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Abstract  

Since the introduction of microfluidic devices, they have been widely used in 

various studies. In recent years, microfluidic devices have been regarded as the most 

powerful tools for preparing nanoparticles (NPs). By employing microfluidic devices, 

it is easy and fast to precisely modulate the fluid and thus the properties of the final 

prepared particles. Nonetheless, the transition from laboratory to clinical applications 

of poly (lactic-co-glycolic acid) nanoparticles (PLGA NPs) is gradual, partially due 

to the lack of precision control of each condition in the manufacturing process and the 

rich selectivity of nanoparticles with varied features. The use of PLGA NPs to create 

a wide range of size-controlled drug delivery systems and accomplish size-selective 

drug delivery targeting remains a problem in the development of therapeutics for 

several illnesses. In this study, a microfluidic device was employed to perform the 

preparation of PLGA polymer NPs and explored further precision: particle size 

modulation under the same polymer precursor. The broadened range of applications 

was achieved: greater particle size selectability for drug-loaded sub-200 nm particles, 

with greater solvent tolerance. In this context, relevant studies are presented, and the 

current status of the field is described in Chapter 1. 

A microfluidic device was used in Chapter 2 to achieve extensive selectability 
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for the size of PLGA NPs without alteration of polymer precursors. NPs of specific 

sizes were created from PLGA, poly (ethylene glycol)-methyl ether block poly (lactic-

co-glycolide) (PEG-PLGA), and blended (PLGA + PEG-PLGA). By merely altering 

the flow rate parameters without modifying the precursor, blended NPs display the 

largest size range (40–114 nm) (polymer molecular weight, concentration, and chain 

segment composition). Paclitaxel (PTX), a model hydrophobic drug, was 

encapsulated in the NPs, and the PTX-loaded NPs had a wide range of adjustable NP 

sizes. In addition, size-controlled NPs were employed to evaluate the influence of 

particle size on tumor cell development in sub-200 nm NPs. The 52 nm NPs inhibited 

cell proliferation more effectively than the 109 nm NPs. This provides a way to 

achieve further refinement of particle size tailoring by using the desired polymer 

precursors for preparation. Moreover, this method expands the choice of diverse 

particle sizes for different needs in the suitable size range (below 200 nm) of NPs for 

drug delivery. 

To improve PLGA NPs usability for drug delivery systems, it is necessary to 

expand the spectrum of preparation conditions for particle size controllable PLGA 

NP. This was accomplished utilizing a glass-based microfluidic device and a range of 

organic solvents in Chapter 3. Four solvents, acetonitrile (ACN), dimethyl sulfoxide 

(DMSO), dimethylformamide (DMF), and tetrahydrofuran (THF) were employed as 

solvents to dissolve PLGA and to perform the preparation of NPs, respectively. 

Additionally, the effect of solvent properties on the particle size and size distribution 

of the prepared NPs in a non-simple capillary microfluidic device was compared and 
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discussed. To confirm the ability of glass device to prepare NPs in a large size range, 

we compared the NPs obtained by the glass device with those prepared by the PDMS 

device. The glass device was able to maintain a good range of preparable particle sizes 

of sub-200 nm NPs, although the particle sizes obtained by preparation under the same 

flow rate conditions were different from those of the PDMS device. To further 

validate the encapsulation possibilities of different drugs, three distinct kinds of 

taxanes were used for encapsulation, and PLGA NPs of various sizes (sub-200 nm) 

were effectively produced. In cellular experiments, the drug-loaded NPs displayed 

size-dependent cytotoxicity, regardless of the taxane agent utilized. With this chapter, 

the selectivity is further expanded based on Chapter 2: Solvent Selectivity. 

The last chapter concludes this study with the significance of this research in the 

field. In addition, some future research is proposed based on the current problems that 

still need to be solved in this study. 
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Abbreviations 

The following abbreviations are used in the manuscript 

ACN acetonitrile 

DDS drug delivery system 

DLS dynamic light scattering 

DMAB didodecyldimethylammonium bromide 

DMEM Dulbecco’s modified Eagle’s medium 

DMF dimethylformamide; 

DMSO dimethyl sulfoxide;  

EE encapsulation efficiency 

FBS fetal bovine serum 

FRR flow ratio rate 

GA glycolic acid 

HPLC high-performance liquid chromatography; 

LA lactic acid 

LNPs lipid nanoparticles; 

Mw molecular weight 

NPs nanoparticles 

PCL polycaprolactone 

PDMS polydimethylsiloxane 

PEA poly(ethylene adipate) 
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PEG polyethylene glycol 

PGA poly(glycolic acid) 

PLA Poly(lactic acid) 

PLGA poly(lactic-co-glycolic-acid) 

PTX paclitaxel 

TFR total flow rate 

THF tetrahydrofuran 
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1. CHAPTER 1 General Introduciton 
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1.1 Development of PLGA-based DDSs 

Drug delivery systems (DDSs) are designed to deliver the optimal dose of 

medication to the body to enhance therapeutic effectiveness and avoid side effects. They 

are specifically designed to deliver drugs to targeted tissues or organs in a sustainable 

manner[1,2]. Materials of micron- and nanometer-sized sizes DDSs are used in tissue 

treatment, engineering, diagnostics, and imaging. Therefore, there has been a lot of 

study on treatments with enhanced activity and properties. One of the most appealing 

materials being researched by scientists is polymeric carriers since they can be 

customized and have their own unique architectures.[3–5]. 

1.1.1 PLGA properties 

In the last few decades, various materials have been used for DDSs, or as 

biodegradable polymers to aid in drug delivery. Materials that breakdown in vivo by 

enzymatic, non-enzymatic, or both processes are considered to be biocompatible and 

toxicologically safe. These by-products are then removed through regular metabolic 

processes. Biomaterials used to build DDSs can be classified into two broad categories: 

synthetic biodegradable polymers; and naturally occurring polymers[6]. Typical 

synthetic biodegradable polymers include poly(lactic acid) (PLA), poly(glycolic acid) 

(PGA), poly(lactic-co-glycolic acid) (PLGA), polycaprolactone (PCL), poly(ethylene 

adipate) (PEA) and their copolymers, etc.; and natural polymers include 

polysaccharides, hyaluronic acid, chitosan, etc.[7,8]. One of the best biodegradable 

polymers ever generated, PLGA has received US Food and Drug Administration 

approval for use in medical applications[9][10].  
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Understanding the physical, chemical, and biological characteristics of PLGA is 

crucial for designing more precise drug delivery systems. A copolymer combining PLA 

and PGA is polyester PLGA. The PGA is a hydrophilic, crystalline polymer that 

degrades quickly in physiological settings and has a poor water solubility. PLA, in 

comparison, has a poor mechanical strength and is a stiff hydrophobic polymer[11]. As 

a copolymer, PLGA has the inherent properties of its constituent monomers. PLGA 

properties can be tailored to specific applications by simply changing the ratio between 

LA and GA monomers (Fig 1.1). PLGA contains asymmetric alpha-carbons, which are 

commonly described in classical stereochemical terminology as the D or L form, and 

sometimes as the R and S forms, respectively. Poly(D-lactic acid) (PDLA) and poly(L-

lactic acid) are the enantiomers of polymeric PLA (PLLA). Poly(D, L-lactic-co-glycolic 

acid), where the D- and L-lactic forms are present in equal amounts, is known by the 

abbreviation PLGA. Numerous variables affect the physical and chemical 

characteristics of PLGA, including molecular weight, PLA to PGA ratio, polymer 

Fig 1.1 Hydrolysis of PLGA (x is the number of lactic acid units and y is the number 

of glycolic acid units). PLGA is hydrolyzed biologically into lactic and glycolic acids. 

Endogenous body processes metabolize the hydrolysis products, giving in minimal 

systemic toxicity. 
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concentration, etc.[12–15]. These physical and chemical properties further affect the 

ability of PLGA to be used as the material for DDSs. Since the polymeric structure 

prevents drug degradation, the kinetics of drug release from NPs can be controlled via 

varying the parameters of the formulation (e.g., molecular weight and composition of 

the polymer, the ratio of polymer to the drug, etc.) to achieve the desired level of 

sustained drug release.1.1.2 PLGA-based NPs for DDSs 

1.1.2 PLGA-based NPs for DDSs 

1.1.2.1 Mechanism of cellular internalization 

A drug must cross through a sequence of membrane barriers before reaching its site 

of action in a cell, and at each barrier some amount of the drug is lost. The problems 

that can potentially overcome by NPs include: cell association and internalization of 

the drug or drug carriers by endocytosis; intracellular trafficking and cytoplasmic drug 

release; cytoplasmic translocation of the drug or NPs to the nucleus or other organelles; 

and nucleus or organelle uptake. A typical intracellular transport route for PLGA-based 

NPs of a DDS is illustrated in Fig1.2. Overall, the pathway can be broadly divided into 

seven steps: 1) cell association of NPs; 2) internalization of PLGA NPs into the cell by 

pinocytosis and by clathrin-mediated endocytosis; 3) endosomal escape of NPs (escape 

from endo-lysosomes and into the cytoplasm; such an interaction between NPs and the 

vesicle membrane could result in transient and local instability of the membrane, thus 

helping NPs escape into the cytosol; 4) drug or therapeutic agent release into the 

cytoplasm; 5) drug or therapeutic agent transport by cytosol; 6) drug degradation in the 
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lysosome or cytoplasm; and 7) exocytosis of NPs.  

 

Fig 1.2 Schematic diagram of internalization of PLGA-based NPs of a DDS.[16] 

The numbers in the squares are the steps as explained in the text. PE, primary endosome; 

RE, recycling endosome; Endo-lys, endo-lysosome; Lys, lysosome; solid circles, 

polymeric NPs. 

The interaction of drug carriers with the cell membrane and the carriers’ 

endosomal release restricts their efficiency for cytosolic delivery of therapeutic 

medicines.  

1.1.1.2 Challenges to overcome for NP drug delivery - Escape from the 

reticuloendothelial system 

Hydrophobic particles are recognized by the body as foreign. They are removed 

from the blood circulation system and absorbed into the liver or spleen by the 

reticuloendothelial system (RES)[17,18]. Conditioner proteins of the serum bond to the 
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NPs, while other conditioner particles adhere to macrophages and are then absorbed by 

phagocytosis[19]. This is one of the most significant biological hurdles to overcome for 

NP-based controlled medication delivery. It can be accomplished by modifying the 

surface of the NPs to form a hydrophilic layer, resulting in NPs that are not recognized 

by the RES. To fulfill various drug delivery objectives, a number of PLGA-based block 

copolymers have been produced, with polyethylene glycol (PEG) being one of the most 

extensively employed surface-modified segments. When generating NPs from diblock 

PEG-PLGA, the PEG chains will approach the exterior aqueous phase, functioning as 

a barrier. Through spatial and hydration repulsions, this barrier can decrease 

interactions with external molecules, boosting particle stability. It was proved that 

PEG  helped to increase the half-life of PLGA-based NPs in the bloodstream by many 

orders of magnitude[19]. Other moieties utilized for surface modification include 

chitosan, and poloxamer, which all prevent the electrostatic and hydrophobic 

interactions that lead to the binding of conditioners to the surface of NPs. Surface 

changes enable tumor or organ targeting as well as prevent RES detection. Targeted 

ligands are commonly attached to the surface of NPs through PEG segments, allowing 

for selective cell binding and NP ingestion by receptor-mediated endocytosis. When 

ligands bind NPs, however, caution should be used not just to maintain sufficient 

affinity for receptor binding, but also to maintain an appropriate PEG coating to avoid 

RES identification. This necessitates keeping the ligand away from the NP surface in 

order to prevent being veiled by the PEG chain segments[20–22]. 

