased 

from Sigma-Aldrich, a subsidiary of Merck KGaA (Darmstadt, Germany). PEG-DMG, DSPC, DSPG 

and DOTAP were bought from Avanti Polar Lipids, Alabaster, USA. The ionizable cationic lipid is a 

sulfur-containing analog of DLin-MC3-DMA (pKa 6.3-6.6). [186, 391] InhaLac®230, lactose 

monohydrate for dry powder inhalers, was purchased from Meggle Group (Wasserburg, Germany). 

Quant-itTM RiboGreen DNA reagent, black 96-well plates (10307451), power SYBRTM green PCR 

master mix and Aquastar® water standard oven 1% were bought from Thermo Fisher Scientific 

(Schwerte, Germany). Pumpsil® tubings were bought from Watson-Marlow GmbH (Rommerskirchen, 

Germany) and had an inner diameter and a thickness of 1.6 mm. White 96 well PCR plate and 0.2 mL 

PCR tubes were purchased from Biozym Scientific GmbH (Hessisch Oldendorf, Germany). PneumaCult 

ALI differentiation medium, hydrocortisone and heparin were purchased from Stemcell Technologies 

(Vancouver, Canada). Transwell® polyester membrane cell culture inserts were purchased from Corning 

(New York, USA).   

2.2 Preparation of lipid nanoparticles (LNPs) entrapping siRNA 

LNP-siRNA formulations had a lipid composition based on the clinically approved Onpattro 

formulation and were prepared as previously described [29, 297, 313]. Briefly, lipid components 

(ionizable cationic lipid, helper lipid, cholesterol, and PEG-DMG) at molar ratios of 50:10:38.5:1.5 

mol% were dissolved in ethanol to a concentration of 10 mM total lipid. 1,2-dioleoyl-3-

trimethylammonium-propane (DOTAP) was used to enable formation of LNP-siRNA systems with 

positive [(+)LNP] zeta potential. Purified siRNA (siNC, siGFP and siGAPDH) was dissolved in 25 mM 

sodium acetate pH 4 buffer to achieve an N/P ratio of 3, which is the charge ratio between the ionizable 

cationic head group on the lipid to the anionic phosphate in the RNA backbone. The two solutions were 

mixed through a T-junction mixer at a total flow rate of 20 mL/min, and a flow rate ratio of 3:1 v/v 

(aqueous:organic phase). The resulting LNP suspension was subsequently dialyzed overnight against 

PBS pH 7.4, sterile filtered (0.2 µm), and concentrated to 1.0 mg/mL siRNA measured via Ribogreen 

assay [340].  

2.3 Spray drying and subsequent drying of LNPs 

For production of spray dried and subsequently dried LNPs, the same method was chosen as described 

earlier. [186] Briefly, a B-290 spray drying tower (Büchi Labortechnik, Flawil, Schweiz) was used to 

spray dry siRNA-LNP formulations in a specified solvent (highly purified water (HPW) with lactose 

(InhaLac), 5% m/V, sterile filtered), at a pump rate of 1.4 mL/min and an inlet-temperature (T-In) of 

100 °C resulting in measured outlet-temperatures (T-Out) of accordingly 62 °C ± 2 °C. Each individual 

stock solution of LNP-siRNA formulations had a concentration of 30 µg siRNA in 5mL5% lactose 

solution (w/V). This resulted in an siRNA to sugar concentration of 0.12 µg siRNA/mg lactose. 

Subsequent drying of spray dried powder was achieved by switching of the liquid feed and keeping the 

heat supply on for 20 min. Spray dried and subsequently dried powders were filled in 20R vials, sealed, 

and wrapped with parafilm. Samples were stored at 4 °C and 25 °C for 3 months (Table 1). 
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Table 1 Spray drying and subsequent drying plan of various LNPs. Spray drying was performed using 5% lactose solution 

(m/V) at 62 °C outlet temperature. Storage temperatures consisted of 4 °C and 25°C and lasted for 3 months.  

 

2.4 siRNA quantification after spray drying of LNPs 

The Quant-ITTM Ribogreen assay was adapted as described in Walsh et al. [340] Briefly, LNPs were 

either freshly prepared or redispersed as described above. For each reading, 50 µL of samples was 

transferred in a black 96-well plate and filled to 100 µL with 2% Triton X-100 solution. A siRNA 

standard curve was pipetted at 10.0, 5.0, 2.5 and 1.0 µL of a stock solution (20 µg/mL) resulting in final 

concentration of 1.0, 0.5, 0.25 and 0.1 µg/mL, respectively. The plate was incubated at 37 °C for 60 min 

in a shaking incubator. Upon the addition of the Ribogreen reagent at a 1:100 dilution, the fluorescence 

intensities were measured at an excitation wavelength of 480 nm and an emission wavelength of 525 

nm. The siRNA loss was quantified by normalizing the siRNA amount of spray dried and subsequently 

dried samples to the siRNA amount of fresh LNP samples.  

2.5 Hydrodynamic diameter and zeta (ζ) potential measurements of spray dried LNPs 

Hydrodynamic diameters and polydispersity indices (PDI) were measured in disposable cuvettes (Brand 

GmbH, Wertheim, Germany) using the Zetasizer Nano ZS instrument (Malvern Instruments Inc., 

Malvern, U.K.). To measure the size and PDI of spray dried and subsequently dried formulations at 

different storage conditions after redispersal, approximately 0.833 mg of spray dried LNP powder was 

dissolved in 100 µL HPW. This equates to 0.1 µg of siRNA (1 µg siRNA/mL). For comparison, fresh 

LNPs (c = 1 mg/mL) were diluted in 5% lactose to reach a concentration of 1 µg siRNA/mL. All samples 

were detected at a backscatter angle of 173°. Results are presented as average size (nm) ± SD. Zeta 

potentials were measured by Laser Doppler Anemometry (LDA) using a Zeta Cell (Zetasizer Nano 

series, Malvern, UK) containing a 6.5X dilution of the same 100 µL sample of LNP suspension. For 

each LNP formulation, measurements were presented as an average charge (mV) ± SD.  

2.6 Residual water content – Karl Fischer titration 

The residual water content for spray dried and subsequently dried LNPs powders at different storage 

conditions was determined by weighing 10 mg sample into 2R vials. A 1% water standard was prepared 

with approximately 40-50 mg powder. Empty vials served as blank values. For coulometric 

measurements, an Aqua 40.00 Karl Fischer Autosampler-Titrator with corresponding software from 

Analytik Jena AG (Jena, Germany) was used. The oven was heated to 100°C, and the final drift was set 

to less than 10.0 µg/min. Blank measurements were run and automatically subtracted from the standards 

and samples. Residual moisture measurements were considered valid if the 1% water standard 

measurement resulted in a value between 0.9 and 1.1%. Results are presented as mean residual moisture 

(%) ± SD. 
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2.7 Scanning Electron Microscopy (SEM) 

A small amount of spray dried and subsequently dried LNPs at various storage conditions was placed 

on top of a stub covered with double-sided carbon tape. The stub was then coated with carbon under 

vacuum for 40 s. The microparticles were examined imaged using a FEI Helios G3 UC (Thermo Fisher 

Scientific, Schwerte, Germany).  

2.8 Aerodynamic properties of spray dried LNPs 

For the analysis of the aerodynamic properties of spray dried and subsequently dried powders after 

storage at 4 °C and 25 °C, procedures specified in the monograph 2.9.18, apparatus E, of the European 

Pharmacopoeia was performed using a next generation impactor (NGI) from Copley Scientific 

(Nottingham, UK). The measurement procedure was adapted as previously described. [186] Briefly, 

spray dried, or subsequently dried LNP powder was transferred into 2-3 hydroxypropylmethylcellulose 

capsules. Each capsule was loaded into a Handihaler® (Boehringer Ingelheim Pharma GmbH & Co. KG, 

Ingelheim, Germany), hole-punched and discharged twice. Subsequently, the same procedure as in 2.4. 

was performed. Every stage of the NGI was washed with 2% Triton-X buffer. The induction port (IP) 

was washed with 5 mL, the pre-separator (PS) was pre-filled with 15 mL, small cups were filled with 2 

mL and bigger cups were filled with 4 mL 2% Triton-X buffer solution. All parts were cautiously shaken 

and placed on a horizontal shaker for 20 min. A standard curve of fresh siRNA was prepared and topped 

up to 100 µL with 2% Triton-X buffer. As a control, fresh LNPs, at siRNA concentration of 1.0 µg/mL, 

similar to the redispersed samples, were prepared in 2% Triton-X buffer. Three aliquots of 100 µL from 

each stage were used for further analysis. All samples were pipetted to a black 96-well plate and put into 

a shaking incubator for 60 min at 37 °C. Upon the addition of Ribogreen reagent at a 1:100 dilution, the 

fluorescence intensities were measured at an excitation wavelength of 480 nm and an emission 

wavelength of 525 nm. The mass median aerodynamic diameter (MMAD), geometric standard deviation 

(GSD), fine particle dose (FPD), fine particle fraction (FPF) and powder recovery (%) were calculated 

as described in the European Pharmacopoeia considering fine particles at sizes below 5 µm MMAD.  

2.9 In vitro characterization of spray dried LNPs  

2.9.1 Cell Culture 

The human non-small cell lung carcinoma cell line H1299 (ATCC CRL-5803) stably expressing 

enhanced green fluorescence protein (eGFP) was cultured in RPMI 1640 medium supplemented with 

10% FBS, 1% P/S and 0.4% G418. Cells, starting from passage 9, were passaged every 3 days with 

0.05% v/v trypsin and subcultured in 75 cm2 flasks. Calu-3 cells were obtained from LGC Standards 

GmbH (Wesel, Germany). Cells were maintained in EMEM medium supplemented with 10% FBS and 

1% P/S. Cells were passaged once 80% confluence was reached and subcultured in 75 cm2 flasks. 

H1299-GFP and Calu-3 cells were kept in a humidified atmosphere at 37 °C with 5% CO2.All cell lines 

were mycoplasma-free and tested for mycoplasm every 3 months. 

