
 
 
 

 
 
 
 
 

UNIVERSITA’ CAMPUS BIO-MEDICO DI ROMA 

PhD in SCIENCE AND ENGINEERING FOR 

HUMANS AND THE ENVIRONMENT 

XXXVII cycle A.Y. 2021-2022  

 

 

 

ADVANCED BATCH AND IN-FLOW SYNTHESES 

OF POLYMERIC MICRO AND NANO PARTICLES 

FOR DRUG DELIVERY AND CELL-

ENCAPSULATION 

 

 

 

 

 

 

 

PhD candidate 

Emanuele Limiti 
 

 

 

 

Supervisor 

Chiar.ma Prof.ssa Marcella Trombetta 

  



Table of Contents 

1PART I INTRODUCTION ............................................................................................... 3 

1. Introduction ....................................................................................................................... 4 

1.1 Nanoparticles Classification, Properties and Biomedical Applications ...................... 4 

1.1.1 Inorganic nanoparticles. ........................................................................................ 4 

1.1.2 Organic nanoparticles. ........................................................................................... 5 

1.2 Traditional Nanoparticles Preparation methodologies................................................. 8 

1.3 Microfluidics ................................................................................................................ 9 

1.3.1 Dimensionless numbers ................................................................................. 10 

1.4 Droplet microfluidics ................................................................................................. 15 

1.4.1 Device geometries ............................................................................................... 15 

1.2.2 Droplet generation ............................................................................................... 18 

1.5 Microfluidics for polymeric nanoparticles synthesis ................................................. 20 

1.5.1 Single-phase microfluidic synthesis .................................................................... 22 

1.5.2 Multi-phase microfluidic synthesis ..................................................................... 24 

1.6 Microfluidics for cell encapsulation .......................................................................... 27 

PART II TRADITIONAL BATCH SYNTHESIS .......................................................... 29 

2. MEET: Mixed Emulsion-Evaporation Technique ........................................................... 30 

2.1 MEET implementation for the synthesis of hyaluronic acid-polyethyleneimine 

nanogel for drug delivery in ovarian cancer .................................................................... 30 

2.1.1 Materials & Method ............................................................................................ 32 

2.1.2 Results & Discussion .......................................................................................... 37 

2.2 Folic acid surface functionalization to improve selective targeting ability toward 

cancer cells ....................................................................................................................... 50 

2.2.1 Materials & Method ............................................................................................ 50 

2.2.2 Results & Discussions ......................................................................................... 54 

2.3 Conclusions ................................................................................................................ 62 

PART III ADVANCED MICROFLUIDIC SYNTHESIS ............................................. 63 



3. Droplet-based microfluidic synthesis of nanogels for controlled drug delivery ............. 64 

3.1 Tailoring nanomaterial properties via pneumatically actuated flow focusing junction

 ......................................................................................................................................... 64 

3.1.1 Materials & Method ............................................................................................ 65 

3.1.2 Results & Discussions ......................................................................................... 71 

3.2 Optimization of the Droplet-based Microfluidic Synthesis of Nanogels for Drug 

Delivery through a Design of Experiment approach ....................................................... 81 

3.2.1 Materials & Methods ........................................................................................... 81 

3.2.2 Results & Discussions ......................................................................................... 88 

3.3 Conclusions .............................................................................................................. 105 

PART IV MICROFLUIDIC CELL ENCAPSULATION ........................................... 107 

4. Microfluidic Cell encapsulation .................................................................................... 108 

4.1 A comparative analysis of droplet-based microfluidics for cell encapsulation: focus 

on T-junction and flow focusing .................................................................................... 108 

4.1.1 Materials & Methods ......................................................................................... 110 

4.1.2 Results & Discussions ....................................................................................... 113 

4.2 Conclusions .............................................................................................................. 126 

PART V CONCLUSIONS .............................................................................................. 127 

5. Conclusions ................................................................................................................... 128 

Bibliography. ..................................................................................................................... 130 

Appendix I. ........................................................................................................................ 153 

Appendix II. ....................................................................................................................... 158 

Appendix III. ..................................................................................................................... 165 

Appendix IV ...................................................................................................................... 175 

Scientific Dissemination .................................................................................................... 179 

List of Publications ........................................................................................................ 179 

Conference Presentations ............................................................................................... 180 

table of acronyms............................................................................................................... 181 



1 

 

ABSTRACT 
The present work introduces innovative strategies in the synthesis and application of 

nanomaterials and microfluidic technologies for drug delivery and single-cell encapsulation. 

The main goal is to address the critical limitations of conventional methodologies, including 

poor reproducibility, limited scalability, and restricted material design. 

In recent years, nanogels (NGs) are emerging as a promising class of nanomaterial thanks to 

their unique properties, such as swelling, high drug loading, and good biocompatibility. To 

overcome the constrains of traditional NGs syntheses, a novel Mixed Emulsion/Evaporation 

Technique (MEET) and advanced microfluidic platforms, equipped with pneumatic 

actuation, were employed for the synthesis of hyaluronic acid – linear polyethyleneimine 

(HA-LPEI) NGs.  

MEET method overcomes the requirements of hydrophilic/hydrophobic polymer system in 

traditional emulsification/evaporation processes. The resulting NGs exhibited remarkable 

stability and controlled drug release. Moreover, folate surface functionalization was also 

introduced to further enhance targeting specificity towards tumor cells overexpressing folate 

receptors. 

In parallel, droplet-based microfluidic chip equipped with pneumatic micro-actuation allows 

the fine manipulation NG properties, such as size, monodispersity, and drug release kinetics. 

Microfluidically synthesized NGs showed unparalleled cell internalization and therapeutic 

efficacy, especially when compared with their bulk counterpart. To further explore the 

potentiality of these systems, a process optimization using Response Surface Methodology 

(RSM) was conducted and the developed empirical model allowed the prediction and control 

of NG physicochemical and biological properties as a function of synthesis parameters, 

including flow rate ratio and molar ratio. 

