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At the end it is always a little bit of experience and a little bit of planets and moon 

alignment. 

 

The most effective way to do it, is to do it. 
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Chapter 1| Introduction: Nanocarriers in anticancer 

therapy 
 

 

 

 

 

This chapter presents a brief introduction to the topic of nanocarriers used to treat cancer 

disease. It lists different types of nanomaterials with their clinically approved examples. 

Furthermore, it focuses on polymer-based nanocarriers and their formulation with microfluidic 

devices. Finally, it describes preclinical models for screening of drug delivery systems, with the 

focus on 3D cell culture in microfluidic chips. 
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Drug delivery systems (DDS) are approaches, formulations, devices and technologies used for 

transporting therapeutics inside the body, with the focus on improving their safety and efficacy. 

DDS in anticancer therapy are designed to address issues related to the administration of the small 

molecule drugs, such as low bioavailability, short circulation time and lack of selectivity.1 These 

systems aim to enhance the general therapeutic effect, with purpose to withstand physiological 

conditions, arrive to a target site and release the carried molecules in the area of disease. 

Preferably the payload release should be controlled and sustained, meanwhile the system itself 

should be biodegradable, and neutral to the organism. The DDS in cancer treatment are largely 

implemented for parenteral route of administration, which holds a top place for treatment of 

hospitalized and bed-ridden patients.2  

In the last years we could see an exponentially growing numbers of patents and publications in 

the field of nanoparticles (NPs) for drug delivery. Many of the proposed solutions are intended 

for common in anticancer therapy intravenous route of administration.3,4 The engineered NPs face 

challenges upon entering the systemic circulation, such as shear stress and presence of plasma 

proteins. Their design needs to permit them to endure, and to complete their mission in 

extravasation from the blood vessel to the tissue matrix, where finally they can reach the cancer 

cells and release the therapeutic agent as schematically shown in Figure 1.1.5  

 

Figure 1.1 Scheme of nanoparticle journey in a blood vessel toward the disease site (tumor cells). 
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1.1 Types of nanoparticles for cancer treatment 

Current therapies are mostly based on radiation or on chemotherapeutics that attack most common 

feature of cancer cells: rapid division. The non-selective mechanism of their action is harmful to 

other quickly dividing healthy cells, such as bone marrow cells, digestive tract cells or 

macrophages.6,7 Patients with administered chemotherapeutic agents suffer multiple side effects 

related to the systemic toxicity caused by the treatment. The interest in the nanocarriers for drug 

delivery is based on the potential improvements that they could contribute to, in terms of 

protection of the human body from undesired cytotoxicity and the protection of potent 

therapeutics from preliminary deactivation or elimination.  

Nanoparticle-based therapeutics aim to solve current issues caused by conventional 

treatments, such as: systemic toxicity, lack of selectivity toward cancer cells, poor stability in 

physiological conditions, low circulation half-life and poor water solubility.5,8 Their 

multifunctional nature combines targeting, drug delivery, stability and diagnostic properties. Five 

main categories of nanosized structures can be distinguished in clinical cancer care (Figure 1.2), 

however many of the DDS present hybrid nature, intertwining materials from more than one 

group. 

 

Figure 1.2 Five groups of drug nanocarriers applied into anticancer therapy.3 

 Lipid-based 

Lipid-based formulations of nanoparticles are one of the systems, which turned out so far most 

successful in terms of agency approval. First liposome-describing publication appeared in 19649 
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and this discovery was translated into a market-available treatment almost 30 years later (Doxil, 

1995). Doxil is a PEGylated, liposomal formulation of Doxorubicin (Figure 1.3), a drug routinely 

employed for breast and ovary cancer treatment. The new formulation exhibited prolonged 

circulation and significantly reduced the acute cardiac toxicity (among decrease of multiple other 

side effects) compared to patients under the traditional Doxorubicin treatment.10 However, it does 

not demonstrate improvement in survival of treated patients.11 

Liposomes are made of lipids, which spontaneously can organize themselves in aqueous medium 

into a bilayer micro- and nanoparticles, thanks to their amphiphilic nature. Their size and 

morphology can be controlled with the formulation parameters, yielding particles as small as few 

nm and with one or more bilayers. Furthermore, their nature allows to entrap hydrophilic and 

hydrophobic molecules in the lipid membrane and aqueous core, respectively. The structure of 

liposomes resembles the cell membrane, and their biocompatibility and biodegradability make 

them a versatile candidate for drug delivery.12,13 

 

Figure 1.3 Cryo-TEM image of Doxil (EU: Caelyx) revealing the morphology of Doxorubicin loaded liposomes, scale bar 
100 nm.14 

 Drug Conjugates 

Drug conjugates are a broad family of drugs or therapeutic proteins chemically linked to a 

polymer, antibody, lipid, peptide or another carrier. They are considered as drug nanocarriers, 

because of their nanoscale size and therapeutic effect. Among them the antibody-drug conjugates 

(ADCs) are interesting candidates for anticancer therapies, as the monoclonal antibodies can 

selectively target cancer cells expressing certain antigens.15 One of the earliest FDA approved 

ADCs is Mylotarg, Pfizer/Wytech, (approved: 2001, withdrawn: 2010 and reapproved: 2017), 

which consists of Gemtuzumab ozogamicin, an antibody specific for CD33 antigen, linked with 

an acidic environment sensitive peptide to a cytotoxic drug calicheamicin, causing DNA 

breakage. This efficient mechanism directs the nanocarrier to the cancer cell, where the peptide 

link undergoes a cleavage once in the lysosome, and releases extremely toxic drug.3,16 Next to the 

ADCs are polymer-drug conjugates (PDCs), as for example a 130 nm particle of serum albumin 

bound with paclitaxel (Abraxane, approved in 2003). This formulation allows to use very poorly 
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water-soluble pharmaceutical ingredient to treat breast cancer with improved drug bioavailability 

and lowered undesired toxicity.17 Following the success of albumin, also synthetic polymer drug 

conjugates are under development, with many of them being currently under clinical trials.18  

 Viral Nanoparticles 

Viral nanoparticles demonstrated to be efficient vectors in gene transfers to tissues in various 

disease treatments.19 This naturally existing forms invade a living host and hijack its genetic 

instructions to replicate. Virus protein-based capsids, measuring roughly 20-500 nm (Figure 1.4), 

can be engineered into nature-inspired vectors for genetic information. In the anticancer therapy 

the virus vector strategies are based on delivering genetic material to induce death-leading 

destruction of signaling pathways in cancer cells, attack their vasculature to cut off supplies or 

activate immune system response.3,20 The mentioned approaches are currently commercialized or 

under clinical trials. The first approved oncolytic virus (Imlygic, 2015), consists of T-VEC, 

derived from human herpes simplex virus 1, engineered to causes infection of rapidly dividing 

cells, and equipped with macrophage-colony stimulating factor for provoking antitumor immune 

response21. The virus vectors require significant amount of bioengineering and rise safety 

concerns related to toxicity and immunogenicity, however they take important position in 

development of cancer treatments. 

 

Figure 1.4 TEM image of adenovirus with visible triangular facets structures on the surface. Scale bar 100 nm..22 

 Inorganic Nanoparticles 

Inorganic nanoparticles are very diverse category, currently in the exploration phase for 

anticancer therapy application with the focus on diagnostic or theranostic purposes. Dominating 

are metal/metal oxide, silica-based and carbon-based NPs, with their very special optical, 

magnetic and electrical properties usually very dependent on particle size. They are flexible for 

surface chemistry modifications; however it is important to mention that they are not 
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biodegradable and often require coating with an organic compound, either for better stabilization 

or bioavailability.  

In 1974 iron hydroxide dextran complex nanoparticles (CosmoFer) were the first inorganic 

nanomedicine in the history to be FDA approved (to treat iron deficiency).23 Further, iron-based 

NPs were applied in cancer diagnostics as contrast agent in magnetic resonance imaging (MRI), 

owing to their superparamagnetic properties. 10 years ago, EMA approved NanoTherm, 

superparamagnetic IONPs, to treat recurring glioblastoma multiforme (Figure 1.5). The therapy 

uses the strong response of the NPs to an alternating magnetic field, that generates heat with local 

temperature rise to 40-45ºC, causing tumor cell death.24,25 

Early diagnostics are fundamental in further treatment and prognosis. Interesting candidate are 

Quantum Dots (QDs), semiconductor nanocrystals, an excellent contrast for imaging however, 

very cytotoxic.23 Another type of NPs with unique optical properties are gold NPs (AuNPs), which 

additionally possess interesting catalytical and thermal characteristics, functional flexibility and 

demonstrate low toxicity. Despite that, they are still under development for an anticancer 

treatment application, and have shown promising results in photothermal and radiofrequency-

based therapies, with generation of similar heat effect as IONPs.24,26  

Similarly, Carbon-based NPs with good optical properties are currently in the clinical trials for 

imaging and diagnosis of leaky tumor lymphatic system, which could improve the precision of 

surgical procedures.23 

Lastly, tunable and biocompatible silica-based NPs are currently in clinical trials in form of 30 

nm NPs with near-infrared fluorophore (Cornell Dots)27 and as a silica-gold nanoshells for solid 

tumor treatment with infrared radiation (AuroLase).28 

 

Figure 1.5 TEM image of iron oxide NPs covered with oleic acid and coated with DMSA.29 
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 Polymeric Nanocarriers 

Polymer-based nanoparticles are a family of organic nanocarriers made of naturally occurring 

(e.g. albumin, collagen, chitosan) or synthetic (e.g. poly(lactide), polyesters, poly(caprolactone)) 

polymers. The use of polymeric compounds to deliver small molecule drugs provides several 

advantages, such as prolonged circulation time and improved bioavailability already 

demonstrated for albumin-paclitaxel polymer drug conjugate (Abraxane). Furthermore, the 

polyethylene glycol coating (PEGylation) is one of the most common strategies in providing 

stealth to the formulated NPs (as for example in Doxil).30 Moreover, the polymeric nanocarriers 

are biocompatible and some are biodegradable, what makes them safe for drug delivery. The 

therapeutic agents can be covalently bound to polymer chains or physically entrapped in the 

polymer matrix, what makes the polymeric NP DDS versatile in terms of a drug selection and 

drug release method.31,32 Other advantage is the design flexibility, based on synthesis method, 

functionalization strategies and rather economical formulation, that does not require toxic or high-

energy procedures.33 The precursor materials used for generation of polymer drug nanocarriers 

can vary between monomers, single chain polymers, di-block copolymers etc. that yield different 

forms such as: polymer drug conjugates, unimolecular hyperbranched dendrimers, 

polymerosomes, polymeric micelles and nanospheres as schematically demonstrated in Figure 

1.6.8,33  

 

Figure 1.6 Types of polymer-based drug nanocarriers. 

Well advanced in the clinical trials are polymeric micelles with amphiphilic core/shell 

structure. They are formed from block copolymers in self-assembly process, induced by change 

of the environment surrounding polymer chains. In aqueous media the hydrophobic parts 

concentrate in the core of a NP and hydrophilic blocks are exposed in the surface, stabilizing the 

NP. Hydrophobic molecules can be spontaneously entrapped in the NP core during the 

formulation and released upon an exposure to a stimulus or during matrix degradation or 

swelling.34 An example of a drug nanocarrier, currently under clinical trials, is Genexol-PM, a 

paclitaxel encapsulated into polyethylene glycol-poly(d,l-lactide) matrix, developed and 

approved in South Korea.35 Other example in phase II of clinical trials is polyethylene glycol - 

poly(glycolic acid) cisplatin nanocarrier (NC-6004, Nanoplatin) designed to treat head and neck 
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cancer.36 Among the polymeric nanocarriers there is also the first targeted polymer NP 

formulation in advanced clinical trials (BIND-014). This poly(lactic-co-glycolic acid) – 

polyethylene glycol-based carrier of docetaxel is surface-functionalized with prostate-specific 

membrane antigen (PSMA) targeting ligands.37 The above-mentioned examples well advanced in 

clinics concentrate around core-corona polymeric NPs demonstrating their versatility and 

applicability in anticancer therapy. 

Other polymer-based nanoparticles, such as dendrimers - hyperbranched molecules, reach their 

final nanometric size depending on the level of branching, that is achieved upon the synthesis 

process. They can potentially serve as DDS of covalently bound drug molecules, which 

furthermore can be co-functionalized with other molecules (for imaging or targeting).8,38 

Furthermore, polymersomes – vesicles with properties similar to liposomes, can encapsulate 

lipophilic and hydrophilic drugs, thanks to their nature. They have potential to improve 

therapeutic outcomes comparing to the currently approved therapies, however low formulation 

feasibility hinders their translation into clinical trials.39 

Despite the extensive research carried out in the field of polymer drug nanocarriers the 

path through clinical approval is lengthy and difficult. So far there are no treatments that proved 

to be advantageous when compared to currently available formulations, what results in no 

EMA/FDA approval. However, considering the contribution of polymeric NPs into nanomedicine 

and number of prototypes being tested in humans, the prognosis of improved treatment outcomes 

seems just a matter of time. 
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1.2  Strategies for drug delivery 

The design of nanocarriers for drug delivery is largely propelled by the phenomena 

reported as enhanced permeability and retention (EPR) effect observed in the patients diagnosed 

with solid tumors. Briefly, it was found that the tumor vasculature can be impaired and appear as 

“leaky” as demonstrated in Figure 1.7, either due to the presence of cancer cells, that release 

harmful molecules or abnormally rapid angiogenesis leading to defective vasculature.8,40,41 

Following the EPR characteristics, nanoparticles intended for intravenous administration should 

be between 20 nm and 200 nm in diameter to be able to escape systemic circulation through the 

gaps in impaired blood vessels and avoid renal excretion or Reticuloendothelial System.24 

 Passive delivery 

Nanoparticles designed for passive delivery entirely rely on the EPR phenomenon, the nanocarrier 

should along with the minimization of drug toxic effects, allow the therapeutic molecule to 

circulate in the system, increasing its chances for escape through the compromised tumor blood 

vessels. Previously mentioned products, such as Doxil: Doxorubicin encapsulated in PEGylated 

liposomes, Abraxane: Paclitaxel conjugated to albumin or Oncaspar: PEG-protein conjugate42 are 

examples of this approach. The incorporation of PEG, albumin or other polymers giving “stealth” 

properties, allows the NPs to avoid opsonization and finally sequestration by the mononuclear 

phagocyte system (MPS) elongating their systemic circulation time.43,44 Here it is important to 

mention that recent studies demonstrate certain immune response toward PEG molecules, as well 

as its influence on accelerated blood clearance, however up to now it is still clinically accepted 

polymer, and novel solutions to avoid its drawbacks are under development.45  

The passive delivery strategy in nanocarriers design has helped to lower the side effects 

of the conventional therapies, however the low NPs accumulation in solid tumors still remains a 

challenge. Despite the leaky vasculature allowing for the carrier extravasation, administered NPs 

do not penetrate the diseased site at satisfactory level. Often tumorous blood vessels have irregular 

or obstructed blood flow, what further complicates drug delivery along with the presence of 

extracellular matrix and intratumoral pressure.46 This obstacles and significant heterogeneity of 

the EPR effect among the cancer patients, encourage investigation of more efficient method to 

deliver the drugs.47 
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Figure 1.7 Scheme representing leakiness in tumor blood vessels, that facilitates passive delivery of drugs nanocarriers. 
A. Healthy endothelial wall permits passage of small molecules, B. Impaired tumor blood vessel leaks small molecules 
and NPs.48 

 Active targeting 

Active targeting drug nanocarriers are the hope for more efficient anticancer therapy. The poor 

accumulation in solid tumor could be boosted with the incorporation of targeting ligands on the 

nanocarrier surface, to enhance and promote the particle selective uptake in a receptor-expressing 

cancer cell. Targeting moieties can vary between antibodies (or their fragments), proteins, 

aptamers or receptor ligands (e.g. mannose or folic acid). They can be covalently bound directly 

to the surface of a NP with active groups or to a surface-coating polymer.49,50 One of the polymers 

commonly applied for this purpose is PEG, to which targeting ligands can be directly conjugated, 

as it was done for BIND-014 nanocarrier functionalized with PSMA.37 

Other targeting strategies involve viral nanoparticles with demonstrated efficient 

targeting of rapidly dividing cells21 or nanocarriers in form of antibody-drug conjugates.15 

Targeting ligand NPs are also promising tool in the field of early cancer diagnostics, as for 

example trastuzumab conjugated to SPIONs, which demonstrated positive results in MRI-based 

detection of HER2-positive breast cancers.51 

Targeting strategies envision a solution for the deficiencies of passive delivery; however, 

they are still in their infancy. There is a need for identification of a disease specific or significantly 

overexpressed biomarker, which is not so trivial, as the receptor expression among cancer patients 

is found to be heterogenous.52 Another obstacle is the conjugation of targeting ligands, which 
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ideally should be homogenously distributed across all the nanocarriers and exposed in the optimal 

orientation for the receptor binding.53,54 The pivotal role in achieving these goals plays patient 

diagnostic and stratification for clinical trials and development of advanced nanocarrier 

characterization techniques.55,56 
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1.3  Characterization of NPs 

Clinical application of NPs requires their thorough characterization and analysis. 

Physicochemical properties of NPs are measured to predict their biological interactions and study 

the product shelf stability. Crucial features such as particle size, dispersity, surface charge, drug 

loading, stability in solution and biological media, degradation, drug release profile, targeting 

properties, etc. are typically examined.  

The nanoscale size analysis requires advanced techniques and the results originating from one 

method may not be equal to another. Commonly particle diameter is analyzed with Dynamic Light 

Scattering (DLS), Laser Diffraction (LD), Transmission Electron Microscopy (TEM), Atomic 

Force Microscopy (AFM), electrophoresis, size exclusion chromatography (SEC), etc., depending 

on NPs material. This property is important from the perspective of particle biodistribution and 

cellular uptake and should be always provided with size distribution data.57,58 Right next to the 

size analysis, the Zeta Potential of new materials is investigated to acquire complementary 

information related to NPs potential biodistribution. Zeta Potential measurement describes 

surface charge of NPs, which is an indicator of their stability in suspension. It also implies the 

biological interactions between nanocarrier and blood components, as well as the type of cellular 

response upon the exposure to the introduced NPs.59,60 

Nanocarrier drug loading and release are crucial to determine dosing and to achieve the 

therapeutic effect. Usually these analyses rely on Liquid Chromatography (LC) or mass 

spectrometry (MS) techniques, which provide a quantitative information about the payload. The 

obtained data is used to predict the bioavailability of the drug at the disease site. These studies 

approximate of the in vivo release in human, as an important role is played by the 

pharmacokinetics and biodistribution in the first place, that cannot be reproduced in vitro. The 

cargo release can be triggered by a stimulus (temperature, pH, radiation, etc.) or occur gradually, 

upon swelling or degradation of the nanocarrier, however it should be well understood and 

controlled to avoid undesired cytotoxicity.61,62 

In the case of active targeting NPs, the targeting moiety is quantified and its affinity with targeted 

receptor assessed. However, the targeting efficiency is difficult to predict, due to the complexity 

of human organism versus in vitro tests. And even in vivo experiments fail to provide solid 

evidence of active targeting benefits over passive delivery nanocarriers. This implies there is not 

enough understanding in the NPs design, further supported by the little difference of accumulated 

NPs found in the disease site.63,64 

Nanotechnology, and nanomedicine in particular, are very broad and relatively new 

disciplines in the field of life sciences. For this reason, the standardization of procedures and 

methods is not in place yet, what complicates the development of NPs, comparison between 

different research labs and ultimately the clinical translation. However there are efforts 
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undertaken to unify the reporting practices to improve our understanding of materials, their 

performance and to rise the value of published literature.65,66 

Furthermore, majority of the characterization methods provide an information on the bulk 

material. Due to that, only average values are obtainable, and the heterogeneities among the NPs 

are not well investigated. Their statistical relevance in particle size, surface charge, drug loading 

or orientation of targeting ligands, may be vital for the understanding of drug nanocarriers. 

Specifically, the formulation optimization relies on characterization-based feedback, therefore the 

selected methods should be well established to allow controlled tuning of particular parameters.53 
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1.4  Formulation of polymeric Nanoparticles 

 The process of obtaining NPs depends on the material they are made of. Typically, metal 

and semiconductor nanoparticles are formulated via chemical synthesis, yielding colloidal 

nanosuspensions, that can be further processed into dry NPs. Usually these processes are well 

controlled, relatively inexpensive and scalable, however often toxic compounds are involved in 

some of the steps, which is a concern for biomedical application.67 Other method, exploited 

especially for silica NPs and metal alkoxides, is sol-gel process, in which polycondensation plays 

the important role. Importantly for medical applications, sol-gel process is performed at room 

temperature and yields pure materials, with high control of the outcome NPs.67  

Polymer nanoparticles formulation can proceed from previously synthesized raw polymers, or 

during polymerization process. They both have in common the step of polymer precipitation, in 

which self-assembly plays role in NPs formation.68 

 Self-assembly 

Self-assembly is a process of spontaneous reorganization in which more thermodynamically 

favored forms are created. This bottom-up phenomenon occurs in nature, where building blocks 

arrange themselves into constructs, such as it takes place in the formation of double-stranded 

DNA helix. Self-assembly has a pivotal role in nanotechnology, where it is exploited for 

fabrication of variety of materials used in solar cells, electronics, biotechnology and medicine, 

just to name few. In chemistry the self-assembly is often associated to supramolecular structures, 

whose arrangement is driven by molecular recognition, rather than covalent bonding.69 

The prerequisite for self-assembly is the availability of units with similar characteristics, 

such as size, charge or hydrophobicity that will drive the process and result in stronger or weaker 

interactions. External stimuli, such as temperature, light, pressure, etc. can induce the 

reorganization of these units into more energetically stable forms under the current conditions.67  

Polymer NPs can be formulated during monomer polymerization process; however it 

yields or involves toxic compounds, that disqualifies them from biomedical applications. 

Therefore, formulation from the preformed polymer raw material is the method of choice. 

Following procedures are most commonly used in fabrication of polymeric drug nanocarriers. 

 Emulsification 

Emulsification process, which employs minimum two non-miscible phases. Emulsions are 

formed when water phase is dispersed into oil phase (or other way round) with the help of 

surfactants, which stabilize micro- or nanodroplets. More complex systems of water-oil-water or 

oil-water-oil are also used in the double-emulsion formulation, required for co-encapsulation of 

compounds in more elaborated systems. In the emulsification process, one of the phases contains 
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dissolved polymer (and a drug) and it is added to the remaining phase. As the emulsification is 

not spontaneous, an external force is used to disperse the polymer-bearing phase into the other: 

continuous phase (Figure 1.8). Some of the techniques involve stirring, sonication, mechanical 

pushing through a mesh or similar high-energy processes, to generate a shear force that “breaks” 

the dispersed phase into droplets. Each droplet becomes a micro- or nanoenvironment where 

particle self-assembles, therefore the droplet formation and stabilization is of crucial importance. 

Lastly the polymer solvent is extracted from the emulsion, leaving precipitated NPs, stabilized by 

a surfactant, in the remaining phase. This method allows to formulate nano- and submicron 

particles, with size dispersity dependent on the uniformity of the generated droplets.70,71 

 

Figure 1.8 Scheme of emulsification process used to obtain nanoparticles.71 

An alternative way of emulsification without high-energy sources involves initially 

miscible phases, like acetone and aqueous fraction, that are separated by addition of salting-out 

ionic compound (e.g. MgCl2). Their miscibility increases upon addition of water, that has reverse-

salting out effect and leads to the polymer precipitation within the process progress. Similar 

method, based on Ouzo effect, uses two miscible phases (one containing polymer and oil) that are 

initially saturated, and addition of water causes the solubility to decrease, resulting in polymer 

precipitation.72 

 Nanoprecipitation 

Nanoprecipitation is another method for polymer NPs formulation, similar to the emulsification 

modifications described above. It allows to formulate monodisperse NPs below 100 nm in 

diameter in one-step. In this process two miscible phases are used: organic solvent (with dissolved 

polymer and a drug) and antisolvent (an aqueous phase, also called a nonsolvent). Upon the 

mixing of solvent and antisolvent, local solubility of the polymer is suddenly decreased as the 
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solvent is displaced, what promotes polymer self-assembly into nanoparticles. The formed 

nanosuspension can be stabilized with surfactants, however their use is not necessary for the 

formulation step and amphiphilic-polymer particles demonstrate good stability in aqueous media. 

