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Abstract 

Nose-to-brain (N2B) delivery offers a non-invasive route to treat central nervous 

system (CNS) diseases via bypassing the blood-brain barrier (BBB). Polymeric 

nanoparticles (NPs) such as poly(lactic-co-glycolic acid) (PLGA) NPs are 

biodegradable, making them promising carriers. Incorporating hydrophobic and 

hydrophilic small and large molecular weight (Mw) substances with innovative methods 

could enhance bioavailability. However, scalable manufacturing of these NPs remains 

a challenge. Therefore, this study investigates encapsulating model substances with 

different Mw into these PLGA NPs using two continuous manufacturing technologies: 

the spinning disc system (SDS) and the micro-spray-reactor (MSR). By employing the 

modified-nanoprecipitation method with the SDS, a small Mw hydrophobic substance 

(curcumin), and by the double emulsion method and MSR, small and large Mw drugs 

(Ciprofloxacin HCl and albumin-FITC) were successfully encapsulated with high 

encapsulation efficiencies. Blank and model-substance-loaded (albumin-FITC and 

wheat germ agglutinin-488 (WGA488)) fluorescent PLGA NPs were prepared using 

the MSR system to assess their potential for future N2B delivery applications. The NPs 

showed biocompatibility and sustained drug release profiles and were not internalized 

in test cells, which is ideal for N2B delivery. Overall, these proof-of-concept studies 

show scalable NP manufacturing and flexible drug loading for future applications such 

as N2B delivery. 
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Kurzzusammenfassung 

Das Delivery von Wirkstoffen über die Nase zum Gehirn (N2B) bietet einen nicht-

invasiven Weg zur Behandlung von Erkrankungen des zentralen Nervensystems durch 

Umgehung der Blut-Hirn-Schranke. Polymere Nanopartikel (NP) wie PLGA NP sind 

bioabbaubar und daher vielversprechende Träger. Die Einbindung hydrophober und 

hydrophiler Substanzen mit kleinen und großen Molekulargewichten (Mw) mittels 

innovativer Technologien könnte die Bioverfügbarkeit verbessern. Die skalierbare 

Produktion dieser NPs bleibt jedoch eine Herausforderung. Diese Studie untersucht 

die kontinuierliche Herstellung von PLGA NPs mit Modellsubstanzen unterschiedlichen 

Mw mittels Spinning-Disc-System (SDS) und Micro-Spray-Reactor (MSR). Mit der 

modifizierten Nanopräzipitationsmethode mit SDS und einer hydrophoben Substanz 

mit kleinem Mw (Curcumin) sowie der Doppelemulsionsmethode und dem MSR 

wurden Substanzen mit kleinem und großem Mw (Ciprofloxacin HCl und Albumin-

FITC) erfolgreich mit hoher Verkapselungseffizienz verkapselt. Leere und mit Albumin-

FITC und WGA488 beladene fluoreszierende PLGA NP wurden mit dem MSR-System 

hergestellt, um ihr Potenzial für künftige N2B-Transportanwendungen zu bewerten. 

Die NPs wiesen Biokompatibilitäts- und anhaltende Wirkstofffreisetzungsprofile auf 

und wurden nicht zellular internalisiert, was für die N2B-Verabreichung ideal ist. 

Insgesamt zeigen diese Studien, dass die Herstellung von NPs mit verschiedenen 

Wirkstoffmolekülen für zukünftige Anwendungen skalierbar machbar ist. 
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1. Introduction 

Part of this chapter has been published in Beilstein Journal of Nanotechnology as part 

of the thematic issue “Emerging targeting strategies and next generation of 

nanomedicines” as a review article following: Akpinar Adscheid, A.E. Türeli, N. 

Günday-Türeli, M. Schneider, Nanotechnological approaches for efficient N2B 

delivery: from small-molecule drugs to biopharmaceuticals, Beilstein J. Nanotechnol. 

15 (2024) 1400–1414. https://doi.org/10.3762/bjnano.15.113. 

Part of this chapter has been submitted to Taylor & Francis as a book chapter as 

follows: Akpinar Adscheid, S.; Türeli, A.E.; Günday-Türeli, N. Industrial Aspects to be 

considered for drug delivery for brain. 

The figures in this chapter have been created with Biorender.com in scope of student 

licensing plan.   
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1.1. Scientific Background 

1.1.1. CNS Diseases  

Central nervous system (CNS) consists of the brain and the spinal cord and is 

considered the body's processing and control center. While the brain controls most of 

the functions in the body, the spinal cord carries messages from the brain to the other 

parts of the body [1]. Like other systems and parts of the human body, the CNS is 

susceptible to various disorders [2]. CNS diseases are a group of challenging 

pathological conditions which can be originated to ischemic, neurodegenerative, 

inflammatory or developmental disorders [3]. Among them, neurodegenerative 

diseases can be explained by progressive loss of neurons, and lead to diseases such 

as Multiple Sclerosis (MS), Alzheimer's, Huntington´s, and Parkinson's Diseases [4,5].  

In broader perspective, CNS diseases affects both patients and society and causes 

one in nine deaths worldwide [6]. For example, solely in 2019, there were nearly 10 

million deaths, and 349 million disability-adjusted life years (DALYs) were estimated 

due to neurological diseases [7]. The estimated cost of these diseases to the European 

healthcare budget is around 800 billion Euros per year [8]. The World Health 

Organization (WHO) highlights that every year almost 8 million new cases of 

Alzheimer's disease are reported [9]. In addition, the Global Burden of Diseases, 

Injuries, and Risk Factors Study (GBD) reported, there were 2.2 million cases of MS 

worldwide in 2016 [10]. While the importance of providing efficient therapies for CNS 

diseases is clear, from a pharmaceutical perspective it is considered as a significant 

challenge [11–13]. Therefore, the next sections will focus on these challenges from 

physiology of brain to formulation development perspectives, with possible innovative 

solutions. 
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1.1.1.2. Pharmaceutical Challenges to CNS Diseases: Blood-

Brain Barrier 

From a pharmaceutical point of view, although there is an immense network of cerebral 

vascularization, providing therapeutics for CNS diseases is considered a challenge 

because of the existence of the blood-brain barrier (BBB) (Figure 1) which is composed 

of several cell types [14].  

 

Figure 1. Structure of the BBB. The endothelial cells joined by tight junctions to form a barrier 

for metabolic functions. The barrier is formed by a basal membrane, pericytes, and astrocytes. 

The figure is modified from [15]. 

The BBB is a dynamic and selective interface between the systemic circulation and the 

brain [16]. The structure of the healthy BBB relies on the endothelial cells and the tight 

barrier formed using tight junctions [17–19]. These are surrounded by other cell types, 

such as astrocytes and pericytes. Astrocytes are crucial for the formation and 

maintenance of the BBB, which leads to an adequate association between the cells 
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and the BBB. Pericytes are also important regulatory cells for the homeostasis of the 

BBB. The interaction between astrocytes and pericytes plays a vital role in brain 

vasculogenesis and the maintenance of the BBB [20]. Overall, the high selectivity of 

the BBB provides optimal conditions for CNS homeostasis [21].  

Due to the presence of the BBB, most systemically administered drugs cannot reach 

the site of action, the brain. The BBB is reported to limit the passage of 98% of small-

molecule drugs and almost all large-molecule therapeutics to the brain [22]. The high 

density of the intact barrier prevents easy overcoming of the barrier. Thus, different 

invasive methods, such as disruption of the BBB with osmotic pressure or intrathecal 

delivery, have been proposed [23]. On the other sides, drug delivery systems (DDS) 

can offer non-invasive methods to overcome BBB, therefore effectively delivery the 

drugs to the site of action, the brain.   

1.1.2. Brief introduction to Drug Delivery Systems  

Drug delivery systems (DDS) are considered as a formulation or device assisting in 

introducing the therapeutic substance into the body to improve its efficacy and safety 

while giving possibilities on controlling the release rate and promoting targeting 

capacities [5].  

Regarding particulate formulations, polymeric NPs, lipid NPs (e.g., liposomes, 

nanostructured lipid carriers (NLCs), and solid-lipid NPs (SLNs)), inorganic NPs, and 

hybrid NPs stand out due to their various advantages to different drug delivery 

strategies (Figure 2) [24]. As an example of these advantages, lipid NPs could offer  

biocompatibility and biodegradability, and ability to be a reservoir to both hydrophobic 

and hydrophilic substances [25,26]. Polymeric NPs, on the other hand, can further 

present extensive tunable characteristics and can be of biological or synthetic origin 

[27]. Among synthetic polymers, PLGA has been studied intensively due to its 



18 
 

biocompatible and biodegradable structure, which has enabled the FDA approval of 

PLGA for therapeutic use [28,29]. Moreover, polymeric NPs can be employed to modify 

the release profile of the drugs when administrated to the body by carefully choosing 

the polymer properties while preparing NPs [30]. 

 

Figure 2. DDS for Brain Delivery. There are many different NP types, and they can exhibit 

responsive properties. The surface of the NPs can be decorated with different materials to 

tailor them for therapeutic needs. Their physicochemical and morphological properties play a 

critical role in drug delivery, especially in brain delivery.  

Inorganic NPs, on the other hand, employ a wide range of materials such as gold, 

silver, and silica. Thanks to these wide range of material types and their unique 

physicochemical, optical, and electrical properties, they can be used in various 

applications such as imaging and photothermal therapy [31]. Moreover, these unique 
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properties allow researchers to tailor these NPs with high functionalization abilities for 

targeted drug delivery. In addition, when the surface of these DDS is decorated with 

proteins, peptides, polymers, and carbohydrates, it can exhibit additional targeting 

abilities [32].  

1.1.3. Strategies for Effective Non-invasive Brain Delivery 

As mentioned in previous sections, techniques for overcoming the BBB can be invasive 

(e.g., disruption of the BBB and surgical interventions to administrate the drug at the 

site of action focusing on the local delivery) or non-invasive (Figure 3) [33].  

 

Figure 3. Schematic representation of different brain delivery routes. A) The NPs meet the 

requirements to cross the BBB can deliver the therapeutics through systemic delivery. B) The 

local delivery focuses on the direct delivery/injection of the drug at the site of action. C) The 

N2B delivery can exploit the direct anatomical interaction between the nasal cavity and the 

brain. The figure is modified from [34]. 

The use of DDS as an option to treat CNS diseases includes different non-invasive 

methods including but not limited to intranasal drug delivery, systemic administration 

by using DDS to overcome BBB, and ultrasound-mediated-drug delivery [35,36]. The 

systemic route of administration combined with the DDS has interested researchers 
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who want to cross the BBB [34]. While NPs hold great promise for drug delivery to the 

brain, their systemic administration faces significant challenges related to BBB 

penetration, targeting specificity, and their particle size and surface properties requires 

tailoring that are crucial for crossing the BBB [35,37]. 

In another technique, ultrasound-mediated drug delivery for brain diseases, 

researchers employ ultrasound to open the BBB and simultaneously enhance the 

triggered release of the drugs from the loaded NPs [38]. While ultrasound mediation 

involves a non-invasive approach to successfully delivering the drug to the brain, one 

of the main challenges of obtaining clinically relevant results is the establishment of 

setups that are relevant in the transition from in vitro to in vivo  providing efficiently the 

acoustic energy needed [39].  

In another perspective, the intranasal route of administration to administrate the drugs 

efficiently to the brain has been gaining interest. The N2B delivery exploits the direct 

anatomical pathway between the nasal cavity and the brain [40]. This approach 

highlights the advantages of bypassing the BBB, therefore enabling more efficient 

delivery of drug substances to the site of action, the brain. While N2B delivery has 

multiple benefits, such as enhanced drug delivery and bioavailability and reduced 

systemic side effects it has also limitations due to the high nasal clearance in the nasal 

cavity and the limited dosage due to the limited surface area that the intranasal route 

offers (Figure 4) [41–43]. Regardless of the limitations, N2B delivery offers a non-

invasive way to bypass the BBB with high patient compliance and with increased CNS 

bioavailability. Therefore, the next sections focus on this effective strategy to deliver 

the therapeutics to the brain.  
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Figure 4. Advantages and limitations of N2B delivery 

1.1.3.1. N2B Delivery 

The nasal route of drug administration has gained attention over the last decade and 

has become more attractive, especially with the COVID-19 pandemic vaccine 

development research [44]. The anatomy of the nose allows non-invasive 

administration and plays a critical role in intranasal delivery [45]. The nasal cavity has 

a highly vascularized anatomy and offers a relatively large surface area [46]. 

Compared to the many other routes of administration, it also has a more permeable 

structure [47]. These advantages make the nasal route suitable for local delivery and 

systemic administration [48]. It offers various benefits, including but not limited to a fast 

onset of action [49]. Intranasal delivery can be used to target a limitedly available site, 

the brain [50]. The direct anatomical interaction between the nasal cavity and the brain 

make the olfactory region the primary target for N2B delivery and bypass the BBB 

[51,52].  
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When combined with nanotechnology, the N2B delivery becomes an even more 

attractive route to bypass the BBB since nanotechnology-driven drug delivery systems 

(DDS) have demonstrated improved drug accumulation at the target site [53]. DDS, 

such as polymeric or lipid-based NPs, can provide an opportunity to modify the release 

profile of the drugs, enhance targeting efficiency, and improve nasal permeation during 

intranasal administration [51,54–56]. In general, the active pharmaceutical ingredients 

(API) encapsulation into mucoadhesive DDS could eliminate rapid mucosal clearance 

[57,58] and protect the drug from biological or chemical degradation or deactivation, 

which results in increasing the bioavailability in the brain [59,60].  

The physicochemical characteristics of the DDS are important in determining the 

success of drug carriers for CNS targeting. For example, the DDS's size, shape, and 

surface characteristics directly affect cellular transport and uptake, biodistribution, and 

their interaction with biological interfaces [61,62]. In terms of the effect of particle size, 

NPs with a size of approx. 15 nm or below were observed to penetrate the olfactory 

bulb thanks to the paracellular space in the olfactory epithelium [63]. Moreover, NPs 

with sizes up to 300 nm were found and considered suitable for intranasal delivery 

[64,65]. Among them, the significant portions of the NPs studied for N2B delivery are 

approx. 200 nm, which is the average size of olfactory exons [52,66]. Rejman et al. 

demonstrated that the clathrin-mediated pathway of endocytosis has an upper limit for 

internalization of approximately 200 nm. Their study also revealed that an increase in 

particle size led to a shift towards caveolae-mediated internalization, the primary 

pathway for particles sized around 500 nm [67]. This shows the possibility of an even 

more extended particle size range to be considered for N2B delivery [67]. Regarding 

surface characteristics, chitosan-coated NPs can be a good example, as positively 

charged chitosan and its derivatives interact with negatively charged mucin. This 
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interaction can enhance the NPs residence time in the nasal cavity [68] increasing the 

likelihood to be uptaken or overcome the barrier.   

As represented by the examples the combination of intranasal delivery with DDS, N2B 

delivery already has been studied with different perspectives. However, understanding 

nasal anatomy and N2B delivery transport mechanisms could lead to better 

exploitation of the technique. Therefore, the next section focuses on these important 

aspects. 

1.1.3.2. Nasal Anatomy 

 

Figure 5. Nasal Anatomy: Nasal vestibule olfactory and respiratory region. Adapted from [69].  

The nose has a complex anatomical structure and is responsible for the olfactory and 

respiratory actions of the human body. The nasal cavity comprises the vestibule, 

olfactory, and respiratory regions [70] (Figure 5). The nasal vestibule is the anterior 

part of the nasal cavity. The latter parts, olfactory and respiratory regions, have the 

possibility for further drug absorption but differ in their routes of drug delivery pathways. 

While the olfactory mucosa is predominantly targeted for N2B delivery applications, 

respiratory mucosa is also being investigated due to respiratory mucosa intervening in 
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the trigeminal nerve and providing a possible indirect transport of the drugs to the brain 

with a systemic pathway [40].  

The central focus of the research interest is the olfactory region in the upper part of the 

nasal cavity lined up with the olfactory epithelium. It consists of three primary parts: 

olfactory epithelium, lamina propria, and the basal membrane [71]. The olfactory 

epithelium is the specialized epithelial tissue mainly formed by basal, supporting, and 

olfactory sensory neurons [72]. The olfactory sensory neurons are bipolar neurons and 

chemoreceptors that play an essential role in recognizing odor [73]. They deliver 

information to the olfactory bulb, where it is processed [74]. Below the olfactory 

epithelium is another part of the olfactory region, the lamina propria, which contains 

different cell types, including Bowman's Glands, responsible for producing mucus [75]. 

The lamina propria is also the region where the olfactory sensory neurons start and 

form the installments of the olfactory sensory neurons [76]. The respiratory mucosa, 

on the other hand, lines with the respiratory epithelium and contains mainly ciliated 

cells, goblet cells, and basal cells [77].   

1.1.3.3. Transport Mechanisms for N2B Delivery 

The transport mechanisms for the N2B delivery are yet to be fully understood. It is 

suggested that olfactory and trigeminal nerves are responsible for direct transport to 

the brain through the nasal route (Figure 6). For the olfactory pathway, the drugs pass 

through the cribriform plate and are projected to the olfactory bulb [51]. In addition to 

the olfactory path, there is the trigeminal pathway, the largest and fifth cranial nerve 

[78]. Even though the trigeminal pathway is less explored than the olfactory pathway, 

a study by Li et al. showed that the trigeminal pathway could be the dominant pathway 

for the N2B delivery of intact polymeric NPs [79]. Furthermore, due to the highly 
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vascularized nature of the respiratory region of the nose, drug transport can also follow 

a systemic pathway through this region [80].  

 

Figure 6. The anatomy of the nasal cavity and the suggested direct and indirect transport 

mechanisms for the N2B delivery. The direct transport of the drugs can be within the olfactory 

epithelium or trigeminal nerve. The figure is inspired by [66].  

Drug transport through N2B mainly includes intracellular and extracellular mechanisms 

[50]. While the intracellular pathway is based on the drug's internalization by the 

neurons followed by axonal transport, the extracellular pathway is based on the drugs’ 

transport through the paracellular space [81,82]. 

1.1.4. Delivery of Biopharmaceuticals  

Biopharmaceuticals have been described in the literature as an advanced therapeutic 

option for CNS diseases. One of these advanced therapeutics is molecular antibodies 

(mAbs) which are generated from B cells and are antigen-specific [83]. The 

advantages, like high specificity and affinity towards target antigens, make therapeutic 
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monoclonal antibodies one of the highlights of pharmaceutical industry [84]. As a 

result, an increasing number of FDA-approved mAb-based therapeutics are on the 

market for treating CNS diseases. For example, for treating MS, Ocrevus, based on 

CD-20 targeting mAb ocrelizumab, is projected to have the highest growth in sales by 

2025 [85]. Moreover, aducanumab, a mAb IgG1, was approved for treating Alzheimer's 

Disease in 2021 [86]. Even though there are successful examples, using the full 

potential of mAbs for treating CNS diseases is limited. It is estimated that only 1 in 

1000 antibodies can reach the brain with a concentration as low as 0.1% of the injected 

dose [87]. As an example, aducanumab can be mentioned. Although it has low BBB 

passage, it targets the brain amyloid plaque at high injection doses. However, these 

doses can also cause BBB disruption [88]. Researchers are working on the focused-

ultrasound-mediated delivery of aducanumab by shortly opening the BBB, indicating 

the need for novel targeting strategies for mAbs [89]. As another example, ocrelizumab 

showed modest disease progress in clinical trials [90,91] although only a limited 

amount of the Cd20 antibodies can cross the BBB. This can be attributed to their large 

size and degradation-prone nature [92,93].  