Additionally, a comparative analysis of two microfluidic geometries—flow-focusing 

junction (FFJ) and T-junction (TJ)—for alginate beads generation revealed the superior 

performance of the FFJ system. The FFJ device achieved higher production frequencies, 

reduced polydispersity, and enhanced bead circularity. Altogether, these performances 

strengthened the FFJ application as an ideal platform for single-cell encapsulation. The good 

viability of SKOV3 cells after the encapsulation process validates the applicability and 

stability of the alginate microbead system for up to seven days. 
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Overall, this work proposes novel strategies in the design and functionalization of 

nanomaterials for drug delivery and reveals the promising application of microfluidic 

platforms for cell encapsulation purposes. These findings fulfill existing gaps in material 

synthesis and biomedical engineering, highlighting the promising application of 

microfluidics for future clinical translation in nanomedicine and personalized medicine.  
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1. Introduction 

1.1 Nanoparticles Classification, Properties and Biomedical 

Applications 

According to International Organization for Standardization (ISO), nanoparticles (NPs) are 

defined as nanostructured materials with all external dimensions in the nanoscale, where the 

lengths of the longest and the shortest axes do not differ significantly.1 The small sizes 

provide NPs with peculiar characteristics that led the growing interest in such materials in 

the past decades. In particular, the distinctive surface effects that characterize nanomaterials, 

compared to their larger counterpart, can be attributed to three main factors2: I) very high 

surface area and high number of particles for mass unit; II) the increased fraction of atom at 

the nanomaterials surface; III) the surface atoms have fewer direct neighbors, therefore 

limiting their mutual influence. Altogether, these factors provide NPs with augmented and 

unparalleled reactivity. Due to their peculiar characteristics, NPs are employed in a wide 

range of applications, such as drug delivery, water treatment, agriculture, catalysis, 

electronics, etc. 

Generally, NPs can be classified on the basis of their physical and chemical characteristics. 

As first classification, it is possible to broadly distinguish between inorganic, and organic 

NPs.3 Moreover, each of these classes can be further divided into a few other subgroups. 

1.1.1 Inorganic nanoparticles. 

Inorganic NPs can be categorized based on the nature of the inorganic material used for their 

synthesis (Figure 1.1). In particular, they can be made of semiconductor, ceramic, or 

magnetic metal atoms bound together with covalent or metallic bonds.3–5 These NPs are 

characterized by high stability and good mechanical properties, mainly due to the high 

ordered three-dimensional lattice structure formed by the crystallization of inorganic 

precursors. 

Generally, inorganic NPs consist of a core-shell structure where the inorganic core is 

crowned by other organic compounds, such as polymers or bio-macromolecules. The core-

shell arrangement provides these nanoparticles with suitable surface for further 

functionalization with bio-active molecules, or to avoid unwanted interaction with the 

biological environment.6 
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Figure 1.1 General classification of inorganic nanoparticles. image generated by Biorender. 

Different classes of inorganic NPs can be recognized, such as magnetic metal NPs, ceramic 

NPs, semiconductor NPs, and carbon-based NPs. Overall, these nanomaterials share some 

common characteristics. In particular they have optimal mechanical properties, small 

dimensions, good uniformity, and easy production procedures.3,7–14 

1.1.2 Organic nanoparticles. 

 

Figure 1.2 General classification of organic nanoparticles. image generated by Biorender. 

Organic NPs are principally based on lipid or polymeric nanosystems (Figure 1.2). However, 

protein NPs and pro-drug NPs are recently gaining increasing attention as suitable 

alternatives.15,16 Generally, their physicochemical properties can be easily modulated, and 
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their high biocompatibility, biodegradability, colloidal stability, and relatively large size 

allow incorporating and carrying a wide combination of different drugs.17 Indeed, these 

nanostructured materials found their main application in drug and gene delivery as non-viral 

alternative to the traditional viral delivery systems. Depending on the route of preparation, 

it is possible to distinguish between self-assembly NPs, which have an amphiphilic nature, 

and NPs obtained by specific synthesis processes. 

Lipid-based nanoparticles. 

Several classes of lipid-based NPs have been developed in the past decades.16 Typically, they 

comprise at least one lipid bilayer surrounding one internal aqueous core. Liposomes and 

solid-lipid NPs (SLNPs) represent the most widely explored lipid nanosystems in basic 

research and in clinics for drug delivery purposes. Their success is mainly due to their 

formulation simplicity, self-assembly properties, biocompatibility, high bioavailability, high 

drug loading, and easy modulation of their physicochemical properties. 

Liposomes are formed by natural or synthetic phospholipids (or other lipid molecules, such 

as cholesterol) that mimic the properties of the biological membranes by self-assembling 

into lipid bilayer vesicles.18 Thanks to this structural composition, liposomes are able to carry 

both hydrophilic and hydrophobic active compounds by loading the first ones into the polar 

core and the seconds into the bilayer (in the acyl chain region), improving, therefore, the 

solubilization of lyophilic drugs in aqueous solvents. Additionally, the hosting of drugs in 

the liposome membrane reduces drug degradation.19 According to their physico-chemical 

properties, liposomes are suitable candidates for surface functionalization strategies. These 

are designed to graft specific moieties, such as ligands (e.g., proteins, antibodies, small 

molecules) and polymers (e.g., PEG), with the final aim of enhancing the circulation time, 

and implementing the selective targeting and stimulus-responsive behavior.20 

By contrast, SLNPs have a solid lipid core matrix usually composed of lecithin, 

triacylglycerol and waxes.18,21 The solid core is usually stabilized by surfactants or polymers 

in a spherical shape of dimensions ranging between 50 to 100 nm. They can load and carry 

both hydrophilic and lipophilic drugs but suffer of a low drug loading, limited by the 

solubility of drug in the lipid.3,9 

Polymer-based nanoparticles. 