Last step consists of solvent extraction, what makes the solvent selection shifted toward the 

volatile ones. Since the last thirty years this simple, scalable and reproducible method became 

widely used to formulate drug nanocarriers, exploring different type of polymers, such as PLA, 

PLGA, poly(ɛ-caprolactone), PMMA.71,73 

The NPs formulated with nanoprecipitation are in general smaller and more 

monodisperse comparing to the emulsification approach. For both methods the process 

parameters, such as temperature, concertation of compounds and the composition of both phases 

impact the physiochemical characteristics of resulting NPs. In the nanoprecipitation process the 

formation of the NPs is divided into three phases: nucleation, growth, and aggregation as 

presented in the Figure 1.9 (left panel). The pivotal role in the output of nanoprecipitation plays 

the mixing of solvent and antisolvent phase, that contributes to homogenous supersaturation 

responsible for polymer nucleation. Namely, poorer mixing results in low nucleation rate and a 

growth of larger particles because the polymer aggregation occurs in the presence of higher 

fractions of organic solvent (τmix > τagg). On the other hand, if mixing occurs faster than the time 

scale for aggregation (τmix < τagg), the aggregation phase takes place when mixing is almost 

complete (Figure 1.9, right panel). In this situation, the organic solvent fraction is lower, more 

nuclei are formed and there are less free polymer chains that could insert into formed 

nanoparticles, causing their growth.74 Importantly, the mixing of the two phases depends also on 

other factors such as: temperature, inherent diffusivity of the solvent and polymer concentration.  

 

 

Figure 1.9 Scheme of three phases of particle formation in nanoprecipitation process (left panel) and the impact of 
phase mixing on the particle growth (right panel).74 
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1.5  Microfluidic-assisted Nanoprecipitation 

To control the nanoprecipitation mixing parameter it is to be one step closer toward tailor-made 

formulation. In traditional formulation via nanoprecipitation by manual bulk mixing, the 

modification of particle size is mostly achieved by changes in polymer chains molecular weight. 

It complicates the subsequent analysis and studies due to the variability in polymers batches: an 

integral feature originating from polymerization process.75 To face this challenge a solution with 

volume-restricted microchannels was proposed: microfluidic technology. 

Microfluidic technology emerged with rapidly developing micro- and nanofabrication 

methods, used in production of electronic devices. Microfluidic chips can have different patterns 

and designs, but they share the feature of microchannels with width and height between tens to 

hundreds of micrometers and length in millimetric scale. Microfluidic devices diffused into life 

sciences, including pharmaceutical and biochemical fields, adapting different names, such as 

Organ-on-Chip (OoC), Lab-on-Chip (LoC), bio-microelectromechanical systems (BioMEMS) or 

miniaturized total analysis systems (μTAS).76  

Microvolumes are manipulated in the microchannels with use of syringe or pressure 

pumps to enable controlled addition of fluids. The microscale allows for more economical use of 

compounds, but importantly it opens exploration of new system where the forces acting on liquids 

in typical lab-scale reactors and their volume-to-surface ratio become negligible. Here, fluids are 

handled at low Reynolds numbers (typically Re < 1 in microfluidic devices), which correspond 

to laminar regime, where inertia of the fluid is negligible in comparison to the significance of 

viscosity force (Figure 1.10).76,77 

 

 

Figure 1.10 Scheme of laminar flow profile in a microfluidic channel present at low Reynold’s numbers.76  

Laminar flow in microchannels intensifies the importance of diffusion, a process in which 

molecules are transported from higher to lower concentration. Meanwhile the diffusion-based 

transport leads to the equilibrium of concentration gradients, the fluids are also transported by 

convection. The comparison of diffusion and convection time is described with Peclet number 
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Pe, and for large Pe gradients will exist, meanwhile for low Pe they will be equalized (Figure 

1.11).78 

 

Figure 1.11 The Peclet number equation describing concentration gradient of two streams, dependent on diffusion 
and convection time.78 

 Hydrodynamic Flow Focusing 

Nanoprecipitation in microfluidic chip offers homogenous microenvironment of reaction, where 

diffusion can be controlled by fluid properties and modification of flow rates. It is particularly 

important in the formulation of polymeric drug nanocarriers, where the reproducibility in typical 

batch methods fluctuates. Microfluidic chip nanoprecipitation is a convenient tool for a spatial 

separation of the three phases of nanoparticle self-assembly, described above and illustrated in 

Figure 1.12, where particle nucleation, growth and (optional) agglomeration are showed. 

Different chip geometries and designs were explored so far, however the use of cross-shaped (or 

3 inlets microfluidic chip) for hydrodynamic flow focusing (HFF) is a compromise between the 

feasibility of chip fabrication and the flexibility in nanoparticle formulation.79–81 

 

Figure 1.12 Schematic illustration of the three phases of NPs formation: nucleation, growth and (optional) 
agglomeration in a microfluidic chip. Solvent phase is demonstrated as diffusing stream toward the chip outlet.82 

Thus far microfluidic chips have proved themselves useful in controlled formulation of tunable-

properties nanoparticles for drug delivery over the traditional bulk/batch methods.83 Especially 

size tunability was investigated in the recent years and positively correlated to the mixing of the 
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injected phases.82 The lead position belongs to polymer-based NPs and the nanoprecipitation 

process; however microfluidic devices are also used in self-assembly of liposomes, 

supramolecular structures and creation of various shapes and meta-stable structures as 

demonstrated in Figure 1.13.12,84–89  

 

Figure 1.13 Microfluidic device assisted self-assembly of micelles with different shapes in response to the change of 
fluidic parameters. Left panel represents the scheme of the devise and right panel TEM images, scale bar 200 nm.90 

Similar systems for microfluidic nanoprecipitation have been patented or commercialized,91 

however it is important to say that they are not in pharmaceutical industry use yet. They provide 

very fine platforms for small scale research and formulation, however their scale up, in a 

traditional its meaning, would compromise the microfluidic properties. One of the options for 

increasing the production scale is parallelization of microfluidic devices, to ensure the microscale 

channels and identical reaction environment are maintained.92,93 

 Fluid micromixers for combinatorial formulation 

Diffusion controlled mixing is one of the advantages of use of microfluidic chips, however some 

processes require thorough mixing, where the diffusion-based process is not sufficient. This 

applies especially when more than one solvent phase is introduced and needs to be blended with 

other streams, prior to the NPs precipitation78. The introduction of multiple streams can give an 

advantage in a rapid microfluidic formulation of combined precursors NPs as represented in the 

Figure 1.14.94 Specifically, it is interesting to premix NPs precursors such as different polymer 

chain lengths, conjugates, as well as various drug molecules, that will yield nanocarriers from the 

same process with subtle and controlled modifications of their characteristics. Well mixed final 

stream is essential here for formulation of homogenous NPs in the HFF microdevice. The 

advantage of this approach is the formulation and testing of small quantities of materials. 

Furthermore, it opens door to formulation of personalized nanocarrier prototypes, in a single 

device, which can be useful in approaching the cancer patient heterogeneity.52,95 The 

personalization strategies propose also high throughput screening of barcoded formulations, 

meaning that the NPs are first labelled with a “code” and can be later identified in vitro or in vivo, 

revealing most promising candidates.96,97 From this perspective, the fluid micromixers appear as 
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an interesting platform to accelerate the process of NPs precursor mixing at low microfluidic flow 

rates, that can be later combined with the NPs formulation device. 

 

Figure 1.14 Setup consisting of mixing and nanoprecipitation chips for combinatorial formulation of nanoparticles.94 

The selection of a microfluidic mixer can be done among passive and active mixing devices. In 

principle the passive micromixers promote chaotic advection and improved diffusion, thanks to 

the features incorporated in their design. On the other hand, the active micromixers require 

external energy to actuate the mixing process, this may include magnetic field, pressure or 

electrostatic forces.98,99 Due to their nature, usually they are more complicated to fabricate and 

introduce into the microfluidic setups, comparing to the passive systems, however they offer 

control over the mixing intensity. 
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1.6  Microfabrication of microfluidic devices 

Fabrication technique and material for a microfluidic device depends on its application, 

whether biocompatibility, durability, optical transparency, or other features are in the scope. 

Nevertheless, the fabrication often is performed in a cleanroom or similar space with controlled 

environment, as the cleanliness and contamination-free process are at stake. Furthermore, the 

fabrication involves toxic compounds, UV exposure or machinery that can be only operated by 

trained professionals.  

 Photolithography and PDMS 

Polydimethylsiloxane (PDMS) is the gold standard for fabrication of microfluidic chips with a 

tens of nanometers of resolution. It is biocompatible, permeable to gasses, optically transparent, 

flexible, and relatively easy and cost-efficient in fabrication. PDMS allows rapid prototyping, 

incorporation of other elements such as built-in electrodes, adjustable thickness, and its surface 

can be modified from hydrophobic to hydrophilic.100 The fabrication of PDMS chip is 

schematically illustrated in the Figure 1.15, it usually relies on photolithography, where a replica 

master mold is created on a glass or silicon wafer with a photopolymerization of a SU-8 

photoresist. In the next step (soft lithography) the unpolymerized PDMS is poured over the 

microstructures, cured and extracted with the molded pattern, which later is enclosed into a 

channel with glass or PDMS layer.101 Despite the process being user-friendly and cost efficient, 

it is important to remember that PDMS has one major drawback, that can affect some studies. The 

polymer matrix absorbs and desorbs small hydrophobic molecules (drugs, dyes, etc.), thus 

affecting their concertation interacting with the elements present in the microfluidic channel 

(encapsulation into nanocarriers, sensors, cells, extracellular matrix). It is important from the 

quantitative point of view in case of drug nanocarriers formulation, but also in qualitative analysis 

of stimuli-response studies in microfluidic Organ-on-Chip (OoC) .102–104  
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Figure 1.15 Schematic illustration of photolithography based microfabrication of PDMS replica.105 

 Other materials 

Borosilicate glass is another common material for fabrication of microfluidic chips. Similarly, to 

PDMS it is characterized by optical transparency, however in contrary it is not flexible and 

represents excellent chemical resistance to many compounds. Few-micrometer structures are 

achievable in glass, with the use of techniques such as wet chemical and dry etching or laser 

ablation. These processes require specialistic precision equipment and further glass to glass 

bonding protocols in order to enclose the channels. There are number of rapid and cost-efficient 

methods, however usually they do not provide the desired resolution, as the high-end methods 

do.76,106,107  

Especially in the Organ-on-a-Chip technology, other than PDMS or PDMS-glass 

constructs, popular are cyclo-olefin copolymer (COC) and cyclo-olefin polymer (COP) chips, 

which have excellent optical characteristics, very low permeability to water vapor or gases and 

low absorption of molecules. Fabrication of COC, COP or polystyrene (PS, inexpensive polymer, 

commonly used in traditional cell culture) chips requires thermoforming with injection molding 

or hot embossing processes, which are usually unattainable in a small-scale research.108 They are 

attractive from the industrial point of view and indeed there are COC/COP or PS based chips 

available in a commercial scale. In many cases they include parts, proprietary polymers or 
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bonding technologies not disclosed by the companies, nevertheless they are adapted for a small- 

and industrial-scale research.109–111  

Thermoplastic polymers can be also processed using 3D printing, an additive 

manufacturing method where a heated polymer is extruded through the printer nozzle. However, 

3D printing is not limited to the extrusion process only, as the stereolithography is explored in the 

field of microfabrication with even better resolution than the heat-operating option. In 

stereolithography apparatus the polymer is photopolymerized layer by layer with a UV exposure. 

Although these methods are a good option for rapid and cost-efficient prototyping (especially for 

demanding geometries) they provide lower resolution than photolithography.112,113 An alternative 

direct fabrication method engages micromilling process. It is a subtractive technique, based on 

cutting to remove material from the bulk to create microstructures. It provides similar resolution 

to hot embossing and 3D printing, with commonly PMMA, PS, PC and COC used as the 

substrates.114 

In summary, there is a broad spectrum of fabrication methods, however the choice is 

usually a compromise between prototyping flexibility, cost, durability, and the final resolution of 

the fabricated microstructures. These parameters may differ, depending on the application of a 

microfluidic chip, especially when comparing the devices used for the formulation of drug 

nanocarriers and chips used for their screening in vitro, such as organ-on-a-chip platforms. 
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1.7  Preclinical models for screening Drug Delivery Systems 

The previous parts described anticancer drug nanocarriers and their formulation strategies with microfluidic 

devices, and this part focuses on the screening of potential therapeutics. The process of conceptualization 

of a drug or a delivery system until it becomes available to the patient is a lengthy path with many endeavors. 

These efforts are exponentially longer in case of nano-scaled formulations intended for parenteral route of 

administration in oncology patients. The whole way takes on average 20 years and costs at least hundreds 

of millions of € per one new product in this category as illustrated in Figure 1.16. The regulatory bodies 

(EMA, FDA) dictate guidelines in testing and approving new treatments throughout all the production steps 

and clinical trials, which are there to ensure patients safety and the product efficacy. Eventually, one out of 

1000-2000 candidates makes it to the market.115–117 

 

Figure 1.16 Schematic representation of a process starting from small scale formulation of a DDS to its commercialization.
115,117

 

The preclinical trial phase refines the selection of most promising candidates, improves understanding of 

their action mechanism, efficacy, toxicity, stability, biocompatibility and other important characteristic.118 

It is also the phase preceding the first in-human tests, in which formulations are granted a pass or rejected 

from entering the next stage. Given that, it is an essential phase for a drug development and often for the 

future of the organization working on it. 

The preclinical tests use in vitro and in vivo models, namely cell culture and animal subjects to bioevaluate 

the prototype formulation.  

 In vitro cell culture 

The in vitro tests use cell lines or human/animal derived cells, depending on the application.119,120 This 

approach is relatively easy, cost efficient, does not require a lot of testing material and the assays are widely 

established.121,122 Thanks to the in vitro studies the nanocarrier can be examined in different conditions with 

quick access to data at any timepoint of the test. The information can be extracted by various techniques: 

for example, the NP-cell interaction can be studied using fluorescence or electron microscopy, which allow 

to localize particles within the cell or material toxicity can be evaluated using fluorometric assays.123,124 
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These crucial information should help to understand the DDS properties, give a feedback on its design and 

be possible to correlate with in vivo tests.125–127 However, traditional cell culture models are not flawless, 

they lack many aspects in terms of similarity to human body or laboratory animals. Some of them being 

static culture conditions, so different to the environment in tissues or organs, as well as vulnerability to 

sedimentation of the NPs onto the cells or to the administration method.128–131 Furthermore, cells geometry 

simplified to a 2D layers, grown on a stiff support, often does not represent physiological conditions, which 

enforce a 3D arrangement, promoting different biological activities in the area of cell metabolism, 

morphology, proliferation, signaling, etc.132,133 Additionally, many tests are performed in a cell matrix-

deprived monoculture, which neglects interactions with associated cells and matrices.134,135 Due to the 

above-mentioned reasons, the predictability of in vivo studies outcomes on the base of 2D static cell 

monoculture is limited and in vitro/in vivo correlation often poor.136,137 

 In vivo animal studies 

An inseparable part of the preclinical development are tests on animal models. They provide dynamic 

environment to screen drug candidates in terms of dosing (toxicity), drug release, pharmacokinetics, 

biodegradability, etc.138 In contrary to the cell culture, they are much more complex and adequate, however 

the sampling for data retrieval is not as trivial as for cell culture, as it requires predetermined blood 

withdrawals or ex vivo tissue imaging.138–141. It is important to mention that the animal trials are significantly 

more costly, study designs happen to be inadequate, and the use of animals rises ethical questions. 

Furthermore, animals are different species than human, meaning metabolic activity, blood viscosity or 

organ architecture, just to name few, are not well reproduced in animal models.142–144 In fact, about 4 in 5 

animal tested DDS candidates are not safe to use in humans, and can cause life-threatening conditions,145 

and eventually more than 95% animal-tested prototypes inevitably fails the clinical trials preceding 

introduction to the market.146–148  

 Culture shock: The missing link 

The challenge in the development of new medicines is raised by limited availability of human models in 

preclinical research on disease target identification, drug efficacy and toxicity. Late and expensive failures 

in clinical trials are the result of existing gap between in vitro and in vivo models. There is a need for an 

alternative method in preclinical testing, and it is believed that the 3D cell culture models (Figure 1.17) 

could result in a paradigm shift for biomedical research, leading to efficient identification of effective drugs 

and to the improvement of medical care quality. 
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In the last 20 years we have witnessed the expansion of 3D cell culture models recapitulating some of the 

physiologically essential features.149 Despite being relatively young, the 3D cell culture became relevant in 

the understanding and recreating disease development and, importantly, unveiling the cell-DDS interaction. 

Currently it is adapted not only by researchers, but already by pharmaceutical companies to strengthen the 

preclinical development in obtaining meaningful data.150–153 The words: “In 10 years, anyone trying to use 

2-D analyses to get relevant and novel biological information will find it difficult to get funded” (Mihael 

H. Polymeropoulos, cofounder and CEO of Vanda Pharmaceuticals, 2003) currently have become very 

adequate, seeing how the 3D dynamic cell culture is revolutionizing in vitro studies.154,155 

 

Figure 1.17 Schematic illustration of current methods in preclinical studies and emerging organ-on-a-chip technology as a bridging 
approach in preclinical trials. 

Organ-on-a-Chip: the promise and state of art 

Organ-on-a-chip (OoC) is a device with one or more biocompatible microfluidic chambers, allowing 

growth and maintenance of 3D cell culture under sterile and controlled conditions. The microfluidic 

channels can be perfused with media to exert shear stress or to supply nutrients, drugs, nanoparticles, 

immune cells, bacteria or viruses to the cell culture. The chip design permits other manipulations, like 

mechanical or electrical stimulation as well as modifications of cell microenvironment to mimic 

physiological conditions or to induce disease pathology at the tissue level.149 It is important to mention that 

the ultimate goal of OoC is not to build complete living organs or a “human-on-a-chip”, but to recapitulate 

human functionalities at the organ level. The OoC are prognosed to have a societal impact by reduction of 

healthcare costs, as the drug development could become better, safer, faster and cheaper. Drug repurposing 

is considered an area most likely to benefit from the 3D models, what can be already seen with the OoC 

addressing the urgent need for a rapid solution during the viral pandemics.156 
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The biology of OoC: Cells 

Currently OoCs are being developed for cancer, cardiovascular disease, neurological and brain diseases, 

autoimmune diseases, skin and a variety of others.157 Model cell lines, primary cells derived from patients 

or human induced pluripotent stem (iPS) cells are cultured in chips to recapitulate these tissues.158 Most 

often the immortalized cell lines are used, because they are readily available, reproducible, relatively easy 

in handling and they can be directly compared to the broadly existing 2D studies. There are more than 600 

lines (from different species) available to address scientific questions focused on recapitulating different 

tissues in OoC devices. The alternative to them are patient derived primary cells, which offer advantageous 

personalization of a study, important not only in receiving a precise response in the screening of a drug, but 

also in the modeling of particular disease development.159 This is especially interesting in cancer research, 

where the cancer heterogeneity among the patients is very high.160 However, in contrary to the established 

cell lines, their availability may not be continuous and overall it is more laborious to extract primary cells.161 

They also require more experience in handling and can rapidly undergo phenotypic changes upon culturing 

out of the native environment. Ultimately it is important to be aware that meanwhile the cell lines may 

exhibit same to primary cells signaling pathways, cell response to applied treatment can be to some extent 

different among them. This discrepancies between cell lines and primary cells were already demonstrated 

in the literature and linked to varying levels of molecular expression, morphological characteristics or cell 

activity.159,162,163 The newest alternative to the cell lines and primary cells are human iPS cells. They can be 

derived from different cells of the body (skin, blood, urine) from healthy individuals and from patients with 

disease of interest, allowing for personalized analysis of drug response. The iPS cells can be differentiated 

into cells specific for different tissues, such as: neural, liver, gastrointestinal, cardiac, lung, skin or kidney. 

Overall, they are recognized as reproducible, robust, and relevant for many diseases. The drawback is that 

they require optimized differentiation protocols and standardization, yet the reprogrammed cells become 

more similar to immature cells, rather than adult form.164,165 

The biology of OoC: Matrices 

The mechanical properties of tissues are mostly given by the presence of extracellular matrix (ECM). 

Physiologically, cells can have direct contact or indirectly communicate between each other through the 

surrounding ECM, which supports their signaling and regulates cell arrangement and activity.166,167 

Microfluidic chip channels are suitable for recreating the native cell 3D environment, which promotes 

natural geometries and connections. In the OoC devices the ECM is modeled with synthetic or natural 

hydrogels. Most commonly used are Matrigel and collagen, however there are other hydrogels available, 

such as gelatin and its methacrylate, fibrin, alginate, agarose, PLGA-based hydrogels and many more.157 
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Matrigel is a tradename of commercially available product invented in the 1980s, based on basement 

proteins derived from mouse tumor cells. It contains structural and functional proteins (e.g. collagen type 

IV, laminin), growth factors and enzymes that make it suitable for studying tumor spheroids 

development.149,168 However Matrigel has proved itself to be robust in 3D cancer cell culture studies, the 

ideal model would use more appropriate matrix, derived from the cells relevant to the studied tissue. Its 

inventors admitted already close to 20 years ago that it is surprising the Matrigel was not superseded yet by 

more suitable gel.154 

Collagen, a fibrous protein most abundant in the human body, provides mechanical support to connective 

tissues (different collagen types are known). It is often used as a 3D cell culture matrix because of its 

similarity across the species and controllability in terms of stiffness and concentration. This hydrogel is 

frequently found in 3D models of gut, skin and endothelial barrier, however its degradation allows relatively 

short culture times and similarly to Matrigel, it has rather poor control over singular properties.169 

It is demonstrated that the physical, chemical and mechanical properties of the matrix impact cell growth, 

adhesion, communication and overall activity.170 Hydrogels commonly used on the OoC devices are a 

simpler model than human derived ECM, however they are a compromise between, complexity, accuracy 

and availability. 

The design of OoCs 

In general, the microfluidic chip design can be divided into compartmentalized or sandwich 

conformation (Figure 1.18). Both of them allow real-time molecular and functional monitoring; however 

the conducted studies and analysis methods partially differ between them. The flagship of sandwich designs 

is the Wyss Institute’s lung-on-a-chip, for the first time reconstituting function of alveolar-capillary 

interface of human lung. This model is especially suitable for studying interfaces between two biological 

regions. The novelty of this chip design is a horizontal, porous flexible membrane mimicking lung air sac 

arrangement. Furthermore, the lateral vacuum channels facilitate breathing-resembling stretching and 

relaxing of membrane and adhered cells. The authors in their study described complex response of perfused 

immune cells to the presence of bacteria, as well as cell response to cytokines and nanoparticles exposure, 

with the last one being compared to a full lung of mice inhaling nanoparticles.171 This breakthrough 

successfully correlated in vitro results with responses observed in human body. Its versatility was 

demonstrated in later publications based on the same or similar model, but investigating lung cancer 

treatment, cancer migration to other organs, recreating human gut or screening drugs during viral 

pandemics.156,172–176 
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Figure 1.18 Scheme of OoC compartmentalized (left) and sandwich (conformation) conformation, with a top view and a cross 
section of microchannels area (indicated by dashed line). 

