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I  Introduction 

I.1. Spray Drying 

For almost 150 years spray drying has been applied to dry substances. [1] From the first 

application in food industries to produce microparticle powders which were almost free of 

water and therefore easier and cheaper to transport, the technique has also attracted 

interest in the pharmaceutical industry. [2] Developments which allowed the predictable 

tuning of particle size and shape as well as the amount of residual moisture makes it an 

important tool until today. Spray drying (SD) can be performed in three different fashions:  

Co-current, counter-current and combined flow (Figure I.1.) with different effects on product 

temperature and subsequently on moisture content: When operating in a co-current flow 

(Figure I.1.A) the liquid is sprayed in the same direction as the flow of drying air. Droplets are 

exposed to heat when the moisture content is the highest. Due to drying and water 

evaporation which generates a cooler surrounding, the product is treated with the most 

caution but the final product contains higher residual moistures as compared to the other 

two techniques: Counter current flow is optimal (Figure I.1.B) for generating powders with 

nearly no residual moisture. This is attributed to the fact that the droplets and eventually the 

powder are streaming against a flow of gas with increasing temperature. Although complete 

removal of water might be favorable for some substances, the process might also interfere 

with stability of others such as thermolabile products which are subjected to higher 

temperatures. In a combined flow (Figure I.1.C) both techniques are joined: the product 

solution is sprayed in upwards direction against a downstream flow of drying gas. The 

product is exposed to the hottest temperatures only for a short time allowing efficient water 

removal before being redirected by gravitational forces into a cooler zone. Hence, efficient 

drying is achieved with caution towards product thermo stability. [3, 4]  
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SD is characterized by three main steps: starting from the atomization of the liquid stream, 

the generated droplets are exposed to a drying gas heated above room temperature and are 

consecutively separated by a suitable device. Atomization is the process of generating a 

liquid/gas aerosol. This process allows for a vastly increased surface area of the liquid and a 

subsequently very efficient heat transfer from gas to droplets. As a consequence, water 

evaporates creating a cooled environment around the forming particle. This leads to a 

'protective area' when using a co-current flow as described above. The particle temperature 

therefore never reaches the spray nozzle inlet temperature (T-In). The product temperature 

is considered to reach the temperature which is measured at the outlet point of the drying 

chamber, i.e. outlet temperature (T-Out). [2] In a combined flow, the product temperature is 

exposed to the heat only for a few milliseconds and does not reach T-In but is equal to  

T-Out. In a counter current flow however, water is nearly completely removed and the 

product temperature is equal to T-In.  
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Atomization can be achieved by different devices.  

Amongst the most popular devices are pneumatic 

nozzles. These devices use compressed carrier gas to 

create frictional forces which atomize the liquid into small 

droplets. In Figure I.2. a two-fluid nozzle is depicted. Here 

the liquid solution is pumped through the inner part of 

the nozzle and meets the atomizing gas at the outlet. As a 

consequence of interfering streams atomization takes 

place. Beside two fluid nozzles, three fluid nozzles (two 

atomizing gases, one feed solution) and four fluid nozzles 

(one atomizing gas, two feed solutions) are also available 

and allow for more sophisticated applications. Despite 

the broadened applicability introduced by the different 

nozzle types, the two-fluid nozzle is the most abundant 

one. Its application ranges from microencapsulation, 

preparation of granules, solid dispersions, self-emulsifying 

drug delivery systems, protein powders to dry powders 

for pulmonary administration [2, 4-11]. 

Especially with the appearance of inhalable insulin in 2016 as marketed under the trademark 

of Exubera™ by Pfizer, spray drying gathered particular attraction in the field of pulmonary 

delivery of therapeutic macromolecules. [11, 12] Although off market due to various 

problems, it was a milestone in the formulation of inhalable proteins as first-in-class. Insulin 

is a ~5.7 kDa heavy polypeptide consisting of ~51 amino acids arranged into two chains 

forming two nearly antiparallel α-helices in one chain, and one α-helix and one β-strand in 

the second. Preservation of these secondary structures as well as the quaternary structure is 

necessary to keep its biological activity. [13, 14] Loss of structure can be induced by  

self-interaction under certain conditions with deamidation as a result of acidification and 

oxidation processes. [13] Also, hydrogen bonds are necessary to preserve the protein 

structure. During spray drying, water is removed, reducing the amount of hydrogen bridges 

in a protein and thus affecting protein structure and activity. Hence, formulation plays a 

central role for structural conservation: in Exubera™, recombinant human insulin was 

formulated at a high concentration of 60% w/w in combination with mannitol, glycine and 
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sodium citrate. [15] Process parameters were chosen to generate particles which are of 

amorphous state. [16] This unordered and non-crystalline state owns most of the 

characteristics of a liquid but with a viscosity comparable to solids. Importantly, it was 

shown that amorphous products can stabilize proteins much better than their crystalline 

counter parts which is the most plausible reason for the generation of an amorphous matrix 

in the Exubera™ formulation. [8-10] For obtaining amorphous mannitol, the feeding rate and 

the aspirator has to be maximized in order to obtain a very quick drying process and hence a 

very humid product. [17] As mannitol is a not a good glass former, the addition of glycine in 

this formulation acts as glassy stabilizer and is aiding in forming an amorphous state [18]. 

However, as mentioned before, the obtained products contain comparably high percentages 

of residual moisture which results in an amorphous solid state which is less stable than a 

crystalline formulation. Instability is caused by the fact, that amorphous structures are 

thermodynamically labile and tend to rearrange into crystalline structures over storage, 

possibly destabilizing the protein structure. This process is particularly observed above the 

so-called glass transition temperature where the substance transits from a vitreous to a 

honey like state. Residual moisture in the product causes this transition temperature to 

decrease. [19] A decrease, however, in the glass transition temperature leads to a less stable 

formulation and recrystallization is likely to occur at lower temperatures, thereby impeding 

the performance of biopharmaceuticals in spray dried formulations. [20]  

Therefore, ExuberaTM was subjected to a secondary drying step reducing the amount of 

water to approximately 1.5% and increasing the glass transition temperature. These steps 

enabled the formulation to stabilize insulin in an amorphous phase while increasing the shelf 

life at room temperature to 2 years. [11, 16, 18] 

Although stabilization plays a key role in the formulation, the active ingredient most 

importantly needs to reach its site of action. Regarding drug delivery to the lung, as aimed 

for with the application of Exubera™, special interest needs to be paid to the aerosol 

characteristics of the formulation. The aerodynamic diameter, one of the most relevant 

parameters, differs from the geometric diameter and is considered as the diameter of a 

particle which has the same velocity as a sphere of unit density in an air stream. [21]  

The aerodynamic diameter depends on the shape, density and geometric diameter of 

particles. For successful lung targeting, microparticles need to be produced with a mass 

mean aerodynamic diameter (MMAD) of approximately 1 to 5 µm. Particles above 5 µm 
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undergo inertial impaction in the oropharynx and the conductive airways and are subject to 

mucociliary clearance. Particles between approximately 1 and 5 µm mostly deposit in the 

deep lung area due to sedimentation, whereas deposition of particles between 0.5 and 1 µm 

in size depends on diffusion and hence Brown motion. [21-23] While particles between 2 

and 5 µm can reach deep lung areas and are preferred for local treatments, particles 

between 1 and 2 µm in size are probably most efficient in system delivery. [21] It has to be 

noted that for pharmaceutical application particles below 0.5 µm are considered to be 

exhaled but in fact literature shows an increasing lung deposition the smaller the particles 

get, e.g. 0.04 µm. [22, 24] Although delivery might be possible, generation of such small 

particles for inhalation and a mass relevant deposition of such is challenging and not 

profitable compared to the preparation and application of microparticles between 1 and 5 

µm. For Exubera™ a MMAD of approximately 2 µm was reached enabling successful delivery 

to the lungs. This characteristic was mainly influenced by the powder itself and hence its 

preparation technique i.e. spray drying. [11] The development of Exubera™ is a very 

interesting story as it demonstrated successful delivery of a biopharmaceutical through the 

lungs for the first time in history. 

I.2.  Small Interfering RNA 

First notion of a specific gene downregulation mechanism was observed in 1991 when  

Fire and colleagues introduced plasmid DNA of two genes in reverse orientation into the 

embryo of Caenorhabditis elegans. [25] Over nearly the following decade these mechanisms 

were investigated to fully understand that double stranded RNA is the key for 

downregulating homologous mRNA without altering the transcription rate of the latter 

(Figure I.3.). [26-28] This process is known as RNA interference (RNAi). It was discovered that 

the introduced double stranded RNA is processed via so called Dicer enzymes into molecules 

of a size of ~21-25 base pairs with two-nucleotide 3' overhangs and 5' -phosphate termini. 

[29]  
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These small interfering RNA's (siRNA) consist of a guide and a passenger strand and are 

incorporated into a ~100 kDa heavy multicomponent endonuclease complex called RNA-

induced silencing complex (RISC) where upon activation the passenger strand is removed.  

The guide strand directs the complex to the homologous region of the mRNA by Watson-

Crick base-pairing. [30] Ultimately, targeted mRNA is degraded by RISC’s endonuclease 

activity preventing the translation to proteins (Figure I.4.). [31]  

Until today, the application of siRNA is the most 

preferred way to induce RNAi. [26]  

Unfortunately, the development of new 

therapeutics based on this unique mechanism is 

rather slow: After the discovery of RNAi in 1998 it 

took >20 years for the first medicine to reach the 

market despite tremendous efforts. Reasons lie in 

the chemical structure of siRNA itself:  

great susceptibility to degradation by ubiquitously 

present nucleases, negative charge of phosphate 

groups hindering approximation towards 

negatively charged cell membranes and the 

hydrophilic structure hinder diffusion across cell 

membranes of this macromolecule. [32, 33] 

Current available medicines are based on the 

delivery of siRNA rather than bigger double 

stranded RNA. Less than two years ago, in late 

2018, the very first RNAi therapeutic, Patisiran, managed to overcome all these and 

regulatory hurdles and gained approval by FDA and EMA. [34] This drug tackles hereditary 

transthyretin-mediated amyloidosis (hATTR amyloidosis) by downregulating the 

transthyretin gene (TTR) protein which promotes the disease hallmarks as a cause of a 

mutated TTR. It is based on a lipid nanoparticle formulation consisting of four different 

components: DLin-MC3-DMA, PEG2000-C-DMG, 1,2-distearoyl-sn-glycero-3-phosphocholine 

(DSPC), and cholesterol. The latter two are responsible for the structural stabilization of the 

nanoparticle. PEGylation has often been described to enhance circulation time in the blood  
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and is the reason for the incorporation of PEG2000-C-DMG into the nanoparticle formulation. 

[35]  DLin-MC3-DMA on the other hand, leads to the encapsulation of siRNA based upon its 

positive charged substructure. Furthermore, it is responsible for specific uptake into 

hepatocytes - the site where most of the TTR protein is synthesized - fusion with the 

endosomal membrane and the release of its siRNA content into the cytoplasm.   

The targeting effect of the formulation can be explained by the fact that upon intravenous 

injection of the formulation, particles are opsonized by apolipoprotein E (Apo E).  

This first defense mechanism to prevent foreign particles and substances to harm the body 

assists Patisiran in a particular manner: Upon transport into the liver, the Apo E decorated 

particles are recognized by Apo E receptors on the surface of hepatocytes. [36-38].  

Uptake is initiated and after fusion of DLin-MC3-DMA with the endosome, siRNA is released 

to its site of action. [35] Through these formulation 'tricks', siRNA is protected from 

nucleases, the hydrophilic character of siRNA is masked and a passive targeting by receptor 

mediated uptake is introduced to increase specificity.  

Another approach to overcome the before mentioned hurdles is chemical modification of 

siRNA. It was shown that 2'-deoxy-2'-fluoro and 2'-O-methyl modification of ribose moieties 

increased the stability against nucleases significantly without decreasing activity. In fact, the 

potency could not only be retained but even increased. [33, 39-42] Additionally, it was 

shown that phosphorothioate linkages at the 5'-end of guide and passenger siRNA strands 

increase the stability against nucleases. [43, 44] These findings were crucial for the 

development and approval of givasiran in late 2019. [45] This is the second approved siRNA 

therapeutic. Its activity relies on the modification of the ribose moieties and its liver 

targeting which is based upon the conjugation of three N-acetylgalactosamine (GalNac) to 

the passenger guide. The three GalNac ligands are recognized by liver asialoglycoprotein 

receptor and lead to a receptor mediated uptake and ultimately the downregulation of the 

targeted mRNA, specifically in the liver. 
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I.3.  Spray Drying of small interfering RNA 

Although production of complex compounds such as inhalable biopharmaceuticals and the 

first approvals of siRNA therapeutics were successful, only very few investigations have been 

directed to the production of inhalable siRNA therapeutics. (Web of Science search, 

05.01.2020, 10.50 am, TI=(siRNA AND spray drying)) Of these publications, the focus was laid 

on the delivery of naked siRNA and nanocarrier based strategies.  

The group of Jenny K. W. Lam directed their research towards pulmonary delivery of naked 

siRNA which showed successful transfection without further investigating the exact 

mechanism of uptake and endosomal release [46-49]: Chow et al. published a very 

interesting paper of naked siRNA as dry powder formulation for pulmonary delivery by spray 

drying with mannitol and L-leucine. However, characterization of aerodynamic properties 

was not performed according to state-of-the art. [50] Referring to the European as well as 

the US pharmacopoeia, the assessment of aerodynamic size distribution has to be 

determined by the amount of drug. [51, 52] Here however, the calculation of the 

aerodynamic diameter was executed by a surrogate parameter i.e. mannitol which does not 

show any pharmacological effect and hence relevance for the determination. Despite this 

flaw in experiment design, they showed that spray drying did not alter the integrity of siRNA 

under mild conditions (T-Out = 50°C) and that microparticle characteristics are less 

influenced by siRNA itself rather than the process and formulation parameters: as known 

from literature, -leucine led to a corrugated particle morphology and acted as a dispersion 

enhancer improving measured aerodynamic properties in that study. [53] Unfortunately, this 

publication did not just lack quantification of siRNA for determination of aerodynamic 

properties but also in regard to drug recovery after spray drying leaving uncertainties 

regarding dosing. The successive study by Chow and colleagues described the preparation of 

higher concentrated naked siRNA powders which were analyzed after spray drying and 

related to the amount of siRNA before spray drying. [54] However, no satisfying reasons for 

losses of over 25% were offered.  Wu and colleagues investigated the effect of thermal and 

shear stress upon naked siRNA during spray drying. They showed that increasing  

T-Out from 60° to 125°C and increasing the atomizing gas flow rate from ~470 to 740 L/h led 

to an increase in decomposition of siRNA. [55] However, no variation of the excipient was 

investigated whether amorphous or crystalline forming substances are preferred.  
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This could have an effect on the amount of siRNA recovered after spray drying which varied 

from 80 - 94%., as described for formulations of biopharmaceuticals (see chapter I.1.). 

Additionally, the influence of the different process parameters on residual moisture, 

geometric and especially aerodynamic diameter were not investigated which are crucial for 

aerosol performance.  

The group of Camilla Foged focuses on the formulation of a siRNA loaded nanocarrier 

systems based on poly(DL-lactide-co-glycolide acid) (PLGA). Jensen et al. published a paper in 

2010 where the successful incorporation of siRNA loaded PLGA nanoparticles in different 

excipients, namely mannitol, lactose and trehalose, was shown. [56] Unfortunately, 

parameters which were examined for all three different formulations were only 

microparticle size, residual moisture content and yield. As expected, mannitol outperformed 

the other two subjects in all of these parameters and experiments were continued with the 

mannitol-based formulation only. Investigations on the solid state, quantities and in vitro 

performance of siRNA in all three excipients after spray drying were not performed.  

Despite this lack of information, Jensen showed that siRNA was recovered in an intact state 

although losses of 40% were detected.  Again, the investigation of aerodynamic properties 

was not carried out according to the US or European pharmacopoeia but with an alternative 

technique leaving room for doubts. Additionally, PLGA nanocarriers were unable to 

downregulate mRNA levels as detected in the expression of the translated protein. 

Unfortunately, the investigation of excipients was not taken up once again in the successive 

study published in 2012. [57] 

So far, intensive investigation of siRNA recovery after spray drying in combination with 

effects arising from excipients and subsequent effects on residual moisture in addition with 

the correct determination of aerodynamic properties has not been reported. 
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II  Aims of Thesis 

The aim of this thesis is to elucidate the effects of spray drying and its process parameters 

and excipients on siRNA formulations, drug yield and performance. Although spray drying of 

biopharmaceuticals is possible as shown in chapter I.1., much less is known about the effects 

of crystalline and amorphous structures upon spray drying on siRNA nanoparticle 

formulations, here polyplexes: 

The aim to overcome the delivery hurdles described in I.2, is a combination of both 

explained concepts therein: instead of encapsulating siRNA into lipid nanoparticles we want 

to establish a delivery system comprising of positively charged polymers such as 

polyethyleneimine (PEI) which is able to encapsulate siRNA by electrostatic interactions into 

so called polyplexes. It was shown that PEI and its chemical modifications are able to 

successfully transfect cells with nucleic acids unlike PLGA based systems as shown in chapter 

I.3. [56, 58-62] Therefore, the aim is to establish analytics for a detailed determination of the 

composition changes during spray drying of polyplexes followed by an optimization of 

parameters such as inlet temperature and residual moisture content consequently. Also, 

establishing a method which follows European as well as United States requirements for the 

determination of aerodynamic properties are within the scope of this thesis. 

The ultimate aim is a pulmonary TH2 cell specific targeting by chemically linking transferrin to 

PEI or other polyamines resulting in a receptor mediated uptake in activated TH2 cells 

supported by a local pulmonary application. Thereby, delivery of polyplexes is mainly 

restricted to the lung reducing the risk of uptake by other organs and hence reducing the risk 

of side effects. We hypothesize that receptor mediated uptake in combination with lung 

specific delivery show synergistic effects in the treatment of inflammatory TH2 driven lung 

diseases.  

Chapter II)  

Aims of Thesis 



12 

Chapter III summarizes the needs for siRNA formulation and characterization. 

Chapter IV is a proof of concept study where test substances namely PEI and bulk DNA are 

spray dried. Here analytical methods were established which are crucial for elucidating risks 

and determining the success of spray drying and consequently characteristics for dry powder 

inhalation. 

Chapter V sheds light on the mechanism causing losses of PEI and DNA as observed in  

chapter IV. Here, the effect of pumping and tubing material on polyplex composition are 

highlighted. 

Chapter VI summarizes the progress of our group for the development of a targeted delivery 

system for a pulmonary dry powder application. 

Chapter VII deals with the preparation of polyplexes consisting of siRNA and a PEI based 

polymer i.e. PEG-PCL-PEI (PPP) via spray drying. Methods established in Chapter IV are 

applied and enabled efficient experimental set up. 

Chapter VIII describes the establishment of a new uprising technique which is known as 

tunable resistive pulse sensing. This method allows particle by particle size, zeta potential 

and concentration measurements which is a mighty tool in the characterization of 

nanoparticles in general and polyplexes in specific but was not available for positively 

charged particles so far.   
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This Chapter was published in Therapeutic Delivery: 

T.W.M. Keil, O.M. Merkel, Dry powder inhalation of siRNA, Therapeutic delivery, 10 (2019) 265-267. 

III  Dry Powder Inhalation of siRNA 

Therapeutic RNA interference (RNAi) lately gathered a new wave of public interest due to 

the approval of the first small interfering RNA (siRNA) based drug (Patisiran) against 

hereditary transthyretin amyloidosis [63]. Exogenous double-stranded RNA can be used to 

trigger this interference by an intracellular complex known as RNA-induced silencing 

complex after ’dicing’ the molecule to 21-23 nucleotides. Depending on the base pairing of 

this siRNA, the complex attaches to a specific messenger RNA (mRNA) and ultimately 

degrades it. Thus, a subsequent translation to the protein encoded by this particular mRNA 

is prevented. By choosing the siRNA sequence for subsequent base pairing, any possible 

mRNA/protein of interest can be downregulated, including mRNAs that cause a disease.  

The uptake of siRNA into the cytoplasm, however, is restricted by its chemical nature.  

High hydrophilicity and large size of siRNA compared to small molecules lead to a low 

uptake. To overcome these problems, vectors have been developed based on viral and non-

viral delivery systems. Viral delivery systems such as adenoviruses, adenovirus associated 

viruses and lentiviruses, which are the most frequently tested viruses in literature, are able 

to successfully deliver siRNA. However, these vectors have great disadvantages such as high 

immunogenicity, high production costs and major hurdles for regulatory approval [64]. 

Non-viral systems, such as lipids or polymers, show lower immunogenicity, longer circulation 

times and lower costs, but also yield lower uptake efficiency. Nonetheless, when targeting 

inflammatory diseases in which additional immune response is counterproductive, these 

systems are favored and their shortcoming is addressed for example by adjusting 

administration route. In addition, non-viral systems can be modified due to their synthetic 

nature to optimize biocompatibility, internalization, transfection efficiency, circulation time 

Chapter III)  

Dry Powder Inhalation of siRNA 
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and active targeting and improve their overall performance [64, 65]. Lipid and polymer 

delivery systems can either form vesicle based nanoparticulate suspensions upon 

encapsulation or lipoplexes and polyplexes, respectively, upon complexation with charged 

substances [64, 66]. A benefit of nanoparticle formation is that siRNA is protected from 

RNases and, hence, is less susceptible to enzymatic degradation. RNases, which are 

ubiquitously present in eukaryotes, prokaryotes, bodily fluids and generally in every source 

of water, are one of the major risks in siRNA formulation. Therefore, it is of great interest to 

avoid sources of contamination and also the presence of water without which RNases lose 

their enzymatic activity. Hence, storage of siRNA-based medicines is best in solid 

formulations.  Pulmonary delivery is an optimal way to treat lung diseases such as asthma, 

chronic obstructive pulmonary disease (COPD), cystic fibrosis, and lung cancer, avoiding the 

oral and intravenous route. Local administration onto the lung area is complemented by 

reduced doses, subsequently reduced systemic side effects, and circumvents the first past 

metabolism [67]. For pulmonary delivery, drugs are delivered to the lung via liquid aerosol or 

dry powder formulations. Liquid aerosols generated by pressurized metered dose inhalers 

(pMDI) are mostly favored for small molecule delivery as they are easy to formulate. 

However, administration of pMDI needs some training for the patient to apply the 

medication correctly achieving best possible results. In detail, the timing of inhaling and the 

aerosol release needs to be coordinated and has to be done simultaneously. Otherwise drug 

deposition will take place in mouth and pharynx and not at the site of action within the lung, 

resulting in potential side effects [68]. On the other hand, dry powder inhalers (DPIs) release 

their drug formulation upon the patient’s respiration. Hereby, coordination of breathing and 

drug release is not required, easing the handling of the device and increasing patients 

compliance [69]. Upon inhalation of the patient, the dry powder formulation is 

simultaneously released. Through the generated vacuum and the device’s specific structure, 

possible agglomerates of particles are disaggregated [70]. However, these DPIs need certain 

respiration forces to trigger the release mechanism. In some cases, where airflow and, 

hence, respiration force is restricted, e.g. by the disease itself or the patient’s anatomy 

(children), it is not strong enough to release the DPI’s content. To overcome these problems, 

various DPIs were approved with different release mechanisms to fully adapt DPIs to the 

patient needs and therefore enable applicability [64, 69, 71, 72]. Advantages of DPIs over 

MDIs can be seen when water sensitive drugs are formulated such as siRNA related 
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medicines. In absence of water degradation caused by enzymatic and non-enzymatic 

reactions cannot take place [64]. For this purpose, dry powder formulations need to be 

produced with low residual moisture content, and the formulation itself needs to be 

protected from environmental humidity. For capsule driven DPIs, which are the most applied 

systems in early research stages due to easy filling and handling, typically a higher water 

resistive material is chosen for capsule production: i.e. instead of gelatin with about 10% 

residual moisture content, the most common capsule material, 

hydroxypropylmethylcellulose is used. This substance exhibits a residual moisture content of 

less than 1% and owns additional beneficial properties, e.g. less powder adhesion to the 

inner wall of the capsule, compared to gelatin [69, 73]. In addition, primary packaging 

materials such as aluminum films significantly restrict the diffusion of air and humidity 

through the packaging material into the dosage form preventing wetting of e.g. capsules and 

their powder content. 