2.9.2 In vitro GFP protein downregulation in H1299 cells 

To evaluate the in vitro gene silencing efficiency of siRNA-LNPs after spray drying and subsequent 

drying, H1299-GFP cells were seeded in a 24-well plate at a density of 25,000 cells per well in 500 µL 

medium at 37 °C and 5% CO2 and incubated for 24 h. Powder samples were weighed at 0.833 mg, 

resuspended in 100 µL HPW, resulting in concentrations of 1 µg/mL, and added to 400 µL of fresh 

culture medium left for 24 h incubation at 37 °C and 5% CO2. The medium was then discarded and 

replaced with 500 µL of fresh medium, and the plates were further incubated for another 24 h. At the 

end of the incubation time, cells were washed with PBS, trypsinized and collected. After centrifugation 

at 400 rcf for 5 min, the supernatant was discarded, and the cell pellet was washed two times in PBS 
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before being resuspended in PBS with 2 mM EDTA. Samples were analyzed by flow cytometry 

(Attune® NxT, Thermo Fischer Scientific, Waltham, Massachusetts, USA), and the median fluorescence 

intensity (MFI) of GFP protein expression was measured by using a 488 nm excitation laser and the 

emitted light passing through a 530/30 nm band pass emission filter set was detected. All LNPs samples 

were gated by morphology for a minimum of 10,000 viable cells. Results are displayed as mean MFI 

values (%) ± SD. 

2.9.3 In vitro cytotoxicity of spray dried LNPs in H1299 cells 

Cell viability after transfection with spray dried and subsequently dried LNPs was tested via an MTT 

assay as described previously.[392, 393] Briefly, 5,000 H1299-GFP cells per well were seeded in 100 

µL medium onto a transparent 96-well plate (BioLite 96 well multidish, Thermo Fisher Scientific, 

Rochester, New York, USA). The samples were prepared by redispersing 0.833 mg (1 µg siRNA) of 

powders in 100 µL of HPW. After 24 h, 90 µL of pre-warmed medium was added to each well and 

supplemented with 10 µL of sample, respectively. The plate was incubated for 24 h at 37 °C and 5% 

CO2. As a full viability control, cells were incubated in 100 µL consisting of 10 µL sterile 5% lactose 

solution (m/V) and 90 µL medium. After 24 h, the media was aspirated and 200 µL of MTT containing 

medium (0.5 mg/ml in serum-free RPMI-1640 medium) was added to each well. Cells were incubated 

for another 3 h at 37 °C and 5% CO2. Subsequently, the cell culture medium was completely removed, 

and insoluble purple formazan crystals were dissolved in 200 µL DMSO. The plate was set on a 

horizontal shaker for 20 min for all crystals to dissolve. The absorbance was measured at 570 nm, 

corrected with background values measured at 680 nm, using a microplate reader (TECAN Spark, 

TECAN, Maennedorf, Switzerland). The data are shown as mean ± SD as percentage of viable cells in 

comparison to untreated cells representing 100% viability.  

2.9.4 In vitro GAPDH knockdown in Calu-3 cells  

Calu-3 cells were seeded at a density of 250,000 cells onto uncoated Transwell® polyester cell culture 

inserts (6.5 mm, 0.4 μm pore size) in 100 μL medium (apical side), while 600 μL medium were added 

to the basolateral chamber. After 72 h, the apical medium was removed to obtain airliquid interface 

conditions, while the medium from the basolateral chamber was replaced with 200 μL of PneumaCult™ 

ALI medium (STEMcell technology, Vancouver, Canada) and replaced every two days. Experiments 

were performed once TEER values ≥300 Ω*cm2 were reached and a stable polarized epithelial layer 

was formed, as measured with an EVOM epithelial volt/Ω meter (World Precision Instruments, 

Sarasota, USA). For transfection of spray dried and subsequently dried LNPs (siGAPDH-(+)LNP and 

siNC-(+)LNP) stored at different conditions, 8.33 mg (10 µg/mL) powder was directly poured on top of 

the mucus layer. The basal compartment consisted of 200 μL of PneumaCult™ ALI medium. Calu-3 

cells were incubated for 48 hours at 37 °C and 5% CO2. Harvesting the cells was done by washing the 

apical compartment with PBS. Subsequently, the cells were scraped carefully without breaking the 

membrane and transferred into Eppendorf tubes. The RNA extraction protocol was carried out by using 

the PureLink RNA mini kit according to the manufacturer’s protocol. The RNA concentration and purity 

were quantified by RT-qPCR. In brief, cDNA was synthesized from total RNA using high-capacity 

cDNA synthesis kit (Applied Biosystems, Waltham, Massachusetts, USA). The obtained cDNA was 

then diluted 1:10, and a qPCR was performed using the SYBRTM Green PCR Master Mix (Thermo 

Fischer Scientific, Waltham, Massachusetts, USA) with primers for human GAPDH and β-actin 

(Qiagen, Hilden, Germany) for normalization. Cycle thresholds were acquired by auto setting within 

qPCRsoft software (Analytic Jena AG, Jena, Germany). Three individual batches of spray dried and 

subsequently dried LNPs (siGAPDH and siNC) were examined. The GAPDH silencing results are 

reported in the mean percentages (%) normalized to siNC values ± SD. 
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2.10 Statistics, data analysis and presentation 

All experiments were run in independent triplicates. Experimental data passed the D’Agostino-Pearson 

normality test and were analyzed for statistical significance using the One Way ANOVA repeated 

measurements on the GraphPad Prism 5 software with Tukey’s post-hoc test with p>0.05 considered 

not significant (ns), * p<0.05, **p<0.01, ***p<0.001. Data presentation was performed using GraphPad 

Prism 5 data science packages.  

3. Results and Discussion 

3.1 Characterization of spray dried and subsequently dried LNPs 

3.1.1 RNA quantification and physicochemical properties of spray dried and subsequently dried LNPs 

One of the most important quality criteria for all drug substances is the quantification of cargo loss after 

processing. Spray drying of LNPs and subsequent drying of the powder create additional stress on the 

nanoparticle system. In order to ascertain if the spray drying and subsequent drying process results in 

siRNA losses, an RNA quantification assay was performed. When spray drying at 62 °C outlet 

temperature, applying a subsequent drying step at the same temperature for 20 min and storing the 

samples at 4 °C and 25 °C for 3 months, not more than 10% of siRNA losses were detected (Figure 1). 

 

Figure 1 Quantification of siRNA losses after spray drying and subsequent drying for 20 min at storage temperatures of 4 °C 

and 25 °C after 3 months. Spray drying of LNPs in 5% lactose solution (m/V) at an outlet temperature of 62°C. Each bar shown 

as mean ± SEM, n=3.  

These results are independent of drying time and storage conditions. Subsequently dried LNP samples 

even show a slight reduction in siRNA losses to 7-8%, however, the difference to freshly spray dried 

LNPs is non-significant. The standard deviation of spray dried powders stored for 3 months at 25°C 

exceeded all other values indicating that individual measurements did not show similar results. The 

spray-drying procedure itself and the storage conditions could have been responsible for the preparation 

of a malign batch. Overall, spray drying and subsequent drying of LNPs kept the loss of siRNA to a 

maximum of 10% making the spray drying process a suitable method to be stored for a longer period at 

temperatures of 4 °C and 25 °C. 

Another important aspect to look at are the physicochemical properties of spray dried and subsequently 

dried LNPs being stored for 3 months. DLS measurements determine the nanoparticle sizes and quantify 

the size distribution. LNP microparticle powders were redispersed in HPW to prepare for measurements. 

All LNPs showed sizes of 180-200 nm after spray drying, subsequent drying and storage at 4 °C and 25 

°C (Figure 2A). The PDIs varied between 0.1 and 0.15 indicating a narrow size distribution after storage. 

Furthermore, a 5% PDI increase was seen comparing the spray dried powder without subsequent drying 

stored at 4 °C and 25 °C. However, this trend can be neglected resulting in similar sizes and PDIs after 
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3-month storage for all LNP powders. Freshly spray dried (+)LNPs have shown sizes of about 200 nm. 

[303] The subsequent drying and storage conditions of 4 °C and 25 °C for 90 days did not have an 

influence on the particle size or PDI. Looking at the zeta potential, all samples showed values between 

+2 - +3 mV (Figure 2B). As seen and explained before, the lactose matrix is acting as a shield for charges 

and needing some time to dissolve properly. [303] Comparing drying times and storage conditions to 

each other, no variance in zeta potential was apparent. A disruption or change in LNP formulation would 

show obvious changes in zeta potential. After seeing no obvious siRNA losses and no changes in zeta 

potential after spray drying, subsequent drying and storage at 4 °C and 25 °C for 3 months, the LNP 

structure seems to be intact keeping the siRNA encapsulated.  

 

Figure 2 Physicochemical properties of spray dried (0 min) and subsequently dried (20 min, shaded) LNPs stored for 3 months 

at 4 °C (blue bars) and 25 °C (red bars) A) DLS measurements showing sizes and PDIs. B) Zeta potential measured via LDA. 

pray-dried (0 min) and subsequently dried (20 min) L Samples were redispersed in HPW. Spray drying temperature was set to 

62 °C outlet temperature. Mean ± standard deviation, n=3. 

Storage conditions are one way of influencing a products’ quality. Residual moisture can favor 

micropartcle aggregation and microbial growth, a phenomen to be prevented, especially during storage 

at room temperature. It is pivotal thus to determine the powder’s residual moisture before packaging and 

sotring. [358] In Figure 3, spray drying 5% lactose solution (m/V) resulted in a residual moisture level 

of 5% which is in line with literature values. [347] Spray drying LNPs in 5% lactose solution (m/V) 

reduced the residual moisture to 3.6%. This level was kept storing the samples at 4 °C. Applying a 

subsequent drying of 20 min reduced the residual moisture to 2.8% showing a slight increase in moisture 

to 3.1% after storage at 25 °C. This increase was neglectable because no statistical significant difference 

was observed.  

 

Figure 3 Residual moisture of spray dried and subsequently dried LNPs. Subsequent drying lasted for 20 min. White bars 

show spray dried samples directly analyzed, blue bars show samples stored at 4°C and red bars show samples stored at 25 °C. 