Since the first prototypes of compartmentalized chip design were developed a decade ago at MIT in 

Kamm’s lab, they truly dominated and revolutionized the 3D cell culture world. Characteristic for this chip 

are parallel microchannels separated by micropatterns, which allow to introduce and retain gel matrices 

(collagen, Matrigel, fibrin, etc.) by surface tension force. This solution permits to precisely confine the 

scaffold without scarifying the barrier(wall)-free contact between the adherent channels. As a result 

molecules, nanoparticles and cells can freely diffuse and migrate across the channels without 

constrains.177,178 For these reasons the microscopy-friendly compartmental model quickly became popular 

device in research focused on cancer and endothelial barrier (Figure 1.19). There are many studies in the 

field of cancer cells migration,179–182 vascularization and angiogenesis,183–186 endothelial barrier 

permeability,187–189 impact of 3D cell architecture on the biological functions190–192 and penetration into 

tumor.191,193–195 In the last years various modifications were applied to the chip design to assess the 

differences in nanoparticles passage through the endothelial barrier affected by the presence of cancer 

cells.187,188,196,197 The micropatterned compartmental model proved itself very versatile and useful, hence it 

became commercialized and similar prototypes quickly appeared on the market to facilitate also high-

throughput analysis in 3D cell culture.109,110  
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Figure 1.19 Table illustrating versatility of compartmentalized microfluidic chip in cancer-related research.198 

Monitoring and analysis in OoCs 

Majority of OoC used to recapitulate disease development or to screen drug delivery candidates are reliant 

upon fluorescence microscopy as a method for information retrieval.199 For examples the lung-on-a-chip 

and its recorded trans-membrane migration of fluorescent immune cells171 or fluorescently labeled cancer 

cell intravasation monitored in a chip reconstructing tumor-endothelial barrier interface.178 Despite being 

accessible method, fluorescence microscopy requires addition of labelling molecules and cannot reveal all 

the interesting information. Moreover, continuous monitoring with laser light can cause cell phototoxicity 

and some of the features can be labelled and imaged only after experiment termination, missing the 

intermediate points. 

There is a number of alternative methods to support in-line monitoring of the OoC environment 

complimentary to the microscopy. Often they require an integration of new elements into the chip design, 

such as electrodes. For example, well established in 2D cell culture Trans-epithelial Electrical Resistance 

(TEER), was used to measure integrity of epithelial barrier in a gut- and lung-on-a-chip models, revealing 

viability of the systems, as well as barrier disruptions200. Another example of electrode-incorporated model 

is a cancer-on-a-chip, where the authors compare various breast cancer cell lines, and report prominent 

impedance changes for more metastatic cells.201 Different chip with integrated electrodes and similar 

principle of measurement was also proposed for real-time screening of cell apoptosis and death when 
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exposed to drug molecules.202 In other study, the authors embedded an electrofluidic system with pressure 

sensor into the chip body to control the flow induced shear stress on endothelial cells.203 

Microsensors measuring pH and oxygen levels in the cell area together with glucose and lactate sensors at 

the outlet were integrated to monitor brain cancer cells metabolism and to follow alterations and cell 

recoveries upon the exposure to various substances.204 Another example of glucose and lactate online 

measurement was incorporated into liver-on-a-chip, where the mitochondrial respiration was followed with 

phosphorescence microprobes, allowing to detect early signs of mitochondrial stress.205 

Different methods are being developed for the real-time monitoring of events crucial for reliable assessment 

of OoC functionality. Up to now their main weakness is the comparability of the results, heavily dependent 

on the chip design and fabrication, as the distance or localization of the sensing parts impacts the readout.206 

In the future this heterogeneities should be unified for robust feedback on physiological phenomena. 
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1.8  Aim and content of the thesis 

This first introductory chapter demonstrates that drug nanocarriers hold a great promise of success 

in treating cancer disease. This believe is strongly supported by the number of publications and clinical trial 

filings resulting from research efforts on engineer an effective nano-based drug delivery system. The 

described and unique properties of NPs are also the reason why it is difficult to master them in formulation 

procedures. Yet the tumor heterogeneity among patients calls for more personalized approach, tailor-made 

for single or small group of patients, what at the moment is difficult to achieve: first because tiny-size batch 

productions are industrially not viable and secondly, because the patient-specific response to the treatment 

cannot be easily reproduced in vitro or in animal models. Development of a drug nanocarrier is a lengthy 

path, sometimes going in loops. The key success factors rely on controlled formulation, characterization-

based feedback regarding particle features and properties, as well as on their performance in vitro and in 

animal models, which at the moment poorly resemble the disease development. 

Microfluidic platforms applied to the field of nanomedicine have an increasing importance, as they 

enable a range of micro-scale processes which cannot be reproduced in typical reactors. They offer 

controlled environment with a minimal use of compounds. Moreover, the microchannels represent a scale 

relevant for biological activities. Although microfluidic chips are not widely implemented as standard 

procedures, the scientific community came to the realization that they have powerful bridging capabilities. 

Their use calls for multidisciplinary efforts, on the edge of different scientific fields, such as engineering, 

biology, physics and chemistry. Chip fabrication needs special training or alternatively researchers can 

reach out for commercial solutions that emerged in the last 10 years. Nevertheless, the chip integration into 

typical laboratory activities needs some expertise and adaptation in order to be used to its fullest. 

The main aim of this work is to demonstrate how microfluidic technology could accelerate the 

development of drug delivery systems from their design and formulation to in vitro screening. Within this 

framework the first goal was to apply microfluidics for a controlled formulation of polymeric nanoparticles. 

Thus, the second chapter describes PLGA-PEG diblock co-polymer self-assembly into drug/dye 

nanocarriers and explores process in a microfluidic chip. The hydrodynamic flow focusing device provides 

narrow and controlled environment for nanoprecipitation process, adapted here to fabricate the NPs. The 

use of microfluidic technology allowed to tune the particle size by modification of process parameters, what 

could not be achieved with traditional manual bulk method. The formulated NPs were characterized with 

typical bulk methods as well as techniques allowing for analysis of a single particle, such as Transmission 

Electron Microscopy (TEM) and Total Internal Reflection Fluorescence (TIRF) microscopy. 
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The third chapter tackles the topic of high throughput combinatorial formulation of NPs toward 

personalized nanomedicine. It proposes a microfluidic chip that can promote rapid mixing of different NPs 

precursors. A prototype of passive microfluidic mixer is fabricated in PDMS, characterized, and evaluated. 

It provides efficient mixing of five independent streams that can be controlled in supplying desired 

quantities of the precursor solutions. Further the chip is fabricated in glass to eliminate one of the PDMS 

drawbacks related to the absorption of small organic molecules, such as the dyes used in the evaluation. 

Finally, a setup of the micromixer and nanoprecipitation chip (presented in the previous chapter) is 

assembled and used for proof-of-concept formulation of NPs. The process yields monodisperse dye 

nanocarriers, self-assembled from the blend of precursors mixed in the presented chip. The purpose of such 

microfluidic device is to support the concept of NPs barcoding for screening of best drug delivery candidate 

- an emerging topic in the field of nanomedicine. 

Finally, the last, forth chapter delves into in vitro screening of drug nanocarriers. Here a 

microfluidic cancer-on-a-chip platform is proposed for real time stability monitoring of polymeric 

micelles. It uses microfluidic technology to recreate 3D perfusable tumor blood vessel model, 

reconstructing physiologically relevant barriers that NPs encounter upon administration, such us: flow in 

the blood vessel, endothelial barrier, extracellular matrix and cancer cell spheroid. The platform’s 

compatibility with confocal microscopy and the spectral properties of tested NPs allow to resolve their 

stability at the mentioned barriers. The obtained results are compared to previously reported 2D in vitro 

studies based on the same cell line and micelles, revealing discrepancies between the static 2D monoculture 

and the 3D cancer-on-a-chip model.  

Altogether the application of microfluidic technology in the field of drug delivery development is 

explored throughout these Chapters. The obtained results rose from the multidisciplinary approach, that 

combined knowledge from different areas of science, which is essential in adaptation of new methods and 

technologies to accelerate delivery of new therapies to the patients. 
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Chapter 2|  Formulation of tunable size PLGA-PEG drug 

nanocarriers using microfluidic technology 
 

 

This chapter reproduces almost literally the article: Formulation of tunable size PLGA-PEG 

nanoparticles for drug delivery using microfluidic technology, submitted to PLOS One, 2021, status: 

submitted, by Adrianna Glinkowska Mares, Gaia Pacassoni, Josep Samitier Marti, Silvia Pujals, Lorenzo 

Albertazzi. My contribution to this manuscript was the execution of experimental part, design of 

experiments and writing the manuscript. G. Pacassoni contributed to the experimental part and data 

analysis. S. Pujals and L. Albertazzi supervised the work and contributed to experimental planning. J. 

Samitier, S. Pujals and L. Albertazzi provided periodic feedback on the results and reviewed the manuscript. 

 

This chapter presents a study on self-assembly of amphiphilic di-block copolymers (PLGA-PEG) performed 

in a microfluidic hydrodynamic flow focusing chip. Here, the main focus was placed on particle size 

tunability upon formulation in the microfluidic chip. The study comparing traditional manual bulk mixing 

and microfluidic process was executed, yielding monodisperse nanoparticles in both cases. The particles 

were further characterized using bulk methods and single particle advanced microscopy techniques. 

Drug/dye encapsulation into the nanocarriers was evaluated with three different molecules for both 

formulation procedures. Additionally, the NPs were tested in vitro to assess their biological performance. 
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2.1  Introduction 

Since more than three decades polymeric nanoparticles (NPs) are investigated as drug delivery systems 

(DDSs) for treatment of several diseases with a focus on cancer.1–6 They carry a promise of improved 

therapeutic effect thanks to their unique properties, such as size, shape, porosity, charge or modifiable 

surface.7–10 One of the key features of a nanocarrier is the nanoscale size that promotes escape through small 

gateways, such as the gaps in tumorous vasculature, that are the fundament of passive drug delivery 

design.11,12 Furthermore, the NP surface can be modified to limit the adsorption of proteins, to eventually 

minimize the uptake by immune cells and provide longer circulation.13,14 Importantly, polymeric 

nanocarriers can encapsulate various therapeutic molecules, sensitive to the physiological conditions, where 

they would be prematurely deactivated or could cause undesired cytotoxicity.15,16 Another advantage of 

drug encapsulation is the improved bioavailability of poorly water-soluble compounds, which are the 

majority of active pharmaceutical ingredients.17,18 Encapsulated payload can be released in a controlled way 

upon the degradation of the nanocarrier’s polymeric matrix, offering sustainable delivery of the drug, what 

is important for a positive therapeutic effect.19,20 Additionally, the NPs can actively target specific sites 

thanks to the surface functionalization with targeting ligands, which was confirmed in vitro and in vivo.21–

23. This approach leads to more efficient biodistribution and potentially lower toxicity or side effects. The 

combination of these features creates a promising drug delivery system with improved pharmacokinetics 

and better therapeutic outcome comparing to the currently available solutions.24 

One of the most studied polymers in drug delivery is Poly(lactic-co-glycolic) acid (PLGA), which has 

already been FDA- and EMA-approved for various applications.25,26 PLGA breaks down to the lactic and 

glycolic acids, ensuring the biocompatibility and biodegradability required for safe use in humans.27,28 The 

tunability of the lactic to glycolic acid ratio and the polymer chain length, allow to adjust the polymer matrix 

degradation providing controlled drug release, ranging from days to years.27,29 The summary of PLGA 

properties makes it the most versatile polymer in parenterally administered drug delivery systems, currently 

used in the form of emulsions, microparticles and implants.30–32 

In the course of PLGA-based achievements in the field of drug delivery, it naturally became engaged in the 

development of a nanoparticle based systems. Block copolymers, such as PLGA with polyethylene glycol 

(PEG) are widely used to formulate NPs. The conjugated PEG allows to minimize the use of formulation 

stabilizers and importantly, it decreases the formation of protein corona after administration and results in 

extended systemic circulation of the NPs.33–36 Furthermore, the PEG chain terminated with targeting 

ligands, demonstrated positive results in in vitro studies.22,37  

The PLGA-PEG amphiphilic di-block copolymer can be folded into NPs via self-assembly, by addition of 

the polymer solution into a miscible antisolvent (AS). In this process the PLGA-PEG solubility suddenly 
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decreases and it starts to precipitate, forming kinetically frozen NPs.38–40 Therefore in the nanoprecipitation 

method, the uniform mixing of both liquids is crucial to obtain homogenous NPs.41–43 Ideally, the process 

should be robust and reproducible to control the NP properties, which later dictate their fate in human body 

and determine success of the DDS.  

In the last two decades microfluidic technology appeared as an interesting alternative in the formulation of 

NPs. In contrary to the manual bulk mixing method, it offers precise and homogenous mixing of the 

polymer solution with the antisolvent phase.44–48 This approach uses microfluidic chips similar to these 

known for microparticle formation.49-52 It is based on the laminar flow of the liquids confined in the 

microchannels and results in hydrodynamic flow focusing (HFF) of the solvent (S) phase. The restricted 

volume allows to limit the diffusion distance of solvent and antisolvent, therefore it regulates the mixing of 

the two liquids that can be further controlled by modification of stream flow rates or chip design.53–56 The 

fine control over this process results in tunability of the NP properties, such as its size, surface 

characteristics or cristallinity.57–59 It reduces batch-to-batch variability and enables the investigation on how 

the NPs properties can be tailored upon formulation parameters, what was not possible within the bulk 

mixing method. 45,60,61 Another advantage in the use of microfluidic chips is the possibility of simulations 

of fluid dynamics by computational methods. The diffusion can be visualized to better understand process 

parameters and to improve the experimental planning.62,63  

Taking into account the successfulness of PLGA in DDS, the rapidly developing microfluidic technology 

was quickly introduced into the formulation of PLGA micor- and nanoparticles. Different chip geometries, 

formulation compounds and PLGA conjugates were explored, demonstrating improved control over the 

particle properties and resulting in various sophisticated PLGA-based nanocarrier systems.64–66 

In our work we investigated the impact of the microfluidic chip assisted HFF nanoprecipitation on the 

particle size tunability and cargo loading in comparison to the manual bulk mixing method. We performed 

surfactant-/stabilizer-free formulation of PLGA-PEG NPs in a microfluidic chip at different S and AS flow 

rates, and by a manual dropwise addition of the S to the AS phase at parallel volumes. We studied 

encapsulation efficiency of fluorescent molecules with different hydrophobicity. Obtained NPs were 

characterized using bulk and single-particle methods for general and more detailed information. Our data 

confirmed that the particle diameter can be tailored and controlled with the use of microfluidic chip in the 

formulation process. The advanced microscopy techniques used to characterize single NPs allowed us to 

reveal heterogeneities present in the batches and indicated more homogenous dye loading in the HFF-

formulated NPs. Furthermore, the bioevaluation of NPs obtained via microfluidic formulation demonstrated 

cell internalization and biocompatibility.  
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2.2  Microfluidic hydrodynamic flow focusing and manual bulk formulation 

Particles were formulated via nanoprecipitation method, using manual dropwise addition in bulk mixing 

and a microfluidic setup facilitating hydrodynamic flow focusing (Figure 2.1a and 2.1b, respectively). The 

polymer was dissolved in acetonitrile (ACN), an organic solvent miscible with water, which was the 

antisolvent for PLGA-PEG. 67 The diffusion of ACN into water reduces solubility of the polymer and, as a 

response to this change of environment, the amphiphilic blocks rapidly self-assemble into NPs. In this 

process the PLGA blocks concentrate in the core of the NP and most of the PEG chains are exposed on the 

surface, forming the corona,40 as schematically The PLGA blocks concentrate in the core of the NP and 

most of the PEG chains are exposed on the surface, forming the corona,40 as schematically illustrated in the  

 

Figure 2.1 Formulation of nanoparticles via nanoprecipitation a. manual bulk mixing, b. hydrodynamic flow focusing, c. fluid 

dynamics simulation for three different S/AS and the solvent concentration (i-iii) at the outlet cross-section 0,3 mm below the 

junction (marked by the dashed line in the simulations on the left). 

Figure 2.1b. The nanoparticle formation is divided into three phases: nucleation, growth, and aggregation. 

The pivotal role in the output of nanoprecipitation plays the mixing, responsible for homogenous 

supersaturation inducing polymer nucleation. Poorer mixing results in low nucleation rate and a growth of 
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larger particles because the polymer aggregation occurs in the presence of higher fractions of organic 

solvent (τmix > τagg) and, if mixing occurs faster than the time scale for aggregation (τmix < τagg), the 

aggregation phase takes place when mixing is almost complete and more nuclei are formed.68-70 

Microfluidic chips are tools, that can aid spatial and temporal separation of the above-mentioned three 

phases of particle formation.68 In our setup the main part is the chip with three inlets and one outlet 

(microchannels of 200 µm width and 60 µm height) connected to a syringe pump with a capillary tubing. 

We injected the solvent phase into the central inlet and controlled its stream width (at the outlet) by the 

flow rate of laterally injected antisolvent, as illustrated in the Figure 2.1b. Changes in the AS flow rate 

resulted in a range of solvent to antisolvent flow ratios, and the faster the lateral flow rate, the narrower the 

central stream and smaller the diffusion distance. To visually demonstrate it, we employed computational 

fluid dynamics (CFD) using parameters corresponding to water and ACN for the AS and S phase. The 

Figure 2.1c illustrates the impact of changing the AS flow rate in the microchip inlets on the solvent 

concentration gradient in the outlet channel. With the decrease of S/AS, we can observe significant decrease 

of the solvent concentration right after the junction of the inlet channels. As a result of narrowing the solvent 

stream, with the increase of AS flow rate, the solvent diffusion can occur more rapidly and promote faster 

mixing of the two miscible liquids. 

2.3  Particle diameter tunability using microfluidic chip 

The particle size resulting in the nanoprecipitation process is dictated by the mixing of S and AS phase. 

Faster mixing of the two phases leads to a locally lower fractions of organic solvent, what yields smaller 

NPs, as the forming clusters are kinetically locked in the non-solvent environment.69,70 To probe the 

formulation of size-tailored NPs, resulting from the controlled diffusion of S into the AS phase, we used 

the above-described chip and manual droplet addition in a bulk mixing for the control. We formulated the 

NPs with the microfluidic device using the constant flow rate of 5 µL/min for the polymer solution and an 

adjustable lateral inflow of the AS, ranging from 20 to 330 µL/min, and resulting in the S/AS ratios between 

0.0075 to 0.11. Within these parameters we calculated the mixing time τmix in our system, which should be 

lesser than the aggregation time τagg to control the particle size. We found values from 0.25 ms to 44 ms for 

the extremes of the tested S/AS from the following equation (for D = 10-9 m2/s and w = 200 µm and used 

R flow ratios (0.0075 – 0.11) which are lower than estimated unimer penetration time leading to 

aggregation.71 

𝜏𝑚𝑖𝑥 ~
𝑤𝑓 

2

4𝐷
 ≈

𝑤2

9𝐷

1

(1 +
1
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To compare the HFF results with the bulk nanoprecipitation method, we formulated the NPs by manual 

addition of the solvent phase into the antisolvent, controlling the mixed volumes to achieve comparable S 

and AS final volumes in both approaches. Next, we measured the NPs diameter using dynamic light 

scattering (DLS) and imaged them with negative-staining transmission electron microscopy (TEM). The 

results of the DLS measurement shown in the Figure 2.2a demonstrated how the ratio of the S and AS phase 

flow dictates the particle hydrodynamic diameter. The lower the S/AS flow rate, the smaller the NPs size, 

ranging here from 44 to 97 nm. In the manual dropwise addition process we obtained particles in size of 71 

to 89 nm, with only a slight diameter change in response to the S/AS volume modifications. The HFF 

formulation allowed to obtain even 50% smaller NPs comparing to the dropwise addition process and 

importantly, it permitted to tune the size of the NPs in the response to the S/AS flow ratio, what corresponds 

to the particle size tunability in response to the flow parameters reported in the literature.51,60,65. We 

performed similar HFF experiment with higher absolute solvent flow rate (Sflow rate = 15 µL/min) to check 

if the size tailoring trend is maintained at different flow rate values. However, the increase of corresponding 

AS flow rates (to maintain the same S/AS ratio as tested with the Sflow rate = 5 µL/min) was not suitable for 

our chip, due to its integrity loss resulting from too high total flow rates. Nevertheless, the hydrodynamic 

diameter of NPs formulated with S flow rate of 15 µL/min at a narrower range followed the same pattern 

as the NPs diameter formulated with S flow rate of 5 µL/min, as it is shown in Figure 2.2a. All the performed 

formulations yielded monodisperse NPs with the polydispersity index (PdI) in the range of 0,06 – 0,15. 

Overall, we used two methods of nanoprecipitation-based particle formulation and we were able to achieve 

a broader range of NPs sizes using the microfluidic chip. This approach demonstrated how the particle size 

can be tuned (44 – 97 nm for HFF comparing to 71 – 89 nm for manual formulation) without modifying 

the copolymer molecular weight or other chemical or physical properties. It is especially important to 

control the particle size, as their biodistribution and cellular uptake depends on this feature.35,72 

DLS measurement rapidly provides the information about an average hydrodynamic diameter and 

dispersity of a batch, however it does not reveal details of a single NP. To look at the individual particle’s 

size and its distribution we used transmission electron microscopy (TEM). The particles were deposited on 

carbon grids with uranyl acetate negative staining, dried and imaged. We measured the diameter of a 

minimum 200 particles for each batch and compared the results of formulations with different S/AS flow 

ratios, as well as between the two methods used for nanoprecipitation as demonstrated in Figure 2.2b and 

2.2c. The analysis on the single particle level demonstrated the same trend as the hydrodynamic size 

measurement with the DLS, confirming the size tunability achieved with the microfluidic device, with the 

average particle diameter of 35 nm, 44 nm and 50 nm for the S/AS flow ratio of: 0,0075; 0,036; and 0,115, 

respectively. We found the NP average diameter values smaller for TEM image-based measurement than 

for the DLS method, which can be explained by the technique differences (DLS measures hydrodynamic 
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diameter in suspension, meanwhile in TEM images we measured the gyration radius of dried particles). 

Nevertheless, the TEM analysis was coherent with previously observed DLS measurement-based trend. 

The average diameter of NPs formulated using the microfluidic device was dependent on the S/AS flow 

ratio, yielding smaller size at lower S/AS. Additionally, the TEM images helped us to visualize the 

heterogeneity among the particles, in the Figure 2.2c (bottom row), we could identify particles in a range 

of 15 – 60 nm (in batch i), meanwhile the average size was 35 nm, however the dispersity of each batch 

was on the level of ~10%, similar to the values indicated by the DLS (PdI = 0,06 – 0,15). We also observed 

the particle morphology to be heterogenous, some of the NPs displayed distinctive core-corona structure, 

resulting from the separation of the PLGA and PEG blocks in the self-assembly process. The differences 

in these features, revealed only when analyzing single particles, contribute to the overall performance of 

Figure 2.2 a. Particle diameter measured by DLS, (left) represented in the function of the S/AS flow ratio and (right) 
schematically illustrated dependency on the formulation method (bulk and HFF – hydrodynamic flow focusing); b. table with 
an average particle diameter obtained from analysis of TEM images; c. Particle size distribution obtained from TEM analysis 
(top row) and the corresponding TEM images (bottom row), scale bar 200 nm. 
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the nanocarriers in in vitro or in vivo tests. However, it is important to understand if the outcome often taken 

as the “average” information indeed is represented by most of the NPs in the bulk.57 

2.4  Encapsulation of fluorescent compounds 

Upon the self-assembly of the amphiphilic block co-polymers into the NPs, the PEG chains become 

exposed in the surface of the nanoparticle, meanwhile the PLGA blocks are folded in the core. A 

spontaneous encapsulation of hydrophobic molecules present in the solvent phase occurs during the particle 

formation.18 This is a common strategy to encapsulate drugs into PLGA formulations.74,75 We performed a 

series of formulations with different fluorescent compounds added to the solvent phase, aiming to 

investigate the encapsulation efficiency (EE) for both: manual and HFF formulation method. We loaded 

the nanocarriers with 1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine perchlorate (DiI), Nile Red 

(NR) and Doxorubicin (DOX), of which all have fluorescent properties, however different hydrophobicity 

from the most to the least hydrophobic listed, respectively. We formulated the particles by the manual bulk 

and the HFF nanoprecipitation using two S/AS to obtain different diameter NPs, then we collected them, 

washed and measured the EE. The absorbance measurement for each loaded compound revealed, that the 

highest EE of ~80% is associated with the most hydrophobic molecule (DiI), and lowest value of ~15% 

was measured for DOX. Similar values were found regardless the formulation method or the particle 

diameter (Figure 2.3a). The spontaneous entrapment depended here on the solubility of the compound in 

the antisolvent phase, therefore we measured the decreasing process yield for Nile Red and DOX. For 

therapeutic application it would be necessary to improve the DOX loading into the NPs, however in this 

study we investigated the trends regarding the encapsulation of different fluorescent molecules within the 

proposed nanoprecipitation protocol. In the literature there are strategies demonstrating improved DOX 

loading into PLGA-based NPs, including use of emulsification or modified nanoprecipitation formulation 

method, hydrophobization of DOX or its conjugation to the polymer chains.76–78  

Parallel to the previous size measurements, the EE bulk measurement was followed by an analysis on a 

single particle level, using total internal reflection fluorescence (TIRF) microscopy. The DiI loaded NPs, 

formulated by HFF and bulk nanoprecipitation, were imaged using TIRF microscopy taking into account 

the dye’s good EE. Thanks to the high signal to noise ratio we could visualize individual NPs and quantify 

their fluorescence proportional to the molecule encapsulation. The acquired images revealed heterogenous 

fluorescence intensity emitted by the particles in the same field of view as can be seen in Figure 2.3b (top 

image – HFF, bottom – bulk formulation). To understand the difference, we imaged at least 800 NPs per 

formulation method, and quantified the emitted fluorescence intensity per particle. We observed that 

between the two HFF formulations, the smaller NPs (HFF2 = 71 nm) exhibited narrower distribution of 

intensity profile comparing to the larger NPs of HFF1 as shown in the Figure 2.3c (top and middle graph). 