Three main classes of polymeric NPs can be recognized (Figure 1.3): dendrimers, nano-

capsules (such as polymersomes and micelles), and nano-spheres.15,22  
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Dendrimers are highly branched polymeric structure consisting of three main domains: a 

focal core, being the atom or molecule from which the three-dimensional structure branches 

out; the dendrons, which are the monomers forming new layers and enlarging the dendritic 

matrix; and the final functional groups, which are responsible for the interaction with the 

molecular environment.23 External functional groups are of fundamental importance to 

define many dendrimer properties, such as their biocompatibility, cellular internalization, 

drug loading and release performances. Therefore, dendrimers are extensively applied in 

biomedical research especially in the drug delivery field. The ability to engineer each of the 

three compartments of a dendritic matrix make them suitable for the encapsulation and 

delivery of specific active principles.23,24 

Nano-capsules are characterized by a reservoir form in which the liquid or semi-solid core 

is surrounded by a solid polymer layer.22,25 Their vesicular architecture makes them among 

the most studied polymeric NPs for the delivery of many active principles.26 The central 

cavity acts as a reservoir where the molecules of interest can be stored until reaching the 

desired site of delivery, while the polymeric shell protects the core from the external 

environment and provides an easily functional surface. Nano-capsules can show self-

assembly feature or can be synthesized depending on the selected formulation protocol.15 

Polymersomes and micelles are amphiphilic nanoparticles that can be easily prepared 

through self-assembling. The polymeric double layer, characterized by hydrophilic inner and 

outer surfaces and hydrophobic inner membrane, make polymersomes the polymeric 

counterpart of liposomes. Their vesicles-like shape enables the delivery of both water-

soluble and hydrophobic active molecules: the first ones are loaded in the central core, 

whereas the lyophilic molecules are entrapped in the surrounded membrane.27 They 

demonstrate enhanced chemical and physical stability and resilience, primarily due to the 

incorporation of high-molecular-weight polymers that entangle with one another, thereby 

enhancing their structural properties.28,29 Polymeric micelles are self-assembled structures 

of amphiphilic copolymers. Their self-assembly features occur when the polymer 

concentration is higher than the critical micelle concentration (CMC). The structure is 

composed of an outer hydrophilic layer and a hydrophobic core, which enables the loading 

and delivery of lyophilic drugs. Additionally, hydrophilic active compounds can be delivered 

by surface conjugation.30,31 

By contrast, nano-spheres are homogenous matrix systems wherein a dispersed or dissolved 

therapeutic compound is adsorbed on the surface or entrapped within the polymeric matrix 
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structure by physical entrapment or chemical bonding.15 Among the many types of 

polymeric nano-spheres, nanogels (NGs) represent one of the most promising alternatives. 

NGs are chemically or physically cross-linked polymeric matrix capable of absorbing great 

amount of water. They are characterized by high colloidal stability, prolonged cargo 

retention, high biocompatibility, and the swelling feature that enhances dispersion 

stability.32–34 Swelling is a unique property of NGs systems which allow them to highly 

encapsulate several types of cargos, both hydrophilic and hydrophobic, within the polymeric 

matrix. Moreover, the swelling/deswelling behavior can be modulated by biological relevant 

signals enabling a stimuli-responsive release of the encapsulated active principle.35,36 

Furthermore, the high number of functional groups present in their surface allow the grafting 

of bioactive moieties. Therefore, NGs chemico-physical characteristics can be easily adapted 

to the specific area of application through surface functionalization strategies.32,34 Indeed, 

NGs are gaining increasing attention mainly due to their versatility, easy of fabrication, and 

outstanding biocompatibility compared to other nanosized systems. 

1.2 Traditional Nanoparticles Preparation methodologies 

Over time, various methods have been developed to synthesize polymeric NPs, with the 

ultimate goal of engineering nanocarriers that exhibit tailored physical, chemical, or 

mechanical properties. These properties are crucial to ensuring controlled drug release and 

optimizing suitability for specific biomedical applications. A key aspect in NP design is 

protecting the therapeutic cargo while preserving its pharmacological activity.37 

Polymeric NPs can be obtained either through polymerization processes, starting from 

individual monomers, or by utilizing preformed polymers. The use of preformed polymers 

avoids the formation of toxic byproduct or residues, such as monomers or initiators, and 

simplifying the purification process of the obtained NPs.37 The production of polymeric NPs 

starting from preformed polymers is generally categorized into: (i) Two-step procedures, and 

(ii) One-step procedures. 

Two-step methods are based on: emulsification as the first step, followed by NP formation 

by solvent removal, which can be performed using different strategies. Several techniques 

can be considered to perform the emulsification step, including mechanical agitation (high 

or low energy stirring) and spontaneous emulsification driven by the ouzo effect - a 

phenomenon in which an organic solvent containing a hydrophobic oil diffuses rapidly into 

water upon dilution, spontaneously forming an oil-in-water emulsion.38 
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The second phase of NP synthesis involves removing the organic solvent, leading to polymer 

precipitation. The specific technique used depends on the method of solvent elimination:37,38 

• Solvent evaporation:39 The polymer is dissolved in a volatile organic solvent (e.g., 

dichloromethane, chloroform, or ethyl acetate), then emulsified in water with a 

surfactant. The solvent is evaporated via mechanical stirring or reduced pressure, 

causing NP formation. 

• Solvent diffusion: Here, the polymer solvent is partially water-miscible. The system 

is first stabilized through mutual saturation of both phases, then destabilized by water 

dilution, triggering solvent diffusion and NP precipitation. 