All stored samples were kept sealed for 3 months. Mean ± standard deviation, n=3. 
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As discussed before, the amorphous state of spray drying lactose is favorable for LNP preservation. 

Moreover, a high glass transition temperature Tg value is necessary to keep the product stable at a longer 

storage time. The Tg value is oppositely linked to the residual moisture level, meaning that the higher 

the residual moisture level, the lower the Tg value. [303, 358] In conclusion, storing the spray dried 

LNP powder in a 20R vial, sealing it and keeping it for 3 months at 4 °C and 25 °C, the moisture levels 

of spray dried and subsequently dried LNPs were reduced in comparison to spray dried 5% lactose 

solution. The decrease in residual moisture level favors to maintain the amorphous state of LNP 

powders, prolonging stability and avoiding nucleation and degradation processes over a longer storage 

time. 

3.1.2 Geometric and aerodynamic performance of spray dried and subsequently dried LNPs 

Spray dried powders that are administered to the lungs need to fulfill size requirements in order to be 

delivered to the bronchioles or alveoli. A first indication can be drawn by measuring the geometric 

median diameter (GMD) via SEM. Information about the particles’ surface and composition can be 

obtained. Prior measurements have shown spray dried LNP sizes of 2-9 µm. [303] Subsequent drying 

of those powders and storing at 4°C and 25°C for 3 months led to geometric sizes of 3-8 µm (Figure 4). 

Therefore, the additional heat impact of subsequent drying did not form microparticle aggregates or 

merged powder particles. The sizes were kept, and the surface still appeared smooth keeping the 

subsequently dried powders in ideal conditions for pulmonary administration. 

 

Figure 4 SEM pictures of spray dried A) siGFP-(+)LNP after 20 min subsequent drying at 4 °C storage, B) siGFP-(+)LNP 

after 20 min subsequent drying at 25 °C storage. Storage time was set for 3 months. All samples were spray dried in 5% lactose 

solution at 62°C outlet temperature. 

Although the GMD provides a good impression about the actual sizes of spray dried powders, the mass 

median aerodynamic diameters (MMAD) of porous materials commonly falls below the GMD. [362] 

For pulmonary application, ideal particle sizes of 3-7 µm are required. [359, 360] A next generation 

impactor (NGI) was used to measure the aerodynamic performance of spray dried and subsequently 

dried LNPs after storage at 4 °C and 25 °C for 90 days. In Table 2, various comparisons between drying 

time and storage temperature can be drawn. Spray dried LNPs that were stored at 4 °C resulted in an 

MMAD of 2.73 µm at a geometric standard deviation (GSD) of 1.85 µm. The fine particle fraction 

(FPF), which represents the mass percentage of spray dried LNPs with an aerodynamic diameter below 

5 µm, was detected at 30.1% at a recovery rate of 98%. Previous results reported a similar MMAD of 

2.85 µm and a FPF value of 28.1%. [303] In comparison, spray dried LNP powders that were 

subsequently dried and stored at 4 °C reported an increased MMAD of 3.78 µm. The FPF was reduced 

to 21.5% but the recovery rate remained at 99%. The subsequent drying at 62 °C outlet temperature 

could have caused the increase in MMAD by merging microparticles leading to a reduced FPF value. 

The residual moisture cannot be a reason because subsequent drying reduced the residual moisture level 

preventing the microparticles to aggregate. Nevertheless, sugar matrices tend to melt and merge if the 
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Tg is exceeded. Determining the aerodynamic properties of spray dried LNPs resulted in MMAD of 

4.98 µm, the highest MMAD value of all spray dried samples. Even though the residual moisture level 

remained at 4% when samples were stored at 4 °C, a dominant increase in MMAD of more than 2 µm 

changed the characteristics of the spray dried powder. The FPF was reduced to 15.9% and the recovery 

rate sank to 71.3%. The reduction in recovery can be explained by microparticle aggregates that keep 

the LNPs in their sugar matrix making it harder to quantify all siRNA. Furthermore, a bigger particle is 

more likely to get stuck in the handihaler application device lowering the amount of siRNA detected. In 

addition, a big standard deviation for samples at 25 °C storage (0 min) implied batch to batch varieties 

which could have worsened because of the storage conditions. However, a subsequent drying step 

improved the powders characteristics after storage at 25 °C. The MMAD was downsized to 3.60 µm, 

the FPF was increased to 22.4% and the recovery rate was enhanced to 83.9%. Therefore, applying a 

subsequent drying step for products that are intended to be stored at 25°C is advisable. 

Table 2 Microparticle characteristics of spray dried and subsequently dried LNP formulations in 5% lactose solution at an 

outlet temperature of 62 °C using a Next Generation Impactor (NGI). Subsequent drying lasted for 20 min. Samples were stored 

for 3 months at 4 °C and 25 °C. DD: dose delivered, FPD: fine particle dose, FPF: fine particle fraction, MMAD: mass median 

aerodynamic diameter, GSD: geometric standard deviation. 

 

If the results are not compared in regard to their storage conditions, but against drying conditions and 

times, the data revel that aerodynamic properties of powders that underwent subsequent drying did not 

differ from each other. Solely, the recovery rate was 16% lower after 25 °C storage in comparison to 4 

°C storage. In contrast, the comparison of spray dried powders without subsequent drying resulted in an 

increased MMAD of almost 2-fold, a 2-fold reduction in FPF and a decrease of powder recovery by 

almost 27% stored at 25 °Cover storage conditions of 4 °C. Nevertheless, the optimal MMAD range of 

microparticles was fulfilled target sizes of 3 - 7 µm. All powders stayed within that size range facilitating 

ideal microparticle characteristics for dry powder pulmonary applications. 

3.2 In vitro characterization of spray dried LNPs 

Present results have established no severe losses of siRNA after spray drying and storage, as well as 

establishing the aerodynamic properties of all spray dried microparticles as ideal for pulmonary 

application. Hence, the bioactivity of spray dried and subsequently dried LNPs after 3 months storage 

was assessed. Prior to any cell targeted experiments, a MTT study revealed cytotoxic effects of not more 

than 20% for all spray dried and subsequently dried powders (Figure 5A). This effect could result from 

lactose which can influence the osmotic pressure on cells resulting in cell death 

A gene silencing experiment targeting the enhanced green fluorescent protein expressing H1299 

(H1299-GFP) cells was performed using spray dried and subsequently dried LNPs having scramble, 

negative-control siRNA (siNC) and siRNA against GFP (siGFP) encapsulated (Figure 5B). The storage 

conditions differed from freshly prepared samples (white bars), over 3-month storage at 4 °C (blue bars), 

to 3-month storage at 25 °C (red bars). As established in a previous study, the siRNA concentration 
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chosen to be transfected remained at 1 µg/mL (55.7 nM siGFP/siNC). Throughout all samples and 

independent of the storage conditions, a highly significant GFP-knockdown of >95% was obtained. This 

matches previous results for gene silencing of spray dried (+)LNPs. [303] Hence, the subsequent drying 

and storage for 90 days at 4 °C and 25 °C did not influence the bioactivity of siRNA maintaining a very 

high potency of gene silencing.  

Following the investigation of successful protein knockdown, a mucus excreting cell line, Calu-3, was 

used to evaluate the gene knockdown efficiency on the mRNA level targeting the house-keeping gene 

GAPDH. Calu-3 cells were transfected by spreading spray dried LNP powder, having either siNC or 

siGAPDH encapsulated, on the mucus layer that was grown in air liquid interface inserts. The 

knockdown efficiency was determined after 48 h incubation time. Figure 5C shows the %-values of 

GAPDH mRNA by the β-actin mRNA levels being normalized against LNP-siNC values. Comparing 

the storing conditions and keeping the drying parameters the same, storing spray dried LNPs at 4 °C 

resulted in a GAPDH/β-actin expression of 55.9%, meaning a mRNA knockdown of 44.1% was 

achieved. However, a 25 °C storage revealed a mRNA knockdown of only 29.2%. This reduction can 

be explained by the previous results of batch variety after storage at 25 °C. The bigger microparticle 

MMAD and lower FPF tend to get stuck in the mucus layer not releasing the same amount of siRNA as 

for a MMAD of 3 µm as seen after 4 °C storage.  Furthermore, a lower recovery rate will automatically 

transfect a lower amount of siRNA adding to the discrepancy in mRNA knockdown levels. Subsequently 

dried LNP powders resulted in a mRNA knockdown of 50.7% and 44.3% for 4°C and 25°C storage, 

respectively.  

 

Figure 5 In vitro evaluation of spray dried and subsequently dried LNPs. A) In vitro cytotoxicity evaluation via a MTT assay 

in H1299 cells.B) Gene silencing effect of enhanced green fluorescent protein (eGFP) within a H1299-eGFP expressing cell 

line. siRNA concentration was set to 1 µg/mL. C) Gene silencing effect of house keeping gene GAPDH in mucus expressing 

Calu-3 cells. siRNA concentrations were set to 10 µg/mL.White samples were freshly spray dried. Blue samples were stored 

for 3 months at 4°C and red samples were stored for 3 months at 25 °C. Mean ± standard deviation, n=3. 

As already seen for the aerodynamic performance of the spray dried powders, LNP powder stored at 

4°C and subsequently dried powders stored at both temperatures do not differ in their performance. Only 
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the spray dried powders stored at 25 °C performed less than others. Comparing samples stored at the 

same temperature, it could be appreciated that a subsequent drying improved the GAPDH knockdown 

performance of LNPs at 25 °C, whereas the mRNA silencing effect remained unchanged for samples 

stored at 4 °C. This novel approach was implemented to imitate real life dry powder administration to 

the lungs, usually performed by dry powder inhalers. Here, powders must overcome natural barriers, 

such as lung mucus, before reaching the targeted cells. The lungs’ mucus is constantly excreted acting 

as a protective shield. Hence, any particle or drug that targets the lungs’ cells needs to pass the mucus 

layer and a certain level of drug loss is expected. [280, 303, 363] Reaching GAPDH knockdown levels 

of 30-50% show the immense potential of LNPs to be used as pulmonary drugs. Even a storage time of 

90 days and severe storage conditions of up to 25 °C did not harm the performance and kept the LNP 

activity intact. 