In addition, siRNA therapy is also considered a powerful tool for modulating gene 

expression through gene silencing, and it can open new doors for disease treatments 

[94]. Currently, patisiran, givosiran, lumasiran, inclisiran, nedosiran, and vutrisiran are 

siRNA-based drugs approved by FDA for treating different diseases [95]. Besides 

these successful efforts, their delivery to the site of action with the highest efficiency 

and without toxicity or enzymatic degradation is considered a challenge [96]. 

Therefore, using DDS to deliver biopharmaceuticals along N2B will provide increased 

stability and targeting potential. Thus, new possibilities for their use in treating CNS 

diseases will arise.  
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Despite the advantages of mAbs, limited number of studies is available in literature 

with respect to N2B delivery for treating CNS diseases. The challenge of delivering 

these molecules and the lack of extensive research compared to other 

biopharmaceuticals could be attributed to their large molecular size, low stability and 

high required doses, which limit their formulation options with DDS [97]. On the other 

hand, the trend has been changing, and more research highlighting nanotechnological 

approaches for delivering mAbs via the nasal route has been available [98]. For 

instance, Musumeci et al. worked on the absorption of the anti-TRAIL (Tumor necrosis 

factor (TNF)-Related Apoptosis Inducing Ligand)-neutralizing mAbs on the surfaces of 

polymeric NPs and NLCs for the treatment of Alzheimer's Disease. The in vivo studies 

in a mouse model showed that polymeric NPs and NLCs reached the brain via N2B 

delivery. They also showed that the adsorption of the monoclonal antibody onto the 

NPs led to an increase in particle size and influenced the distribution of NPs in the 

hippocampus, indicating another critical factor for N2B delivery: the particle size of NPs 

[99].  

In another study with mAbs, Ferreira et al. developed and optimized PLGA and 

oligomeric chitosan NP system for the co-delivery of alpha-cyano-4-hydroxycinnamic 

acid and the monoclonal antibody cetuximab to the brain for glioblastoma therapy. The 

cetuximab conjugation on the NP surface improved the cytotoxicity profile, and a 

chicken chorioallantoic membrane assay showed enhanced antiangiogenic effects for 

the mAbs-conjugated NPs. They showed that mucoadhesive NPs with enhanced 

antiangiogenic effects could be a good candidate for nasal delivery [100].  

Additionally, Chu et al. reported Ephrin type-A receptor 3 (EPHA3) tyrosine kinase 

antibody-modified PLGA NPs. The NPs were coated with N-trimethylated chitosan 

(TMC), a modified chitosan, which stands out with its water solubility and safety [101] 
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to overcome nasal clearance and thus increase brain delivery [102]. As a result, TMC-

coated NPs showed increased cellular uptake compared to the non-coated NPs in cell 

uptake studies with C6 glioma cells. Moreover, when Glioma-bearing rats were treated 

with the NPs, the median survival was increased by 1.37-fold compared to the regular 

PLGA NPs [102]. In addition to these research efforts, EU-funded consortiums such 

as N2B-patch (EU's Horizon 2020 grant agreement No: 721098) [103], and Bio2Brain 

(EU's Horizon 2020 MSCA grant agreement No:956977) have been funded to study 

N2B delivery of biopharmaceuticals such as mAbs underlining the research activities 

in the field.  

1.1.5. Manufacturing DDS for Brain Delivery 

 

Figure 7. Schematic representation of essential steps for transition of nano-pharmaceutical 

DDS from bench to bedside. The figure is modified from [104]. 

As mentioned, each technique and delivery approach have different advantages and 

disadvantages when successfully delivering the drug to the brain. The manufacturing 
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techniques used to prepare these DDS determine the fate of the physicochemical 

properties (such as stability and surface properties) as well as the scalability of the 

NPs that have been prepared [105]. Therefore, in addition to the route of administration 

in focus, manufacturing techniques, including both traditional and innovative methods, 

play a critical role to obtain clinical relevance and transition from bench to bedside 

[106]. This transition involves multiple steps from developing lab-scale production 

protocols to good manufacturing practices (GMP) manufacturing (Figure 7). Thus, in 

the following sections, we introduce both traditional bench top methods and innovative 

methods to prepare these DDS; while focusing on scalability, and different down-

streaming techniques. 

1.1.5.1. Polymeric NPs  

Due to their tunable physicochemical characteristics, polymeric NPs are a potential 

vehicle for different drug delivery applications [107]. They can be prepared with easy-

to-fabricate production methods [108] and there are also efforts made for reasonable 

upscaling [109–112]. Among the natural polymers, chitosan and its derivatives could 

provide many advantages to brain delivery due to their mucoadhesive properties, 

which increase mucosal retention [113]. In addition to biopolymers, synthetic 

biodegradable and biocompatible polymers such as poly (lactic acid) (PLA) and 

poly(lactic-co-glycolic acid) (PLGA), which are approved by the US Food and Drug 

Administration (FDA) for human administration [114] are relevant options.  

Extensive testing has been conducted for polymeric nanoparticles to understand their 

role in N2B delivery. For instance, Gabold et al. reported the preparation of protein-

loaded chitosan NPs decorated with transferrin as a proof-of-concept study to 

demonstrate a versatile surface functionalization that can also be suitable for N2B 

delivery. They showed that the transferrin-decorated with the highest amount of 
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targeting ligand exhibited the highest cellular uptake in the RPMI 2650 human 

epithelium cell line [115]. 

In another study, the researchers studied the chitosan coating of PLGA NPs to study 

the mucosal uptake. Chatzitaki et al. reported the encapsulation of ropinirole 

hydrochloride (RH), an anti-Parkinson drug, into the chitosan-coated PLGA NPs by the 

nanoprecipitation method to enhance drug delivery through the nasal mucosa. The 

researchers assessed the mucoadhesive properties by observing the ability of the NPs 

to adsorb mucin. While the presence of the mucin did not significantly alter the surface 

negative charge of the PLGA NPs, the surface zeta potential for the PLGA-chitosan 

NPs towards more negative values showed that there was an interaction with the 

mucin. Following this, the RH-loaded NPs showed 3.22-fold enhanced drug 

permeation through sheep nasal mucosa compared to their non-coated PLGA 

counterparts [116]. In another study by Spindler et al., the researchers prepared PLGA 

NPs with batches of different sizes as well as chitosan-coated PLGA NPs to study the 

uptake mechanisms of these particles into the olfactory mucosa through ex vivo 

permeation studies. As a result, PLGA NPs showed size-time-dependent uptake 

mechanisms. For instance, PLGA NPs with a particle size of 80 and 175 nm were taken 

up only after 5 min in the lamina propria, and after 15 min, PLGA NPs with a particle 

size of 520 nm were associated with nuclei. Additionally, they presented that PLGA 

NPs with larger particle sizes (520 nm) were accumulated in neural bundles. They 

showed that this accumulation could enable intracellular uptake in neuronal axons and 

further provided transcellular transport with the olfactory or trigeminal nerve pathways 

[117]. It should be noted that while ex vivo studies provide advantages such as 

simplicity in the procedures and offer high tissue availability, differences in tissue 

morphologies should be considered [118]. 
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Although these results regarding larger particle size (520 nm) are particularly 

interesting since the particle size generally is considered suitable and reported for N2B 

delivery for deposition at the olfactory region focuses on 200 nm and below [119], a 

computational study revealed that NPs size of 500 nm could also be deposited at the 

olfactory region (less than the smaller NPs) but it should be noted that the 

computational model only provides limited insights as some factors such as injection 

position and the effect of the mucus layer was not considered [120]. In addition to 

these, the study highlighted that the chitosan coating favored the penetration in the 

mucosa, and this was attributed to the swelling of chitosan at the healthy pH of the 

nose, and due to well-studied tight junction opening abilities of chitosan [121].  

In another study on the mucoadhesion and permeation properties of materials, a 

thiolated-cellulose was synthesized and used for delivering a model drug, enoxaparin. 

They reported that thiolation increased mucoadhesion by 9.6-fold in the porcine 

intestinal mucosa, while the apparent permeability was increased by 2.2-fold. These 

results showed that thiolated-cellulose could also be a candidate for favoring 

mucoadhesion and permeability and the polymer can be studied also for nasal mucosa 

permeation properties in the future [122].   

 

1.1.5.1.1. Bench top Preparation Methods for Polymeric NPs 

Polymeric NPs can be prepared by different traditional bench top methods such as 

nanoprecipitation, emulsification/solvent evaporation, emulsification/solvent diffusion 

and salting-out. Nanoprecipitation is one of the common and straightforward methods 

to prepare polymeric NPs. The method requires two miscible solvents. In the bench 

top nanoprecipitation method, the NP precursor solution containing the polymer 

dissolved in a water-miscible organic solvent phase is added into the non-solvent 
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(aqueous phase) (Figure 8). The rapid mixture further supports the polymer assembly 

and formation of the NPs [123]. Unlike the high-pressure homogenization methods, 

this simple and cost-effective method does not require high energy input [124].  

 

Figure 8. Nanoprecipitation method. The figure is modified from [108]. 

While simple, several factors were addressed in the literature as an essential step to 

prepare polymeric NPs with this method and the optimization of the NPs prepared by 

the nanoprecipitation method may require consideration of several factors. For 

instance, Draheim et al. conducted a design of experiment (DoE) study to determine 

the critical factors in preparation of PLGA NPs by the nanoprecipitation method. They 

showed that the polymer concentration dominantly controls particle size and the 

polydispersity of the prepared NPs [125]. Furthermore, Krishnamoorthy et al. proposed 

a multi-criteria decision-making approach for developing camptothecin-loaded 

polymeric NPs to identify the best possible method to prepare these particles according 

to several criteria based on instrument (e.g., ease of operation), process (e.g., yield, 

minimum number of excipients, minimum average particle size and PDI), and cost. The 

study showed that nanoprecipitation would be the most suitable method to prepare 

these NPs [126]. 
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Figure 9.  Emulsification/solvent evaporation method. The figure is modified from [108]. 

Solvent evaporation is another technique widely used for preparing polymeric NPs. In 

this technique, the polymer is dissolved in a volatile organic solvent and emulsified with 

an aqueous phase in presence of external high-shear force. The volatile organic 

solvent evaporates upon emulsification, and the polymer solidifies to form the NPs 

(Figure 9) [127]. This method can be used for preparing single or double emulsions. In 

double emulsion method, the primary emulsion is dispersed into another liquid phase 

and emulsified in presence of an external force to form the NPs [128]. While single 

emulsion technique is considered more suitable for encapsulating hydrophobic drugs, 

double emulsion method (water-in-oil-in-water, W/O/W) serves for encapsulating 

hydrophilic drugs [129]. A detailed discussion on solvent evaporation/emulsification 

method to form the double emulsions is discussed in techniques of 

interest/emulsification solvent evaporation (double emulsion) section. 

In a study by Hernández-Giottonini et al., polymeric NPs prepared by nanoprecipitation 

and emulsification-solvent evaporation methods were studied to evaluate the factors 
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affecting particle size and polydispersity. They showed that high velocities of agitation 

in solvent evaporation decreased the particle size in both techniques. While in the 

nanoprecipitation technique, particle size was controllable with polymer and surfactant 

concentration, in the emulsification-solvent evaporation technique, these could be 

controllable by organic solvent fractions [130].   

Another technique to prepare polymeric NPs is the emulsification/solvent diffusion 

method, where the polymer is dissolved in an organic solvent phase, which is saturated 

by the excess water. As in the emulsification/solvent evaporation method, this phase 

is emulsified by an external high-shear force in an aqueous phase to form the NPs. 

The addition of extra water is necessary to dilute the solvent phase and, therefore, 

enhance diffusion and subsequent polymer precipitation, a critical step to form the NPs 

[131].   

Salting-out is also a variation of a solvent diffusion method widely used for developing 

polymeric NPs where the polymer is dissolved in a water-miscible organic solvent. The 

polymer-containing-organic solvent phase is added to the aqueous phase with a 

salting-out agent in the salting-out method (Figure 10). The process does not require 

high energy, and nucleation occurs when the addition of the excess water leads to 

diffusing into the organic solvent [132]. Magnesium sulfate, sodium chloride, calcium 

chloride, and calcium sulfate are the most used salting-out agents [131]. While it is an 

easy and efficient way to prepare polymer NPs, extensive purification processes are 

required due to the presence of salting-out agents.  
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Figure 10. Salting-out method. The figure is modified from [108]. 

1.1.5.2. Scalability of NP Production Methods 

As presented, different traditional nanoparticle manufacturing methods represent 

different advantages and disadvantages in developing NPs. For instance, 

nanoprecipitation method is simple and easy to operate, but the particle growth control 

is limited. The salting-out method requires extensive purification cycles and is 

considered time-consuming, while high-pressure homogenization is not suitable for 

thermosensitive drugs due to the heat that the production process requires as well, as 

removing the solvent used could be problematic [133,134]. While no single production 

technique fits in producing different types of NPs, developing nanomedicines that can 

translate from bench side to bedside relies on consideration of the material, process, 

and regulatory aspects. From a materials perspective, the materials that have been 

chosen could be biocompatible and regarded as safe to minimize any further biological 

intolerance. The material's particle size, shape, and degradability are also essential 

parameters to consider [106]. In terms of processes, as mentioned, there is not a single 
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process that fits the production of all kinds of NPs. Indeed, the top-down methods are 

considered more for large-scale industrial production due to ease of operation and 

control of the final product. Still, there is a need to develop continuous manufacturing 

technologies that can fill the gap from the lab-scale production to the industrial scale. 

These technologies offer control over the process parameters, and well-defined 

parameters enable easier transition in scale-up practices. Therefore, the following 

section focuses on the different innovative manufacturing technologies and techniques 

to shorten this gap with examples of brain delivery applications.  

1.1.5.3. Innovative Manufacturing Methods 

Different innovative methods and technologies such as flash nanoprecipitation and 

microfluidics are used to prepare NPs with fine physicochemical properties with 

continuous flow synthesis methods [135].   

Flash nanoprecipitation is an innovative milli-fluidic industry-friendly approach like T-

junction mixing to produce polymeric NPs [136]. This method uses nanoprecipitation 

to stimulate the supersaturation through a jet mixer. The process takes place in 

milliseconds; therefore, this flash mixing induces instant precipitation [137]. One of the 

limitations of this technique is encapsulation of hydrophilic substances. To overcome 

this, Massella et al. developed caffeine-loaded poly-ε-caprolactone (PCL)-based 

polymeric NPs by a confined impinging jet mixer using acetone as the solvent and 

water as the non-solvent. Their study showed that while caffeine-loaded PCL NPs 

successfully prepared to entrapment of the substance as well as modifying the release 

profile, the solvent-drug interactions and the structure of the drug chosen played a vital 

role in NP production. In another study, Caggiano et al. presented a proof-of-concept 

study as an extension of the flash nanoprecipitation called the Sequential Flash 

Nanoprecipitation (SNaP) technique. They showed that using two connected FNP 
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mixers, core-shell NPs could be prepared at higher core loading and total mass 

concentration than the traditional single-step procedure with up to 90% core loading 

[138]. In a different study, researchers encapsulated ibuprofen, which showed potential 

in treating Alzheimer's disease. The polymeric NPs were prepared under optimized 

conditions using a four-stream multi-inlet vortex mixer (MIVM) with poly(ethylene 

glycol)-poly(lactic acid) (PEG-PLA) diblock copolymer as a stabilizer. Notably, in vivo 

studies with mice demonstrated that polysorbate-80 (PS-80)-coated NPs resulted in 

greater drug uptake into the brain compared to the drug solution itself, highlighting the 

impact of the PS-80 coating on enhancing drug delivery. [139].  

There are also many microfluidic approaches for NP production that can be suitable 

for large-scale production. Microfluidics offers advantages in NP productions such as 

being high-throughout, cost-effective, controllable, eco-friendly and due to their easy-

to-operate characteristics [140]. In fact, several studies have been conducted to 

produce DDS for efficient CNS delivery using microfluidics [141]. As an example of 

these efforts, for instance, Wang et al. developed a microfluidic platform to enhance 

the delivery of miRNAs through intranasal delivery for glioblastoma therapy. Their 

microfluidic platform demonstrated that it could efficiently encapsulate therapeutic 

miRNAs and drugs into size-controllable extracellular vehicles (EVs) using a pressure-

based disruption and reconstitution procedure. Their neural stem cell (NSC)-derived 

EVs loaded with miRNA and labeled with CXCR4 (a G-protein-coupled chemokine 

receptor) successfully target glioblastoma and enhanced tumor cell apoptosis when 

combined with temozolomide (TMZ) in their in vivo mice studies [142].  

In a different study, Samaridou et al. investigated N2B delivery by focusing on 

delivering RNA via encapsulation into nanocomplexes enveloped with different 

protective polymeric by traditional and microfluidics methods. They reported that their 
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microfluidic method yielded fine particle size distribution with tunable mean particle 

size, protected the RNA from degradation, and prevented premature RNA release in 

the release media. Furthermore, the in vivo studies with mice models of Alzheimer's 

disease confirmed an increase in miRNA in the hippocampus after intranasal 

administration [143]. 

In addition to these efforts, Mohebichamkhorami et al. prepared a novel microfluidic 

approach to prepare ultra-small and monodispersed chitosan/graphene quantum dot 

hybrid NPs to prepare optimal NPs for intranasal delivery. Upon intranasal 

administration, the hybrid ultra-small NPs could penetrate the cytoplasm of C6 glioma 

cells and showed cell viability depending on exposure and time [144]. Furthermore, 

Martins et al. developed a microfluidic method to prepare PLGA NPs loaded with an 

anti-HIV drug to enhance its delivery to the brain. Microfluidic production yielded 

smaller particle sizes, higher drug association degrees, and higher encapsulation 

efficiency compared to the conventional method [145].  

1.1.6. GMP-compliant Downstreaming Methods 

1.1.6.1. Purification  

Industrialization and scalability of the NPs would be possible in reasonable compliance 

in downstream methods for purification, concentration, and storage. For instance, 

Operti et al. investigated industry-friendly production and downstreaming of PLGA NPs 

suitable for continuous operation. They manufactured NPs using a scalable inline 

sonication method. To purify the particles continuously, they employed cross-flow 

filtration (CFF) and reported that the technique was suitable for sufficient purification 

of the NPs. Moreover, the choice of enclosed systems made sterilization possible for 

GMP-compliance manufacturing [146].  
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The purification of the NPs is an essential step during the particle development 

process. Sufficient cleaning is necessary to remove any excess substances and 

impurities that might lead to incompatibility and biological intolerance in future studies. 

The laboratory-scale purification processes generally involve centrifugation, extraction, 

dialysis, and filtration-based techniques [147]. While these techniques might suit small-

scale laboratory-based production, large-scale NP production requires compliant and 

automatized methods to achieve sufficient cleaning procedures. One of the industrial-

friendly purification techniques is known as CFF (Figure 11) which is an industry-

friendly technique that purifies the NPs and removes excess substances. Unlike dead-

end filtration methods where the solute goes through to the membrane perpendicularly, 

which could result in membrane caking and a decrease in the flux, during the CFF 

procedure the fluid passes through a filter tangentially [148].  

In the CFF process, the NPs are passed through a hollow fiber membrane with a 

specific size cut-off. The hollow fiber membrane is chosen according to the particle 

size of the prepared nanoparticle, the molecular weight (Mw) of the substance 

encapsulated, and the required time to perform the purification process. During the 

CFF, the NPs cannot cross the membrane, so they are collected in the retentate and 

circulated back to the sample reservoir. Due to their smaller molecular weights, non-

encapsulated drugs, excess of surfactant and free polymer chains could pass through 

the hollow fiber membrane and collected at the filtrate. The CFF system can be used 

to concentrate the sample, or the initial sample concentration can be kept constant by 

adding continuous aqueous medium by addition at the same flow rate as the filtrate 

flow rate.  
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Figure 11. Illustration of a simple cross-flow filtration setup 

 

For instance, in a study by Dalwadi et al., researchers compared diafiltration and the 

CFF procedure. The study showed that the CFF, with a concentration mode at trans-

membrane pressure (TMP) of 10 psi, could efficiently remove the excess polyvinyl 

alcohol (PVA) in 2.8 h in large batches, unlike the diafiltration and dialysis methods. 