Interestingly, we measured lower total fluorescence intensity for the smaller NPs formulated with the HFF 
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method, however this difference was not observed in the bulk analysis, where the total amount of the 

encapsulated dye was similar irrespectively the particle size. This result of the TIRF image analysis can be 

possibly explained by the difference in particle size, thus its loading capacity per particle and emitted 

fluorescence. On the other hand, the bulk analysis, which did not indicate this difference among the two 

particle sizes, can be explained by higher the total number of smaller NPs over the larger ones (per batch). 

That in summary gave similar fluorophore EE values when looking at the bulk. 

 

Figure 2.3 Encapsulation of fluorescent compounds; a. EE for DiI, NR and DOX loaded NPs, formulated with HFF and bulk 
nanoprecipitation, b. TIRF images of DiI loaded NPs formulated with HFF and bulk method (top: HFF1 = 95 nm, bottom: bulk = 89 
nm), scale bar 5 µm. c. Analysis of emitted fluorescence intensity per particle for DiI loaded NPs, formulated with HFF and bulk 
methods, size by DLS: HFF1 = 95 nm, HFF2 = 71 nm, Bulk = 89 nm. 
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The TIRF-based quantification of the similar diameter NPs formulated with the two different 

methods (microfluidic HFF1 and manual bulk) has shown alike distributions of collected fluorescence, with 

only slightly narrower profile for the HFF formulation. Similarly, to the previously observed heterogeneity 

in the size analysis, we observed uneven dye encapsulation among the particles. Again, in drug delivery, 

the homogenous drug distribution across all the particles imposes its controllability and better predictability 

in vivo, therefore the proposed characterization methods are crucial to assess these parameters. 

2.5  NPs incubation with MCF-7 cells 

We evaluated our NPs formulated using the microfluidic chip with human breast adenocarcinoma epithelial 

cell line MCF-7, to confirm they remained non-toxic and retained favorable properties. Here we measured 

cell viability after 72h of exposure to the following: free DOX, NPs without cargo (placebo), NPs with 

encapsulated DiI and NPs loaded with DOX. In the Figure 2.4a we can see that the placebo and DiI loaded 

NPs (60 µg of polymer per well) did not affect the cell viability in comparison to the untreated cells 

(negative control). It indicates that the microfluidic formulation is a suitable method to obtain the NPs for 

drug delivery. On the other hand, unencapsulated Doxorubicin (80 ng of drug per well), which is known to 

intercalate into the genetic material, inducing cell apoptosis, had a major impact on the cell viability, with 

the result close to the positive control (cells exposed to Triton-X).79 The NPs loaded with Doxorubicin 

(DOX in the NPs: 8 ng of drug per well) induced some cell toxicity, indicating successful delivery of the 

cargo, however not as significant as the free drug. One of the reasons can be the lower Doxorubicin 

concentration per well, originating from the low EE for this drug (in the range of 10-15%), what resulted 

in the cells to be exposed to 10-times less compound. Secondly, the entrapped molecules are slowly released 

from the nanocarrier matrix, therefore the cell exposure to the drug is gradual, as the PLGA degrades over 

time.80,81 Overall, we observed that the NPs formulated with the microfluidic chip presented similar 

behavior in cell assay to the other PLGA-based NPs reported in the literature.25,28 

Furthermore, we imaged the MCF-7 cells exposed to the microfluidic formulated NPs as can be seen in the 

confocal images (transmission Figure 2.4b and fluorescence Figure 2.4c). The cells were imaged after 24h 

of exposure to: free DiI, DiI-loaded NPs and placebo NPs, from left to right respectively. The free DiI 

stained whole cell membrane, meanwhile the dye loaded NPs were taken up by the cells and localized in 

distinctive spots, likely endosomes, as can be compared between the corresponding transmission and 

fluorescence images in Figures 2.4b and 2.4c. We did not collect any fluorescence from the placebo 

particles. We observed that the NPs formulated with the microfluidic chip presented similar behavior in 

cell assay to the other PLGA-based NPs reported in the literature.28,28 Future work could include follow up 
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on the release studies of the encapsulated molecules, as well as incorporation of techniques enhancing DOX 

encapsulation, as mentioned above. 

 

Figure 2.4 a. Presto Blue Cell viability assay graph demonstrating viability of MCF-7 cells exposed to different NPs for 72h b. 
Confocal microscopy transmission images of MCF-7 cells incubated with DiI loaded NPs (left), and MCF-7 cells exposed to NPs 
without loading (right). c. Fluorescent confocal microscope images of the MCF-7 cells exposed to (left to right): DiI, DiI loaded NPs 
(corresponding the transmission image above), NPs without cargo (corresponding to the transmission image above). All scale bars 
30 µm. 

2.6  Conclusions 

We formulated several PLGA-PEG nanoparticles batches by manual bulk mixing and hydrodynamic flow 

focusing self-assembly at a corresponding volumes of solvent and antisolvent, demonstrating that the 

adjustment of the solvent and antisolvent flow rates in confined mixing area allowed us to obtain broader 

range of diameters than with the bulk nanoprecipitation. The demonstrated NPs size tunability with the use 

of microfluidic chip highlights how a rational design could be executed in controlling certain properties of 

nanoparticles.  

The studied encapsulation efficiency of three fluorescent compounds appeared to be dependent on the 

molecule type, and not the nanoprecipitation method, with DiI (most hydrophobic compound tested) having 

the highest EE.  
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We used the TEM and TIRF techniques, to analyze individual particles in terms of their size and 

encapsulation of fluorescent molecules. They revealed heterogeneities among the particles for both studied 

properties, which could not be visualized within the bulk analysis methods. The encapsulation of DiI, 

analyzed for single particles, appeared similar among both formulation methods yielding larger NPs and 

more homogenous for microfluidic formulated NPs with smaller diameter. Finally, we demonstrated 

performing in vitro tests on MCF-7 cell line, that the microfluidic formulation does not alter 

biocompatibility of PLGA-PEG NPs. 
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2.7  Experimental section 

Solvent and antisolvent phase preparation 

PLGA (L:G 50:50, Mw. 25–35 kDa; PolySciTech, Akina) and PLGA-PEG (L:G 50:50, Mw. 30 kDa and 5 

kDa; PolySciTech, Akina) were weighed in a ratio 15% to 85%, respectively and dissolved in a solvent 

compatible with the microfluidic chip body and miscible with water: Acetonitrile (Chem-Lab, HPLC grade, 

Sigma Aldrich) resulting in final PLGA concentration of 10 mg/mL. The dissolution took place in a capped 

glass vial, at RT during 2h with 10 second of vortex each 20 minutes. Next, the solvent phase was filtered 

with 0,22 µm PTFE filter (Perkin Elmer, GC-Instruments) and used for the formulation. 

For the antisolvent phase, freshly withdrawn milliQ water (MilliQ, Millipore) was filtered with a 0.22 μm 

sterile filter (Merck Millipore, Millex GP) and used.  

 

Fabrication of the PDMS chip 

The 200 μm wide microchannel layout was designed in AutoCAD software and fabricated in an acetate 

photomask using CAD/Art Services (outputcity.com). The mask was used to prepare a master mold in the 

lithography process, briefly a glass substrate (microscope glass slide 25x75 mm, Corning) was washed with 

MilliQ water and soap, flushed with EtOH, dried, treated with oxygen plasma (Expanded Plasma Cleaner 

PDC-002, Harrick Scientific Corporation). A negative SU-8 2100 photoresist (MicroChem) was deposited 

on the glass slide surface using 2-step spin coating to obtain a 60 μm-thick layer (following the instructions 

attached to the SU-8 photoresist). The deposition was followed by a 2-step soft bake (5 min. at 65ºC, 20 

min. at 95ºC). To perform the photoresist polymerization the mask was placed on the top of the deposited 

layer, introduced into the UV-photolithography mask aligner (MJB4, SUSS Microtec) and exposed to 15.3 

mW/cm2 UV-light for 16 seconds. After UV irradiation the sample was post-baked for 5 minutes at 65°C 

and 10 minutes at 95°C. The unpolymerized photoresist was washed away with SU-8 developer 

(MicroChem) and the master mold dried and silanized with trichlorosilane (Sigma-Aldrich). The 

appearance of microstructures was examined using interferometer (Veeco Instruments, Wyko NT1100). 

Next, the PDMS replica was prepared by soft lithography molding: elastomer and curing agent (Sylgard 

184, Dow Corning) were weighed in a plastic cup (in a ratio of 10:1, wt:wt) thoroughly mixed, degassed 

and poured over the master mold placed in a Petri dish. The dish with PDMS was left for 24h at RT and 

then placed into an oven at 60°C for 3h and then the cured PDMS replica was cut out, 0.8 mm holes punched 

out in the inlets/outlet, and bonded to a clean glass slide (25x75 mm, Corning). 
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Bulk formulation 

3 mL of the AS phase were added to a glass vial (5 mL) equipped with a magnetic stirring bar (VWR, size 

8x3 mm) and placed on a magnetic stirring plate (IKA3050009 Big Squid White) at 100-200 rpm. Next the 

calculated volume of the S phase was added dropwise with a pipette (VWR 20-200 μL) into a stirring AS 

to obtain the desired S/AS. The nanoparticles suspension was let stirring for the next 5h to enhance the 

solvent evaporation. Afterwards the capped vial was stored in the fridge at 4-8°C until further analysis.  

 

Hydrodynamic Flow Focusing (HFF) formulation 

PDMS microfluidic chip was connected to 3 syringes (one filled with S phase and two filled with the AS 

phase) using PTFE tubing (OD: 1,6 mm; ID 0,8 mm; Sigma Aldrich). The AS syringes (BD Plastic, 10 mL) 

were placed in a double syringe pump (New Era, NE-300), the S syringe (BD Plastic 2mL) was placed in 

a separate syringe pump (Chemyx Fusion 200). The chip was equipped with an outlet capillary directed 

into a collecting vial with a stirring bar for solvent extraction (as in the bulk method). The solvent flow rate 

was set at 5 µL/min or 15 µL/min and the AS flow rate was adjusted between 20 µL/min and 330 µL/min 

to screen the S/AS ratios in the range of 0.0075 – 0.11. 

 

Encapsulation of fluorescent compounds  

1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine Perchlorate (DiI, lipophilic cationic carbocyanine 

dye, Sigma Aldrich, 42364) was weighed and dissolved in ACN, resulting in stock solution of 1.1 mM. 

Calculated amount of the stock was added to the S phase to reach the concentration of 7.1 µM. 

Nile Red (Sigma Aldrich, 72485) was weighed and dissolved in ethanol, resulting in 0.46 mM stock 

solution, which was added to the solvent phase, reaching the final concentration of 7.1 μM. Doxorubicin 

Hydrochloride (Xing Chem ChemPharm) was weighed and dissolved in DMSO, resulting in 1.04 mM stock 

solution, which was added to the solvent phase, reaching the final concentration of 7.1 μM. The 

nanoprecipitation in bulk or with the HFF chip was performed as described before. 

 

Nanoparticle concentration 

Nanoparticles were washed and concentrated using ultrafiltration centrifugal filters (Amicon Ultra–0.5 mL. 

Ultracel, RC) with a nominal molecular weight limit 100 kDa. Briefly, the nanoparticles were filtered with 

0.45 µm sterile filter (Merck Millipore, Millex HV 0.45 μm) and 400 uL of the suspension was directed 

into the milliQ-rinsed Amicon filter. The filters were spun in a centrifuge (Eppendorf 5415 R) with the 

following parameters: 14kG, 5 min, 20°C. After the centrifugation, the supernatant collected in the tube 

was removed and another 400 μL of NPs suspension added into the filter and the procedure repeated 3 
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times. Afterwards, the NPs were washed, resuspended in 80 μL of milliQ water and collected by placing 

the tube upside down in the microcentrifuge and spinning at 1 kG during 2 min. 

 

Encapsulation Efficiency  

DiI, Nile Red and Doxorubicin absorbance spectrum in acetonitrile was acquired using spectrophotometer 

(Infinite PRO M200, TECAN) and the maximum absorbance was found at: 550 nm, 538 nm and 480 nm 

respectively. 

Fluorophore solutions for the calibration curve were prepared by dissolving the PLGA-PEG copolymer in 

ACN (10 mg/mL) and adding the corresponding fluorophore. The loaded NPs were concentrated as 

described previously, dissolved in acetonitrile and the absorbance was measured at previously determined 

wavelengths in a quartz cuvette (High Precision Cell Quartz SUPRASIL, Hellma Analytics, 10 mm). 

The encapsulation efficiency was calculated as: 

[𝐸𝐸]% =
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
∗ 100% 

 

NPs characterization - Dynamic Light Scattering 

DLS (Malvern Zetasizer Nano – ZS) equipped with 633 nm laser and 173º detection optics, was used to 

measure the NPs size distribution in a colloidal suspension. The following SOP settings were used: 

Refractive index (RI): 1.460, Absorption: 0.0, Dispersant: water, viscosity: 0.887 cP, RI: 1.33, 

Temperature: 25°C, equilibration time: 30 seconds, Cell: Quartz cuvettes ZEN2112. 50 μL of NPs 

suspension was added into the cuvette and the size measured in triplicate. Three independent batches were 

measured for each condition and the mean particle size value with standard deviation are reported.The 

cuvette was flushed 3x with milliQ water before each sample. 

 

NPs characterization - Transmission Electron Microscopy 

The stock NPs were 4-fold diluted in milliQ water and then 10 µL of the NPs suspension was deposited on 

a carbon-coated copper grid (CF200-CU, 200 mesh, Electron Microscopy Sciences), washed 3x with 20 µL 

of milliQ water and stained with 10 µL of 2% uranyl acetate water solution (UB SCT). After the staining 

the excess liquid was blotted with a filter paper and the grid placed into a desiccator for not less than 10h 

prior the image acquisition. The samples were imaged with a JEOL 1010 (Gatan, Japan) microscope 

equipped with a tungsten cathode (Electron Cryomicroscopy Unit from CCiTUB). The images were 

acquired at various magnifications (x30k - x120k) at 80kV with a CCD Megaview 1kx1k. The NPs diameter 

(of minimum 200 NPs/batch) was measured using ImageJ software. 
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Comsol Multiphysics simulation  

Comsol Multiphysics 5.3 software was used for the CFD simulations. The chip mesh was generated from 

the AutoCAD design (the same as used for the acetate mask). The simulation was performed for fluid 

laminar flow in stationary conditions to observe the transport of diluted species upon different flow rates. 

Water and Acetonitrile properties at RT and 1 atm were introduced to perform the computation. The 

parameters used for the computation were as following: dynamic viscosity of ACN: 0.389 mPas, the density 

of ACN: 0.786 g/mL, the properties of water were selected automatically from the software library. 

 

Total internal reflection (TIR) fluorescence imaging  

30 µL of 10-fold diluted particles suspension was introduced into a flow chamber created with 24x24 mm 

glass cover slip (RS, France) attached with a two face Scotch tape to the edges of a glass slide (25x75 mm, 

Corning). The sample was incubated for 15 min. at RT and next 100 µL of milliQ water were introduced 

into the flow chamber to flush away unattached NPs. 

Images were acquired using a Nikon N-STORM 4.0 system configured for total internal reflection (TIR) 

fluorescence, using a Perfect Focus System imaging. Excitation under the TIR conditions allowed to avoid 

illumination of out of focus, improving signal to noise ratio. DiI fluorophore was excited by illuminating 

the sample with a 5% power of 561 nm (80 mW) laser built into the microscope. During acquisition the 

integration time was 300 ms. Fluorescence was collected by means of a Nikon x100, 1.4 NA oil immersion 

objective and passed through a quad-band-pass dichroic filter (97335 Nikon). Images were recorded onto 

a 256 x 256-pixel region (pixel size 160 nm) of a Hamamatsu ORCA Flash 4.0 CMOS camera. The images 

were analyzed using ImageJ software. Briefly, the intensity threshold was set to filter the NPs in each image, 

and next the fluorescence intensity per particle was measured (for minimum 800 NPs) and plotted in a 

histogram graph. 

 

Cytotoxicity assay 

Cell viability test was performed in triplicate, using PrestoBlue Cell Viability Kit (Invitrogen A13262) on 

MCF-7 cell line (ATCC) exposed to microfluidic device formulated NPs. The cells (p. 9) were cultured in 

a t-25 NUNC cell culture flask with Dulbecco’s Modified Eagle Medium (DMEM, as received with L-

Glutamine, 4.5 g/L D-glucose and pyruvate, Gibco) supplemented with FBS 10% (Gibco) and 

penicillin/streptomycin 1% (Biowest) at 37ºC and 5%CO2, until 70-80% confluency. Next, they were 

harvested using Trypsin-EDTA 0.25% (Gibco) and seeded in a 96-well plate (Nunclon Delta Surface, 

Thermo Scientific) at a density of 6k cells/well and incubated at 37°C and 5% CO2. After 24 hours of 

incubation the cells were exposed for 72h to free Doxorubicin (~80 ng/well) and the following batches of 

the NPs (60 µg /well): without a cargo (placebo), with encapsulated DiI (~ 3ng/well) and with encapsulated 
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Doxorubicin (~ 8 ng/well). All the NPs were formulated with the microfluidic chip at the same parameters. 

Untreated cells (in cell culture medium) were used as a negative control and cells with addition of 5% 

Triton-x were the positive control. In this work, cells viability was assessed by measuring the fluorescence 

value at the emission peak of resorufin. After the 72h the cells were washed with 1x PBS (Gibco) and the 

wells refilled with 100 µL of the cell culture media and 10 μL of PrestoBlue and further incubated for 1h 

40 min. The fluorescence was measured at 590 nm using multimode plate reader (Infinite PRO M200, 

TECAN).  

 

Confocal Microscopy 

MCF-7 cells were seeded in a Lab-Tek (Nunc, Fisher Scientific) at density of 20k cells/well and incubated 

for 24h at 37ºC and 5% CO2. After the incubation to the wells were added: NPs without load (0,5 mg/well), 

NPs with DiI (polymer: 0,5 mg/well; dye: ~1.9 µg/well) and free DiI (2.5 µg/well) and further incubated 

for 20h. Next the cells were fixed with 4wt% solution of paraformaldehyde (PFA, Sigma Aldrich) in 1x 

PBS. After 10 minutes the fixative was washed away with 1x PBS. Cells were imaged using Confocal 

Microscope (Zeiss, LSM 800) with 63x oil immersion objective, pin hole 50 µm and pixel size of 50 nm. 

The fluorophore was excited with 561 nm laser at 0,20% with the emission detection in the range of 410-

617 nm.  
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Chapter 3| Microfluidic mixer for combinatorial formulation 

of drug nanocarriers 
 

 

 

 

 

 

This chapter presents microfabrication and evaluation of a microfluidic passive mixer device, designed to 

facilitate combinatorial formulation of nanoparticles. Initially PDMS prototype is presented and finally it 

is superseded by a glass model, which helps to eliminate the weaknesses of associated to the polymer. The 

micromixer chip is incorporated into a platform, that consists of previously described chip, to accelerate 

formulation of NPs based on different precursors. Proof-of-concept formulations are executed. 

The design of the microfluidic micromixer was supervised by Hans Wyss, TU/e. 
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3.1  Introduction 

The microfluidic technology is maturating in the field of self-assembly for nanoparticles formulation. It is 

clear now that the polymeric drug nanocarriers can be fine-tuned in microfluidic devices thanks to the 

controlled environment they provide. Considering the countless formulation options involving mixing of 

different polymer chain lengths, precursors with targeting ligands or with conjugated fluorophores, 

encapsulating drug or co-encapsulating more than one type of molecules,1,2 the process feasibility becomes 

the question. Rapid prototyping of NPs with different size, ligand density, drug load and so on, appears 

very appealing in the search for best performing formulation and for the general understanding of NPs 

characteristics and correlated biological interactions. Indeed, it becomes urgent to reevaluate these drug 

nanocarriers, as it was reported that on average only staggering number of 0.7% of total introduced dose 

ends up in a disease site, with not much difference between targeting and passive delivery strategies.3  

Furthermore, knowing the heterogeneity of tumors in cancer patients, it is challenging to encounter most 

effective treatment for each individual.4 In vitro culturing of specific tumor cells derived from a sick person, 

for screening of the best option from the library of drug-loaded NPs envisions a solution that could 

accelerate anticancer therapy.5 Additionally, a small fabrication scale offered by microfluidic chips seems 

to be a realistic solution for treatment of single or small groups of patients. Ideally such microfluidic 

combinatorial formulation device should be easy to operate by healthcare professionals i.e. as a “plug and 

play” system. Similar concept is under development by Tide Pharmaceuticals B.V. (Solstice Pharma), 

where stand-alone device with built-in microfluidic chip can be placed in hospitals and used for rapid 

formulation of microbubbles for diagnostic purposes.6 This approach facilitates convenient and easy 

formulation of small quantities necessary for diagnostics right before the procedure is performed and 

envisions the future of microfluidic devices in healthcare. 

As it was mentioned in the introductory Chapter 1, section 1.5, currently, the personalized nanomedicine is 

being extensively explored in research labs, aiming to generate large libraries of NPs that are characterized 

and bioevaluated.7,8 The strategy to handle high number of NP formulations proposes their unique coding, 

that can be later recognize during in vitro or in vivo screening procedures. Some of the barcoding methods 

use synthetic DNA strands, linkage with QDs or encapsulation of fluorophores.8–10 The authors aim to 

accelerate the development of drug nanocarriers, however, the presented NPs are formulated with manual 

bulk mixing methods, with only few formulations reported, what in the light of high throughput screening 

of DDS candidates, is the slowing down step of the process. To face this challenge a microfluidic mixer 

(micromixer) could be incorporated in the formulation step to advance this process and to provide better 
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control over the NPs properties as it was demonstrated in the previous chapter and reported in the 

literature.11–14 In the literature, the use of micromixers is reported for microfluidic chips with the purpose 

of handling chemical reactions or biological samples.15 Among them two families of micromixing devices 

can be distinguished: passive and active micromixers. 