4. Conclusion 

In the various phases of product development identifying the conditions for long-term storage it is 

pivotal to properly conceive a scale-up of the manufacturing process. The aim of this study was to 

compare the long-term stability of spray dried and subsequently dried LNPs at storage conditions of 4 

°C and 25 °C. Our previously established spray drying method for LNPs in 5% lactose solution (m/V) 

served as a starting point for the spray drying setup, parameters and powder characterization. [303] 

Neither the spray drying, nor the subsequent drying or the different storage temperatures resulted in 

siRNA losses <10%, underlining the preservation of siRNA inside the LNPs, and measured nanoparticle 

sizes of about 180 nm. Furthermore, the size distribution maintained narrow at 0.1 - 0.15 keeping a 

positive zeta potential of +3 mV. The spray dried microparticles showed residual moisture levels of 

about 4%, which was reduced to 3% applying the subsequent drying for 20 min. Storage at different 

temperatures did not lead to an increase in moisture levels. The spray dried powder demonstrated 

optimal aerodynamic properties for pulmonary administration. Apart for the spray dried powder stored 

at 25 °C, all samples’ MMAD of 2.8-3.6 µm would qualify for administration to the lower respiratory 

tract. When storing spray dried LNPs at 25 °C, a subsequent drying step can improve the MMAD and 

FPF. This improvement was not observed when stored at 4 °C. All samples resulted in efficient protein 

silencing of >95% targeting a lung adenocarcinoma cell line. As demonstrated before, LNPs 

successfully passed an artificial mucus layer. Therefore, the GAPDH knockdown in mucus excreting 

Calu-3 cells was observed and resulted in a 50% silencing effect. In summary, our 90-days research on 

spray dried and subsequently dried LNPs confirms the conservation of LNP structure, cargo integrity 

and siRNA bioactivity, independent of storage temperatures of 4 °C or 25 °C, maintaining ideal 

properties for pulmonary delivery. 
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Chapter VIII – Summary and Prospects 

This thesis consisted of two parts. The first section investigated whether the modification of existing 

polyplexes or the synthesis of a novel amphiphilic polymer can overcome the endosomal escape 

problem. The second part established a spray drying method for a variety of charged LNPs and evaluated 

the powders characterization after long-term storage as a pulmonary delivery system.  

In Chapter I, I started the thesis with a brief introduction of RNA interference, the concept of endosomal 

escape and spray drying. This served as an introduction to people that are new to the topic of pulmonary 

delivery of nucleic acid-based drugs and combine the concepts, obstacles and solutions that must be 

considered for a successful delivery system 

Chapter II, served as an overview of several nanoparticle systems which are produced by microfluidic 

mixing. The reader got a list that ranged from nanoemulsions, liposomes and lipid nanoparticles, to 

polymeric nanoparticles, hybrid lipid-polymer nanoparticles and theranostic nanoparticles. All 

formulations were linked to research studies with the aim of being nanoparticle drug delivery systems 

for pharmaceutical applications.  

I then moved to Chapter III, where the first part of the thesis regarding the endosomal release problem 

of polyplexes started. I presented a formulation study of several triblock copolymers, PEG-PCL-PEI, 

using microfluidic mixing for the encapsulation of siRNA. Our group modified the polymer which had 

struggled with an endosomal release problem. We adapted the composition by varying PCL and PEG 

weights and grafting densities. I demonstrated that the adaption in block composition led to a more 

monodisperse size distribution by maintaining acceptable physicochemical properties compared to prior 

studies. Despite the improvement in uptake behavior, the gene silencing effect did not improve 

significantly meaning the endosomal escape problem was not resolved by chemical modification. 

Not solving the endosomal release problem meant we changed the approach by synthesizing a novel 

amphiphilic spermine-based polymer which should facilitate endosomal release and nucleic acid drug 

delivery. In Chapter IV, I characterized siRNA polyplexes made from several variants of an 

amphiphilic poly(spermine acrylamide) polymer. I studied the physicochemical properties of polyplexes 

and tested nanoparticle stability at physiological pH and acidic pH mimicking the lysosomal 

compartment. I showed that the novel polyplexes outperformed PEI-based nanoparticles in vitro and our 

group detected in vivo gene silencing effects in mice. I concluded that the novel amphiphilic 

poly(spermine acrylamide) polymers enable endosomal release and were established as non-viral vector 

for siRNA delivery. 

Encouraged by the success in gene silencing and endosomal release, as well as participating in a 

collaboration on lipids, I started Chapter V with the intention to solve the endosomal escape problem 

of polyplexes by forming hybrid lipid polyplex nanoparticles through lipid coating. I started this study 

with the hypothesis that the combination of polymers and lipids will use their synergies to overcome the 

endosomal release problem. Three different lipids, DOPC, DOTAP and DLIN-MC3-DMA, were used 

in a microfluidic mixing setup as a coating agent for PEI-PCL-PEI-based siRNA polyplexes. I 

performed a full nanoparticle characterization consisting of physicochemical properties, morphology 

and size detection via microscopy, nanoparticle stability and in vitro performance. I showed that DOPC- 

and DOTAP coated hybrid nanoparticles did not improve the gene silencing effect compared to their 

polyplex precursors. A chloroquine addition revealed that the nanoparticles were stuck in the endosome. 

I switched to the ionizable lipid DLIN-MC3-DMA which protonates upon acidification. I performed the 

same characterization steps and I observed a significant improvement in gene silencing to its polyplex 

precursor while maintaining all other parameters.  
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The second part of my thesis dealt with spray drying and long-term storage of LNP encapsulating 

siRNA. In Chapter VI, I established a spray drying platform for several LNPs which were based on an 

adapted formulation of Onpattro®. I used the knowledge of a novel dual emssion fluorescence method 

that prescreened the use of various sugars and temperatures on LNP integrity. The results paved the 

choice of a lactose solution and a spray drying temperature of 100° C inlet temperature which was 

established in my spray drying method. I tried to find the highest possible drying temperature to enable 

ideal powder characteristics without destroying the LNP composition and the siRNA bioactivity. I 

performed powder characterization after redispersion, similar to testing nanoparticles. I intended to use 

the spray drying powder for pulmonary application, therefore, I tested the mucus penetration ability and 

the aerodynamic properties using a next generation impactor. After obtaining successful characteristics 

for pulmonary delivery, I tested the spray dried LNPs in vitro in lung cells and ex vivo in human 

precision cut lung slices. I observed hardly any cytotoxic effects at full gene silencing in vitro and the 

highest detected RNA silencing ex vivo. In summary, I was able to establish a method to transfer LNPs 

into a dry powder formulation for pulmonary application.  

Following the successful method of spray drying LNPs, I decided to analyze long-term storage 

conditions of spray dried LNPs and compare them to a subsequent drying step, in Chapter VII. I 

followed the idea of a subsequent drying step because I saw that spray drying of lactose led to an 

amorphous sugar matrix with residual moisture levels of 4-5% which can facilitate microbial growth 

and accelerate product decay. I set the storage conditions to 4 °C and 25 °C for 3 months to generate 

comparable storage conditions of dry powders that are on the market. I performed the same powder 

characterization as in Chapter VI and compared all values with each other. I showed that the long-term 

storage did not affect physicochemical conditions and led to siRNA losses of no more than 10%. I 

performed in vitro performance studies on adenocarcinoma cells and mucus excreting lung cancer cells. 

I chose a mucus excreting cell line to mimic the impact of powders after inhalation.  The protein 

silencing effect remained at almost 100% and the RNA was silenced by more than 50%. All results were 

independent of the different storage conditions. This long-term storage study concluded the successful 

spray drying approach of LNPs which can be classified as effective pulmonary nucleic acid delivery 

systems. 

This thesis is relevant to research groups tackling the endosomal release problem of polyplex 

nanoparticles and implementing a spray drying method for lipid nanoparticles. Most of the techniques I 

used are important for characterization of siRNA-based nanoparticle systems and spray dried nano-in-

microparticle systems. The main focus and choice of methods created an almost real-life comparison, 

i.e. the use of an mucus excreting cell line and an ex vivo gene silencing in human precision cut lung 

slices. The study of spray drying LNPs  

As new findings raise new questions, I would like to list a few observations in regards to my research 

that could be pursued in the future. I see big potential in using ionizable lipids to improve the endosomal 

release ability of polymeric nanoparticles. My approach has shown a satisfying improvement, however, 

the performance of HLPNP systems can still be enhanced. Adapting the flow rate ratio or increasing the 

amount of lipid could help. Once changes are applied, the nanoparticle systems need to be characterized 

again. Another important aspect that should be tested, is the stability of HLPNPs. A long-term study can 

verify if the nanoparticles maintain their structure and if the siRNA is still encapsulated. Furthermore, 

particle stability should be tested in the presence of acidity to mimic the endosomal compartment and 

in the presence of serum proteins. The latter is especially important for in vitro and in vivo experiments, 

as proteins could interact with the nanoparticles and reduce their effectiveness.  

The establishment of a spray drying platform for LNPs has opened up the opportunity for a wide range 

of drugs to be administered via the pulmonary route. However, the spray drying procedure can still be 

optimized. Ideally, a continuous setup, in which the nanoparticle formation is directly navigated into the 
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spray drying tower, would simplify the spray dried powder production. An implementation of on-line 

quality tests would enable a high standard of production. In addition, in vivo experiments could confirm 

the promising status of a powerful pulmonary drug which has the potential to reach clinical trials. The 

long-term storage and the subsequent drying of LNPs can be improved by changing some method 

parameters, such as changing the bottom area of the collection vessel which is the contact point between 

heated glass and spray dried powder. The larger the area, the better and more evenly the powder can 

dry. Furthermore, I noticed that the air turbulence of the cyclone did not reach the powder in the 

collection vessel, hence, the drying had only an impact on the top layer of the powder. Increasing the air 

volume could create turbulences and dry the particles more evenly. However, exercise caution, as the 

siRNA cargo should not get affected and loose bioactivity. Finally, the long-term study should be 

expanded to at least 12 months and harsher storage conditions following ICH guidelines should be 

considered. These approaches should be considered for all nanoparticle characterization and efficiency 

studies. 
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Chapter IX – Appendix 

A1 - Amphiphilic poly(spermine acrylamides): A new class of sophisticated non-viral 

vectors for pulmonary siRNA delivery  

“Supplementary information” 

Titration curve 

 

Figure S1 Titration curves of PEI, Spermine, 4 and P(SpAA)3.  