Moreover, this purification process had less impact on the physicochemical properties 

of NPs than the ultracentrifugation [149].  Additionally, Lombardo et al. compared the 

traditional dialysis method with the innovative NanoDis device which relies on the 

sample and separate technique using the CFF hollow fiber membranes to assess the 

release profiles of the PLGA nanocapsules loaded with retinoic acid. They showed that 

while the innovative method could accurately demonstrate the high burst release of 

retinoic acid from the nanocapsules, the dialysis method could not efficiently 

demonstrate this effect, underlining the superiority of the NanoDis device. 

1.1.6.2.  Lyophilization 

Lyophilization, also known as freeze-drying, is a dehydration process to improve 

formulations' (such as NP suspensions) stability, extend their shelf-life, and ease their 

storage [150]. Including lyophilization is a critical step in the scale-up transfer of NPs. 
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Developing a design space for lyophilization processes is essential for successful 

scale-up and technology-transfer processes and should be a focal point of in-process 

control strategies [151]. Important factors to be considered for the lyophilization of the 

NPs could be the appropriate choice of the cryoprotectant, cryoprotectant/surfactant 

ratio, and extensive comparison of the physicochemical properties of NPs before and 

after lyophilization. For instance, Amis et al. investigated different cryoprotectants for 

developing lyophilized SLNs. Their study showed that the appropriate choice of 

cryoprotectant and defining the suitable concentrations were critical, as optimal 

trehalose concentration prevented significant particle growth after lyophilization [152].  

1.2. Techniques of Interests 

1.2.1.  Emulsification/Solvent Evaporation (Double Emulsion) Method 

 

Figure 12. Preparation of polymeric NPs by double emulsion method 

Emulsions of emulsions or double emulsions can be prepared by dispersing the 

droplets of a primary emulsion into another liquid phase. Water-in-oil-in-water (w/o/w) 

double emulsions can be formulated to encapsulate hydrophilic molecules in its 
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aqueous core successfully and could provide prolonged release profiles [153]. Unlike 

the nanoprecipitation method, which is mostly suitable for hydrophobic substances, 

and the salting-out method, which requires excessive purification processes for 

purifications, the double emulsions method offers higher encapsulation efficiencies for 

hydrophilic molecules[154]. 

In this method, two subsequent emulsifications are performed. Firstly, as in the single 

emulsion method, the drug is dissolved in the aqueous phase and emulsified with the 

polymer-containing organic solvent phase to form the primary emulsion. To perform 

secondary emulsification, the prepared primary emulsion is emulsified with another 

aqueous phase, generally with a larger volume than the inner (first) aqueous phase. 

The subsequent evaporation after the emulsification leads to the polymer's 

solidification and the NPs' formation (Figure 12) [155]. While homogenizers are 

commonly used in the first step of emulsification for preparing primary emulsion, for 

secondary emulsification, high-pressure homogenizers [156] or microfluidics [157] 

have also been used. However, efforts such as microfluidics could also lead to the 

formation of microparticles rather than NPs.  

Multiple critical factors have been identified in polymeric NP preparation using the 

double emulsion method. For instance, Lamprecht et al. showed that preparation of 

albumin-loaded polymeric NP encapsulation with regard to particle size and PDI was 

influenced by the homogenization time, as well as polymer and surfactant 

concentration in the outer aqueous phase [158]. In another study, Zambaux et al. also 

showed that high surfactant concentration (3% or more) led to smaller particle size 

(around 200 nm) [159]. Therefore, while preparing NPs in addition to the 

homogenization time, the concentration of the polymer and surfactant, as well as phase 

ratios, should be also considered. 
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In fact, double emulsions can be used in brain delivery, especially in intranasal drug 

delivery. For instance, Deepika et al. developed polymeric NPs prepared using the 

double emulsion method to successfully deliver the frovatriptan succinate to the brain 

through N2B delivery. The double emulsion method was reportedly chosen to increase 

the encapsulation efficiency of the hydrophilic drug. As a result, the polymeric NPs 

prepared by the double emulsion method with a mean particle size of 264 nm showed 

three times more enhanced permeation across goat nasal mucosa compared to the 

drug solution [160]. In another study, carboplatin-loaded PCL-based polymeric NPs 

were developed using the double emulsion method to increase the brain delivery of 

the anticancer drug by the N2B delivery. As a result, in situ nasal perfusion studies 

with Wistar rats showed higher nasal absorption was achieved by the NP formulation 

compared to the drug solution [161]. Moreover, the double emulsion method has been 

used to successfully encapsulate biopharmaceuticals such as bovine serum albumin 

(BSA) [162,163], human serum albumin (HSA) [159], peptides, [164], insulin [165], 

oligonucleotides [166], antigens [167] for sustained and controlled release purposes, 

as well as achieving high encapsulation efficiency for encapsulating 

biopharmaceuticals [168].  

These efforts in encapsulating both small Mw drugs and biopharmaceuticals, as well 

as their success in N2B delivery indicate that polymeric NPs prepared by the double 

emulsion method can be a choice for DDS to study N2B delivery of 

biopharmaceuticals. On the other hand, the scale-up of the double emulsion is 

considered difficult [154] mainly due to the use of homogenizers in both emulsification 

steps. While microfluidic efforts have been made to produce double emulsions with 

scale-up friendly processes, these efforts generally yielded micron-sized particles, and 

low flow rates and high-pressure drops in the micro-channels make further scalable 
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practices challenging to perform [169]. Therefore, to promote the bench side transition 

of polymeric NPs prepared by the double emulsion method, there is a need for efficient 

continuous manufacturing technologies to promote scalability of this technique. Thus, 

the following sections focus on possible continuous manufacturing techniques (e.g., 

MSR-system and SDS for preparing polymeric NPs not only by the nanoprecipitation 

method for small Mw hydrophobic drugs but also by double emulsion method to 

encapsulate small Mw hydrophilic drugs and biopharmaceuticals for their possible 

applications in N2B delivery.  

1.2.2.  Spinning Disc System  

The spinning disc is a device that is designed for automated and continuous 

production. The systems are designed to provide a continuous flow process where the 

liquid is fed generally to the center of a rotating disc and spread on the surface of the 

spinning disc due to centrifugal forces. The process eventually led to a thin film 

formation on the disc surface, yielding a large surface-to-volume ratio for the fed liquid. 

One of the advantages of the SDS is that it can be combined with single or multiple 

feeding jets to micromix different liquids to prepare NPs. In the literature, the 

preparation of NPs by a spinning disc reactor with titanium oxide [170], silver [171], 

zinc oxide [172], and beta-carotene [173] has been reported. In addition to these 

efforts, the adaption of a spinning disc reactor into a spinning disc photocatalytic 

reactor has been performed where the liquid was fed onto a ceramic disc through a 

pump, and blue LED lamps were combined with a glass disc for the light illumination 

purposes for the photocatalytic process [174,175]. A further study enabled the 

deposition of a yolk-shell nanostructure on the ceramic disc surface for coating and 

induced photocatalytic degradation of amoxicillin pollutants [176], showing broad 

application range of spinning disc technology.  
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In terms of NP preparation techniques, uniform and rapid mixing of liquids on the 

spinning disc surface enables the application of the nanoprecipitation method in NP 

production. As a method, nanoprecipitation is based on polymer precipitation by adding 

the non-solvent (NS) to the solvent (S) solution that contains polymer and involves four 

main mechanisms: supersaturation, nucleation, crystal growth (a diffusion 

phenomenon), and coagulation, which leads to NP formation. This uniform mixing of 

the SDS offers control over the supersaturation, providing control over the following 

steps, such as nucleation and growth [177]. Thanks to this process, which also 

influences the spread of the fed liquid on the surface of the disc, in-process control of 

physicochemical properties of NPs, such as particle size and polydispersity, is possible 

by controlling different parameters such as disc rotating speed. A study by Mohammadi 

et al. [170] highlighted that by increasing the disc rotation speeds, it was possible to 

decrease particle size, which can be attributed to increased shear forces. Another 

study by Sana et al. also observed the same phenomenon and underlined that an 

increase in non-solvent to solvent (NS to S) ratio led to reduced particle size due to 

reduced solubility which promotes higher nucleation and supersaturation. These 

results also show the possibility of the application of the SDS on preparing polymeric 

NPs. In addition to the possibility of controlled synthesis of polymeric NPs, post-

synthesis purification procedures can be minimized due to the subsequent removal of 

organic solvents during the production of the NPs by the SDS thanks to the high 

surface-to-volume ratio the disc surface offers.  

Therefore, in this thesis, possibilities of preparing polymeric NPs by nanoprecipitation 

and double emulsion methods have been investigated by establishing different lab-

scale prototypes that enable the assessment of NP formation and subsequently 

possible process parameters that can influence NP formation for optimizing the NP 
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production protocols. Unlike the traditional nanoprecipitation method, the modified-

nanoprecipitation method, which is also investigated by Zander [178], involves the 

initial mixing of NS and S phases and, therefore, enables a single starting solution and 

subsequent evaporation on the disc surface. This potentially reduces NP production 

time and steps—as illustrated in figure 13.  

 

Figure 13. Illustration of SDS set-up. A syringe pump feeds the S/NS mixture through a needle 

placed on the center of a spinning disc rotated by a motor. The samples are collected directly 

from a container placed under the disc. 

As discussed in previous sections, preparing polymeric NPs by the double emulsion 

method could also offer high encapsulation efficiencies to hydrophilic substances such 

as biopharmaceuticals, and these could offer innovative therapeutic options for the 

treatment of CNS diseases when combined with the N2B delivery. Therefore, in scope 

of this thesis, polymeric NP production using the double emulsion method with SDS 

was also investigated to promote scalable polymeric NP manufacturing practices. 

Previously, a spinning disc reactor has been investigated for encapsulating a flavonoid 
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with a double emulsion method: yet, this effort yielded emulsions with the size range 

of 13-15 µm [179] and was limited to the application of the process into brain delivery 

where optimal particle size was reported around 200 nm [180]. Therefore, in the scope 

of this thesis, different configurations of SDS set-up have also been investigated to 

prepare polymeric NPs by the double emulsion method.  

1.2.3. Micro-spray-reactor System  

Microreactor technology has gained attention for the scale-up of NP production. The 

technology usually relies on a mixing chamber of defined size and configuration and 

on the collision of jet streams in the mixing chamber leading highly turbulent processes 

where the “S” and “NS” phases are mixing and resulting in nanoprecipitation process 

to form NPs [181]. As an example of microreactor technologies, Günday-Türeli 

developed ciprofloxacin complex loaded PLGA NPs by the microreactor system for 

pulmonary treatment of cystic fibrosis infections and evaluated the effect of process 

parameters on NP quality by the DoE approach. Overall, the production of NPs by 

continuous manufacturing technology yielded fine particle size and PDI values [182]. 

In another study, Lombardo and Moya et al. focused on preparing surfactant-coated 

(PS80 or P188) polymeric NPs by the same technology for delivery to the brain through 

the BBB. Their study demonstrated the interaction of the NPs with human brain-like 

endothelial cells (BLECs) by in vitro coculture human BBB models, and surfactant-

coated NPs were internalized by the cells and showed biocompatibility [183]. These 

promising results indicate that microreactor technologies can be used for brain delivery 

applications.  

To bring an innovative approach for preparing polymeric NPs with microreactor 

technologies, in scope of the thesis, MSR-system has been investigated. As an 

microreactor, the MSR-system relies on the solvent and the non-solvent mixing 
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through the spray movement through the nozzles enabling the interaction in each 

droplet and providing control over the fine particle productions as illustrated in figure 

14. A third opening placed in MSR-system offers ease collection of the NPs. As a 

system, it gives a chance to prepare NPs with different formulations by adjusting phase 

ratios basically by arranging the flow rates of each phase introduced through the 

nozzles or choosing differing mixing chamber sizes.  

 

Figure 14. Illustration of MSR-system 

In addition to this, it provides chances with interchangeable geometry and adjustable 

distance and enables methods not only limited to nanoprecipitation but also methods 

such as coating and micronization by looping the NPs through the nozzles with 

repeated cycles of looping. Moreover, as a continuous manufacturing system, it allows 

large-scale production of NPs, offers high quality manufacturing of NPs which leads to 

homogeneous emulsions and drug encapsulation processes. 
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This doctoral project aims to prepare polymeric NPs to deliver hydrophilic substances 

for N2B delivery applications for advancing treatments for CNS diseases. The NP 

formulation should not be internalized by the nasal cells so could be delivered to the 

olfactory region to bypass the BBB. So that it can deliver therapeutics to the brain with 

the non-invasive approach. Another aim of the doctoral project is to prepare polymeric 

NPs for N2B delivery with scalable methods to enhance their potential for the transition 

from bench side to bedside. Therefore, the focus is given to designing and investigating 

different continuous manufacturing processes and technologies to identify the effect of 

possible process and formulation parameters on preparing these NPs by these 

systems, enabling their scalability. As mentioned previously, to fulfill this goal and 

prepare scalable polymeric NPs, SDS and MSR-system have been investigated and 

re-purposed to prepare polymeric substances as blank NPs, as loaded with small Mw 

hydrophilic and hydrophobic substances, and as loaded with large Mw substances. 

Especially the latter could increase the potential of these polymeric NPs to deliver 

innovative hydrophilic molecules like mAbs in the future while providing fine 

physicochemical characteristics to NPs. To compare these systems and understand 

their potential, the NPs would be prepared by both traditional bench top methods and 

continuous manufacturing techniques. Moreover, different methods for preparing 

polymeric NPs could be beneficial for loading small and large Mw hydrophilic and 

hydrophobic substances. Thus, different methods, such as nanoprecipitation, its 

derivative modified-nanoprecipitation, and double emulsion methods, have been 

studied.   

Moreover, as the main goal is to prepare NPs for the N2B delivery for CNS diseases, 

and this requires biocompatible formulations, a special consideration is given to 

choosing biocompatible formulation components. These NPs were prepared using 
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regulatory-approved polymers such as PLGA, ensuring their safety and reliability. Their 

compatibility was then assessed with well-known cell viability assays, and 

internalization profile has been assessed with the imaging technologies.  

Also, NP formulations should not be affected by the burst release profile and should 

deliver the drugs with sustained release to unlock their potential of delivering the 

advanced therapeutics with longer intervals while increasing their bioavailability at the 

site of action, potentially the brain. Therefore, in vitro release profiles of these 

formulations were assessed with traditional methods as well as with imaging 

techniques to assess and confirm sustained release, a crucial factor in the 

effectiveness of these formulations. 
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3. Formulating and Manufacturing 

Scalable Polymeric NPs  

The experimental work for encapsulation of curcumin into PLGA NPs and optimization 

by the DoE was performed by Shehneela Jamil during her master thesis project where 

I, Selin Akpinar Adscheid, supervised and co-performed the experiments and the 

thesis project.  

The experimental work represented for preparing double emulsions by the SDS setup 

was completed with Mohamed Saqawa during his internship as part of his master 

program Erasmus Mundus Joint Master’s degree BIOPHAM and the experiments were 

co-performed and supervised by me, Selin Akpinar Adscheid throughout the training.  

The Cryo-SEM imaging was performed at Contipro a.s. in Dolní Dobrouč, Czechia as 

part of collaboration within Bio2Brain project. 

The figures in this chapter have been created with Biorender.com in scope of the 

student licensing plan.  
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3.1. Introduction  

Polymeric NPs can deliver drugs to the site of action while PLGA being biodegradable 

and biocompatible [127,184]. One class of polymeric NPs, PLGA NPs, has been 

studied in the literature to overcome the challenges of different pathologies from lung 

to brain [182,183]. Even PLGA is an FDA-approved polymer for medical use over a 

decade, only limited products based on the PLGA microspheres have been approved 

[185], and there is no PLGA NP based drug available on the market. This is since 

producing PLGA NPs while meeting high-quality continuous manufacturing remains a 

challenge [186]. On the other hand, studies show that innovative large molecules (e.g., 

monoclonal antibodies) could enhance therapeutic options for complex therapeutic 

challenges such as in the case of CNS diseases when encapsulated to drug delivery 

systems such as PLGA NPs [40,98]. Thus, there is a need for developing and 

optimizing continuous manufacturing systems to produce PLGA NPs, that can also be 

loaded with innovative molecules to tackle complex therapeutic challenges.  

To tackle this issue, the following chapter represents design, screening, optimization 

and the characterization of the PLGA NPs produced by two continuous manufacturing 

systems: SDS and the MSR-system. Moreover, to successfully encapsulate the 

innovative large hydrophilic molecules such as biopharmaceuticals to PLGA NPs with 

high encapsulation efficiencies, the production of the PLGA NPs by the double 

emulsion method with these continuous manufacturing systems was evaluated. Briefly, 

while the SDS offers a platform to produce PLGA NPs by evaporation-triggered 

modified nanoprecipitation, the MSR-system relies on the S and the NS mixing through 

spraying of the two phases and provides control over the fine particle production. The 

systems offer interchangeable geometry and adjustable distances while enabling 

methods such as precipitation and coating. 
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In this chapter, the following steps evaluate the advantages and limitations of both 

continuous manufacturing systems to produce PLGA NPs loaded with small and large 

Mw hydrophobic and hydrophilic substances. 

1. Preparation of the PLGA NPs with the SDS by the modified-nanoprecipitation 

method and assessment of process parameters. 

2. Preparation of the curcumin-loaded PLGA NPs by the SDS by the modified-

nanoprecipitation method and optimizing the process parameters by the DoE 

approach. 

3. Preparation of the PLGA NPs with the emulsification/solvent evaporation (double 

emulsion) method. This part focuses on the preparation of the PLGA NPs as double 

emulsions by the traditional homogenization methods to enable the successful 

encapsulation of hydrophilic substances. 

4. Design of the prototype and screening for the possible process parameters to 

produce PLGA NPs as double emulsions with the SDS.  

5. Investigation of the MSR-system for preparing PLGA NPs as double emulsions. 

This part also underlines preparing PLGA NPs loaded with small and large Mw 

hydrophilic substances by the MSR-system.  

3.2. Materials and Method 

3.2.1. SDS Design and Functionality: Prototype I 

To evaluate the SDS set-up and prepare PLGA NPs with the modified-

nanoprecipitation method, the prototypes established by Zander [178] was re-

established. This set-up is then used for assessing possible process parameters (e.g. 

disc rotation steep, droplet size, disc material type) that could have an influence on 

physicochemical properties of NPs such as particle size and polydispersity. The discs 
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used in the SDS were prepared from 3D-printed polyamide or polypropylene discs and 

placed on a motor (RND Lab DC Power Supply RND 320 – KD3005D, Nikon, 

Switzerland) located inside of a plastic container. The plastic sample container enabled 

easy collection and cleaning during and after sample preparation. The power supply 

provided control over the disc rotation speed of the disc. The conversion of the voltage 

value to the revolutions per minute (rpm) was performed by a tachometer (Voltcraft DT 

– 10L Laser Speed meter, Hirschau, Germany). The flow rate was kept constant during 

the procedure by using a syringe pump. The needle was connected to the syringe 

pump with a plastic tubing to adjust the placement of the needle and the dropping 

distance of the sample to the disc surface. After the preparation of the sample, the 

samples were collected directly from the plastic container.  

3.2.2. Preparation of PLGA NPs with the SDS by 

the modified nanoprecipitation method 

 

Figure 15. Preparation of the PLGA NPs by the SDS with the modified nanoprecipitation 

method 

The NPs were prepared (Figure 15) with a solvent (S) containing 20.0 mg of Resomer® 

RG 503H (50:50, acid terminated, Mw: 24.000-38.000, Evonik, Essen, Germany) 
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dissolved in acetone (HiPerSolv CHROMANORM for HPLC, VWR, Darmstadt, 

Germany). After stirring the solution for 10 min, distilled water is added to the initial 

solution with a S/NS ratio of 9:1. Finally, the S/NS was introduced to the center of a 

spinning disc with a flow rate of 0.5 ml/min and the sample was collected from the 

collector located under the spinning disc.  