Due to the presence of terminal uncapped terminal carboxylic acid groups of PLGA, 

PLGA based NPs have a negative surface charge in a neutral pH environment. While 

the cell membrane is also negatively charged, it is obvious that positively charged 

particles will establish ionic interactions with the cell membrane more easily compared 
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to negatively charged particles. By surface modification, PLGA NPs can be transformed 

into neutral or positively charged particles[23,24]. 

1.1.1.3 Targeted Cancer Treatment with PLGA-based NPs 

The treatment by PLGA-based NPs often involves systemic administration of a 

drug, which involves off-targeting of the drug resulting in serious side effects. Therefore, 

targeting strategies have been extensively studied, and they can be broadly classified 

into two major categories: active targeting and passive targeting. 

Active targeting 

PLGAs are usually functionalized to achieve targeting. Specific ligands are 

attached to the surface of the NPs, and the ligands can bind specific receptors or 

antigens that are overexpressed by tumor cells or tumor vasculature but not by normal 

cells. The basic principle of this targeting was first proposed by Folkman in 1971: to 

cause tumor death due to a lack of oxygen and nutrients by destroying the tumor 

endothelium (as reported in the review by Danhier et al. [23]). Folate receptors, 

aptamers, antibodies, peptides, and biotin are common ligands for PLGA NPs[20,25–

27]. 

Passive targeting 

Passive targeting takes advantage of the size of the NPs and the specific anatomical 

and pathological abnormalities of a tumor vascular system. The enhanced permeability 

and retention (EPR) effect was described by Maeda et al.[28]. The tumor's lack of or 

ineffectual lymphatic capillaries results in the tumor tissue's efficient bottom drainage, 

which increases retention; additionally, NPs can penetrate and concentrate in the 

interstitial space, which contributes to increased permeability. Together, these two make 

up the EPR effect (Fig 1.3). Tumor accumulation by nano ormulations is first based on 
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the EPR effect, which is considered the gold standard for the design of new anticancer 

drugs for DDSs. PLGA-based NPs are well suited to utilize passive targeting 

approaches with the EPR effect due to their properties such as high stability and 

adjustable extended circulation time[29–32].  

However, there are some problems with passive targeting alone: the EPR effect 

may vary with the patient, tumor type, and time[33–37]. This inter- and intra-tumor 

variability has lead researchers to consider that an important topic for the clinical 

applications of NPs is individualized and tailored anticancer nanomedicine therapy. 

1.2 Biodistribution influenced by particle size 

Among the modes of administration, intravenous administration is one of the most 

commonly used approaches. NPs administered intravenously circulate throughout the 

body. The NPs escape from the circulatory system to other tissues by endocytosis, 

Fig 1.3 Escape of NPs into healthy tissue or tumor-associated vessels. 
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shear-induced diffusion, or passive diffusion through open windows in the capillary 

network. Particles larger than 200 nm will be trapped in the spleen, so ideally, long-

circulating NPs are not hardened beyond 200 nm to avoid clearance[38,39]. Meanwhile, 

the EPR effect mentioned in section 1.1.2.3 is usually limited to NPs between 30-200 

nm, which can escape the circulatory system through openings within the capillary 

network of tumor tissue[40,41]. Fig 1.4 collates the size factors that need to be 

considered for designing NPs for DDSs. In addition, tumor heterogeneity results in a 

cutoff size that can vary between tumors and even within the same tumor. The vascular 

system will exhibit different porosities and thus different infiltration rates[42,43].  

The effect of particle size on the in vivo distribution has been reported by several 

studies. Results Wang et al.[44] compared the particle size dependence of 70, 110, and 

150 nm NPs in HepG2 and H22 cells. Their results showed that the 110 nm tumor/liver 

ratio was the largest of the three particle sizes. Cabral et al. [45] compared the different 

Fig 1.4 Particle size is an important variable to consider when designing NPs for 

DDSs. 
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accumulations of 30, 50, 70, and 100 nm polymeric particles in tumors in detail. In high 

permeability BXPCx tumors, they found no particle size effect was shown. However, 

in low permeability C26 tumors, 30 nm particles showed a greater therapeutic 

advantage, followed by 50 nm NPs. Choi et al. [46] compared the cellular uptake of 

PLGA-based NPs in KB cells, and the size dependence was more prominent between 

70-200 nm, while it was relatively insignificant between 400-1000 nm. Among them, 

70 nm NPs showed the highest cellular uptake. Win et al.[47] reported on the particle 

size effect of PLGA NPs in Caco-2 at 50, 100, 200, 500, and 1000 nm NPs. The 100 

nm particles showed higher cellular uptake than 50 nm particles and were the most 

taken up particles. The report of Xu et al. [48] confirmed the earlier findings of Win et 

al. Xu et al. compared the difference in cellular uptake at 50 nm, 100 nm, 150 nm, 200 

nm, and 300 nm in Caco-2 and HT-29 cells. Instead of smaller NPs showing higher 

cellular uptake, the 100 nm NPs showed higher cellular uptake. In 2010, Saez et al. [49] 

reported on the difference in biodistribution of 100 nm vs. 160 nm polymeric NPs in 

different tissues. The latter NPs had higher liver aggregation compared to the kidney 

and spleen. In contrast, 110 nm particles had essentially the same distribution in the 

liver-kidney, and spleen. Zhang et al. [50] investigated the biodistribution of NPs at 

80,107 and 180 nm. Particles of the same size showed different biodistributions in the 

kidney, liver, lung, and spleen. In addition, at the same sampling time, the 80 nm 

particles showed a higher biodistribution than the 107 nm and 180 nm NPs in the blood. 

These results suggest that the "particle size optimal solution" for therapeutic NPs 

is different for different cells or tissues. Since pathophysiology is extremely complex, 

there is a need to provide a stable preparation method that can precisely modulate the 

particle size of sub-200 nm PLGA-based NPs to support drug screening and to support 
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studying of particle size effects.  

1.3 PLGA NP preparation methods 

The technology for producing NPs plays an important role in their final 

characteristics such as shape, size, size distribution, and stability. A wide range of 

techniques has been used for the synthesis of PLGA-based NPs. The preparation 

methods can be broadly classified as top-down and bottom-up[51][9] (Fig 1.5). In the 

top-down approaches, physical methods are used to convert particles to the nanoscale. 

On the one hand, these methods are easy to scale-up for industrial use, and they provide 

a fine-particle production capacity, but on the other hand they are costly and energy-

intensive in terms of equipment and they are not conducive to rapid drug 

screening.Spray drying is one of the most commonly used techniques for producing 

NPs. Spray drying process need to be realized by an atomizer and a hot dry air stream. 

The liquid feed consists of polymer and drug particles, which are dispersed into fine 

droplets by the atomizer. The spray drying method has simple steps that can be scaled 

up and it does not require particle separation. Despite its many advantages, spray drying 

is not applicable to heat-sensitive materials. The NPs produced tend to agglomerate 

during processing, resulting in submicron to micron-sized particles, which leads to 

reduced particle size control. In addition, there are difficulties such as low product 

yields and sticking. Usually, the low yield is due to product loss on the drying chamber 

walls, which is also responsible for high maintenance costs. All these factors lead to the 

inappropriateness of the spray drying technique to produce NPs for rapid drug screening 

by DDSs at laboratory scale.  

Bottom-up approaches are based on the self-assembly properties of 

macromolecules. Polymers, due to their amphiphilic nature, self-assemble into particles 
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during the mixing of polymeric organic solvents with non-solvents. Commonly used 

bottom-up methods include emulsification-evaporation and nanoprecipitation methods. 

The former involves dissolving the polymer in an organic solvent that is not miscible 

with water. The organic solution is added to the aqueous phase containing the surfactant 

under continuous stirring. This is followed by evaporation to achieve an oil/water (O/W) 

(or the reverse W/O) form. Further, it is possible to change from a single emulsion 

method to a double emulsion method, i.e., the primary oil-in-water emulsion is added 

to a second oil phase containing a stabilizer, resulting in an O/W/O (or the reverse 

W/O/W) emulsion. 

Nanoprecipitation, also called solvent displacement, is a one-step method. The 

polymer and drug are dissolved in an organic solvent that is miscible with water, and 

then a liquid drop is added to the aqueous phase. At the same time, rapid solvent 

diffusion, and particles are formed.  

Fig 1.5 PLGA NP preparation method 
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The self-assembly-based method is simple and fast, and the required stirring device 

is less energy-intensive and more efficient on an experimental scale. However, the 

method has some drawbacks, such as significant batch-to-batch variation and 

uncontrolled particle growth. In addition, since the speed of adding the organic solution 

to the aqueous phase also affects the final particle formation, many times researchers 

have chosen to use a pipette gun to add solution drop-by-drop rather than pouring 

directly. This leads to labor-intensive operations and the entire process is not 

sufficiently microscale for fluid control to achieve the desired accuracy of particle size 

design and regulation. 

Microfluidic methods represent a new approach and they have received a lot of 

attention in recent years. A microfluidic device is a device that realizes a reaction in a 

channel with an inner diameter of less than 1 mm. A simple microreactor system 

includes a pump to control the syringe, inlet tubes linking the syringe and the 

microfluidic device, outlet tubes from the device, and a container to collect the product. 

The syringe pump settings are adjusted for simple operation and non-labor-intensive 

fluid manipulation. The small channel size of the microfluidic device offers the 

possibility of handling or manipulating microliters or even nanoliters of fluid. In 

contrast to conventional methods, microfluidic devices can precisely control the mixing 

of fluids by controlling the fluid conditions, which greatly affect the process of NP 

formation and should ultimately affect the various properties of the particles formed. In 

summary, preparing NPs by microfluidic devices requires very little fluid and is non-

labor intensive, with a controlled mixing process, making it well suited for rapid 

screening of drugs[51,52]. 
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1.3.1 Particle size-controllable NP preparation by 

microfluidic devices  

Microfluidic devices have become the ideal choice for NP preparation because of 

their tunability for NPs (size, shape, surface properties, etc.), good reproducibility 

between batches, and other characteristics.  