 

CMC calculations 

 

Figure S2 Determination of critical micelle concentration (CMC) of P(SpAA)3 with Nile red. 
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Figure S3 Determination of critical micelle concentration (CMC) of P(SpAA-co-DAA)1 with Nile red.  

 

 

Figure S4 Determination of critical micelle concentration (CMC) of P(SpAA-co-DAA)2 with Nile red. 
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Figure S5 Determination of critical micelle concentration (CMC) of P(SpAA-co-DAA)3 with Nile red. 

 

SYBR gold assay 

 

Figure S6 siRNA encapsulation profiles of polyplexes as measured by SYBR Gold assay at various N/P ratios. 100% values 
are represented by the determined fluorescence of uncondensed siRNA (data points indicate mean ± SD, n = 3). 
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Size and Zeta Potential 

 

Figure S7 Dynamic light scattering and laser Doppler anemometry measurements of polyplexes formed with PEI, Spermine, 
P(SpAA)1-3 and P(SpAA-co-DAA)1-3. (Top) Hydrodynamic diameters (left y-axis), polydispersity indices (PDI, right y-axis) 
and (Bottom) zeta potentials of polyplexes at concentrations of c1 = 5.603 µg/mL, c2 = 7.844 µg/mL, c3 = 11.206 µg/mL 
polymer representing µgpolymer/µgsiRNA weight ratios of 0.67, 0.93 and 1.33 assigned to N/P ratios of 5, 7 and 10 for PEI (data 
points indicate mean ± SD, n = 3). 
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eGFP Knockdown experiments 

 

Figure S8: Enhanced green fluorescent protein (eGFP) knockdown of PEI, P(SpAA)2, P(SpAA-co-DAA)2 and P(SpAA-co-
DAA)3 polyplexes in human non-small cell lung carcinoma cells expressing eGFP (H1299/eGFP) quantified by flow cytometry 
as median fluorescence intensity (MFI) of eGFP after transfection with polyplexes at N/P 2, 5 and 7 with eGFP siRNA (siGFP) 
or scrambled control siRNA (siNC) for 48 h. Blank samples consisted of H1299/eGFP untreated cells. The positive control 
consisted of Lipofectamine (LF) 2000 lipoplexes formulated with eGFP siRNA or scrambled control siRNA. Data given as 
MFI in %, normalized to each polymer/siNC experiment.  

 

Phalloidin staining of Calu3 cells at ALI 

 

Figure S9 3D view/orthoslice of phalloidin staining of Calu3 cells at ALI. Incubation time: 24 h; Blue: DAPI (nuclei); Green: 
Phalloidin (cytoskeleton); Red: AF647-siRNA.  

 

 

 

 

Mucus staining of Calu3 cells at ALI 
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Figure S10 3D orthoslice (same picture from different angles) of mucus staining of Calu3 cells at ALI. Incubation time: 24 h; 
Green: WGA-AF488 staining of mucus layer; Red: AF647-siRNA. 

 

MTT Assay 

 

Figure S11 IC50 values of PEI, P(SpAA)1-3 and P(SpAA-co-DAA)1-3 determined by MTT assay. Cell viabilities are plotted 
as a function of polymer concentration. IC50 values were calculated by a sigmoidal fit. [177]   
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“Additional information of polymer synthesis” 

General Homopolymerization Procedures: 

After dissolving the calculated amount of monomer in toluene (monomer concentrations of 

10 wt./vol.%), the respective equivalents of AIBN (2-10 wt.%) were added. The solution was purged 

with nitrogen for 20 min and then immersed in an oil bath at 65 °C. At the end of the reaction time, 

polymerization was stopped by cooling the reaction mixture in an ice bath. The polymers were either 

washed with toluene if they already precipitated during reaction or were isolated by addition of the 

reaction mixture to a solvent (hexane or acetonitrile), centrifugation and then the solution was decanted 

off, if necessary, followed by a washing step and afterwards the sample was dried in a vacuum oven at 

50 °C. The structure and purity of the polymers were analyzed via 1H NMR spectroscopy and SEC 

analysis in DMF or chloroform.  

General Copolymerization Procedures: 

After dissolving a calculated amount of NAS and DAA in toluene to obtain a concentration of 

10 wt./vol.%, 10 wt.% of AIBN were added. The solution was purged with nitrogen for 20 min and then 

immersed in an oil bath at 65 °C. At the end of the reaction time, polymerization was stopped by cooling 

the reaction mixture in an ice bath. The polymers were either washed with toluene if they already 

precipitated during reaction (P(NAS-co-DAA)1, P(NAS-co-DAA)2) or precipitated and washed by 

addition of the reaction mixture to hexane ((P(NAS-co-DAA)3) followed by centrifugation and an 

additional washing step. The solvent was decanted off and the sample was dried in a vacuum oven at 

50 °C. The structure, purity, and ratio of the two monomer units were analyzed via 1H NMR 

spectroscopy. In case of P(NAS-co-DAA)1 and P(NAS-co-DAA)2 deuterated DMSO was used as 

solvent, due to insolubility of the NAS subunit in deuterated chloroform. The ratio of NAS/DAA was 

calculated by using the methyl group signal of DAA (δ = 0.8 ppm) and the signal at 2.8 ppm assigned 

to 4 protons of NAS (see 1H NMR spectra of P(NAS) homopolymers). NMR spectra for P(NAS-co-

DAA)3 were measured in CDCl3 and the ratio of NAS/DAA was calculated by using the methyl group 

signal of DAA (δ = 0.8 ppm) and the signal at 2.8 ppm assigned to 4 protons of NAS (see 1H NMR 

spectra of P(NAS) homopolymers). The number average molecular weight (Mn) and molecular weight 

distribution (Ð) were determined by GPC analysis in DMF relative to PMMA standards. 

General Post-Polymerization Procedures: 

Synthesis of P(Tri-Boc spermine acrylamide)  

To a solution of one equivalent of the obtained P(NAS) in DMF (4 mL) at 60 °C, one equivalent of tri-

Boc spermine dissolved in DMF (2 mL) was added dropwise and stirred overnight. The solvent was 

removed in vacuo, then chloroform (20 mL) and concentrated NH3 (aq.) (20 mL) were added to the 

residue and the reaction mixture was stirred for 2 h at room temperature. The separation of the phases 

was performed via centrifugation and the aqueous phase was decanted off. The organic phase was 

washed with water (1 x 40 mL) and brine (1 x 40 mL), dried over magnesium sulfate, and filtered. The 

solvent was removed in vacuo until about 4 mL of reaction mixture were left. The polymers were 

precipitated by addition of the reaction mixture to hexane, followed by centrifugation. The solvent was 

decanted off, if necessary, followed by a washing step. The product was further dried in a vacuum oven 

at 50 °C and if necessary, residual solvent was removed by freeze-drying from benzene overnight. The 

structure and purity of the polymers were analyzed via 1H NMR spectroscopy. The number average 

molecular weight (Mn) and molecular weight distribution (Ð) were determined by GPC in DMF. 

Synthesis of P(TBSpAA-co-DAA).  
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To a solution of the obtained P(NAS-co-DAA) in DMF (5 mL) at 40 °C, Tri-boc spermine (TBSp) (one 

equivalent with regard to the NAS repeating unit) dissolved in DMF (4 mL) was added dropwise and 

the reaction mixture was stirred overnight. The solvent was removed in vacuo, then chloroform (20 mL) 

and concentrated NH3 (aq.) (20 mL) were added to the residue and the reaction mixture was stirred for 

2 h at room temperature. The separation of the phases was performed via centrifugation and the aqueous 

phase was decanted off. The organic phase was washed with water (1 x 40 mL) and brine (1 x 40 mL), 

dried over magnesium sulfate and filtered. The solvent was removed in vacuo until about 4 mL of solvent 

were left. The polymers were isolated by addition of the reaction mixture to hexane, centrifugation and 

then the solvent was decanted off. The product was dried in a vacuum oven at 50 °C and if necessary, 

residual solvent was removed by freeze-drying from benzene overnight. The structure, purity and 

subunit ratio were analyzed via 1H NMR spectroscopy in CDCl3. The ratio of TBSpAA/DAA was 

calculated by using the methyl group signal of DAA (δ = 0.8 ppm) and the broad signal at 3.0 ppm 

consisting of 2 protons of DAA and 12 protons of TBSpAA (see 1H NMR spectra of P(TBSpAA) 

homopolymers). Number average molecular weights (Mn) and molecular weight distributions (Ð) were 

determined by GPC in DMF relative to PMMA standards.  

 

General Deprotection Procedures: 

Deprotection of P(Tri-Boc spermine acrylamide).  

Trifluoro acetic acid (2 mL) was added at room temperature to the respective Boc-protected polymer in 

one portion. The reaction mixture was stirred for 2 h at room temperature. The polymers were isolated 

by addition of the reaction mixture to hexane or diethyl ether, centrifugation and then the solution was 

decanted off, if necessary, followed by a washing step. Subsequently, the polymers were dissolved in 

water, filtered (1 µm PES-syringe filter) and freeze-dried from water. The structure and purity of the 

TFA-salts of the polymers were analyzed via 1H NMR spectroscopy in D2O. 

Deprotection of P(TBSpAA-co-DAA).  