Techniques that are frequently reported in literature to produce dry powder formulations 

are spray drying (SD) and spray freeze drying (SFD) [74-77]. Hereby, siRNA nanoparticles are 

suspended in an aqueous excipient solution e.g. mannitol or trehalose, afterwards aerolized 

into small droplets and dried resulting in microparticles in which these nanoparticles are 

embedded. This procedure is necessary as particles between 1 and 1000 nm are not able to 

deposit in deep lung areas, because they are exhaled upon inhalation. Suitable aerodynamic 

sizes for lung deposition, which depend on geometric size and porosity, are between  

1 and 5 µm [78]. Hence, nanoparticles need to be embedded into a microparticle which 

dissolves upon impaction on the lung fluid and releases its nanoparticle content. When using 

SD, microparticles are produced via gentle heating, whereas SFD techniques utilize the 

freezing of droplets in liquid nitrogen at first and subsequent removal of frozen water by 

lyophilization. Both preparation methods produce mostly microparticles in an amorphous 

state, which is favorable for stabilizing embedded nanoparticles. Whereas SD results in 

rather small geometric sizes with low porosity, SFD produces very voluminous particles with 

high porosity. These high volumes might cause powder packaging and/or application issues 

for SFD microparticles. On the other hand, higher temperatures necessary for SD are avoided 

[79]. Despite the different geometric sizes, both techniques are able to produce 

microparticles with an aerodynamic diameter between 1 to 5 µm, due to their different 

particle porosities. Beneficial for industrial particle production by SD is the short time of 
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drying which only takes minutes compared to several hours or days for SFD. Great advantage 

of both techniques is the ability to tune and design the microparticle by adjusting process 

parameters of the respective techniques: pump rate, airflow and solid concentration  

(for SD also aspiration rate and heat apply here) have a crucial effect on particle size and 

shape [53, 80]. In addition, microparticle morphology can be modified by excipients and 

further additives. Leucine for example is known to roughen the particle surface avoiding 

strong particle-particle interaction and improving aerodynamic properties [81].  

As mentioned before, siRNA-based nanoparticles embedded in microparticles demonstrate 

increased siRNA stability due to the absence of water which avoids enzymatic degradation 

through RNases.  

In summary, dry powder formulations therefore are a promising dosage form to locally 

deliver target specific siRNA enabling the therapy of several diseases such as asthma, cystic 

fibrosis or lung cancer. In literature, siRNA containing microparticles produced by SFD 

successfully demonstrated gene silencing activity in vivo [77]. Nevertheless, further research 

is required to realize this administration form for clinical application. 
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IV  Characterization of Spray Dried Powders With Nucleic Acid Containing PEI 

Polyplexes 

IV.1.  Abstract 

Localized aerosol delivery of gene therapies is a promising treatment of severe pulmonary 

diseases including lung cancer, cystic fibrosis, COPD and asthma. The administration of drugs 

by inhalation features multiple benefits including an enhanced patient acceptability and 

compliance. The application of a spray dried powder formulation has advantages over 

solutions due to their increased stability and shelf life. Furthermore, optimal sizes of the 

powder can be obtained by spray drying to allow a deep lung deposition. The present study 

optimized the parameters involved with spray drying polyplexes formed by polyethylenimine 

(PEI) and nucleic acids in inert excipients to generate a nano-embedded microparticle (NEM) 

powder with appropriate aerodynamic diameter. Furthermore, the effects of the excipient 

matrix used to generate the NEM powder on the biological activity of the nucleic acid and 

the ability to recover the embedded nanoparticles was investigated. The study showed that 

bioactivity and nucleic acid integrity was preserved after spray drying, and that polyplexes 

Chapter IV)  

Characterization of Spray Dried Powders 

with Nucleic Acid-containing PEI Polyplexes 
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could be reconstituted from the dry powders made with trehalose but not mannitol as a 

stabilizer. Scanning electron microscopy (SEM) showed trehalose formulations that formed 

fused, lightly corrugated spherical particles in the range between 1-5 µm, while mannitol 

formulations had smooth surfaces and consisted of more defined particles.  

After redispersion of the microparticles in water, polyplex dispersions are obtained that are 

comparable to the initial formulations before spray drying. Cellular uptake and transfection 

studies conducted in lung adenocarcinoma cells show that redispersed trehalose particles 

performed similar to or better than polyplexes that were not spray dried. A method for 

quantifying polymer and nucleic acid loss following spray drying was developed in order to 

ensure that equal nucleic acid amounts were used in all in vitro experiments. The results 

confirm that spray dried NEM formulations containing nucleic acids can be prepared with 

characteristics known to be optimal for inhalation therapy.  

    IV.2.  Introduction 

Pulmonary delivery remains one of the most logical routes for region-selective treatment of 

lung diseases. [82] Advantages such as a large surface area, low proteolytic activity, 

avoidance of the first pass effect and thin epithelium barriers all contribute to provide strong 

opportunities to enhance therapeutic efficacy through increasing drug bioavailability. [83]  

In addition, the use of dry powder inhalers to deliver a drug formulation presents its own set 

of advantages due to their ease of use and their relatively high patient compliance rate. [84] 

While numerous conventional treatments have been developed in order to target local lung 

diseases, one of the most promising strategies for treating severe lung diseases involves the 

use of gene therapy. Small interfering RNA (siRNA), e.g., can silence pathologic gene 

expression that underlays the disorder being treated. Lung diseases such as cystic fibrosis, 

pulmonary tuberculosis, viral infections, asthma, chronic obstructive pulmonary disease 

(COPD) and lung cancer have all been investigated as potential targets in which siRNA might 

prove to be a promising therapeutic. [85-88] Despite their potential, siRNA therapeutics face 

numerous challenges that limit their safe and efficient application in lung disease  

treatment. [89] To overcome these hurdles associated with the delivery of therapeutic 

siRNA, nanoparticles have long been the preferred approach for encapsulating and 

protecting nucleic acids. In the literature, a large variety of materials taking advantage of 
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nanoformulation methods is reported to successfully deliver siRNA and achieve gene 

knockdown. [90] 

Cationic polymers are a class of non-viral vectors that represent a large population of 

nanoparticles being developed as efficient delivery vehicles of siRNA. [91] Polyethylenimine 

(PEI) is one of the most widely studied gene delivery vectors due to its highly modifiable 

amine rich structure. The high incidence of positively charged amines renders PEI the ability 

to electrostatically interact with nucleic acids to form nanoparticles termed “polyplexes” and 

facilitate cellular internalization of siRNA. [92] In order to achieve local delivery of the gene 

therapy to the lungs, however, it is necessary to formulate the nanoscale polyplexes into a 

microparticle powder comprised of a suitable matrix with aerodynamic diameters within the 

range of 1 – 5 µm. [93] After their inhalation, the matrix of nano-embedded microparticles 

(NEMs) must then dissolve in the lung lining fluid and release the embedded polyplexes for 

cellular uptake.  

Spray drying is a widely used processing technique employed by chemical, materials, 

cosmetic, food and pharmaceutical industries. [2] This rapid, continuous, reproducible and 

scalable technique is very appealing in both the industrial and laboratory setting as a 

method to produce dry powder formulations intended for inhalation. However, the use of 

the spray drying to process nucleic acid polyplexes into microparticle powder requires 

optimization of processing parameters such as the excipient selection and drying conditions 

in order to retain polyplex bioactivity, redispersibility, as well as stability. [94, 95]                

The goal of this study was to optimize various spray drying parameters used to process 

PEI/bulk DNA (bDNA) polyplexes into NEMs, which will serve as a method development 

study for the formulation and analytics of siRNA polyplexes. The two well-known matrix 

stabilizing saccharides, mannitol and trehalose, were used in the spray drying process and 

the redispersibility of the corresponding NEM formulations was investigated. Additionally, 

various physical characteristics of the microparticles formed with the different excipients 

were examined. As polyplexes are a dynamic system made by electrostatic assembly which 

can be affected by shear forces, spraying could have a tremendous effect on the 

nanoparticle composition and concludingly their biological activity. This needs to be 

evaluated in order to achieve precise dosing and prevent overdosing as well as underdosing. 

[77, 96] Hence, an important goal of the work was to develop a method to quantify the 
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amount of polymer and nucleic acid that remained following spray drying. This method was 

established in a well-studied system of PEI and bDNA in order to proof its applicability, and 

to transfer it afterwards towards more complex systems containing nucleic acids e.g. siRNA 

and other amine-based polymers. Ultimately, the cellular internalization and transfection 

efficiency of the redispersed PEI/DNA polyplexes were assessed in lung adenocarcinoma 

A549 cells to pave the way for spray drying more sophisticated polyplex or micelleplex [97] 

formulations containing other polymers and/or siRNA with well-established analytics.  

IV.3. Materials and Methods  

 IV.3.1. Materials 

Hyperbranched polyethylenimine (PEI, 25k Da) was obtained from BASF (Ludwigshafen, 

Germany). RPMI-1640 medium with L-glutamine and sodium bicarbonate, Dulbecco’s 

phosphate buffered saline (PBS), heat-inactivated fetal bovine serum (FBS), D-(+)-glucose, 

sodium bicarbonate, picrylsulfonic acid (TNBS) solution 5%, sodium pyruvate,  

2-mercaptoethanol, dimethyl sulfoxide (DMSO, ≥ 99.7%), ethylenediaminetetraacetic acid 

(EDTA, 99.4−100.06%), trypan blue (0.4%, sterile filtered) and bulk DNA (bDNA) from salmon 

sperm (6,000kDa, Fisher Scientific) were purchased from Sigma-Aldrich (Munich, Germany). 

SYBR Gold dye was obtained from Life Technologies (Carlsbad, CA, U.S.A.).  

IV.3.2. Preparation of polyplexes 

To form polyplexes, 25k PEI was dissolved in water to yield a 1.0 mg/mL solution and was 

then filtered through a 0.22 μm filter for sterilization. This stock solution was then diluted to 

pre-calculated concentrations with sterile 5 or 10% solutions of mannitol or trehalose and an 

equal volume was added to a defined amount of bDNA to prepare polyplexes at various N/P 

ratios (the molar ratio of nitrogen in PEI to phosphate in bDNA). This solution was incubated 

for 20 minutes at room temperature to allow polyplex formation. The amount of 25k PEI 

required for a specific N/P ratio was calculated as follows (Eq. IV.1.):  

𝑚𝑃𝐸𝐼 = (
𝑚𝐷𝑁𝐴

330
) ∙ 43.1 ∙ 𝑁/𝑃 

where 𝑚𝑃𝐸𝐼 is the mass of PEI in µg and 𝑚𝐷𝑁𝐴 is the mass of bDNA in µg in each sample.   
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 IV.3.3. Spray Drying  

Spray drying was used to incorporate the polyplexes into nano-embedded microparticles 

(NEMs). First, polyplexes were formed at various N/P ratios as described above containing 20 

µg of bDNA, and 2 mL of the solution was mixed with 8 mL of an aqueous solution of 

different matrix excipients before spray drying. The matrix excipients tested were 5 or 10% 

(w/v) solutions of mannitol or trehalose in RNase free DI-water. All powder formulations 

were prepared using a Büchi B-290 spray dryer (Büchi Labortechnik, Essen, Germany) 

equipped with a 2-fluid nozzle (Büchi Labortechnik). In brief, the spray dryer was pre-

conditioned using distilled water, and all powder formulations were prepared at identical 

drying conditions using the following parameters: atomizing air flow = 473 L/h,  

aspiration = 70%, pump ratio =5%, nozzle cleaner = 0, inlet temperature = 65 °C,  

outlet temperature = 38 ± 1 °C. Nitrogen was the atomizing gas, air was dehumidified with a 

DeltaTherm-dehumidifier (DeltaTherm, Munich, Germany) and dry microparticles loaded 

with polyplexes (white powder) were contained in the collection vessel at the end of the 

glass cyclone, from where they were collected using a spatula and stored in a desiccator at 

room temperature for further experiments.  

For measurement of polyplex redispersibility, spray-dried samples were dissolved in 70 µL of 

water, and the resulting suspension of polyplexes in water/matrix solution was vortexed for 

15 s before measuring z-average, PDI, and zeta (ζ) potential as described below.  

IV.3.4. Hydrodynamic Diameter and Zeta (ζ) Potential Measurements 

Hydrodynamic diameter measurements of freshly prepared or redispersed polyplexes were 

performed by dynamic light scattering (DLS) using a Zetasizer Nano ZS (Malvern Instruments 

Inc., Malvern, U.K.). To perform these measurements using attenuator levels between 6 and 

8, the amount of spray-dried sample was adjusted adequately. Polyplexes prepared for spray 

drying were measured in their specific medium e.g. mannitol 10% where refractive index and 

viscosity were adjusted accordingly. For redispersed polyplexes, NEM were dissolved in a 

fashion to achieve equal excipient concentration as prior to spray drying. A total volume of 

70 µL of each sample was added into a disposal cuvette (Brand GMBH, Wertheim, Germany) 

and the 173° backscatter angle measurement was read in triplicates with each run consisting 

of 15 scans. Results are represented as average size (nm) ± standard deviation.  
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The particle size distribution was reflected in the PDI, which ranges from 0 for a 

monodisperse to 1.0 for an entirely heterogeneous dispersion. The samples were then 

diluted to 570 µL with filtered Nanopure water and transferred to a folded capillary cell 

(Malvern Instruments Inc., Malvern, U.K.), and ζ-potential measurements were taken.  

ζ-potential measurements were read in triplicates by laser Doppler anemometry (LDA), with 

each run consisting of 30-50 scans. Results are shown in mV ± standard deviation. 

IV.3.5. Scanning electron microscopy 

The surface morphology and geometric size of the NEMs was examined by scanning electron 

microscopy (SEM) using an JSM-6510LVLGS, 25kV (JEOL, Peabody, MA, U.S.A). For imaging, 

the NEM powder was sprinkled on a stub covered with double-sided carbon tape and 

sputter-coated with gold (Ernest Fullan) under vacuum for 40 s. The sizes of the 

microparticles were estimated from the SEM images processed with the Fiji distribution of 

ImageJ. [98] The histogram of the measured diameters was fit to a Gaussian distribution, 

from which average and standard deviation were calculated and outliers were shown.  

IV.3.6. Residual water content  

The residual water content of the NEM powder after spray drying was determined by 

coulometric measurement using an Aqua 40.00 Karl Fischer Titrator with corresponding 

software from Analytik Jena AG (Jena, Germany). The samples (approx. 15 mg) were loaded 

into 2R vials, placed into the heating chamber and measured at 150°C until the 

measurement drift reached the start drift ≤+2 µg/min or until a final measurement time of 

10 minutes. The start drift was established after approximately 1 hour of equilibration 

showing a rate of less than 10 µg/min. Hydranal Coulomat AG (Riedel-de Haën, Seelze, 

Germany) was used as reagent. Before each session, the titrator was calibrated with a 1% 

water standard. The moisture content was calculated as the % weight of water relative to 

the overall sample weight. 
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IV.3.7. Cascade impactor analysis  

An 8-stage Andersen-Cascade-Impactor (ACI) (Thermo Andersen, Smyrna, GA, USA) fitted 

with a USP induction port and pre-separator operated with a flow rate of 28.3 L × min−1 at 25 

°C and 75% relative humidity, was used to evaluate the aerosol properties of the NEM 

powder. Prior to each ACI test, 55 mg of the formulation was loaded into 4 

hydroxypropylmethylcellulose capsules each. A Handihaler (Boehringer Ingelheim Pharma 

GmbH & Co. KG, Ingelheim, Germany) was used to discharge each capsule twice according to 

the manufacturer’s manual with an interval of 5 seconds in between. To enable a total 

volume of 4L passing through the instrument, the application time was set to 8.5 seconds. 

After each test, the ACI was disassembled and the powder that had deposited on each stage 

was weighed independently. The amount of nucleic acid deposited on each stage was 

analyzed as described under IV.3.8., and the mass median aerodynamic diameter (MMAD) 

and geometric standard deviation (GSD) were calculated as described in the literature. [51] 

The fine particle fraction (FPF) was calculated as the fraction of all particles deposited with 

an aerodynamic diameter below 5 µm. [51] 

IV.3.8. Polymer and nucleic acid quantification following spray drying 

In order to quantify the PEI and bDNA content that was encapsulated into the microparticles 

following spray drying, heparin competition assays were performed in order to disassociate 

the PEI-bDNA polyplexes within the NEM powder. Subsequently, the bDNA that was released 

from the polyplexes was determined by a modified SYBR® gold assay [97] while the PEI 

concentration was determined by TNBS assay [99]. First, the batch of NEM powder was 

dissolved in 2 mL borax buffer 0.1 M (Sodium Borax Decahydrate, Sigma Aldrich, Germany) 

in a volumetric flask. Following procedure was executed in triplicates: According to the 

theoretical content of bDNA, a volume was chosen to achieve approximately 0.04 µg of 

bDNA per N/P ratio. This solution was diluted to a final volume of 150 µL per sample with 

HPW in a tube. Afterwards, 75 μL of a 58k IU heparin solution was added to each tube to 

achieve complete disassociation of polyplexes after 2hr. This solution was further diluted to 

450µL and distributed into a white 96 well plate (Thermo Scientific™ BioLite microwell plate, 

Thermo Scientific GmbH, Schwerte, Germany) in triplicates of 100 µL each.   
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For quantification of bDNA, 30 µL of a 4× SYBR® gold solution was added to each well and 

incubated for 5 min in the dark at room temperature. The fluorescence of each sample was 

quantified using a Synergy 2 multi-mode microplate reader (BioTek Instrument, Winooski, 

VT, U.S.A.) at excitation wavelength of 485/20 nm and emission wavelength of 520/20 nm 

and compared to a freshly prepared standard curve of free bDNA incubated with SYBR® gold 

dye.   

For quantification of 25k PEI, 100 µL of batch dissolved solution in 2 mL borax was incubated 

with 30 μL of 3 mM TNBS solution in triplicates and absorbance at 405 nm was determined 

after a 1 h incubation with a quartz cuvette in a UV-1600PC spectrophotometer  

(VWR International GmbH, Darmstadt, Germany). The measured absorbance was compared 

to a freshly prepared standard curve of free 25k PEI incubated with TNBS reagent. To verify 

each quantification assay, internal standards were prepared freshly and analyzed in parallel. 

These standards consisted of bDNA and PEI of known amounts which were chosen according 

to the theoretical amount of bDNA or PEI being analyzed in the sample, respectively. These 

were 0.04 µg bDNA per well for nucleic acid quantification and 0.48 to 1.2 µg PEI for polymer 

quantification. Measurements with deviations of less than 10% of the internal standard were 

considered as precise and taken into account for further analysis. 

IV.3.9. Cell culture 

Human adenocarcinoma alveolar based lung cancer cells (A549) were obtained from ATTC  

(LG Promochem, Wesel, Germany) and cultured in RPMI-1640 medium with L-glutamine and 

sodium bicarbonate and supplemented with 10% heat inactivated fetal bovine serum and  

1% penicillin/streptomycin (Corning Incorporated, Corning, NY, U.S.A.). Cells were grown in 

75 cm2 cell culture flasks (Thermo Fisher Scientific, Waltham, MA, U.S.A.) at 37 °C and 5% 

CO2 and passaged every 2-3 days when they reached confluency. 
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IV.3.10. In vitro cellular uptake 

In 24-well plates, (Corning Incorporated, Corning, NY, U.S.A) 50,000 A549 cells were seeded 

and incubated overnight at 37°C and 5% CO2. For each experiment, were prepared freshly 

with YOYO-labeled bDNA or redispersed after spray drying. Negative controls consisted of 

blank/untreated cells. Unless otherwise stated, cells were transfected for 24 h in 37°C and  

5% CO2 with a volume of fresh or redispersed polyplexes that contained 0.5 µg of  

YOYO-labeled bDNA within a total volume of 500 μL of serum containing cell culture media. 

Cells were then washed with PBS, trypsinized and spun down at 400 rcf for 5 min.  

After centrifugation, the supernatant was decanted, and the cells were washed three times 

and resuspended in 250 µL PBS/2 mM EDTA. Samples were analyzed via flow cytometry 

(Applied Biosystems Attune® Acoustic Focusing Cytometer, Life Technologies), and the 

median fluorescence intensity (MFI) was measured using 488 nm excitation and a 530/30 nm 

bandpass emission filter set. Samples were run in triplicates, with each sample gated by 

morphology based on forward/sideward scattering for a minimum of 10,000 viable cells. 

Analysis and presentation of the data was performed by GraphPad Prism 5.0 software 

calculating mean values and standard deviation. 

IV.3.11. In vitro transfection efficiency  

In 24-well plates, 50,000 A549 cells were seeded and incubated overnight at 37°C and 5% 

CO2. For each experiment, freshly prepared or redispersed polyplexes loaded with GFP 

plasmid (The Plasmid Factory, Bielefeld, Germany) were tested. Negative controls consisted 

of blank/untreated cells. Unless otherwise stated, cells were transfected for 48 h in 37°C and  

5% CO2 with a volume of fresh or redispersed polyplexes that contained 0.75 µg of GFP 

plasmid within a total volume of 500 μL of serum containing cell culture media. Cells were 

then washed with PBS, trypsinized and spun down at 400 rcf for 5 min. After centrifugation, 

the supernatant was decanted, and the cells were washed three times and resuspended in 

250 µL PBS/2 mM EDTA. Samples were analyzed via flow cytometry (Applied Biosystems 

Attune® Acoustic Focusing Cytometer, Life Technologies), and the median fluorescence 

intensity (MFI) was measured using 488 nm excitation and a 530/30 nm bandpass emission 

filter set. Samples were run in triplicates, with each sample gated by morphology based on 

forward/sideward scattering for a minimum of 10,000 viable cells. Analysis and presentation 
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of the data was performed by GraphPad Prism 5.0 software calculating mean values and 

standard deviation. 

IV.3.12. Statistics 

All results are given as mean value ± standard deviation (SD). One-way ANOVA and two-way 

ANOVA with Bonferroni post-test were performed in GraphPad Prism software (Graph Pad 

Software, La Jolla, CA). 
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IV.4.  Results and Discussion 

In this proof-of-concept study, we investigated the preparation of nano-embedded 

microparticles (NEMs) from bulk DNA-loaded polyplexes that have aerosol diameters 

suitable for deep lung deposition through the use of spray drying. We subsequently studied 

the impact of spray drying parameters on their suitability for subsequent in vitro or in vivo 

transfection studies. The prototype polyplexes used here comprised of the well-studied 

polymer polyethylenimine (PEI) and double-stranded template DNA isolated from salmon 

sperm (bDNA). The use of these popular DNA transfection components allowed for the 

optimization of excipient matrix and various spray drying parameters. The resulting DNA-

loaded NEMs were then evaluated with respect to physiochemical and aerosol 

characteristics, and polyplex redispersibility, cellular uptake and transfection efficiency in a 

lung epithelial cell model.  

IV.4.1. Dynamic light scattering measurements of spray dried PEI polyplexes  

The bDNA-loaded polyplexes were processed into NEMs to provide a vehicle for the 

protection and efficient delivery of nucleic acids to the lungs. To this extent, it is crucial that 

the microparticle scaffold aides in stabilizing the polyplexes during their storage and 

facilitates reconstitution into individual nanoparticles upon contact with the aqueous-based 

environment lining the lung epithelia. Here, PEI polyplexes were encapsulated into a 

microparticle powder with various excipient matrices via spray drying to generate a stable 

and inhalable powder. Mannitol and trehalose were selected as the stabilizing excipients 

based on their well-known ability to stabilize macromolecules. [100, 101] Previous studies 

conducted in the da Rocha lab reported optimal parameters for the generation of spray dried 

powder from PAMAM dendriplexes which we based our initial trials on. [102] These initial 

trials involved the use of aqueous 5% mannitol as the excipient matrix for the NEMs.  