Passive micromixers in general do not require any external source of stimulation to fulfill the mixer 

function, as there are no mechanically moving parts. They rely on chaotic advection and the diffusion to 

provide the mixing. For that reason, they are usually easier to fabricate and implement as a stand-alone unit, 

comparing to the active mixers. Among the proposed solutions, are passive micromixers with special 

geometries that stretch, fold and break the fluid flow to amplify the chaotic advection, resulting in improved 

mixing of fluids.16,17 Typically designs suitable for intermediate and low Reynold numbers include C-shape, 

L-shape and similar segments connecting perpendicular planes or designs with grooved channels. A simple 

example is a T-junction chip with periodic geometric features that enhance mixing as illustrated in Figure 

3.1. The authors proposed addition of staggered bars in the channel and performed computational fluid 

dynamics (CFD) analysis as well as fabrication and fluid test of the chip with 28 repeating units to 

demonstrate its performance.18 Other type (2-layer micromixer) was proposed in a crossing-channel design, 

demonstrating more efficient mixing than the C-shaped model (Figure 3.2).19 It was further adapted into a 

platform for combinatorial formulation of NPs.12 Other widely used passive mixer is so called herringbone 

design (as illustrated in Figure 3.3) that was well adapted into biological applications, such as the chip for 

separation of circulating tumor cells (CTC).20  

 

Figure 3.1 Computational Fluid Dynamics simulation of a concentration gradient in a passive micromixer with varying number of 
units with staggered bars in the mixing area. (a) no bars, (b) one pair of bars, (c) five pair units, (d) ten pair units.18 
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Figure 3.2 Images of 2-layer micromixer (top) and proposed crossing-channel design (bottom), demonstrating more efficient 
mixing than the C-shaped model.19 

 

Figure 3.3 Demonstration of a mixing enhancement in a herringbone micromixer with the structures on the bottom of the 
microchannel.21 
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Active micromixers are an alternative to passive micromixers, they use external energy, such as 

pressure, magnetic field, acoustic field, etc. to generate flow disturbance, that results in liquid mixing. The 

active mixer design must include responsive parts, which will be mechanically operating upon the acting 

force. Often it is more expensive and technologically demanding to integrate the active mixers in the 

microfluidic device. Still relatively simple in construction are active micromixers employing pressure to 

generate pulse, which allows to improve the mixing through fluid stretching and folding as represented in 

the Figure 3.4.22,23 Other option is a system actuated with acoustic field, where the mixing occurs directly 

from ultrasonic vibration causing movement of a membrane24 or specific size microbubbles.25 This 

approach demonstrated efficient mixing of small volume reservoirs containing biological sample. However 

the acoustic field can be problematic due to the generation of heat that may impact the reaction or biological 

samples.26 Other approaches use magnetic field actuated micromixers, such as nature-inspired artificial cilia 

made of nanocomposites (e.g. polymer with superparamagnetic NPs). The rod- or fiber-like structures can 

oscillate in magnetic field, providing mixing and transport of liquids (Figure 3.5).27 Other design works 

with ferrofluids located in a channel perpendicular to the main flow. The actuated ferrofluid causes 

perturbation in the main fluid flow and generates chaotic mixing of the streams (Figure 3.6).28 Similar 

effects can be obtained with introduction of electrically conductive materials, that create flow vortices.29  

Active micromixers can be further actuated with thermal energy or a combination of previously 

mentioned methods. Their common characteristic is the need for an external energy source, however thanks 

to that the mixing can be optimized, which is less feasible in passive micromixers.17,26 

 

Figure 3.4 Illustration of an active micromixer employing pressure to generate pulse and consecutively mix the two streams.23 
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Figure 3.5 SEM image of magnetic field actuated micromixers with artificial cilia made of nanocomposites that can oscillate, 

providing mixing and transport of liquids, scale bar 350 µm.30 

 

Figure 3.6 An active mixer using ferrofluid. (a) Mixer picture with a picture of a ferrofluid plug in the inset, (b) Schematic of a 
ferrofluid actuation mechanism.28 

In this chapter fabrication of a microfluidic passive mixer is demonstrated as well as its incorporation into 

microfluidic platform for NPs fabrication. First, two-layer micromixer prototypes are made in PDMS and 

their performance assessed by perfusing fluorescent streams and monitoring with fluorescence microscopy. 

After the assessment, the selected design is coupled with hydrodynamic flow focusing chip (described in 

the previous Chapter 2) and the platform used to formulate first color-coded PLGA-PEG NPs via 

microfluidic nanoprecipitation. The NPs are prepared from micromixer-blended solvent streams carrying 

different precursors (cyanine dyes) precisely dispensed with a syringe pump. Furthermore, the chip is 

fabricated in glass to avoid some of the PDMS-related drawbacks and the new model reevaluated. This 

microfluidic approach in NPs formulation demonstrates applicability in the field of combinatorial and high 

throughput generation of nanomaterials library. It can support the development of personalized 

nanomedicine, providing advantage in a form of faster process and better control of the NPs characteristics.  
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3.2  Fabrication and characterization of prototype passive micromixer 

The micromixer was designed as a passive model to enhance chaotic advection and diffusion without use 

of external stimuli. It embodies five inlet channels, facilitating perfusion of independent streams with 

different flow rate and composition as demonstrated in Figure 3.7 (left panel). The mixing part comprises 

two complementary layers with six repeating units and parallel line of rectangles for assembly guidance 

that can be seen in Figure 3.7 (right panel). The repeating geometries provide splitting and rejoining of the 

perfused stream in plane and out of plane, thanks to which the mixing is enhanced. The perfused and mixed 

streams are directed into one outlet, that can be further directed to a bulk formulation vessel or connected 

to another microfluidic chip. 

 

Figure 3.7 The five inlet, two-layer, passive micromixer design, (left panel) zoom out on the full chip, (right panel) zoom in to the 
mixing units layers, overlay and microscopy image of fabricated and assembled chip, scale bar 200 µm. 

The chip was fabricated with standard photolithography and PDMS soft lithography procedures, similarly 

to the chip described in Chapter 2. However, an extra step of aligning and bonding the PDMS layers was 

added (further details in materials and methods): briefly, the surfaces with microstructures were cleaned, 
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activated with oxygen plasma, and aligned manually with microscope preview and the result can be seen in 

the bottom of the right panel of the Figure 3.7 that represents a microscope image of the prepared chip.  

 

3.3  Fluorescence test of micromixer performance 

Mixing efficiency of streams introduced through the five inlets was assessed with fluorescent cyanine dyes. 

Solution of DiI, DiO and pure ACN were injected using a syringe pump into the inlets in the following 

order: central channel - DiO, lateral channels – DiI and between central and lateral channels pure ACN, as 

demonstrated in scheme of the Figure 3.8a (left panel). The microfluidic chip was placed at the microscope 

holder to monitor the evolution of the mixing, as shown in the image 3.8a (right panel). The solutions were 

perfused at different flow rates and the mixing of the dyes assessed by measuring their intensity profiles at 

different parts around the repeating mixing units of the chip, as illustrated in figure 3.8b. First, the intensity 

profile measured at the straight channel reuniting streams of the five inlets and preceding the first mixing 

unit, demonstrates that the DiI (red) stream is localized laterally, meanwhile the DiO (green) stream has the 

intensity peak at the center of the channel as shown in the first panel of Figure 3.8c. The second intensity 

profile plots are based on a channel cross-section between the second and the third mixing unit (Figure 3.8c, 

middle panel). 

From the graphs it can be seen that the previously clear “valley” and peak for DiI and DiO respectively 

have lost their geometry and more uniform profile appeared. However, the red stream still demonstrates 

higher lateral signal comparing to the middle of the channel, as well as the green signal is slightly higher in 

the channel center than close to the channel walls. After travelling through the six repeating geometries, the 

dye intensity is measured again, and it is found to be homogenously distributed for both, the DiI and DiO 

across the channel width (Figure 3.8c, last panel). It indicates that the mixing of perfused streams was 

achieved, what can be also observed in the values of the intensity signal. Before reaching the mixing unit 

the DiI signal is measured with the highest intensity of 20k in the microfluidic channel, meanwhile the DiO 

signal with its peak halfway the channel cross-section reaches maximum of about 5k. In the outlet past the 

mixing units, the corresponding intensity signals are found homogenous across the channel with the 

maximum value about 30-40% lower than observed previously: 12k for the DiI and 3,75k for DiO, 

indicating dilution of the dyes. The microscope images presented in the Figure 3.8 correspond to a mixing 

evaluation at a flow rate of 50 uL/min of each individual stream, however overall mixing performance was 

measured in the range of flow rates from 2 uL/min to 50 uL/min with good outcome across these values. 
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(a)

(b)

(c)

 

Figure 3.8 Micromixer performance evaluation by perfusion of fluorescent dyes. (a) scheme of the setup and perfused dyes (left 
panel), and ready microfluidic setup placed in the microscope holder (right panel). (b) Microscope image during the perfusion of 
fluorescent dyes with marked three regions evaluated below, scale bar 200 µm. (c) Three regions of the micromixer corresponding 
to the areas marked in the image above. Below each image there is an intensity profile demonstrating the intensity profile of 
perfused fluorophores, measured in the areas indicated by yellow line. It demonstrates the evolution of mixing of perfused DiI and 
DiO. 

PDMS absorption of dye molecules 

After the positive mixing results the PDMS chip was flushed at low flow rate with the solvent (ACN) for 

90 min. and the wash cycle assessed. As the PDMS is known to absorb small hydrophobic molecules, the 
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cleaning procedure was extended to face this challenge.31,32 The intensity profile for DiI solution was 

measured in one of the inlet channels before the experiment, during the experiment and after the ACN wash 

(Figure 3.9a). Before dye injection an intensity value of ~175 was found, corresponding to a background 

noise, meanwhile during the perfusion a value close to 100-fold higher (~20k) was detected in the same 

lateral inlet. Finally, the measurement was performed after the solvent wash cycle and the intensity 

measured in the same region gave values between 2.6k and 3.0k, which is at least an order of magnitude 

higher than the value found before the perfusion. The PDMS dye absorption was further explored in the 

area of the chip outlet channel and mixing units. Surprisingly it was found that the signal originating from 

the absorbed DiI could be detected not only in the microfluidic channel, but also far beyond it, at least 500 

µm into the depth of the polymer matrix. The Figure 3.9b demonstrates the dye penetration through the 

channel walls, with a relatively high intensity values reaching up to 5k in the outlet and on average double 

of that in the mixers area. 

Despite the optimization of the wash cycle, the magnitude of the dye adsorbed and penetrated into the 

PDMS is too significant to be ignored. The potential desorption of the dye molecules upon future 

experiments could compromise quantitative and qualitative outcomes as well as interfere and mislead the 

characterization and evaluation of formulated nanocarriers. 

(a)      (b) 

 

Figure 3.9 Evaluation of mixer cleaning procedure. (a) DiI intensity measured before the experiment, during and after experiment 
in the area of junction of the inlets, scale bar 500 µm, (b) Fluorescence intensity of DiI measured in the area after the mixing units 
(top) and in the area of mixing units (bottom). 
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3.4  Combinatorial microfluidic formulation of color-codded nanocarriers 

The micromixer chip introduced in the previous paragraphs was designed to facilitate formulation of library 

of NPs for drug delivery purpose. It was demonstrated that the mixing units yield homogenous stream into 

the outlet channel, what is crucial in control of the solvent phase composition to later formulate uniform 

NPs. The five inlets allow to introduce the same number of different precursors that can be further mixed 

at desired proportions, offering broad range of combinations. 

For the proof of concept, the micromixer was connected to a nanoprecipitation chip (described in the 

Chapter 2) and the polymer mixture stream was directed into the central inlet of the HFF device, where 

nanoprecipitation occurred and finally the formulated NPs were collected in a vial, as schematically shown 

in figure 3.10a. The figure 3.10b demonstrates the footprint of assembled setup with the chips, two syringe 

pumps, collecting vessel, and side-located laptop to control the five-head pump. 

(a) 

(b)

 

Figure 3.10 Microfluidic platform for combinatorial formulation of NPs consisting of two microfluidic chips (micromixer and HFF). 
(a) schematic illustration and (b) footprint of the full setup. 

Formulation of NPs in micromixer – nanoprecipitation setup 
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The first experiments were designed to explore the micromixer-nanoprecipitation hybrid system. The 

micromixer chip inlets (Figure 3.11(a)) were connected to five independently-operating syringe pump heads 

equipped with syringes filled in with ACN and polymer with dye solutions as represented in the table of 

Figure 3.11(d). Two cyanine dyes DiI and DiD at the concentration of 20 µM and with emission maxima 

at 565 and 665, respectively (Figure 3.11(b)) were used to formulate color-coded NPs, as this family of 

dyes is compatible with staining cellular membrane and has demonstrated good encapsulation efficiency 

(described in the previous chapter). The solvent streams, laterally connected to the micromixer inlets, were 

added to provide flushes between the batches, facilitating the switch from one to another formulation in 

possibly cleaned microchannels. Batches C, B and D were formulated first (in this order) with streams 

containing at least one dye, as demonstrated in Figure 3.11 (c) and (e). The antisolvent for batch B and D 

consisted of a 1:1 (v/v) mixture between polymer solution stream and respective polymer + dye solution, 

to provide constant (10 µM) concentration of each dye across all the formulations (i.e., 10 µM of DiI in 

batch B, 10 µM of DiI and 10 µM of DiD in batch C and 10 µM of DiD in batch D). The formulation was 

finalized with fabrication of dye-free (“placebo”) NPs (batch A) to assess the performance of the system 

by investigating the potential cross-contamination between the dyes and dye leaching from the chip matrix. 

For the reference manual bulk mixing formulations were performed for the same set of experiments, using 

manually mixed solvent phase, that was prepared identically for both approaches. 

 

Figure 3.11 Representation of the experimental design: (a)represents numbered inlets of the micromixer chip, corresponding to 
the streams described in the table (d) below. (b) emission spectra of the selected dyes and (c) shows a picture of vials with 
formulated NPs and their formulation details described in the table (e) below. 

The formulated NPs were characterized using DLS, TEM and TIRF to determine their size distribution and 

dye encapsulation based on fluorescence. According to DLS analysis, the hydrodynamic diameter of 

obtained particles is around 90-100 nm and the polydispersity index below 0.1, indicating monodisperse 
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size distribution as demonstrated in table below. In comparison, the manually formulated batches were 

slightly smaller in diameter (~ 80 nm) however a bit higher in size dispersity index (~ 0.12). The particle 

morphology and appearance were investigated using TEM and spherical shape as well as appearance of 

core-corona was confirmed for all the formulated batches (Figure 3.12). The TEM-based particle size was 

found to be a bit smaller than the hydrodynamic diameter, what was already reported before in Chapter 2, 

as a result of the differences between these two techniques.33  

 

Figure 3.12 Particle size analysis by DLS (table) and TEM images of the corresponding batches a – d., scale bars 200 nm. 

The color-coded NPs were analyzed using TIRF microscopy to investigate the dye encapsulation across the 

different batches. Each field of view was imaged using two laser excitation wavelengths: 561 nm and 647 

nm corresponding to the excitation maxima of DiI and DiD, respectively and corresponding images 

presented in the Figure 3.13. The batch A, which was formulated last in the process, without any dye 

(placebo), showed some signal in the channel corresponding to the DiD spectrum. This can indicate that 
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the particles formulated in the preceding batch were carried over and contaminated the formulation A, 

however the number of detected NPs is not as large as for the preceding batch D. In the images of the batch 

B, which was formulated first to obtain NPs with DiI, a signal in 561 nm channel was detected, revealing 

very bright and dim NPs together in one field (Figure 3.13 B). It demonstrates rather heterogenous 

encapsulation of DiI. On the other hand, as expected, there was no signal detected in DiD 

excitation/emission spectrum. Next, the batch C was evaluated, which by design includes both dyes in 1:1 

ratio. From the images in the Figure 3.13 C can be observed that NPs were detected in both channels, 

confirming presence of the two dyes. However, it is clear there is significantly more signal from the DiI 

channel, which was used in the formulation of preceding batch. Additionally, it can be observed that some 

of the DiI-loaded NPs do not correlate with any particle in DiD channel, meaning these particles are loaded 

only with one dye. Possibly, the non-matching DiI NPs detected in the batch C could be carried over from 

the previous formulation of batch B, for example in the outside walls of the tubing that was later immersed 

into the consecutive batch. Alternatively, they could be a result of the dye leaching from the previously 

absorbed amounts in the PDMS matrix. However, many of the particles detected in the DiD channel appear 

to have an analog in the DiI channel, what suggests that there are NPs co-encapsulating both dyes. 

Interestingly, in the batch D, particles correlating in both channels are visible, which is unexpected, as this 

formulation should only encapsulate DiD. This means the batch C formulation appears to be blended with 

D, which similarly to the previous observation, could be a result of carryover or dye leaching. The intensity 

signal characteristic for DiI is not homogenous, as brighter and dimmer NPs are visible, meaning that the 

presence of DiI loaded NPs could be twofold: related to carryover from the previous batch (brighter NPs) 

and associated with dye leaching from the PDMS (dimmer NPs). 
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Figure 3.13 TIRF microscopy images evaluating the encapsulation of fluorescent dyes. In sample A (placebo, no dye) with few NPs 
detected in the wavelength corresponding to DiD, B (DiI loaded NPs) with a signal detected upon excitation with 561 nm laser, 
and for sample C (both dyes) and D (DiD) with the signal detected upon excitation with 561 nm and 647 nm laser, scale bar 5µm. 

The microfluidic mixer demonstrated efficient mixing of five introduced streams, as well as compatibility 

with the nanoprecipitation setup, that altogether allowed to formulate monodisperse nanoparticles loaded 

with fluorescent dyes. However, the dye encapsulation was burdened with cross-contamination, that in the 

perspective of personalized nanomedicine would compromise any experimental design. For that reason the 

study was continued in a micromixer fabricated in glass. 

3.5  Beyond PDMS: Micromixer in glass 

For the reason of PDMS absorbing/desorbing dyes, the previously evaluated micromixer (as well as the 

nanoprecipitation chip, similar to the one presented in the Chapter 2), was fabricated in glass to eliminate 

this drawback. The fabrication was performed externally by Little Things Factory (LTF) GmbH, 

(Germany), employing their proprietary technology for microchannel fabrication and bonding of the layers. 

Due to their confidentiality, the details of laser etching and thermal bonding cannot be disclosed more 

specifically. The fabrication rules dictated by their technique were as follow: channel depth within 5-50 µm 

and the channel width more than 50 µm; which was compatible with the micromixer design already 

prototyped and tested in PDMS. The micromixer was fabricated in floated borosilicate glass (Borofloat33®, 

Plan Optik AG, Germany) characterized by chemical durability, thermal resistivity, and very good optical 

properties. Additionally, chip connectors were bonded to the inlets and outlet to be compatible with ¼-28 

threaded nut connectors and ferrules, typically used in microfluidic technology to provide robust and 
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standardized connection. Figure 3.14(a) represents top view on the glass micromixer chip with black o-

rings inserts for leakproof connection, and before assembly. In the Figure 3.14(b) the chip is placed on a 

microscope stage and connected to the perfusion system, where the cleaning procedure of the microchannels 

(Figure 3.14(c) is further assessed by the same procedure in the case of PDMS prototype described above. 

 

Figure 3.14 (a) Photo chip with orings before assembly, (b) Pfoto of the assembled chip in the microscope and (c) microscope 
image with zoom on the mixing microchannels, scale bar 500 µm. 

The micromixer installed on the microscope stage holder was connected to a five-head syringe pump and 

perfused with solution of DiI, DiD and pure solvent to perform the mixing of injected streams and further 

to evaluate the cleaning procedure. The process followed the steps described previously for the PDMS 

micromixer, whit a special focus on the final acetonitrile wash. The microchannels were imaged during the 

perfusion of dyes as well as after solvent flush. The signal intensity for DiI was measured for both steps at 

two different parts of the chip: right after the second junction of the inlet channels and in the middle of 

repeating mixing units, as demonstrated in the top and bottom row of Figure 3.15. The signal intensity of 

DiI fluorescence reached 8k and 10k in two peaks originating from two lateral streams preceding the mixing 

units and a maximum of about 7k in the middle of the mixing part. The intensity measured after the solvent 

flush dropped to 0.11-0.12k, what corresponds to the values before flowing of the dye solution as well as 

to the intensity values found in PDMS micromixer before perfusion of the fluorescent solution. On base of 

that it can be confirmed that there is no dye absorption and ACN washing cycle efficiently cleans residual 

dye and prepares the chip for further use. 
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Figure 3.15 Evaluation of washing procedure in the glass microfluidic mixer. Top row demonstrates intensity profile of DiI (red) 
measured during dye perfusion and after the ACN cleaning in the inlet junction. Bottom row represents intensity profile of DiI in a 
mixing unit during the dye perfusion and after the ACN cleaning. Post-cleaning intensity values demonstrate lack of absorption of 
the dyes. 

Formulation of NPs in glass micromixer – nanoprecipitation setup 

The glass micromixer was coupled to a HFF microfluidic chip to formulate NPs as it was done for the 

PDMS micromixer. The design of experiment was the same as for the PDMS chip, that can be consulted in 

Figure 3.11, specifically: batch with DiI (B) was formulated first, and then batch with both dyes (C), with 

DiD (D) and a batch without activation of dye loaded streams (A). ACN flush was executed between the 

batches to wash away residual dye. The size of NPs was measure with DLS indicating monodisperse NPs 

with diameter between 80-100 nm and further the dye encapsulation was imaged with TIRF microscopy as 

described before. Briefly, the color-coded NPs were imaged using two laser excitation wavelengths: 561 

nm and 647 nm corresponding to the excitation maxima of DiI and DiD, respectively and selected images 

presented in the Figure 3.16. In the formulation A (placebo) performed in the glass mixer setup, there was 

no signal detected neither for DiI channel, nor for DiD. This can indicate that the ACN flushes fulfilled the 

dye washing function and change of PDMS to glass helped to avoid undesired dye leaching. Further imaged 

and analyzed particles formulated in batches B – D reveal respectively the presence of DiI, both dyes and 

DiD, corresponding to the experimental design. Furthermore, the batch C, that contains NPs co-

encapsulating the two dyes shows correlating localizations between the image acquired with excitation at 

561 nm and 647 nm, what indicates successful and efficient process (Figure 3.16C). Looking closely at the 

Figure 3.16D it can be seen that there is some signal in the 561 nm excited field, suggesting that some DiI 

loaded NPs are present. This could be a small carry-over of DiI from the previous batch, that possibly could 

be avoided by prolonged ACN wash. 
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Figure 3.16 TIRF microscopy images evaluating the encapsulation of fluorescent dyes. In sample A (placebo, no dye) with few NPs 
detected in the wavelength corresponding to DiD, B (DiI loaded NPs) with a signal detected upon excitation with 561 nm laser, 
and for sample C (both dyes) and D (DiD) with the signal detected upon excitation with 561 nm and 647 nm laser, scale bar 5µm. 

3.6  Conclusions 

Microfluidic passive mixer design has been described in this Chapter with a special focus on a 

nanomedicine formulation. First the proposed design was prototyped in a cost-efficient manner, using 

photolithography and PDMS microfabrication to assess the mixing performance. The evaluation was 

performed using a solution of fluorescent dyes, which were later used as a model cargo of potential drug 

nanocarriers. The mixer design demonstrated good performance in a range of the tested flow rates. It was 

also connected with Nanoprecipitation chip (described in the Chapter 2) to demonstrate its applicability in 

the combinatorial formulation of color-coded monodisperse nanocarriers. Also, a cleaning procedure was 

probed, which unfortunately identified PDMS absorption issue that could not be eliminated in a simple 

manner. For this reason, the design and microfabrication were further outsourced to a company specialized 

in microfabrication of microfluidic chips in glass. The glass chips were created and equipped with 

standardized connectors. The mixing performance was maintained comparing to the PDMS prototype, 

furthermore the same cleaning procedure demonstrated that the glass, as a material, helped to eliminate the 

issue of dye adsorption occurring in PDMS. Glass turned out to be more suitable material of the microfluidic 

chip for NPs precursor mixing, especially that it opened the door to test other than acetonitrile solvents, 

which was previously selected as a compromise between polymer solubility and PDMS chemical 

compatibility. The glass micromixer incorporated into the NPs formulation platform demonstrated efficient 

mixing of five streams and improved control in dye encapsulation, comparing to the PDMS prototype. 
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3.7  Experimental section 

Solvent and antisolvent phase preparation for formulation of NPs 

Fabrication of the PDMS chip 

Hydrodynamic Flow Focusing (HFF) formulation 

Encapsulation of fluorescent compounds  

NPs characterization - Dynamic Light Scattering 

NPs characterization - Transmission Electron Microscopy 

Total internal reflection (TIR) fluorescence imaging  

See Chapter 2 

 

PDMS Layers Bonding 

The complementary layers were washed with soap, sonicated for 1 min. in EtOH and dried at 95degC on a 

hotplate for 10 min. In the next step they were plasma treated during 30 sec. at high RF level (Plasma 

Cleaner Harrick, PCD-002-CE) and moved under the microscope objective (Olympus, SZX2-ILLB). The 

layers were faced together with a droplet of 70% EtOH to facilitate the sliding and prevent immediate 

bonding. The alignment was manually performed with a pair of metal tweezers, following the matching of 

side channel guiding rectangles. The aligned layers were carefully placed onto a hot plate at 95degC for 30 

min to accelerate the liquid evaporation and further baked at 65degC for 24h in the oven (Selecta).
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Chapter 4| Real-time imaging of micelle stability in a 

microfluidic cancer-on-a-chip 
 

 

 

This chapter reproduces almost literally the article: Real-time Ratiometric Imaging of Micelles Assembly 

State in a Microfluidic Cancer-on-a-chip ACS Appl. Bio Mater. 2021, 4, 1, 669-681, Glinkowska Mares, 

A., Feiner-Gracia, N., Buzhor, M., Rodriguez-Trujillo, R.,Samitier Marti, J., Amir, R. J., Pujals, S., 

Albertazzi, L. My contribution to this manuscript was the execution of experimental part, design of 

experiments and writing the manuscript toghether with Feiner-Gracia N. Further, Pujals S. and Albertazzi 

L. supervised the work and contributed to experimental planning. Pujals S., Albertazzi L and Samitier 

Marti, J. provided periodic feedback on the results and reviewed the manuscript. Amir R. J. and Buzhor, 

M. synthesized and provided the micelles, as well as reviewed the manuscript. 

 

This chapter presents multidisciplinary approach to in vitro screening of drug delivery systems. We created 

a model of a tumor blood vessel in a microfluidic chip to recapitulate parts of 3D tumor microenvironmet. 