TFA (2 mL) was added to the obtained P(TBSpAA-co-DAA) polymers at room temperature. The 

reaction mixture was stirred for 2 h at room temperature. The polymers were precipitated by addition of 

the reaction mixture to diethyl ether followed by centrifugation. The solvent was decanted off and the 

polymers were dissolved in water and filtered (1 µm PES syringe filter). After freeze-drying from water, 

the structure and purity and ratio of SpAA/DAA were calculated via 1H NMR spectroscopy in D2O of 

the TFA salts of the polymers. The ratio of SpAA/DAA was calculated by using the methyl group signal 

of DAA (δ = 0.8 ppm) and the broad signal at 3.0 ppm consisting of 2 protons of DAA and 12 protons 

of SpAA (see 1H NMR spectra of P(SpAA) homopolymers). 

 

 

 

 

 

 

Calculation of the Protonable Unit: 
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The protonable unit of the homopolymers was calculated by dividing the mass of the repeating unit by 

the number of protonable primary and secondary amines present in the polymer. 

 

Figure A1 Structure and protonable unit of P(SpAA) 1-3. 

The protonable unit of the different copolymers is calculated using the ratio of the two repeating units 

and the number of protonable primary and secondary amines present in the polymer. 

 

Figure A2 Structure and protonable unit of P(SpAA-co-DAA) 1-3. 

 

Monomer reactivity ratios of NAS and DAA.  



 

117 

After dissolving varying ratios of NAS and DAA (10:90 → 90:10; overall 0.594 mmol) in toluene 

(0.5 mL), AIBN (0.2 M in toluene; 17.8 µL, 0.6 mol%) was added. Each reaction mixture was stirred 

for 2 min at 60 °C, then the polymerization was stopped by adding hydroquinone as a radical scavenger. 

The conversion of both monomers was determined via 1H NMR spectroscopy in CDCl3. If conversion 

was below 10%, polymerization time, initial feed monomer composition, and final copolymer 

composition were used for determination of reactivity ratios by Fineman−Ross technique. [394]  

The Fineman-Ross equations (Equation (1) and Equation (2)) were used to calculate the reactivity ratios 

of a NAS or DAA-polymer chain ends towards reaction with an NAS or DAA monomer,  

F

f
(f − 1) = r1

F2

f
− r2 (1) 

f − 1

F
= −r2

f

F2
+ r1 (2) 

  

in which F is the monomer ratio in feed (F = M1/M2; NAS (M1) and DAA (M2)) and f is the monomer 

ratio in the polymer (f = m1/m2; NAS (m1) and DAA (m2)). Furthermore, r1 and r2 are the reactivity ratios 

of NAS and DAA, respectively. The monomer reactivity ratios are given by r1 = k11/k12  and r2 = k22/k21. 

The reactivity ratios are obtained from calculating the slopes by plotting (F2/f) against (F/f)(f-1) and 

(f/F2) against (f-1)/F for the determination of r1 and r2, respectively (Figure 1). [395]  

 

Characterization and synthesis of 1-4 

N-Acryloxysuccinimide (NAS) (1): [396]  

 

 

 

N-Hydroxysuccinimide (5.30 g, 46.0 mmol, 1.00 eq.) was dissolved in 60 ml chloroform. Triethylamine 

(7.30 mL, 52.6 mmol, 1.15 eq.) was added, the solution was cooled to 0 °C and acryloyl chloride (4.25 

mL, 52.6 mmol, 1.15 eq.) was added dropwise. After stirring for 4 h at room temperature, the resulting 

reaction mixture was extracted with water (2 x 50 mL), the organic phase was dried over anhydrous 

MgSO4, filtered and concentrated in vacuo. After recrystallization from hexane/EtOAc (8:1), the product 

was obtained as a colorless crystalline substance (5.26 g, 71%). 
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1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) = 6.69 (dd, J = 17.3, 0.9 Hz, 1H, HAlkene), 6.32 (dd, J = 

17.3, 10.7 Hz, 1H, HAlkene), 6.16 (dd, J = 10.7, 0.9 Hz, 1H, HAlkene), 2.85 (s, 4H, HNHS). 

13C NMR (101 MHz, CDCl3, 298 K): δ (ppm) = 169.2, 161.2, 136.3, 123.1, 25.7. 

EA:  calculated:  C 49.71 H 4.17  N 8.29 

 found:  C 49.65 H 4.19  N 8.34 

  

Figure A3 1H-NMR spectrum of NAS (1) in CDCl3 (400 MHz). 

 

Figure A4 13C-NMR spectrum of NAS (1) in CDCl3 (101 MHz). 
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N-Decylacrylamide (DAA)(2): [256]  

 

 

N-Decylamine (8.00 g, 50.9 mmol, 1.00 eq.) was dissolved in 50 ml chloroform. Triethylamine 

(7.75 mL, 55.9 mmol, 1.10 eq.) was added, the solution was cooled to 0 °C and acryloyl chloride (4.52 

mL, 55.9 mmol, 1.10 eq.) was added dropwise. After stirring for 1 h at 0 °C and 4 h at room temperature, 

the resulting reaction mixture was extracted with saturated NH4Cl aqueous solution (1 x 40 mL) and 

saturated NaCl aqueous solution (1 x 40 mL), the organic phase was dried over anhydrous MgSO4, 

filtered and concentrated in vacuo. After recrystallization from heptane, the product was obtained as a 

colorless crystalline substance (7.02 g, 65%). 

 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) = 6.25 (dd, J = 17.0, 1.5 Hz, 1H, HAlkene), 6.08 (dd, J = 

17.0, 10.3 Hz, 1H, HAlkene), 5.81 – 5.68 (broad, 1H, NH), 5.61 (dd, J = 10.3, 1.5 Hz, 1H, HAlkene), 3.34 – 

3.28 (m, 2H, CH2-NH-C(O)), 1.52 (p, 2H, CH2), 1.32 – 1.21 (m, 14H, CH2), 0.87 (t, 3H, CH3). 

 

13C NMR (101 MHz, CDCl3, 298 K): δ (ppm) = 165.7 (C=O), 131.1 (CH=), 126.2 (CH2=), 39.8 (CH2N), 

32.0 (CH2), 29.6 (2xCH2), 29.4 (2xCH2), 27.1 (CH2), 22.7 (CH2), 14.2 (CH3). 
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Figure A5 1H-NMR spectrum of DAA (2) in CDCl3 (400 MHz). 

 

 

Figure A6 13C-NMR spectrum of DAA (2) in CDCl3 (101 MHz). 
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Tri-boc spermine (TBSp) (3): [397]  

 

 

Spermine (4.00 g, 19.8 mmol, 1.0 eq) was dissolved in anhydrous MeOH (250 mL). The solution was 

cooled down to –78°C and 2.81 g Ethyltrifluoroacetate (2.35 mL, 19.8 mmol, 1.0 eq) were added 

dropwise. Afterwards, the reaction mixture was stirred at –78°C for 1 h and then at 0°C for 1 h. Di-tert-

butyl dicarbonate (17.3 g, 79.1 mmol, 4.0 eq) was dissolved in 50 mL MeOH and added to the solution. 

After stirring for one day at room temperature, the pH was increased to 11 with concentrated aqueous 

ammonia and the solution was stirred at room temperature overnight. The solvent was removed under 

reduced pressure and the crude was purified via column chromatography (SiO2, CH2Cl2/MeOH/NH3,aq 

= 70:10:1 to 50:10:1) to obtain the desired tri-boc spermine 3 as a colorless viscous oil (4.80 g, 

9.54 mmol, 48%). 

Rf = 0.27 (SiO2, KMnO4, CH2Cl2/MeOH/NH3 = 10:1:0.1). 

1H NMR (500 MHz, CDCl3, 298 K): δ (ppm) = 3.32 – 2.90 (m, 10H, 5xCH2N), 2.80 (s, 2H, CH2), 1.78 

(s, 2H, CH2), 1.55 (s, 2H, CH2), 1.49 – 1.19 (m, 31H, 2xCH2, 9xCH3,Boc). 

 

HR-MS (ESI+):  Calculated: m/z 503.38086 (C25H51O6N4 [M+H]+) 

    Found:  m/z 503.38026 
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Figure A7 1H-NMR spectrum of TBSp (3) in CDCl3 (400 MHz). 
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Propionyl-spermine TFA-salt (4) 

 

Tri-boc spermine 3 (410 mg, 0.82 mmol, 1.0 eq.) was dissolved in 5 ml anhydrous dimethylformamide 

and 0.32 mL triethylamine (330 mg, 3.26 mmol, 4.0 eq.) were added. 140 mg propionyl-NHS ester (0.82 

mmol, 1.0 eq.) in 0.8 mL dimethylformamide were slowly added to the reaction mixture at room 

temperature. After stirring for 4 h, the solvent was evaporated and the crude product was purified via 

column-chromatography (SiO2, CH2Cl2/MeOH/NH3,aq = 4:1:0.1) to obtain propionyl tri-boc spermine. 

1H NMR (500 MHz, CDCl3, 298 K): δ (ppm) = 3.28 – 2.94 (m, 12H), 2.15 (q, J = 7.6 Hz, 2H), 1.58 (s, 

4H), 1.38 (m, 31H), 1.09 (t, J = 7.6 Hz, 3H). 

ESI-MS (Acetonitrile/H2O): 581.4 [M+Na]+ 

Propionyl tri-boc spermine is treated with 2 mL trifluoroacetic acid for 2 hours at room temperature. 

The reaction mixture is precipitated from diethyl ether and freeze-dried from water to give propionyl 

spermine 4 as a colorless powder. 

1H NMR (400 MHz, D2O, 298 K): δ (ppm) = 3.28 (t, J = 6.7 Hz, 2H), 3.18 – 2.97 (m, 10H), 2.25 (q, J 

= 7.7 Hz, 2H), 2.14 – 2.01 (m, 2H), 1.88 (dq, J = 8.4, 6.9 Hz, 2H), 1.76 (p, J = 3.5 Hz, 4H), 1.09 (t, J = 

7.7 Hz, 3H). 

13C NMR (101 MHz, D2O, 298 K): δ (ppm) = 178.6 (NH-C=O), 162.9 (q, J = 35.6 Hz, F3CC(O)=O), 

116.3 (q, J = 291.5 Hz, F3CC(O)=O), 46.9, 46.8, 44.9, 44.4, 36.4, 35.8, 29.0, 25.6, 23.7, 22.7, 9.5. 
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Figure A8: 1H-NMR spectrum of 4 in D2O (400 MHz). 