Upon measuring redispersed PEI polyplexes via DLS, we found a 2-fold increase in particle 

diameter along with an increased overall negative surface charge at all N/P ratios that were 

tested (Figure IV.S1.). With the apparent increase in particle aggregation and negative surface 

charge, we hypothesized that the spray drying parameters being used were causing an 

unacceptable amount of polymer loss leading to a change of N/P ratio. It needs to be taken 

into consideration that polyplex suspensions at N/P higher than 2.5 contain a considerable 

amount of free polymer [103]. However, if free polymer is lost, a new equilibrium between 
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nucleic acid-bound and free polymer emerges [104]. Therefore, we modified the spray drying 

parameters and also investigated the use of the excipient trehalose at various concentrations 

on NEM redispersibility. Similar to our initial trials, the redispersed PEI polyplexes from NEM 

powder generated with 5% mannitol or 5% trehalose show a significant increase in particle 

diameter with reconstituted particles approximately >700 nm (Figure IV.1.). Moreover, the 

5% excipient formulations also show decreased surface charges upon redispersion.  

However, redispersed PEI polyplexes from the formulations with 10% mannitol and trehalose 

demonstrated no significant change in particle diameter and were all approximately 200 nm 

in size, and hence below our limit of 260 nm (dashed line Figure IV.1.). Literature suggests 

that smaller nanoparticles are likely phagocytosed by macrophages through their “secondary 

size” [105] which was defined as the size of their agglomerates on cell surfaces. Hence, we 

hypothesize that the smaller the particles, the more likely the endocytosis by lung epithelia 

rather than macrophage phagocytosis. We therefore assume that particles below this limit 
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allow macrophage escape to a greater extent than bigger particles and facilitate cell 

transfection. [91, 105]  Additionally, these formulations maintained their positive surface 

charge, indicating that the particles retained their polymer/nucleic acid composition along 

with their colloidal stability. The 10% excipient requirement to generate reconstitutable 

NEMs is higher than amounts used to redisperse PLGA nanospheres [106] or PAMAM 

dendriplexes [107] in other studies. One possible hypothesis for the higher amount of 

excipient needed for the reconstitution of polyamine nanoparticles lies in the large amount 

of water in the polyplexes that is lost during the spray drying process which in turn may 

necessitate larger amounts of matrix excipients acting in a wick-like manner during 

redispersion. [108] The redispersed mannitol NEM formulations had the more monodisperse 

particle distributions of all the formulations tested. Specifically, the redispersed 10% 

mannitol formulation was the most monodisperse with PDI values of approximately  

0.272 ± 0.02, and hence below our limit of 0.3 (dashed line Figure IV.1.). The redispersed 

trehalose NEM formulations had more polydisperse particle distributions with PDI values all 

approximately 0.46 ± 0.10. The PDI values reported here are well corroborated in various 

other studies investigating spray dried polymeric nanoparticles with mannitol or trehalose. 

[109] Due to their favorable characteristics upon redispersion, NEM formulations that were 

generated with 10% mannitol or trehalose were selected for further characterization studies.  

IV.4.2. Aerodynamic diameter measurements of spray dried PEI polyplexes 

A crucial characteristic for the deposition of particles in the lung is their aerodynamic 

behavior. In order to evaluate the aerodynamic behavior of the NEM formulations obtained, 

an 8-stage Andersen-Cascade-Impactor (ACI) was utilized to determine the mass median 

aerodynamic diameter (MMAD), geometric standard deviation (GSD), and fine particle 

fraction (FPF). The NEM formulations analyzed were comprised of 10% mannitol or trehalose 

and contained PEI polyplexes at N/P 6, 8 or 10. All the NEM formulations tested showed an 

MMAD in the ideal range for bronchial/alveolar targeting (1 - 5 µm) as shown in Figure IV.2. 

[110] However, NEM formulations containing 10% trehalose as an excipient showed a 

significantly lower MMAD of approximately 3.17 ± 0.21 µm versus the 10% mannitol NEM 

formulations with approximately 4.67 ± 0.13 µm. Although not significant, GSD were slightly 

greater in trehalose formulations compared to mannitol formulations with 2.61 ± 0.26 µm 

vs. 2.01 ± 0.05 µm. Also, not significantly different between both formulations is the FPF 
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which was calculated as 72.6 ± 3.4% for trehalose 

formulations and as 67.5 ± 1.3% for mannitol 

formulations (Figure IV.S2.). Aerosol performance 

strongly depends on MMAD, GSD and especially 

FPF representing the fraction reaching lower lung 

areas. By taking these findings into account we 

cannot state a significant difference between 

both formulations but acknowledge a trend for 

better performance with trehalose formulations 

as MMAD were smaller and FPF greater. 

Additionally, there was no significant difference 

between the various N/P ratios within each 

excipient group tested, indicating that the 

amount of PEI that was used in the original 

formulation had little effect on the resulting 

aerodynamic behavior of the NEM particle. The 

larger microparticle diameters measured in the NEM formulations containing mannitol as an 

excipient may be explained by its crystalline nature upon drying. This is underlined by our 

XRD analysis where in the contrast to the amorphous halo of trehalose, mannitol showed 

distinct crystalline characteristics (Figure IV.S4.). Peaks at 14.6° and 16.8° strongly suggest 

the β polymorph as shown by Nunes et al. [111] Additionally, published results of the  

β polymorph of mannitol show comparable patterns with Figure IV.S4., confirming the 

crystalline structure of spray dried mannitol NEM. [112, 113] Amorphous sugars, such as 

trehalose (Figure IV.S3.), are well known to be excellent at stabilizing biomacromolecules 

while crystalline sugars, such as mannitol, may lead to phase separation and destabilization 

[114]. This phenomenon might explain slightly larger microparticle sizes in the formulations 

containing mannitol as an excipient.   
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IV.4.3. Scanning electron microscopy 

In order to further characterize the NEM formulations, scanning electron microscopy was 

employed to visualize the microparticles that were formed. Imaging of spray-dried  

10% mannitol NEM samples showed that the microparticles were predominantly spherical, 

with a smooth surface and diameters of approximately 2.8 ± 2.1 μm (Figure IV.3.A.). 

Conversely, 10% trehalose microparticles are predominantly fused spheres with a 

corrugated surface and diameters of approximately 4.60 ± 2.6 μm (Figure IV.4.B.). The fused 

nature of the trehalose particles visualized here may be attributed to “moisture bridges” 

forming between molecules of the trehalose. [115] The difference in the apparent 

microparticle diameter for these formulations when comparing the SEM images and their 

MMAD stems from the surface characteristics of the particles measured. Smoother particle 

surface increases the particle’s overall density and ultimately its aerosol performance. [116] 

Therefore, the smoother surface of the mannitol formulations may account for the slight 

increase in aerodynamic diameter shown in the ACI studies for this formulation.    
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IV.4.4. Residual moisture content  

It is well known that the residual moisture content 

following the generation of a inhalable powder 

plays one of the most crucial roles in determining 

its long-term stability, both physically and 

chemically. [117] Therefore, the residual moisture 

content of the NEM formulations was measured 

directly after the spray drying process. 

Immediately following the collection of the  

NEM powder, the 10% trehalose formulations 

showed a residual moisture content of 3.2% 

compared to 0.4% for the 10% mannitol 

formulations (Figure IV.4.). One cause for the slightly higher moisture content in the 

trehalose NEM powder may be due to the hygroscopic nature of the material. [118] 

Empirically, we experienced an extremely low solubility of the 10% mannitol NEM powder, 

which made it difficult to continue characterization studies of these formulations. The lower 

residual moisture content of the  10% mannitol formulations reflects their low solubility and 

may be explained by the hydrophobic nature of crystalline mannitol. [119] Conversely, the 

higher moisture content and amorphous state of trehalose allows for the sufficient 

rehydration and buffering of the polyplexes in the NEM formulation.       

IV.4.5. Quantification of polymer and nucleic acid content 

One of the main disadvantages of spray drying at the laboratory scale is that the overall yield 

can vary from 20 -70% due to loss of product in the walls of the drying chamber [120].  

Prior to any in vitro investigation of the NEM formulations’ efficiency upon reconstitution, it 

was crucial to quantify the amount of polymer and nucleic acid that may have been lost 

during the spray drying process. Therefore, the 10% trehalose NEM powder was redispersed 

and the reconstituted polyplexes underwent a competition assay with the polyanion heparin 

in order to dissociate PEI from the bulk DNA, similar to our previous studies [95]. With the 

polyplex disassociated, we then utilized SYBR® gold fluorescent dye to assess the relative 

amount of free, uncondensed DNA (Figure IV.5.A.). As expected, there was about a 20 – 40% 

loss of bulk DNA in all of the formulations tested. While not statistically significant, there was 
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an increase in the overall retained amount of DNA as the N/P ratio increased, ultimately 

leveling off at an N/P ratio of 12. To quantify the amount of PEI that was lost following the 

spray drying process, a modified TNBS assay was conducted following the reconstitution of 

the 10% trehalose NEM formulation (Figure IV.5.B.). Here again, approximately 10 – 35% loss 

of PEI polymer was observed following the spray drying process. Interestingly, there was no 

observable trend in the overall amount of PEI lost following spray drying; however, there is a 

sharp increase in the amount of PEI retained in the NEM formulation at N/P ratio of 15 and 

higher, albeit not statistically significant. Following the quantification of the remaining PEI 

and bulk DNA in the spray dried microparticles, we were able to calculate the “redispersed” 

N/P ratio of the polyplexes within the 10% trehalose NEM formulation  

(Figure IV.5C). When these are compared to the “initial” N/P ratio, it becomes clear that the 

spray drying process effectively increases the N/P ratio of the polyplexes contained within 

each 10% trehalose formulation by approximately 20% through the combined loss of both 

the PEI and DNA in the final NEM formulation. To the best of our knowledge, we are the first 

to investigate the impact of spray drying on the composition of electrostatically assembled 

polyplexes, which has an important impact on their subsequent performance in vitro and in 

vivo as well as on toxicity, especially in vivo [121]. In comparison to recent literature, this 

could lead to new insights in the performance of spray dried polyplexes.  
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Schulze et. al. showed increased transfection efficiency of PEI polyplexes containing an EGFP 

reporter plasmid after spray drying compared to their freshly prepared counterpart [96]. 

While the glucose-PVA ratio in spray dried polyplexes and the amount of PVA in freshly 

prepared polyplexes remains unclear, the group did not evaluate if the increase in EGFP 

expression is caused by a changed composition of polymer and/or nucleic acid content. 

Concentration of the nucleic acid content through intensive excipient loss for example might 

explain this phenomenon. Also decreased cytotoxicity of redispersed polyplexes in a dose 

escalation assay could be explained by a loss of polymer which, due to its cationic charge, is 

the root cause for cytotoxicity [96, 122]. In fact, a possible loss of polymer is supported by 

our findings. Hence, by applying our new developed method to this and other studies, we 

gain a better understanding of preparation and process effects on polyplex performance 

after spray drying. 

IV.4.6. In vitro cellular uptake of redispersed polyplexes 

After quantifying the amount of bulk DNA in 

the 10% trehalose NEM formulation and 

ensuring that the polyplexes were able to be 

redispersed, the ability of the redispersed 

PEI/bDNA polyplexes to be delivered to cells 

was investigated. Therefore, YOYO-1 labeled 

DNA was used to form polyplexes with PEI at 

various N/P ratios and spray dried into NEM 

powder. An amount of each NEM powder 

correlating to 0.5 µg of YOYO-1 labeled DNA 

was then weighed out and lung 

adenocarcinoma A549 cells were treated for 

24 h. Additionally, fresh polyplexes 

containing 0.5 µg of YOYO-1 DNA were 

transfected simultaneously. Following 

transfection, cells were submitted to flow cytometry analysis and the level of per-cell 

fluorescence was quantified. Cells treated with vehicle only (5% glucose) were included as 

negative controls. As seen in Figure IV.6., a trend can be observed that freshly prepared 
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polyplexes with trehalose showed greater uptake efficiencies in comparison to freshly 

prepared polyplexes. However, this trend is statistically not significant, indicating a rather 

small effect of trehalose on uptake efficiencies. Also, redispersed polyplexes from the 10% 

trehalose NEM formulations show higher uptake efficiencies than their freshly prepared 

counterparts with trehalose. Again, this observation is statistically not significant but 

underlines and confirms our findings described above discussing the increase of N/P ratios 

(Figure IV.5.) and the hypothesized changed in vitro performance through spray drying. 

However, NEM with N/P ratio of 6 show a significant increase of MFI values compared to 

their freshly prepared counterparts which can be explained by a comparably strong increase 

from N/P ratio 6 to 8 after spray drying. However, this increased cell uptake could also be 

partly a result of the slightly agglomerated particles as reflected in the increased PDIs  

(Figure IV.1.). 

IV.4.7. In vitro transfection efficiency redispersed polyplexes 

To further investigate the bioactivity of 

redispersed polyplexes and their transfection 

efficiency following spray drying, we utilized a 

GFP expressing plasmid. The GFP plasmid was 

complexed with PEI at various N/P ratios and 

formed polyplexes similar to those loaded with 

bulk DNA (Figure IV.S5.). Following spray drying 

using the same parameters outlined above, 10% 

trehalose NEM formulations were generated. 

Lung adenocarcinoma A549 cells were 

transfected with redispersed, fresh PEI/pEGFP 

polyplexes, or freshly prepared formulations in 

presence of trehalose for 48 h, and the level of 

GFP fluorescence per cell was quantified via flow 

cytometry (Figure IV.7.). Akin to the uptake 

studies, cells transfected with the redispersed 

polyplexes at the various N/P ratios exhibited 

similar, if not better gene transfection when 
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compared to the fresh polyplex counterparts. Interestingly, the presence of trehalose in 

freshly prepared particles did not show the same positive effect on transfection efficacy, 

especially at N/P 6. Therefore, trehalose potentially influencing the permeability of the cell 

membrane and thereby increasing polyplex uptake and gene transfection as observed 

previously [123] does not explain our observations. Importantly, due to the ability to 

quantify the amount of PEI and nucleic acid within each NEM formulation, we are able to 

ensure that the same quantity of plasmid DNA was used in the transfection for both fresh 

and redispersed polyplexes, however, according to Figure IV.5.C. the increased N/P ratio 

following spray drying could explain better transfection results. As hypothesized for the 

increased cellular uptake, faster sedimentation of larger particles may as well play a role, 

especially in the case of plasmid containing polyplexes at N/P 6 which showed stronger 

aggregation than higher N/P formulations (Figure IV.S5.) or bulk DNA containing polyplexes 

(Figure IV.1.). The results suggest, therefore, that the formulation of PEI/DNA polyplexes in 

the form of NEM does not negatively affect biological activity of the nucleic acid. 

IV.5.  Conclusion 

Herein we demonstrate successful spray drying of PEI/DNA polyplexes into NEM powders 

intended for pulmonary gene delivery. Various spray drying processing parameters were 

optimized while the saccharides trehalose and mannitol were investigated as matrix 

excipients to stabilize the polyplexes in the resulting NEM formulations. The mannitol and 

trehalose NEMs were then characterized through various physical techniques, and the 

behavior of redispersed PEI-DNA polyplexes were compared to fresh unprocessed particles. 

Following these characterization studies, 10% trehalose was found to be an efficient 

stabilizer that preserved the size of the polyplexes following their resuspension. 

Microparticle powder analysis revealed fused, slightly corrugated particles with an 

aerodynamic diameter suitable for deep lung deposition. In vitro studies showed that the 

redispersed polyplexes maintained their uptake and transfection profiles in lung 

adenocarcinoma A549 cells when compared to fresh polyplexes. While previous studies 

describe spray drying of polymeric nanoparticles into NEMs, this study is, to the best of our 

knowledge, the first to quantify the extent of polymer and nucleic acid loss during the 

process and to recalculate the N/P ratio of the dried polyplexes accordingly. By quantifying 

the amount of DNA remaining in the resulting NEM powder, we were able to ensure that our 
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in vitro transfections were executed without bias due to equal DNA amounts transfected. 

However, as discussed, the increase of the N/P ratio may have a positive impact on uptake 

and transfection and would have to be accounted for when preparing new batches of NEMs. 

Taken together, this study serves as a proof-of-concept for the processing of polymeric 

nanoparticles loaded with nucleic acids into a dry powder that is suitable for inhalation 

therapy. After optimizing the analytics for precise analysis of the composition of a well-

studied polyplex system, this study plants the basis for further studies with more complex 

polymers and siRNA. Along these lines, further optimization of the spray drying parameters 

to produce NEM powder from polymeric nanoparticles loaded with siRNA as well as 

formulation with biodegradable polymers is underway along with long term storage and 

stability studies of these NEM formulations.            
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IV.7.  Supplementary Data 

Figure IV.S1.A. 

 

Figure IV.S1.B.  

 

Figure IV.S1. A) Dynamic light scattering and B) Laser Doppler Anemometry characterization 

of fresh and redispersed PEI-bDNA polyplexes with 5% mannitol stabilizing excipient.  
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Figure IV.S2. Aerodynamic properties of mannitol and trehalose formulations. To evaluate 

effect of N/P ratio on aerodynamic properties of each formulation, One Way ANOVA analysis 

was performed with Bonferroni post-test, p<0.05. 

For inter-excipient analysis, statistics were executed with Two Way ANOVA and Bonferroni 

post-test, p<0.05.  
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Differential Scanning Calorimetry (DSC) 

For analysis, approximately 5 mg of crystalline trehalose dihydrate and NEM with N/P ratios 

of 6, 8 and 10, prepared of trehalose 10%, were weighed into concavus pans and closed. 

Another closed concavus pan was used as reference. Sample and reference pans were 

placed in the oven and cooled for 5 minutes at -10°C, followed by a temperature ramp of 

8K/min until a temperature of 160°C was reached. After 5 additional minutes at 160°C, 

measurement stopped and the oven was cooled down for the next measurement. During 

isothermal and dynamic temperature phases, 50 and 200 points per minute were collected, 

respectively.  

Crystalline trehalose showed its specific melting point at 99.4°C confirming literature values. 

However, no spray dried formulations exhibited a melting peak but rather glass transition 

points between 47.8° and 53.4° suggesting amorphous state of trehalose. In addition, the 

formulation containing polyplexes with a N/P ratio of 10 displayed an exothermal peak at 

145.5°C. Common exothermal reactions in amorphous state formulations are 

recrystallizations which might also explain this finding. However, not all formulations 

showed this recrystallization peak which is why we hypothesize that a certain amount of 

polymer is needed in order to trigger this reaction. 

Figure IV.S3. Differential Scanning Calorimetry measurements of crystalline trehalose and 

NEM N/P6, 8 and 10 prepared of bDNA-PEI polyplexes in trehalose 10% 
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X-Ray Powder Diffraction (XRPD) 

To identify crystalline structures of mannitol and trehalose, XRPD was executed with a 3,000 

TT diffractometer (Seifert, Ahrensburg, Germany). The wavelength is 0.154178 nm and the 

device is equipped with a copper anode with a voltage of 40 kV and a current of 30 mA. The 

voltage of the scintillation detector was 1,000 V. Samples placed on the copper sample 

holder were analyzed in the range of 5-45° 2-theta in steps of 0.05° 2-theta. 

The pattern of trehalose NEM show an amorphous halo, confirming the findings of the DSC 

measurements. In contrast, the pattern of the mannitol formulation shows distinct 

crystalline features. In comparison with literature, this pattern is very similar to the β 

polymorph and shows its specific peaks at 14.6° and 16.8° 2-theta. We therefore can confirm 

the crystalline structure of mannitol and further hypothesize that the state of mannitol after 

spray drying is dominated by the β polymorph as small amounts of different polymorphs 

cannot be excluded. 

 

Figure IV.S4. XRD patterns of 10% Mannitol NEM and 10% Trehalose NEM 
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Figure IV.S5. Hydrodynamic diameters of freshly prepared and redispersed pEGFP/PEI 

polyplexes in presence of trehalose.  
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V Evaluation of adsorption of bDNA-PEI polyplexes to tubing materials 

V.1.  Abstract 

Nucleic acids are a promising new drug class for potential treatment of a variety of diseases. 

But efficient delivery is still the major challenge impeding translation. Many nucleic acid 

formulations are based on polymeric components for nanoparticle delivery into cells. During 

various nanoparticle preparation processes such as microfluidic mixing, spray drying or final 

filling, pumping is a crucial step. Here, we studied the effect of peristaltic and syringe 

pumping on the component loss and overall loss of a binary polyplex formulation made of 

DNA and polyethyleneimine (PEI).  We varied tubing length and material with a focus on 

subsequent spray drying. While significant losses were detected, no significant impact of the 

pump types used was observed. Interestingly, product loss increased with the length of 

silicon tubing. Losses of DNA were prevented by using Pumpsil tubings whereas comparable 

losses recorded after use of Silicon and Santoprene tubings. The following spray drying 

process did not affect DNA content but accounted for PEI loss. Characterization of the 

different tubing materials revealed similar hydrophobicity of all tubing materials and showed 

neutral surface charge for Pumpsil, negative surface charge for Santoprene and a positive 

surface charge for Silicon tubings. Hence, we hypothesize that adsorption of DNA onto 

Chapter V)  

Evaluation of Tubing Material on Adsorption 

of DNA-PEI Polyplexes 
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tubing material is the root cause for changes in DNA content after pumping and is based 

upon an interplay of ionic and hydrophobic interactions between polyplexes and tubing 

material. Overall, selecting the appropriate pump and tubing material for processing nucleic 

acid nanoparticles is key to achieving satisfactory product quality. 

V.2.  Graphical Abstract 

 

Positively charged polyplexes made of DNA and PEI are pumped through different tubing 

materials and investigated for adsorption-based losses.  
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V.3.  Introduction 

Research on nucleic acids and their delivery has increased over the past decades to over  

14 000 publications per year. The delivery of nucleic acids is hampered by its chemical 

nature: molecule size, negative charge and susceptibility to nucleases are the main 

challenges to be overcome. Several strategies have been developed including polymer based 

nanoparticle delivery. [124] Positively charged polymers such as polyethyleneimine (PEI) can 

interact with the negative phosphate groups of nucleic acids and form polyplexes of around 

100 nm. These polyplexes can be taken up by the cells and finally transfect the cells with 

their cargo. [125] While polycationic materials such as PEI are often associated with cellular 

toxicity [103], they offer much higher encapsulation efficiency compared to nanoparticle 

formulations based on polymers such as PLGA [32, 126]. 

Pulmonary delivery has attracted great interest in the research community to tackle diseases 

such as asthma, chronic obstructive pulmonary disease and cystic fibrosis. Local treatment of 

these diseases is preferred over systemic parenteral application as less drug is required with 

lower risks for adverse effects due to direct tissue targeting. [67] It is known that only 

particles with an aerodynamic diameter between 1 and 5 µm are able to follow the 

airstream and deposit in the lower lung areas. While particles greater than 5 µm deposit in 

the throat or the upper airways, particles below 1 µm are often exhaled. [93] Therefore, 

polyplexes need to be formulated into microparticles with excipients suitable for inhalation 

for example by spray drying [96, 127]. During spray drying, solutions/suspensions can be 

sprayed via a nozzle into a drying chamber where heat is applied to dry the formulation 

gently. 

We recently observed losses of around 30% bulk DNA (bDNA) and 20% PEI upon spray drying 

of model nanoparticles. [127] We assumed that these losses were attributed to the spray 

drying process and that the different extent to which the two nanoparticle components 

were lost was caused by particle instability. Comparable losses of nucleic acids and their 

formulations after spray drying were also reported by others [54-56]. However, further 

experiments to identify the root cause for the observed effects were not conducted so far. 

Considering that spray drying involves also pumping of the liquid feed, this study focused on 

pumping as an essential step in liquid product handling for filling, filtration, and transfer. 

While piston pumps have a high dosing accuracy, shed steel particles, drug aggregation and 
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shear are of concern. [128] Diaphragm pumps are similar to piston pumps in means of 

dosing accuracy and shear forces, but no shed steel particles are observed. [129, 130] 

Peristaltic pumps have lower dosing accuracy but they are well suited for shear sensitive 

products, and as single use systems the risk for cross contamination is minimized. [131] 

Syringe pumps are characterized by constant mean flow rate, high dosing precision and are 

also ideal for shear sensitive drugs but are limited in volume and thus not applicable for 

industrial production. [132] 

In the last years substantial research was conducted on the use of pumps in fill and finish of 

biopharmaceutics focusing on the effect of shear stress on protein adsorption and 

aggregation [128-130, 133]. To the best of our knowledge, no reports are available 

investigating the behavior of nucleic acid nanoformulations upon pumping. In this study, 

peristaltic pumps were utilized because of their standard use in the pharmaceutical industry 

during fill and finish processes, liquid transfer and drug supply for spray dryers.  