As described in section 1.2, particle size is one of the most important properties of 

PLGA NPs. And to provide better particle size selectivity, most microfluidic devices 

resort to changing polymer precursors, such as the molecular weight of the polymer, 

polymer composition, solution concentration, etc. Karnik et al. [53] employed a flow-

focusing microfluidic device to produce NPs in the 30–105 nm range by adding PLGA 

to poly(ethylene glycol) methyl ether-block-poly(lactic-co-glycolide) (PEG-PLGA) in 

various proportions. Valencia et al. [54] exploited Tesla structures in a microchannel 

and they made NPs with an average particle size of 35–180 nm by varying the PLGA 

and DSPE-PEG composition and concentration. Rhee et al. [55] synthesized NPs with 

a particle size of 30–230 nm by altering the molecular weight and PLGA concentration. 

The study by Valencia et al. [56] reported the use of a 3D hydrodynamically focused 

device to prepare NPs. Different ratios of PLGA to PEG-PLGA mix composition ratios, 

or changes in the chain segment length of PEG-PLGA were used to obtain particles of 

25-200 nm in size. 

These polymer precursors (molecular weight, composition orthe solution 

concentration) need to be altered in manually formulated solutions prior to injection 

into the microfluidic devices, and if these conditions must be altered, it means that the 

advantage of less labor-intensive is lost. In addition, the precursors of the 

macromolecules greatly influence other properties of the NPs, such as 

biodistributability. Therefore, if it is not possible to achieve a wide range of 
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controllability of particle size without changing the polymer precursors, then it is not 

possible to meet the high precision needs of particle size impact studies and future 

clinical customization needs. 

1.3.2 PDMS microfluidic devices 

Polydimethylsiloxane (PDMS) is the most commonly used material for making 

microfluidic devices. PDMS is inexpensive and has good permeability and optical 

properties. It is also easily molded to form the devices and can accommodate a variety 

of different complex geometries, providing great flexibility for geometric control[57–

59]. Fig 1.6 shows the whole process of PDMS device fabrication from preparing the 

mold to preparing the PDMS-glass device. 

Fig 1.6 PDMS device fabrication. 
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PDMS has some compatibility issues with certain solvents, and it swells or even 

peels off the glass substrate when contacting with some organic solvents. This places a 

big limitation on the solvents that can be used in the PDMS device fabrication[57,60]. 

1.4 Present perspective and outline of the thesis 

As described in section 1.3, microfluidic devices can be effectively utilized to 

produce NPs; however, most methods to achieve good particle selectivity involve 

altering the precursors of the macromolecules. In turn, changing the precursors means 

that different solutions need to be manually and repeatedly formulated before injection 

into the microfluidic devices. If 1tion, the precursors of the macromolecules greatly 

influence other properties of the particles, such as biodistributability. Therefore, if it is 

not possible to achieve a wide range of controllability of particle size without changing 

the polymer precursors; then, it is not possible to meet the high precision needs of 

particle size impact studies and to further clinical customization needs. Consequently, 

there is an urgent need to provide a method to achieve the simple and convenient 

preparation of PLGA-based NPs without changing polymer precursors. This method 

should make it possible for researchers to achieve a greater range of NP size selectivity. 

In addition, while PDMS devices offer a wide variety of design options, they are 

limited by solvent compatibility issues. However, during drug screening, the solubility 

of different drugs in organic solvents varies, and in addition, by changing the solvent, 

the precipitation time of the drug can also be changed so that the drug precipitation time 

can be adjusted to be as close as possible to that of the macromolecules. Achieving 

similar precipitation times can be expected to allow the polymer NPs to encapsulate the 

drug better[61]. This means that it is also necessary to provide different solvents 

selectively. 
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To address these limitations, this thesis study has been conducted as follows. 

In chapter 2, a microfluidic device was used to obtain unaltered polymeric 

precursors to achieve a wide range of particle size modulations, thus further improving 

precision and expanding the selectivity for size and polymer precursor customed NP 

preparation. In chapter 3, a glass microfluidic device was used to investigate broadening 

the range of suitable solvents in applications of solvent screening and drug screening 

with guaranteed particle size controllability. Finally, in chapter 4, the conclusions, 

implications and future perspectives were discussed.  
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1. CHAPTER 2 Preparation of size-tunable 

sub-200 nm PLGA-based nanoparticles 

with a wide size range using a microfluidic 

platform 
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2.1 Introduction 

Over the past decades, polymeric nanoparticles (NPs), especially biodegradable 

polymers, have emerged for building a drug delivery system (DDS)[1–3]. NPs 

comprising poly(lactic-co-glycolic-acid) (PLGA) have been widely used as carriers for 

hydrophilic and hydrophobic drugs, as well as proteins, vaccines, and siRNA[4–7], 

owing to their excellent biodegradability and biocompatibility[8]. By employing PLGA, 

countless laboratory synthesis methods present novel PLGA-based NPs targeting and 

inhibiting cancer cells; nevertheless, only a minority of formulations have achieved 

clinical translation and effects on humans[9–12]. To some extent, the challenge lies 

with the complexity of NP optimization. For every disease type, it is essential to find 

the optimal physicochemical parameters (such as particle size, surface charge, 

morphology, and rigidity) and assess tissue targeting, designed drug release, and 

immune evasion. 

In KB carcinoma cell lines, 70 nm-sized PLGA NPs took up more than 200 nm-

sized PLGA NPs, whereas, in RAW264.7 macrophages, 70 nm-sized NP engulfment 

was less than 200 nm-sized NPs[13]. In two human colon cancer cell lines (Caco-2 and 

HT-29 cells), the cellular uptake rate of 100 nm-sized didodecyldimethylammonium 

bromide (DMAB)-modified PLGA NPs was higher than that of 50 nm-sized NPs[14]. 

The uptake of 100 nm particles in Caco-2 cell lines was 2.3 times greater than that of 

50 nm-sized NPs[15]. These results indicate that NPs sized approximately 100 nm have 

a profound size effect (from 50 nm to 200 nm). Precise preparation of particle-size-

controlled NPs is of great significance for establishing different targeted drug delivery 

systems. Particle size is a crucial feature in the DDS design, which determines the in 

vivo distribution, cytotoxicity, and stability of NPs and influences drug loading and 

release[16]. The particle size can control the particle distribution in the body to some 
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extent[4,17,18]. Therefore, preparing polymeric NPs with a controllable size is critical 

to precisely control drug loading and release and, more importantly, realizing building 

size-targeted DDS. To extensively investigate various disease types, a wide range of 

size-controlled PLGA-based NPs at the nanoscale level is imperative. Generally, to 

approach size controlled PLGA NPs with a broad size range, researchers tend to change 

the polymer precursors (polymer composition, concentration, and molecular weight 

(Mw)). However, changes in precursor condition would interfere with NP 

characteristics, such as drug loading ability, cytotoxicity, and degradability. Thus, it is 

of great significance to prepare size-customized PLGA-based NPs with a broad size 

range without varying the precursors, which could meet the different demands of NPs. 

In contrast to conventional PLGA NPs preparation methods, such as 

emulsification–solvent evaporation, spray-drying, and phase separation, a microfluidic 

method produces size-controlled NPs with a narrow size distribution and good size 

batch-to-batch reproducibility[19–21]. Furthermore, using a solvent that is rapidly 

diluted with an aqueous solution in a microfluidic device, through varying flow 

conditions in microscale channels, enables the manipulation of nanoliter volumes, and 

the physicochemical features of the NPs can be controlled. In summary, the 

microfluidic method has enormous potential for substantiating size-controlled PLGA-

based NPs.  

At present, PLGA NPs with size control have been prepared using microfluidic 

methods[20–23]. However, size control over a wide range is achieved by changing the 

type of precursor. Unlike the nanoprecipitation method, Karnik et al. used a flow-

focusing microfluidic device to mix miscible polymer solutions rapidly with water, and 

copolymers could self-assemble into formate NPs. By adding PLGA to poly (ethylene 

glycol) methyl ether block poly (lactic-co-glycolide) (PEG-PLGA) in different amounts, 
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NPs were prepared in the range of 30–105 nm[23]. Rhee et al. produced NPs with 

the average particle size of 30–230 nm mainly by modulating the molecular weight (27, 

45, and 95 kDa) and varying concentration of PLGA from 10 to 50 mg/mL[20]; 

Valencia et al. designed devices with Tesla structures in microchannels to prepare NPs 

with the average particle size of 35–180 nm by changing the PLGA and DSPE-PEG 

composition and concentration of precursors[21]. If preparing a large range of size-

controllable NPs without changing the polymer precursors is not achievable, finer 

customization, including the specified PLGA compound composition and controlled 

size of PLGA NPs, could not be allowed. To the best of our knowledge, no studies have 

been reported on manipulating the size-customized sub-200 nm PLGA-based NPs over 

a broad size range and with a good batch-to-batch repeatability without varying 

precursors. 

In this study, we employed iLiNP®, designed by our group[24], to prepare a 

considerably wide variable nanoscale size range of PLGA-based NPs, without changing 

the polymer composition. Fig 2.1 shows a schematic of the iLiNP device. The prepared 

PLGA NPs exhibited excellent reproducibility and narrow size distribution. Owing to 

its latent capacity for medical application, paclitaxel (PTX) was employed as a model 

cancer therapy drug to be delivered with a high encapsulation efficiency (EE). 

Alternately, the cytotoxicity of different-sized PTX-loaded NPs in vitro was also 

investigated, which proved the potential capacity of the same composition PLGA size-

controlled NPs within a wide size range in future DDS medical research. 
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2.2 Materials and methods 

2.2.1 Materials 

PLGA (Mw = 24,000–38,000) and PEG-PLGA (average MnPEG = 2,000, average 

MnPLGA = 11,500) were purchased from Sigma–Aldrich (St. Louis, MO, USA). PTX 

was purchased from Tokyo Chemical Industry, Ltd. (Tokyo, Japan). Acetonitrile for 

the dissolving solvent and high-performance liquid chromatography (HPLC) was 

supplied by FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). 

Fig 2.1 (a) Schematics of the iLiNP device to prepare blank or PTX-loaded NPs; (b) 

Top view of the iLiNP device. The width and depth of the channel were 200 and 100 

μm, respectively. The device was equipped with 20 baffle sets 
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2.2.2 Fabrication of microfluidic devices 

The design of the iLiNP device is illustrated in Fig 2.1. The width and depth of the 

channel were 200 μm and 100 μm, respectively. The polydimethylsiloxane (PDMS)-

based iLiNP device was fabricated, followed by standard soft lithography[22], and 

bonded with a glass substrate to compose the iLiNP device. The detailed fabrication 

procedure of the iLiNP device has been reported previously[24]. 