3.2.2.1. Screening of possible process parameters to 

produce PLGA NPs with the SDS by the 

modified nanoprecipitation method. 

To produce PLGA NPs by the SDS with modified-nanoprecipitation method, disc type, 

disc rotation speed, and the droplet size were screened to evaluate the effect of these 

parameters on the PLGA NP production (Table 1). 

Table 1. Screened process parameters for the PLGA NPs prepared by the SDS 

Parameters Disc Type Disc Voltage Needle 

Disc Type / 

Material 

PA-1/-2/-3/-4/-5/-6/-7/-

8/-9, 

PP-1/-2, 

CA-1/-2/-3 

3.00 V 0.90 x 40 mm 

Disc Rotation 

Speed 
PP-1 

2.20 V, 2.50 V, 

2.80 V, 3.00 V, 

3.50 V, 3.93 V 

0.90 x 40 mm 

Droplet Size PP-1 3.00 V 

0.90 x 40 mm, 

0.80 x 120 mm, 

0.60 mm x 80 mm 

Repeatability      PP-1      3.00 V 0.90x 40 mm 

 

 

PA: polyamide, PP: polypropylene, CA: concave shape polypropylene discs 
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3.2.2.2. Screening of the effect of different disc types on 

PLGA NP production 

To screen the effect of different disc materials and disc surface patterns on 

evaporation, thus the production of the PLGA NPs, polypropylene (PP) and polyamide 

(PA) or concave shape polypropylene (CA) discs were 3D-printed. The discs were 

named according to their different shapes and material (PA-1/-2/-3/-4/-5/-6/-7/-8/-9, 

PP-1/-2 and CA-1/-2/-3 (Figure 16). To prepare these polymeric NPs, the S/NS was 

introduced to the center of the disc by a needle (0.90 x 40 mm) with a flow rate of 0.5 

ml/min. The disc rotation speed was set to 1314 rpm. 

 

Figure 16. Different disc materials and surface structures for polyamide (PA), polypropylene 

(PP), and concave shaped polypropylene (CA) discs 

3.2.2.3. Screening of the effect of different disc rotation 

speeds on PLGA NP production 

To screen the effect of different disc rotation speeds on preparing PLGA NPs by the 

SDS, different disc rotation speeds were screened. The conversion of the voltage 

values to rpm was performed by a tachometer and the following disc rotation speeds 

were screened: 2.20 V (~ 311 rpm), 2.50 V (~ 688 rpm), 2.80 V: (~ 1090 rpm), 3.00 V 
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(~ 1314 rpm), 3.50 V (~ 1930 rpm), 3.93 V (~ 2550 rpm). To produce NPs, the S/NS 

was introduced to the center of the polypropylene disc (PP-1) by a needle (0.90 x 40 

mm) with a continuous flow rate of 0.5 ml/min. 

3.2.2.4. Screening of the effect of needle types (droplet 

size) on PLGA NP production 

To evaluate the effect of different droplet sizes on producing PLGA NPs, syringe 

needles with different droplet sizes (0.90 x 40 mm, 0.80 x 120 mm, and 0.60 x 80 mm) 

were used. To produce NPs, the S/NS was introduced to the center of the disc rotation 

speed of 1314 rpm with a flow rate of 0.5 ml/min.  

3.2.2.5. Repeatability of the PLGA NP production with 

the SDS 

To assess the repeatability of producing PLGA NPs with the SDS, the S/NS 

(solvent/non-solvent) mixture was introduced to the center of a polypropylene disc (PP-

1) by a needle (0.90 x 40 mm) with a flow rate of 0.5 ml/min. The disc rotation voltage 

and speed were set to 3.00 V (~ 1314 rpm). The results were obtained as triplicates 

and the experimental procedure were performed during the same day. 

3.2.3. Preparing Curcumin-loaded PLGA NPs by SDS 

A DoE has been performed to prepare and optimize curcumin-loaded PLGA NPs, 

where curcumin is chosen as a small Mw hydrophobic model substance for the 

encapsulation process. Factors were chosen according to the possible process 

parameters screening performed with the blank-PLGA NPs prepared by the SDS using 

the modified-nanoprecipitation method. For preparing the curcumin-loaded PLGA NPs 



59 
 

by the SDS with the modified-nanoprecipitation method, the following experimental 

procedure was followed:  

The NPs were prepared (Figure 17) with a solvent containing 20.0 mg of Resomer® 

RG 503H (50:50, acid terminated, Mw: 24.000-38.000, Evonik, Essen, Germany) 

dissolved in acetone (HiPerSolv CHROMANORM for HPLC, VWR, Darmstadt, 

Germany). After stirring the solution for 10 min, distilled water was added to the initial 

solution with an S/NS ratio of 9:1. Finally, the S/NS was introduced to the center of a 

spinning disc and the sample was collected from the collector located under the SDS 

(Figure 17) 

 

Figure 17. Preparing curcumin-loaded PLGA NPs by the SDS 

The physicochemical characteristics of the NPs were then assessed using DLS and 

the quantification of EE% of curcumin in PLGA was performed using a fluorometer due 

to curcumin's distinct fluorescence, with a calibration curve linear in the range of 0.1-

4.1 µg/ml. 

The encapsulation efficiency was then assessed by centrifugating the obtained NPs at 

for 30 min at 24,610 rcf to obtain the supernatant. Then, the supernatant is 

centrifugated at 1950 rcf for 10 min with Nanosep® centrifugal devices (100 kDa 
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membrane, Pall Laboratory purchased from VWR from Darmstadt, Germany). The 

obtained filtrate is then read at the calibration curve prepared by a microplate reader 

with a filter of D400/20 nm excitation and 590 nm emission wavelengths.  

3.2.3.1.  Design of Experiment 

Table 2.  Factors in Box-Behnken design space for process optimization of curcumin-loaded 

PLGA NP formulation 

Factor Name Units 

Lower 

level 

(-1) 

Upper level 

(+1) 

A Disc speed ml/min 600 2100 

B Flow rate rpm 0.5 2 

C 
Droplet size (needle 

diameter size) 
mm 0.7 0.9 

D Polymer concentration mg/ml 1 4 

 

Box-Behnken DoE design has been performed to optimize the preparation of the 

parameters. Four factors: flow rate, disc rotation speed, droplet size, and polymer 

concentration were tested at two levels in the design space studied. At the same time, 

the responses were set as particle size, PDI, and encapsulation efficiency %. As a 

result, a Box-Behnken design with 29 runs and five center points was analyzed using 

Design-Expert ver. 7.1.9 (Stat-Ease Inc., Minneapolis, MN, USA) and the results were 
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analyzed using regression analysis of variance (ANOVA). Factors studied with their 

lower and upper level are shown in Table 2 above. 

3.2.4. Preparation of PLGA NPs as double emulsions by the 

emulsification/solvent evaporation method 

The PLGA NPs were prepared by the emulsification/solvent evaporation method to 

obtain W/O/W double emulsion (Figure 18). The experimental procedure was adapted 

from Spindler et al. [117]. To prepare the primary emulsion, 1% Tween® 80 (Merck, 

Darmstadt, Germany) in distilled water and 5 mg/ml PLGA Resomer® 503 H (Evonik, 

Darmstadt, Germany) in 3:1 ethyl acetate (VWR, Darmstadt, Germany): 

dichloromethane (ACS Reagent, Reag. ISO≥99.9%, GC) (Merck, Darmstadt, 

Germany) solution were emulsified with a ratio of 1:10 by a homogenizer. The obtained 

primary emulsion was added to a water phase containing PVA (Mowiol® ,4-98, Mw ~ 

27,000, Sigma – Aldrich, Munich, Germany) as a surfactant with ratio of primary 

emulsion to outer aqueous phase of 1:10. Both emulsification steps were performed at 

the 13,500 rpm for 1 min with a homogenizer (Witeg, Wise-Tis, Wertheim, Germany). 

The prepared sample was stirred overnight to evaporate the organic solvent and form 

the PLGA NPs. To identify the phases clearly, the inner aqueous phase is notated as 

“W1” phase, organic solvent phase is notated as “O” phase and outer aqueous phase 

is notated as “W2
” phase in the next sections when mentioning the phases of the double 

emulsions prepared.  
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Figure 18. Illustration of the W/O/W Double emulsion structure 

3.2.4.1. Optimization of the preparation of PLGA NPs by 

the double emulsion method 

The preparation of the PLGA NPs with this method was further optimized by preparing 

the samples with different phase ratios (W1:O:W2), and surfactant concentrations in 

both aqueous phases. Two different W1:O:W2 phase ratios were tested (1:10:100 and 

1:5:100) and for each phase ratio 1%, 2% and 3% PVA concentration in “W2” phase 

was prepared. Finally, samples prepared with 3% PVA concentration in their “W2” 

phase were further evaluated with the different Tween® 80 surfactant concentration as 

well as with different primary emulsification times (30 s and 60 s) as explained in figure 

19. This enabled further assessment of the stability of the double emulsions. During 

the method optimization, all preparations were evaluated in terms of particle size, as 

well as polydispersity.  
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Figure 19. Further method development for preparation of PLGA NPs with the double emulsion 

method 

3.2.4.2. Final preparation of the PLGA NPs by the 

double emulsion method 

For the final preparation of the blank PLGA NPs by double emulsion method (W1:O:W2, 

1:10:100) (Figure 20), the primary emulsion was prepared by the addition of the “W1” 

phase with 1% Tween 80 to polymer containing phase consisted of 5 mg/ml PLGA 

(RESOMER® RG 503 H) dissolved in EA:DCM (3:1). Immediately after the addition, 

emulsification with a homogenizer at 13,500 rpm for 30s was performed to form the 

primary emulsion. Then, the primary emulsion was transferred into “W2” phase 

consisting of 3% PVA, and the emulsification at 20,200 rpm for 60s was performed with 

the homogenizer IKA Ultra-turrax® (Staufen, Germany). The double emulsion was 
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evaporated overnight and characterized later in terms of their particle size and PDI 

values. 

 

Figure 20. Final preparation of the PLGA NPs by the double emulsion method 

3.2.5. Screening of possible process parameters to 

produce PLGA NPs with the double emulsion 

method by the SDS. 

In this section, possible applications of the SDS on preparing PLGA NPs as W/O/W 

double emulsions to encapsulate hydrophilic substances were investigated and 

influence on different possible process parameters were screened. The results were 

compared to bench top PLGA NPs prepared by the double emulsion method in terms 

of particle size and polydispersity.  
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3.2.5.1. Second SDS prototype for preparing PLGA NPs 

as double emulsions by the SDS 

To investigate the application of the SDS as a single-step tool to directly prepare the 

PLGA NPs as double emulsions, another set-up was built (Illustrated in Figure 21). 

 

Figure 21. Second SDS Prototype for preparing PLGA NPs by the double emulsion method  

In this set-up, both the primary emulsion and the secondary emulsion were aimed to 

be prepared through the SDS and introduced on the rotating disc. During the process, 

the “W1” and the “O” phases were pumped from two separate syringe pumps. Both 

phases were mixed through a connector to maximize the mixing between these phases 

and to directly prepare primary emulsion. Meanwhile, “W2” phase was also ejected on 

the surface of a spinning disc from another syringe pump. Due to centrifugal forces, all 

phases were spread through the disc surface and thus mixed on the disc surface. 

Finally, the final samples were collected from the collector. Overall, the prototype 

offered easy-to-control adjustments for screening different possible formulation and 

process parameters. In the next sections the prepared “W1” phase contains 1% 
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Tween© 80, and the “O” phase was prepared with 5 mg/mL PLGA (Resomer© 503 H) 

in 3:1 Ethyl acetate: DCM, and “W2” phase was prepared with 3% PVA. 

3.2.5.2. Screening of different disc types 

Screening of the different disc materials and disc surface patterns was performed by 

using 10 different disc conformations made from polyamide or polypropylene. During 

the screening, for all the disc types, the rotational speed was kept constant at 688 rpm 

and a Y-shaped connector was used to combine the “W1” and “O” phases. 

Table 3. Screening of effect of different disc types to prepare PLGA NPs by the double 

emulsion method with the SDS 

 

Parameter Fixed / Screened Value(s) 

Disc type Screened 
Polyamide (PA) and 

Polypropylene (PP) discs 

Connector type Fixed Y-shaped connector 

Disc rotation speed Fixed 688 rpm 

W2 phase concentration 

and flow rate 
Fixed 

3% PVA in water 

Flow rate: 100 ml/min 

 

“O” phase concentration 
Fixed 

5 mg/ml PLGA Resomer© in 

Ethyl acetate: DCM (3:1) 

W1 concentration Fixed 1% Tween© 80 in water 

W1: O Fixed 1:10 

Flow rates for 

 the W1 and O phases 
Fixed 

W1: 1 ml/min 

O: 10 ml/min 
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The phases were introduced to the disc for 10 seconds and the samples were collected 

directly from the collector and filtrated with 1 µm glass syringe filter. Other parameters 

such as droplet distance to the disc (3 mm), and concentration of the formulation 

parameters were kept constant as stated in Table 3 above.  

3.2.5.3. Screening of different disc rotation 

speeds 

To screen the effect of different disc rotation speeds on preparing PLGA NPs, four 

different rotational speeds have been studied as shown in the Table 4. 

Table 4. Screening of effect of different disc rotation speeds to prepare PLGA NPs by the 

double emulsion method with the SDS 

 

Parameter Fixed / Screened Value(s) 

Disc type Fixed PA-1 

Connector type Fixed Wide-T-shaped connector 

Disc rotation speed Screened 300, 688, 1314 and 2550 rpm 

W2 phase concentration 

and flow rate 
Fixed 

3% PVA in water 

Flow rate: 100 ml/min 

 

“O” phase concentration 
Fixed 

5 mg/mL PLGA Resomer© in 

Ethyl acetate: DCM (3:1) 

W1 concentration Fixed 1% Tween© 80 in water 

W1: O Fixed 1:10 

Flow rates for 

the W1 and O phases 
Fixed 

W1: 1 ml/min 

O: 10 ml/min 
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The conversion of the measured voltage to rpm was performed by a tachometer. For 

all screened disc rotation speeds, the disc type was fixed to the PA-1, flow rate of W2 

phase was fixed to 40 ml/min, and the ratio between “W1
” phase and the “O” phase 

was set to 1:10. Other parameters such as droplet distance to the disc (3 mm above 

the disc) and the concentration of phases in the formulation were kept constant. All 

samples were filtrated with 1 µm glass syringe filter.  

3.2.5.4. Screening of different primary-emulsion-

to-W2 phase ratios  

To screen the effect of different primary emulsion-to-W2-phase ratios for preparing 

PLGA NPs, two different ratios of primary emulsion-to-W2: 1:5 and 1:10 were 

evaluated. To set these ratios, the flow rate of the “W2” was changed while keeping the 

flow rates of other phases constant. The phases were introduced on the disc for 10 s 

and the samples were collected directly from the collector and then filtrated with a 1 µm 

glass syringe filter. During the experiments, the influence of the flow rates of the phases 

on mixing properties was also considered. The flow rates of each phase have a direct 

influence on the total flow rate passing through the connector. This is since the phase 

with a higher flow rate has a driving force on the phase with a slower flow rate and 

affects the mixing through the connector. Moreover, it should be noted that the 

formation of the primary emulsion depended on the ratios of the “W1” and “O” phases, 

and their corresponding flow rates. Thus, while maintaining the same W1:O phase ratio 

(1:10), two different flow rates for “W1” phase (1 and 0.5 ml/min) “O” phase (10 and 

5 ml/min) were also studied. Other parameters like disc type, disc rotation speed, and 

the concentration of the formulation parameters were kept constant and listed in Table 

5 below. 
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Table 5. Screening of effect on different primary emulsion-to-W2 phase ratios to prepare PLGA 

NPs as double emulsions by the SDS 

 

3.2.5.5. Screening of different connector types 

The connector is the part of the setup responsible for mixing the W1 and the organic 

solvent containing phase (O) before ejecting them on the rotating disc. To identify 

whether the connector type was affecting the formation of the PLGA NPs as double 

emulsions, three different connector configurations was designed and studied (Table 

6) as following: Y-shaped connector, narrow T-shaped connector, and the wide T-

shaped connector. The structure of each connector is shown in Figure 22.  

 

Parameter Fixed / Screened Value(s) 

Disc type Fixed PA-1 

Connector type Fixed Wide-T-shaped connector 

Disc rotation speed Screened 300, 688, 1314 and 2550 rpm 

W2 phase flow rate  Screened 50 ml/min, and 100 ml/min 

O” phase concentration Fixed 
5 mg/ml PLGA Resomer© in 

Ethyl acetate: DCM (3:1) 

W1 concentration Fixed 1% Tween© 80 in water 

W1: O Fixed 1:10 

Flow rates for 

the W1 and O 
Screened 

W1: 0.5 and 1 ml/min 

O: 5 and 10 ml/min 
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Table 6. Screening of effect on different connector types to prepare PLGA NPs as double 

emulsions by SDS 

Parameter Fixed / 

Screened 

Value(s) 

Disc type Fixed PA-1 

Connector type Screened Y-shaped, narrow T-shaped, 

and wide T-shaped 

Disc rotation speed fixed 688 rpm 

W2 flow rate and concentration Fixed 3% PVA in water 

Flow rate: 50 ml/min 

Organic solvent containing 

phase (O) concentration 

Fixed 5 mg/mL PLGA Resomer© in 

Ethyl acetate: DCM (3:1) 

W1 concentration Fixed 1% Tween © 80 in water 

W1: O Fixed 1:10 

Flow rates for t 

he W1 and O 

Fixed W1: 1 ml/min 

O: 10 ml/min 
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Figure 22. Representation of different connector types for the SDS 

3.2.6. Preparation of PLGA NPs by the MSR-system 

After the results of preparing PLGA NPs with double emulsion method by the SDS 

another potential continuous manufacturing system, the MSR-system was investigated 

to prepare PLGA NPs. As mentioned in the previous sections, the preparation of the 

PLGA NPs with the double emulsion method involves a two-step process, the 

preparation of the primary emulsion and the preparation of the secondary emulsion. In 

this scope, the MSR-system was investigated to prepare both primary emulsion and 

the secondary emulsion within the system (Figure 23). The experimental design and 

the use of the system was optimized to prepare PLGA NPs loaded with small and large 

Mw hydrophilic substances such as Ciprofloxacin HCl and albumin. The NPs were 

characterized in terms of their particle size and PDI values, as well as morphology. 
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The free drug concentration after the encapsulation was characterized by HPLC-UV 

and a fluorometer. The PLGA NPs were further purified by CFF to wash out the excess 

amount of the non-encapsulated substances as well as excess surfactants and 

polymer chains.  

 

Figure 23. Preparing PLGA NPs by the MSR system 
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3.2.6.1. Establishing experimental protocols to 

prepare Ciprofloxacin HCl-loaded PLGA NPs 

by the double emulsion method with the MSR-

system 

For the preparation of PLGA NPs with the reactor system by the double emulsion 

method and to test the preparation of both primary and secondary emulsification steps 

through the MSR-system, 35.7 mg/ml Ciprofloxacin HCl was dissolved in water, and 

added into 5 mg or 10 mg/ml PLGA Resomer 503H dissolved in EA:DCM (3:1) while 

vigorously stirring. The primary emulsion looped for 15 min at the highest flow rate 

through a MSR-system with a spray nozzle size of 300 µm. Then the collected primary 

emulsion was added into the 3% PVA solution with a ratio of 1:25 also while vigorously 

stirring. After a second looping of 200 ml/min, the sample was stirred overnight under 

the hood to evaporate the organic solvent and form the particles.  