• Reverse salting-out method: A water-miscible polymer solvent is mixed with an 

aqueous gel containing a salting-out agent (e.g., electrolytes). These agents retain 

water molecules, modifying solvent miscibility and inducing spontaneous 

emulsification. Adding excess water reduces salt concentration, facilitating NP 

formation. 

On the other hand, one-step procedures are known to be fast, simple and easy scalable 

techniques. The two major example of one-step processes are nanoprecipitation and dialysis 

methods. Nanoprecipitation (also called solvent displacement), is one of the simplest, fastest, 

and most cost-effective techniques for NP synthesis. It requires only three components: the 

polymer, a solvent (e.g., acetone), and a non-solvent. The polymeric solution is added 

dropwise to the non-solvent, leading to rapid solvent diffusion and NP precipitation. This 

process is driven by the Marangoni effect, where interfacial tension differences enhance 

droplet formation and NP size control.40 Similarly, in dialysis method, a polymer solution is 

dialyzed against a non-solvent through membranes with a defined molecular weight cut-off 

(MWCO). As the non-solvent displaces the polymer solvent within the membrane, solubility 

decreases, leading to progressive NP precipitation. 

1.3 Microfluidics 

Over the past decades, microfluidics has emerged as a promising field of technological and 

scientific research41, with the objective of developing innovative strategies for controlling 

and understanding the fluid dynamics of nano/pico liter fluid volumes inside microchannel 

devices. Its versatility in both theoretical and practical applications makes it a subject of 

interest to a number of scientific disciplines, including engineering, physics, chemistry, 

mathematics, biology, and others.42 
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To date, microfluidics has been successfully implemented as a groundbreaking technology 

in the biotechnology and bioengineering fields. It demonstrated unparalleled advantages in 

many applications such as diagnosis, organ-on-a-chip, flow chemistry, and nanomaterial 

synthesis.43–45 

The peculiarity of these systems arises from the different physical principles that apply to 

them. In this context, the significant role of surface tension and capillary forces, rather than 

that of gravity, gives rise to a series of phenomena that may appear counterintuitive when 

compared to the large-scale phenomena that are part of our daily experience.46 A few 

representative examples are laminar flow, diffusive rather than convective mass transfer, and 

capillary force, which are well established at the micrometer scale. 

1.3.1 Dimensionless numbers 

The complex fluid dynamics involved in microfluidic applications arise from the balancing 

of several competing forces influencing the fluid motion. Dimensionless numbers determine 

the relative importance of particular phenomena over their competing counterpart. For 

example, Reynold number (Re) expresses the ratio between inertial forces to viscous forces; 

the Péclet number (Pe) highlights the relationship between convection and diffusion; and 

Capillary number (Ca) relates viscous forces to surface tension.47–49 Before moving further 

into the analysis of these dimensionless numbers a brief review of the basic fluid properties 

and their governing equation is given.46,50 

Traditional mechanics uses discrete quantities, such as forces, to describe the motion of 

objects with defined volume or mass. This concept can be extended to the fluid dynamics 

under the assumption that fluids are continuum materials, therefore instead of mass and 

forces continuous fields like density ρ and force density ƒ defined per unit volume are used 

to describe their motion. 

Following this path, the Navier-Stokes equation describing the velocity field for a Newtonian 

fluid is the continuum counterpart of the more famous second law of dynamics 𝑭 = 𝑚𝒂: 

𝜌 (
𝜕𝒖

𝜕𝑡
+ 𝒖 ∙ 𝛻𝒖) = −𝛻p + 𝜂𝛻2𝒖 + 𝒇, (1) 

Where u is the velocity vector of the fluid, 𝛻 is the del operator, t is time, ρ is the fluid 

density, p the pressure, η the dynamic shear viscosity, and ƒ the body force vector per unit 

of volume. 
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In this equation, the left side represents the inertial acceleration, and the right side represents 

the force densities. In particular, the inertial acceleration term is composed of a time-

dependent acceleration 𝜌
𝜕𝒖

𝜕𝑡
 and a convective acceleration 𝜌𝒖 ∙ 𝛻𝒖. Moreover, the diffusion 

term 𝜂𝛻2𝒖 represent the divergence of the viscous stresses 𝝈, which are defined as follows: 

𝝈 = 𝜂[𝛻𝒖 + (𝛻𝒖)𝑇]. (2) 

Another important governing equation is that expressing the mass conservation principle: 

𝜕𝜌

𝜕𝑡
+ 𝛻 ∙ (𝜌𝒖) = 0, (3) 

Here, under the assumption of slowly flowing fluids with constant density it is possible to 

reduce this equation to its incompressible continuity equation form: 

𝛻 ∙ 𝒖 = 0. (4) 

In the hypothesis of two-phase flow several boundary conditions must be considered to 

properly describe the liquid-liquid interface motions. In particular, the continuity of normal 

velocity and tangential viscous stress at the immiscible interface plays crucial role: 

𝒖𝒅 ∙ 𝒏 = 𝒖𝒄 ∙ 𝒏, (5) 

𝝈𝒅 ∙ 𝒕 = 𝝈𝒄 ∙ 𝒕, (6) 

where the subscripts stand for dispersed (d) or continuous (c) phase fluid, n is the unit normal 

vector outward the interface, and t the tangential vector at the interface. Moreover, the 

normal stress difference that arises at the interface between dispersed and continuous phase 

is balanced by capillary pressure: 

𝑻𝒅 ∙ 𝒏 − 𝑻𝒄 ∙ 𝒏 = −𝛾𝜅, (7) 

where Tx is the stress tensor defined as 𝑻𝒙 = −px𝑰 + 𝝈𝒙 (with px being the pressure, and I 

the identity matrix), 𝛾 is the interfacial tension, and 𝜅 =  𝑅1
−1 + 𝑅2

−1 is twice the mean 

curvature of the interface, with R1 and R2 being the principal radii of the curvature. 