2.2.3 Preparation of PLGA-based nanoparticles 

The polymer (PLGA, PEG-PLGA, or blend [PLGA mixed with PEG-PLGA] with 

a mass ratio of 1:1) was dissolved in acetonitrile at different concentrations of 5 mg/mL. 

Then, PLGA/acetonitrile solution and ultrapure water (Milli Q; Direct-Q UV system, 

EMD Millipore Corporation, Billerica, MA, USA) were introduced into the iLiNP 

device from the two inlets. Two glass syringes (GASTIGHT 1002; Hamilton Inc., Reno, 

NV, USA) were filled with a polymer solution and ultrapure water, respectively. The 

syringes were connected to a microfluidic device, and syringe pumps (LEGATO 210; 

KD Scientific Inc., Holliston, MA, USA) were used to feed the solutions into the 

microfluidic device. After collecting the NPs in a microtube from the outlet, the solution 

was dialyzed in ultrapure water using a membrane tube (MWCO: 12–14 kD; Spectrum 

Laboratories, Inc., Canada) overnight at 4 °C. Finally, the size and stability of the NPs 

were evaluated using dynamic light scattering (DLS, Zetasizer Nano ZS ZEN3600; 

Malvern Instruments, UK).  

For the conventional method, polymer (PLGA, PEG-PLGA, or blend [PLGA 

mixed with PEG-PLGA] with a mass ratio of 1:1) was dissolved in acetonitrile at 5 

mg/mL concentration, and the polymer solution was added to ultrapure water using a 
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micropipette with stirring. The NP suspension was dialyzed overnight against ultrapure 

water.  

When prepared using the chaotic mixer device, the method is similar to that of 

iLiNP. Briefly, the polymer (PLGA, PEG-PLGA, or blend [PLGA mixed with PEG-

PLGA] with a mass ratio of 1:1) was dissolved in acetonitrile at a concentration of 5 

mg/mL. The acetonitrile solution and ultrapure water in two syringes were then injected 

into the chaotic mixer device through two inlets using a syringe pump. The solution 

collected from the outlet would be dialyzed overnight in ultrapure water by the 

membrane tube. 

2.2.4 Preparation of PTX-loaded nanoparticles and 

determination of drug content 

Similar to the empty PLGA NPs, 5 mg/mL polymer and 0.5 mg/mL PTX (10% of 

polymer) were dissolved in acetonitrile, followed by introduction into the iLiNP device 

with ultrapure water from two different inlets. To remove the organic solvent and non-

encapsulated drug, the collected solution was dialyzed overnight through the membrane 

tube in the ultrapure water. The PTX EE was determined using HPLC (L-2000 Elite 

LaChrom HPLC system; HITACHI, Japan). The NP solution was freeze-dried using 

freeze-drying equipment (Tokyo Rikakikai Co., Ltd., Japan), and the powder was 

dissolved in acetonitrile to dissolve the polymer and loaded PTX. The solution was 

filtered for HPLC analysis. A reverse-phase column (Shodex C18M 4D [inside 

diameter 150 × 4.6 mm, pore size 5 μm]; Shodex, Japan) was used to separate polymers 

and PTX, and the column temperature was maintained at 30 ℃. The mobile phase 

consisted of acetonitrile/water (50:50 v/v) at a flow rate of 1.2 mL/min. PTX 

concentration was measured at a wavelength of 227 nm, and 20 μL of the sample was 
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injected using an autosampler. PTX solutions ranging from 5 to 100 μg/mL were 

prepared to construct a calibration curve. PTX EE was defined as the ratio of the amount 

of drug in the NPs to the initial amount of drug used for the preparation (Eq. (2.1)). 

Encapsulation Efficiency (EE%) =
Amount of PTX in nanoparticles

The total amount of PTX
× 100%      (2.1) 

2.2.5 Cytotoxicity studies 

HeLa cells (kindly gifted by Dr. Yusuke Sato at Hokkaido University) were 

cultured in Dulbecco’s modified Eagle’s medium (DMEM, Sigma–Aldrich) 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin–streptomycin in 

an incubator with an atmosphere of 5% CO2 and 37 °C. Blend-PTX NPs were prepared 

under concentration of 5 mg/mL blend (PLGA mixed with PEG-PLGA) with a mass 

ratio of 1:1 and 0.5 mg/mL PTX (10% of polymer). Two different sized blend-PTX 

were prepared with the flow condition as TFR is 50 μL/min or 500 μL/min, while the 

FRR is 3. After obtainting the EE of the NPs, blend-PTX NPs were  

diluted to solutions of five different PTX concentrations by medium for cell uptake 

studies. Cytotoxic activity was evaluated using CellTiter-Blue (Promega, US) cell 

viability assay, and the steps are shown below. 

Cells were seeded at a density of 5000 viable cells/well in 100 μL of the medium 

in a black 96-well microplate (Nunc, Denmark). The cells were then incubated with 

different concentrations of PTX in the medium solution or with different concentrations 

of PTX-loaded NPs. The microplates were incubated for 1, 2, or 3 d. After incubation, 

20 μL CellTiter-Blue were added to each well, and the microplates were further 

incubated for 2 h. The fluorescence signal was measured using a fluorescence 

microplate reader at 560ex/590em nm. Cell viability was determined using Eq. (2.2) 
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Cell viability (%) =
Asample−Anegative

Apositive−Anegative
× 100%             (2.2) 

where Asample, Anegative, Apositive are the fluorescence intensities of the sample, the 

negative control, and the positive control, respectively. 

2.2.6 Statistical analysis 

The results are expressed as mean ± standard deviation and analyzed using 

ANOVA to demonstrate statistical differences. The predictive value (P) ≤ 0.05 was 

considered statistically significant. 

2.3 Results and discussion 

2.3.1 Effect of the flow conditions on NP size 

To investigate the effect of flow conditions on NP size, we introduced PLGA, 

PEG-PLGA, or blended (PLGA+PEG-PLGA, mPLGA:mPEG-PLGA = 5:5) acetonitrile 

solution (Cpolymer = 5 mg/mL) with ultrapure water in the iLiNP device. The total flow 

rate (TFR) ranged from 50 to 500 μL/min, whereas the flow rate ratio (FRR) of aqueous 

phase to organic phase ranged from 3 to 9. Fig 2.2 and Fig 2.3 show the NP sizes and 

size distributions. In the case of lipid nanoparticles (LNPs), small-sized LNPs formed 

under high TFR and FRR conditions[24–27]. The PLGA NP size also decreased with 

an increase in the TFR, maintaining a single peak. NP sizes were 44–101 nm, 29–76 

nm, and 40–114 nm for PLGA, PEG-PLGA, and blend NPs, respectively. With 

restriction to changing fluid conditions, only a narrow NP size range (23–29 nm under 

50 mg/mL concentration or 20–26 nm at 20 mg/mL concentration) could be achieved 

by Karnik’s method[23]. However, the FRR did not affect the NP size, which differs 
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from a previous study[23]. PEG-PLGA induced a decrease in NP size, similar to PEG-

DMG, in the LNP system. Blend NPs showed the widest NP size range among the three 

polymers. We also evaluated the effect of the PLGA concentration, molecular weight,  

and PLGA composition on the NP size, polydispersity index (PDI) and NP stability 

(Fig 2.4-2.7, Table 2.1) 

Fig 2.2 Effect of the flow condition on the NP size. (a) PLGA, (b) PEG-PLGA, and 

(c) blend. The FRR ranges from 3:1 to 9:1, whereas TFR ranges from 50 to 500 μL/min. 

The error bars represent the standard deviations calculated from the repeated NP 

preparation experiments at least three times. P-values: ***≤0.0001; **≤0.01, *<0.05 
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Fig 2.3 Size distribution of FRR = 5 with different TFR (μL/min). (a) PLGA, (b) 

PEG-PLGA, and (c) Blend. 

Fig 2.4 Effect of PLGA concentration. NPs were prepared at (a) TFR = 300 μL/min 

and (b) TFR = 500 μL/min. Concentration of PLGA acetonitrile solution varying from 

2.5 to 10 mg/mL. The error bars represent the standard deviations calculated from 

repeated NP preparation experiments at least three times.  
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Fig 2.5 Effect of PLGA Mw. (a) TFR = 300 μL/min and (b) TFR = 500 μL/min. 

Fig 2.6 Effect of polymer composition. (a) Size and polydispersity index (PDI) 

comparison and (b) Size distribution with different PLGA:PEG-PLGA ratios. Data are 

presented as mean ± SEM; N > 3. 
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This NP formation behavior is probably due to the baffle structure of our device, 

w hich enables a far more effective solvent dilution performance than the sample flow-

focusing device employed by Karnik. Based on the mechanism of self-assembly into  

microfluidic devices[23], the relationship between the solvent dilution time scale (τmix) 

and the polymer aggregation time scale (τagg) closely influences the size of the final NPs 

(Fig 2.8). In this study, the excellent solvent dilution performance allowed τmix to be 

much smaller than τagg in various FRR ranges. Therefore, polymer aggregation occurs 

when the solvent exchange is almost complete, and NP self-assembly occurs under 

conditions closer to the final solvent. Hence, the polymer does not readily assemble into 

NPs, resulting in smaller NPs. In contrast, the FRR change in this study cannot 

significantly affect the relationship between τmix and τagg and thus cannot significantly 

affect the NP size change. These results confirmed that the iLiNP device could control 

the NP size depending on the TFR without changing the precursors. 

 

 

 

Fig 2.7 Evaluation of NP stability. (a) PLGA, (b) PEG-PLGA, and (c) blended NPs 

stored at 4 ℃ (purple dot) or 25 ℃ (orange dot). Data are presented as mean ± SEM; 

N = 3. 
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Table 2.1 Formulation code 

Formulation code  

PLGA(S) Mw = 7,000–17,000 

PLGA(M) Mw = 24,000–38,000 

PLGA(L) Mw = 38,000–54,000 

PEG-PLGA 
nPEG = nPLGA, 

average MnPEG = 2,000, average MnPLGA = 11,500 

Blend (0:10) mPLGA(M):mPEG-PLGA = 0:10 

Blend (1:3) mPLGA(M):mPEG-PLGA = 1:3 

Blend (5:5) mPLGA(M):mPEG-PLGA = 5:5 

Blend (3:1) mPLGA(M):mPEG-PLGA = 3:1 

Blend (10:1) mPLGA(M):mPEG-PLGA = 10:1 

 

To study the effect of Mw, PLGA with Mw was dissolved in acetonitrile and 

introduced into the microfluidic device. Three types of PLGA were introduced: 

PLGA(S), PLGA(M), and PLGA(L) (S1 Table). The concentration of the PLGA 

acetonitrile solution used was 5 mg/mL. The TFR varied from 300 to 500 μL/min, and 

the FRR was 5. The PLGA NP size was not affected by Mw (Fig 2.5), which can be 

attributed to the aggregation of hydrophobic PLGA polymer into the microchannel or 

the effect of the dialysis process more than the difference in procurers.  