Due to our previous observations, this study aimed at gaining deeper insights into the impact 

of peristaltic pumping on polyplexes both with respect to loss and composition.  

Data sets were recorded for three different tubing materials, which are regularly used in 

pharmaceutical and food industry: high- and low-quality silicone tubings as well as a 

thermoplastic elastomer. The effects of only pumping or pumping and spray drying were 

evaluated based on polyplex size, PDI and the quantitative composition of the final product. 

Also, different tubing pretreatments and the addition of PS20 surfactant were tested to 

evaluate their effects on polyplex quality and quantity. These findings are of interest for 

spray drying polyplexes but are also important for any process utilizing peristaltic pumping in 

the field of nucleic acid nanoformulations. 
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V.4.  Materials and Methods 

V.4.1. Materials 

Hyperbranched polyethyleneimine (PEI) (25 kDa) was obtained from BASF (Ludwigshafen, 

Germany). Bulk DNA sodium salt from salmon sperm (BP2514-250) (bDNA) and black 96 well 

plates (10307451) were purchased from Fisher Scientific (Schwerte, Germany). Heparin from 

porcine intestinal mucosa (H3393, >180 units/mg, grade I-A), picrylsulfonic acid (TNBS) 

(P2297), TRIS EDTA Buffer Solution 1x (93283) and polysorbate 20 (PS20) (P9416) were 

obtained from Sigma Aldrich (Munich, Germany), SYBR™ Gold dye from Life Technologies  

(Carlsbad, CA, U.S.A.), ethylene glycol from Grüssing (Filsum, Germany) and n-hexadecane 

from Merck (Darmstadt, Germany). Peroxide cured silicone tubings (inner diameter 2.0 mm,  

outer diameter of 4.0 mm) were bought from VWR International (228-0704, Germany), 

Pumpsil® tubing (inner diameter 1.6 mm) was a kind gift from Watson-Marlow 

(Rommerskirchen, Germany) and Santoprene® tubing (inner diameter 1.6 mm) was obtained 

from AET Lézaud (Wendel, Deutschland).  

 V.4.2. Polyplex Preparation 

5 ml of polyplexes containing 10 µg of bDNA were prepared at an N/P ratio of 10 as 

described in [127]. For polyplex preparation, 10 µg of bDNA and the respective amount of 

PEI (13.1 µg) were diluted to 500 µL with HPW, each, and mixed together by pipetting. After 

10 min incubation, polyplexes were further diluted with HPW to 5000 µL. After additional 

10 min incubation, 70 µL were used for DLS analysis. The remainder was pumped at  

1.2 ml/min and collected for further analysis. For experiments evaluating the effect of PS20 

on adsorption effects, polyplexes were prepared as described above in a 0.02% PS20 HPW 

solution. 
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V.4.3. Spray Drying and Pumping 

For spray drying experiments, polyplexes were prepared as described in 3.2 using 10% m/v 

trehalose instead of HPW. A B-290 spray dryer was used (Büchi Labortechnik, Essen, 

Germany) with a DeltaTherm-dehumidifier (DeltaTherm, Germany) at 1.2 ml/min feed rate 

(5% pump rate), equipped with a two-fluid nozzle at an airflow of 470 NL/h, aspirator preset 

to 70% and an inlet temperature of 65°C resulting in an outlet temperature of 40°C.  

Before drying the samples, the spray dryer was equilibrated for 20 min by feeding 

HPW.Samples were spray dried after pumping through the 60 cm silicone tubing using the 

built-in pump of the Büchi B-290 “PP60_SD”. Alternatively, 60 cm (“SP60_SD”) or very short 

2 cm (“SP2_SD”) silicone tubing pieces were connected to the spry dryer using a syringe 

pump (KDS-220-CE, KD Scientific, Holliston, MA, USA). Additionally, samples were pumped 

through the silicone tubing only, without spray drying (“PP60”). 

In another setup, Pumpsil® and Santoprene™ tubings were connected with a Masterflex L/S 

(7520-47), equipped with the Easy-Load II head module (77201-60, Cole-Parmer, Wertheim, 

Germany), because the thicker tubing did not fit the built-in pump. All Pumpsil® and 

Santoprene™ tubings had a length of 60 cm and were pre-rinsed with approximately 50 ml 

of 40°C HPW and air dried. One set of Silicon, Pumpsil® and Santoprene™ tubing was not 

pre-treated (NT), one was additionally autoclaved at 121°C for 15 minutes (AC) and one was 

additionally rinsed with RNase Zap before another HPW treatment. For the PS20 containing 

sample a not pre-treated set of tubings (NT-PS20) was used. All experiments were 

performed in triplicates. 

 V.4.4. Z-average, PDI and Zeta Potential Measurements 

For Z-average, PDI and zeta potential measurements, 70 µL of freshly prepared or pump 

stressed polyplexes were placed into a disposable cuvette (Brand, Wertheim, Germany) or 

700 µL of freshly prepared polyplexes into a folded capillary cell (DTS1070) and analyzed by a 

Zetasizer Nano ZS (Malvern Instruments, Malvern, U.K.) at 173° back scatter. Measurements 

were performed in triplicates with 15 sub-runs for size and PDI or up to 100 sub-runs for zeta 

potential.  
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V.4.5. bDNA Quantification 

Nucleic acid quantification was performed as described elsewhere [127]. In short, 90 µL of 

sample was diluted to 150 µL, and 75 µl of a 2.33 mg/ml heparin solution in TRIS-EDTA-

buffer was added. After 2h of incubation, samples were diluted 1:2 with HPW, 100 µL were 

pipetted into a black 96 well plate, 30 µL of a 4x SYBR gold solution was added an analysis 

was performed at 485 nm excitation of 520 nm emission with a FLUOstar® Omega 

microplate reader (BMG LABTECH, Ortenberg, Germany). Samples were analyzed in 

triplicates. To verify accuracy and precision of the analysis, an internal standard (iS) was 

prepared as described in V.5.1.  

 V.4.6. PEI Quantification 

For polymer quantification, a TNBS assay as described previously was used [127]. In short,  

9 standards ranging from 0 to 19.14 µg PEI/ ml were prepared. Of each sample, 100 µL were 

pipetted into a separate 0.5 ml vial. Subsequently, 30 µL of 0.088% (m/V) TNBS in  

0.1 M borax buffer were added. Samples were incubated for 1 h and absorbance was 

measured with a quartz cuvette in a UV-1600PC spectrophotometer (VWR International, 

Darmstadt, Germany) at 405 nm. Again, an internal standard was prepared for verification. 

Analysis was performed in triplicates for calibration points, samples and internal standard. 

For samples containing PEI and bDNA, a calibration line was prepared with the 

corresponding amount of bDNA added. 

V.4.7. Surface Potential Analysis 

The surface potential of the tubing materials was estimated according to Altenor et al. [134] 

Tubing pieces of 0.5 cm were hardened in liquid nitrogen and milled with a  

Pulverisette 14 classic line (Fritsch, Idar-Oberstein, Germany) equipped with a 0.5 mm sieve 

ring operated at 10 000 rpm. Subsequently, 500 mg powdered tubing was dispersed in 50 ml 

0.01 M NaCl, pH 5.8. After 24 h incubation, the pH value of each solution was measured 

using an Accumet AB-150 pH electrode (Fisher Scientific, Germany) and compared to the 

control buffer. 
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V.4.8. Surface Free Energy Determination 

To estimate polar and dispersive parts of the three tubing materials, surface free energy was 

determined using a Kruess Drop Shape Analyzer DSA25 (Kruess, Hamburg, Germany). 

Contact angles of 2 µl of water, ethylene glycol or n-hexadecane were measured on the 

outer tubing wall. After 20 s of equilibration time, three measurements were performed. The 

drop shape was fitted by the Ellipse (Tangent-1) method with manual baseline adjustment. 

Surface free energy was calculated via the Owens-Wendt-Rabel-Kaelble analysis with the 

ADVANCE software v1.1.0.2 (Table V.1). Analysis was performed in triplicates. 

 

 

 

 

Table V.1. Surface tensions and surface free energy components (mN/m) of the test liquids  

according to Ström et al. [135]  

 V.4.9. Data presentation, Graphics and Statistics 

For spray drying experiments, results are calculated according to V.4.4. and V.4.5. and 

presented in µg. For tubing material evaluation, results are presented as adsorption and 

calculated according to following formula: 

𝒂𝒅𝒔𝒐𝒓𝒑𝒕𝒊𝒐𝒏 =
𝒍𝒐𝒔𝒔 

𝒍∗𝝅∗𝒅
 (Eq. V.1.),  

Where loss is the difference between feed and calculated amount of bDNA or PEI according 

to 3.4 or 3.5 in mg, respectively, and l is the length and d the inner diameter of the tubing in 

m. 

If not stated differently, data were processed by Graph Pad Prism5 software (Graph Pad 

Software, San Diego, CA, USA), presented as mean ± standard deviation and analyzed for 

statistical difference by One-Way ANOVA or Two-Way ANOVA with Bonferroni post-test 

p<0.05. 
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V.5.  Results and Discussion 

Upon spray-drying of polyplexes substantial material loss has been observed independent of 

the reduction in yield due to losses in the spray-dryer. We found up to 40% less DNA and 

25% less PEI in the solid content for bDNA / PEI polyplexes spray dried with 10% trehalose 

[127]. To identify the root cause of the component loss, a 10% m/v trehalose solution 

containing polyplexes at N/P 10 was spray dried with the feed provided either via a syringe 

or a peristaltic pump using silicone tubing. In line with our previous work, spray drying with 

the peristaltic pump using a 60 cm tubing (PP60_SD) resulted in losses of approx. 33% bDNA 

and 28.0% PEI (Figure V.1.). Exchanging the peristaltic pump for a syringe pump (SP60_SD) to 

reduce shear forces did not significantly affect bDNA or PEI losses. Hence the kind of pump 

and shear forces seem to play only a minor role. Interestingly, spray drying with a much 

shorter tubing of only 2 cm (SP2_SD) resulted in 21.7% loss of PEI and no loss of bDNA. This 

difference between PEI and bDNA loss may be explained by the fact that polyplexes at an 

N/P ratio of 10 contain free unbound polymer. [103] This free PEI may be lost but not the 

intact polyplexes as indicated by an unchanged amount of nucleic acid. One pump cycle with 

a 60 cm long silicone tubing without spray drying (PP60) resulted in a bDNA loss (23.8%) 

similar to the one detected after spray-drying utilizing the same length of tubing 

independent of the type of pump. These findings highlight the effect of the tubing material 

on the bDNA content by adsorption rather than by spray drying or pumping. The bDNA loss 

within the 60 cm silicone tubing can be interpreted as adsorption of 1.25 ± 0.18 mg/m². 

Thus, the total loss is related to the tubing and depends on material, length and diameter. 
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Spray drying however, evolved into the main reason for changes in the PEI content as spray 

dried samples (SP2_SD, SP60_SD, PP60_SD) showed PEI losses between 22 and 38% whereas 

the non-spray dried formulation (PP60) showed no change in PEI content (Figure V.1.B.). 

 To further elucidate the effect of adsorption to the tubing material, in addition to silicone 

tubing a high-quality low abrasion tubing (Pumpsil®) and a tubing consisting of thermoplastic 

vulcanizates (Santoprene™) were used for single pump cycles of polyplexes with a peristaltic 

pump without consecutive spray drying. Santoprene™ is a material which consists of an 

ethylene propylene diene monomer rubber embedded in a polypropylene matrix and is 

highly hydrophobic. Pumpsil® and Silicon tubings consist of methylated silicon oxide chains 

and might show slightly less hydrophobic properties. Furthermore, different pretreatment 

washing regimes were tested to investigate a potential effect of contaminants such as 

DNase. In addition, formulations containing PS20 as surfactant to reduce adsorption effects 

were evaluated. [136, 137]Adsorption of PEI and bDNA to silicone tubing did not change 

with pretreatment. Thus, contaminations from the tubing manufacturing and handling do 

not play a significant role in the observed losses of the polyplex components. PEI and bDNA 

adsorption could not be eliminated by addition of 0.02% PS20 to the formulation 

independent of the tubing material (Figure V.2.). PS20 can prevent adsorption events in the 
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biopharmaceutical field [138] But it can interact with the polyplexes and destabilize them as 

indicated by the higher standard deviations of z-average and pdi of the polyplexes in 

presence of PS20 (Figure V.3.). Less tightly packed polyplex offer a greater possibility for 

single constituting molecules to interact with the tubing material and could enhance 

adsorption effects. 

 The tubing material had a marked effect on component loss. No adsorption of bDNA was 

detected on untreated Pumpsil® whereas Santoprene™ and silicone tubings showed 

significant adsorption. This is surprising as Pumpsil® and silicone consist both of methylated 

silicon-oxide groups, but Santoprene™ is made of monomer rubber in a polypropylene 

matrix. Hence, differences were expected between the different chemical materials and not 

within one chemical material group, here the methylated silicon oxide chains. In contrast to 

bDNA adsorption, PEI adsorption was independent of the tubing material.  

To better understand the adsorption of the polyplex components to the tubing surface and 

shed a light on the discrepancy between both methylated silicon oxide materials, we 

characterized surface charge and surface free energy of the tubing materials. Surface free 

energy can indicate the potential for hydrophobic (mostly van der Waals) and hydrophilic 

(hydrogen bonds and ionic) interactions. This is of special interest as the PEI-bDNA 

polyplexes own a positive surface charge of +33.6 ± 3.7 mV and might be therefore prone to 

ionic interaction. All three tubing materials showed similar surface properties: low surface 

energy of approximately 20 mN/m with high dispersive and hardly any polar contribution 

(Figure V.4.A.). The values are in line with published data. Silicone and Pumpsil®, mainly 

consist of a structure based on poly(dimethylsiloxane) where the Si-O linkages seem to be 

shielded sufficiently by the methyl groups, resulting in an overall surface tension of  

22.8 mN/m with polar components of 1.1 mN/m. [139, 140] Santoprene™ is a thermoplastic 

vulcanizate and consists of ethylene propylene diene monomer rubber particles embedded 

in polypropylene matrix absent of any polar groups. Literature claims an overall surface 

tension of 29 mN/m for the polypropylene matrix which is slightly higher than the values 

determined here (22.2 ± 3.22 mN/m). [141]  
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For surface charge determination the materials were shredded and incubated in buffer at 

the pH of the polyplex solution. [134] Pumpsil® did not show a shift of pH suggesting a net 

neutral surface charge (Figure V.4.B.). The regular quality silicone tubing, however, showed a 

slight decrease in pH indicating a positively charged surface, whereas Santoprene™ showed 

the opposite characteristics. Unfortunately, exact surface charge values cannot be obtained 

by this approach. The obtained relative estimations are in good agreement with literature 

values for the isoelectric points for silicone tubing or Santoprene™ like materials of around 

5.2 and 3.5, respectively. [138] Thus, Pumpsil® will less likely interact via ionic interactions 

whereas Silicone is likely to interact with negatively charged molecules such as nucleic acids 

and Santoprene™ with positively charged molecules such as the positively charged polymer 

on its own or the whole polyplex with its positive surface charge. Linking the observation 

from material characterization to the adsorbed amounts no clear hypothesis was set up for 

the adsorption of bDNA, PEI and polyplex. But an interplay between mainly hydrophobic 

interactions and also contribution of electrostatic interactions is expected. Pumpsil® showed 

no significant difference in the composition of the dispersive and polar components 

compared to Santoprene™ and silicone tubing. But only Pumpsil® owns a neutral surface 

charge and shows no significant adsorption of bDNA after a single pump cycle. This leads to 

the assumption that both, electrostatic and hydrophobic interactions are required for 

adsorption of bDNA. In fact, literature claims hydrophobic as well as electrostatic 

interactions as main factors for adsorption of free and complexed DNA. It is known that DNA 

can adsorb nonspecifically to hydrophobic surfaces by contribution of electrostatic forces 

depending on surface charge density and hydrophobic interactions. [142-144]  
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Especially in these low ionic strength formulations, electrostatic interactions dominate the 

hydrophobic ones for DNA adsorption. [143] Although DNA owns negative charges due to 

phosphate groups it also owns hydrophobic regions provided by its nitrogenous bases which 

can interact with the hydrophobic surface. [145] It was shown, that the complexation of DNA 

with cationic agents leads to irreversible compaction on hydrophobic surfaces and in fact 

leads to even increased DNA adsorption of positively charge particles in comparison to free, 

negatively charged DNA. [146, 147] Upon pumping, attraction between polyplexes and the 

tubing material could lead to a reversible attachment of the whole polyplex on the surface. 

In case of such events, hydrophobic forces could drive a release of bDNA out of polyplexes 

and result in adsorption. Bengali et al. and Segura et al. presented that the adsorption of 

polyplexes for surface-mediated delivery of DNA showed higher immobilization of 

polyplexes on hydrophobic surfaces and a reduced DNA release compared to the hydrophilic 

analog. Release rate reduction was due to irreversible binding and aggregation of DNA 

complexes while hydrophilic surfaces showed rather reversible binding mechanisms. [148, 

149] 

V.6.  Conclusion 

This study showed that losses during spray drying of polyplexes have to be interpreted in the 

light of pumping. The drying process itself appears to lead to PEI loss, without losses of DNA.  

A DNA loss is based upon adsorption effects and depends on material and length of the 

tubing utilized to feed the liquid to the nozzle. Furthermore, we state that there is no 

difference between peristaltic and syringe pumps concerning the quality and quantity of 

polyplexes obtained after pumping despite their different pumping mechanisms.  

The addition of surfactants, here PS20, does not improve the performance but accounts for 

destabilization leading to increased adsorption effects. In the scope of this study, it was not 

possible to clearly identify the driving mechanism for adsorption as no distinct differences in 

surface characteristics were found for both silicone tubings despite differences in adsorbed 

mass. However, neutral surface charge seems to be favorable as no adsorption of DNA was 

observed on neutrally charged Pumpsil® but on positively and negatively charged Silicon and 

Santoprene, respectively. We showed adsorption effects for N/P 10 PEI-DNA polyplexes but 

the phenomenon observed is expected to also apply to other polyplex systems containing 

DNA or RNA. Depending on N/P ratio, polymer or lipid component, hydrophobicity and 



56 

surface charge, adsorption effects may vary quantitatively and need to be investigated for 

each system individually. Determining the amount of both the nucleic acid component and 

the carrier entities is crucial for product quality. Overall this study highlights that tubings 

strongly affect product recovery. Therefore, it is recommended to keep the contact area to 

polymeric tubing materials during production of nucleic acid delivery systems as little as 

possible for minimum product loss and quality assurance. 
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VI TH2-Cell Targeted Pulmonary siRNA Delivery for the Treatment of Asthma 

VI.1 Abstract  

Despite the large number of drugs available for the treatment of asthma, in 5-10% of the 

patients this disease is not well controlled. While most treatments palliate symptoms, those 

suffering from severe and uncontrolled asthma could benefit more from a therapeutic 

approach addressing the root problem. An siRNA-based therapy targeting the transcription 

factor GATA3 in activated T helper cells subtype 2 (TH2 cells), one of the key upstream factors 

involved in asthma, could therefore represent a promising strategy. However, the  

difficult-to-transfect cell type has not extensively been explored for nucleic acid therapeutics. 

In this regard, our group first identified a suitable pathway, i.e. transferrin receptor mediated 

uptake, to target efficiently and specifically activated TH2 cells with a transferrin-

polyethyleneimine (PEI) conjugate which forms polyplexes with siRNA. This system,  

despite efficient uptake in activated T cells in vivo, suffered from poor endosomal release 

and was later improved by a combination with a melittin-PEI conjugate. The new formulation 

showed improved endosomal escape and gene silencing efficacy. Additionally, in order to 

develop a clinically relevant dosage form for pulmonary delivery of siRNA we have lately 

focused on a dry powder formulation by spray drying for the production of inhalable nano-in-

microparticles. In proof-of-concept experiments, DNA/PEI polyplexes were used in order to 

implement analytics and engineer process parameters to pave the way for spray drying also 

Chapter VI)  

TH2-cell Targeted Pulmonary siRNA Delivery 

for the Treatment of Asthma  
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siRNA containing polyplexes and more sophisticated systems in general. Ultimately, our 

efforts are devoted to the development of a novel treatment of asthma that can be 

translated from bench to bedside and are reviewed and discussed here in the context of the 

current literature.  

VI.2. Graphical/Visual Abstract and Caption 

 

Polyplexes made from siRNA complexed with Tf-PEI and Mel-PEI are shown to be specifically 

taken up by activated T cells facilitating endosomal release necessary for efficient gene 

silencing. By spray drying, dry powders are obtained for pulmonary delivery as therapeutic 

option in the treatment of asthma.  
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VI.3. Introduction 

Amongst chronic inflammatory diseases of the airway, asthma is still considered a great 

medical and socioeconomic burden under which nearly 340 million people suffer worldwide 

[150]. The disease hallmarks, besides persistent lung inflammation, are shortness of breath, 

mucus hypersecretion, broncho obstruction with enhanced reactivity to spasmogens (airway 

hyperactivity) and airway remodeling [150-153]. The current asthma treatment algorithm is 

based on bronchodilating and anti-inflammatory agents (inhaled and/or systemic 

glucocorticoids) targeting symptoms only. However, in a small subset of patients these 

symptoms cannot be controlled even with high doses of the recommended drugs [154]. 

The origin of these symptoms, amongst others is the activation, infiltration and 

accumulation of T cells positive for the cluster of differentiation 4, also known as  

T helper cells (TH2 cells), of subtype 2 (CD4+TH2 cells) into major airways and mucosa of 

small airways, and the subsequent release of proinflammatory cytokines (IL-4, IL-5, IL-9 and 

IL-13) [151-153, 155]. After it was found that the release of these interleukins is triggered by 

an upregulation of the GATA-binding protein 3 (GATA3) in TH2 cells upon activation [156], 

GATA3, a transcription factor regulating T cell differentiation into TH2 cells, emerged as a 

powerful therapeutic target [157]. Considering that the effect of silencing only single 

cytokines can be overcompensated by others [158], therapeutic downregulation of GATA3, 

preventing downstream release of all TH2 cytokines and concomitant symptoms in parallel 

holds great promise.  

A powerful tool for post-transcriptional gene silencing is RNA interference (RNAi):  

Fire and Mello who earned the Nobel Prize, discovered a nuclease complex known as RNA 

induced silencing complex (RISC) which recognizes and destroys target mRNAs.  

The target is specifically identified by small interfering RNAs (siRNA) which are RNA strands 

of 21-25 base pairs with base-complementarity to the target mRNA. Upon pairing of the 

activated RISC with single-stranded siRNA and the complementary mRNA site, cleavage of 

mRNA is initiated and the translation of the protein alongside the degraded mRNA is 

prevented [30]. Accordingly, targeting mRNA coding for GATA3 with siRNA could enable 

post-transcriptional gene silencing of the transcription factor which is overexpressed in 

activated TH2 cells. Subsequently, downregulating the overexpressed level towards a more 

physiologic one could therapeutically be exploited towards a new asthma treatment without 
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general immunosuppressive side effects. Delivering siRNA exogenously into activated TH2 

cells, however, is not a simple task.  

Considering the macromolecular nature of siRNAs which are highly negatively charged and 

the lack of nucleic acid specific active transporters on cell membranes in combination with 

ubiquitously present nucleases which quickly degrade siRNA in the body, intracellular siRNA 

delivery requires formulation of the latter. Compared to viral vectors, non-viral vectors are 

more advantageous regarding safety, manufacturability and immunogenicity [125]. 

Positively charged polymers are one class of non-viral vectors where polyethyleneimine (PEI) 

and its derivatives are the most studied representatives. These polymers form so called 

polyplexes on the nano-scale by electrostatic interaction with siRNA protecting it on the one 

hand from nucleases and enabling internalization and release into cells on the other [159].  

However, in case of intracellular delivery into T cells, additional barriers, such as endosomal 

release, need to be considered  [160]. 