Further this microscopy-fiendly platform served as a screening device for stability and extravasation of 

fluorescent micelles with special optical properties. We compared obtained results with previously reported 

findings in 2D cell culture, revealing important differences between the two models. 
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4.1  Introduction 

Supramolecular nanocarriers, such as liposomes or micelles, are broadly investigated as potential drug 

delivery systems (DDS) for cancer therapy 2, 3. Since Doxil, a liposome-encapsulated Doxorubicin, was 

approved in 1995 4, the therapeutic efficacy of many nanosystems with different chemical features have 

been tested. However, low accumulation of the nanoparticles (NPs) in the solid tumor is still a major issue5 

and one of the key reasons for failures in clinical trials. One of the main challenges with the use of 

supramolecular nanocarriers is to control their assembly-disassembly equilibrium, which determines in vivo 

success. The exposure to physiological environment affects the properties and decreases the number of fully 

assembled NPs arriving  to the target site 6. Therefore, it is important to design nanosystems that are stable 

once injected into the body, and “smart” to free up the cargo when the target is reached. 

Right at the injection site, the NPs are subjected to a high dilution, interactions with serum proteins and 

shear stress in a blood vessel, which favors their disassembly and leads to premature drug release into the 

blood stream, causing systemic cytotoxicity or uncontrolled drug distribution 7, 8, 9. Internal walls of blood 

vessels are layered with endothelial cells (ECs), connected by characteristic tight junctions, which create a 

physical barrier, allowing the diffusion of small molecules only 10. Interactions with ECs membrane, upon 

NPs extravasation, can further compromise their stability. Nowadays, most of nanoparticles-based drug 

delivery systems (DDS) rely on the enhanced permeability and retention (EPR) effect11. During EPR the 

endothelial junctions are impaired, creating gaps that allow larger molecules to leave the systemic 

circulation 12, thus opening an escape route for the NPs 13. Particles able to extravasate through the “leaky” 

endothelial barrier (EB), arrive to the extracellular matrix (ECM) and the cancer cells. The ECM can differ 

in pH and shear stress comparing to the blood vessel 14 and its components can affect the NPs assembly 

equilibrium 6. The predictability and understanding of the stability of supramolecular assemblies within 

these changing conditions, can pave the way to an improved design of nanosystems to be translated into the 

clinics.  

Due to the difficulties in real-time monitoring of NPs in physiologically relevant milieu many aspects are 

not addressed when screening DDS candidates. Recently, a Förster Resonance Energy Transfer (FRET) 

approach was used to follow the disassembly of supramolecular structures in blood serum 15–18, and in 

animal models 19, by encapsulation or covalent attachment of a FRET fluorophore pair into one micelle. In 

our recent work we employed PEG-Dendron amphiphiles that were functionalized with a spectral-shifting 

coumarin to track the stability of micelles in serum and cells 20. These micelles can self-report their 

disassembly by the change of their fluorescent spectrum to the intrinsic emission of the labeling coumarin 

dyes. The change in assembly can be detected in complex media using spectral imaging, enabling the NPs 
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stability study in space and time. Nevertheless, the in vitro assays consist mainly of 2D systems, which 

despite of being high throughput and rapid, do not provide complete information reflecting the in vivo 

conditions 21. In the last years microfluidic 3D models have been extensively used to study cancer cells 

migration 23–26, vascularization and angiogenesis 27–30, EB permeability 31–33, impact of 3D cell architecture 

34–36 and tumor penetration 35,37–39. Recently, more complex blood vessel models have been designed in 

order to assess the differences in nanoparticles permeation in various conditions 14,31,32,40,41, demonstrating 

an impact of cancer cells on the endothelial permeability. However, in majority of them only the intervals 

or end time point of nanoparticles incubation are reported, lacking the important time-resolved information. 

Herein, we address this challenge by combining a real-time spectral confocal imaging of polymeric, self-

reporting micelles which are perfused through tumor blood vessel model in a cancer-on-a-chip platform, to 

map their stability when encountering biological barriers. By evolving conventional 2D studies into more 

adequate 3D models 34,42,43 we aim to expand our previous work 20 and provide additional screening before 

use of animal models 22,44–46.  
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4.2  The system: amphiphilic PEG-dendron micelles and cancer-on-a-chip 

Three amphiphilic PEG-dendron hybrids, differing by their lipophilic end-groups in the hydrophobic block, 

were synthesized and characterized following the previously reported methodology 20,47, the structures are 

shown in Figure 4.1a. The amphiphiles were labeled with a responsive dye, 7-diethylamino-3-carboxy 

coumarin, which forms an excimer when the hybrids self-assemble into micelles, resulting in a red-shift of 

the dye emission spectra, allowing to discriminate the assembled state from the disassembled state, as 

shown in Figure 4.1a. The responsive properties of these micelles, studied in presence of serum proteins, 

HeLa cells and at physiologically relevant temperature (37⁰C), have been previously demonstrated 20. Here 

we study the stability of these nanostructures in a cancer-on-a-chip platform and compare the results to the 

previously reported behavior in 2D cell culture.  

In the cancer-on-a-chip model we recapitulate the four important barriers that the micelles will have to 

overpass when injected into the body: 1) the flow of the blood vessel model; 2) the endothelial barrier; 3) 

the ECM, and 4) the tumor spheroid (Figure 1b). To recreate this environment in a microfluidic platform 

we used the 3D cell culture chip developed in Kamm’s Lab and currently available commercially 48. It 

consists of 3 microfluidic channels: the central channel of 1.3 x 0.25 mm (w x h) and the two lateral media 

channels of 0.5 x 0.25 mm (w x h), as represented in Figure 4.1c. The middle channel is separated from the 

two lateral channels by rows of triangular microposts distant by 100 µm from one another, as shown in 

Figure 4.1c and f. These posts are designed to contain the unpolymerized gel (spheroids + collagen) in the 

central channel, by ensuring adequate surface tension, preventing gel leaks. In our model, one of the lateral 

channels represents the blood vessel and the middle channel recreates the ECM with embedded tumor 

spheroids as in the Figure 4.1d. Human Umbilical Vein Endothelial Cells (HUVECs) seeded in the lateral 

channel, lined it and formed a lumen-like geometry, creating a vertical endothelial wall on the collagen gel 

scaffold (Figure 4.1e and f).  
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Figure 4.1 Schematic representation of the model. a, Molecular structure of the amphiphilic PEG−dendron hybrid polymers (left). 
Fluorescence emission graph for micelle-monomer equilibrium (right). In magenta monomer (fully disassembled structure) and in 
green (fully assembled) micelle. b, Schematic illustration of the Top View of the model, with the reconstructed barriers marked as 
(1-4), two main regions (A. blood vessel channel and B. ECM model), and a cross-section indicated by dashed line for the projection 
of figure 4.1e, c, 3D drawing of the microfluidic chip, including inlets and outlets of each channel. A and B indicate two main 
compartments of the model: the blood vessel and ECM and the dashed-line marks area for the projection of the view in figure 
4.1d. d, Top view illustration of the microfluidic chip indicating the localization of the blood vessel model channel (A) and the ECM 
model (B). The channel A is under continuous perfusion as schematically represented e, Cross-section illustration of the model (A 
and B – blood vessel/ECM model channels, respectively) and the scheme of the real-time imaging setup. f, Zoom into the 3D 
representation (from fig. 4.1c) showing the perspective of the channels before and after the complete model reconstruction. It 
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illustrates how HUVECs line the blood vessel model channel covering the pillars and the collagen gel scaffold, forming a vertical 
endothelial barrier.  

The created EB separates the inner lumen of the blood vessel model from the ECM channel, where we 

embedded preformed HeLa spheroids into the Type 1 Collagen Gel (Figure 4.1f). The co-culture of 

endothelial and cancer cells in the same systems adds complexity to the model, therefore, growth kinetics 

of HeLa cells and HUVECs were evaluated to determine the optimal medium for the healthy growth of 

both cell lines (Figure 4.2). Overall, we recreated elements of tumor microenvironment in cancer-on-a-chip, 

where micelles stability can be evaluated during unidirectional perfusion through the blood vessel model 

channel. The parallel channel geometry of our platform enables continuous imaging of the nanocarrier 

interactions with the indicated barriers, as represented in Figure 1e. Once the tumor blood vessel model was 

recreated (continuously perfused with cell culture medium at 37⁰C and 5%CO2), the chip was placed in an 

optical confocal microscope, at 37⁰C and reconnected to the perfusion system to track the assembly state 

of Hybrids 1-4 (see representation in Figure 4.1e)  

.

Figure 4.2 Growth kinetics of HUVECs and HeLa. a, HUVECs were seeded in a 96 well plate at a density of 2500 cells/well and 
incubated with three different media types: DMEM medium supplemented with 10% FBS (which is used for HeLa cell monoculture) 
and Promocell or Millipore media optimized for HUVECs. PrestoBlue cell viability test was performed after 1, 3 and 4 days of 
incubation. The absorbance at 570 nm is plotted as a function of time. HUVECs did not grow in DMEM medium but they grew 
similarly using both HUVEC optimized media. b, HeLa cells were seeded at a density of 2500 cells/well in a 96 well plate and 
incubated with the two HUVEC media to decide which was the optimal for HeLa grow. PrestoBlue cells viability test was performed 
after 1, 3 and 4 days. The graph shows the absorbance intensity as a function of time. HeLa cells growth kinetic was similar using 
both media. Every condition was performed in sextuplicate, error bar represents S.D. between wells 
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4.3  Characterization of reconstructed barriers in microfluidic cancer-on-a-chip model 

To validate our model, first we characterized the formation of an endothelial barrier created in the lateral 

channel. The magnified transmission image of the blood vessel channel and adjacent ECM channel with 

embedded HeLa spheroid (Figure 4.3 and 4.4) demonstrates the complete, prepared chip after 3 days of 

unidirectional medium perfusion. HUVECs are present in both: the upper and lower plane of the blood 

vessel model, as shown in the transmission images of Figure 4.4b and the formation of confluent endothelial 

monolayer lining the lumen was further validated by fixing and staining the cells, as shown in confocal 

image in Figure 4.4c-d, where actin (red), nucleus (blue) and formation of tight junctions (green) can be 

observed. The endothelial cell to cell contact results in the expression of zonula occludens-1 (ZO-1) protein, 

which is essential to form these junctions in a healthy endothelial barrier 49. Moreover, 3D reconstruction 

of confocal imaging demonstrates the presence of the EB between the microposts, on the gel scaffold 

(Figure 4.4d), physically separating the lumen of the vessel from the ECM channel, mimicking the in vivo 

barrier. Additionally , HUVECs exhibited the alignment parallel to the flow direction, as a result of the 

shear stress present in the lumen 50,51 (Figure 4.4e). In contrast, cells cultured in static conditions shown 

random filament organization, as observed previously 52. Finally, we tested the structural integrity of the 

HUVECs barrier by measuring the retention of fluorescently labeled 10 kDa Dextran, continuously 

perfused through the endothelialized channel. The fluorescence signal was detected in the lumen of the EB 

channel but not in the collagen gel (Figure 4.4f) indicating proper functionality of the endothelial barrier. 

However, a low gradual penetration of the Dextran into the ECM was observed after 30 min. (Figure 4.5), 

similarly to other reported studies 48,53–55. Altogether, these measurements indicate the formation of a 

functional EB with good structural integrity.  

Figure 4.3 HUVECs monolayer formation. Cell growth in the microfluidic chip after 2 hours, 24 hours and 72 hours. Magnified 
image of the lateral channels (left hand side from the triangular posts) where HUVECs were seeded to form the blood vessel 
model and part of the gel channel (right hand side from the posts). Distance between triangular posts is 100 µm.  
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Figure 4.4 Functionality of the endothelial barrier model. a, Transmission image showing complete tumor blood vessel-on-a-chip 
model with HUVECs lined lateral channel (left part of the chip) and adhering ECM model channel (right) with gel embedded HeLa 
spheroid. Scale bar 200 µm, b, Transmission image of the lower and upper plane of the blood vessel model covered with confluent 
HUVECs monolayer. Scale bar 100 µm, c, Confocal image of HUVECs confluent monolayer (red: Phalloidin, blue: Hoechst, green: 
ZO-1). Scale bar 20 µm, d, 3D reconstruction of confocal image of vertically grown HUVECs layer on the scaffold of collagen gel 
between the chip’s microposts (red: Phalloidin, blue: Hoechst, green: ZO-1), scale: axis ticks separation 40 µm, blue triangles 
represent base of the microposts, e, Confocal images of actin stained (green) HUVECs in static (upper image) and perfused (lower 
image) blood vessel model channel and graph of actin filaments organization, demonstrating alignment under the flow and 
random orientation in static culture. f, Epifluorescent microscopy 3D reconstructed image of continuously perfused 10 kDa Dextran 
through the endothelialized blood vessel model channel at a time point 10 min. Scale bar 150 µm.  
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Figure 4.5 Snapshots of continuous perfusion of 10 kDa dextran through blood vessel model channel. 3 time points have been 
selected to show the HUVECs barrier functionality, from left to right: 5 minutes, 15 minutes and 30 minutes. Scale bar 100 µm. 
The graph below quantifies the mean fluorescent intensity of the image in each position, we can see that at time 5 minutes the 
dextran did almost not cross trough the HUVECs barrier, while in time some of the molecules cross, still the intensity in the ECM 
model channel is much lower than the one of the blood vessel model perfused channel. 

 

Finally, we characterized the ECM central channel with gel embedded HeLa spheroids. The transmission 

microscopy allowed to observe the 3D spheroid conformation (Figure 4.6a) recapitulating aspects of 

geometry present in physiological conditions. This arrangement implies less available surface area per cell, 

than in 2D cell culture models, it also alters cell proliferation rate and its overall functionality 21,35,56. The 

growth of prefomed spheroids, co-cultured in the perfused chip together with HUVECs is demonstrated in 

figure 4.6b. The spheroids with size of 100± 50 µm were introduced into the chip, and after 3 days of 

culturing they grew on average by 220% of their initial size, as shown in graph of Figure 4.6c. HeLa 

viability was confirmed with a live/dead staining assay, revealing that the cells were viable throughout the 

spheroid after 3 days of culture (Figure 4.6d), indicating good nutrients and oxygen diffusion. Given the 
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size of our spheroid after 3 days, we expected to observe high viability, as the phenomena of necrotic core 

development is reported in the spheroids beyond 500 µm diameter 57–60. 

Overall, we adapted a microfluidic platform to a 3D dynamic tumor microenvironment, including a 

perfusable blood vessel model, and cancer cells conformed into spheroid. 

 

Figure 4.6 a, Transmission image of collagen gel-embedded HeLa cells conformed into 3D spheroid. Scale bar 50 µm, b, 
Transmission images demonstrating proliferation of a gel-embedded spheroid from the preparation up to 3 days in perfused 
culture. Scale bar 100 µm, c, Graph demonstrating size progression of gel embedded spheroids after 1 and 3 days of perfused 
culture, calculated on base of diameter measured in 10 different chips, average with standard error bars, d, Confocal image of 
stained HeLa spheroid with calcein (live cells: green) and Propidium iodide (dead cells: red). Scale bar 50 µm. 

4.4  Increased extravasation of micelles is induced in tumor blood vessel chip 

Having established our tumor blood vessel-on-a-chip model, we investigated the ability of the micelles to 

penetrate the EB into the ECM channel. Previous studies using microfluidic models reported enhanced 

permeability of endothelial cells when exposed to specific molecules, such as TNF-α 40 or when co-cultured 

with cancer cells 32, leading to the formation of “leaky vessels”, representing one of the features of the EPR 

effect. However, most of these microfluidics models were used for studying only the selected or final time 

point of nanoparticles penetration. Herein, taking advantage of the characteristics of the chip, we could 

continuously monitor the perfusion of our micelles in three different experimental conditions: i) no 

HUVECs (non-endothelialized lateral channel) as negative control; ii) HUVECs barrier (healthy 

endothelialized blood vessel model), and iii) HUVECs barrier with HeLa spheroids embedded in the ECM 

(tumor blood vessel model).  

First, we tested the micelle ability to cross the EB, perfusing the hybrid 1 into the three models (i-iii) and 

quantifying the fluorescence intensity, in the blood vessel model and ECM part, as plotted for the i-iii in 
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Figure 4.7a. A constant amount of the fluorescence was immediately detected in the collagen gel in case of 

lack of the EB (i), what demonstrates that our NPs freely diffuse through the ECM 6. In contrary, the 

majority (>90%) of hybrid 1 was retained in the healthy blood vessel model channel (ii) for more than 30 

min. of continuous perfusion. Meanwhile, a gradual diffusion of the hybrid into the ECM was observed in 

the tumor blood vessel model (iii). These results indicate that the HUVECs monolayer in the healthy model 

fulfills the barrier function and limits the hybrid penetration into the ECM. However, this function is 

affected by presence of HeLa spheroids in the gel. Our observations resemble experiments performed by 

Tang and co-workers where co-culture of cancer endothelial cells with breast cancer cells increased the 

permeation of nanoparticles through the EB 32. 

Interestingly, we hypothesized that the ~10% of the hybrid detected in the ECM of the healthy model (ii) 

could origin from the infiltration of the monomer (disassembled form ~6-7 kDa, assembled micelle ~20 

nm), considering the healthy EB permeability 48,61. To investigate this further we perfused hydrophilic 

hybrid 4, which has four hydroxyl end-groups (does not self-assemble into micelles)20, into the same 3 

models (i-iii) as hybrid 1. As expected, the Figure 4.7b shows that the monomer penetrated instantly the 

ECM in the control (i) and the cancer (iii) models, but also some infiltration into the ECM was observed in 

the healthy (ii) one. Specifically, HUVECs barrier partially retained the monomer for 25 minutes of 

continuous perfusion, limiting its concentration in the gel to less than 40% of its intensity in the perfused 

channel. It is worth noting that after 5 minutes of perfusion, the hybrid 4 could already be detected in the 

gel of the healthy blood vessel model (Figure 4.8). However, the penetration into the ECM was far more 

significant and immediate in HeLa cells co-cultured model. Overall, we hypothesize that the monomer form 

can gradually cross into the ECM region of the healthy blood vessel model due to its small size, permitting 

the paracellular transport. We visually determined the morphological effect of co-culturing cancer cells on 

the structural integrity of the endothelial monolayer, to understand if a loss of EB integrity was the reason 

of the increased micelles permeation into the ECM in the cancer model. Tight and adherent junctions are 

the crucial structural elements formed between endothelial cells, regulating paracellular diffusion and 

restricting the permeation of molecules bigger than ~2 nm 62. 
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Figure 4.7 Extravasation of PEG-dendron hybrids in non-endothelialized, healthy and cancer models. a, Confocal image of hybrid 
1 extravasation in a (i) control chip (no EB), (ii) a healthy model and (iii) cancer model. The images show emitted intensity between 
446-700 nm, which include both: the monomer and micelle signal. Scale bar 100 µm. Quantification of the normalized micelle 
fluorescence intensity measured in a rectangular area between 2 neighboring posts, indicating the penetration from the blood 
vessel model channel into the ECM part, plotted for the i-iii) models. Vertical dotted line indicates the localization of the EB b. 
Confocal image of hybrid 4 (monomer) extravasation in the 3 corresponding models. Scale bar 100 µm. Quantification of the 
normalized monomer fluorescence intensity, measured in a rectangular area between 2 neighboring posts, indicating the hybrid 
4 penetration from the blood vessel model channel into the ECM part, plotted for the i-iii) models. Vertical dotted line indicates 
the localization of the EB, c, Confocal image of HUVECs monolayer lining the healthy (left) and cancer (right) blood vessel channel 
model. Actin (red) and ZO-1 (green). Scale bar 20 µm. Quantification of the fluorescence intensity over the 2 marked rectangular 
areas indicated in the images (on the left). The spikes in the healthy model (yellow) originated from higher expression of ZO-1 in 
contrast to lower expression in the cancer model (green). 
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Figure 4.8 Extravasation of hybrid 4 (6-7 kDa) in healthy model already occurs after 5 minutes of continuous perfusion. A 
healthy blood vessel model was prepared and hybrid 4 was flow for 25 minutes to study its extravasation a. Confocal images of 
the hybrid 4 being flow through the blood vessel model channel at 5 and 25 minutes. In the images the perfused channel (right) 
and part of the ECM model (left) can be observed. Look-up table “fire” is used for visualization purposes b. Plot profile of a 
horizontal line across each image showing the intensity detected in each position. After 5 minutes of perfusion the hybrid was 
detected in both: the gel and the lateral channel, however the intensity in the gel channel was only 15% comparing to the blood 
vessel model channel, while after 25 minutes it raised to 40%. 

To confirm that the enhanced permeability of the EB in our model was induced by the presence of HeLa 

spheroids, we prepared the chips as mentioned previously and after 3 days of medium perfusion the cells 

were fixed, ZO-1 protein stained and quantified as shown in Figure 4.7c Figure 4.9. ZO-1 was clearly and 

uniformly expressed between HUVECs of the healthy model, however, the expression was reduced in the 

HeLa spheroids co-cultured model. It indicated that cancer cells impacted the HUVEC cell-cell interaction 

and the tight junction formation, therefore explaining the enhanced permeability in our cancer models. 

Similar findings were reported by Kaji et al. 63, where HUVEC and HeLa co-culture affects the endothelial 

cells growth through the direct cell-cell contact as well as transmission of information via culture medium 

(paracrine communication). In that study the cytokines excreted by HeLa repulsed HUVECs and released 

reactive oxygen species, which lead to malfunction and death of HUVECs, resulting in leakiness of the EB. 
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However, it is worth noting that in our study there was a certain heterogeneity in the permeation of micelles 

out of the tumor blood vessel model. We observed that small variations in the number of spheroids (or their 

distribution) affects the EB retention capacity, potentially resulting in a variable concentration of signaling 

molecules (see Supporting Discussion). These observations may be reflecting one of the key features of the 

EPR effect, of which the heterogeneity has been extensively discussed recently, and attributed to the stage 

of the diseases 64.  

 

Figure 4.9 a, Confocal images of ZO-1 expression in the HUVECs monolayer lining the healthy and cancer blood vessel model 
channel. Scale bar 50 µm. b, Ratio of ZO-1 expression in the membrane of the cells (tight junction formation) compared to the 
intracellular expression. 5 different images of 2 different chips were analyzed, where 6 membrane ROIs and 6 intracellular ROIs 
were defined. The mean intensity of the 6 ROIs of the membrane was divided to the mean intensity of the intracellular ROIs. The 
graph shows the mean ratio ± s.d. of the 5 analyzed images. 