We examined the effect of polymer composition on NPs using acetonitrile to 

dissolve different mass ratios of PLGA(M) with PEG-PLGA at 5 mg/mL concentration, 

TFR = 300 μL/min, and FRR = 5. The ratio of PLGA to PEG-PLGA ranged from 0:10 

to 10:0; in this case, 0:10 indicates neat PEG-PLGA, and 10:0 indicates neat PLGA. 

The NP size decreased from 80 ± 6 nm to 43 ± 2 nm with the increase in PEG-

PLGA concentration in blends (Fig 2.6). This result may be attributed to the hydrophilic 

PEG blocks. Nucleation is achieved after the first stage of polymer self-assembly into 
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NPs, and the unimers add to the nucleus. Unlike neat PLGA, after the polymer brush 

layer is formed on the particle surface, the hydrophilic PEG block of PEG-PLGA acts 

as a shell of particles, which can increase the barrier to avoid aggregation; consequently, 

the size is smaller than that of the neat PLGA NPs. This result indicates that the polymer 

composition plays an important role in the preparation of small-sized NPs, which is 

consistent with other studies.  

In addition to particle size and size distribution, the stability of NPs is significant 

both in vitro and in vivo. Ensuring the stability of the polymeric NPs during the long-

term storage transportation would facilitate its effect. To check the stability of the NPs, 

the prepared PLGA NPs, PEG-PLGA NPs, and the blend were stored for 20 d at 4 ℃ 

and 25 ℃. The particle size was measured at predetermined time intervals. All NP types 

showed no significant differences during 20 d (Fig 2.7) and maintained a small size. In 

addition, NPs combined with PLGA showed slightly weaker stability than those 

without PLGA because the PEG layer acts as a shell around particles and reduces their 

interactions with foreign molecules, which can enhance the stability of particles. This 

result proved that the PLGA-based NPs prepared by the baffle device maintain high 

stability before uptake 
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2.3.2 Comparison of the iLiNP device with the conventional 

method/chaotic mixer device  

We compared the PLGA NP formation behavior using the iLiNP, the conventional 

method, and the chaotic mixer device with only varying flow conditions. Based on the 

adjustable particle size range of NPs prepared by the conventional method shown in Fig 

2.9 (a) and the size range of NPs obtained from iLiNP preparation shown in Fig 2.2, we 

present the particle size range of the two methods as Fig 2.9 (b). From Fig 2.9 (b), it 

can be seen that the sizes of PLGA, PEG-PLGA, and blend NPs prepared by the 

Fig 2.8 Mechanism of NP self-assembly during the solvent exchange. The 

relationship of the time scale of mixing and aggregation is the critical factor affecting 

the final particle size. 
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conventional method ranging 80–87 nm, 64–68 nm, and 81–90 nm, respectively, 

whereas the NP sizes prepared using the iLiNP device ranged from 44 to 101 nm, 29 to 

76 nm, and 40 to 114 nm, respectively. In addition, the iLiNP device showed good NP 

size reproducibility compared with the conventional method. The iLiNP device enables 

the preparation of a larger range of particle sizes than conventional preparation methods. 

The difference in NP formation behavior may be attributed to the solvent dilution 

performance of the iLiNP device. In contrast, in the conventional method, it is difficult 

to precisely control the solvent dilution speed (stirring speed corresponding to the TFR 

in the microfluidic method) manually on a macroscopic scale. This observation shows 

that PLGA NPs prepared using the iLiNP device demonstrate better size controllability 

and a broader range of sizes than those prepared by the conventional methods, which 

could supply various demands when using the same polymer to prepare NPs with a 

broad size distribution. 
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The chaotic mixer device[28] can effectively mix the solutions in the microchannel. 

The PLGA, PEG-PLGA, or blend acetonitrile solution at 5 mg/mL concentration was 

introduced into the chaotic mixer device with a TFR of 300 μL/min and FRR of 5. 

Under the same flow condition, the NPs prepared using the chaotic device were larger 

 

Fig 2.9 Comparison of NP sizes prepared using the iLiNP device, the chaotic 

mixer device, and the conventional method. (a) NP sizes prepared using the 

conventional method under different organic and aqueous solution ratios. The size 

range was: PLGA NPs: 80–87 nm; PEG-PLGA NPs: 64–68 nm; blend NPs: 81–90 

nm; (b) Comparison of the particle size range of NPs prepared by the conventional 

method and the iLiNP device. (c) NP sizes prepared using the iLiNP device and the 

chaotic mixer device, NPs were prepared with FRR of 5 and TFR of 300 μL/min. The 

error bars represent the standard deviations calculated from the repeated NP 

preparation experiment more than three times. 
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than those prepared using the iLiNP device, except PEG-PLGA NPs (Fig 2.9 (c)). Based 

on this mechanism (Fig 2.8), τagg was observed to be larger than τmix at rapid dilution. 

Karnik et al. compared the zeta potential results of nanoparticles prepared using 

the bulk method with those of the microfluidic device method by adding PLGA to pure 

PEG-PLGA with altered precursors[23]. The results indicated that the zeta potential of 

nanoparticles prepared using the bulk method increased substantially with the addition 

of PLGA, whereas the microfluidic method did not. The PEG chain segments have 

negatively charged carboxyl terminals, and the increase in zeta potential indicates that 

fewer PEG chain segments are exposed on the particle surface. Furthermore, combined 

with the comparison of the TFR effect within the microfluidic device, during rapid 

dilution, the polymer molecules are located in the solution environment in which the 

amount of organic solvent is smaller than that of water. At this point, the hydrophilic 

chain segment is almost not present inside the particle, and the surface of the 

hydrophilic PEG surface barrier is sufficient, making the absorption or insertion of 

polymers into the NPs difficult. Moreover, the excess polymers must undergo more 

nucleation. The inverse of this theory shows that more efficient and rapid dilution can 

result in smaller particle sizes. In addition, the similar size of PEG-PLGA NPs prepared 

by the chaotic mixer device and the iLiNP is most likely due to the fact that the 

proportion of PEG segment components in PEG-PLGA is more than that of PLGA or 

blend. More PEG segment means easier to form PEG protective shells quickly (τagg of 

PEG-PLGA is different from that of PLGA or blend). It is known from the mechanism 

of polymer self-assembly that when enough hydrophilic chain segments form a 

protective shell on the outside, it will not be possible to make more polymers insert into 

the NPs, thus not leading to larger particle size. Under the flow rate conditions 

compared in this section, likely, the difference in mixing rate between the two 
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microfluidic devices at this time will not result in a significant change in the relationship 

between the τagg and τmix sizes of PEG-PLGA, and therefore the particle size will not 

change significantly. 

In conclusion, these results demonstrate that the iLiNP device method can achieve 

a larger range of tunable NP size preparation than the bulk method and achieve rapid 

dilution of the organic solvent more efficiently than a typical microfluidic device 

chaotic mixer [24]. This finding demonstrates the superiority of this method and its 

great potential for further drug screening, custom drug delivery particle preparation, 

and other applications. 

2.3.3 Drug loading into NPs 

We loaded hydrophobic drugs into NPs using the iLiNP device and used PTX as 

a model drug. Fig 2.10 (a–c) shows a comparison between the average NP sizes of PTX-

loaded NPs and unloaded-NPs prepared under different TFR conditions. Under the 

same flow condition of FRR = 3, PTX did not affect the NP size, regardless of the 

polymer type. The reproducibility of PTX-loaded NPs is slightly inferior to that of blank 

NPs (PTX-unloaded), which may be attributed to the hydrophobicity of PTX. The high 

hydrophobicity leads to more aggregation between particles during particle formation. 

This result proved that our method could be used to prepare blank and PTX-loaded NPs 

with a broad size range and good reproducibility. Moreover, the dependence of the PTX 

EE on the flow conditions and polymer composition was studied (Fig 2.10 (d)). The EE 

was ranged from 30% to 70%, depending on the polymer type. PTX loaded PLGA 

(PLGA-PTX NPs) prepared using microfluidic devices always show low EE and 

loading capacity, which is attributed to the large amounts of drugs lost during solvent 

displacement, while the NPs formed by the polymer chain come together. This due to 
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the principle of the continuous microfluidic method, which is the same as the solvent 

replacement method: while the preparation of drug-loaded PLGA NPs formed based on 

this principle, the drug is leaked out into the organic phase during solvent 

displacement[29–32]. Under the same polymer conditions, EE did not vary regularly 

with the TFR. Furthermore, the PTX-loaded blend (blend-PTX) NPs exhibited the 

highest EE among the three polymers. Compared to PTX-loaded PEG-PLGA (PEG-

PLGA-PTX) NPs, the incorporation of PLGA increased EE, which is in agreement with 

a previous study[23]. This result is due to the hydrophobic PLGA increasing the 

hydrophobic core, thus improving the package capacity for the hydrophobic drug PTX. 

Meanwhile, PLGA-PTX NPs could not achieve a higher EE than blend-PTX NPs, 

which can be attributed to the lower PEG acting as hydrophobic layer protection for 

PLGA NPs. The loaded PTX, which is attached to the surface of PLGA NPs, is easily 

lost during the preparation process without the PEG brush barrier. Blend-PTX was 

selected for further in vitro experiments considering that blend-PTX NPs showed a 

larger NP size range than PLGA-PTX or PEG-PLGA-PTX NPs and enabled high EE. 

2.3.4 In vitro antitumor activity 

To demonstrate the effect of NP size on cytotoxicity, we prepared 52 nm and 109 

nm-sized blend-PTX NPs (The blend-PTX NPs properties are consistent with those 

obtained for the preparation at 50 and 500 µL/min in Fig 2.10(c) (d)). Unlike other 

studies, the iLiNP device could control the NP size by TFR without changing the PLGA 

concentration, molecular weight, and composition. For the action mechanism of PTX, 

PTX binds microtubules and causes kinetic suppression of microtubule dynamics; thus, 

the cell cycle is consequently arrested at G2/M phases[33–35] We hypothesized that 

the NP size affects cellular uptake and PTX release kinetics and that this synergistic 
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effect would affect cytotoxicity. Free-PTX, 52 nm-sized PTX-loaded NPs, and 109 nm-

sized PTX-loaded NPs were added to HeLa cells at different dosages. Fig 2.11 (a) 

shows the cell viability of free PTX unloaded into NPs. After 24 h, free PTX did not 

exhibit antitumor activity, regardless of the PTX concentration. Cell viability decreased 

to 50–80% and lower than 10% after 48 and 72 h of incubation, respectively. Fig 2.11 

(b–c) shows the antitumor activity of 52 and 109 nm-sized NPs. Cytotoxicity of the 

blank NPs (PTX-unloaded) were shown in Fig 2.12. The blank blend NPs at 114 nm 

showed no toxicity from 0.1 μg/mL to 100 μg/mL, while the 45 nm blank blend NPs 

showed some toxicity to HeLa cells at higher concentrations. It has been previously 

reported that nano-sized PLGA particles can be toxic to cells to some extent[36,37]. 