In addition to avoiding nucleases which are present in high concentrations in blood but in 

very low concentrations in lung lining fluids, pulmonary administration of nucleic acids also 

avoids the rapid distribution within the body upon systemic delivery which comes with 

possible side effects [67]. Local pulmonary delivery can be achieved by inhaling particles 

(liquid or solid) of an aerodynamic size between 1 and 5 µm. Greater particles are deposited 

in the throat and upper airways unable to reach the area of interest. Smaller particles can 

undergo insufficient sedimentation and are exhaled. For optimal lung deposition, dry 

powder formulations are favored for siRNA delivery despite more complex formulation and 

preparation as compared with aerosolization [89]. The advantages can be easily explained by 

increased physical and chemical stability and the resulting prolonged shelf life due to the 

absence of water and nucleases [161]. Typical procedures to produce inhalable powders are 

spray drying or a combination of spray drying and lyophilization – spray freeze drying – of 

drug only or drug-excipient combinations [77]. For the latter, solutions or suspensions are 

sprayed into liquid nitrogen resulting in frozen particles which are lyophilized afterwards to 

remove residual water. However, this process requires high energy and time consumption 

due to long lyophilization cycles. A more straight forward process is spray drying where 

droplets are generated and dried by hot air [96]. This technique leads to microparticles 

where polyplexes or other nanoparticles are embedded in an excipient matrix resulting in 
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nano-in-microparticles which ideally resuspend into nanoparticles upon impaction on lung 

fluid.  

This Focus Article highlights our previous and ongoing research regarding polyplexes 

designed for pulmonary delivery for the treatment of lung diseases in general, and of asthma 

specifically in the context of the current literature. 

VI.4. TH2-cell targeting  

In the pathogenesis of asthma, TH2 cells play a central role in orchestrating the allergic 

reaction. Upon activation and concomitant upregulation of GATA3, TH2 cells secrete IL-4,  

IL-5, IL-9, IL-13 and tumor necrosis factor alpha (TNF) [162, 163]. As shown in Figure VI.1., 

these cytokines stimulate different cell types resulting in further downstream effects and 

symptoms known for asthma. Although symptoms were shown to be reduced by  

i.v. application of antibodies against single interleukins in mice, their use is limited due to 

whole body distribution after systemic administration resulting in various side effects [164] 

and due to lack of compliance if administered clinically. 

Rather than blocking or downregulating single cytokines, post-transcriptional interference 

with GATA3 expression has been reported to be a promising approach using intratracheal 

instillation with a bolus of GATA-3 shRNA lentiviral vector [165] or intranasal treatment with 

GATA-3 DNazyme [166]. In those experiments, however, the therapeutic nucleic acids were 

administered as unstable, free DNA and were not specifically targeted towards TH2 cells.  

The downregulation of GATA3 in activated TH2 cells via pulmonary administration is 

therefore preferred as the secretion of TH2 cytokines is ideally only downregulated in the 

activated T cells in the lung, preventing side effects of general immune suppression. 

However, the transfection of T cells is challenging since they do not express caveolin and are 

devoid of caveolae, preventing them from active endocytosis of nanoparticles.  

Primary T cells are thus known to be resistant to common non-viral delivery vectors [167].   
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Figure VI.1. T helper-2 (TH2) cells in asthma pathogenesis. Inhaled allergens are thought to be 

processed by two mechanisms in asthmatic airways. Allergens either: (1) activate mast cells through 

cross-linking with IgE on their cell surfaces through the high-affinity type 1 IgE receptor (FcɛR1) to 

release mediators that induce bronchoconstriction, such as histamine, cysteinyl leukotrienes, and 

prostaglandin D2 (PGD2) or (2) are processed by dendritic cells, which are induced to secrete the CC 

chemokine ligand (CCL) 17 and CCL22 by thymic stromal lymphopoietin (TSLP). Dendritic cells then 

attract and activate TH2cells by the binding of CCL17 and CCL22 with CC chemokine receptor 4 (CCR4) 

on the TH2 cell surface. IL-33 is produced by airway epithelial cells and activates dendritic cells and 

TH2 by inducing the release of tumor necrosis factor-alpha from mast cells. TH2 secretes cytokines, 

including IL-4 and IL-13, which switch B cells to produce IgE, IL-5, which promotes the development 

and survival of eosinophils, and IL-9, which activates mast cells. Once IL-13 is produced, it can 

increase the survival and migration of eosinophils, and it promotes activation of macrophages to 

create an M2, or an allergic cell phenotype. Airway epithelial cells are stimulated, and through 

mediators such as periostin and transforming growth factor β1 (TGF-β1), they can increase airway 

inflammation and lead to the increased permeability of airway epithelial cells and mucous 

hypersecretion. IL-13 also has direct effects on airway smooth muscle, leading to increased 

contraction to agonists such as acetylcholine and decreased relaxation with beta-agonists. 

Reproduced with permission from Thomson, Patel & Smith [168], Copyright 2012 Dove Medical Press 

Ltd. 

Since viruses efficiently transduce T cells, we sought to find a virus-like tool to target 

activated TH2 cells specifically and efficiently in a receptor-mediated manner. While in the 

1980s, an overexpression of transferrin receptor (CD71) in activated T cells was found 

whereas naïve T cells lacked the expression of CD71 [169, 170], this finding had so far not 

been exploited for nucleic acid delivery to T cells. This idea was picked up by our group in the 

early 2010s. First experiments were conducted to confirm differential receptor expression in 
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naïve vs. activated T cells and to test whether receptor mediated uptake was possible ex vivo 

in primary T cells exploiting transferrin (Tf) as a targeting ligand [171]. Therefore, in proof-of-

concept experiments, low molecular weight (LMW) PEI was conjugated to Tf (Tf-PEI) and 

complexed with fluorescently labelled siRNA into polyplexes at different ratios. These 

formulations were initially only tested regarding intracellular delivery in primary T cells ex 

vivo. As seen in Figure VI.2.a., Tf-PEI polyplexes were significantly more efficiently taken up 

by activated T cells (ATCs) compared to blank, compared to unmodified PEI and even 

compared to the positive lipofectamine control. Also, no efficient uptake was observed in 

naïve T cells for either formulation (Figure VI.2.b.), which was expected based on the lack of 

caveolae in T cells [167]. The activation dependent expression of CD71 in both activated and 

naïve primary T cells was confirmed by anti-CD71 antibody binding assays (see Figure VI.2. 

insets). These results confirmed our hypothesis that specific targeting of activated T cells via 

transferrin is possible and further research was conducted. 

While successful targeting of T cells was also shown by Ramishetti et al. after systemic 

administration of lipid nanoparticles which were surface functionalized with an CD4+ 

antibody [172], no differentiation between resting and activated T cells was made as the 

intention was to target and downregulate T cell specific genes systemically. In contrast, CD71 

targeting results in the benefit of addressing only activated T cells which are strongly 

involved in asthma. 

To test specificity of Tf-PEI polyplexes toward activated T cells in the complex environment 

of the lung, an in vivo biodistribution study was performed in a murine asthma model in 

comparison to healthy control groups: Mice were intratracheally administrated on four 

consecutive days with Tf-PEI or PEI polyplexes. After euthanizing animals, bronchoalveolar 

lavage (BAL) cells were collected to investigate the distribution of siRNA in different cells 

types (macrophages, eosinophils, type II pneumocytes, B and T cells).  We observed a 

specific uptake in T cells in comparison to the other investigated cell types.  
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Figure VI.2. Specific Uptake of 
siRNA in activated T cells with a 
Tf-PEI conjugate. Uptake of 
Alexa488-labaled siRNA a) at 
different N/P ratios into fully 
activated T cells with high TfR 
expression (inset 2a), and b) 
lack of uptake into T cells with 
low TfR expression (inset 2b). 
The expression of Tf in T cells 
was confirmed by anti-CD71 
antibody binding assay. The 
siRNA taken up into T cells was 
analyzed by flow cytometry. 
Lipofectamine was used as a 
positive control. Reproduced 
with permission from [171]. 
Copyright 2013 Elsevier B.V. 

 

 

 

 

In line with the previous ex vivo study, the uptake in TH2 cells was also significantly higher in 

asthmatic than in healthy mice [85]. In healthy animals, only macrophages took up siRNA 

independent of the formulation, and non-targeted PEI mediated uptake in type II epithelial 

cells and macrophages in both inflamed and healthy animals. However it has been described 

that macrophages do not express GATA3 [173], which leads us to hypothesize a lack of 

severe side effects due to nanoparticle delivery to macrophages. Type II pneumocytes, 

owever, do express GATA3 and are involved in TH2 cytokine production. Therefore,  

non-specific delivery to lung epithelial cells is expected to have a positive, anti-inflammatory 

effect. Since GATA3 does however have a protective effect, for example in mammary luminal 

cells [174], we will investigate biodistribution of siRNA after pulmonary delivery to assess 

potential risks and side effects of the treatment. 
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VI.5. Optimization of Endosomal Release: Tf-Mel-PEI 

After confirming effective targeting and uptake of Tf-PEI polyplexes in TH2 cells in the lung, 

their therapeutic efficacy was tested in vivo by evaluating the knockdown of GATA3 and 

subsequent downstream effects. Despite significantly higher gene silencing rates of Tf-PEI 

compared to PEI ex vivo in primary TH2 cells [85], a single treatment with Tf-PEI polyplexes 

did not result in significant gene silencing of GATA3 in lung tissue or of IL13 in pulmonary  

T cells, as determined by qRT-PCR and intracellular cytokine staining, respectively [175].  

The reason for the lack of significant gene silencing was hypothesized to depend on the 

single administration and/or on insufficient endosomal escape of the nanocarrier after 

endocytosis.  

Endosomal escape represents a crucial factor and is considered the rate-limiting step in 

cytoplasmatic delivery of nanoparticle-based therapies. In fact, a failure of escape would 

result in a probable degradation of the cargo in the lysosome which merges with the late 

endosome, leading to a loss of therapeutic activity [176]. Several strategies have been 

proposed to overcome this problem, such as including positively charged or pH-sensitive 

moieties able to disrupt the endosomal membrane [177]. In this respect, it is to be noted 

that endosomal acidification, leading to the so-called proton sponge effect and osmotic 

rupture of polyamine-loaded endosomes, is slower and less robust in T cells as compared to 

epithelial cell lines [178]. In this view, the use of melittin, a pore-forming peptide, was 

hypothesized to yield more efficient endosomal escape. Melittin is a peptide derived from 

bee venom and consisting of 26 amino acids that has an inherent capacity to disrupt cell 

membranes also at acidic pH. Moreover, this peptide was shown to be effective as a delivery 

system for siRNA itself, being able to reach significant transfection efficiencies [179]. 

Additionally, a virus-inspired polymer for efficient in vitro and in vivo gene delivery, called 

VIPER [180], containing melittin, had been shown to efficiently mediate gene silencing in the 

lung of healthy mice and had been tolerated very well after pulmonary delivery [181].  

Based on these observations, we decided to include melittin in our Tf-PEI conjugate to 

improve the endosomal escape. However, melittin was modified by 2,3-Dimethyl-maleic 

anhydride (DMMAn) to reduce side effects by directing its activity to acidic pH and hence to 

the endosomal membrane only. Thus, general membrane activity was reduced, and this 

melittin derivative was conjugated to PEI and blended with different ratios of Tf-PEI.  
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As a result, we obtained a delivery system which retained its selectivity toward activated  

T cells due to the presence of transferrin at improved endosmolytic activity [182]. The new 

blend composed of Tf-PEI and Mel-PEI (Tf-Mel-PEI, 50:50) displayed optimal characterization 

parameters, showing particle sizes below 200 nm, low polydispersity indices and stability in 

lung lining fluids. In line with the results obtained with the Tf-PEI conjugate,  

we achieved significant cellular uptake results in both Jurkat and human primary activated  

T cells in comparison to both free siRNA and siRNA/lipofectamine. Moreover,  

after determining binding kinetics of the different formulations with CD71 using Surface 

Plasmon Resonance technique, we observed that Tf-Mel-PEI stably bound the transferrin 

receptor and also showed superior affinity over Tf-PEI [182]. 

Figure VI.3. A) Acridine orange staining of untreated A549 cells (A1) and of A549 cells after 

incubation of polyplexes with Chloroquine (A2), PEI (A3), Tf-PEI (A4), Mel-PEI (A5) and Tf-

Mel-PEI (A6).  B) GAPDH knockdown in Jurkat cells (B1) and human primary activated T cells 

(B2) after treatment with GAPDH-siRNA or scrambled siRNA as negative control. Data points 

indicate mean ±SD, n = 3; One-way ANOVA, *P<0.05, **P < 0.01, *** P < 0.001. Reproduced 

with permission from [32]. Copyright 2019 Wiley.   
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In the next step, the effect of melittin on the endosomal membrane was investigated via 

acridine orange staining of living cells. This technique is based on a differential fluorescence 

emission of the cell-permeable nucleic acid binding dye which emits red light if trapped in 

the endosome and green light if located within cytoplasmic pH. As shown in Figure VI.3.A., 

chloroquine, as positive control for successful endosomal release, as well as transfection 

with melittin-containing conjugates resulted in efficient endosomal escape, reflected in a 

color change of the dye from red to green. Positive and negative controls in  

fluorescence-based assays with chloroquine treatment are especially important as 

chloroquine is a mild base used to neutralize endosomal and lysosomal pH, and pH 

dependent dyes used to visualize these compartments can potentially render a negative 

result in the presence of this drug. After transfection with the Tf-PEI conjugate, only few 

green dots were detected while in PEI transfected cells, only red dye was found, supporting 

the findings by Olden et al. describing a lack of endosomal acidification in T cells [160] 

resulting in endosomal entrapment of PEI. Regarding endosomal escape, Tf-Mel-PEI clearly 

showed superior characteristics over the previously used Tf-PEI formulations [182]. 

To determine whether the effect of improved endosomal escape was also reflected on 

higher mRNA downregulation, the knockdown of GAPDH was evaluated via qRT-PCR  

(Figure VI.3B.). Indeed, in human primary activated T cells the Tf-Mel-PEI blend achieved 

higher gene silencing levels than Tf-PEI with 76% gene knockdown compared to 43%, 

respectively [182]. Most importantly, however, the increased endosomal escape was not 

paralleled by increased cytotoxicity or membrane destabilization [182]. 

Our published efforts so far describe a formulation of Tf-Mel-PEI polyplexes with optimal 

particle characteristics able to selectively target activated T cells and improved endosomal 

escape and gene silencing efficacy. Tf-Mel-PEI was therefore considered a suitable tool for 

follow up in vivo studies concerning in vivo specificity for activated T cells, biodistribution 

and therapeutic gene silencing efficiencies in a murine asthma model. Despite the fact that 

LMW-PEI and its Tf-PEI conjugate have been tolerated well in healthy and asthmatic mice 

[85], we are currently developing oligospermine derivatives to replace the PEI block in our 

approach [95]. It is expected that in the inflamed lung, even Tf-shielded LMW-PEI is not well 

tolerated, especially intracellularly where the disulfide bond between Tf and PEI will be 

reduced. Therefore, non-biodegradable PEI is not a promising approach for the treatment of 
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a chronic disease, and biodegradable alternatives are currently developed by us and others. 

By mimicking PEI with a polyamine that endogenously acts as nucleic acid condenser,  

we believe that similar condensation efficacy of siRNA will be obtained at reduced toxicity 

and immunogenicity but at increased biodegradability [95]. In parallel, inhalable dry powder 

formulations are being developed to pave the way for translation from bench to bed side. 

VI.6. Pulmonary delivery of nucleic acids 

Therapeutic approaches of delivering nucleic acids to the lung via inhalation benefit from 

direct accessibility and the ease of its administration route. However, several barriers, such 

as the architecture of the lung, the presence of mucus and surfactant, mucociliary clearance 

and phagocytosis by cells of the immune system, need to be overcome in the lung for 

successful delivery of nucleic acids to their target cells and sites of action [91, 183].  

After carefully optimizing our formulations for gene silencing in T cells over the past years, 

we are currently assessing their efficacy in 3D cell culture models [184] and in mucus 

mobility assays based on Fluorescence Correlation Spectroscopy (FCS) [185].  

Current clinical trials for inhalable gene-based therapies have been focused mainly on the 

use of viral and liposome-based vectors, such as in the case of cystic fibrosis, to deliver cDNA 

for the CFTR gene [186, 187]. However, the results obtained were not as good as expected in 

terms of transfection efficiency. The study and the development of new formulation 

strategies for inhalable gene therapies is therefore of paramount importance. 
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VI.7. Dry powder formulation 

Spray drying (SD) is the most straight forward technique to produce inhalable particles. 

Although several groups have applied SD to obtain dry powder formulations of their nucleic 

acid formulations, analytics for characterizing nanoparticles before and after spray drying 

have been very scarce. However, an understanding of changes between freshly prepared 

and redispersed nanoparticles is needed to fully understand effects of tubing material, pump 

stress, shear forces and heat stress which are applied to the particles during  

production [96, 188]. Loss of nucleic acid and or polymer could ultimately lead to decreased 

in vitro and in vivo performance. Hence, we successfully developed and set up protocols for 

nucleic acid as well as amine based polymer quantification to easily quantify the 

components of dried formulations and redispersed suspensions [189]. Additionally, the 

effect of mannitol and trehalose on the redispersability of polyplexes consisting of 25k PEI 

and bulk DNA (bDNA) after SD was investigated. Both materials were chosen as they are 

generally recognized as safe (GRAS) substances, known for their lyo-and desicco-protection 

and commonly applied in SD [53]. We found that a distinct concentration of excipient was 

needed to preserve PEI-bDNA polyplex size and particle distribution, independent of the 

excipient’s nature. Initial changes in zeta potentials of the formulations after SD and 

redispersion could also be eliminated. Furthermore, it was confirmed by cascade impaction 

analysis that particles were prepared with an aerodynamic diameter between 1 and 5 µm, 

which is a conducive size range for pulmonary administration. SEM revealed round smooth 

microparticles for mannitol-based formulations and also round but partly fused trehalose 

based microparticles. These findings were explained by the state of mannitol and trehalose 

via x-ray powder diffraction and differential scanning calorimetry revealing that mannitol 

crystallized upon spray drying while trehalose formulations dried without forming a 

crystalline but an amorphous state. This most probably led to the high residual moisture 

content of 3.2% of trehalose formulations compared to 0.4% of mannitol formulations and 

hence the fusion of trehalose microparticles. However, crystallinity and water content did 

not affect aerodynamic properties on short term. After establishing and ultimately applying 

the new set of analytical methods to SD powders, important changes to the initial 

formulations were detected: trehalose formulations showed ~32% nucleic acid loss at low  

N/P ratios reaching a plateau of ~20% at higher N/P ratios of the polymer/nucleic acid 

polyplexes, suggesting a stabilizing effect of excess polymer (Figure VI.4.A.).  



70 

Considering the measured polymer loss of the different formulations after SD (Figure 

VI.4.B.), N/P ratios of the redispersed formulations overall increased (Figure VI.4.C.). It was 

therefore hypothesized that the N/P increase at least partially explained the improved 

uptake and transfection efficiency of redispersed formulations in vitro compared to their 

freshly prepared counterparts with and without excipient as control (Figure VI.4.D. and 

VI.4.E.) [189].   

Even if both DNA and RNA are nucleic acids, we have more than once shown that circular 

plasmid DNA, for example, behaves very differently from rigid, short double-stranded siRNA 

when condensed with cationic polymers [104]. Therefore, our current research on dry 

powder formulations focuses on the preparation of polyplexes consisting of siRNA and 

different PEI based delivery vectors with the goal of developing a platform technology for 

inhalable nucleic acid formulations. 

 

Figure VI.4. Polymer and nucleic acid quantification. Quantification of A) bulk DNA and B) PEI 
in the 10% trehalose nano in microparticle formulations following spray drying; C) 
Comparing the redispersed N/P ratio with the initial N/P ratio of the PEI polyplexes loaded 
with bulk DNA; D) Uptake and E) Transfection efficiency of redispersed nano in microparticle 
formulations in A549 cells. Median fluorescence intensity (MFI) was determined by flow 
cytometry to evaluate efficiency of D) fluorescently labeled bDNA or E) pEGFP in a human 
non-small cell lung carcinoma cell line (A549) of fresh or redispersed polyplexes from 10% 
trehalose NEM formulations at N/P ratios of 6, 8 and 10 with D) 0.5µg of bDNA or E) 0.75 µg 
of GFP plasmid in comparison to freshly prepared formulations in presence of trehalose. 
Blank samples consisted of A549 cells treated with 5% glucose only. Data points indicate 
mean ± SD (n=3). Two-way ANOVA, Bonferroni post-test, *P<0.05, **P < 0.01, *** P < 0.001, 
ns = non-significant. Reproduced with permission from [127].  Copyright 2019 Elsevier B.V. 
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VI.8. Conclusion 

siRNA-based therapies offer the chance to potentially target any single mRNA specifically 

and efficiently and mediate its downregulation. In the treatment of asthma, this technique 

could be exploited to target GATA3 in activated TH2 cells, one of the main factors involved in 

the pathogenesis of asthma. Almost 10 years ago, our group started a journey aimed to find 

a suitable delivery system able to downregulate GATA3 and to produce a final spray dried 

powder formulation to be administered to patients via inhalation. After identifying 

transferrin as a targeting ligand for activated T cells, we developed the Tf-PEI conjugate, a 

delivery system that displayed high cellular selectivity and intracellular uptake with high 

transfection efficiencies ex vivo. Due to insufficient in vivo gene silencing, however,  

this formulation was then improved in terms of endosomal escape by blending it with the 

Mel-PEI conjugate. The new formulation showed optimal particle characteristics and ex vivo 

parameters. In parallel, we have also focused on the development of a dry powder 

formulation, an essential step to produce a final formulation that could be transferred from 

bench to bedside. We successfully produced nano-in-micro particles with ideal 

characteristics while retaining high transfection efficacies after redispersion.  

Current research is therefore focusing on the in vivo testing of Tf-Mel-PEI in a murine asthma 

model and the dry powder formulation of siRNA based polyplexes. Ultimately, both research 

fields will be combined and hopefully result in a new therapy for the treatment of severe, 

uncontrolled asthma. 
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VII  Successful Spray Drying of siRNA 

VII.1.  Abstract 

Delivery of small interfering RNA can be achieved via viral vectors, lipid and polymer-based 

delivery. Amongst polymeric delivery, PEI and its derivatives are the most studied 

substances. For addressing severe pulmonary diseases which are difficult to control, the 

formulation of siRNA into inhalable dry powder formulation owns great potential. In this 

study we prepared spray dried formulations for dry powder inhalation of polyplexes at 

different temperatures consisting of siRNA and a PEI based block copolymer i.e. PEG-PCL-PEI 

(PPP) in presence of trehalose. We thereby investigated the effect of temperature on the 

recovery of siRNA after spray drying. We detected losses of ~40% at temperatures between 

45°C and 90°C T-Out which increased significantly at a temperature of 100°C T-Out. It was 

shown in this study, that losses at low temperatures are not attributed to the spray drying 

process itself but rather to adsorption effects within the tubing material. Choosing a low 

abrasion silicon tubing resulted in a prevention of adsorption effects. Furthermore, mannitol 

and trehalose were chosen as matrix substances for the stabilization of polyplexes during 

the spray drying process forming crystalline and amorphous structures, respectively. For a 

Chapter VII)  

Successful Spray Drying of siRNA 
evaluation of crystalline and amorphous substances on the drug 

quantity and quality of inhalable nano in microparticles 
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better understanding of excipient effects, mannitol and trehalose concentration were varied 

from  

5 to 10% m/v and the spray drying temperature was set to 70 and 80° T-Out. It was shown 

that mannitol and trehalose formulations preserved siRNA integrity regardless of 

concentration and temperature. However, trehalose formulations showed full siRNA 

recovery whereas mannitol showed spray drying induced losses of ~20%. The effect of 

excipient on polymer recovery was even more pronounced. Whereas trehalose based 

formulations showed no changes, spray drying of mannitol formulations resulted in 

considerable losses of 50-60% PPP. These results were unaffected by the excipient 

concentration and T-Out. Despite the content changes, polyplex size and PDI were not 

influenced. Aerodynamic properties were confirmed by next generation impaction analysis 

based upon the amount of drug content. All formulations showed optimal aerodynamic 

characteristics enabling pulmonary delivery. Evaluation of transfection efficiency confirmed 

successful downregulation of GFP in a GFP expressing lung cancer cell line (H1299).  