The simple theoretical analysis reported above highlights the presence of four main forces 

playing a role in the context of microfluidics. These forces are inertial force, viscous force, 

capillary force, and external body force. In the simplest case, the latter is represented only 

by gravity. Considering a volume of fluid flowing in a microfluidic device of characteristic 
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length L at a velocity u, it is possible to derive simple scaling law for each of the four forces 

involved. To allow comparison, it is better to normalize them per unit of area and express 

their influence as stress. 

For instance, consider a fluid flowing in a channel contracting over a length L. Applying the 

law of conservation of mass its velocity increases with the position z in the channel as 𝑢(𝑧) =

𝑈0 (1 +
𝑧

𝐿
), where 𝑈0 is the velocity at z = 0. The inertial force 𝑓𝑖 scales with the inertial 

acceleration terms expressed as in the Navier-Stokes equation: 

𝑓𝑖 ~ 𝜌
𝑑𝑢

𝑑𝑡
 . (8) 

When a fluid is flowing through a channel, its acceleration can be described not only as the 

time variation of the fluid velocity but also as its variation with respect to its position z 

following the well-known relation: 

𝑑𝑢

𝑑𝑡
=

𝑑𝑢

𝑑𝑧
 ∙  

𝑑𝑧

𝑑𝑡
 . (9) 

Using equation (9) in equation (8), and recalling the variation of 𝑢(𝑧) with the z coordinate 

it is possible to derive the scaling law for inertial force: 

𝑓𝑖 ~ 𝜌
𝑑𝑢

𝑑𝑡
≈ 𝜌𝑈0

𝑑𝑢

𝑑𝑧
~

𝜌𝑈0
2

𝐿
  . (10) 

Finally, we can derive the inertial stress by multiplying 𝑓𝑖 , which is a force per unit volume, 

by the characteristic length of the device to get a force per unit of area: 

𝜏𝑖 ~ 𝑓𝑖 ∙ 𝐿 ~ 𝜌𝑈0
2  . (11) 

Furthermore, viscous stress and the stresses associated to the capillary pressure and gravity 

are defined as: 

𝜏𝑣 ~ 𝜂
𝑈0

𝐿
 , (12) 

𝜏𝑐 ~ 𝛾𝜅 =
𝛾

𝐿
 , (13) 

𝜏𝑔 = 𝜌𝑔𝐿 . (14) 

With equation (13) true under the assumption 𝜅 ≈
1

𝐿
 . 
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In principle, any ratio between two of the stresses mentioned above define a dimensionless 

number. 

Reynolds number: Laminar flow. 

Reynolds number (Re) is defined as the ratio between inertia and viscous stresses: 

𝑅𝑒 =
𝜏𝑖

𝜏𝑣
=

𝜌𝑈0𝐿

𝜂
 . (15) 

It expresses the relative importance of inertia to viscous force. In microfluidics, Re usually 

ranges between 10-6 and 10 indicating that inertial forces are overwhelmed by viscous 

stresses and making the non-linear convective acceleration of equation (1) negligible. As a 

result, the fluid motion can be described using the simplified stokes equation: 

𝜌
𝜕𝒖

𝜕𝑡
= −𝛻p + 𝜂𝛻2𝒖 + 𝒇. (16) 

The main effect is the establishment of linear predictable fluid trajectories known as laminar 

flow. 

Capillary number. 

Capillary number (Ca) is one of the most commonly used dimensionless number to describe 

the fluid dynamics of microfluidic devices, especially when used for droplet generation. It 

is defined as the ratio of viscous stress to capillary pressure: 

𝐶𝑎 =
𝜏𝑣

𝜏𝑐
=

𝜂𝑈0

𝛾
 . (17) 

Ca is a useful tool to express the competition between interfacial stresses and viscous stresses 

in a two-phase fluid system. Indeed, these two stresses affect the liquid-liquid interface in 

two opposite manners: surface tension 𝛾 tends to reduce the interfacial area, while viscous 

stresses drag the interface along with the fluid flow direction causing the interface to 

elongate. In droplet microfluidics the balancing of these two forces causes the generation of 

droplets. 

Weber number. 

Weber number (We) is obtained from the ratio between inertial stresses and capillary 

pressure derived stresses:  
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𝑊𝑒 =  
𝜏𝑖

𝜏𝑐
=  

𝜌𝑈0
2𝐿

𝛾
 , (18) 

It compares the effect of inertia to that one of surface tension. Even if inertia effects are 

usually negligible in microfluidics application, the strong dependence on the velocity can 

yield high value of We when high flow ratios are considered in the microfluidic channels, 

meaning that at high velocities inertia can play an important role in defining fluid motion. 

Bond number. 

Bond number (Bo) is considered only in two-phase flow in which the density difference 

between the two phases is large enough to increase the effect of gravity compared to that of 

surface tension. Indeed, Bo is defined as follows: 

𝐵𝑜 =  
𝜏𝑔

𝜏𝑐
=  

∆𝜌𝑔𝐿2

𝛾
 , (19) 

where ∆𝜌 is the density difference between the two phases. Typically, both ∆𝜌 and L are 

small for liquid-liquid flow, hence 𝐵𝑜 ≪ 1. 

Peclet number: The problem of mixing. 

The absence of turbulences in typical low-Re microfluidic flows causes diffusion to be the 

only driving force for mass transfer and mixing.46,47 Even if in some applications, such as 

sorting, a low fluid mixing is desirable, the in-flow chemical reactions still require fast and 

homogeneous mixing to provide suitable and reproducible outcome. To ensure proper 

mixing, scientists developed several solutions. Passive mixers are usually based on chaotic 

advection, where fluids are randomly stretched and folded due to irregular changes in 

pressure and velocity within the microfluidic channels. Chaotic advection is highly effective 

at low Re number, and it is generated essentially by modifying the channel shape to stir the 

flow.47,50 Among the many, the staggered herringbone micromixers (SHM) and tesla mixers 

represent the golden standard in passive mixers due to their design simplicity and mixer 

efficiency. 