4.5  Time- and space-resolved micelle stability revealed in 3D tumor microenvironment 

model 

The aim of our work was to study the stability of our micellar systems when introduced into the microfluidic 

3D model. Previously the micelles and monomer were detected in the presence of serum proteins and their 

internalization pathway identified thanks to their self-reporting capabilities compatible with confocal 

fluorescence microscopy 20. Herein, we hypothesized that the added complexity and dynamicity of the blood 

vessel model may induce premature disassembly due to multiple interactions. To evaluate these critical 

interactions, we continuously perfused micelles of hybrid 1 (the most stable system), in full culture medium 

at 15 µL/min and 37ºC into the blood vessel model channel. During perfusion, we continuously monitored 

the micelles’ stability in key regions: the blood vessel model channel, the endothelial barrier, the ECM and 

the HeLa spheroids, providing real-time stability information as shown in Figure 4.10. 
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Figure 4.10. Space and time-resolved stability of hybrid 1. Representative images, selected from the 10 repetitions of experiments 
within hybrid 1 in the tumor blood vessel model. a. Ratiometric confocal images of real-time monitored micelle (green) and 
monomer (magenta) at reconstructed barriers (1 - blood vessel model channel, 2 - HUVECs barrier, 3 - ECM and 4 - HeLa Spheroid) 
during continuous perfusion of the hybrid 1, scale bar 15 µm. Relevant time points were selected for representative purposes. b. 
Time-resolved intensity of fluorescence signal (A.U) originating from the sum up of both micelle and monomer channels at each 
barrier (1-4) of the presented images. c. Normalized ratio of fluorescence signal between micellar and monomer form monitored 
in time at different barriers. Green dashed line indicates the ratio of fully formed micelles in equilibrium and the magenta dashed 
line indicates the ratio of fully disassembled (monomer) form. 

In the first minutes of perfusion fluorescence was detectable only in the blood vessel model channel 

(Figures 4.10a and b) and indicated the presence of assembled micelles (Figure 4.10c). Hybrid penetration 

into the depth of the ECM was observed over time. After 15 minutes of continuous flow the hybrid started 

to reach the EB, and we could observe that the disassembled form prevailed in passing through the wall and 

entering the ECM by detecting the monomer emission (magenta). After 25 minutes we observed the 
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assembled form traversing the EB, while the deep penetration into ECM was still achieved mostly by the 

disassembled polymers. This observation could be attributed to two factors: i) the micelles progressively 

overcame the endothelial barrier or ii) the monomer form, which entered the ECM through the EB 

previously, accumulated and reached the critical micelle concentration (CMC), re-assembling into micelles. 

Figure 4.10b demonstrates that both, micelle and monomer, coexist at the EB and in the ECM with the 

mean ratio 0.6 and 0.4 respectively. The assembled structures were detected in the surroundings of the 

spheroids after more than half an hour of the continuous perfusion. Surprisingly, after 1 hour we observed 

only weak penetration of the hybrid 1 into the depth of the HeLa spheroids, similarly to 2 hours of constant 

perfusion (Figures 4.11 and 4.12). In our previous 2D cell internalization studies the hybrids were detected 

inside the cell already after 10 minutes, meanwhile in the current work, only a small fraction of the 

disassembled form was detected in the outer layer of the spheroid. Interestingly, we observed a stabilization 

of monomer/micelle equilibrium in the monitored regions after 1h from the beginning of the perfusion, 

except for the spheroid area. Hybrid 1, detected as a monomer in contact with HeLa cells, was a contrasting 

observation comparing to our previously reported internalization behavior in 2D cell cultures, where the 

assembled hybrid 1 was taken up by HeLa cell via endocytosis, and its disassembly progressed in time 20. 

This discrepancy can be attributed to the spheroid form of the HeLa, promoting different endocytosis 

process, favored in the new 3D cells confluency and conformation. Other works, highlighting the 

importance of going beyond 2D cell culture models, investigated the penetration of nanosystems into tumor 

spheroids as a function of nanocarrier size, shape, charge and functionalization 37,65,66. Likewise, the 

penetration of cross-linked and non-cross-linked micelles has been compared, showing an improved result 

for the cross-linked (more stable) ones 67–69. Therefore, we hypothesized that the lower spheroid penetration 

in our model can be caused by a premature disassembly in the periphery of the spheroid leading to a 

different outcome than reported in the 2D static monoculture. It underlines the importance of model 

selection in rational evaluation and optimization of supramolecular for drug delivery. 

 

Figure 4.11 Space resolved stability of hybrid 1 after 2 hours of continuous perfusion through the blood vessel model channel. 
Ratiometric confocal images of real-time monitored presence of micelle (green) and monomer (magenta) at reconstructed barriers 
(1 - blood vessel model channel, 2 - HUVECs barrier, 3 - ECM and 4 - HeLa Spheroid). Scale bar 20 µm. 
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Figure 4.12 Penetration and stability of hybrid 1 in the HeLa spheroids after 2 hours of continuous perfusion throught the blood 
vessel model channel. Ratiometric confocal images of real-time monitored presence of micelle (green) and monomer (magenta). 
a. Z-stack images of spheroid 1 b. Z-stack images of spheroid 2 c. Z-stack images of spheroid 3. Scale bar 20µm 
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4.6  Stability of hybrids dictates their infiltration/extravasation 

Finally, we investigated the interplay between molecular structure, micellar stability and their ability to 

extravasate. Therefore, we compared the stability of three hybrids, with decreasing length of the 

hydrophobic end-groups, from hybrid 1 to hybrid 3. In our previous 2D studies we demonstrated that the 

hybrid 1 was stable in the presence of serum proteins and upon dilution, meanwhile the stabilities of hybrid 

2 and 3 were similar when diluted with serum, however, their disassembly kinetics were significantly 

different. While hybrid 3 disassembles rapidly upon dilution, hybrid 2 needed hours to reach the 

equilibrium. 

To understand how these differences in thermodynamics and kinetic stability are reflected in a more 

complex model, we perfused each hybrid solution (in full culture media) through the blood vessel model 

channel during at least 30 min. In Figure 4.13 we show representative images, demonstrating observations 

for the sets of hybrid – cancer model experiments, where an individual chip was perfused only with one 

hybrid. We chose two different areas of each chip-hybrid set, taking as the selection criterium the distance 

of the HeLa spheroid to the HUVECs barrier, to illustrate the different behavior we observed. HeLa 

spheroids less than 400 µm from the EB were considered as “close” to HeLa and EB regions at a radius of 

at least 1 mm were considered as regions “far” from HeLa, as reported in the Figure 4.13 and Figure 4.14. 

We observed extravasation of all hybrids 1-3 through the EB when HeLa spheroids were located close to 

HUVECs (Figure 4.13b). However, in the distant regions (far HeLa) only hybrid 3, (which has the least 

hydrophobic dendron), was able to significantly extravasate to the ECM. Thus, we concluded that the 

endothelial barrier “leakiness” can be heterogenous, depending on the amount, distance and distribution of 

tumor spheroids in the ECM. 

Monitoring stability of these three hybrids (Figure 4.13a and c), was based on the ratios between the emitted 

intensity of the coumarin dye at 480 nm and 550 nm (the disassembled and assembled state respectively). 

The hybrid 1 appeared as a micelle in the blood vessel model channel, with mean ratio of fluorescence 

signal between the both forms equal to 1 (indicative of the micelle), while slight disassembly of hybrid 2 

and significant disassembly of hybrid 3 were observed, with mean ratios of 0.8 and 0.5 respectively. Our 

previous study showed that hybrid 2 and 3 were slightly unstable in presence of serum proteins, but their 

degree of disassembly based on the fluorescent ratio was equal. Therefore, we hypothesized the enhanced 

disassembly of hybrid 3 is not only due to interactions with serum proteins but also caused by the perfusion. 

This result indicates that the flow-induced shear stress can drastically affect the stability of supramolecular 

nanocarriers. 
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Figure 4.13 Stability of hybrids 1-3, perfused through a tumor blood vessel models with different EB distance to the HeLa 

spheroid (close: < 400 µm, far: > 1 mm). a. Ratiometric confocal images of the different hybrids perfused through the chip in two 

regions. Hybrid 1 and 2 are shown at 2 different time points: less than 15 minutes and after 30 minutes of continuous perfusion, 

hybrid 3 demonstrated at one time point, due to its rapid penetration through the EB. Scale bar 75 µm. b. Summed up fluorescence 

intensity originating from the monomer and the micelle channels. Intensity was measured in the blood vessel model channel and 

in the ECM region c. Normalized ratio of fluorescence signal between micellar and monomer form for each hybrid and in each 

region. Green dashed line indicates the ratio of fully formed micelles in equilibrium and the magenta dashed line indicates the 

ratio of fully disassembled (monomer) form. 

Further, we monitored the stability of each hybrid at the previously defined barriers and observed significant 

differences among them. Interestingly, in regions far from spheroids only the monomeric form of hybrid 3 

was able to efficiently extravasate. This phenomenon could occur due to the increased disassembly of the 

micelle in contact with the HUVEC barrier, which allowed the monomer to i) paracellularly extravasated 

due to its small size or ii) transcellularly cross the EB. In contrast to that, hybrid 3 crossed the EB in the 

semi-assembled state in the regions close to HeLa (as it appeared in the blood vessel channel), probably 

due to the disappearance of the tight junctions in the HUVEC barrier. On the other hand, th extravasation 

of hybrid 2 in regions close to HeLa had a time dependent response; first only monomer crossed the EB 
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and the micelles were detected in the ECM after more than 30 minutes. Finally, we observed that hybrid 1 

behaves similarly to the hybrid 2, where monomer molecules extravasated first, followed by the later 

penetration of the assembled micelles. Interestingly, while hybrid 2 and 3 accumulated in the endothelial 

barrier only as a monomer, hybrid 1 monomeric form accumulated at the EB only in areas far away from 

the HeLa cells. Previously, in 2D cell culture, hybrids 3 and 2 internalized as monomer and the hybrid 1 

internalized as a micelle and disassembled over time 20. Overall, we could correlate the interplay between 

stability of the micelles and their performance in a 3D model, as well as their ability to extravasate and 

reach the cancer cell regions. 

 

Figure 4.14 Transmission images of cancer model chip and corresponding ratiometric image, describing “far” and “close” selection 
criteria, referring to the distance of HUVECs barrier to the nearest gel embedded HeLa spheroid. Scale bar stitched image 200 µm, 
scale bar zoomed in image: 100 µm. If HeLa spheroids are closer than 400 µm we considered the region as “close” to HeLa. In 
contrast, if HeLa spheroids were at a distance larger than 1 mm we considered the region as “far” from HeLa. Yellow (upper) 
dashed squared area demonstrates studied EB in “far” zone, and green (lower) dashed area represents studied EB in “close” zone. 
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4.7  Conclusions 

In the present work, we combined the spectral confocal imaging and a microfluidic cancer-on-a-chip model 

as a new approach to study the stability of supramolecular nanocarriers. The fluorescence properties of our 

micelles allowed tracking their assembly state across the changing conditions of the reconstructed elements 

of tumor microenvironment. 

The results show the formation of functional endothelial barrier in a lumen of the blood vessel model and 

appearance of leaky vasculature in the co-culture with cancer cells. The permeable endothelial wall displays 

heterogeneity, dependent on the number and distance of HeLa spheroids, resembling to some extent the in 

vivo pathologies of many tumors. 

We obtained a precise and direct information about the performance and stability of the micelles in each of 

the barriers, thanks to the time and space-resolved imaging. We reported the ability of the most stable 

hybrids 1 and 2 to extravasate from the blood vessel model as assembled micelles, while the shear stress 

and interactions with the EB induced disassembly of the hybrid 3. Therefore, we believe these two micelles 

are the best candidates to be used as DDS in vivo. However, we observed the loss of stability of hybrid 1 in 

proximity of the spheroids, as well as, a poor penetration into its depth, which indicates a need for 

improvement to achieve good in vivo efficacy.  

Our approach, combining spectrally responsive supramolecular structures with a cancer-on-a-chip platform 

has the capacity to provide new knowledge about nanoparticles performance, stability and accumulation in 

tumor, which is essential to bridge the gap between in vitro and in vivo testing of new drug delivery systems. 

  



119 
 

 

4.8  Experimental section 

Microfluidic device and setup 

Microfluidic 3D culture chip DAX-1 (AIM Biotech) was used as a platform to reconstruct tumor 

microenvironment (blood vessel model channel and ECM with embedded spheroids). LUC-1 connectors 

(AIM Biotech) were used to connect the chip inlets with luer connector ended PTFE tubing to facilitate the 

continuous perfusion. The other end of the tubbing was connected to a syringe placed in a double syringe 

pump (Nexus Fusion 200) and filled with HUVEC (EndoGRO, Millipore) basal medium, used to constantly 

perfuse the chip for 48 – 72h. 

Cells and reagents 

Human Umbilical Vein Endothelial Cells (Promocell) were used to recreate blood vessel lining in the blood 

vessel model channel and HeLa cells were used in to create tumor spheroids. HUVECs were cultured in 

EndoGRO Basal Medium (Millipore) supplemented with SCME001 kit (EndoGRO-LS Supplement 0.2%, 

rh EGF 5 ng/mL, Ascorbic Acid 50 µg/mL, L-Glutamine 10 mM, Hydrocortisone Hemisuccinate 1 µg/mL, 

Heparin Sulfate 0.75 U/mL, FBS 2%) and penicillin/streptomycin 1% (Biowest). HeLa cells were cultured 

in Dulbecco’s Modified Eagle Medium (DMEM, as received with L-Glutamine, 4.5 g/L D-glucose and 

pyruvate, Gibco) supplemented with FBS 5% (Gibco) and penicillin/streptomycin 1% (Biowest). HUVECs 

were cultured in 75 cm2 flasks and HeLa in 25 cm2 flasks at 37⁰C and 5% CO2. Cells were harvested using 

trypsin-EDTA (0.25%, Gibco) when reached 70-80% confluence. 

Cell culture in the Microfluidic device   

Collagen gel at concentration of 2.5 mg/mL was prepared, introduced and polymerized according to the 

general protocol v5.3 (AIM Biotech). In brief, Rat tail collagen Type I (Corning Life Science) was mixed 

on ice with 10x PBS (Sigma Aldrich) and Phenol Red (Sigma Aldrich), and pH of the mixture was adjusted 

to 7.4 using 0.5 M NaOH (NaOH in pellets PanReac dissolved in MiliQ water), final volume was adjusted 

with MiliQ water (for healthy model) or with suspension of HeLa clusters (for cancer model). 

For preparation of cancer model microfluidic chip HeLa cells were seeded into 96-well ultra-low 

attachment plate (Corning) at 0.5 – 1.5 k cells/well and cultured for 72 ± 24h. Formed cell spheroids were 

harvested, centrifuged and resuspended in previously prepared collagen gel, resulting in few clusters (of 

100 ± 50 µm) per 10 µL of the gel at the concentration of 2.5 mg/mL. Prepared collagen was inserted into 

the central channel of 3D culture chip and allowed to polymerize during 30 min. at 37⁰C and 5% CO2. After 
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gel polymerization one of the lateral channels was prepared for HUVECs culture, by coating the channel 

with 50 µg/mL fibronectin (FN) from bovine plasma (Sigma Aldrich) during 2h at 37⁰C and 5% CO2. 

Remaining lateral channel was filled in with DMEM (HeLa culture medium) and closed using luer caps. 

After the incubation time, the FN was washed away using 1x PBS (Gibco) and EndoGRO HUVEC medium. 

HUVECs were seeded in the prepared lateral channel at a density of 2.5-3.5M cells/mL. The 3D culture 

chip was flipped upside down to allow cell adhesion to the upper plane during 1.5-2.5h at 37⁰C and 5% 

CO2. Second batch of HUVECs cultured in another flasks was harvested and introduced to the same lateral 

channel at the same concentration as previously. The cells were then incubated for minimum 2h at 37⁰C 

and 5% CO2 in the upright position to allow their attachment to the lower plane. Next, the chip was perfused 

with EndoGRO HUVEC medium at a flow rate 3-5 µL/min during 48 - 72 hours (as described above), until 

HUVECs reached confluency.  

Hybrids perfusion setup 

Hybrids 1-4 were prepared at a concentration of 480 µM in filtered PBS, sonicated for 5 minutes and let to 

equilibrate for at least 10 minutes. Prior to hybrid flowing into the chip they were mixed with full 

EndroGRO HUVEC medium resulting in final concentration of 160 µM.  

The microfluidic chip was placed into the on-stage incubator of a Zeiss LSM 800 Confocal microscope at 

a temperature of 37⁰C and 5% CO2, and connected to peristaltic pump (Ismatec, Reglo Digital, ISM597) 

with a silicone tubing (Tygon, Kinesis) to perfuse hybrids during real-time imaging at 15 uL/min. Hybrids 

were excited using 405 nm laser and emission spectra was collected using two different PMT detectors to 

detect both monomer and micelle separately and simultaneous. The windows of detection were set as 

following: i) monomer 446-500 nm and ii) micelle 500-700 nm. Ratiometric images were obtained from 

dividing the micelle image by the monomer image, after applying a mask to each image were noise was 

removed.  

To calculate the amount of hybrid able to extravasate we first sum up the signal of both windows. Next, we 

calculated the mean intensity signal of the vessel channel and used this value as the maximum 

concentration. Next the mean intensity signal of the gel channel was calculated and divided by the 

maximum signal concentration. 

Dextran perfusion 

10kDa Dextran labelled with AlexaFluor568 (Thermo Fisher Scientific) was diluted in HUVEC 

(EndoGRO) medium at a final concentration of 1 µg/mL. The solution was perfused into the blood vessel 

model channel at a flow rate of 5 µL/min using the syringe pump. The perfusion of dextran was monitored 
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using Nikon Eclipse Ti2 epifluorescent microscope. The chip was placed in the on-stage incubator 

(OKOlab) at a temperature of 37⁰C and 5% CO2, the perfused fluorophore was excited at 525 nm and 

emission collected at 650 nm. 

HeLa spheroid viability assay 

The viability of HeLa cells within the spheroids were evaluated using Calcein (Fluka, Sigma Aldrich) and 

Propidium Iodide (Sigma Aldrich) to stain live and dead cells, respectively. First, cells were incubated with 

10 µM Calcein solution for 20 min. at 37⁰C and 5% CO2. Next, the cells were incubated with 10 µg/mL 

Propidium Iodide solution for 5 min. at 37⁰C and 5% CO2 and then washed with 1x PBS (Sigma Aldrich). 

The imaging was performed using Zeiss LSM 800 Confocal microscope. The Calcein and Propidium Iodide 

stained spheroids were excited at laser wavelength of 488 nm and 561 nm respectively and detection 

windows set at 400 – 600 nm for Calcein and 600 – 700 nm for Propidium Iodide. The 3D image was 

reconstructed (ZEN, Confocal microscope software) from slices acquired in a Z-stack mode with a plane 

interval of 1,5 µm. 

Immunostaining, labelling and Confocal Microscopy (Confocal Imaging Labelling) 

Cells in the microfluidic chip were washed with 1x PBS (Gibco) and fixed with 4wt% solution of 

paraformaldehyde (PFA, Sigma Aldrich) in 1x PBS. After 10 minutes the fixative was washed away with 

1x PBS, cells were permeabilized during 10 minutes with 0.1% solution of Triton X-100 (Sigma Aldrich) 

in 1x PBS and exposed for 1h to a 3% Bovine Serum Albumin (BSA, Sigma Aldrich) blocking solution in 

1x PBS. 

Next, the HUVECs’ tight junctions were stained using 5 µg/mL ZO-1 (Zonula Occludens-1) Monoclonal 

Antibody conjugated with Alexa Fluor 488 (Thermo Fisher Scientific) solution in previously prepared 3% 

BSA during O/N incubation at 4⁰C. In the next step the cells were washed with 3% BSA solution and 

incubated with 1x Phalloidin-iFluor594 (Abcam, stock 1000x) solution (in 1% BSA) for 30 min. at RT to 

stain actin filaments. The cell nuclei were stained after washing the cells with 1x PBS, using Hoechst 33258 

stain at concentration 5 µg/mL. After 10 min. of incubation at RT the cells were washed with 1x PBS and 

imaged at RT using Zeiss LSM 800 Confocal microscope. Nuclei, tight junctions and actin were excited 

using 405 nm, 488 nm and 561 nm laser, respectively. The 3D images were acquired scanning the sample 

in a Z-stack mode, with an acquisition plane each 1 to 10 µm and later reconstructed into 3D image using 

the ZEN (Confocal microscope) software. 

To calculate the orientation of actin filaments in static vs dynamic conditions; two independent chips were 

prepared as explained, however, one of the chips was incubated in static conditions, with medium change 
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every 24h, meanwhile the other was continuously perfused with cell medium. After 72 hours the cells were 

fixed and actin stained, confocal images of actin were acquired using Zeiss LSM 800. The images were 

analyzed using the OrientationJ plugin of ImageJ to obtain the distribution of the orientation’s graphs.  
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Chapter 5| Discussion 
 

 

 

This Chapter summarizes and discusses the work presented in the previous Chapters. It focuses on the 

impact of microfluidic technology in preclinical development of drug nanocarriers, highlighting its 

strengths and weaknesses from the perspective of research laboratories, as well as it looks at proposed 

solutions and obtained results through an eye of pharmaceutical industry. 

.  
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Microfluidic technology in nanocarrier formulation and screening from the perspective of a research 

laboratory and pharmaceutical development 

The work presented in this thesis focused on development of microfluidic devices applied to drug 

delivery systems field. The main aim was to provide new solutions and improvements that could accelerate 

the nanomedicine discovery process. The work tackles the drug nanocarrier development at different 

phases: from formulation to in vitro screening, demonstrating the incorporation of microfluidic devices in 

each step. 

In the Chapter 2 one can find a description of an uncomplicated design of a microfluidic chip, 

integrated into the process of drug nanocarrier formulation. The presented three-inlet/one-outlet 

microchannel architecture provides benefits in control of nanoparticles formulation in the nanoprecipitation 

process. The incorporation of microfluidic device allowed us to control mixing of the used liquid phases 

and modify process flow parameters, which are crucial in the nanoparticle formation stages. The results 

obtained with the microfluidic device have demonstrated tunability of particle size, a feature that is 

fundamental in the design of current cancer treatment drug nanocarriers. This tunability was directly 

correlated to the calculated mixing time of the solvent and antisolvent phase used for our microfluidic 

device geometry and setup, following the thesis of nanoparticle formation through nucleation and growth 

stages. In traditional manual bulk mixing methods such estimation cannot be easily modeled or predicted, 

what limits the possibility to control the process. Additionally, the proposed microfluidic strategy allowed 

us to process single batch of polymer material blend with uniform physical properties, to obtain wide range 

of nanoparticles average diameters. Typically, in bulk nanoprecipitation (where the particle size cannot be 

controlled via flow parameters) such diameter range would be obtained through prior modification of 

polymer(s) molecular weight, that eventually yields smaller or larger particle diameter. The possibility to 

study the nanocarrier formation using a single batch of polymeric materials is certainly an added value. It 

allows to eliminate the probable raw material heterogeneities occurring in polymer synthesis, which could 

cause incoherent trends in obtained nanoparticle size. As explained in Chapter 2, the size control may be 

one of few other features that could be potentially controlled engaging the microfluidic technology into 

nanocarrier formulation. Presented work also investigated encapsulation of fluorescent molecules 

(mimicking drugs) into the nanocarrier. It indicated a potential improvement in the homogeneity of 

encapsulated moieties using the microfluidic device, comparing to the standard manual technique. 

However, the results are still preliminary, and more research would be required to make such statement 

with confidence. Further understanding of what exactly can be achieved with control of flow parameters in 

hydrodynamic flow focusing nanocarrier formulation should go in hand with advanced analysis techniques. 

In case of this work, transmission electron microscopy helped to resolve the particle size and morphology, 
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meanwhile the total internal reflection fluorescence microscopy allowed to image the dye encapsulation in 

nanoparticles. These are examples of techniques that permit to “look” on a single particle level, which is an 

important approach for better understanding of their chemical and physical properties. These techniques 

have the potential to reveal certain flaws, which are easy to overlook in bulk analysis methods (such as the 

encapsulation heterogeneity). Thanks to them, the outcome of nanoparticle synthesis or formulation step 

could be better evaluated and understood already in early process stage. 