These results were further transferred to a clinically more relevant model for 

downregulation of GATA3 overexpression in primary T-cells as potential novel therapeutic 

approach for the treatment of severe asthma. This study corroborated successful gene 

silencing of GATA3 in primary T-cells with spray dried powder formulations of transferrin-

PEI/siRNA polyplexes intended for inhalation. 

VII.2.  Introduction 

Application of drugs directly to their site of action is the optimal way to reduce doses and 

side effects. For lung diseases such as asthma, pulmonary delivery is therefore favored. [67] 

With a relatively low enzyme activity and a slow surface clearance [190], enzymatically 

prone substances are perfect candidates for this administration route. In addition, dry 

powder inhalers enable the delivery of drugs with a high shelf life and also provides an easy 

to use tool for patients along with high compliance. [84] Despite several available treatments 

for lung diseases, gene therapy is a promising new tool to address uncontrollable disease 

variants such as severe, uncontrolled asthma. [191] Small interfering RNA (siRNA) can silence 

the translation of messenger RNA into pathologically upregulated proteins and diminish 

disease symptoms. [30] However, siRNA therapeutics face several challenges associated with 

the delivery into cells and enzymatic stability. To address these issues, nanoparticles are 
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preferred to protect and encapsulate siRNA. Numerous vehicles are reported in literature to 

achieve uptake and transfection of cells with siRNA. [192] However, the only clinically 

approved siRNA drugs target the liver, and pulmonary delivery is still in the future. [35, 45] 

Cationic polymers are one class of nucleic acid nanocarriers amongst which 

polyethyleneimine (PEI) is the most studied one. However, the use of PEI is limited due to its 

cytotoxicity profile. To overcome toxic characteristics of PEI our group has developed 

copolymers of PEI with better safety profiles. These copolymers combine the nucleic acid 

condensation and protection efficiency of PEI but also the transfection and stability effects 

of polycaprolactone (PCL) and polyethyleneglycol (PEG), respectively. It was shown that 

these copolymers of PEG-PCL-PEI (PPP) can form so called polyplexes with nucleic acids in 

the nanoscale by electrostatic interaction and successfully transfect cells in vitro and in vivo 

[97, 193, 194]. In order to deliver these nanoparticles to the lung, incorporation into 

microparticles with aerodynamic diameters between 1 and 5 µm is required. The matrices of 

these microparticles need to consist of excipients which readily dissolve upon impact on lung 

lining fluid and release their nano cargo. [127] The use of water-soluble substances is hence 

required. 

A technique to produce such nano-in-microparticles (NIM) is spray drying. It is a widely 

applied method in food, cosmetic, chemical and pharmaceutical industry and allows gentle 

drying of small droplets. [2] In addition, it is much faster and less time and energy 

consumptive than spray freeze drying which is also used for the production of inhalable dry 

powder formulations of siRNA therapeutics. [77] However, spray drying applies heat to 

samples and might degrade or inactivate siRNA and/or PPP. [127] Also, pumping is a 

necessary step to process and ultimately spray samples. Here, adsorption based upon 

hydrophobic interactions between polyplexes and tubing surface could harm the 

formulation as was shown for DNA and a hydrophobized silica surface. [146] Furthermore, it 

is known that drying of biopharmaceuticals in combination with different excipients leads to 

amorphous or crystalline microparticles structures, depending on the nature of the 

excipient. This has tremendous effects on the stability and activity of the  

drug itself. [195, 196] We hypothesized, that similar processes can also affect polyplexes and 

their composition. 
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Therefore, the aim of this study was to evaluate the highest possible inlet temperature to 

dry siRNA-PPP polyplexes in respect to quantity and integrity. Importantly, quantification of 

siRNA upon polyplex redispersion after spray drying presents a novelty in the current 

literature. So far, this aspect has been disregarded in the siRNA formulation field, and we 

were the first to describe quantification of DNA upon polyplex redispersion of dry powders 

and transferred this knowledge within the work described here to siRNA polyplexes. [127] 

Additionally, we investigated absorption effects of standard silicon tubings in comparison to 

low abrasive silicon tubings, namely Pumpsil®. Furthermore, we observed the effects of two 

different excipients, mannitol and trehalose, which are known to crystallize or form an 

amorphous state during spray drying, respectively. We investigated their effect at two 

different concentrations, i.e. 5 and 10% m/V feeding solution, at the two highest possible 

temperatures where no effects on siRNA quantity and integrity were detected. All prepared 

formulations were tested regarding their nanoparticle size and content, microparticle size 

(geometric and aerodynamic), residual moisture and crystallinity. Also, this study presents 

for the first time the determination of aerodynamic characteristics via direct drug 

quantification as demanded by pharmacopoeias [51, 52] and not via surrogate parameters 

as done by various other groups. [55, 77, 96, 197, 198] 

Ultimately, these formulations were also tested in vitro in an eGFP expressing cell line to 

confirm siRNA activity by downregulation of eGFP. Furthermore, these results were 

translated to a pharmacologically more relevant model i.e. GATA3 silencing in primary  

CD4+ T cells after spray dried formulations containing siRNA against GATA3 were produced 

and characterized. 
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VII.3.  Materials and Methods 

 VII.3.1. Materials 

Double stranded siRNA targeting green fluorescent protein (DsiRNA EGFP 1) (siGFP) and 

scrambled nonspecific control (siNC) were purchased from IDT (Integrated DNA 

Technologies, Inc., Leuven, Belgium). Hyper branched polyethyleneimine (PEI) (25kDA) was 

obtained from BASF (Ludwigshafen, Germany). Hetero-bifunctional polyethylene glycol  

(HO-PEG-COOH, 2.5 kDa) was acquired from JenKem Technologies (Plano, TX, USA).  

ε-Caprolactone, Heparin from porcine intestinal mucosa (H3393, >180units/mg, grade I-A), 

picrylsulfonic acid (TNBS) (P2297), TRIS EDTA Buffer Solution 1x (TE-buffer) (93283), TRIS 

EDTA Buffer Solution 100x for NGI analysis (T9285), tris borate EDTA buffer (TBE-buffer) (T 

3913), RPMI-1640 Medium (R8758), fetal bovine serum (FBS) (F9665),  

Penicillin-Streptomycin (P/S) (P4333), G 418 disulfate salt solution (G8168),  

Dulbecco’s Phosphate Buffered Saline (PBS) (D8537) and D-Mannitol were purchased from 

Merck KGaA (Darmstadt, Germany). D(+)-Trehalose dihydrate (28719.290) was acquired 

from VWR International GmbH (Darmstadt, Germany). Black 96 well plates (10307451), 

GeneRuler Ultra Low Range DNA Ladder (10400280), SYBR™ Safe™ DNA-Gel staining and 

polyacrylamide gels (Novex™ TBE Gels, 4-20%, EC62252BOX) were bought from Fisher 

Scientific (Schwerte, Germany). SYBR™ Gold dye was obtained from Life Technologies 

(Carlsbad, CA, U.S.A.). Pumpsil® tubings were received as a kind gift from Watson-Marlow 

GmbH (Rommerskirchen, Germany) and had an inner diameter and a thickness of 1.6 mm.  

 VII.3.2. PPP synthesis 

Synthesis was performed as described before. [199] In brief, the triblock copolymer of 

polyethyleneimine-graft-polycaprolactone-block-polyethylene glycol (PEI-g-PCL-b-PEG) (PPP) 

was synthesized by coupling the heterobifunctional diblock copolymer acrylated-PCL-b-PEG-

alkyne to PEI. Characterization was performed by 1HNMR and UV Spectroscopy as described 

before [97].  
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VII.3.3. Polyplex preparation 

Stock solutions of siGFP and PPP were prepared with a concentration of 100 µM and  

1 mg/ml, respectively. Polyplexes were prepared with a total amount of 30 µg of siGFP. 

Therefore,  

the amount of PPP (mPEI) in µg was calculated as follows: 

𝑚𝑃𝑃𝑃 = (
𝑚𝑠𝑖𝐺𝐹𝑃

17950,36 𝑔/𝑚𝑜𝑙
) ∙ 43.1 ∙ 𝑁/𝑃  (Eq. VII.1.) 

The calculated amount of PPP was diluted up to 250 µL in a specified solvent (highly purified 

water (HPW), trehalose or mannitol) and 250 µL of the same solvent containing 30 µg siGFP 

was added. To allow polyplex formation, the mixture was incubated for 10 minutes. Then, 

4500 µL of the same specified solvent was added and the polyplex suspension was incubated 

for another 10 minutes. 

 VII.3.4. Adsorption to tubing material 

In order to test whether adsorption of polyplexes to tubing material takes place during 

pumping, different tubing materials were washed prior to experiments with pre-heated HPW 

and allowed to dry. After insertion into the Masterflex L/S (7520-47, Cole-Parmer GmbH, 

Wertheim, Germany), equipped with the Easy-Load II head module (77201-60), a pump rate 

of 1.2 ml/min was set. Polyplexes were prepared in HPW and pumped through the tubing 

and collected in a 5 ml tube for further analysis. This procedure was carried out in triplicates. 

 VII.3.4. Spray drying 

For microparticle preparation a B-290 (Büchi Labortechnik, Essen, Germany) was used.  

As Pumpsil® tubings did not fit into the Büchi pre-installed pump, the Masterflex L/S  

(see 2.4.) was used with a pump rate of 1.2 ml/min. Nitrogen was used as atomizing gas, 

whereas drying gas was air. In order to avoid dust and other airborne particles, both 

nitrogen and air supply were filtered through a 0.22 µm pore. To ensure sufficient heating of 

the air supply and to avoid overheating of the Büchi vacuum pump, pressurized air was used. 

The aspirator was set to 70% and vacuum was set to -42 mbar by adjusting the level of 

pressurized air. The airflow was set to 40 mm corresponding to 473 NL/h. For particle 

collection, a high efficiency cyclone was attached. Polyplexes were prepared in 5 or 10% m/V 
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trehalose or mannitol.All formulations were prepared the same day to avoid inter-day 

differences related to ambient temperature and humidity, for example. For analysis three 

batches were produced on three different days. In the case of different inlet-temperatures 

(T-In), the measured outlet-temperatures (T-Out) were indicated next to T-In for a better 

understanding of the process. During the spray drying process, minor changes of T-Out were 

observed. Hence, T-Out was reported as mean with a deviation of ± 1.5° C.  

 VII.3.5. Z-Average and PDI measurements 

To compare the effects of pumping and spray drying on polyplex content, 70 µL of freshly 

prepared polyplex suspension was compared to polyplexes after further processing. For 

pump adsorption experiments, 70 µL were taken after pumping. For redispersability of spray 

dried formulations, approximately 3.5 mg and 7.0 mg for 5% and 10% matrix formulations, 

respectively, were dissolved in 70 µL HPW. All samples were analyzed in disposable cuvettes 

(Brand GmbH, Wertheim, Germany) and analyzed with the Zetasizer Nano ZS  

(Malvern Instruments Inc., Malvern, U.K.). Therefore, the refractive index of water, mannitol 

or trehalose at 25°C for the indicated concentrations were set in the software, and detection 

was performed with the backscatter angle of 173°. For each experiment, measurements 

were taken in triplicates with 15 runs each and averaged afterwards.  

 VII.3.6 Static Light Scattering 

A few µg of spray dried powder was suspended in about 2 ml of diethyl ether. About 30 

minutes prior to measurements the HORIBA LA-950 (Retsch Technology GmbH, Haan, 

Germany) was switched on for equilibration.  The cuvette was filled with diethyl ether, 

inserted into the device and acquisition and blank measurements were recorded. The 

sample suspension was mixed thoroughly by pipetting up and down and small amounts were 

added into the cuvette. Additionally, a small magnetic stir bar was inserted for sample 

stirring. The speed was adjusted to achieve light transmittance between 85 and 90% of red 

light and between 80 and 90% of blue light. The amount of powder in the cuvette was 

adjusted accordingly.  
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Following indices were used for measurements: 

Real refractive index – mannitol: 1.330  Imaginary index – mannitol: 10.0 

Real refractive index – trehalose: 1.652  Imaginary index – trehalose: 2.0 

Refractive index diethyl ether: 1.352 

Imaginary indices were chosen experimentally to obtain smallest possible R parameter  

(here R<0.08 at all measurements). The quality of these measurement is given by the  

R parameter which decreases if the predicted scattering of the particle size distribution 

measurements fits with the detected scattering of the sample. [200] Measurements were 

executed on three different batches. 

 VII.3.7. Scanning Electron Microscopy 

A small amount of powder was placed on top of a stub covered with double-sided carbon 

tape. Before analysis, the stub was coated with carbon under vacuum for 40 s. The 

morphology of particles was examined by scanning electron microscopy (SEM) using a FEI 

Helios G3 UC (Thermo Fisher Scientific, Schwerte, Germany).  

 VII.3.8. Residual water content 

For trehalose and mannitol microparticles, approximately 5 mg and 15 mg were weighed 

into a 2R vial, respectively. Three different batches were measured in triplicates, each. Also, 

a 1% water standard was prepared with approximately 10 mg. After filling, a small piece of 

ceramic wool (Analytik Jena AG, Jena, Germany) was applied on top to avoid particle suction 

through the titrator. Vials were closed with a plastic stopper. Empty vials acting as blank 

values were treated accordingly. For coulometric measurements an Aqua 40.00 Karl Fischer 

Titrator with corresponding software from Analytik Jena AG (Jena, Germany) was used.  

First the oven was heated to 100°C and the system was cleared of residual humidity by 

inserting an empty closed vial and activating the pump until a final drift of less than  

8.0 µg/min was reached. The specified drift was used and stop conditions were set to a total 

measurement time of 10 minutes or until the drift reached ≤2.0 µg/min of the initial drift. 

Blank measurements were executed and automatically subtracted from standard and 
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samples. Measurements were considered correct if the 1% water standard measurement 

resulted in a value between 0.9 and 1.1%.  

 VII.3.9. Differential Scanning Calorimetry 

For calorimetric measurements 3 to 5 mg of sample were weighed into a concavus pan and 

closed. The reference was an empty closed concavus pan. Reference and sample were 

inserted into the oven at a set point of 25°C and the oven was closed. Measurements were 

taken with a DSC 214 Polyma (Erich NETZSCH GmbH & Co. Holding KG, Selb, Germany) 

starting from -10 °C with a ramp of 8° K/min until temperature reached 160°C for trehalose 

or 200°C for mannitol formulations. Data was analyzed using the Proteus Analysis software. 

 VII.3.10. XRPD 

For identification of crystalline and or amorphous structures XRPD was executed with a 

3,000 TT diffractometer (Seifert, Ahrensburg, Germany). Equipped with a copper anode with 

a voltage of 40 kV and a current of 30 mA, a wavelength of 0.154178 nm was used. The 

voltage of the scintillation detector was 1,000 V. Samples placed on the copper sample 

holder were analyzed in the range of 5-40° 2-theta in steps of 0.05° 2-theta. 

 VII.3.11. Aerodynamic properties 

For analysis of aerodynamic properties apparatus E of the European Pharmacopoeia was 

used from Copley Scientific (Nottingham, UK). The next generation impactor (NGI) was fitted 

with a preseparator (PS) and an induction port (IP). The instrument was connected to a 

critical flow controller (TPK 2, ERWEKA GmbH, Langen, Germany) to ensure correct valve 

opening for a predetermined time to allow a total volume of 4 L air passing through the 

instrument for each measurement. Further on, the TPK was connected to a high-

performance vacuum pump (HVP 1000, ERWEKA GmbH) generating a flow rate which was 

set to 30 L/min (volumetric L/min) by a TSI 4040 flowmeter (TSI Instruments Ltd., High 

Wycombe, UK). A stock of 0.167x Tris-EDTA (TE) solution was prepared by mixing 0.5 ml 100x 

TE with 299.5 ml HPW. Prior to each analysis, the preseparator was filled with 10 ml of 

Heparin-TE solution (23.3 mg Heparin in 60 ml 0.167x TE) (HTE) and cups were coated with 

10 µL of a solution containing 83% glycerin, 14% ethanol and 3% Brij 35. [201] Cotton swabs 

pre-wetted with coating solution were used to distribute the coating solution across the 
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entire cup area. For analysis 4 or 8 hydroxypropylmethylcellulose capsules were loaded with 

approximately 45 mg of 5% or 10% m/V spray dried formulations, respectively. Each capsule 

was loaded into a Handihaler® (Boehringer Ingelheim Pharma GmbH & Co. KG, Ingelheim, 

Germany) and activated by piercing. According to the manufacturer’s manual, the capsules 

were discharged twice with an interval between the two actuations of 5 s. After discharging 

the content of capsules into the impactor, the IP was carefully taken off and closed with two 

rubber stoppers after 10 ml of HTE were inserted. Also, the PS was carefully removed and 

both openings were closed with plastic stoppers. Both, IP and PS, were shaken vertically and 

horizontally for 1 minute.  Finally, the NGI was disassembled and the small cups were filled 

with 2 ml HTE whereas the greater cups were filled with 4 ml HTE. All cups were covered 

with a plastic lid to avoid solvent evaporation. The cups were placed on a shaker for  

5 to 10 minutes and the rotation speed was set in a fashion to avoid spilling but ensure 

complete dispersion of particles. Three aliquots of 100 µL from each stage including IP and 

PS were prepared for further analysis. The mass of siGFP deposited on each stage was 

analyzed as described under VII.3.12 with an extended standard point line towards the lower 

limit.  

This experiment was carried out with three different batches. The mass median aerodynamic 

diameter (MMAD), geometric standard deviation (GSD), fine particle dose (FPD) and fine 

particle fraction (FPF) were calculated as described in the European Pharmacopoeia [51]. 

'Fine particles' were considered all particles below 5 µm. 
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VII.3.12. siRNA and PPP quantification 

Quantification assays were performed as described earlier. [127] In short, 50 mg for 5% and 

100 mg for 10% matrix formulations, respectively, were transferred into a 2 ml volumetric 

flask and dissolved in HPW to release polyplexes. These solutions were used for the 

following assays: 

TNBS assay 

An aliquot of 100 µL of each sample was taken and mixed with 0.088% m/v TNBS in 0.1 M 

borax. After an incubation time of 1h, samples were analyzed with a quartz cuvette in a UV-

1600PC spectrophotometer (VWR International GmbH, Darmstadt, Germany) at an 

absorbance of 405 nm. Results were compared with an equally treated standard dilution 

series (0.166 µg – 1.914 µg) where a corresponding amount of siGFP was added to avoid 

biases. Measurements were only considered for further analysis if an internal standard (iS), 

prepared as described in VII.3.3., showed a deviation of less than ± 10% compared to the 

theoretical amount. 

  Heparin SYBR gold assay (HepSYBR) 

An aliquot of 60 µL of each sample was taken and diluted with HPW to 150 µL. To dissociate 

siGFP from PPP, 75 µL of 2.33 mg/ml heparin solution in TE buffer was added and incubated 

for 2h. After dilution with HPW to 450 µL, triplicates of 100 µL were pipetted into a black 96 

well plate. A dilution series starting at 0.09 µg/100 µL was prepared and added in triplicates 

into the same 96 black well plate. To verify full dissociation of siGFP and PPP, an iS was 

prepared as described in VII.3.3, treated alike and analyzed in triplicates. A 4x SYBR gold 

solution in HPW was prepared for intercalation of double stranded RNA and 30 µL were 

added to each well with an 8-channel multi pipette. Fluorescence was measured at an 

excitation wavelength of 485/20 nm and an emission wavelength of 520/20 nm on a 

FLUOstar® Omega multi-mode microplate reader (BMG LABTECH GmbH, Ortenberg, 

Germany). Measurements were considered for further analysis if iS showed a deviation of 

less than ± 10% compared to the theoretical amount.  
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VII.3.13. Integrity test 

To achieve a final gel loading amount of 150 ng siGFP per lane (m(siGFP)lane), siRNA losses 

detected by HepSYBR were considered (recovery) and the following calculation was used to 

determine the amount of spray dried powder (m(NIM)): 

𝑚(𝑁𝐼𝑀) = 𝑚(𝑠𝑖𝐺𝐹𝑃)𝑙𝑎𝑛𝑒 ∗
𝑚(𝑡𝑠𝑐)

𝑚(𝑠𝑖𝐺𝐹𝑃)𝑠𝑑
∗ 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦  (Eq. VII.2.)  

where m(tsc) is the total solid content of the spray dried powder and m(siGFP)sd is the initial 

amount of siGFP used for spray drying i.e. 30 µg. Powder was weighed and reconstituted in 

15 µL of HPW and 5 µL of Heparin (12 µg Heparin / 5 µL TE-buffer). After 30 minutes of 

incubation, 4 µL of the 6x loading dye was added and a 4-20% TBE gel (EC62252BOX, 

ThermoScientific, Germany) was loaded with 24 µL of each sample. For control, free siGFP 

and siGFP with heparin were loaded as well. The gel was run at a constant voltage of 200 V 

for up to 1 hour in Tris-Borate-EDTA buffer (TBE) until lanes separated. Gels were taken off 

the chamber and placed in 20 ml of a 1x SYBRsafe solution for 30 minutes under 50 rpm 

shaking. Gels were analyzed using a ChemiDoc fluorescence detector (Bio-Rad Laboratories 

GmbH, Feldkirchen, Germany). 

 VII.3.14. In vitro knockdown 

For in vitro knockdown performance a non-small cell lung cancer line H1299 (ATCC CRL-

5803) stably expressing enhanced green fluorescence protein (GFP) was used. Cells were 

cultivated in RPMI-1640 supplemented with FBS (10%), P/S (1%) and G418 (0.4%) for 

selection at 37°C with 5% CO2. Cells were seeded into 24 well plates with a density of 2x105 

cells per well and a total volume of 500 µL medium. On the day of transfection, the medium 

was replaced by 400 µL fresh medium and 100 µL of samples were applied to obtain a final 

concentration of 100 nM siGFP or siNC. As different spray dried formulations at different 

concentrations were tested and taking detected losses into account, the amount of powder 

and hence of excipient had to be adjusted. Therefore, samples within the same group were 

treated to contain equal amounts of excipient for better comparability. After 72h, medium 

was discarded, cells were washed with PBS, trypsinized and collected. After centrifugation at 

400 rcf for 5 minutes, supernatant was discarded and the cell pellet was resuspended in PBS. 

Samples were analyzed by flow cytometry (Attune® Acoustic Focusing Cytometer,  
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Life Technologies) and the median fluorescence intensity (MFI) was measured using 488 nm 

excitation and a 530/30 nm band pass emission filter set (BL-1H). Samples were run in 

triplicates for each batch, with each sample gated by morphology based on 

forward/sideward scattering for a set of 10,000 viable cells. Triplicates of each batch were 

summarized by generating the mean value. 

 VII.3.15. Tf-PEI and GATA3 formulation 

Transferrin-PEI (Tf-PEI) was prepared as described in [32, 85]. To downregulate GATA3, two 

different siRNA sequences targeting GATA3 (siGATA3) were used from QIAGEN GmbH 

(Hilden, Germany) in a mixture of 1:1 (HS_GATA3_8 - SI04212446, and HS_GATA3_9 - 

SI04364101). 

The formulation was spray dried as described in chapter VII.3.4. containing 1760 pmol / 5 ml 

of 5% v/v trehalose or mannitol. The powder was analyzed according to chapter VII.3.11. to 

ensure exact amounts of siGATA3 for transfection.  

Transfection was executed with primary CD4+ T cells which were isolated from freshly 

obtained buffy coats (DRK, Berlin, Germany). Cells were cultured in RPMI medium 

supplemented with 10% FBS, 1% P/S, 10 mM HEPES, 1 mM sodium pyruvate and 4500 mg/L 

glucose.  

For GATA3 knockdown 8x106 primary T cells were seeded in a 48 well plate containing 200 

µL medium. Primary T cell activation was executed by using Dynabeads™ Human T-Activator 

CD3/CD28 (11131D, Life Technologies) following the supplier’s protocol of mixing beads and 

cells 1:1. Spray dried powder were redispersed in nuclease free water. Controls consisting of 

siGATA3 or siNC were prepared with Tf-PEI or LF. After two days of T cell activation samples 

were applied to cells thereby achieving a final concentration of 100 nM siRNA. Cells were 

incubated for 48h and after removal of Dynabeads lysed with the PureLink RNA mini kit 

according to the manufacturer’s protocol (12183025, Thermo Fisher Scientific).  In short,  

cells were washed, lysed, and RNA was isolated with an additional DNase digestion step. 