 

Figure A9 13C-NMR spectrum of 4 in D2O (101 MHz)
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(Co)polymerization of NAS and DAA  

Synthesis of 1-3 

Monomers N-acryloxysuccinimide 1 (NAS) and N-decylacrylamide 2 (DAA) were synthesized starting 

from acryloyl chloride, triethylamine and N-hydroxysuccinimide or N-decylamine, respectively, using 

modified literature procedures. [256, 396] Both monomers were isolated as pure products in good yields 

(71% NAS, 65% DAA, see Supporting Information).  

To use spermine as a functional molecule, tri-boc spermine 3 (TBSp) which bears only one reactive 

primary amine was synthesized using orthogonal protection group chemistry in an adapted literature 

procedure. [397] Such a complex synthesis route is mandatory to prevent possible unwanted side 

reactions and to facilitate reaction of solely one amine group per spermine during post-polymerization 

functionalization. In brief, the first step selectively protected one of the primary amines with ethyl 

trifluoroacetate at -78 °C. The remaining free amine groups were protected using di-tert-butyl 

dicarbonate (Boc2O). Increasing the pH of the reaction mixture to 11 led to selective deprotection of the 

acetate-protected amine followed by purification via column chromatography resulting in pure 3 as a 

colorless oil in moderate yield (48% yield). 

Free radical polymerization of NAS and DAA 

Polymerization studies 

The endogenous molecule spermine seems to have great potential in encapsulating siRNA and therefore, 

presents a promising non-viral gene delivery agent. In order to increase its molecular weight, spermine 

homo- and copolymers were synthesized via free radical polymerization (FRP). Using NAS as a 

precursor monomer and DAA as the hydrophobic unit, these monomers were employed in FRP using 

azobisisobutyronitrile (AIBN) as polymerization initiator to evaluate the general activities, yields, molar 

masses, polydispersities, and microstructures of the isolated poly(N-acryloxysuccinimide) (P(NAS)) 

and poly(N-decylacrylamide) (P(DAA)) homo- and copolymers (Scheme A1). NAS polymerization was 

conducted over night at 65 °C in toluene using monomer concentrations of 10 wt./vol.% in the presence 

of varying amounts of AIBN (2-10 wt.%) as the radical starter. No clear correlation between weight 

ratio of AIBN and molecular weight during polymerization was observed (Table A1). As expected for 

FRP and due to precipitation of the polymer during polymerization, the obtained P(NAS) polymers 1-3 

showed molar masses between 12.6 kg/mol and 20.0 kg/mol and broad molecular weight distributions 

(3.43 ≤ Ð ≤ 3.57) measured via size-exclusion chromatography (SEC). All polymers were isolated in 

good yields (84 – 97%). A similar procedure was used for DAA polymerization. Using 2 wt.% AIBN, 

P(DAA) with a molar mass of 23.7 kg/mol and a polydispersity of 2.02 was synthesized. Additionally, 

copolymers with varying ratios of NAS and DAA were synthesized by simple modulation of the 

monomer feed by preaddition mixing of different NAS/DAA ratios using 10 wt.% AIBN and a total 

monomer concentration of 10 wt./vol.%. Different ratios of NAS and DAA contents were obtained in 

the copolymers P(NAS-co-DAA) 1-3 ranging from 90 mol% NAS to 50 mol% NAS (Table A1). 1H 

NMR spectroscopy verified the successful polymerization since all signals of the NAS and DAA 

repeating units agree with those of the obtained homopolymers P(NAS) and P(DAA) (Figures A10 and 

A15). It was possible to exactly tune the composition of the copolymer through the monomer feed as 

the ratios of the two monomers in the feed and in the polymer were nearly identical (Table A1). DOSY 

NMR studies were used to confirm the successful linkage between the NAS and the DAA monomers 

and to exclude the formation of two separate homopolymers. DOSY NMR spectra of P(NAS-co-DAA)2 

showed only one set of signals assigned to the diffusion coefficient for the copolymer (Figure A18). 

Molar masses and polydispersities were calculated via SEC in DMF relative to polystyrene standards. 

Compared to homopolymerizations, the shift in molecular weight of the copolymers with increasing 

DAA content can either be attributed to higher molecular weights or to different hydrodynamic radii of 



 

126 

DAA containing polymers. To further understand the comonomer sequence distribution and the 

compositional drift of the copolymers, since material properties strongly correlate to the molecular 

structure of copolymers, a series of reactions with different monomer feed ratios was performed. 

Fineman-Ross technique was used to determine the monomer reactivity ratios of NAS (r1 (rNAS)) and 

DAA (r2 (rDAA)) in copolymerizations (Figure A10). [394]  

 

Figure A10 Determination of copolymerization reactivity ratios according to Fineman-Ross technique 

r1 (rNAS) was calculated as 0.76, showing a minor preference for cross-propagation, whereas r2 (rDAA) 

had a value of 1.39, indicating a preference for homopropagation. As a consequence, a compositional 

drift from DAA to NAS occurred. If higher fractions of DAA are incorporated in the initial stage of the 

copolymerization, this molecular structure could be beneficial for amphiphilic material properties.  
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Scheme A1: Synthesis of poly(spermine acrylamide) (P(SpAA)) and poly(spermine acrylamide-co-N-decylacrylamide) 
(P(SpAA-co-DAA) via radical (co)polymerization of N-Acryloxysuccinimide (NAS) and N-Decylacrylamide (DAA), 
followed by post-polymerization with tri-boc spermine and deprotection using tri fluoro acetic acid (TFA). 
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Table A1: Free radical polymerization of NAS and DAA and copolymerizations of NAS and DAA.a 

Entry Name 

NAS/ 

DAAFeed 

[mol%] 

wt.% 
AIBN 

Time 

[h] 

Yield 
[%] 

Mn  

[kg mol-1]b 
Ðb 

NAS/ 

DAA 

[mol%]c 

Name 

Postpoly. 

Mn 

 [kg mol-1]b 
Ðb 

TBSpAA/D
AA 

[mol%]d 

Name 

Deprot. 

SpAA/DAA 
[mol%]e 

1 

P
(N

A
S

)1
-3

 

100/0 2 16.5 84 16.9 3.43 100/0 

P
(T

B
S

p
A

A
)1

-3
 104.9 2.75 100/0 

P
(S

p
A

A
)1

-3
 100/0 

2 100/0 5 17 97 20.0 3.46 100/0 115.2 2.55 100/0 100/0 

3 100/0 10 19 93 12.6 3.57 100/0 97.8 2.11 100/0 100/0 

4 P(DAA) 0/100 2 16.5 80 23.7f 2.02f 0/100 - - - - - - 

5 

P
(N

A
S

-c
o

-D
A

A
)1

-3
 

90/10 10 22 80 20.0 3.40 91/9 

P
(T

B
S

p
A

A
-c

o
-

D
A

A
)1

-3
 

53.1 3.5 83/17 

P
(S

p
A

A
-c

o
-D

A
A

)1
-3

 

83/17 

6 80/20 10 21 72 29.3 2.8 83/17 82.5 2.61 72/28 76/24 

7 50/50 10 20 87 35.3 3.69 49/51 129.5 1.74 40/60 43/57 

a Polymerization in toluene at 65 °C with monomer concentrations of 10 wt./vol.% over night b Mn as obtained via SEC in DMF relative to poly(methyl methacrylate) (PMMA) standards. Ð = Mw/Mn 
calculated via SEC in DMF.c Ratio between NAS/DAA calculated via 1H NMR spectroscopy in DMSO or CDCl3 (see Supporting Information). d Ratio between TBSpAA/DAA calculated via 1H NMR 
spectroscopy in CDCl3 (see Supporting Information). e Ratio between SpAA/DAA calculated via 1H NMR spectroscopy in D2O (see Supporting Information). f Mn as obtained via SEC in chloroform 
relative to polystyrene standards. Ð = Mw/Mn calculated via SEC in chloroform. 
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Synthesis of P(SpAA) 1-3 and P(SpAA-co-DAA) 1-3 

Post-polymerization functionalization  

Post-polymerization functionalization is a facile tool for access to pendant groups that are not 

easily accessible as monomers themselves. N-acryloxysuccinimide, an active ester of acrylic 

acid, was chosen as a monomer, because active esters are reactive towards nucleophiles in a 

straightforward addition-elimination reaction without generating toxic by-products. After 

polymerization of NAS or copolymerization with DAA, the obtained homo- and copolymers 

were treated with one equivalent of tri-boc spermine 3 per NAS-repeating unit to convert NAS 

units to tri-boc spermine acrylamide (TBSpAA). To ensure full removal of active esters to 

prevent side reactions during in vivo and in vitro evaluations, the reaction mixture was treated 

with ammonia to convert unreacted NAS units to water-soluble acrylamides. Full conversion 

was proven by an absence of NAS signals in 1H NMR spectra. Signals could be assigned to 

either tri-boc spermine pendant group, DAA, or backbone protons. Additionally, no residual N-

hydroxysuccinimide, which is formed during modification of P(NAS), is intercalated in the 

polymer, which was often observed if ammonia was not added. SEC analysis in DMF showed 

a shift in retention time towards higher molecular weights for all polymers. Molecular weights 

were not comparable between P(NAS) and P(TBSpAA) homo- and copolymers, due to 

potentially different hydrodynamic radii in the SEC solvent and broad polydispersities. 1H 

NMR spectroscopy was also used to determine the percentage of the tri-boc spermine TBSpAA 

and DAA in the obtained copolymers. The calculated ratio of spermine in P(TBSpAA-co-DAA) 

1-3 showed slightly divergent values than the NAS/DAA ratios (Table 1). This is explained by 

the low amount of NAS groups that was converted into acrylamides instead of being 

functionalized by spermine. 

Deprotection of polymers 

Deprotection of all Boc-protected polymers was performed in trifluoroacetic acid (TFA) to obtain the 

TFA salts of the desired poly(spermine acrylamide) (P(SpAA)) and poly(spermine acrylamide-co-DAA) 

(P(SpAA-co-DAA)) polymers.  