3.2.6.2. Optimized experimental protocol to 

prepare Ciprofloxacin HCl-loaded PLGA NPs 

by the MSR-system with the double emulsion 

method 

The optimal method for preparing Ciprofloxacin HCl-loaded PLGA NPs by the MSR-

system with the double emulsion method (Figure 24) relies on preparing the primary 

emulsion by a high-shear force homogenizer, and secondary emulsion by the MSR-

system to ensure the stability of the primary emulsion. For this, 35.7 mg/ml 

Ciprofloxacin HCl (Ph. Eur. pure, pharma grade from PanReac AppliChem, ITW 

Reagents, Darmstadt, Germany) was dissolved in distilled water, and added into 10 

mg/ml PLGA Resomer 503H (Evonik, Darmstadt, Germany) dissolved in 3:1 EA (VWR, 
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Darmstadt, Germany): DCM (ACS Reagent, Reag. ISO. ≥99.9% (GC)) (Merck, 

Darmstadt, Germany) solution. The emulsification took place at 13,500 rpm for 5 min. 

The primary emulsion looped at 200 ml/min flow rate through the MSR-system with a 

spray nozzle size of 300 µm. Then the collected primary emulsion was added to 3% 

PVA (Mowiol®,4-98, Mw ~ 27,000 from Sigma – Aldrich, Munich, Germany) solution 

with primary emulsion-to-W2 ratio of 1:25 while vigorously stirring and looped through 

the MSR-system with a flow rate of 200 ml/min. Subsequently, the sample was stirred 

overnight under the hood to evaporate the organic solvent and solidify the polymer to 

form the polymeric NPs. The obtained NPs were purified by the CFF with a 100 kDa 

MicroKros© mPES (modified polyether sulfone) hollow fiber membrane (Repligen, 

Waltham, United States) with a surface area of 155 cm2.  

 

Figure 24. Final preparation protocol for PLGA NPs by the MSR-system by the double 

emulsion method 
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3.2.6.3. Determination of the total and free 

Ciprofloxacin HCl concentration in PLGA NPs 

To determine concentration of the Ciprofloxacin HCl in the PLGA NPs, the sample was 

dissolved in dimethyl sulfoxide (DMSO) and analyzed directly by the HPLC-UV with 

the HPLC Method explained in detail (Table 7). To determine the concentration of the 

non-encapsulated (free) drug concentration in the PLGA NPs, the supernatant was 

separated from the sample by using Nanosep® centrifugal devices with Omega™ 

membrane (mPES) (Pall Laboratory purchased from VWR, Darmstadt, Germany) 

(Figure 25). Nanosep® centrifugal devices offer rapid and convenient concentration, 

fractionation, salt removal, and purification purposes and their molecular weight cut-off 

varies from 3 kDa to 300 kDa. 

 

Figure 25. Illustration of the Nanosep® centrifugal devices 

The samples were centrifuged with the Nanosep® (10K cut off) at 1950 rcf for 15 min. 

The concentration in the supernatant as well as in the assay samples was determined 
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by the HPLC-UV (Hitachi Elite LaChrom® equipped with Chromaster 5410 UV 

Detector, VWR, Darmstadt Germany).  

Table 7. HPLC-UV Method, Ciprofloxacin HCl 

 

HPLC-UV Method, Ciprofloxacin HCl 

System Hitachi 5410 UV Detector 

Column 
Waters Symmetry C18, 3.5µm 

75 x 4.6 mm 

Mobile Phase 
MP A: 0.025M H3PO4 pH 3.0 adjusted with TEA:ACN 

(87:13 v/ v%) 

Flow 1.5 ml/min 

Mode Isocratic 

Run Time 5 min 

Temperature 30 °C (Column), 20 °C (Autosampler) 

Injection volume 10 µl 

UV detection 278 nm 

 

3.2.6.4. Preparation of Albumin-loaded PLGA NPs with 

the double emulsion method by the MSR-

system 

The W1 phase was prepared by dissolving 4 mg/ml albumin or fluorescent albumin 

(albumin-fluorescein isothiocyanate (FITC)) (Merck, Darmstadt, Germany) in PBS 7.4 

pH. Organic solvent phase prepared by dissolving 20 mg/ml PLGA Resomer® 502H 

(50:50 acid terminated (7,000-17,000) (Evonik, Darmstadt, Germany) dissolved in 
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dichloromethane (DCM) (ACS Reagent, Reag. ISO. ≥99.9%, GC from Merck, 

Darmstadt, Germany) with a “W1” to “O” phase ratio of 1:10. The first emulsification 

was performed by Ultra-Turrax®, a high-shear force homogenizer at 13,000 rpm for 60 

sec.  

 

Figure 26. Preparation of albumin-loaded PLGA NPs (reactor and bench top preparations) 

Then, the primary emulsion is added into 3% PVA (Mowiol®,4-98; Mw ~ 27,000 from 

Sigma – Aldrich, Munich, Germany) in water solution with primary-emulsion-to-W2 ratio 

of 1:5. The phases continuously looped through a reactor with a spray nozzle size of 

300 µm with a flow rate of 200 ml/min. Later, the obtained NP prepared as double 

emulsion was moderately stirred overnight to remove the organic solvent and form the 
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PLGA NPs. Finally, the particles were purified by the CFF with MicroKros© mPES 

(modified polyether sulfone) hollow fiber membrane of 300K filter cut off and the 

surface area of 235 cm2 (Repligen, Waltham, USA).  

3.2.6.5. Preparation of the Albumin-loaded PLGA 

NPs with the double emulsion method by the 

emulsification/solvent evaporation method 

(bench top / double emulsion method) 

For preparing albumin-loaded PLGA NPs by the traditional emulsification/solvent 

evaporation method (bench top / double emulsion method) (Figure 26), the W1 phase 

was prepared by dissolving 4 mg/ml albumin or fluorescent albumin (albumin-FITC) 

(Merck, Darmstadt, Germany) in PBS pH 7.4. Organic phase prepared by dissolving 

20 mg/ml PLGA Resomer® 502H (50:50 acid terminated (7,000-17,000), Evonik, 

Darmstadt, Germany) dissolved in DCM (ACS Reagent, Reag. ISO, ≥99.9%, GC from 

Merck, Darmstadt, Germany) “W1” to “O” phase ratio of 1:10. The first emulsification 

was performed by Ultra-Turrax®, a high-shear force homogenizer at 13,000 rpm for 60 

sec. Then, the primary emulsion is added into the 3% PVA (Mowiol®,4-98; Mw ~ 27,000 

from Sigma – Aldrich, Munich, Germany) aqueous solution with primary-emulsion-to-

W2 ratio of 1:5. The final emulsification was performed also by the Ultra-Turrax®, at 

13,000 rpm for 2 min. Later, the obtained double emulsion was moderately stirred 

overnight to remove the organic solvent and subsequently form the PLGA NPs. Finally, 

the PLGA NPs were purified by the CFF with MicroKros© mPES hollow fiber membrane 

of 300K filter cut off and the surface area of 235 cm2 (Repligen, Waltham, USA).  
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3.2.6.6. Determination of Encapsulation Efficiency of 

the Albumin-FITC-loaded PLGA NPs  

To determine the total concentration of the albumin-FITC in the PLGA NP sample, the 

sample was diluted in 1M NaOH (1:1) and centrifuged at 24,610 rcf for 10 min. The 

solution was read at the calibration curve ranging from 4 µg/ml to 100µg/ml by a 

fluorometer with filters of 485 nm for excitation, and 590 nm for emission. To quantify 

the free albumin-FITC concentration, the sample was centrifuged at 24,610 rcf for 60 

min. The supernatant was read at the same excitation and emission wavelengths to 

quantify the free albumin-FITC concentration.  

3.2.6.7. Cryo-SEM Imaging of PLGA NPs in suspension 

and lyophilized form 

A small drop of the NP formulation (5 µl) was placed on a specialized holder and 

covered with a second holder, forming a “sandwich-like” configuration, and submerged 

in liquid nitrogen within a small, evacuated chamber maintained at a temperature of -

210 °C. Following this cryo-fixation step, it was transferred to a specialized cryo-

preparation station (Leica, Germany) where it was mounted on a cryo-holder and 

subsequently transferred using the VCT500 shuttle system (Leica, Germany) 

maintained at -120 °C to the EM ACE600 sputter coater (Leica, Germany). In the 

sputter coater, the sample underwent three preparatory steps: cutting, etching the 

surface, and coating. These procedures were conducted at a temperature of -120 °C. 

After coating, the sample was transferred again using the cold shuttle into the Quattro 

S electron microscope (Thermo Fisher, Czech Republic). SEM images were made 

under the following conditions: temperature of -135 °C, working distance of 5 mm, high 

voltage of 10 kV, spot size of 2.5, and vacuum of 10-3 Pa. 
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3.2.7. Particle Size Measurements 

The colloidal characteristics of the prepared NPs were characterized by the Zetasizer 

(NanoZS90 from Malvern Instruments, Malvern, UK) using dynamic light scattering 

(DLS). The z-average particle diameter, polydispersity index (PDI), zeta potential, and 

intensity distribution were checked by diluting the optimal samples with distilled water. 

The z-average particle diameters were analyzed at a scattering angle of 90° at 25 °C 

3.3. Results and Discussion 

3.3.1. Screening of possible process parameters to 

produce PLGA NPs with the SDS by the modified 

nanoprecipitation method. 

3.3.1.1. Screening of the effect of different disc 

types on PLGA NP production with the SDS 

Different disc materials (PP and PA) were used to prepare 3D-printed discs. These 

discs were also prepared with different disc surface patterns with different surface 

depths. These efforts offered a possibility to study if the disc surface influences NP 

formation due to an increased evaporation based on increased surface area. In other 

words, when S/NS ejected on the disc surface, the longer that the S/NS is in contact 

with the disc surface, it could trigger enhanced evaporation. As evaporation is an 

essential step to remove the organic solvent and solidify the polymer in the 

nanoprecipitation method to form the PLGA NPs, the effect of different disc patterns 

and their depth is an important factor to be evaluated. The concave discs, on the other 

hand, could not be used to produce PLGA NPs, as the disc shape was not optimal to 

collect the PLGA NP droplets inside the 3D-printed concave disc. 
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Figure 27. Representation of how different disc types influence the particle size and 

distribution properties of the PLGA NPs 

Thus, the evaluation was performed with the other disc types. As a result of the particle 

size and PDI measurements performed by DLS, it was seen that the smallest particle 

size (113 nm) and PDI values (0.080) were achieved by the PLGA NPs produced by 

PP-1 (polypropylene) (Figure 27). Moreover, when the discs were made of the same 

material compared with each other in terms of disc surface pattern and their depth, it 

was observed that the smaller particle size was achieved for the flat disc surface 

pattern (Figure 28). This could be explained that due to high centrifugal forces of the 

rotating disc, the droplets from the S/NS mixture could not properly follow the designed 

path, and the expected evaporation effect could not be achieved properly. Therefore, 

in the optimization processes followed by the screening studies, the disc types and 

surfaces were not studied as a factor.  
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Figure 28. Representation of the effect of different disc surface patterns on PLGA NPs with 

PA-1 having a flat surface while PA-3 and PA-9 featuring non-flat surface structures. 

3.3.1.2. Screening of the effect of different disc 

rotation speeds on PLGA NP production with 

the SDS 

During the screening of different disc rotation speeds, it was observed that an increase 

in disc rotation speed resulted in a decrease in the particle size (Figure 29). These 

results are in correlation with the studies in the literature [3,4] where the researchers 

also reported smaller particle sizes at higher rotation speeds (400-1200 and 500-3000 

rpm). These results are expected and attributed to the higher centrifugal forces at the 

higher rotational speeds which subsequently leads to smaller particle size at higher 

disc rotational speeds.  



83 
 

2.20 2.50 2.80 3.00 3.50 3.93

0

50

100

150

200

250

 Z average (nm)

 PDI

Voltage (V)

Z
-a

v
e
ra

g
e
 (

n
m

)

0.00

0.05

0.10

0.15

0.20

Effect of Disc rotation speeds on PLGA-NPs

 P
D

I

 

Figure 29. Effect of motor voltage correlated with disc rotation speed on PLGA NPs size and 

size distribution. The arrow in the figure indicates that the z-average values decrease from 

2.20 V to 3.93 V. 

3.3.1.3. Screening of the effect of different needle 

types (droplet sizes) on PLGA NP production 

with the SDS  

To evaluate the effect of different needle types and their corresponding droplet sizes 

on preparing PLGA NPs, 0.90 x 40 mm (20 G), 0.80 x 120 mm (21 G) and 0.60 x 80 

mm (23 G) syringe needles were used. In a study conducted by Tripp et al. [187] on 

the effect of needle gauge and needle type on the drop volume for sharp needles, they 

observed that when the gauge size decrease, in another words, when the diameter of 

the needle hole increases, the corresponding mean drop volume also increased. 

During the screening, the smallest particle size for preparing the PLGA NPs were 

achieved by the needle 0.90 x 40 mm (Figure 30), which provides the largest droplet 
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volume compared to the other needle types studied. This could be attributed to the fact 

that the larger droplets were influenced by the centrifugal forces more significantly due 

to their larger weight. On the other hand, this effect was minimal as NPs prepared by 

using different syringe needles led to similar particle size values. However, the effect 

of the droplet size could also be observed more clearly for higher rotation speeds due 

to the higher centrifugal forces on the droplets at higher rotation speeds.  
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Figure 30. Influence of needle diameter (droplet size) on the properties of PLGA NPs 

3.3.1.4. Repeatability of the PLGA NPs prepared 

by the SDS by the modified-nanoprecipitation 

method 

The repeatability of the PLGA NPs prepared by the SDS by the modified-

nanoprecipitation method was tested at the suggested optimal conditions according to 

the disc type, disc pattern, needle type (droplet size) as well as the disc rotation speed. 

According to the DLS measurements with the optimal parameters, PLGA NPs with 



85 
 

mean particle size of 106 nm were prepared. This shows the repeatability of the sample 

and represents that the prototype established produces PLGA NP. While the 

experimental parameters are not directly comparable, the results are also in alignment 

with the particle size results of the NPs produced with the  SDS-prototype used by 

Zander where the NP particle sizes measured <200 nm [178].  

3.3.2. Preparing and Optimizing Curcumin-loaded PLGA NPs: a 

DoE study 

Table 8. Box-Behnken design coefficient table for the NPs, p-values <0.05 indicating the data 

is statistically significant.  

 

 

Inter-

cept 

Disc 

Speed 

(A) 

Flow 

Rate 

(B) 

Droplet 

Size 

(C) 

PLGA 

Conc. 

(D) 

AB AC AD BC BD DC 

Size +212,80 -31.44 +29.89 +0.1250 +42.37       

p-

values 
 <0.0001 < 0.0001 0.9770 <0.0001       

PDI +0,0456 -0.0073 -0.0073 +0.0048 +0.0124 -0.0022 +0.0133 +0.0283 +0.0177 +0.0020 +0.0112 

p-

values 
 0.1796 0.0098 0.4746 0.0265 0.7319 0.2601 0.0078 0.0211 0.7605 0.3342 

EE% +99.09 +0.4960 -0.3712 -0.0130 -0.1125 +0.4901 +0.0254 -0.1216 -0.0085 -0.1770 -0.2273 

p-

values 
 <0.0001 < 0.0001 0.6220 <0.0001 <0.0001 0.5412 0.0936 0.8372 0.0013 0.0013 
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For optimizing the PLGA NPs loaded with curcumin prepared by the SDS, Box 

Behnken DoE design has been performed to analyze the effect of factors such as disc 

speed, flow rate, droplet size, and polymer concentration on experimental 

outcomes/responses such as particle size, PDI, and the encapsulation efficiency. For 

this purpose, 29 runs with five center points were performed. The results showed that 

particle sizes of the obtained NPs were between 138 and 289 nm, and the PDI values 

were between 0.026 and 0.1, indicating narrow size distribution. Moreover, for all the 

NPs prepared, the encapsulation efficiency was calculated as more than 99%, showing 

the success of the process and encapsulation of the small Mw hydrophobic substances 

into PLGA NPs.  

For optimization, the responses were fitted on models, which was also confirmed by 

ANOVA, and showed reliability. R2 values of 0.8765, 0.9345 and 0.9889 for particle 

size (nm), PDI, and EE%, respectively, showed that the models are consistent and 

reliable for predicting highly accurate responses. For particle size (nm), a linear model, 

for PDI, and EE% quadratic models were chosen, as the coefficients were shown in 

Table 8, where a positive sign implies the positive direct relations. In contrast, the 

negative sign of the coefficient implies the indirect relation between dependent and 

independent variables. The boldly written coefficients imply that values are significant.  

As a result, it was shown with the p-values that droplet size did not show any 

significance for any response studied. For particle size value, disc speed, flow rate, 

and polymer concentration chosen were affected significantly. Flow rate and the PLGA 

concentration significantly affected the PDI response, while droplet size and disc speed 

showed no significant effect. Lastly, for EE%, all factors except droplet size were found 

to be significant.  
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Figure 31. Contour plot for effect of disc speed and flow rate on particle size 

It was suggested and shown in the contour plot (Figure 31) that increasing the disc 

rotation speed decreased the particle size while decreasing the flow rate also 

decreased the particle size. The contour plot result showed that a slower flow rate and 

faster disc speed resulted in smaller NPs overall covering sizes from 160 nm to 260 

nm (blue and green regions). This can be predicted as higher rotation speeds result in 

higher centrifugal forces. Moreover, it was observed that increasing the polymer 

concentration resulted in increasing the particle size. Dao et al. observed a similar 

effect of increasing the polymer concentration on increased particle size [188]. They 

attributed this to increased viscosity in the phase, which leads to larger droplet 

formation and, consequently, larger particle sizes. For the nanoprecipitation technique, 
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higher polymer concentration could also lead to faster supersaturation; therefore, 

precipitation can occur faster. 

 

Figure 32. Contour plots for the effect of disc speed and polymer concentration on PDI as well 

as effect of droplet size and flow rate on PDI 

For the PDI value, flow rate and polymer concentration both showed (Figure 32) that 

increasing these factors decrease the PDI value. For preparing NPs with PDI values 

less than 0.06, a lower polymer concentration, and faster flow rate value, moderate 

level of disc speed and low to moderate droplet size should be chosen. 

For EE%, it was shown (Figure 33) that increasing the disc rotation speed increases 

the EE% while faster flow rates decrease the EE%. For polymer concentration, higher 

polymer concentration decreased the encapsulation efficiency. It was reported in the 

literature that increasing polymer concentration, where the drug loading was constant 

(e.g.,increase in polymer:drug ratio), should also lead to increased encapsulation 

efficiency [189]. Therefore, drug and polymer interactions for preparing PLGA NPs with 
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this method could be further investigated to understand this phenomenon. Regardless, 

for all NPs prepared, EE% > 99% has been achieved, showing the success of the 

encapsulation. 
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Figure 33. Contour plots for the effect of disc speed and flow rate, droplet size and polymer 

concentration, and the flow rate and polymer concentration on the EE% 
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3.3.3. Preparation of PLGA NPs as double emulsions 

by the emulsification/solvent evaporation method 

3.3.3.1. Optimization of the preparation of PLGA 

NPs by the double emulsion method 

The blank PLGA NPs as double emulsions were prepared according to Spindler et al., 

[117]. The formulation described in the study was initially designed with W1:O:W2 of 

1:10:100, and 1% Tween® 80. To see the effect of surfactant content and 

concentration, the “W1” phase was firstly prepared with distilled water and then 0.5% 

and 1.0% Tween® 80. For the emulsions prepared with only distilled water, 

repeatability in particle size and PDI values could not be achieved. This could indicate 

that there was a need for further stabilization. While the particle size for the PLGA NPs 

with 0.5% Tween® 80 in “W1” phase yielded smaller particle size than the double 

emulsions prepared with 1% Tween 80, the PDI values measured were around 0.35, 

which was above the threshold of 0.20, an indicator for acceptable polydispersity range 

for the polymeric NPs [190]. This indicated possible problems for the encapsulation of 

the model substances to the PLGA NPs double emulsions in the future formulation 

development as the encapsulation of the drug itself also would lead to a possible 

increase in particle size values and could affect the polydispersity. A comparison 

between the different W1:O:W2 ratios for the double emulsions prepared highlighted 

that 1:5:50 and 1:10:50 phase ratios resulted in lower PDI values and smaller particle 

sizes.   