Afterwards, cDNA was synthesized using the high capacity cDNA Synthesis kit  

(#4368814, Applied Biosystems). After obtaining cDNA, the solution was diluted 1:10 and a 

qRT-PCR was run with custom synthesized GATA3 forward and reverse primers  

(Thermo Fisher) and β-actin primers (Qiagen, Hilden, Germany) for normalization.  
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Cycle thresholds were acquired by auto setting within the qPCRsoft software (Analytik Jena 

AG, Jena, Germany). 

 VII.3.16. Statistics 

Experimental data was checked for significant difference by the GraphPad Prism 5 software 

using either One Way or Two-Way ANOVA repeated measurements, with either Bonferroni 

or Dunnetts post-hoc test with p>0.05 considered not significant (ns) or significant when 

*p<0.05, **p<0.01, ***p<0.001.  

VII.4.  Results and Discussion 

 VII.4.1. Heat evaluation and integrity 

Spray drying is the most straight-forward technique for preparing microparticles. However, 

heat is a central necessity which could have a tremendous effect on siRNA. Hence, we spray 

dried polyplexes in presence with trehalose (10% m/V) at various inlet-temperatures (T-In). 

As shown in Figure VII.1., increasing T-In up to 170°/89°C had no significant effect on the 

quantity of siGFP. At 200°C/100°C T-In/T-Out, a significant increase in siGFP loss was 

detected. As siRNA melts at around 90°C and switches from the double stranded to the 

single stranded form, it was important to avoid heating the siRNA formulation to this 

temperature for extended periods of time. The product temperature reached during the 

spray drying process is determined as the T-Out. [3] Hence, the temperature which affects 

the product is equal to T-Out and therefore crucial for stability and integrity. For T-In at 

200°C and a subsequent T-Out of 100°C, melting of siRNA occurred and consequently 

resulted in higher susceptibility to degradation. [55, 202] Such high temperatures can 

potentially also lead to polyplex dissociation and siRNA release from the polyplexes. 

Protection of siRNA against heat and shear forces might therefore be hindered which could 

explain the greater loss at such elevated temperatures. However, the loss of siRNA is 

restricted as the exposure time of polyplexes to these temperatures is extremely low. Also,  

a large variation in siRNA recovery, reflected in a comparably great standard deviation,  

was observed for spray conditions at 170°/89°C T-In/T-Out. Here, T-Out with a small 

deviation (89° ± 1.5° C) just reached the melting temperature of siRNA. Again, this could 

induce melting in some cases, leading to greater siRNA losses. Therefore, the highest 

possible temperature which can be used for the preparation of siRNA via spray drying in our 
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case is determined at 145°C T-In and a subsequent T-Out of 79°C. Furthermore,  

we hypothesize that spray drying can also be successful without elevated losses at even 

higher T-In if the equipment is set up in a fashion that T-Out remains below 90°C. This could 

be achieved for example by increasing the feeding or aspirator rate when increasing T-In at 

the same time. [3] As the siRNA quantification described here relies on intercalation of a 

fluorescent dye which does not reflect the nucleic acid integrity, the latter has to be 

confirmed separately. This was achieved via gel retardation assay with samples obtained at 

the lowest T-In and the highest acceptable T-In (145°C). Figure VII.1.B. confirms the duplex 

length of about 25 bp for the internal standard as well as the spray dried samples obtained 

at both process parameters. Hence, siRNA integrity in the recovered material even at the 

highest applicable T-In was maintained. Although T-In/T-Out were reduced to minimize 

siRNA losses and duplex integrity was confirmed, nucleic acid losses were still rather high 

with approximately 40%. To further elucidate the reasons for these losses the effect of 

pumping polyplex suspensions from the sample container into the spray dryer was 

investigated. To test this effect, a polyplex suspension was pumped through the silicon 

tubing connected to the spray dryer and was collected afterwards. Interestingly, 



88 

quantification of siGFP after pumping with regular quality silicon tubing, which was used in 

the aforementioned experiments, revealed losses of around 40% (Figure VII.1.C.).  

These losses correspond to detected losses of redispersed polyplexes after spray drying. We 

therefore inferred that the measured losses during spray drying (Figure VII.1.A.) are not 

solemnly linked to the spray drying process itself but rather to the pumping step and the 

used tubing material. We further hypothesized that the source of adsorption of siGFP is due 

to hydrophobic interactions which was also shown for DNA. [146] Furthermore, we tested 

whether high quality silicon tubing would reduce siRNA adsorption. And indeed, siGFP losses 

were reduced to 0% when using Pumpsil tubing (Figure VII.1.C.). One explanation for the 

different adsorption behavior of siRNA polyplexes on high vs. regular quality silicon tubings 

might be abrasion which takes place in the latter tubing and results in cavities.  

These superficial changes lead to an increase and regeneration of surface area and hence to 

an increase of possible interactions between siGFP and the tubing material. Therefore,  

low abrasion tubings such as Pumpsil seem advantageous for the processing of polyplexes. 

The detailed mechanism for adsorption however is not within the scope of this article and 

will be addressed in future work. 

VII.4.2. Nanoparticle Characteristics 

Besides heat, spray drying exerts shear forces on nanoparticles and could disassemble 

polyplexes. Hence, DLS measurements were performed before and after spray drying to 

visualize any possible effects. Therefore, microparticles were dissolved in HPW for 

nanoparticle redispersion to mimic impaction and dissolution in the lung. As demonstrated 

in Figure VII.2., Z-average values of freshly prepared and redispersed polyplexes do not differ 

from each other statistically. Also, differences in PDI were not observed. However,  
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we recognized high PDI values which might be explained to some extent by sugar/sugar 

alcohol monomers. It was shown by Weinbuch et al. that monomers of sugar and sugar 

alcohol are visible in highly concentrated solutions. [203] And indeed, we accordingly 

detected monomers at around 1 nm which are not visible if polyplexes are prepared 

solemnly in HPW (VII.SI-Figure1). This hypothesis is underlined by the fact that with 

increasing amount of excipient the peak at 1 nm increases (VII.SI-Figure1). This phenomenon 

also explains the trend of higher PDI values at higher concentrated excipient solutions. 

Nonetheless, z-averages and PDI did not differ significantly within one excipient group. 

However, trehalose formulated polyplexes showed higher PDI values than mannitol 

formulated polyplexes which might be again attributed to a higher monomer content.  

In summary, polyplex size and distribution were not affected by spray drying within each 

formulation. Furthermore, to confirm integrity and hence the base pair length of siRNA in all 

formulations, a gel assay was executed.  

Figure VII.3. shows that independent of the chosen formulation and T-In, siRNA was intact in 

all cases reflected by all bands being detected at the same base pair length. Bands with a 

smaller molecular weight, which would indicate degradation of siRNA, were not detected. 

Smears accompanying all spray dried samples are attributed to heparin as shown by similar 
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effects in the sample containing free siRNA mixed with heparin but not in the sample 

containing free siRNA without heparin. Hence, we state that the base pair length of siRNA 

was not influenced by spray drying. However, Z-average, PDI and base pair length are 

considered qualitative approaches to determine successful spray drying whereas 

determination of siRNA and polymer content are quantitative and hence extremely relevant 

for correct dosing. Therefore, the content of siRNA was analyzed in redispersed particles and 

considerable losses were found when polyplexes were spray dried in the presence of 

mannitol (Figure VII.4.A.). Although not significant but worth mentioning is the fact that 

losses increased from approximately 17% to 21% when the temperature was increased.  

This is reasonable as a higher product temperature could lead to greater losses as explained 

earlier. These findings are also in line with a publication from Wu et al. where naked siRNA 

was spray dried in presence of mannitol at T-Out between 60 and 125°C. [55]  

However, when polyplexes were spray dried with trehalose there was no significant change 

detectable compared to the applied amount of siRNA. Hence, statistically significant 

differences in regard to siRNA recovery after spray drying between the two different matrix 

formulations at both spray drying temperatures were observed. As analyzed by two-way 

ANOVA, the choice of excipient was identified as the source of variation accounting for 

58.6% of total variation and a p-value of 0.0013 indicating a highly significant effect. 

Similarly, polymer quantification resulted in no difference in recovery after spray drying 
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when polyplexes were formulated with trehalose but showed losses of approximately 53% 

and 65% when formulated with 5% mannitol or 10% mannitol, respectively.  

Here, no statistical differences between both temperatures and concentrations could be 

detected within each excipient group. However, all mannitol formulations showed 

significantly higher losses in polymer than their trehalose formulated counterparts. Hence, 

mannitol formulations were outperformed by their trehalose formulated counterpart in 

respect to siRNA and polymer recoveries. This observation might be explained by the fact 

that trehalose formulations form amorphous particles whereas mannitol crystallizes upon 

spray drying (see chapter VII.4.3). It was shown by several other publications that 

amorphous structures can stabilize bio macromolecules during drying. [204-207]  

Although this effect was not shown before in literature for polyplexes, it is not surprising 

that trehalose stabilizes polyplexes, also. One explanation for this phenomenon is the water 

replacement theory. [208] During desiccation trehalose stabilizes the structure of the 

entrapped molecules by forming hydrogen bonds and maintaining the three-dimensional 

structure. Also, higher residual moisture content of trehalose formulations  

(see chapter VII.4.3) might add to this fact enabling greater stabilization by forming 

additional hydrogen bonds and acting as a plasticizer. In contrast, crystalline mannitol was 

shown to inefficiently stabilize biopharmaceuticals and might not protect the formulation 

from a drying-stress induced strand dissociation or potential degradation of the double 

stranded siRNA. [209] The dissociation of double stranded siRNA due to temperatures close 

to the melting point could have led to the decreased detection of siRNA with the 

intercalation based fluorescence quantification as described in chapter VII.3.12 which does 

not detect single stranded short RNA. This proposed mechanism is reinforced by the fact 

that detection of smaller double stranded nucleic acid strains, which would be found if 

double strand breaks had occurred, could not be detected (Figure VII.3.).  

  



92 

VII.4.3. Microparticle Characteristics 

Pulmonary delivery via dry powder formulation requires low residual moisture in order to 

avoid aggregation processes. Although it was discussed above that residual moisture may act 

as a plasticizer stabilizing polyplexes during the spray drying process, it could nonetheless 

cause microparticle aggregation and could be a source of microbiological instability and 

RNase contamination. Therefore, the water content of all formulations was measured by 

Karl Fischer titration. As reflected in Table VII.1, trehalose formulations exhibited between 

4.6 and 3.8% whereas mannitol formulations showed 

between 0.4 and 0.2% residual moisture. These results 

were expected and are in line with results from 

literature. [210-212] Trehalose commonly solidifies 

upon spray drying in an amorphous state which was 

confirmed via DSC (Figure VII.5.). In addition with the 

hygroscopic nature of trehalose, the reason for the 

formation of amorphous structures is the fast drying 

step which does not provide sufficient time for 

trehalose molecules to arrange within an ordered 

structure with subsequent crystal nucleation and 

growth. [213] All of the trehalose formulations showed 

glass transitions at temperatures between 38° and 

53°C corresponding to their residual moisture content  

(Table VII.1). 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. 

[214] As discussed above regarding siRNA recovery after spray drying, the amorphous state 

of the formulation is favorable for polyplex preservation. Hence, for storing these products 

at room temperature or in the fridge for a longer period of time, high Tg values are 

necessary. This however is closely linked to the water content: the higher the residual 

moisture the lower Tg. [215] Also, with a lower residual moisture content degradation 

processes are less likely to occur. [215] 



93 

 

 

  



94 

It is therefore of great interest to further decrease the amount of residual moisture in 

trehalose formulations to avoid nucleation and degradation processes over time and in 

order to maintain the amorphous state of the formulation. While the impact of storage upon 

polyplex quality (size, PDI) and quantity has not yet been investigated, these aspects are 

currently under investigation in a greater scheme of optimizing formulation and process 

parameters. To confirm the amorphous state of trehalose, formulations were also tested by 

XRPD and typical amorphous halos were detected (Figure VII.6.A.). On the other hand, spray 

dried mannitol formulations exhibited the same temperature profile as the crystalline 

starting substance with a melting peak at 170°C as investigated by DSC (Figure VII.5.B.).  

This finding indicates a crystalline form of mannitol. For distinct differentiation between the 

mannitol polymorphs which could possibly appear, XRPD was performed on formulations 

prepared at T-In of 145°C. For both tested mannitol formulations, peaks at 14.6° and 16.8°  

2-theta were detected which are both linked to the β form of mannitol (Figure VII.6.B.).  

[213, 216] Peaks specific for the α or δ form were not detected indicating that after spray 

drying β mannitol is the predominant polymorph. Although the drying time of spray dried 

formulations is very short and could have resulted in an amorphous state as obtained with 

trehalose, mannitol is less hygroscopic and less soluble. These characteristics lead to the fact 

that solutions of mannitol dry quicker and crystallize during spray drying. As the residual 

moisture content was lower for formulations prepared at higher temperatures and no 

significant differences in nanoparticle characteristics were found between formulations 

prepared at the two different temperatures, all following experiments were conducted with 

formulations produced at a T-In of 145°C.  
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To get a first understanding of microparticle 

size characteristics, static light scattering was 

performed in diethyl ether in which neither 

mannitol nor trehalose is soluble. As visualized 

in Figure VII.7. formulations differ from each 

other depending on the nature of excipient 

they are made of: both mannitol formulations 

show significantly lower values in the 10, 50 

and 90 percentiles compared to the trehalose 

formulations (data not shown). Mannitol formulations exhibited geometric median sizes of 

around 7 and 8 µm for 5 and 10% formulations, respectively, whereas trehalose 

formulations showed sizes of around 24 µm (Table VII.2). This can be explained by the fact, 

that amorphous trehalose particles with higher residual moisture show a tendency towards 

particle fusion through water bridges. [115] Hence, although in fact particles were produced 

with similar diameters as in the mannitol formulations, as confirmed by SEM (Figure VII.8.), 

these particles aggregate and may form greater secondary particles. This aggregation can be 

appreciated in the SEM micrographs (Figure VII.8.). Whereas recordings of mannitol particles 

confirm the findings of SLS measurements, trehalose particles show much smaller diameters. 

Additionally, water bridges can be observed as indicated by white arrows. Again,  

reductions in the water content of trehalose microparticles could considerably reduce this 

effect. Concerning the surface of the particles, mannitol formulations in general exhibited a 

very smooth round structure. Trehalose particles also showed nice smooth surfaces when 

formulated at 10% whereas 5% formulations indicated a somewhat roughened surface. 

For pulmonary delivery aerodynamic sizes between 1 and 5 µm are crucial for successful 

delivery as discussed above. Although geometric median sizes were greater than 5 µm, the 

aerodynamic diameter also depends on the particle density and porosity and might 

therefore be lower as the geometric diameter. [217] In fact, measurements of impacted 

siRNA in the NGI revealed MMAD values close to or below 5 µm for trehalose and mannitol 

formulations indicating successful lung delivery. Also, calculation of GSD suggests a particle 

distribution which can be considered for pulmonary application. The FPF is considered as the 

percentage of drug that was delivered in particles below 5 µm compared to the overall 

impacted drug on all stages of the NGI.   
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The higher the FPF the more drug could potentially be delivered to the site of action. 

Accordingly, fine particle fractions with approximately 27% for both trehalose and 

approximately 37% for both mannitol formulations, respectively, are considered very good. 

While only small amounts of particles collected in the NGI were below 5 µm and could 

potentially reach bronchioles and alveoli, asthma is a bronchial disease, and deposition in 

the larger airways may be achieved with particles larger than 5 µm also. However,  

to optimize the deposited dose and decrease side potential side effects, decreases in MMAD 

would be favorable. Compared to the FPF, the FPD is considered as the dose of drug in µg 

which was actually delivered in particles with less than 5 µm. It is therefore not a ratio but an 

exact dose which could be applied. Here, FPD differed between mannitol and trehalose 

formulations: whereas mannitol formulations could potentially deliver more than 0.5 µg, 

only less than 0.2 µg of siRNA could currently be delivered by trehalose formulations 

described above. Although the FPF in trehalose formulated polyplexes were much smaller, 

this finding cannot solely explain the discrepancy in FPD. To explain this phenomenon, it has 
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to be taken into account that for FPF calculations only the deposited amount of drugs inside 

the NGI is considered. Depositions in the pre-separator, induction port or even in the 

Handihaler device itself are not considered. 

And indeed, a large amount of powder was found on the inner walls of the application 

device’s capsule rack which unfortunately could not be quantified. This finding was noticed 

only for trehalose and not for mannitol formulations. The most reasonable explanation for 

this observation might be the amorphous structure of the powder and the higher residual 

moisture of trehalose formulations. After the release of powder from the capsule through 

the vacuum and the thus generated centrifugal forces, particles are forced to leave the 

Handihaler by following the airstream. Smaller and hence lighter particles can follow the 

airstream directly, whereas a great portion of particles which might be aggregated will 

follow the airstream only after impacting on and bouncing off the capsule rack’s inner wall, 

thereby possibly disaggregating. However, due to the high residual water content and the 

subsequent plasticity of trehalose particles, a large amount of powder could adhere to the 

wall remaining within the device. This explains why suitable values were calculated for 

MMAD and GSD and FPF of ~27% based on the amount of drug deposited inside the NGI 

from the trehalose formulations. Mannitol powders, on the other hand, were not detected 

in the capsule rack and hence are suggested to be successfully introduced into the NGI 

without further losses. 

From the overall assessment of the microparticle properties, we therefore conclude that 

crystalline structures outperform amorphous substances in all analyzed properties even if 

the amorphous state seemed favorable with regard to polyplex stability. 
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 VII.4.4. In Vitro Performance  

For siRNA delivery it is fundamental to maintain the molecule's bioactivity. Hence, spray 

dried powder was reconstituted, and enhanced green fluorescence protein expressing 

H1299 cells were transfected with redispersed polyplexes. Lipofectamine (LF) is a standard 

transfecting agent in vitro and is used as a positive control. [218] It is used to show the 

maximal possible effect of nucleic acids i.e. here siRNA downregulation of mRNA and 

subsequent protein expression (GFP). In all cases siRNA was active as the expression of GFP 

was significantly decreased (Figure VII.9.). Interestingly, lipofectamine-siGFP complexes used 

in the standard in vitro formulation with 5% glucose showed the highest downregulation 

observed in all five groups which is >95% in relative reduction (compared to LF-siNC 

containing a negative control siRNA sequence). Lipofectamine formulated with trehalose or 

mannitol with the respective concentration of excipient although successful in 

downregulation, only showed a relative reduction between 70 and 80%. One possible 

mechanism for this discrepancy might be explained by the fact, that transfection is a process 

which is energy consuming and factors which provide energy to cells such as glucose are 

therefore favorable. [219] Exchanging glucose for trehalose or mannitol might therefore 

lower this positive effect and cells might take up particles less efficiently than in the glucose 

reference group. Whether this effect or the viscosity of the matrix solutions used here 

causes the decreased transfection remains unclear and is part of future research.  
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In previous studies polyplexes made of PPP and siRNA already showed knockdown 

efficiencies of ~50% in vitro [220] and even >70% in vivo where Lipofectamine is not stable 

and too toxic. [193] Hence, it is of great importance to retain transfection ability and 

efficiency during spray drying for in vitro experiments and follow up studies in vivo.  

As demonstrated in Figure VII.9., polyplexes formed of siGFP and PPP performed better than 

their negative control formulations (PPP-siNC). Importantly, all spray dried polyplexes (SD) 

performed as well as their freshly prepared counterparts. This effect is independent of the 

excipient’s nature and its concentration (marked in grey).  

After confirming bioactivity, this knowledge was transferred towards a clinically more 

relevant model in which GATA binding protein 3 (GATA3) was attempted to be 

downregulated in CD4+ T cells. In severe uncontrolled asthma, Th2 cells play a crucial role in 

the activation of downstream effects which orchestrate the full manifestation of asthma 

which is caused by a upregulated expression of GATA3. [156] Downregulation of such 

overexpressed proteins could lead to a significant improvement and thus benefit in therapy 

and administration frequency as shown for other siRNA based therapies. [34] Therefore,  

the delivery system our group has optimized for T cell transfection of siRNA, namely 

transferrin-coupled PEI (Tf-PEI), [32] was spray dried in combination with two siRNA 

sequences targeting GATA3.  

The amount of siGATA was quantified 

as described earlier to ensure the 

amount for transfection. After two 

days of incubation, the amount of 

GATA3 mRNA was analyzed and 

normalized to β-actin. As expected, 

Lipofectamine showed no significant 

difference between the negative 

control siRNA and siGATA  

(Figure VII.10.). Freshly prepared 

polyplexes consisting of Tf-PEI and 

siGATA however, mediated a 

significant reduction in the 
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expression of GATA3, and most of all polyplexes of Tf-PEI and siGATA which were spray dried 

with 5% mannitol (M5-145°) showed identical effects. Importantly, the gene silencing 

efficacy of M5-145° did not differ significantly from that of freshly prepared siGATA 

containing polyplexes confirming retained bioactivity and transfection efficiency. Polyplexes 

spray dried with 5% trehalose however, showed no transfection at all. This is surprising as it 

was expected that amorphous substances such as trehalose would stabilize transferrin, a  

79 kDa protein, to a greater extent than the crystalline mannitol especially because the 

latter excipient is known to induce protein aggregation upon spray drying. [8] However, 

here, mannitol formulations stabilized transferrin just as well and allowed successful 

transfection. One plausible reason for the lack of gene silencing of the trehalose formulation 

might be redispersion problems in rather small volumes used for transfection considering 

their aggregation tendency shown in Figure VII.8. Successful stabilization of transferrin in the 

mannitol formulations could potentially be achieved by PEI in the polyplexes. PEI 

participates in the formation of polyplexes but could also interact within transferrin directly. 

And indeed, as was shown, PEI is able to physically crosslink a protein and increase its 

stability during stresses induced by pH shifts and stirring. [221] This could explain the 

maintained stability and conformation of Tf enabling recognition of Tf-receptors of T cells 

with the Tf decorated polyplexes. Further research will focus on the formation of protein 

aggregates, the secondary structure and binding kinetics of Tf when spray dried alone, in 

mixture with PEI and as a Tf-PEI conjugate in either mannitol or trehalose for a better 

understanding of the processes underlying these findings. 

VII.5.  Conclusions & Outlook 

In summary, we showed that spray drying above T-Out of 90°C results in significant changes 

in the quantity of siRNA recovered after spray drying. Spray drying at temperatures below 

90°C showed no significant differences in respect to recovered quantity and base pair length. 

Furthermore, we were able to show that the tubing material can have a tremendous effect 

on the preparation and processing of spray dried polyplexes as interactions between the 

tubing material and siRNA may occur.  

We demonstrated that spray drying did not affect polyplex size and PDI independent of the 

different excipients and their concentration used in this study. This was also shown for siRNA 

integrity. Quantitative analysis revealed significant losses of siGFP and PPP after spray drying 
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when formulated with mannitol, a representative for crystalline substances. However,  

no changes regarding the recovery of both polyplex components were observed when spray 

dried with trehalose, the typical matrix used for amorphous microparticles. Therefore,  

we hypothesize that for nanoparticle properties amorphous substances are crucial to 

minimize losses through processing. 

Concerning microparticle characteristics, mannitol formulations significantly outperformed 

trehalose formulations with regard to particle characteristics. Due to crystalline structure 

and subsequent lower residual moisture, mannitol particles exhibited smaller geometric 

median sizes and showed favorable aerodynamic characteristics. 

For in vitro analysis, both formulations showed efficient downregulation of GFP in an eGFP 

expressing cell line indicating preserved bioactivity with all tested formulations. These 

findings were translated towards primary CD4+ T cells which play a central role in the 

pathogenesis of inflammatory diseases such as asthma where GATA3 upregulation can be 

observed.  

We demonstrated that spray drying of polyplexes had no negative effect on the efficiency 

when formulated with mannitol, and successful transfection of primary T cells ex vivo was 

achieved with the spray dried mannitol formulation for dry powder inhalation as reflected by 

efficient and sequence specific GATA3 silencing.  