After incubation with 52 nm blend-PTX for 24 h, cell viability remarkably reduced, 

whereas 109 nm blend-PTX could not show significant cytotoxicity. After 50 h of 

incubation, cell growth was almost completely inhibited by PTX-loaded NPs, 

regardless of NP size, and no significant difference was found in cytotoxicity among 

the different concentrations. Furthermore, after 72 h of incubation, all PTX-loaded NPs 

completely inhibited cell growth. Based on these results, it was observed that the blend-



 47 

PTX NPs with a 52 nm size could rapidly show high levels of antitumor activity 

compared to the 109 nm-sized NPs. 

  

Fig 2.10 Size of blank NPs, PTX-loaded NPs, and EE of PTX. (a) PLGA NPs and 

PTX-loaded PLGA (PLGA-PTX) NPs; (b) PEG-PLGA NPs and PTX-loaded PEG-

PLGA (PEG-PLGA-PTX) NPs; (c) blend NPs and PTX-loaded blend (blend-PTX) 

NPs. The purple dots represent blank NPs, and the orange dots are PTX-loaded NPs; 

(d) EE of PTX prepared at TFR of 50, 100, 300, and 500 µL/min and the FRR of 3. 

The error bars represent the standard deviations calculated from the repeated NP 

preparation experiment at least three times. 
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Previous studies have shown that the cellular uptake of different kinds of NPs, 

such as gold NPs, silver NPs, and mesoporous silica NPs, by HeLa cells depends on 

their size, with the maximum uptake occurring at 50 nm[38–41]. However, as 

mentioned earlier, studies on Caco-2 cancer cells showed that small particle size (50 

nm) had less cellular uptake than larger particle size[14,15]. In contrast, in KB cancer 

cells, small NP size (70 nm) had more cellular uptake than larger particles. This contrast 

is may be due to the different cell types, indicating that even for cancer cells, different 

cancer cell lines show different cellular uptake based on particle sizes. The effect of 

polymer NP size on the same precursor preparation of HeLa cells has not been 

Fig 2.11 Cell viabilities dosed of (a) free-PTX, (b) 52 nm-sized blend-PTX NPs, 

and (c) 109 nm-sized blend-PTX NPs. Concentrations of PTX varied from 2.5 to 

25 μg/mL. Preparation conditions for blend-PTX NPs: Cpolymer= 5 mg/mL, TFR of 

50 or 500 µL/min and the FRR of 3. The error bars represent the standard deviations 

calculated from the repeated NP preparation experiment at least three times. 
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published, and our results precisely complement the research gap in this regard. In 

addition, our findings demonstrate a stronger case for providing a more finely size 

turnable PLGA NPs and satisfy the need to study the particle size effect and the 

mechanism behind it for targeted drug therapy. 

 

2.4 Conclusion 

In this study, size-tunable PLGA NPs were prepared using the iLiNP device. High 

flow rate produced small-sized NPs, whereas FRR did not markedly impact the size. In 

addition, the iLiNP device can prepare PLGA-based NPs with a broader size range 

(PLGA NPs: 44–101 nm; PEG-PLGA NPs: 29–76 nm; blend NPs: 40–114 nm) than 

those prepared using the conventional bulk method (PLGA NPs: 80–87 nm; PEG-

PLGA NPs: 64–68 nm; blend NPs: 81–90 nm) and chaotic mixer device. In addition, 

Fig 2.12 In vitro blank blended NP cell viability in HeLa cells. The blend 

concentration varying from 0.1 μg/mL to 100 μg/mL. (a) the average size of NPs is 45 

nm, prepared at TFR = 500 μL/min. (b) the average size of NPs is 114 nm, prepared at 

TFR = 50 μL/min. Data are presented as mean ± SEM; N > 3. 
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PTX was loaded into PLGA/PEG-PLGA/blend NPs. We found that 52 nm-sized PTX-

loaded NPs inhibited cell growth and showed higher antitumor activity than 109 nm 

sized NPs. The NPs were prepared using the same polymer solution under different 

TFR conditions. An NP size-tunable technique without any optimization of molecular 

weight, concentration, and composition of the polymer is crucial for developing DDS 

nanomedicines. We believe that iLiNP-based polymer-based NP production will 

provide abundant possibilities for future clinical applications of size-controlled 

nanomedicines 
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loaded nanoparticles using a microfluidic 

device
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3.1 Introduction 

The advent of nanoparticles (NPs) has helped to successfully overcome the inadequacies 

of conventional drug delivery systems (DDS); they have proven to be powerful weapons against 

a wide range of diseases[1,2]. NPs have been used to overcome numerous treatment 

obstacles[3],[4]. They have demonstrated improved permeability, bioavailability, drug 

pharmacokinetics, stability in biological matrices, reduced adverse effects, and other features 

when used for drug administration[5–9]. Poly(lactic-co-glycolic-acid) (PLGA) polymeric NPs, 

in particular, are FDA-approved polymers and one of the most extensively utilized polymers in 

the development of nanomedicines because of their high structural integrity, tunable properties, 

and versatility in surface functionalization and stability[10–12]. Different functionalized 

innovative PLGA NPs that can target fatal cancer cells have been reported in various 

studies[13–16]. However, only a few formulations have been transformed into clinical 

applications, and only a handful have a substantial impact. Part of the challenge lies in the 

complexity of optimizing the NPs, because the optimal NPs parameters (surface charge, particle 

size, surface roughness, etc.) need to be determined according to different disease types and 

lesion locations[17]. In other words, to obtain finely customized DDS and tailored medications, 

there is still a long way to go. 

The size-dependent cell uptake in different cell lines have been widely demonstrated[18–

22], and this has greatly encouraged the advancement of size-targeted therapeutic regimens via 

precise particle size modulation. Microfluidic devices can precisely modulate minimal fluid 

volumes in microscale-controlled channels to prepare particles with controlled sizes and great 

batch-to-batch reproducibility[23–30]. Furthermore, microfluidic-based nanoprecipitation 
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allows the use of expensive therapeutics in small volumes to screen different experimental 

conditions and to develop optimal formulations of NP-based nanomedicines. For the 

preparation of PLGA NPs using the nanoprecipitation method, the solvent effect is a significant 

factor in controlling the NP size and encapsulating hydrophobic drugs. In particular, 

tetrahydrofuran (THF) is widely used as a solvent to dissolve various hydrophobic 

materials[31]. Therefore, in the microfluidic-based nanoprecipitation method, the use of THF 

as the solvent can expand NP design, including hydrophobic drug encapsulation and 

modification of NPs with hydrophobic materials[32–34]. 

Polydimethylsiloxane (PDMS) is one of the most widely used materials in microfluidic 

devices[17]. However, due to the restrictive nature of PDMS, it cannot be applied to a wide 

range of organic reagents because of the swelling of the solvent[35,36]. Therefore, only few 

studies have focused on comparing the effect of solvents on the preparation of PLGA NPs in 

microfluidic devices. Understanding the effect of solvents, including THF, on PLGA NP size is 

essential for the development of novel PLGA-based nanomedicines. 

In this study, we investigated the effects of organic solvents on the size of PLGA-NPs 

using a glass-based microfluidic device. Using the glass-based microfluidic device, it was 

possible to first evaluate the PLGA NP production behavior in the microchannel. In addition, 

to verify the feasibility of diverse drug encapsulation screens, we employed three distinct forms 

of taxanes (paclitaxel [PTX], cabazitaxel [CTX], and docetaxel [DTX]) as model drugs for 

encapsulation and evaluated in vitro experimental results. The prepared NPs maintained good 

batch-to-batch reproducibility and size-dependent cytotoxicities. The glass-based microfluidic 

device enables rapid optimization and screening of more favorable conditions for the 
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preparation of NPs for DDS, accelerates clinical drug screening, and has the potential to assist 

rapid transfer to preclinical investigations. 

3.2 Experimental 

3.2.1 Materials 

PLGA (50:50 ratio, Mw = 24000–38000 Da) and PEG-PLGA (average MnPEG = 2000 Da, 

average MnPLGA = 11500 Da) were obtained from Sigma–Aldrich (St. Louis, MO, USA). PTX, 

COX, and DOX were purchased from Tokyo Chemical Industry Ltd. (Tokyo, Japan). 

Acetonitrile (ACN), dimethyl sulfoxide (DMSO), dimethylformamide (DMF), and 

tetrahydrofuran (THF) were purchased from FUJIFILM Wako Pure Chemical Corporation 

(Osaka, Japan). 

3.2.2 Preparation of polymeric NPs 

A 5 mg/mL mixture of PLGA and PEG-PLGA with a mass ratio of 1:1, and 0.5 mg/mL of 

different kinds of anti-cancer drugs (10% of polymer) were dissolved in an organic solvent. The 

syringes were connected to the microfluidic device, and the organic solution was fed with 

ultrapure water into the microfluidic device from two different inlets using syringe pumps 

(LEGATO 210; KD Scientific Inc., Hollistion, MA, USA). The collected solution was dialyzed 

overnight in ultrapure water through a membrane bag (MWCO:12-14kD; Spectrum 

Laboratories, Inc., Canada) to remove the organic solvent. The sizes of the NPs were evaluated 

using dynamic light scattering (DLS. Zetasizer nano ZS ZEN360; Malvern Instruments, UK).  
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3.2.3 Determination of the encapsulation efficiency 

The drug content of the NPs was determined using HPLC (HITACHI, Japan). The NPs 

solution was freeze-dried to a powder, which was then dissolved in ACN. For PTX and DTX, 

the mobile phase consisted of ACN and water (50:50 v/v) and a reverse-phase column was used 

to maintain a temperature of 30 °C. The flow rate was 1.2 mL/min and the UV detection 

wavelength was 227 nm. CTX was ACN: water = 58:42 (v/v), the flow rate was 1.0 mL/min 

and the UV detection wavelength was 228 nm. 

The HPLC was calibrated using a standard solution containing 5–100 μg/mL of the drug 

in CAN (Fig 3.1). The encapsulation efficiency (EE) can be determined by the ratio of the 

amount of drug inside the sample solution to the amount of drug used for NPs preparation (Eq. 

(3.1)) 

EE (%) =
Amount of drugs in NPs

The total amount of drug
× 100%                  (3.1) 

Fig 3.1 Standard curve for drug determined by HPLC. (a) PTX; (b) CTX; (c) DTX. 
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3.2.4 Cell viability 

Human cervical cancer HeLa cells were grown in Dulbecco's modified essential medium 

(DMEM, Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% (v/v) fetal bovine 

serum (FBS) and 1% penicillin-streptomycin. The cells were maintained in a humidified 

atmosphere containing 5% CO2 at 37 °C in an incubator.  