Peclet number (Pe) is a useful tool to evaluate the relative importance of mass transport due 

to convection to that due to diffusion in a straight microfluidic channel, and it is expressed 

as: 



15 

 

𝑃𝑒 =
𝑈0𝑤

𝐷
 . (20) 

Where 𝑤 is the characteristic dimension of the channel and D is the diffusion coefficient. 

Moreover, applications such as droplet-microfluidics or digital microfluidics arise as good 

alternatives to improve mixing and lower reagent consumption. 

1.4 Droplet microfluidics 

In the early 1990s, the introduction of continuous microfluidic systems, which offered 

greater predictability and easier control of fluid flows, led to a significant breakthrough in 

numerous research fields.51 Separation technology, flow cytometry, lab-on-chip, and organ-

on-a-chip applications are just a few examples of research areas that benefited from the 

advent of microfluidics. However, the advantages of continuous systems are strongly limited 

by a number of factors, including low mixing efficiency, low throughput, Taylor dispersion, 

interaction between channel walls and reagents, high fluid volume and extended channel 

needed to perform chemical reactions.47,52 For these reasons, droplet-microfluidics, which 

aims at the generation and manipulation of emulsified systems (such as water-in-oil W/O or 

oil-in-water O/W emulsion), emerged as a suitable alternative to overcome the 

abovementioned issues.53 Its advantages are principally due to the small droplet dimensions. 

Indeed, scale dependencies for mass and heat transport are reduced, resulting in a more 

efficient mixing, the confined volume together with the high production rate with exquisite 

control over the size (droplets are formed up to kilohertz frequencies) allows for high 

throughput and fast reaction kinetics.54,55 Moreover, these systems have the ability to 

perform a large number of reactions without increasing device size or complexity. 

Altogether, the peculiar performances of droplet-microfluidics encouraged its application in 

the fields of chemistry, biology, and material science with particular attention for single-cell 

analysis, nanomaterial synthesis, and multiplexed genomics.56 

1.4.1 Device geometries 

Droplets can be generated using several active or passive methods. Passive methods have 

proved to be robust in generating thousands of sub-nanoliter droplets per second with very 

high monodispersity. In these devices, droplet manipulation is typically carried out by 

varying the flow rate of dispersed and continuous phases, and droplets are stabilized by the 

use of surfactant. The most commonly adopted designs for passive droplet generation are 

cross-flow, co-flow, and flow focusing. 50,55 
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Figure 1.3 Schematic representations of the most commonly implemented geometries for passive droplet 

generation: A) T-junction; B) co-flow; C) flow focusing; D) step-emulsification. Adapted from: Passive and 

active droplet generation with microfluidics: a review 50. 

Cross-flow. 

In cross-flow configuration57 (Figure 1.3A) the dispersed and continuous phase meet at the 

junction with an arbitrary angle. Based on this angle, cross-flow designs are classified into 

two different groups: T-junction and Y-junction geometries. In the former, the contact angle 

between the inlets is equal to 90 °, while, in the latter, the angle ranges between 0 ° and 180 

°. As fluid flow continues, the shear stress applied by the continuous phase force causes the 

head of the dispersed phase to elongate in the main channel and eventually break up into 

droplets of uniform size. Indeed, the relative flow rates of the input flows, the viscosity of 

the fluid involved in the process, channel dimensions, and the surface tension are the main 

properties that control the droplet size and frequency of production in these devices.  

Cross-flow devices owe their popularity to their simplicity and relative small dimensions, 

which ensure their easy integration in more complex microfluidic platforms. 

Co-flow. 

In co-flow devices58 (Figure 1.3B), the dispersed and continuous phases meet each other in 

parallel streams. Here, droplet generation happens when the streamwise forces exceed 

interfacial tension, and most of the time their formation is due to the Rayleigh-Plateau 
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instability. Droplet size results to be function of the dispersed channel width as well as fluid 

viscosity, and flow rates, with production rate reaching tens of kilohertz. 

Flow focusing. 

Due to the superior versatility exhibited by the flow-focusing configuration (Figure 1.3C) in 

controlling both droplet size and frequency, this particular design emerges as the most 

employed compared to those mentioned so far.59 In this configuration, the two continuous 

phase side channels and the central dispersed phase are forced through a striction. The 

symmetric shear forces of the continuous phases on the dispersed phase are even increased 

by the striction, resulting in an unparallel droplet formation in terms of stability, robustness, 

and monodispersity. As for the co-flow case, droplet size and frequency can be finely 

controlled through flow rates variation. Moreover, the striction width and length have 

remarkable impact on the droplet generation process by adjusting the shear stress imposed 

on the dispersed phase. 

Step emulsification devices. 

The aforementioned microfluidic devices rely on the use of shear forces applied on the 

dispersed phase to produce droplets. Although these methods are widely employed, their 

dependance from flow rates make them less suitable. Indeed, flow rate or pressure 

fluctuations can result in process instabilities and can affect the final outcome of the 

experiments. For these reasons, new technologies in which the droplet formation is governed 

by other forces have been developed. Among them, step emulsification is characterized by 

the generation of uniform droplets through a sudden variation in channel confinement, which 

in turn causes a sharp change in capillary pressure.60 This phenomenon drives the formation 

of droplets through the application of interfacial tension stresses.50 

A generic configuration for the step emulsification geometry (Figure 1.3D) provides the 

stabilized co-flow of the dispersed and continuous phases within the high-aspect-ratio inlet 

channel. Upon reaching an abrupt geometric step, the aforementioned co-flow transitions 

into discrete droplets, subsequently released into a less confined channel. This configuration 

has several advantages, such as droplet generation less sensitive to flow or pressure 

fluctuations, and the possibility to increase the production yield by increasing the flow rate 

without affecting the droplet size and uniformity. 
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1.2.2 Droplet generation 