To be able to compare the polymers to a small molecule with a similar structure (one primary and two 

secondary amines), tri-boc spermine 3 was converted to a propionyl-spermine amide species 4 in a two-

step reaction, i.e., coupling to an activated propionyl-group followed by deprotection with trifluoroacetic 

acid. The resulting propionyl-spermine TFA-salt 4 was characterized via 1H and 13C NMR 

spectroscopy to assist with signal assignment of the similar poly(spermine acrylamide) polymers. 1H 

NMR spectra of the polymer TFA-salts showed similar chemical shifts of the spermine proton signals 

as 4 with a strong broadening of the peaks attributed to the polymeric structure (Figure A8 and A13). 

Additionally, the methylene group signal of 4 showed a similar chemical shift as the backbone protons 

of the isolated P(SpAA) polymers 1-3. 13C NMR spectra of the polymers reflected the presence of TFA 

salt in the polymers, substantiating the assumption of polymer TFA-salts (Figure A14). 

After deprotection, a final cationic to hydrophobic ratio (SpAA:DAA) of 83:17, 76:24 and 43:57 was 

obtained for the copolymers P(SpAA-co-DAA)1, P(SpAA-co-DAA)2 and P(SpAA co-DAA)3 as 

determined via 1H NMR spectroscopy. These values are in accordance with the ones before 

deprotection, showing that TFA treatment does not lead to any alteration of the polymer composition.   
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NMR spectra of polymers 

 

 

Figure A11 1H-NMR spectrum of P(NAS) in DMSO (500 MHz). 

 

 

Figure A12 1H-NMR spectrum of P(TBSpAA) in CDCl3 (500 MHz). 
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Figure A13 1H-NMR spectrum of P(SpAA) TFA salt in D2O (500 MHz).  

 

 

Figure A14 13C-NMR spectrum of P(SPAA) TFA salt in D2O (101 MHz).  
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Figure A15 1H-NMR spectrum of P(DAA) in CDCl3 (500 MHz). 

 

 

Figure A16 1H-NMR spectrum of P(NAS-co-DAA)1 in DMSO (500 MHz). 
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Figure A17 1H-NMR spectrum of P(NAS-co-DAA)2 in DMSO (500 MHz).  

 

 

Figure A18 DOSY-NMR spectrum of P(NAS-co-DAA)2 in DMSO (400 MHz, 32 scans, resolution factor; 1, repetitions:1, 
points in diffusion dimension: 128). 
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Figure A19 1H-NMR spectrum of P(NAS-co-DAA)3 in CDCl3 (500 MHz).  

 

Figure A20 1H-NMR spectrum of P(TBSpAA-co-DAA)1 in CDCl3 (500 MHz). 
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Figure A21 1H-NMR spectrum of P(TBSpAA-co-DAA)2 in CDCl3 (500 MHz). 

 

 

 

Figure A22 1H-NMR spectrum of P(TBSpAA-co-DAA)3 in CDCl3 (500 MHz). 
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Figure A23 1H-NMR spectrum of P(SpAA-co-DAA)1 TFA salt in D2O (500 MHz). 

 

Figure A24 1H-NMR spectrum of P(SpAA-co-DAA)2 TFA salt in D2O (500 MHz). 
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Figure A25 1H-NMR spectrum of P(SpAA-co-DAA)3 TFA salt in D2O (500 MHz). 

 

 

 

GPC-traces 

 

Figure A26 GPC traces of P(NAS)1 and P(TBSpAA)1 measured via SEC in DMF. 
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Figure A27 GPC traces of P(NAS)2 and P(TBSpAA)2 measured via SEC in DMF. 

 

Figure A28 GPC traces of P(NAS)3 and P(TBSpAA)3 measured via SEC in DMF. 

 

Figure A29 GPC traces of P(NAS-co-DAA)1 and P(TBSpAA-co-DAA)1 measured via SEC in DMF. 
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Figure A30 GPC traces of P(NAS-co-DAA)2 and P(TBSpAA-co-DAA)2 measured via SEC in DMF. 

  

 

Figure A31 GPC traces of P(NAS-co-DAA)3 and P(TBSpAA-co-DAA)3 measured via SEC in DMF. 
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A2 - Design and characterization of lipid-polyplex hybrid nanoparticles for siRNA 

delivery 

“Supplementary information” 

Table S1 Sequences of siRNAs used in the study. Nt = nucleotides; GFP = green fluorescence protein; NC = negative control; 

A = Adenine; C = Cytosine; G = Guanine; U = Uracil; T = Thymine; p = phosphate residue; lower case bold letters = 2´-

deoxyribonucleotides; capital letters = ribonucleotides; underlined capital letters = 2´-O-methylribonucleotides. 

Name Sense strand (5’-3’) Antisense strand (3’-5’) Length (nt) 

Sense Antisense 

siGFP 

 

pACCCUGAAGUUCAUCUGCA

CCACcg 

ACUGGGACUUCAAGUAGACGU

GGUGGC 

25 

 

27 

siNC pCGUUAAUCGCGUAUAAUAC

GCGUat  

 

CAGCAAUUAGCGCAUAUUAUG

CGCAUAp 

25 27 

siAF488 pACCCUGAAGUUCAUCUGCA

CCACcg 

ACUGGGACUUCAAGUAGACGU

GGUGGCC6MA 

25 27 

 

 

 

Figure S1 Chemical structure of DLin-MC3-DMA. 

 

 

 

Figure S2 Size distribution comparison between DOPC in 10 mM HEPES buffer solution and DOPC coated HLPNPs prepared 

via microfluidic mixing. 
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Figure S3 NTA size and zeta potential measurement of DOTAP HLPNPS at N/P ratios 7 and 14. 
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A3 - Spray drying siRNA-lipid nanoparticles for dry powder pulmonary delivery 

“Supplementary information” 

Table S1 Sequences of siRNAs used in the study. Nt = nucleotides; GFP = green fluorescence protein; NC = negative control; 

GAPDH = housekeeping gene GAPDH; A = Adenine; C = Cytosine; G = Guanine; U = Uracil; T = Thymine; p = phosphate 

residue; lower case bold letters = 2´-deoxyribonucleotides; capital letters = ribonucleotides; underlined capital letters = 2´-O-

methylribonucleotides. 

Name Sense strand (5’-3’) Antisense strand (3’-5’) Length (nt) 

Sense Antisense 

siGFP 

 

pACCCUGAAGUUCAUCUG

CACCACcg 

ACUGGGACUUCAAGUAGAC

GUGGUGGC 

25 

 

27 

siNC pCGUUAAUCGCGUAUAAU

ACGCGUat  

 

CAGCAAUUAGCGCAUAUUA

UGCGCAUAp 

25 27 

siGAPDH pGGUCGGAGUCAACGGAU

UUGGUCgt 

UUCCAGCCUCAGUUGCCUA

AACCAGCA 

25 27 

 

Figure S1 Chemical structure of sulfur-containing analog of DLin-MC3-DMA. 

 

Figure S2 Experimental epifluorescence setup. An amber LED produces excitation light that matches the secondary, shorter 
absorption peak of a suitable near-infrared fluorophore attached to siRNA. The light is reflected on a beam splitter (BS1) and 
excites fluorescence within a capillary. The red-shifted emission then passes BS1 and is divided by a second beam splitter 
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(BS2) into a lower and higher wavelength component. Filters (F) further clean up the emission light before being collected in 
photo-multiplier tubes (PMT).  

 

Figure S3 A) Chemical structure of the Cyanine 5 dye, R group is attachment site to protein or nucleic acid.  B) Cy5-siRNA 
(dashed line) displays a 6 nm bathochromic peak shift after encapsulation within an LNP (solid line). Cy5-siRNA was 
encapsulated within (-)LNP and diluted in PBS before excitation at 590 ± 20 nm, with emission recorded from 620 – 725 nm 
with a 10 nm band gap. Spectra were recorded in a temperature-controlled sample chamber at 20 °C.  

 

 

Figure S4 Temperature Interval Fluorescence Emission Spectroscopy of A) Cy-siRNA and B) Cy-siRNA encapsulated in (-) 
LNP.  Fluorescence emission scans were performed every 10 °C with a heating rate of 2 °C per min. 

 

Figure S5 Hypsochromic peak shift, normalized Spectra from Figure S3. Temperature Interval Fluorescence Emission 
Spectroscopy of A) Cy-siRNA and B) Cy-siRNA encapsulated in LNP5.  Fluorescence emission scans were performed every 
10 °C with a heating rate of 2 °C per min. 
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Figure S6 Fluorescence based measurements. A) Fluorescence emission spectra of Cy5-siRNA encapsulated within (-)LNP 
(black solid line) and Cy5-siRNA (dashed line) in PBS. Arrow indicates the shift in peak between the two samples, with 
coloured shading indicating the two spectra windows used for 650 nm and 670 nm ratio measurements. B) Peak shift and C) 
670 nm / 650 nm ratio plotted against sample temperature of (-)LNP (black markers) and Cy5-siRNA (grey markers).  

 

Figure S7 670 nm / 650 nm ratio of LNP samples in different excipient solutions (PBS, mannitol, trehalose and lactose) plotted 
against temperature of sample. Samples were loaded into high sensitivity capillaries and subjected to a temperature ramp rate 
of 1 °C/min. 
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Figure S8 Category plot of inflection point temperatures for LNP samples. The maximum slope of the melting curves shown 
over an 8-degree temperature range in Figure S6 was calculated and the center temperature of that slope recorded.  

 

Figure S9 A) Plot to show the temperature vs time of each stress testing experiment. B) Example traces for LNPs in PBS 
heated to 72 °C, with the regions for calculating Δ indicated. 

 

 

Figure S10 Swarm plots of A) Initial Fluorescence and B) Initial Ratio of LNPs and Cy5-siRNA controls in buffers, as 
indicated. Data collected at 15 °C prior to heating the samples.  
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Figure S11 Ex vivo cytokine secretion from hPCLS transfected at 10 µg siRNA / mL with spray dried LNPs. Comparison of 
different cytokines after transfection with fresh and spray dried (SD) LNPs. Mean ± standard deviation, n=3. 
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