The cells were seeded in 96-well plates at a density of 5000 cells/well. After the cells 

adhered to the wall of the plate, NPs were added and incubated with at least three replicate wells 

per group for a certain period. After incubation, cytotoxicity was assayed by adding 10 μL of 

Cell Counting kit-8 (CCK-8, Dojindo, Japan) solution. The plates were further incubated for 1 

h before measuring absorbance at 450 nm using a microplate reader (Infinite-M Nano 200 Pro, 

TECAN, Switzerland). Equation (3.2) was employed to determine cell viability. 

Cell viability (%) =
Asample−Anegative

Apositive−Anegative
× 100%                   (3.2) 

where Asample, Apositive, and Anegetive are the absorbance of the sample, positive control, and 

negative control, respectively.  

3.2.5 Statistical analysis 

The results are expressed as the mean ± standard deviation and were analyzed using T-

TEST to demonstrate statistical differences. A predictive value (P) ≤ 0.05 was statistically 

significant. 
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3.3 Results and discussion 

3.3.1 Effect of the flow condition on the PLGA NP size 

Fig 3.2 shows an illustration and a photograph of the microfluidic device used for PLGA 

NP production. The structure of the glass-based microfluidic device was based on a previous 

study, and it was obtained from Shin-Etsu Chemical Co., Ltd.. Here, microfluidic channels are 

realized by the soft chemical etching method[37,38].  

To evaluate the NP size controllability of the glass device, we produced PLGA NPs using 

acetonitrile as the solvent. Fig 3.3(a) shows the PLGA NP sizes produced at the total flow rate 

Fig 3.2 (a) Top view of the glass-based microfluidic device. The depth of the channel was 60 

μm. The device was equipped with 20 baffle sets; (b) Microscope image of the glass device; 

(c) Schematics of the PLGA-based NPs preparation using the glass device; (d) Picture of glass 

device. 
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(TFR) of 50, 500, and 1000 µL/min using a flow rate ratio (FRR; aqueous phase/organic phase) 

of 3. The NP size decreased from 146 nm to 37 nm when the TFR was increased from 50 to 

1000 μL/min, and the NPs were able to maintain a good polydispersity index (PDI) under all 

flow conditions (Fig 3.3(a)). This was attributed to the more rapid solvent exchange process 

described in the previous work[39]. This result implies that the glass device can tolerate a higher 

TFR and can prepare monodisperse particles with high reproducibility in this flow rate range. 

As shown in Fig 3.3(b), the NPs prepared with the glass device were larger than those obtained 

with the PDMS device under the same flow conditions; this was due to the difference in the 

microchannels caused by the device fabrication process (Fig 3.3(c)). The solvent exchange 

performance of the glass device was reduced compared to that of the PDMS device due to its 

wide microchannel structure. Overall, the results imply that the glass device can tolerate a 

higher TFR. Additionally, the PLGA NPs prepared by glass devices are monodisperse and 

enable high reproducibility. 
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Fig 3.3 (a) Effect of the flow condition on PLGA NPs size in the glass device. (b) Difference 

between NPs prepared by the glass and PDMS microfluidic devices. (c) Comparison of the 

design of glass and PDMS devices. The NPs were prepared by dissolving polymers in 

acetonitrile at FRR 3. The standard deviations from the repeated preparation experiments 

were more than 3 times.  P-values: ***≤0.0001; **≤0.001, *≤0.05. 
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3.3.2 Effect of solvent properties on the PLGA NP size 

The properties of the organic solvent affect the diffusion of the organic and aqueous phases 

within the microchannel, thus causing a variation in the solvent exchange time. In addition, 

solvent polarity is a major factor in the nanoprecipitation method used to control the NP 

size[31,40,41]. However, PDMS cannot use various solvents, particularly low-polarity solvents, 

owing to the swelling of PDMS[35]. In contrast to the PDMS device, the glass device showed 

high chemical resistance and could use low-polarity solvents. We conducted experiments using 

acetonitrile (ACN), dimethyl sulfoxide (DMSO), dimethylformamide (DMF), and THF, which 

are miscible with water. The important physicochemical parameters of these solvents are listed 

in Table 1 and are relevant for the discussion of the experimental data. 

 

Table 3.1 Properties of organic solvents. 

As shown in Fig 3.4, PLGA NP formation behavior using ACN and THF was similar, and 

monodisperse NPs were prepared at flow rates of 50 or 500 μL/min with good reproducibility. 

 
Molecular 

formulas 

Viscosity 

at 25℃ 

(cap) 

Surface 

Tension 

(N/m) 

Hildebrand 

solubility 

parameter 

(MPa
1/2

) 

Polarity 

Index  

ACN C2H3N 0.34 28.7 24.3 5.8 

DMSO C2H6OS 1.97 42.9 26.7 7.2 

DMF C3H7NO 0.80 36.4 24.8 6.4 

THF C4H8O 0.46 27.1 18.5 4.0 

Water H2O 0.89 72 47.9 10.2 

 

 

 

ACN C2H3N 0.34 28.7 24.3 5.8 

DMSO C2H6OS 1.97 42.9 26.7 7.2 

DMF C3H7NO 0.80 36.4 24.8 6.4 

THF C4H8O 0.46 27.1 18.5 4.0 
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However, DMF and DMSO could only achieve the formation of monodispersed NPs at a low 

flow rate of 50 μL/min. Polydisperse NPs were formed at a TFR of 500 μL/min. The solvent 

parameters listed in Table 3.1 were related to the particle size formation. 

At low TFR, the NP sizes were 148 and 162 nm, respectively, when ACN and THF were 

 

Fig 3.4 (a) Effect of the solvent properties on intensity-weighted and number-weighted NP size 

when the TFF is 50 or 500 μL/min; (b) PDI of prepared NPs; (c-d) NP size distribution prepared 

by four kinds of solvents: ACN, DMSO, DMF, and THF. Solid Lines represent the size 

distribution of intensity, while the dotted lines are numbers. The error bar represents the 

standard deviations from repeated experiments (at least three times). ACN (acetonitrile), 

DMSO (dimethyl sulfoxide), DMF (dimethylformamide), THF (tetrahydrofuran).  

 

 

 

Fig 2.4 NP size effect on HeLa cell viability by incubated 24 h. NPs prepared by employing 

CAN as solvent. (a) PTX-loaded NPs; (b) CTX-loaded NPs; (c) DTX-loaded NPs. Standard 

deviations were calculated from the repeated experiment more than three times. P-values: 

*≤0.05.
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used as solvents. In contrast, when DMSO and DMF were used, the NP sizes were almost 60 

nm. As shown in Table 3.1, THF showed the lowest viscosity, surface tension, polarity, and 

Hildebrand solubility, and the solvent properties of ACN were similar to these. In comparison 

with THF and ACN, DMF and DMSO showed higher viscosity, surface tension, polarity, and 

Hildebrand solubility parameters. This result agrees with previous reports where PLGA NPs 

were prepared by nanoprecipitation[31,39,42].  

In addition, at a high TFR, the low repeatability or wide size distribution was attributed to 

the high viscosity and high surface tension of DMSO and DMF. As explained by the principle 

of the two-block polymer NPs’ mechanism in microfluidic devices, the solvent exchange time 

(mixing time) of the organic solvent with water is essential[39]. Based on the Marangoni effect, 

the smaller surface tension difference between organic solvents and water means that mixing 

will be slower[43]. The surface tension difference between DMSO (or DMF) to water is small 

(Table 3.1), resulting in the broad particle size distribution of the particles prepared by DMSO 

and DMF (Fig 3.4(d)). Furthermore, Ostwald ripening is a phenomenon in which small particles 

are consumed by large particles during growth[44,45]. The viscosity of DMSO is very high, 

which further leads to a slowing down of solvent mixing, and further affects Ostwald ripening. 

Therefore, in the case of obtained particles with a wide particle size distribution, the higher 

viscosity leads to a different degree of ripening effect between batches, which in turn causes a 

lower reproducibility. 

Based on these results, the screening range for size-modulated NPs preparation conditions 

may be enlarged, especially for a broader range of solvents. This will be resulting in a rapid and 

broad range of DDS screening and a significant step forward in later clinical settings. 
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3.3.3 Encapsulation of different kinds of anti-cancer drugs 

Three different taxanes (PTX, CTX, and DTX) were used as model drugs. PTX and DTX 

are semisynthetic derivatives of 10-deacetylbaccatin-III. The natural PTX precursor molecule 

can be extracted from the European yew tree easily and sustainably. CTX, a novel second-

generation taxane, is a dimethyl derivative of DTX bearing methoxy groups in place of the 

hydroxyl groups at the C-7 and C-10 positions.  

ACN or THF was used as the solvent to prepare NPs with a concentration of 5 mg/mL of 

polymer, and the concentration of the drug being encapsulated was 0.5 mg/mL (10% of 

polymer). Similar to PTX-encapsulated NPs, CTX- and DTX-encapsulated NPs also decreased 

in size with increasing TFR, and no effect of solvent type on NP size was observed (Fig 3.5(a)). 

The encapsulation efficacies (EE) of the three different drugs in the NPs are shown in Fig 3.5(b). 

The EE of PTX was higher than those of CTX and DTX, regardless of TFR conditions. This 

can be attributed to PTX having the highest molecular weight. For the same mass concentration, 

a higher molecular weight means a lower amount of substance, and thus, less unencapsulation 

in the polymeric NPs; this implies a higher EE. In addition, the higher hydrophobicity of PTX 

is one of the reasons for its higher EE. 
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3.3.4 Effect of PLGA NP size on cytotoxicity 

Particles with different NP sizes were prepared to confirm that size-modulated NPs are 

useful for screening future DDS for clinical use. We used THF as the solvent; however, THF is 

not appropriate for the PDMS device. The NP size was modulated by varying only the TFR (50 

or 500 μL/min) and encapsulating different types of taxane (PTX, CTX, DTX) anticancer drugs. 

These three drugs have similar mechanisms of action: binding to microtubule proteins and 

impairing the natural dynamics of microtubules, leading to mitotic arrest and apoptosis[46–48]. 