To achieve a higher stability in the development of the PLGA NPs, the method 

optimization continued by increasing the PVA concentration in the “W2” phase as 

suggested by Zambaux et al. [159]. According to the results, when the concentration 



91 
 

of PVA was increased in the “W2” phase, the particle size and PDI values for both NP 

formulation with 1:10:100 and 1:5:100 phase ratios decreased as expected (Figure 

34). The particle size results were found to be similar between 3% and 5% PVA 

concentrations for both 1:10:100 and 1:5:100 W1:O:W2 ratios. To reduce the 

concentration of the surfactant, 3% PVA concentration was chosen as an optimal 

surfactant concentration for “W2” phase.   
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Figure 34. PLGA NPs, double emulsion optimization, influence of W:O:W ratio and surfactant 

concentration 

To observe the influence of surfactant concentration in the “W1” phase and the primary 

emulsion homogenization time on the physicochemical characteristics of the double 

emulsions, the surfactant concentration in the “W1” phase was increased from 1% to 

2% Tween® 80 (Figure 35). In addition to this, NP formulations with both 1.10:100 and 

1:5:100 phase ratios were further prepared and evaluated. It was observed that particle 

size results were similar between the blank-PLGA NPs prepared with 1% Tween® 80 



92 
 

or 2% Tween® 80 concentrations.  Increasing the primary emulsification time also did 

not affect the final particle size and PDI results.  So, the optimal preparation for this 

step was chosen as the “W1” phase with 1% Tween® 80 concentration with 30 s 

primary homogenization time for 1:10:100 W1:O:W2 phase ratio to minimize the time 

and the surfactant concentration used. Although PLGA NPs prepared with 1% Tween® 

80 and 30 s primary emulsification time showed similar particle size values for both 

1:10:100 and 1:5:100 phase ratios, to observe solvent evaporation on the SDS easier, 

the PLGA NPs prepared with the larger volume of the organic phase were chosen for 

the final preparation.  
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Figure 35. PLGA NP as double emulsion method development optimization: the effect of 

W:O:W ratio and surfactant concentrations in the outer phase 
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3.3.4. Screening of the SDS to prepare PLGA NPs as 

double emulsions.  

In the conventional double emulsion preparations, the mixing is performed by high-

power homogenizers. These homogenizers apply high shear force needed to 

overcome the free energy at the interface between the phases, thus overcoming the 

surface tension and consequently forming the emulsion. On the other hand, in the SDS 

there are no homogenizers involved in the procedure to produce the particle systems. 

The process of mixing takes place in the connector as well as on the surface of the 

disc. In this section, the SDS mixing process has been studied by screening different 

possible parameters to prepare PLGA NPs. During the screening, the effect of each 

parameter to achieve better mixing of phases to form double emulsions was analyzed. 

After the screening trials, the particle size results and the PDI values were compared 

to the bench top preparations to understand the performance and the limits of the SDS 

on the direct production of PLGA NPs.  

3.3.4.1. Screening of the different disc types  

 

Figure 36. DLS measurements for particles produced with different disc types. In the figure x-

axis: the intensity (minimum 0, max 120, increase of 20), y-axis: the diameter (nm). 
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During the screening of the different disc types, none of the discs that were used for 

screening yielded a monodisperse nanoparticle formation, and each disc type resulted 

in multimodal distributions in the corresponding DLS measurements. Moreover, for 

each disc screened, at least one peak in the DLS results appeared in the micrometer 

range as shown in Figure 36. This indicates that under these experimental 

circumstances, changing the disc type did not result in a better mixing of the primary 

emulsion with the outer aqueous phase on the spinning disc surface to produce NPs. 

One of the reasons for that could be the lack of sufficient mixing of the inner aqueous 

phase and the organic phase to form the primary emulsion. The component 

responsible for this process was the connector. To evaluate this, different connector 

types were also used in the screening process. In addition to the process parameters, 

the PLGA NP formulation parameters also could lead to microparticle formation. To 

screen this, formulations with larger volumes of “W2” phase were also prepared. In 

other words, different W2 ratios were screened. To provide better characterization of 

the highly diluted samples, DLS measurements were performed in the backscattering 

mode (172.5°) by the Nanobrook Omni from Bookhaven Instruments (Holtsville, United 

States). In this mode, the measurement is less dependent on the dilution of the 

samples than the 90-degree measurements.  
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3.3.4.2. Screening of the different disc rotation 

speeds  

  

Figure 37. DLS measurements for different disc rotation speeds. The legends were labelled 

with different colors corresponding to different disc rotation speeds.   

According to the screening of the disc rotation speeds and the corresponding DLS 

measurements, only one sample prepared at 688 rpm resulted in a narrow peak 

indicating monodisperse microparticles. During this experiment, the W1 flow rate was 

1 ml/min, and the organic solvent containing phase (O) flow rate was 10 ml/min. A 

comparison between the particles prepared with different disc rotation speeds is shown 

in Figure 37 As a result, most of the samples showed multimodal distribution in the 

DLS measurements, which indicates a non-homogeneous mixing of the system as 

mentioned in the screening of different disc types. On the other hand, a narrow peak 

was obtained at the second lowest rotation speed: 688 rpm. This could be due to better 

mixing at the lower rpm and better evaporation due to increased contact time between 

the disc and phases of the double emulsion at the lower rpm. However, for the slowest 

disc rotation speed screened (300 rpm), the particles also resulted in multimodal 



96 
 

distribution. This could be explained by the fact that 300 rpm was too slow to provide 

sufficient forces on the surface of the disc to overcome the surface free energy. Thus, 

it can be concluded that the optimal rotational speed should be slow enough to let the 

organic phase evaporate and fast enough to provide sufficient mixing. Consequently, 

the rotation speeds between 300 and 688 rpm should be further studied to reach the 

optimal speed. Moreover, the non-uniform mixing could be contributed to the use of T-

shaped connector.  

3.3.4.3. Screening of the different connectors  

 

Figure 38. DLS measurement obtained for different connector types. Different connectors 

were used to mix the “W1” and “O” phases to form primary emulsion. Three connector types 

were Y-shaped, narrow T-shaped and wide T-shaped connectors.  

To assess the effect of connector type on the PLGA NP formation as double emulsion 

by the SDS, the screening was performed at 688 rpm. In this rotation speed previous 

results showed that monodisperse particles in the microparticle range could be 

produced with the T-shaped connector. On the other hand, the DLS results of the other 

connectors (Y-shaped and the narrow T-shape connectors) did not result in the same 
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trend and highly disperse multimodal distributions were observed for the other 

connector types (Figure 38). However, during some of the following experiments such 

as primary emulsion-to-W2 phase ratios, the Y-shaped connector was used. The 

geometry of the Y-shaped connector could exert greater pressure and direct the mixed 

phases towards the outlet compared to the T-shaped connector, potentially enhancing 

the primary emulsion formation on the disc surface. 

3.3.4.4. Screening of the primary emulsion to 

outer aqueous phase ratio  

During this screening, W1:O was kept constant at 1:10, while screening the flow rate 

of all three phases. This enabled us to observe different primary emulsion-to-W2 phase 

ratios. In addition to this, screening different flow rates could change the pressure of 

the W1 onto the O. This could directly affect the ratio of the phases while mixing in the 

connector. To evaluate this, the same W1-to-O ratio was also tested with higher (10 

ml/min) and lower (5 ml/min) primary emulsion injection flow rate.  Furthermore, two 

different disc rotation speeds were studied to expand the screening range. Results 

showed none of the screened particles led to the production of monodisperse PLGA 

NPs.  
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Figure 39. DLS measurement for different phase ratios  

Another screening was performed with two different W2 flow rates (50 and 100 ml/min), 

while keeping W1 and O flow rates constant at 1 and 10 ml/min, respectively. This could 

allow us to study 1:10:50 and 1:10:100 W1:O:W2 ratios. Results depicted in figure 39 

show that both samples led multimodal distribution in the DLS measurement, where at 

least one of these peaks was in the micrometer range. This indicated that changing 

the ratios of W2 to the primary emulsion did not improve the polydispersity of the PLGA 

particles under these experimental conditions and this SDS prototype. Moreover, the 

results indicate that different primary emulsion-to-W2 phase ratios did not yield 

monodisperse PLGA NPs. The major contributor for the formation of the double 

emulsions could be the formulation parameters of the primary emulsion and the 

stability of the primary emulsion. Based on this, further studies on the mixing of the W1 

and O phases are recommended. 
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3.3.5. Preparation of PLGA NPs by the MSR 

As the particle production with the SDS yielded microparticles, another potential 

continuous manufacturing system, the micro-spray reactor was investigated to prepare 

PLGA NPs. The MSR-system, which is a bottom-up method, relies on the solvent and 

the non-solvent mixing through the spray movement providing control over fine particle 

production. The system offers interchangeable geometry and adjustable distance while 

enabling methods such as precipitation and coating. As mentioned in the previous 

sections, the preparation of the PLGA NPs with the double emulsion method involves 

a two-step process, which includes the preparation of the primary emulsion and the 

preparation of the secondary emulsion to form the double emulsion. In this scope, the 

MSR-system was initially evaluated to prepare both primary and secondary emulsions 

phases within the reactor system. 

To evaluate particle production with the MSR, Ciprofloxacin HCl was chosen as a small 

hydrophilic model-substance and 35 mg/ml Ciprofloxacin HCl (385.8 g/mol) was added 

into the organic solvent phase. After that, the primary emulsion was looped through 

the MSR-system at the highest flow rate to mimic the high-shear force of a traditional 

homogenizer. While conducting experiments on preparing the primary emulsion with 

the reactor system, it was observed that the quantification of the loaded model-

substance concentration with the MSR was limited. The reason is that W1-to-O phase 

ratio depends on the flow rate of each inlet and their respective volumes. When phases 

are introduced to the system through the pumps with different flow rates to ensure the 

corresponding phase ratio in the formulation, the phase with the higher flow rate 

applies an additional driving force on the phase with a slower flow rate. This results in 

a loss of an amount of loaded-substance during the mixing through the reactor-system, 
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and results in unstable primary emulsion. This phenomenon yielded repeatability 

issues in each batch, as well as problems in the quantification of the loaded substance.  

To have precise control over the preparation of the “W1”, “O” phases and their ratio to 

the “W2” phases, the primary emulsion was prepared with the traditional homogenizer 

and later combined with the “W2” within the MSR system with looping. To evaluate this 

preparation method and test if the looping step with the MSR disturbs the double 

emulsion structure and turning it into a single emulsion, the primary emulsion was 

prepared with Ciprofloxacin HCl. The primary emulsion was prepared with a 

homogenizer and combined with the outer aqueous phase (3% PVA) through the MSR. 

As the primary emulsion was stable without any surfactant use, it was directly prepared 

by the addition of 35.7 mg/ml Ciprofloxacin HCl in water to 20 mg/ml PLGA Resomer 

503H in DCM with a traditional homogenization method. Then, these two immiscible 

phases, the primary emulsion and W2 phases, looped through a reactor with a nozzle 

size of 300 µm at the highest flow rate to form the PLGA NPs with the double emulsion 

method. The process followed by the evaporation under the hood overnight to ensure 

the evaporation of the organic solvent and to form the particles. 

3.3.5.1. Characterization of the Ciprofloxacin HCl-

loaded PLGA NPs by the MSR-system with the 

double emulsion method. 

The mean particle size of the Ciprofloxacin HCl-loaded PLGA NPs were measured as 

322 nm with a mean PDI value of 0.19. After centrifugation, the concentration of the 

free Ciprofloxacin HCl concentration in the double emulsion formulation was measured 

as 0.090 mg/ml. The encapsulation efficiency was calculated as 43.75% Table 9. 
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Table 9. Characterization of the Ciprofloxacin HCl-loaded PLGA NPs, Before CFF 

 

The process continued with further purification by the cross-flow filtration to remove 

excess amounts of the surfactant PVA, as well as to wash out the non-encapsulated 

Ciprofloxacin HCl. After the cross-flow filtration with a 100 kDa mPES membrane, it 

was measured that the particle size and the PDI values remained similar to the sample 

obtained before the CFF. It was also shown that the free Ciprofloxacin HCl was also 

successfully washed out with the CFF as the free Ciprofloxacin HCl concentration 

decreased from 0.090 mg/ml to 0.003 mg/ml after the process Table 10.  

 

 

Characterization of the PLGA NPs loaded with Ciprofloxacin HCl, 

Before CFF 

Parameter Result 

Particle size 322 nm 

PDI 0.19 

Free Ciprofloxacin HCl  

concentration in water 

0.090 mg/ml 

Encapsulated Ciprofloxacin HCl 

concentration 
0.070 mg/ml 

Encapsulation efficiency 43.75 % 
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Table 10. Characterization of Ciprofloxacin HCl-loaded PLGA NPs, After CFF 

 

However, the concentration of Ciprofloxacin HCl also decreased from 0.070 mg/ml to 

0.040 mg/ml as seen in Table 9 and 10. This could be due to dissolution during the 

CFF, as CFF can further induce the dissolution process due to the sample flow 

throughout the CFF as well as continuous stirring during the CFF process. Another 

explanation for this phenomenon could be the washing out the Ciprofloxacin HCl on 

the surface of the particles, which could be detected before CFF process but washed 

out from the PLGA NPs after the CFF.  Lastly, it could also be due to an agglomeration 

of the model-substance on the filter. However, no visible agglomeration was observed 

during the CFF procedure of the Ciprofloxacin HCl-loaded PLGA NPs.  

Characterization of the PLGA NPs loaded with Ciprofloxacin HCl, 

After CFF 

Parameter Result 

Particle size 294 nm 

PDI 0.16 

Free Ciprofloxacin HCl 

 concentration in water 

0.003 mg/ml 

Encapsulated Ciprofloxacin 

concentration 
0.040 mg/ml 
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3.3.5.2. Physicochemical characteristics of the 

albumin-FITC-loaded PLGA NPs by the MSR-

system with the double emulsion method 

After successful encapsulation of the Ciprofloxacin HCl as a small-molecular-weight 

hydrophilic substance to the PLGA NPs with the MSR-system, the focus was also given 

to the preparation of PLGA NPs loaded with larger molecular weight hydrophilic 

substances to further ease the encapsulation of biopharmaceuticals such as 

antibodies. To optimize the formulation for the larger-molecular-weight hydrophilic 

substance encapsulation, albumin was chosen as a model substance.  

Table 11. Particle size measurements: PLGA NPs by bench top vs MSR 

 

To quantify the free albumin concentration in the PLGA NP formulation, a fluorescently 

labelled derivative of albumin, albumin-FITC was used due to its instinctive 

fluorescence with an excitation wavelength of 491 nm. The NPs were also prepared 

with the traditional homogenization method (bench top) to assess and compare the 

particle production with the MSR to the traditional homogenization method (Table 11). 

Particle Size Measurements 

Sample Particle Size PDI 

Blank PLGA NP (bench 

top) 
746 nm 0.05 

Blank PLGA NP (MSR) 232 nm 0.09 

Albumin-FITC PLGA NP 

(bench top) 
738 nm 0.08 

Albumin-FITC PLGA NP 240 nm 0.15 
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According to the particle size comparisons between the bench top and MSR PLGA 

NPs prepared both as blank (without albumin) or with albumin-FITC, it was clearly seen 

that PLGA NPs with smaller particle size were achieved by the MSR for the same 

formulation. This shows an advantage of the MSR system to further tailor the particle 

size of the particles with the looping step.  

Table 12. Assay results of the albumin-FITC-loaded PLGA NPs by the bench top and MSR.  

 

Moreover, free albumin-FITC concentration was calculated through the method 

established. According to the results, PLGA NPs prepared by both bench top method 

and by the MSR showed high encapsulation efficiency (95% and 82%). This shows the 

feasibility of both methods to prepare albumin-FITC loaded PLGA NPs (Table 12). 

Table 13. Albumin-FITC PLGA NPs Assay Results 

 

Albumin-FITC PLGA NPs Assay Results 

Parameter Bench top MSR 

Free albumin-FITC 

Concentration 
0.004 mg/ml 0.013 mg/ml 

Encapsulation efficiency 95 % 82 % 

Albumin-FITC Assay Results 

Parameter Before CFF After CFF 

Mean Particle Size 216 nm 238 nm 

Mean PDI 0.02 0.09 

Free Albumin FITC 

concentration 
0.012 mg/ml 0.002 mg/ml 
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After the CFF with 300 kDa mPES membrane, it was measured that the particle size 

and the PDI values remained like prior measurement by the DLS before the CFF. 

During the DLS measurements, the effect of the viscosity of the PVA was also 

considered. As the samples before CFF contained PVA unlike the samples after CFF. 

This affected the viscosity of the DLS measurements which are dependent on the 

viscosity of the media. Thus, the measurements were corrected by PVA to successfully 

compare the results before and after CFF. As a result, it was also shown that the free 

albumin-FITC was also successfully washed out with the CFF as the free albumin-

FITC concentration decreased from 0.012 mg/ml to 0.002 mg/ml after the process 

(Table 13) 

For another batch of albumin-FITC loaded PLGA NP production (mean particle size of 

248 nm), lyophilization was also performed with presence of 5% d-mannitol. The 

success of the particle formation lyophilization process can be further supported by the 

Cryo-SEM images obtained from lyophilized sample in the presence of the 

cryoprotectant, showing that the process yielded particulate structures as shown in the 

Figure 40. As mannitol was used in the lyophilization process, the mannitol crystals 

are also expected to be shown in the Cryo-SEM images together with the PLGA NPs. 
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Figure 40. Cryo-SEM image of lyophilized PLGA NPs 

3.4. Conclusion 

In conclusion, the screening, optimization, and the characterization of the PLGA NPs 

prepared with different formulation and production protocols were successfully 

evaluated. The SDS has successfully screened to prepare PLGA NPs by the modified-

nanoprecipitation method. The particle size and surface characteristics of the PLGA 

NPs were comparable to the previously reported PLGA NPs prepared by the same 

method in the literature, and the design of the system allowed further evaluation of 

several parameters. This showed the potential of the SDS to be used as a continuous 

manufacturing system.  

Moreover, the system was evaluated in terms of its advantages and limitations to 

prepare PLGA NPs by the double emulsion method. It was concluded that while PLGA 

microparticle production was possible with the SDS, the production of the PLGA NPs 

was not succeeded within the formulation and process parameters studied. To prepare 
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PLGA NPs by the double emulsion method, another potential continuous 

manufacturing system MSR was also evaluated. This system enabled the successful 

encapsulation of small and large molecular weight hydrophilic model substances such 

as Ciprofloxacin HCl and albumin to PLGA NPs. This also showed that the looping with 

the MSR system preserved the drug-loaded-primary emulsion, and the overall double 

emulsion structure.  