For future research, we are eager to combine beneficial properties of both crystalline and 

amorphous particles for stabilization through the amorphous matrix and optimal 

microparticle characteristics through the crystalline material. This approach is based on 

findings in the freeze drying research of biopharmaceuticals where crystalline and 

amorphous forming substances are combined to achieve full stabilization with optimal cake 

appearances [195, 222-224]. Furthermore, studies will be carried out where spray drying will 

be performed at higher airflow to produce smaller particles and improve aerodynamic 

properties. Also, trehalose formulations will be prepared and investigated after a secondary 

drying step which is expected to decrease the residual moisture content and possibly 

improve microparticle characteristics without lowering nanoparticle stability. 
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Tobias WM Keil, Olivia M Merkel, Characterization of Positively Charged Polyplexes by Tunable 

Resistive Pulse Sensing 

VIII  New Characterization Technique of Polyplexes by TRPS 

VIII.1. Abstract 

With the approval of the first siRNA-based drugs, non-viral siRNA delivery has gained special 

interest in industry and academia in the last two years. For non-viral delivery, positively 

charged lipid and polymer formulations play a central role in research and development. 

However, nanoparticle size characterization, particularly of polydisperse formulations, can 

be very challenging. Tunable resistive pulse sensing for particle by particle measurements of 

size, polydispersity, zeta potential and a direct concentration promises better assessment of 

nanoparticle formulations. However, the current application is not optimized for positively 

charged particles. A supplier-provided coating solution for difficult-to-measure samples does 

not allow for successful measurements of positively charged nanoparticles. This article 

describes a new coating solution based on choline-chloride. Coating is verified by current-

voltage (I-V) recordings and ultimately tested on a positively charged nanoparticle 

formulation comprising of siRNA and PEG-PCL-PEI polymer. This coating allows for the first 

time successful size, PDI and concentration measurement by tunable resistive pulse sensing 

of positively charged polyplexes. This article provides the foundation for further polyplex 

research as well as other positively charged nanoparticle formulations based on particle by 

particle measurements.  

Chapter VIII)  

New Characterization Technique of 

Polyplexes by TRPS  
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VIII.2. Introduction 

Cationic lipids and polymers are often used as non-viral vectors and are developed to serve 

as efficient delivery vehicles for plasmids, small interfering RNA (siRNA) and other new 

promising nucleic acid-based therapeutics. [225] Especially polyethyleneimine (PEI) and its 

derivatives are widely studied due to their high positive charge density and hence their 

ability to form so-called polyplexes with negatively charged macromolecules such as nucleic 

acids (e.g. siRNA) by electrostatic self-assembly. Particulate formulations of nucleic acids are 

currently under investigation for therapeutic approaches, and in 2018 the first siRNA 

containing drug, Patisiran®, a lipid nanoparticle formulation was approved.  To characterize 

nucleic acid-containing nanoparticles it is of great interest to the scientific community to 

better understand particle by particle size, surface charge and also the concentration of the 

formulation. 

Tunable resistive pulse sensing (TRPS) has recently attracted interest in particle 

characterization  in the nano meter range and has become accessible with benchtop 

instruments such as the qNano developed and distributed by iZON-Ltd [226]. This technique 

enables particle by particle size measurements with simultaneous particle counting and zeta 

potential measurements when suspended in electrolyte solution. Measurements are based 

on the Coulter principle in nanoscale: A tunable conical shaped pore made of polyurethane 

is placed between two fluid chambers containing electrolyte solutions. Voltage can be 

applied between two electrodes through the pore which are located on each side of the 

pore resulting in a baseline current. Passing particles lead to a quick decrease in current and 

enable single particle counting. The magnitude of this blocking is thereby relative to particle 

size. The frequency of blockings leads to the calculation of the sample concentration. By 

stretching or relaxing the nanopore an ideal pore size can be obtained to detect a broad 

range of particle sizes and to provide precise information about size 

distribution/polydispersity index by standard deviation and PDI. To adapt the frequency of 

particles passing through the pore, pressure or vacuum of 20 mm Hg at maximum can be 

applied to accelerate or slow down the measurement. Currently, TRPS is successfully applied 

to detect sizes of a wide range of nanoparticles and their concentrations as well as zeta 

potentials. [227] For some applications, iZON Science Ltd. suggests a coating procedure 

based on their proprietary coating solution consisting of a polyvinylpyrrolidone solution in 

order to minimize non-specific interactions between particles and the negative surface 
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charge of the pore membrane [228] facilitating measurements [229]. This coating procedure 

successfully shifts the surface charge of the pore to a less negative potential. [228]  

Wilmott et al [230] demonstrated that positively charged particles and even neutral charged 

particles cannot be measured with the qNano as the particle blockage rate decreases to 

zero. This is underlined by the fact that all publications reporting measurements with the 

IZON qNano Gold until today measured samples with a negative surface charge. There is 

only one publication describing measurements of positively charged particles which were, 

however, shielded by a large hydrophobic component and is, hence, not representable for 

positive particles, in general. [231] Even with adapting the coating procedure by exchanging 

PVP with PEI, to the best of our knowledge, no one has been able to successfully measure 

positively charged particles nor any other particles e.g. calibration particles after the coating 

procedure [228, 232]. 

Hence, the aim of this work was the establishment of a new coating solution to enable 

reproducible measurements of particles with positive charges with the qNano system for 

particle by particle size and concentration measurements without hindering calibration 

measurements nor minimizing pore shelf life. 

VIII.3. Materials 

L-Histidine monohydrochloride monohydrate (H4036), Choline chloride (C1879), 800 Da low 

molecular weight branched PEI (LMW-PEI) (408719), 750 kDa high molecular weight 

branched PEI (HMW-PEI) (P3143) and potassium chloride (P9333) were purchased from 

Sigma-Aldrich (Sigma-Aldrich Chemie GmbH, Germany). 

25 kDa hyperbranched PEI (hy-PEI) was obtained from BASF (Germany).  

PEI-g-PCL-b-PEG (PPP) polymer was synthesized according to Jones et al. [97].  

siRNA as sodium salt against EGFP (siGFP) was obtained from Integrated DNA Technologies 

(IDT, Coralville, IA, U.S.A.) and prepared as 100 µM solution in RNase-free DEPC water. 

Solutions of 32% sodium hydroxide and 37% hydrochloric acid were used from in house 

supply. Millex-GV filters with a pore diameter of 0.22 µm were purchased from Merck 

Millipore Ltd. (SLGV004SL). Coating solutions were prepared and tested as depicted in table 

VIII.1. 
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VIII.4. Methods 

Polyplex preparation  

siGFP stock solution was diluted in a histidine buffered saline (30 mM histidine, 100mM KCl) 

at pH 6.4 (HBS) to a concentration of 2.22 µM. The amount of PPP (m(Polymer)) was 

calculated based on its PEI content with following formula:  

𝑚(𝑝𝑜𝑙𝑦𝑚𝑒𝑟) = 𝑛(𝑠𝑖𝑅𝑁𝐴) ∗ 52 ∗ 𝑀𝑊 (𝑝𝑟𝑜𝑡𝑜𝑛𝑎𝑏𝑙𝑒 𝑢𝑛𝑖𝑡𝑠) ∗ 𝑁/𝑃 𝑟𝑎𝑡𝑖𝑜   (Eq.VIII.1.), 

where n(siRNA) is the amount of siRNA, whereas the N/P ratio is defined as the ratio 

between nitrogen groups of the polymer (N) and phosphate groups of the nucleic acid (P). 

For all measurements a ratio of 8 was chosen. HBS solutions were filtered through 0.22 µm 

filters prior to polyplex preparation. Once calculated, PPP was diluted in HBS and the same 

volume containing 2.22 µM siRNA was added to achieve a final concentration of 1.11 µM 

siRNA resulting in the formation of polyplexes. This suspension was incubated for 20 min at 

room temperature.  
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TRPS measurements 

Measurements were executed with the qNano Gold system and analyzed with the iZON 

Control Suite 3.3.2.2001 software (iZON Science LTD). Calibration particles, iZON coating 

solution and nanopores were purchased from the same supplier. For instrument setup, the 

lower electrode was wetted with HBS for 1-2 min. The solution was removed with a pipet, 

and the nanopore was installed. The pore was stretched, and the stretch was calibrated at 

approximately 46 mm. Before attaching the upper fluid chamber and placing 35 µL of HBS 

inside, the lower fluid chamber was filled with 75 µL of HBS. By applying maximum pressure 

for 5 min, the pore was wetted which was verified by the detection of an increased current.  

Coating procedure was executed for 20 min by applying the respective coating solution in 

the lower and upper fluid chamber and applying a maximum possible voltage. Thereafter the 

coating solutions were replaced by fresh coating solutions and a maximum vacuum of  

20 mm Hg was applied for another 20 min. To clean the pore of remaining coating 

substances, HBS was applied in both chambers and maximum pressure was applied for  

10 min. Afterwards, all solutions were refreshed. 

For sample changeover, the upper chamber was emptied and washed 3 times with 35 µL of 

HPW followed by detaching the upper chamber, rinsing it three times with 500 µL of water 

and consecutive air drying. After wiping the surface of the nanopore free of remaining liquid 

with light duty non-lint tissue and reattaching the upper fluid chamber, the system was 

prepared for a new sample. 

For current-voltage (I-V) measurements, a current was established with a 5% HBS solution 

for about 10 min. A certain stretch was applied and the voltage was set to 1.6 V and 

decreased in 0.1 V steps to -1.6 V. Data points were read when the current was stable or 

when a time limit of 30 s was reached.  

PDI values of TRPS measurements were calculated as follows: 

 𝑃𝐷𝐼 = (
𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛

𝑚𝑒𝑎𝑛 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
)²   (Eq.VIII.2.) 
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Dynamic Light Scattering (DLS) measurements 

Aliquots of 70 µL were taken per sample in HBS and inserted into a DTS1070 cuvette (Brand 

GmbH Co KG, Germany) and measured in triplicates with 15 runs each in the Zetasizer Nano 

ZS from Malvern Panalytika GmbH (Kassel, Germany) at 173° backscatter angle and 

processed via Zetasizer Software Version 7.03. 

VIII.5. Results and Discussion 

I-V measurements 

In a conical shaped pore the flow of cations runs preferably from the small opening towards 

the wide opening when a positive potential is applied [233]. In case of a negative surface 

charge of the pore which was described in case of the iZON’s pore by Weatherall [232], the 

concentration of cations at the smaller pore opening is higher than at the wider opening 

side. This is due to the two characteristic factors contributing to the flow i.e. translocation of 

ions close to the pore walls and across the centre of the pore. Cations are present close to 

the walls according to their charge due to ionic interactions with the negative surface charge 

of the pore and form highly concentrated areas where the pore diameter is the smallest. 

Anions on the other hand, are less likely to pass this region and are more likely to be 

rejected. When positive potentials are applied, i.e. with the cathode at the smaller opening 

and anode on the wider opening, the cations' flow is directed towards the anode. As anions 

flow towards the smaller pore opening under rejection, this results in a buildup of charge 

inside the conically shaped pore and hence an increased current. When negative potentials 

are applied, this phenomenon is reversed, and cations flow towards the small opening. In 

this case, the anions' flow is directed towards the wider opening but are rejected at the 

smaller opening leading to a decreased current as a result of charge buildup outside the pore 

[233]. These effects are specific to pH and ionic strength as the electrolyte concentration 

changes and are reversed when the pore surface charge is changed from negative to 

positive. This can especially be observed when the pore is coated and the surface charge of 

the pore is shifted while keeping pH and ionic strength constant.  

As shown in Figure VIII.1., uncoated pores exhibit the expected current rectification. After 

coating pores with a 10% choline solution, the current of coated pores changes slightly when 

negative voltages are applied and is significantly greater (less negative) compared to 
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uncoated pores. When applying a positive potential, the current of coated pores increases 

but does not reach current values as great as uncoated pores. 

With increased current values at all 

tested voltages Blundell et al [234] 

suggested a positive surface charge. 

This conclusion was comprehensible as 

in the reported experiment the pore 

was coated with positively charged PEI 

[234]. Similar effects were also 

observed when applying PEI based 

coating solutions from table 1 but did 

not result in stable measurements 

(data not shown). However, in case of 

choline, we experienced increased 

currents only at negative voltages but smaller currents at positive voltages. Whether this can 

be interpreted as a rather neutral surface charge needs to be evaluated in further studies. 

An optimal tool to do so is the usage of a streaming potential analyzer which could detect 

exact potentials. Nonetheless, these modifications showed a successful coating of the 

polyurethane pore with choline. 

Polyplex measurements 

Polyplexes were prepared and measured by DLS after an incubation time of 20 minutes. 

While DLS measurement took place, an aliquot of 35 µL was taken for TRPS measurement. 

Although DLS results showing suitable sizes and polydispersity indices (PDIs), measurements 

with uncoated pores were not executable or only for a few seconds followed by an 

irreversible blocking of the pore (data not shown). As suggested earlier this might be caused 

by the charge of polyplexes. Here, PPP-siRNA polyplexes had zeta potentials of  

15.6 ± 6.0 mV.  

Following iZON's guideline, measurements with the proprietary PVP coating solution [229] 

were not successful either. Despite varying concentration and type of PEI (Table VIII.1) to 

extent first experiments [234], measurements were still not possible. Additionally, the usage 
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of a coating substance which is chemically different from the polymer used in the polyplex 

formulation might influence size and PDI of the dynamic polyplex system where free and 

complexed polymers exchange constantly. To avoid such effects, PPP was used for pore 

coating, and different concentrations were tested. However, improvements in performance 

were not achieved. To avoid biased measurements due to decreased currents, for all tested 

coating procedures increased currents were applied but failed again in successful 

measurements of polyplexes and even calibration standards. Despite vigorous cleaning and 

flushing, reconditioning of the pores was not achievable suggesting a partial blocking 

allowing ionic but not particle flow. 
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Eventually, after all these different procedures were tested, measurements were possible 

for an unlimited period of time after coating the pore with a 10% (m/V) choline-chloride 

solution in combination with 100 mM KCl.  As shown in Figure VIII.2., a polyplex suspension 

was measured in triplicates at 46.00 mm stretch resulting in comparable sizes, d90/d10 

distribution as well as particle concentration (see Table VIII.2 and Figure VIII.2.).  

The measurement of triplicates with comparable results underlines the fact that detection 

was independent of time and consistent measurements were made possible. In addition,  

we also reduced the stretch to 44.30 mm which decreases the pore diameter enabling the 

detection of smaller particles in general. According to this new range of detectable particles, 

we indeed found smaller particles not measured at 46.00 nm stretch (Figure VIII.3.). 

Subsequently, a reduced mean diameter, increased particle concentration and increased 

d90/d10 ratio was found (Table VIII.1). Although the minimum particle count of 500 particles 

for further analysis was achieved, the number of particles evaluated for this measurement is 

still low (768 particles) considering other measurements (>2000 particles) (Table VIII.2).  

This limitation might lead to a biased size distribution, mean diameter and particle 

concentration which is more efficiently balanced when the recommended 1000 particles are 

evaluated [235].  
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However, a smaller particle count was 

expected as decreasing the pore opening is 

accompanied by an increased pore blocking 

frequency caused by greater particles and a 

subsequently prolonged measurement time. 

To avoid biases in the measurement of 

dynamic systems such as polyplexes,  

a maximum time limit of 10 minutes was 

individually set which explains the decreased 

particle count. Nonetheless, these findings underline a successful coating procedure with 

choline which enables polyplex measurements on the one side without affecting the 

measurement method itself on the other. For future and more accurate polyplex analysis, 

polyplex preparation methods, such as microfluidic mixing [193], should be applied which 

result in a more narrow particle size distribution and allow an even higher consistent analysis 

via TRPS. [236] When comparing DLS measurements with TRPS data of choline-chloride 

coated NP at a stretch of 46.0 mm, we observed slightly smaller size values but with greater 

deviation (Table VIII.2) and greater PDIs (Figure VIII.4.) when measurements are performed 

by DLS. It is known that DLS measurements tend to overestimate hydrodynamic sizes and 

polydispersities due to the basis of calculation [237]. However, here we also demonstrate 

that TRPS measurements do not entirely reflect the presence of all particles since smaller 

particles which were detected with a decreased stretch were neglected in measurements 

with a larger pore stretch. Sufficient measurements at smaller stretches however, were not 

possible due to frequent blocking caused by greater particles. Improved polyplex 

preparation, for example via microfluidics, is suggested as described above. Nonetheless, 

these results confirm that TRPS can be applied successfully for characterizing positively 

charged particles in general and polyplexes specifically. 
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VIII.6. Conclusions 

This work demonstrated the successful coating of polyurethane pores for TRPS resulting in 

an increased surface charge. To the best of our knowledge this allowed TRPS 

characterization of highly positively charged polyplexes for the first time. 

Despite the greater ability of polymers to form interactions with the nanopore due to 

greater structures and hence greater availability of interactions, i.e. Van-der-Waals forces 

and hydrogen-bonds, we found a successful coating substance of much smaller size. 

Instead of using temporarily charged structures which strongly depend on pH such as PEI, we 

used a permanently charged structure independent of pH. This has the additional benefit of 

enabling measurements at different pH values in various buffers broadening the applicability 

of the technique itself even further and allows for measuring more complex polyplex 

formulations and positively charged molecules in general. 

VIII.7. Acknowledgements: 

The authors thank Gabriella Costabile for expert advice and Eduard Trenkenschuh and 

Andreas Stelzl for scientific exchange. This work was supported by ERC-2014-StG – 637830 

"Novel Asthma Therapy" to Olivia Merkel. 



116 

  



117 

 

IX  Summary and Outlook 

Within this thesis, the successful preparation of DNA based polyplexes inside of 

microparticles for pulmonary delivery was shown. Our tested formulations showed ideal 

properties for pulmonary delivery with MMAD's below 5 µm and GSD's below 2 µm.  

The determination of MMAD and related aerodynamic parameters was shown by 

quantification of the mass of the active ingredient (here DNA) as required by FDA and EMA 

[51, 52].  To the best of our knowledge, this was described for the first time for nucleic acid 

related pulmonary delivery. [50, 54, 56, 89, 96, 109, 238] This success was enabled by the 

establishment of polyplex analytics namely quantification of nucleic acid and polymer.  

This also allowed the recalculation of the N/P ratio between polymer and DNA characterizing 

the spray dried nanoparticle formulation. It was shown that upon higher losses of DNA 

compared to PEI, the ratio increased. Although the N/P ratio strongly correlates with the 

efficiency in in vitro experiments, uptake and transfection results of fluorescently labeled 

DNA or plasmid DNA with PEI, respectively, were not influenced. Also, losses of DNA 

detected in Chapter III could successfully be attributed to interactions of polyplexes with the 

tubing surface. During spray drying in chapter III losses of approximately 30% of DNA were 

detected which correlates with losses after a single pump cycle with a silicon tubing of 

regular quality as shown in chapter VI. By exchanging the style of pump and hence avoiding 

the usage of tubings, losses of DNA could be successfully minimized. It was also shown, that 

the choice of pump was irrelevant for losses of DNA but the choice of tubing material was 

significant. Hence, shear stresses applied through peristaltic pumps are negligible.  

As a conclusion, DNA losses during spray drying observed in chapter III are rather attributed 

to adsorption effects within the tubing than to the pumping or the spray drying process 

itself.  

  

Chapter IX)  

Summary and Outlook  
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Furthermore, the methods established for the quantification of the composition and the 

determination of aerodynamic properties were successfully transferred from DNA based 

formulations to siRNA formulations (Chapter VII). Based on the established analytics, it was 

shown that one of the most pronounced effects of spray drying on siRNA polyplexes was 

heat. Process temperatures which resulted in product temperatures of 90°C and higher had 

a significant effect on the amount of siRNA recovered after spray drying. This effect is most 

likely caused by melting of siRNA double strands which is known to happen at a temperature 

of ~90°C. Temperatures applied during the spray drying process which resulted in lower 

product temperatures (i.e. below 90°C) did not negatively affect recovery. Besides, the 

excipient solid form was shown to impact the recovery of siRNA and polymer during spray 

drying. It was shown, that trehalose, solidifying in an amorphous structure, stabilized siRNA 

and polymer significantly better than the mannitol which crystallizes even during a fast 

drying step. Despite these differences, size and PDI of redispersed nanoparticles from spray 

dried formulations were not significantly changed compared to nanoparticles characterized 

before spray drying. Also, the in vitro performance was shown to be conserved. 

Investigations of microparticle characteristics such as residual moisture, geometric size and 

aerodynamic properties, showed that mannitol formulations outperformed trehalose 

formulations. Nonetheless, both excipients resulted in satisfying aerodynamic characteristics 

(MMAD ≤ 5 µm; GSD ≤ 2 µm) ideal for pulmonary delivery. Encouraged by these findings,  

a promising bioconjugate for transfecting activated TH2-cells, i.e. Tf-PEI, complexed with 

siGATA3 was spray dried with mannitol or trehalose, respectively, and evaluated for GATA3 

knockdown in primary human T-cells. Despite our expectations, mannitol formulations 

achieved significant knockdown whereas trehalose formulations did not. One explanation 

might be the insufficient rehydration/resuspension of polyplexes after spray drying of 

trehalose formulations. 

With the development of tunable resistive pulse sensing, particle by particle measurements 

of size and zeta potentials of nanoparticles has become accessible. [226, 239-247] However, 

this method has so far only been described for negatively charged particles. In fact, 

measurements of hydrophilic positively charged particles were not possible. [248] Within 

this thesis, a coating method based on choline-chloride was developed enabling the 

successful measurement of positively charged polyplexes. It is further hypothesized that this 
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coating technique can also enable the measurement of other positively charged 

nanoparticles, hence, broadening the applicability of TRPS to additional applications. 

In future experiments, spray drying of Tf-PEI based formulations must be investigated in 

more detail. Especially the structure of Tf should be ascertained after spray drying.  

This could be achieved by investigating the binding kinetics of Tf-PEI before and after 

processing via surface plasmon resonance. [32] Other techniques which confirm the Tf 

structure specifically such as fluorescently labeled antibodies against Tf could also be 

applied. In case the glycoprotein’s structure is negatively affected, methods have to be 

applied identifying the source of change. Such techniques involve the identification of 

protein denaturation: as high temperatures are applied during the spray drying process, 

protein unfolding is a potential risk. [249] Such high temperatures can also accelerate 

chemical reactions such as oxidation and deamidation. [250, 251] To test for these 

degradation reactions ion-exchange chromatography, size exclusion chromatography and 

peptide mapping are suggested. [252]  

Furthermore, dry powders which were prepared with trehalose as matrix excipient showed 

greater residual moisture contents than mannitol formulations. For better comparison 

between both formulations and for improvement of microparticle characteristics, 

techniques which reduce the amount of water should be applied. Such techniques include 

drying under room or elevated temperatures while applying vacuum but also prolonged 

exposure times to heat in the spray drying process are possible [18, 253]: after spray drying 

the product remains in the sample collector while the pump is turned off. As a result of 

missing water evaporation and the consequently absent cooling, T-Out rises. The hot air is 

thereby guided through the whole system passing the dried powder further removing 

moisture. This method could improve microparticle characteristics such as geometric size 

and aerodynamic properties of trehalose formulations which are influenced by the residual 

moisture. 

Another approach to improve the dry powder formulation for siRNA could be a combination 

of mannitol and trehalose. In the lyophilization process of biopharmaceuticals beneficial 

effects were shown for a ratio of 1:4 trehalose:mannitol. [222-224] Formulations were able 

to stabilize the protein and maintaining optimal cake performances. For spray drying such 
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combinations have not been tried. Trehalose could exert its stabilization properties shown in 

chapter VII whereas mannitol could contribute to the optimal microparticle characteristics.  

Also, aerodynamic diameters of reported formulations herein were on the upper limit i.e.  

5 µm. A decrease in size by increasing the airflow is hypothesized to consequently show 

beneficial effects on the MMAD. [3] Also, particle engineering is another aspect to consider 

for improving aerodynamic properties [53]: upon addition of leucine or tri-leucine, it was 

shown that particles exert surrogated surface structures as a function of the chosen additive 

concentration resulting in smaller aerodynamic diameters. Furthermore, a reduction in 

MMAD leads consequently to an increase of FPF and FPD, bringing the formulation from the 

benchtop closer to the clinic and the patient. 
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