Depending on the selected device, several breakup modes can be observed in microfluidic 

droplet-generators. In particular, the most common shear-based droplet generators (cross-

flow, co-flow, and flow-focusing) have 5 working modalities (Figure 1.5A): squeezing, 

dripping, jetting, tip-streaming, and tip-multi-breaking. While three breakup modes have 

been identified for step emulsification: shear-induced, step-regime, and jetting-regime. For 

reason of concision, here we focused only on the break-up modalities of the shear-based 

droplet generators.61 

By adjusting the capillary number of both dispersed (Cad) and continuous (Cac) phases it 

becomes possible to navigate through the phase diagram of breakup modes, allowing for the 

selection of the preferred droplet fragmentation mechanism. Figure 1.5B illustrates the phase 

diagram highlighting phase transitions and pair of capillary numbers corresponding to each 

generating mode. 

 

Figure 1.5 A) Representation of the five droplet generation break-up modes established in shear-based 

microfluidic devices; B) Phase diagram in (Cac, Cad) plane for various modes observed in microcapillary 

flow-focusing devices, adapted from Passive and active droplet generation with microfluidics: a review50. 
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Squeezing. 

The squeezing mode occurs for low Cad and Cac.
62 In this modality, viscous stresses are too 

weak to drag and breakup the dispersed stream into droplets. Therefore, the head of the 

dispersed phase continue to grow until complete obstruction of the junction region. 

Consequently, the pressure gradient at the interface starts to increase. When the pressure 

exerted by the continuous phase overcomes the pressure inside the growing droplet, the 

interface undergoes a process of squeezing and subsequent collapse, resulting in the 

formation of a droplet. Therefore, droplets are characterized by dimensions greater than that 

of the collecting channel. This leads to the generation of a plug-like shape, which is a direct 

consequence of the geometric confinement. 

Dripping. 

Increasing the Cac the transition from squeezing to dripping happens due to the raise in the 

viscous forces, which now dominate over interfacial tension. In dripping,63 the shear forces 

are strong enough to break up the dispersed fluid before it obstructs the collecting channel, 

generating droplets with dimensions smaller than the microchannel. Indeed, the rupture into 

droplet occur as a consequence of the capillary instability at the junction between the 

dispersed and continuous channel. Moreover, thanks to the constant viscous stress, droplets 

are generated with extremely high uniformity in size. 

Jetting. 

The jetting mode50,63 becomes predominant in the upper part of the phase diagram. 

Therefore, it can be observed that an increase in both Cad and Cac is responsible for the 

establishment of this breaking up mode. It is possible to achieve this by increasing the flow 

rate of the two phases, while maintaining the other system characteristics unchanged. In 

jetting mode droplets are generated at the end of a jet extended from the dispersed channel 

towards the main collecting channel as a consequence of the Rayleigh-Plateau instability. 

Due to its distinctive properties, jetting is susceptible to capillary instabilities, which lead to 

the formation of polydisperse droplets. Generally, jetting occurs when the sum of the viscous 

forces exerted by the continuous phase and the inertia stresses of the dispersed phase exceed 

the interfacial tension forces. Based on what is the predominant force, it is possible to 

distinguish between two different jetting modalities: narrowing jetting arises when the 

viscous forces of the continuous phase dominate; and widening jetting, which in contrast 

arises when the process is dominated by dispersed fluid inertia. 
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Tip-streaming. 

Tip-streaming64 is a phenomenon that occurs under conditions of extreme imbalance 

between the capillary numbers of the two phases (Cac and Cad). As illustrated in the phase 

diagram, this mode of droplet generation is observed for exceedingly high Cac values and 

low Cad values. In these conditions, the tip of dispersed phase at the junction is deformed 

into a cone-jet structure which resembles that of the Taylor cone in charged liquid. From this 

jet, droplets of a size ranging from the micrometer to the sub-micrometer scale are produced 

with exceptional uniformity and rapidity. 

Tip-multi-breaking. 

Tip-multi-breaking occurs for intermediate Cac values compared to tip-streaming. In this 

case, the formation of the cone-jet structure is unstable and results in the intermittent 

production of droplets with size changing periodically.65 In particular, droplets are generated 

from the jet apex due to the Rayleigh-Plateau effect, but the intrinsic instability of this break-

up mode causes the oscillation of the conic meniscus which disrupt the continuous droplet 

generation leading to the formation of trains of droplet with non-uniform size distribution. 

1.5 Microfluidics for polymeric nanoparticles synthesis 

Polymeric NPs can be synthesized starting from precursor monomer by polymerization 

reaction or by the chemical or physical crosslinking of preformed polymers.26 Focusing on 

the latter, two main types of polymer can be employed according to their source of origin: 

natural or synthetic polymers.15,66 To date, both classes have their own advantages and 

disadvantages, and neither has emerged as the preferred group for biomedical applications.67 

Natural polymers, such as alginate, chitosan, gelatin, and other polysaccharides show great 

biocompatibility and biodegradability, they are often ubiquitous and inexpensive, moreover 

most of them posses bio-active properties which ensure the smart engineering of the 

nanosystem.3,66 As example, hyaluronic acid is a well-known polysaccharide showing 

affinity to the CD44 receptor which is highly overexpressed in many tumor types.10 

Therefore, including this polymer in the NPs formulation can enhance the target ability of 

the synthesized nanocarrier. On the other hand, natural polymers present high polydispersity, 

which may affect the batch-to-batch reproducibility of the synthesis, and can exhibit poor 

mechanical performance. By contrast, synthetic polymers are highly tunable and easy 

controllable materials. Their mechanical and biological properties can be finely designed 

starting from the choice of the synthetic building blocks (monomeric units).68 However, 