The Ciprofloxacin HCl-loaded PLGA NPs showed high encapsulation efficiency, in 

another proof-of-concept study, albumin-FITC was also loaded into PLGA NPs using 

both traditional homogenization and the MSR system. As a result, both with bench top 

and with the MSR-system, high encapsulation efficiency was achieved. Additionally, 

the novel method yielded particles with smaller particle sizes than the traditional 

homogenization method. Overall, feasibility of the encapsulation of large hydrophilic 

model substance into the PLGA NPs by the MSR-system was shown. For both studies, 

the CFF was successfully implemented to wash out the free drug and surfactants. The 

need for further optimization of the CFF for this sample to avoid a loss in the total 

amount of the sample was concluded. 
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4. Scalable PLGA NPs for the 

potential N2B delivery: The proof-

of-concept studies 

The following chapter has been published in Pharmaceutics as S. Akpinar Adscheid, 

M. Rojas Rodríguez, S.M. Abdel-Hafez, F.S. Pavone, M. Schneider, A.E. Türeli, M. 

Calamai, N. Günday-Türeli, Scalable Manufacturing Method for Model Protein-Loaded 

PLGA Nanoparticles: Biocompatibility, Trafficking and Release Properties, 

Pharmaceutics 17 (2025) 87. https://doi.org/10.3390/pharmaceutics17010087. 

Some part of the research presented in the following chapter has been performed 

during the scientific secondment of Selin Akpinar Adscheid at European Laboratory for 

Non-Linear Spectroscopy located in Florence, Italy in March 2024, in collaboration with 

Marta Rojas-Rodríguez and principal investigator Dr. Martino Calamai in scope of 

Horizon 2020 MSCA ITN Bio2Brain project. Live-cell imaging for localization and 

release studies with the cell line and CLSM analysis were performed by Marta Rojas-

Rodríguez. 

Preparation of the Rhodamine-labelled-PLGA and RPMI 2650 cell culture studies as 

well as subsequent cell viability MTT assay were performed by Dr. Salma M. Abdel-

Hafez from Saarland University. 

The figures used in the following chapter were created with Biorender.com under the 

student licensing plan. 



109 
 

4.1. Introduction 

Although NP formulations offer inevitable advantages to deliver the drug at the site of 

action, and especially to the brain in non-invasive strategies such as N2B delivery 

reliable production is still inhibiting translation from lab-scale to the market. There are 

efforts on scalability of the DDS [110–112,191] but in many cases limitations are 

encountered.. As explained in the previous chapter, MSR-system, a continuous 

manufacturing technology, can be used for preparing double emulsions that can serve 

as a reservoir for hydrophilic substances (e.g., albumin) while providing scale-up 

opportunities. These NP formulations can also be potentially used for N2B delivery 

applications, an innovative and non-invasive approach to bypass the BBB as also 

explained previously. Therefore, this chapter focuses on preparing scalable PLGA NPs 

by the double emulsion method by the MSR-system and assess the biocompatibility, 

drug trafficking and release profiles of model-substance-loaded PLGA NPs to assess 

their compatibility for future N2B delivery approach to target CNS diseases (Figure 41).  

 

Figure 41. Illustrative summary of aim of the chapter 

To test the suitability of PLGA NPs manufactured by the MSR system for possible N2B 

delivery applications, we prepared fluorescent PLGA NPs. As a large hydrophilic model 

substance, we chose fluorescent albumin and loaded it into the fluorescent PLGA NPs. 
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To test the particles' further compatibility with the N2B delivery, we assessed their 

biocompatibility in different cell lines, evaluated their uptake and trafficking, and 

determined the release kinetics of the encapsulated fluorescent albumin. Furthermore, 

we loaded the PLGA NPs with WGA488, a cell membrane marker, to test the 

functionality of the drug substances after encapsulation and release.  

4.2. Materials and Methods 

4.2.1. Preparing Scalable Fluorescent PLGA NPs 

4.2.1.1. Preparation of the rhodamine-PLGA (Rhod-

PLGA) 

 

Figure 42. Synthetic Pathway to Rhod-PLGA 
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PLGA Resomer RG 503 H (molecular weight (Mw): 24,000 - 38,000 g/mol, Evonik 

Industries, Darmstadt, Germany) was covalently labeled with rhodamine B (Sigma-

Aldrich, Steinheim, Germany) (Figure 42) based on the method described by Lababidi 

et al. [192]. In brief, PLGA (1 molar equivalent (eq), 1 g) and DMAP (Sigma-Aldrich, 

Steinheim, Germany) (0.1 eq, 0.4 mg) were dissolved in dry DCM (15 ml). Rhodamine 

B (1.1 eq, 17 mg) and DCC (Sigma-Aldrich, Steinheim, Germany) (1.5 eq, 10 mg) were 

dissolved in dry DCM (Thermo Fisher Scientific, Darmstadt, Germany) (15 ml). The 

rhodamine B/DCC solution was added to the PLGA/DMAP solution, followed by stirring 

for 24 h at room temperature. After 24 h, the reaction was quenched by adding MilliQ 

water (1 ml). DCM was eliminated using rotary evaporation at 50 ºC under atmospheric 

pressure. The yielded - Rhod-PLGA was dissolved in acetone (20 ml) using ultrasonic 

bath and the solution was transferred to centrifugation tubes. The Rhod-PLGA was 

precipitated by adding equal volume of ethanol (HPLC grade) (Fisher Scientific, 

Schwerte, Germany), followed by centrifugation at 20,000 g, 20 min, 20 ºC (Multifuge 

X1R, Thermo Fisher Scientific, Osterode am Harz, Germany) and discarding of the 

supernatant. The product was redissolved in acetone (HPLC grade) (Fisher Scientific, 

Schwerte, Germany) and washed 5 additional times (or until a clear supernatant is 

observed) using the same method. The final pellet obtained after pooling was 

sonicated for 20 min in a cooled ultrasonic bath, frozen at -80 ºC and lyophilized (Alpha 

3-4 LSCbasic, Christ, Osterode am Harz, Germany) for 48 h. The product yield was 

approximately 88%. 
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4.2.1.2. Preparation of albumin-loaded and blank Rhod-

PLGA NPs 

 

Figure 43. Preparation of the albumin-FITC-loaded Rhod-PLGA NPs 

Albumin-FITC-loaded Rhod-PLGA NPs were prepared by the emulsification solvent-

evaporation method (double emulsion method) combined with the reactor-system 

(Figure 43). The primary emulsion was prepared by adding 4 mg/ml albumin-FITC 

(Bovine Protein) (Sigma-Aldrich, Darmstadt, Germany) in PBS 7.4 pH into 20 mg/ml 

mixture of Rhod-PLGA and PLGA Resomer 502H (50:50 acid terminated ; Mw: 7,000-

17,000, Evonik, Darmstadt, Germany) with a ratio of 1:20. The mixture was then 

dissolved in dichloromethane (DCM) (ACS Reagent, ISO, ≥99.9% (GC) grade, Merck 

KGaA, Darmstadt, Germany) with a phase ratio of 1:10. The emulsification was 

performed by Ultra-Turrax®, a high shear force homogenizer at 13,000 RPM for 60 s. 

Then, the primary emulsion was added into the 30 mg/mL PVA (Mowiol®,4-98, Mw ~ 

27,000, Sigma – Aldrich, Munich, Germany) with 1:5 ratio and continuous looping 

through a 300 µm reactor were performed for 15 min with a flow rate of 200 ml/min in 

each pump. Finally, the PLGA double emulsion was stirred overnight to remove the 
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organic solvent and form the PLGA NPs. For the MTT assay, instead of albumin-FITC, 

non-fluorescent albumin (Sigma Aldrich, Darmstadt, Germany), and non-fluorescent 

PLGA from (Evonik, Darmstadt, Germany) were used.  

4.2.1.3. Assay Methods 

To determine the concentration of the albumin-FITC in NPs the sample was diluted in 

1M NaOH (1:1) and centrifuged at 24,610 rcf for 10 min. The solution was analyzed 

based on the calibration curve by a microplate reader with a filter of 485 nm excitation, 

and 590 nm emission wavelengths. To quantify the free albumin-FITC concentration, 

the sample was centrifuged at 24,610 rcf for 60 min. The supernatant was measured 

at the same excitation and emission wavelengths to quantify the free albumin-FITC 

concentration. The percentage of encapsulated albumin-FITC concentration was 

calculated by subtracting the free albumin-FITC concentration from the total albumin-

FITC concentration which is divided by the total albumin-FITC concentration, multiplied 

by 100%. 

4.2.1.4. Preparation of the WGA488-loaded PLGA NPs 

by the bench top method 

WGA488-loaded PLGA NPs were prepared by the traditional bench top double 

emulsion method (Figure 44). The primary emulsion was prepared by adding 1 mg/ml 

Wheat Germ Agglutinin (WGA) Alexa Fluor 488 (Invitrogen™, Waltham, MA, USA) in 

PBS 7.4 pH into 20 mg/ml PLGA Resomer 502H (50:50 acid terminated, Mw: 7,000-

“W1” to “O” phase ratio of 1:10. 17,000, Evonik, Darmstadt, Germany) dissolved in 

DCM with a phase ratio of 1:10. The emulsification was performed by Ultra-Turrax®, a 

high shear force homogenizer at 13,500 rpm for 60 s. Then, the primary emulsion was 

added into the 30 mg/ml PVA solution (Mowiol® 4-98, Mw: ~ 27,000, Sigma – Aldrich, 
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Munich, Germany) with 1:5 ratio. The second emulsification was performed again with 

the Ultra-Turrax® at the same rpm for 120 s. Finally, the PLGA double emulsion was 

stirred overnight to remove the organic solvent and form the PLGA NPs. 

 

Figure 44. Preparation of the WGA488-loaded PLGA NPs 

4.2.1.5. Purification of the NPs by the CFF 

The purification was performed by the CFF with 300 kDa MicroKros© mPES (modified 

polyethersulfone) hollow fiber membranes (Repligen, Waltham, United States) with a 

surface area of 235 cm2 to ensure to purify the sample from the free PLGA, surfactant, 

and albumin.  

4.2.1.6. Lyophilization of NPs 

For the preparation of lyophilization sample 50 mg/ml of d-mannitol (Sigma-Aldrich, 

Darmstadt, Germany) was dissolved in nanosuspension and samples were introduced 

into the lyophilization program with a volume of 2 ml for each vial. To lyophilize the 

samples, a freezing step at -70 °C for 7 h at 1000 mbar, followed by a two-step-long 

main drying at -40 °C for 6 h at 0.5 mbar, and at the same temperature at 0.120 mbar 
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for 19 h was performed. After the main drying, the secondary drying was performed for 

20 h at 30 °C, at 0.050 mbar. 

4.2.2. Colloidal Characteristics, Biocompatibility and Release 

Profiles of Fluorescent PLGA NPs 

4.2.2.1. Particle Size Measurements 

The colloidal characteristics of the prepared NPs were characterized by the Zetasizer 

(NanoZS90 from Malvern Instruments, Malvern, UK) using dynamic light scattering 

(DLS). The z-average particle diameter, polydispersity index (PDI), zeta potential, and 

intensity distribution were checked by diluting the optimal samples with distilled water. 

The z-average particle diameters were analyzed at a scattering angle of 90° at 25 °C.  

4.2.2.2. Evaluating in vitro cumulative release profile 

The cumulative release studies of albumin-FITC from albumin-FITC-loaded PLGA NPs 

were performed in PBS at pH 7.4 (n=3). The lyophilized samples were resuspended in 

5 ml PBS at pH 7.4 and stirred at 120 rpm. 0.5 ml sample was collected and filtered 

through syringe filter with 0.02 µm pore size (Whatman®, Anotop®, Maidstone, UK). 

Filtration, a common technique in release studies, was combined with a fine syringe 

membrane pore size of 0.02 µm to ensure the successful separation of the NPs and 

undissolved albumin. This approach aimed at avoiding any misleading high readings 

in analytical measurements during the release studies [193]. The sampling was 

performed at time intervals of 1 h, 2 h, 4 h, 24 h and 48 h. The fluorescence intensity 

at each time interval was measured with a fluorometer with an excitation wavelength 

of 485 nm, and emission wavelength of 590 nm.  
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4.2.2.3. RPMI 2650 cell culture Studies 

Nasal septum squamous carcinoma cells (RPMI-2650) (Leibniz Institute DSMZ 

(German Collection of Microorganisms and Cell Cultures GmbH), Braunschweig, 

Germany) were cultured in Eagle's minimum essential medium (EMEM) (Sigma-

Aldrich, Steinheim, Germany) supplemented with 10% fetal bovine serum (FBS) 

(Thermo Fisher Scientific, Darmstadt, Germany). The cells were sub-cultured once a 

week and the media was replaced with fresh media every other day. The cultures were 

maintained at 37 °C in a humidified atmosphere containing 5% CO2 (BD 260 Standard 

Incubator, Binder, Tuttlingen, Germany). The cells were used between passages 3 and 

10. 

4.2.2.4. Cell viability MTT assay 

RPMI-2650 cells were seeded (150,000 cells/well) into 96-well plates and grown for 

24 h. Afterwards, the cells were washed twice with Hank’s Balanced Salt Solution 

(HBSS) (Thermo Fisher Scientific, Darmstadt, Germany) buffer and non-fluorescent 

albumin-loaded PLGA NPs suspended in HBSS buffer were added at different 

concentrations (50, 100, 200, 300, 400 and 500 μg/ml). The samples were tested 

against negative (HBSS buffer) and positive (2% Triton-X) controls. After 4 h incubation 

with the formulations and controls, the cells were washed twice with HBSS and 

incubated with thiazolyl blue tetrazolium bromide (MTT reagent) (Sigma-Aldrich, 

Steinheim, Germany) for 4 h, followed by aspiration and incubation with DMSO for 20 

min. The absorbance of formazan formed by living cells was measured at 550 nm and 

cell viability was calculated. All experiments were performed in triplicates. The particle 

size of the NPs was checked in cell culture medium to ensure stability. 
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4.2.2.5. Neuroblastoma cell culture   

Human SH-SY5Y neuroblastoma cells (A. T. C. C. Manassas, VA, USA) were cultured 

in Dulbecco’s Modified Eagle’s Medium (DMEM, Thermo Fisher Scientific, Waltham, 

MA, USA) supplemented with 1% penicillin/streptomycin solution and 10% fetal bovine 

serum (FBS). Cell cultures were incubated at 37 °C, 5% CO2 in a humidified 

atmosphere. The cultures were grown until 90% confluency.  

4.2.2.6. Live-cell imaging for localization and release 

studies with neuroblastoma cells and CLSM 

analysis 

SH-SY5Y cells were plated on 18 mm glass coverslips in 12-well plates at 100,000 

cells per well. 24 h after plating, cells were incubated with 100 μg/ml of NPs. The 

particle size of the particles was checked in cell culture medium to ensure the particles’ 

stability. For the localization experiments, cells were incubated for 4 h with 100 μg/ml 

of blank Rhod-PLGA NPs in the regular medium. Subsequently, with 5 μg/ml WGA488 

for 30 min to specifically label the plasma membrane. 10 min before the time finished, 

cells were incubated with Hoechst 33342 dye at a concentration of 10 μg/ml in order 

to stain the cell nuclei. After the incubation cells were washed with phosphate-buffered 

saline (PBS) and the medium was replaced with Leibovitz's L-15 (Thermo Fisher 

Scientific) before imaging, a medium designed for supporting cell growth in the 

absence of CO2 equilibration.  

For the time-course experiments, cells were first incubated for ten minutes with 

Hoechst, then washed with PBS, mounted on a custom chamber for imaging and the 

incubation medium was replaced with Leibovitz's L-15. Subsequently the Rhod-PLGA 
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loaded with albumin-FITC NPs or WGA488-loaded PLGA NPs were added and 

followed for 60 min in the laser scanning confocal microscope (CLSM).  

The analysis of blank Rhod-PLGA NPs and Rhod-PLGA loaded with albumin-FITC 

NPs was performed after excitation at 561, 488 and 405 nm. The analysis of PLGA NP 

loaded with WGA488 was performed after excitation at 488 and 405 nm. A Nikon C2 

CLSM and a Plan Apo λ 100X 1.45 NA oil immersion objective were used. For each 

sample, optical sections at median planes of the cells were taken (1024x1024 pixels) 

using sub-saturation settings and all of them were kept constant for each analysis 

(laser power, detector gain, and pinhole diameter). Images were processed and 

analyzed with the Fiji software and Origin(Pro) ("Version 2022b", OriginLab 

Corporation, Northampton, MA, USA) 

To characterize the colocalization degree between the Rhod-PLGA NPS and the 

plasma membrane, as well as the cargo albumin-FITC and the Rhod-PLGA NPs, the 

JACoP plugin [194] of Fiji software was used. Specifically, to calculate Pearson's 

correlation coefficient [195], which estimates the covariance of signal intensities 

between two images by analyzing them on a pixel-by-pixel basis, and Manders' overlap 

coefficient [196] which measures the fraction of pixels in image 1 that overlap with 

those in image 2, and vice versa. The data was analyzed with Origin (Pro). 

4.2.2.7. Ratio Measurement Method 

To measure the ratio of the fluorescence between two channels, the cargo (albumin-

FITC, green channel) and the NPs (Rhod-PLGA, red channel) were used. The images 

are selected, a strong threshold is applied to the NPs channel (561 excitation 

wavelength, red channel) and the particles analyzed delimiting the region of interest 

(ROI). The strong threshold assures that the fluorescence detected is coming from the 
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NPs alone. These ROIs are selected and saved to be used in the next step. Then 

applying the Ratio Plus plugin in the Fiji software, a measurement of the ratio between 

both channels is possible (the cargo from the green channel over the NPs from the red 

channel) in the ROIs previously selected that are the regions where the NPs are 

present. Like this, a measurement of how much cargo (albumin-FITC) is present in the 

NPs (Rhod-PLGA) overtime is obtained (Figure 45). 

 

Figure 45. Ratio Measurement 
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4.3. Results and Discussions  

4.3.1. Physicochemical Characteristics of Rhod-PLGA NPs 

To quantify the amount of encapsulated albumin in the PLGA NPs and visualize both 

the PLGA particles and the loaded albumin with confocal microscopy during the 

incubation with living cells, both albumin and the PLGA were tagged with fluorescent 

dyes, FITC (fluorescein isothiocyanate) and Rhodamine B (Rhod), respectively. The 

FITC and the Rhodamine B dyes were chosen according to their distinct excitation and 

emission profiles. The albumin-FITC-loaded Rhod-PLGA NPs were prepared by 

combining the traditional homogenization method with the MSR-system. The resulting 

fluorescent NPs exhibited a mean particle size of 241 nm and a PDI value <0.2, 

indicating narrow particle size distribution in NP formation. The zeta potential of the 

NPs was measured as -30 mV after encapsulation. After lyophilization, the mean 

particle size slightly decreased to 220 nm. A comparison with blank Rhod-PLGA NPs, 

which had a mean particle size of 222 nm and a zeta potential of -32 mV, revealed that 

while the encapsulation of albumin-FITC led to a slight increase in particle size, the 

zeta potential values remained similar. This suggests that albumin-FITC was 

encapsulated into the NPs and did not alter the surface charge. After the lyophilization 

the mean particle size of Rhod-PLGA NPs slightly decreased to 206 nm.  

The following assay results showed that albumin-FITC-loaded Rhod-PLGA NPs were 

prepared with an encapsulation efficiency as high as 84% and drug loading capacity 

of 2% (w/w). Fluorescent NPs were purified by CFF process using a 300 kDa MWCO 

membrane to sufficiently remove excess amounts of polymer, surfactant, and the free, 

non-encapsulated albumin-FITC. The hollow fiber membrane with 300 kDa MWCO 

was chosen as it provides optimal balance between the NP retention and removal of 

the smaller molecules such as PVA, PLGA and encapsulated substances. Moreover, 
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Dalwadi et al. previously showed membrane size with a 300 kDa MWCO sufficiently 

removed the excess PVA in large batches, and demonstrated a better performance 

than the ultracentrifugation, further supporting the choice of this membrane cut-off 

[149].  