As shown in Fig 3.6, NPs encapsulated with the three different types of anticancer drugs 

showed NP size-dependent cell growth inhibition in HeLa cells after 24 h of incubation at drug 

concentrations ranging from 0.02 to 20 μg/mL. In HeLa cells incubated with PTX-loaded NPs, 

Fig 3.5 Difference of TFR or solvent on different kinds of drug-encapsulated NPs. (a) 

NPs size of PLGA-based NPs encapsulate PTX/CTX/DTX by employing ACN or THF as 

the solvent; (b) EE of drug-loaded NPs. The standard deviations were calculated from 

repeated preparation experiments that were more than three times higher. ACN (acetonitrile), 
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the cell viability of those incubated with 62 nm NPs decreased from approximately 70% to 

approximately 36% with increasing PTX concentration, while that of cells incubated with 163 

nm NPs decreased from 82% to 45%. The results for CTX-loaded NPs were similar to those for 

PTX; with increasing CTX concentrations, the cell viability decreased from 58% to 32% with 

34 nm NPs and from 68% to 55% with 148 nm NPs. For DTX-NPs, the viability of HeLa cells 

incubated with 85 nm NPs decreased from 21% to 5%, while that with 154 nm NPs decreased 

from 47% to 38%. Overall, smaller NPs showed greater cytotoxicity. It has been previously 

shown that PLGA has a particle size effect on cellular uptake[19],[49],[50]. In addition, the 

toxicity to cells of particles of different particle sizes obtained by preparing ACN as a solvent 

was also studied (Fig 3.7). However, few studies focusing on in vitro NPs size effect using the 

NPs prepared by same polymer precursors. Our study fills this knowledge gap. Furthermore, 

our study demonstrated the ability of the glass-based microfluidic device to broaden the range 

of NPs preparation conditions, especially solvent conditions, compared to those using PDMS 

devices. These results strongly demonstrate the great potential of the glass-based microfluidic 

device as a large-scale screening device for the preparation of NPs for DDS and the 

establishment of a particle-size-controllable DDS 
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Fig 3.6 NP size effect on HeLa cell viability by incubated 24 h. NPs prepared by using 

THF as solvent. (a) PTX-loaded NPs; (b) CTX-loaded NPs; (c) DTX-loaded NPs. Standard 

deviations were calculated from the repeated experiment more than three times. P-values: 

*≤0.05. 
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3.4 Conclusions 

In this study, we have explored the effect of condition, mainly for different organic 

solvents, for preparing size-modulated sub-200 nm PLGA NPs using a glass microfluidic 

device, without changing the polymer precursors. We also demonstrated the NP production of 

taxane-based anticancer drugs as model polymers and model pharmaceuticals. More 

specifically, under the preparative conditions of this study, ACN and THF were more suitable 

for preparing size-modulated NPs with narrower particle size distributions. In addition, PTX 

had a higher EE than CTX and DTX. Our results also showed the particle size impact of NPs 

on HeLa cells, regardless of the type of drug used in the in vitro studies. We believe that the 

Fig 3.7 NP size effect on HeLa cell viability by incubated 24 h. NPs prepared by employing 

ACN as solvent. (a) PTX-loaded NPs; (b) CTX-loaded NPs; (c) DTX-loaded NPs. Standard 

deviations were calculated from the repeated experiment more than three times. P-values: *≤0.05. 
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glass-based microfluidic device will serve as a powerful tool for effectively advancing drug 

screening and enbling tailored therapeutics in the future. 
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CHAPTER 4 Conclusion and future prospects 



 

 

 

80 

 

4.1 Conclusion 

This study focuses on more refinement and broadening the selectivity of custom designed 

PLGA nanoparticles (NPs). In terms of refinement, it is important to accomplish the preparation 

of various particle sizes without changing the polymer precursors. In terms of broadening the 

selectivity, the most important thing is to broaden the effective selectivity size of nanoparticles 

prepared below 200 nm for the drug delivery system (DDS). Secondly, it also broadens the 

choice of organic solvents. The wide choice of organic solvents means that the universality of 

different solubility drugs for drug screening can be expanded, thus providing researchers with 

a wider range of choices. This method of preparation is simple, efficient, low labor, and low 

cost, which are important factors to consider in order to achieve rapid drug screening to obtain 

"optimal solutions" for NPs for different diseases or conditions. The following is a general 

overview of the current research. 

In Chapter 2, the iLiNP™ device was used for the preparation of polymeric NPs. The 

particles obtained were well prepared to exhibit a large selectable range of particle sizes (PLGA 

NPs: 44-101 nm; PEG-PLGA NPs: 29-76 nm; blend NPs: 40-114 nm), while the conventional 

nanoprecipitation method can only yield a narrow selectable range of particle sizes (PLGA NPs: 

80-87 nm; PEG-PLGA NPs: 64-68 nm; blend NPs: 81-90 nm). Moreover, this good preparation 

performance was maintained not only in the blank particles but also after the NPs were 

encapsulated with the anticancer drug paclitaxel (PTX). The encapsulated PTX-loaded NPs 

showed different growth inhibition of breast cancer cells HeLa cells with respect to particle size. 

This confirms the biotherapeutic significance of providing a variety of rich particle size options 
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under the same polymer precursor preparation conditions. 

In chapter 3, I further broaden and improve the solvent restriction of the PDMS iLiNP 

device. I try to explore the solvent screening for NPs preparation that can be achieved with high 

solvent selectivity using a glass-prepared device, which is unsuitable for many organic solvents 

since it faces swelling when exposed to many organic solvents, point of separation from the 

glass substrate. However, different drugs have different solubilities for different organic 

solvents, which implies the need to provide drug screening and optimization of solvent 

conditions that can be performed with different solvents. In this section, we have tried to 

perform solvent screening using four solvents: acetonitrile (ACN), dimethyl sulfoxide (DMSO), 

dimethylformamide (DMS), and tetrahydrofuran (THF). The results show that the use of ACN 

and THF is more suitable for particle size control in the device. In addition, three different 

paclitaxel drugs, paclitaxel (PTX), cabazitaxel (CTX), and docetaxel (DTX), were encapsulated, 

with PTX showing a higher encapsulation rate. NPs of different particle sizes in HeLa cells 

showed particle size-dependent cell toxicity. Thus, the glass device further broadens the 

solvent-screenable range of PLGA-based NPs with a large range of customized particle sizes, 

which implies breaking the condition-bound of more particle customization and provides a 

powerful method for drug screening. 

4.2 Implications of the research and relationship to previous 

research 

This section will discuss the Implications of the present study in this research area, and 

their relationship with previous studies. In this study, customized PLGA-based NPs were 
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prepared using the iLiNP device, with more emphasis on "refinement" and "rich selectivity". 

The PLGA NPs were prepared with a wide particle size selectivity of sub-200 nm, and could 

also withstand screening with different solvent conditions and different drugs. The 

encapsulation rate is also better, and in addition, the results of in vitro studies show that particle 

size tailoring is of importance. This method can provide the future need for particle size 

tailoring with a wide range of selective conditions and high precision (same polymer, different 

particle sizes) and has the potential to be utilized in a variety of different fields. 

Chapter 2 is explored the preparation of NPs with a large range of particle size selectivity. 

Most previous microfluidic device studies have varied polymer precursors (including the 

molecular weight of the polymer, the concentration of the solution, the chain composition of 

the polymer, etc.) in order to achieve a wider range of particle size selectivity in the prepared 

particles[1–3]. First, let us discuss the implications of not changing the precursor: 1) In terms 

of labor consumption, changing the polymer precursor means a different formulation of the 

solution injected into the microfluidic device, which requires more labor-intensive operations. 

However, this would undermine the powerful advantages of the microfluidic device - a non-

labor-intensive approach. 2) In addition, a more important aspect is the customization of the 

particles. If the polymer precursor is changed to change the particle size, the difference in the 

particles would not only be the particle size, but also the effect of the inherent precursor 

properties on the particles. The particles obtained by such customization will not be sufficiently 

refined for "particle size" only. Because of this limitation, many studies on the effect of particle 

size, where the difference between particles is not only the particle size but also the precursors 

of the polymer, cannot be precisely attributed to the effect of particle size on the final result. 
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Secondly, I will start with the important point about more selectivity: due to the narrow 

selectivity of the same method for particle size, when studying the effect of particle size, etc., 

the researcher is through different preparation methods to achieve the different particle size 

preparation[4]. That also implies a question, is the effect of the final obtained particle size 

different on the experimental results only attributed to the particle size? Or does the preparation 

method also have a non-negligible effect? 

All of these limits further refinement of the effect of particle size on NPs from 

biodistribution, to biochemical properties, and so on. To a greater extent of utilization, it is not 

possible to tailor the properties ideally enough for future customized treatments. And this 

research can fill this gap, offering the possibility of specific polymer particle size customization 

and diversified particle size selection. 

In Chapter 3, a glass iLiNP device is provided to prepare NPs and screen the solvent. 

Previous studies on the formation of polymer particles by solvents have been well explored[5–

8]. However, in microfluidic devices, solvent screening has only been explored in a simple 

capillary design, without any lattice design in the flow path[9]. From the study in Chapter 2, it 

is clear that iLiNP devices can provide a wider range of particle size selectivity. Then, the 

broadening of the solvent breadth in the iLiNP device for the preparation of PLGA-based NPs 

with solvent exploration is still very necessary. . This study achieves the advancement of 

diversified solvent selection based on the preparation of customized particle size for the 

preparation of immobilized polymer precursors, and furthermore expands the screening range 

for various conditions. 
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4.3 Limitation of this research and future prospect 

The limitations and proposed recommendations regarding this study will be stated as 

follows. 

First, both PDMS devices and glass devices still cannot solve the problem that 

hydrophobic polymers are highly prone to accumulate on the inner wall of the channel and 

eventually lead to clogging of the device. This requires the exploration of appropriate wall 

modification methods that will not be stripped by the organic solvents commonly used for 

preparation. Alternatively, it is necessary to explore the possibility of forming a liquid sheath 

with an insoluble liquid on the outside of this complex fluidic process to prevent the contact of 

the polymer solution with the inner wall of the microfluidic device, thus preventing clogging. 

In addition, in Chapter 3, the effect of solvent type on the size and particle size distribution 

of the formed particles is explored. However, in flow focus microfluidic devices, a large part of 

the low encapsulation rate of the drug is due to the difference in the precipitation time scale of 

the drug and the precipitation time scale of the polymer. Since the glass device already promises 

a high tolerance of different organic solvents. Then a good use of the solvent advantage to 

finalize the formulation of different solvents and thus adjust the drug to polymer with a more 

similar settling time is highly desirable to greatly improve the drug encapsulation rate. 

Third, the device design used is optimal for iLiNP when dissolved in ethanol, but does this 

optimal solution design still remain optimal for polymers dissolved in different organic solvents 

as well? The design of different channels still needs to be explored. The device design can be 

optimized by performing fluid simulations using COSMOL software and corroborated by actual 

experimental operations. 
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Fourth, although this device promises a simple, and time-saving way to prepare PLGA, 

however, if the mixing of many different solvent formulations is required and still requires 

manual replacement of the syringe. In the modern era where information technology is highly 

developed and widely utilized, the addition of multiple inlet channels to this device can be 

considered and programmed to control the injection of syringes containing different solvents 

can be programmed to be injected separately. This would greatly liberate productivity. 
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