The microfluidic device – assisted formulation provides above – mentioned advantages, however 

it comes at the price of difficult scale up. This is a serious obstacle from the perspective of the technology 

transfer to a pharmaceutical industry that requires tens to hundreds of kilograms of product yearly. The 

microfluidic formulation demonstrated to be robust and reproducible, which is in accordance with the 

industrial scale requirements, however the generally understood scale up would not be able to take place in 

a microfluidic device – based process. Typically increasing the batch size equals to increasing the vessel 

dimension, however the essence of microfluidic technology is irreversibly bound to the microscale size of 

structures and channels. Here, scaling out, rather than scaling up, would seem appropriate. This means a 

parallelization of multiple chips, stacked in the same controlled environment and coupled to precision 

equipment. It is imaginable, that this approach is not the perfect solution, as the setup would appear very 

complex, and the increased batch size would origin from blends of individual formulations, from each single 

one would require analysis. Having this in mind, currently the microfluidic technology in the formulation 

of drug nanocarriers appears to be vital in research laboratories, where the quality dominates the need of 

quantity. However, the growing interest in the area of personalized nanomedicine, where each individual 

patient requires custom made dose, makes the microfluidic technology become the medicine formulation 

approach of tomorrow. 

Having in mind the research scale (and the personalized nanomedicine), to be able to formulate 

small quantities comes with an economic advantage. This is especially essential in the development of a 

formulation with desired characteristics, where the number of tested prototypes is likely to be high. Chapter 

3 continues the exploration of nanocarrier formulation expanding the microfluidic device presented in the 

Chapter 2. It focuses on the development of a module, which has the potential to aid rapid combinatorial 

formulation of nanocarriers. As explained in the Chapter 3, the five-inlets microfluidic passive mixer chip 

was designed to permit formulation of nanoparticles from varying precursors, using a setup coupled with 

an independently operating syringe pump heads. This device aimed to accelerate the generation of possible 

combinations, in an economical and time-efficient fashion. In the proof-of-concept tests, the micromixer 

demonstrated efficient stream mixing at a range of different flow rates. Furthermore, the new module was 

connected with the previously described hydrodynamic flow focusing chip, to experimentally confirm its 
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applicability for the nanocarrier formulation. This type of device could be further used in any process from 

chemical reactions to biological applications, whenever thorough and rapid stream mixing at low operating 

volumes is required.  

In the prototyping and testing stage it occurred how the use of PDMS can hinder experimental 

outcomes. The disadvantage of PDMS, related to its adsorption of small molecules, cannot remain 

unnoticed. As far as this material and techniques related with its processing are currently the best solution 

in designing and prototyping of microfluidic chips for many purposes, it should be considered (depending 

on the use) to exploit other materials. In the Chapter 3 the severity of a dye absorbed in depth of PDMS 

was demonstrated and to address this challenge, a borosilicate glass micromixer was fabricated and tested. 

With the new material the absorption problem was completely eliminated, and a set of run experiments 

confirmed it performed equally to the PDMS model in terms of the mixing efficiency. Furthermore, the 

glass body permitted for more robust solution of threaded, standardized connections with syringe tubing, 

and opened the gate for testing other than acetonitrile solvents, what can be appreciated in the potential 

translation of such designs to the industry. Overall glass or thermoplastic polymers are broadly used in 

common laboratory activities; therefore, these materials are more interesting than PDMS for translation of 

microfluidic technology to commercial scale. However, in the case of mass production, the end user 

reaching out for the commercial solutions, has little or no impact on the device design and microchannel 

geometry. The option proposed in the Chapter 3 resulted in the design freedom, however laser etching or 

similar glass-processing technologies are often out of research laboratories access, as it was in our case, the 

fabrication was outsourced to a specialized company. This implies also relatively long waiting times and 

high price per unit (comparing to commercialized options or PDMS prototypes). The use of chemically 

resistant borosilicate glass as the chip body opens the door for experimentation with other solvents, that 

could be interesting in the formulation of drug nanocarriers. This adds to chip’s versatility as potential 

mixing device, that could be used in chemical synthesis or similar processes. However, glass brittleness 

must be commented here, what (considering the unit price) is an important disadvantage, that makes the 

device in between status of disposable and a long-lasting one. 

Other compounds for fabrication of microfluidic devices, such as polystyrene or cyclic olefin 

polymers are very attractive for bioengineering purposes, where the optical transparency is still important, 

however the chemical resistivity gives way to biocompatibility, more affordable price, and robustness. With 

this being said, the cyclic olefin polymer – body AIM Biotech microfluidic chip used in the studies 

presented in the Chapter 4 may be one of the most widely sold and used bioengineering microfluidic 

platforms. It is a flagship example of how a design developed in a research lab became commercialized, 

and made the microfluidic technology applied in many facilities, that otherwise had limited 
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microfabrication capacity and access. Despite this chip design being publicly available and free of charge, 

also in our case we decided to proceed with the commercial solution. Our reason behind it was the scope 

of the study, which focused on reconstruction of tumor microenvironment elements (described with details 

in the Chapter 4). First of all, such microfluidic device should be single use, as having to clean and sterilize 

it after each experiment implies development and validation of cleaning and sterilization methods, which 

would not be reasonable in this case. Apart from that, the potential microfabrication in PDMS would require 

very precise process control, as the humidity and other clean room conditions can affect the outcome, 

comprising the model robustness. 

Finally, the Chapter 4 represents how the microfluidic technology can make an impact in the area 

of disease modeling or screening of potential drug delivery systems. It is remarkable how this field of 

bioengineering has evolved in the last two decades. Perhaps drug screening and disease development are 

areas where microfluidics make the most of its impact and where this technology is the closest to regular 

incorporation into practices of preclinical trials, as we are witnessing it today. Our work focused on 

reconstruction of a tumorous blood vessel model, where the microfluidic chip was adapted into the 

experimental setup, allowing us to create perfusable lumen (blood vessel alike) and an adjacent 

compartment representing either healthy version or cancer – affected tissue. This work contributed to the 

knowledge about genesis of leaky vasculature, which (as already mentioned above) is the current 

fundamental principle of drug nanocarriers design for cancer treatment. The microfluidic channel facilitated 

studies of vascular model resembling physiological conditions thanks to the lumen – alike 3D geometry, 

where we perfused selected nanocarriers. The presence of adjacent parallel microchannel allowed us to 

monitor their stability at the modelled vessel – tissue interface, and further in the contact with cancer cells. 

The study demonstrated how such chip can serve as a drug delivery system screening platform revealing 

the micelle stability in real time. Although very similar study with the use of these particular nanocarriers 

was already performed in much simpler 2D setting, reporting corresponding micelle stability as was found 

in the 3D tumorous blood vessel-on-a-chip, the reconstruction of physiologically relevant barriers resulted 

in completely new information regarding the cellular uptake of the micelles. Although we did not quantify 

the amount of taken-up micelles, comparing the new results with the earlier presented reports it was 

staggering how little nanoparticles could reach and accumulate in the cancer cell spheroid. Despite the use 

of the same cell line in both studies, the newly recapitulated barriers, such as flow conditions, endothelial 

wall or extracellular matrix, created important obstacles in nanoparticle performance, that should not be 

neglected in preclinical evaluation. 

Drawing conclusions based on organ-on-a-chip experiments may still encounter certain amount of 

hesitation. Bioengineered organs or tissues on microfluidic scaffolds have a clear advantage over 2D 
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systems by providing more accurate and complete information. Certainly, they successfully reflect essential 

in vivo features, however they are still away from exact replication of complexity level presented in many 

tissues. Nevertheless, certain simplifications in the bioengineering modelling allow them to be widely used 

with ever-growing applications. It is also important to highlight, that more the system is complex, the higher 

expertise and skills are required in its preparation and evaluation. Moreover, higher the number of 

uncontrollable parameters or elements that contribute to the whole, lower the model robustness, and chances 

of extraction of meaningful data that can be well analyzed and understood. The contribution of microfluidic 

technology into bioengineering should result with new, more accurate preclinical tools, which means there 

must be a compromise between these two fields to achieve benefits. 

Common requirements in the implementation of microfluidic solutions 

The adaptation of microfluidic technology into biotechnological or pharmaceutical research is a complex 

process for few reasons. First, there is no universal microfluidic device that “serves for all”, hence the 

scientific question should be addressed with an adequate chip design. This includes the material selection, 

geometry of the microstructures and compatibility with available analytical and monitoring techniques. 

Second, the dominating fields in drug development are biology and chemistry, therefore engineering of 

microfluidic devices is a foreign area in this environment. Therefore, new solutions based on microfluidics 

require multidisciplinary approach, that intertwines the knowledge and expertise from different fields and 

incorporates qualified staff from mentioned sectors. Results obtained through synergistic approach and 

presented in Chapters 2-5 are indeed an effect of contribution from scientists with various specializations. 

They reflect the dynamically expanding use of microfluidics in academic and industrial research, which we 

are witnessing in the last 10 – 20 years. 

 Behind the scenes of microfluidic chips integrated into formulation or screening of drug 

nanocarriers there is a whole battery of equipment supporting these activities and assays. This is especially 

relevant for experiments, where perfusion or dynamic manipulation of liquid is desired. In such case the 

miniaturization and use of “lab-on-a-chip” term is not exactly adequate or descriptive. As long as the 

reaction or formulation is indeed confined to microvolumes, the footprint of surrounding equipment is 

comparable to a regular one. Typically flow in microfluidic devices is generated by syringe, peristaltic or 

pressure pumps, with each of them having different advantages. As a rule of thumb, the more precise the 

perfusion equipment, the larger (and more costly) it is. Here it is important to mention, that these (flow) 

devices are not standard laboratory equipment and as an example, a pressure driven pump requires a gas 

outlet, reservoirs, monitoring and operation unit as well as pressure- or flowmeters. These advanced 

benchtop solutions come at a price of at least few thousands of euros. However, many microfluidic devices 

are used “only” as a static experimental platform or designed to take an advantage of flow induced by 
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hydrodynamic pressure. This, more economic approach, is especially employed in organ-on-a-chip 

solutions, where disease development or drug – cell interactions are followed in 3D reconstructed tissue 

models, where the key feature is microenvironment scale and organization and not necessarily the liquid 

perfusion. 

The idea of “microfluidization” of preclinical development was planted more than a decade ago 

and well pictured in this illustration from Valencia, P. et al. (Nature Nanotech 7, 623–629, 2012). It depicts 

all the stages of new drug nanocarrier development until the clinical trial phase, demonstrating current 

methods and their microfluidic alternatives. The whole clinical translation of new nanomedicines is a long 

and complex process, that could benefit from new solutions which can cut the process time, costs or improve 

product safety and efficacy. The work presented in this thesis aimed to create examples on microfluidic 

technology integration with bioengineering, to accelerate the research and development of drug 

nanocarriers, especially focusing on in vitro screening phase and formulation prototyping stage. In the 

reference to the illustration presented below, it is likely that microfluidic technology will not dominate the 

entire preclinical path, but considering the current achievements, it is becoming its integral part, giving us 

the solution of today and the vision of tomorrow. 
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Conclusions 

Cancer diseases are one of the most threatening health issues of current times. Opposite to the pathogens, 

which enter our body from external environment, the malignant cells develop from human organism native 

cells. This, together with the heterogeneity found among patients, makes it very difficult to treat effectively. 

This work explored how the integration of microfluidic technology into formulation and screening of drug 

nanocarriers can improve the development of new anticancer therapies. It proposed solutions and provided 

tools that potentially could be translated out of the academic area and accelerate the research on drug 

delivery. 

First, an FDA/EMA-approved polymer (PLGA-PEG) was chosen as a drug nanocarrier model and 

formulated into stable nanoparticles via self-assembly process. The nanoprecipitation method was adapted 

into the hydrodynamic flow focusing microfluidic chip to fine-tune the particle properties, with the focus 

on the size. The microchannels enabled control in the particle formation process comparing to the traditional 

manual bulk method. Specifically, in the microfluidic chip formulation particles with their size dependent 

upon the fluidic parameters of the injected solvent and antisolvent phases were obtained. The NPs were 

characterized using bulk methods and techniques providing single particle information, such as 

Transmission Electron Microscopy (TEM) and Total Internal Reflection Fluorescence (TIRF). The 

microfluidic approach demonstrated that the change of NPs size can be achieved by other means than the 

modification of the polymer molecular weight, as it is commonly done. Furthermore, in vitro bioevaluation 

performed on adenocarcinoma cell line (MCF-7) and full human blood demonstrated that the NPs 

biocompatibility was maintained. Here, the focus on NPs dimension was motivated by the phenomena of 

their passive transport upon administration into human body, however it was observed during the 

characterization that the microfluidic formulation could have an impact on other particle properties, such 

as homogeneity of drug/dye encapsulation.  

Next, the development and characterization of a microfluidic passive mixer for NPs solvent phase 

precursors was demonstrated. The micromixer has a capacity of quick mixing of five independent streams, 

that can be precisely dispensed from a high-accuracy syringe pump. The main interest in such device 

originated from the need of a rapid and combinatorial nanoparticle formulation to create NP library. In the 

last few years, particle barcoding strategies have emerged as a method of their rapid detection and decoding 

of best performing formulation upon in vitro or in vivo screening. Despite the code combinations being 

from high to close to infinite, the proposed formulation methods are usually manual and rather slow. The 

micromixer has the potential to address this issue and provide higher throughput formulation. The 

micromixer proof of concept experiment was performed using fluorescent dyes for the microscopy-based 



136 
 

detection of mixing efficiency. Later the microfluidic mixer was integrated into a platform with NPs 

formulation device. Eventually the mixer was microfabricated in glass to address the issues arising from 

the use of PDMS prototype. Finally, the glass model was validated in the experiment integrating the mixer 

and nanoprecipitation chip, yielding monodisperse NPs. 

Lastly, the microfluidic technology was engaged into creation of an in vitro screening platform for drug 

nanocarriers. Here, a perfusable tumor blood vessel model was engineered in a 3D cell culture chip. The 

lumen of the blood vessel model was exposed to flow-induced shear stress, which caused an alignment of 

endothelial cells. The endothelial barrier separated this dynamic environment from adherent extracellular 

matrix with embedded HeLa cells spheroids. The screened polymeric micelles were monitored at the 

recreated barriers: blood vessel lumen, endothelial barrier, extracellular matrix and the cancer cell 

spheroids. Their stability in space and time was revealed thanks to their spectral properties and the 

compatibility of the chip with confocal microscopy. Overall it was reported that the presence of cancer cells 

promoted leakiness of the endothelial barrier and higher intravasation of the tested NPs. However, in all the 

cases the permeation into the cancer spheroid was found to be low, as the micelles were detected only on 

the surface. Furthermore, the obtained results were confronted with previously reported findings in 2D cell 

culture, disclosing differences in micellar stability between the two models and demonstrating significantly 

different results in micelle uptake by cancer cells. 

In summary, this chapters picture the microfluidic technology in the field of drug delivery and 

nanomedicine as a bridge between larger scale reactions and more biologically relevant microscale. It is an 

enabling tool, that requires adaptation into traditional methods and multidisciplinary attitude to assist this 

process. In this work it was supported by microscopy techniques, used to characterize the nanocarriers and 

evaluate their stability and performance in cancer-on-a-chip. In return the microfluidic technology offers 

an exploration of new areas, ranging from controlled and combinatorial drug nanocarrier formulation up to 

engineering of in vitro screening models that provide information not retrievable otherwise. 
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Outlook 

The year 2020 has been burdened with setbacks that affected the entire population. Research, which a 

continuous activity had to be paused in laboratories. It gave us time to think, rethink and replan. Below are 

listed few experiments that could be interesting addition to each chapter of the presented work. 

The HFF formulation in Chapter 2 demonstrated its advantage over the control of particle size in response 

to the process parameters. It would be interesting to investigate if microfluidic formulation can provide 

other improvements, for example better homogeneity of dye/drug encapsulation in comparison to the 

manual bulk mixing method. Here, the TIRF microscopy analysis could be continued to characterize 

batches formulated with different fluidic parameters or co-encapsulating more than one dye. Furthermore, 

the diffusion-based process was here investigated for one solvent only (acetonitrile), due to its chemical 

compatibility with PDMS chips. Later in 2020, new, glass HFF chips were fabricated, where the chemical 

compatibility is not a concern anymore. It may be of interest to test other volatile organic solvents, such as 

tetrahydrofuran or acetone, that can potentially yield new NP diameters that can be obtained. 

Chapter 3 presents the microfluidic passive mixer, which was chronologically the last piece of the work in 

the 3-years course of the PhD, hence it suffered most of the pandemics-related setbacks. Here, as mentioned 

above, the exploration of other solvents would be an integral part. However, more than that, the optimization 

and eventually formulation of NPs from different precursors, such as PLGA-PEG with different block 

lengths or targeting ligands would be of the highest importance. It would be interesting to determine the 

accuracy of the setup, along with fluid retention times and finally a creation of NPs library. 

In the Chapter 4 the cancer on a chip platform was presented. The future work could take on different paths: 

one of them being the development of biological aspects, to improve the relevance of the model or enable 

more detailed studies on the disease development. Few examples may involve a replacement of HeLa 

spheroids with other cancer cell lines or even primary cells. Furthermore, addition of cancer associated 

fibroblasts could enrich the recapitulation of tumor microenvironment. The other path could focus on 

monitoring of other nanocarriers, such as the formulated in previous chapters PLGA-PEG NPs. It would be 

also interesting to test NPs with targeting functionalities against specific cell biomarkers and compare their 

performance versus the non-targeting formulation. 
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Glossary 

ACN – Acetonitrile, 

AS – antisolvent,  

CFD – Computational Fluid Dynamics,  

DDS - drug delivery system,  

DLS – Dynamic Light Scattering,  

DMEM - Dulbecco’s Modified Eagle Medium,  

DOX – Doxorubicin,  

EB – Endothelial barrier, 

ECs - Endothelial Cells, 

ECM - Extracellular Matrix 

EE – Encapsulation Efficiency, 

EMA – European Medicines Agency,  

EPR - Endothelial Permeability and Retention,  

FDA – Food and Drug Administration,  

FRET - Förster Resonance Energy Transfer 

HFF - Hydrodynamic Flow Focusing,  

HUVEC - Human Umbilical Vein Endothelial Cells, 

PdI – Polydispersity Index,  

PDMS – Poly(dimethylsiloxane),  

PEG – Polyethylene Glycol,  

PLGA – Poly(lactic-co-glycolic) acid,  

S – solvent, NPs – Nanoparticles,  

NR – Nile Red,  

TEM – Transmission Electron Microscopy,  
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TIRF – Total Internal Reflection Fluorescence, 

TME - Tumor Microenvironment  
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Thesis Summary 

Two decades ago, microfluidic technology begun to make its appearance in the fields of drug delivery and 

biomedical engineering to irrevocably revolutionize them. It was quickly realized how microchannels can 

aid formulation of microdroplets, microparticles and nanoparticles (NPs). They offer very small and 

controlled environment for reaction, that is unreproduced in bulk methods. As a result, the formulation is 

not limited only to the modification of compounds, but the flowing microvolumes open gates to the 

unexplored world of controllable mixing time and diffusion region impacting the formation of 

nanoparticles. Beyond the drug delivery systems formulation, the microfluidic technology is emerging as a 

gap-bridging element of the in vitro and in vivo tests in preclinical trials. Biocompatible and microscopy-

friendly microfluidic chips are used to reconstruct physiological elements of human tissues (organ-on-a-

chip). They recapitulate 3D, dynamic in vivo environment, that is lacking in 2D cell culture, revealing their 

relevance in understanding the development of a disease and screening of drug delivery candidates. 

This work presents the use of microfluidic technology in the formulation of tunable size amphiphilic block 

co-polymer nanoparticles for drug delivery. The particle diameter is modified in the response to studied 

phase flow rates. The impact of fluidic parameters on drug/dyes encapsulation efficiency and NP size are 

analyzed using traditional bulk methods, as well as techniques with single particle resolution, such as 

Transmission Electron Microscopy (TEM) and Total Internal Reflection Fluorescence (TIRF). 

Furthermore, the NPs are bioevaluated with in vitro tests performed on MCF-7 cell line. 

Following the NPs formulation, a chip for combinatorial mixing of NP precursors is presented. A passive 

micromixer is designed, prototyped and evaluated with fluorescent dyes, to visualize the mixing efficiency. 

Finally, the model is microfabricated in glass and re-assessed in terms of mixing and cleaning efficiency, 

which previously was poor due to the absorption of small molecules by PDMS. The micromixer is built 

into a platform for NPs formulation and first proof-of-concept experiments are performed, yielding 

monodisperse nanoparticles with encapsulated fluorescent dyes. The encapsulation of dyes is visualized in 

single particles with TIRF microscopy. 

The last part of the thesis takes the microfluidic technology into organ-on-a-chip, where a reconstruction 

of tumor blood vessel model is presented. It recapitulates elements of tumor 3D microenvironment such as 

blood vessel, endothelial barrier, extracellular matrix and cancer cell spheroid. Observed in vivo leakiness 

of endothelial barrier is reproduced here in the presence of cancer cells. In this work the microscopy-

friendly chip is used as a platform for time- and space-resolved monitoring of micelles stability followed 

during their interaction with the reconstructed barriers mentioned above. The special optical properties of 

perfused micelles allow to distinguish assembled from disassembled form. The results are consulted with 
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previously reported observations in 2D cell culture, revealing significant difference in cellular uptake 

between the two studies. 

Overall, this work demonstrates how multidisciplinary approach of incorporation of microfluidic 

technology into formulation and screening of potential drug nanocarriers can accelerate development of 

nanomedicine. The proposed solutions deliver tunability of nanoparticle properties, combinatorial 

formulation to create library of NPs and a complementary method in in vitro screening. 
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Resumen en castellano 

Hace dos décadas, la tecnología microfluídica hizo su aparición en los campos de la industria farmacéutica 

y la ingeniería biomédica de manera revolucionaria. Rápidamente se descubrió cómo los microcanales 

pueden ayudar a la formulación de microgotas, micropartículas y nanopartículas. Ofrecen entornos de 

reacción muy pequeños y controlados comparados con la formulación de los métodos tradicionales. En 

consecuencia, la formulación no sólo se limita a la modificación de compuestos, sino que los flujos de 

microvolúmenes posibles con la tecnología abren puertas a un mundo inexplorado para la formulación de 

nanopartículas a través del control del tiempo de mezcla y el área de difusión. Más allá de la formulación 

de los sistemas de fármacos, la tecnología microfluídica está emergiendo como un elemento puente de las 

pruebas in vitro e in vivo en los ensayos preclínicos. Los chips de microfluidica biocompatibles y aptos para 

microscopía se utilizan para reconstruir elementos fisiológicos de tejidos humanos (órgano en un chip). 

Recapitulan el entorno dinámico in vivo en 3D, carente en el cultivo celular en 2D, desvelando su relevancia 

para comprender el desarrollo de una enfermedad y la detección de fármacos candidatos para la 

administración.  

Este trabajo presenta el uso de la tecnología microfluídica en la formulación de nanopartículas de 

copolímeros de bloques anfifílicos de tamaño ajustable en respuesta a los caudales de las fases estudiadas. 

Se estudia el impacto de los parámetros de flujo sobre la eficiencia de encapsulación de fármacos/colorantes 

y el tamaño de NP. Además, se presenta un chip para la formulación combinatoria de nanopartículas 

fluorescentes, con potenciales aplicaciones en medicina personalizada. La última parte de la tesis traslada 

la tecnología de microfluidos a órgano en un chip, donde se presenta la reconstrucción del modelo de vaso 

sanguíneo tumoral. Recapitula las fugas observadas in vivo de la barrera endotelial en presencia de células 

tumorales. En este trabajo, se utiliza como una plataforma para el monitorización en el tiempo y en el 

espacio de la estabilidad de las micelas, mientras interactúan con las barreras reconstruidas que se 

encuentran en el cuerpo humano: vasos sanguíneos, barrera endotelial, matriz extracelular y esferoide 

multicelular de células cancerosas. 
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