After lyophilization, the mean particle size slightly decreased to 220.9 nm. Overall, the 

lyophilization processes yielded a homogeneous lyophilization cake. To test NPs´ 

stability in the cell culture medium for further studies, the particle size measurements 

in EMEM cell culture medium as well as in water were compared. During the medium 

stability test for Rhod-PLGA NPs, the mean particle size in EMEM was measured as 

188 nm while in water 199 nm. For albumin-FITC-loaded PLGA NPs, the mean particle 

size and PDI values in EMEM was measured as 167 nm and 0.24 while in water 196 

nm and 0.02 were determined. The results showed that despite slight changes in the 

particle sizes and PDI values the NPs remained stable in the medium.  

In order to characterize the co-localization of Albumin-FITC with Rhod-PLGA NPs, we 

calculated the Pearson’s and Manders’ coefficient from confocal images. We obtained 

a Pearson’s coefficient value of 0.77 ± 0.016 and Manders’ M1=0.84 ± 0.049 and 

M2=0.74 ± 0.019, where M1 is related to the degree of overlapping of albumin-FITC 

with the Rhod-PLGA NPs, and M2 the overlapping of Rhod-PLGA NPs to albumin-

FITC. These values close to 1 indicate a high degree of co-localization (Figure 46) 
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Figure 46. Correlation between the kinetics profiles. Pearson’s correlation coefficient 

calculated between the measurements of the ratio cargo (albumin-FITC) Rhod-PLGA NPs (x 

axis), and the fluorescence derived from WGA-488 plasma membrane staining due to the 

cargo release from the NPs (y axis) at 1, 4 and 24 h.  

4.3.2. Physicochemical Characteristics of WGA488-loaded PLGA 

NPs 

The WGA488-loaded PLGA NPs were prepared to test the structural integrity of the 

protein cargo, and its recognition and binding features were retained after 

encapsulation by the emulsification/solvent procedure. WGA specifically binds N-

acetyl-D-glucosamine and sialic acid, and its fluorescent form is commonly used to 

label the plasma l membrane [197]. The DLS measurements highlighted that the 

prepared WGA488-loaded PLGA NPs were narrowly distributed with a mean particle 

size of 441 nm, zeta potential value of -52 mV, and PDI value <0.2. After lyophilization, 
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the mean particle size slightly decreased to 425 nm. Overall, the lyophilization 

processes yielded a homogeneous lyophilization cake. The particle sizes were also 

measured in cell culture medium to ensure stability. During stability in medium studies, 

the mean particle size in cell culture medium was measured as 395 nm and for the 

dilution in water as 412 nm indicating particles were stable in the culture medium.  

4.3.3. Biocompatibility of Albumin-loaded PLGA NPs 

 

Figure 47. MTT assay results after 4 h of incubation for varying concentrations. 

The viability of the treated non-fluorescent albumin-loaded PLGA NPs and untreated 

cells of the nasal mucosa were investigated using the assay. In literature, a study by 

Katsikari et al. showed significantly reduced viability above 500 µg/ml particle 

concentration for albumin-FITC-loaded PLGA NPs prepared with the traditional double 

emulsion method [198]. Therefore, our 4 h cell viability study further focused on the 50 

to 500 µg/ml particle concentration range to evaluate the cellular response over a time 
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span meaningful for intranasal administration conditions. Figure 47 shows that the 

RPMI-2650 nasal cells exhibited high cell viability over the studied particle 

concentrations, indicating their convenience for nasal application. As also explained 

by Katsikari et al., a further increase in particle concentration could negatively affect 

cell viability due to several factors, including particle size and surface properties, in 

addition to polymer degradation products’ interaction with the cell functions.  

4.3.4. Live-cell imaging for localization and release studies with 

neuroblastoma cells and CLSM analysis 

 

Figure 48. Rhod-PLGA NPs localization after 24 h of incubation. a) Live cells experiment 

workflow. Created with Biorender.com b) Confocal scanning microscope images of 

neuroblastoma SH-SY5Y cells incubated for 24 h with 100 μg/ml of NPs. Then with 5 μg/ml 

WGA-488 for 30 min to specifically label the plasma membrane. Red, Rhod-PLGA; green, 

WGA-488; blue, Hoechst. White arrows show the NPs` position. Scale bar 20 μm. 

To follow the potential uptake of the NPs, human SH-SY5Y neuroblastoma cells were 

incubated with 100 μg/ml blank Rhod-PLGA NPs for 4 h and subsequently with WGA-

488 to label the plasma membrane. The media was then washed and replaced before 
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image acquisition (Figure 48a). The NPs were present only in the extracellular space, 

juxtaposed to the cells, without any noticeable internalization taking place (Figure 48b). 

This result is further corroborated by analyzing the degree of co-localization between 

the Rhod-PLGA NPs and the staining with WGA-488. The obtained Pearson’s 

coefficient value of 0.14 ± 0.008 and Manders’ M1=0.032 ± 0.025 and M2=0.16 ± 0.069 

indicate a very low degree of co-localization, supporting the lack of internalization of 

the Rhod-PLGA NPs. 

The fact that these NPs were not internalized by the cells is a desirable characteristic 

for the possible N2B delivery application. If NPs can get already internalized initially by 

the cells of the olfactory epithelium, the efficient targeting of distant regions of the CNS 

would become challenging, especially for low doses of NPs. In some 

neurodegenerative disorders, the extracellular release is also a desired requirement 

(for instance, antibodies against Aβ oligomers for Alzheimer’s disease, or against anti-

remyelinating receptors in the case of multiple sclerosis [199,200]). In addition, the lack 

of internalization can reduce NPs toxicity and off-target effects, both things of crucial 

importance when delivering drugs to sensitive regions like the brain, leading to a safer 

and more focused delivery system for treating neurological disorders. 
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4.3.5. In vitro cumulative release profiles of PLGA NPs 

The cumulative drug release studies showed that the percent drug-released increased 

over the first 4 h, followed by a slight increase up to 24 h. Between 24 h and 48 h, the 

cumulative release only slightly further increased until approx. 50% released drug, 

indicating that the release of albumin-FITC from the PLGA NPs continues beyond this 

time frame (Figure 49).  

 

Figure 49. Cumulative release profile from the albumin-FITC loaded PLGA NPs 
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4.3.6. Release from Albumin-FITC-loaded PLGA NPs by CLSM 

Imaging 

 

Figure 50. Albumin-FITC loaded Rhod-PLGA NPs localization and release. a) Live cells 

experiment workflow. Created with Biorender.com b) Confocal laser scanning microscope 

images of neuroblastoma SH-SY5Y cells incubated for different times with 100 μg/ml of NPs. 

c) Quantification of the ratio between the albumin-FITC (cargo-green channel) to Rhod-PLGA 

(NP-red channel) over 24 h. Error bars: SE; asterisks indicate significant differences between 

the measurements at 1 h using Kruskal-Wallis ANOVA test followed by Dunn's multiple 

comparison post hoc test (***p<0.001). d) Confocal images of SH-SY5Y cells incubated during 

60 min with 100 μg/ml of NPs. Two different planes are shown, one upper plane (first row) and 

one lower plane closer to the coverslip (second row). The accumulation of NPs at the bottom 

of the coverslip increases overtime. Red, Rhod-PLGA; green, albumin-FITC; blue, Hoechst. 

Scale bar 20 μm. 
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The release kinetics were followed after incubation of neuroblastoma SH-SY5Y cells 

with 100 μg/ml albumin-FITC-loaded Rhod-PLGA NPs for 1, 4 and 24 h. The release 

of albumin-FITC from the Rhod-PLGA NPs occurs over 24 h, as indicated by the 

gradual decrease in the green channel intensity with respect to the red channel (and 

thus to a shift from yellow towards red in the overlay in Figure 50b and quantified as 

ratio between the two. While without washing albumin-FITC-loaded Rhod-PLGA NPs 

were increasingly accumulating with time at the bottom of the coverslip (Figure 50d), 

the amount of NPs shown in Figure 50b was dependent only on the degree of washing 

at the end of each incubation time. The ratio between the albumin-FITC and the Rhod-

PLGA is however independent of the number of NPs present after the washes. 

4.3.7. Effect of Loading on WGA-structure 

To verify that the NP’s loading procedure was not impairing the properties of the protein 

cargo, we verified that WGA488 previously loaded in the PLGA NPs could correctly 

stain the plasma membrane after release. SH-SY5Y cells were incubated with 100 

μg/ml WGA488-loaded PLGA NPs for different incubation times. A continuous time-

course experiment was performed during the first 60 min after addition of the NPs, 

acquiring confocal images of the same field of view every 5 min (Figure 51b). The 

staining of the plasma membrane following the release of WGA488 from the NPs 

started to be visible as shortly as 5 min from the beginning of the incubation 

progressive increase in the mean fluorescence intensity of the cell membrane was 

observed overtime (Figure 51c), in agreement with the release profiles observed in 

vitro and while incubated with cells (Figure 49and 50c).  
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Figure 51. WGA488-loaded PLGA NPs release studies. a) Live cell experiment workflow. 

Created with Biorender.com b) Representative confocal microscopy images of neuroblastoma 

SH-SY5Y cells incubated over 60 min with 100 μg/ml of NPs. c) Representative image 

WGA488-loaded PLGA NPs release studies. a) Live cell experiment workflow. Created with 

Biorender.com b) Representative confocal microscopy images of neuroblastoma SH-SY5Y 

cells incubated during 60 min with 100 μg/ml of NPs. c) Representative image showing several 



130 
 

ROIs that were selected to measure mean fluorescence intensity of the WGA488 stained 

plasma membrane, and subsequent quantification over time; error bars: SE; asterisks indicate 

significant differences with respect to the measurement at 5 min using Kruskal-Wallis ANOVA 

test followed by Dunn's multiple comparison post hoc test (***p<0.001). d) Confocal images of 

SH-SY5Y cells incubated for 4 and 24 h with 100 μg/ml of NPs showing the localization of 

WGA488 inside the cells. e) Confocal images of SH-SY5Y cells incubated during 60 min with 

100 μg/ml of NPs. Two different planes are shown, one median plane (first row) and one lower 

plane closer to the coverslip (second row). The accumulation of NPs at the bottom of the 

coverslip increases overtime. Green, WGA488; blue, Hoechst. Scale bar 20 μm. 

These results confirm that the structure of the loaded protein was not compromised by 

the encapsulation process preserving its functionality. The same effect as mentioned 

before for the albumin-loaded NP can be observed here. The NPs sediment and 

accumulate on the bottom of the coverslip overtime (Figure 51e). At longer incubation 

times (4-24 h) internalization of the WGA488 and accumulation in the cytoplasm were 

observed as a consequence of the natural membrane trafficking and remodeling 

processes (endocytosis, pinocytosis etc.) occurring in the cells (Figure 51d). The total 

mean fluorescence intensity per cell kept increasing with time (Figure 52).  

4.3.8. Release kinetics of the macromolecular loads 

Overall, we used two different approaches to follow the NPs cargo release, one direct 

and one indirect. First, using the albumin-FITC-loaded Rhod-PLGA NPs, the ratio 

between albumin-FITC (cargo) and Rhod-PLGA (NPs) fluorescence intensities was 

measured over 24 h (Figure 51, Figure 52) The ratio decreased significantly over a 

period of 24 h (red line Figure 52), indicating that the amount of albumin-FITC in the 

NPs was gradually reduced. Second, using the WGA488 loaded PLGA NPs, the 

degree of fluorescent labeling of the plasma membrane derived from the WGA488 
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released from the PLGA NPs was measured. In this case the fluorescence intensity of 

the labelled membrane increased significantly over time (green line Figure 52). 

Notably, the kinetic profiles obtained with the two complementary approaches appear 

inversely correlated. 

 

Figure 52. Comparison of the cargo release in 24 h. The plot shows two different 

measurements related to the cargo released from the NPs. On the left y axis is reported the 

ratio between albumin-FITC and Rhod-PLGA measured over time. On the right y axis is 

reported the mean fluorescence intensity values of the WGA488 released from the NPs and 

staining the cell membrane. Error bars, SE; asterisks indicate significant differences with the 

measurement at 1h using Kruskal-Wallis ANOVA test followed by Dunn's multiple comparison 

post hoc test (***p<0.001) 
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4.4. Conclusions 

We have reported a novel continuous manufacturing method to prepare PLGA NPs. 

Our results showed that albumin-FITC-loaded fluorescent PLGA NPs were 

successfully prepared with the combination of traditional homogenization and novel 

continuous manufacturing methods, which offer scalability and robustness to 

manufacturing. The employment of a continuous manufacturing technology system in 

the second emulsification step of double emulsion preparation allowed scalability in 

the mixing of larger volumes of phases during the emulsification. The PLGA NPs 

prepared by double emulsions demonstrated high encapsulation efficiency and narrow 

particle size distribution, also indicating the strength of the manufacturing method. The 

prepared particles showed -sustained release properties, which is confirmed by both 

in vitro release studies. Moreover, the particles showed biocompatibility in two different 

cell lines, and they were not internalized by the cells, which is a desirable characteristic 

for N2B delivery. Our studies also showed WGA488 successfully encapsulated into 

the PLGA NPs by the double emulsion method, where narrow size distribution was 

also achieved. We demonstrated with WGA488-loaded PLGA NPs that the structure 

of the protein used as cargo is still functional after encapsulation and release of the 

NPs and that the release of the cargo is sustained over time in cell culture studies. The 

release profile of albumin-FITC from the PLGA NPs showed similar characteristics to 

the release profile of the WGA488. Overall, this study provides some insights into how 

this production technique can be advantageous for the development of DDS for N2B 

delivery.  
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5. Summary and Outlook 

Providing effective treatments for CNS diseases is challenging from a pharmaceutical 

point of view even though there is an immense vascularization within the system, 

mainly because of the BBB. The BBB, a selective barrier does not allow most of the 

drugs to reach the brain to exert their therapeutic effect. Intranasal drug delivery, a 

non-invasive approach to bypass the BBB can be used as an alternative method to 

provide high patient compliance while delivering advanced therapeutics to the brain 

with high bioavailability when combined with the DDS. As a type of a DDS, polymeric 

NPs offer tailorable characteristics and good stability. They can be made of regulatory-

approved materials which are proven to be biodegradable and biocompatible. PLGA is 

one of these FDA-approved polymers for therapeutic use and can be used in preparing 

polymeric NPs. Polymeric NPs can be prepared by different methods, including but not 

limited to nanoprecipitation and solvent/evaporation emulsification which can be also 

employed to prepare them as double emulsions. The double emulsion method 

especially stands out due to its ability to encapsulate hydrophilic molecules with high 

encapsulation efficiency. 

When combined with advance therapeutics such as mAbs, which are also classified 

as large Mw hydrophilic substances, they can deliver the drugs to the brain with the 

N2B delivery. While the potential of polymeric NPs, especially PLGA NPs is obvious 

there is currently no PLGA NP based therapeutic option available on the market. This 

is since there is a need for continuous manufacturing technologies that facilitate the 

transfer of the formulation development of these particles from bench side to bedside.  

Hence in this thesis, valuable information on preparing polymeric NPs loaded with 

different model-substances with bench top and with continuous manufacturing 
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techniques has been obtained. Later, biocompatibility, trafficking and release profiles 

of the derivatives of these NPs prepared by a continuous manufacturing technology 

were assessed to analyze their compatibility for the potential N2B delivery applications. 

In a more detailed point of view, in the first chapter of the thesis, the SDS and MSR-

systems have been investigated to prepare PLGA NPs as blank and as with loaded 

with model-substances. For the SDS, valuable information on design of the system for 

preparing PLGA NPs with different methods such nanoprecipitation and double 

emulsion techniques have been obtained.  

The SDS could prepare blank and hydrophobic small Mw model substance-loaded 

(curcumin) PLGA NPs by the modified-nanoprecipitation method. To understand the 

effect of different factors on preparing these NPs, a process screening with blank NPs 

and a subsequent DoE design have been established. Particle size was affected 

significantly by the chosen disc speed, flow rate, and polymer concentration. Flow rate 

and the PLGA concentration also significantly affected the PDI, while droplet size and 

disc speed showed no significant effect. Moreover, evaluation of how a response of 

particle size, PDI, and EE% related to two continuous variables (factors) were 

evaluated with contour plots obtained by the DoE. The results showed that increasing 

the disc rotation speed decreased the particle size while decreasing the flow rate also 

decreased the particle size. For the PDI value, flow rate and polymer concentration 

both showed that increasing these factors decrease the PDI value. For EE%, it was 

shown that increasing the disc rotation speed increases the EE% while faster flow rates 

decrease the EE%. 

In addition, the obtained NPs prepared with high encapsulation efficiency with this 

single-step production protocol and the set-up showing the compatibility of SDS for 

preparing scalable NPs, especially PLGA NPs. As an outlook, for different therapeutic 
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applications, and especially for CNS diseases, encapsulation of different hydrophobic 

substances could be incorporated to this strategy and their biocompatibility and uptake 

profiles with different cell-lines could be studied for biological applications.  

The SDS was also investigated for preparing PLGA NPs as double emulsions within 

the system. During this process, bench top PLGA NPs as double emulsions were 

prepared, and the formulation was optimized and was compared with the NP 

productions trials with the SDS. To establish this, different designs of the system as 

well as configurations of the connectors have been studied to prepare both 

emulsification steps to prepare primary and double emulsions with the SDS. As a 

result, within the design space and the factors studied, microparticles were obtained 

and preparing monodispersed NPs were not successful.  In the future, changes in the 

set-up as well as protocol and the design space could also lead to preparing these NPs 

as double emulsions by the SDS which could also lead to encapsulation of advanced 

hydrophilic molecules like mAbs.  

To achieve this goal for preparing PLGA NPs as double emulsions for encapsulation 

small and large Mw hydrophilic substances, a proof-of concept study was established 

with the MSR-system, another continuous manufacturing technology was studied. 

After the first trials of preparing both primary emulsion and secondary emulsion within 

the system, later the focus was given to prepare primary emulsion by a homogenizer 

and the secondary emulsion by the MSR-system to facilitate the stability of the primary 

emulsion. This also provided with additional advantages to the scalability as the 

secondary emulsification step generally involves larger volumes of phases, and 

therefore a bottleneck in the scalability of the double emulsion production. 

Firstly, a small Mw drug, Ciprofloxacin HCl was encapsulated with the MSR-system 

with high encapsulation efficiency showing the feasibility of the system on 
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encapsulation such molecule with high encapsulation efficiency which is considered 

challenging. Later, PLGA NPs loaded with albumin was prepared with the MSR-system 

and compared with the NPs prepared by the traditional homogenization methods 

showing that the MSR-system not only provided also high encapsulation efficiency for 

these NPs but also decreased the NP size. These also provided a chance to study the 

proof-of concept of potential N2B delivery of large Mw substances prepared by a 

scalable method. Therefore, fluorescent derivates of these NPs were also prepared 

and demonstrated high encapsulation efficiency as well as narrow particle size 

distribution. Moreover, particles were shown to have sustained release profiles. They 

also showed biocompatibility in different application-relevant cell-lines. In these in vitro 

test systems also an important parameter the uptake into the cell was investigated and 

no internalization was observed, showing the feasibility of the application to N2B 

delivery where crossing the cell barrier is the target. The studies were taken one step 

further, and another functional protein (WGA488) was encapsulated into the PLGA 

NPs by the double emulsion method demonstrated that the encapsulated WGA488 

was functional and showed sustained release. As an outlook, the promising results 

obtained within the scope of this thesis further be supported by viability studies within 

different cell-lines. Later, their efficacy and safety could be evaluated within the in vitro, 

ex vivo and in vivo experimental models. As an example to these, for in vitro models, 

RPMI 2650 cell line, a human cell line used for nasal drug transport studies, a bovine 

nasal mucosa can be used for nasal permeation and mucoadhesion studies, and in 

vivo studies based on mice can support pharmacokinetics and pharmacodynamics 

aspects of the delivery of the drug with the DDS. 
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