21 

 

under certain condition, synthetic polymers can result in poorly bio-compatible materials 

compared to the natural ones. Synthetic polymers cover an extremely broad library of 

materials including polylactic acid (PLA), poly(lactic-co-glycolic) acid (PLGA), 

polycaprolactone (PCL), polyethylene glycol (PEG), and many others.66 

The most common traditional approaches for polymeric NPs synthesis can be summarized 

in emulsification (solvent evaporation or diffusion), nanoprecipitation, and ionic 

gelation.67,69 While these methods are straightforward, well-established, and readily scalable, 

significant challenges can arise in their implementation. In particular, the use of large 

volumes of valuable chemicals and drugs, the generation of highly polydisperse 

nanocarriers, and the difficulties in designing carriers loaded with multiple therapeutic 

agents represent sources of expensive costs and inefficient procedures. Furthermore, the 

increasing demand for nanoparticles in ad-hoc nanomedicine applications strongly requires 

suitable platforms for the industrial scale-up of NPs production, avoiding limitations related 

to batch-to-batch reproducibility.70,71 The high batch-to-batch variation typical of batch 

syntheses is due to the insufficient control of the mixing within the reaction volume. In 

conditions of limited mixing and mass transfer, the nucleation, growth, and agglomeration 

of NPs occur simultaneously in an uncontrolled manner, leading to the formation of NPs 

with varying chemical and physical properties. This issue becomes even more pronounced 

in scaled-up batch reactors, where mixing efficiency is inherently lower.72 

In recent times, microfluidics has emerged as a crucial instrument in the synthesis of NPs.71–

73 Its capacity to overcome the limitations of conventional bulk techniques has prompted a 

growing commitment from the scientific community to investigate and advance novel 

technological solutions founded upon its utilization. First of all, the fine manipulation of 

small fluid volume exerted by microfluidic technology enable accurate dosing of NPs 

precursor rather than drug molecules resulting in the unparalleled control over final NPs size, 

morphology, and composition.74,75 Furthermore, the rapid heat and mass transfer, along with 

the high mixing efficiency that can be achieved in microfluidic processes, ensure the optimal 

reproducibility of the established procedure for nanoparticle formation. Additionally, the 

extensive reaction interfaces established within the microchannels, in conjunction with the 

diminutive device dimensions, facilitate accelerated reaction kinetics, thereby creating 

optimal conditions for the facile and suitable scale-up to an industrial level.72,73,76 
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A microfluidic system can be classified according to the number of phases involved in the 

reaction. In particular, two main categories can be distinguished: continuous single-phase 

microfluidic systems and segmented multi-phase microfluidic systems.72–74 

1.5.1 Single-phase microfluidic synthesis 

NPs synthesis in single-phase systems is typically implemented trough in-flow 

nanoprecipitation.75 The formation of NPs in such a system is a multistage process involving 

three main steps: nucleation, growth, and precipitation (or separation).72,75 These steps are 

typically occurring at the same time in traditional batch syntheses causing loss of 

performances. The superiority of microfluidics resides in its capability to ensure sequential 

occurrence of these step as a function of the distance from the initial mixing point (Figure 

1.6).74 

 

Figure 1.6 schematic representation of the nanoprecipitation process. In the upper part the self-assembly of polymeric 

nanoparticles is described as a function of time after solvent change. At the bottom the process of mixing within a 

microfluidic flow-focusing device.74 

Nucleation describes the formation of atomic or molecular clusters. This process can be 

induced by a change in solute solubility, which can be achieved by mixing a solvent and an 

antisolvent. This results in the creation of a supersaturated system that possesses high Gibbs 

free energy. As a consequence, the high free energy is reduced by clusters formation. It is 
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important to note that high nucleation rate contributes to the uniform growth and formation 

of NPs: the faster and more uniform the nucleation, the smaller and more homogeneous the 

particles formed. 

After the nuclei are formed, they start to growth with the two steps well isolated only in the 

case of high rate of nucleation. The growth of the particles can be attributed to the following 

diffusion and absorption of the reacting molecules onto the nuclei surfaces. This process can 

be either controlled by the diffusion of the reactants from the bulk solution towards the nuclei 

surfaces or by the reaction establishing at the nuclei surface. In the event that the rate of 

molecular diffusion is relatively low, the diffusion process becomes the rate-limiting step, 

thereby resulting in a diffusion-controlled growth phenomenon. In all other instances, the 

growth will be surface-controlled. The final stage of the process is phase separation, which 

results in the precipitation of the NPs once the equilibrium state is reached in the growth 

process. 

This method was successfully implemented by Heshmatnezhad F. et al.77 for the synthesis 

of polycaprolactone NPs (PCL NPs) in a flow focusing device. In this work, the authors 

investigated the effect of different parameters on the physical and chemical properties of the 

PCL NPs. In particular, the effect of flow rate ratio (FRR), total flow rate (TFR), organic 

solvents (tetrahydrofuran THF or dimethylformamide DMF), surfactants (polyvinyl alcohol 

PVA and Tween 80), and polymer molecular weight were evaluated. Results showed that 

smaller NPs whit narrow size distribution can be obtained by increasing both FRR and TFR 

due to a higher diffusive mixing and lower residence time. Furthermore, the process was 

found to be optimal when a higher molecular weight polymer was used in conjunction with 

DMF as an organic solvent and a surfactant mixture comprising a lower amount of PVA and 

a higher Tween 80 content. 

Another great example of in-flow nanoprecipitation was provided by Fabozzi A. and 

colleagues78 who employed a double-step microfluidic process to produce both irinotecan 

(IRI)-loaded HA/PLGA/PP NPs and IRI-loaded PLGA/PP NPs. The synthesis of these NPs 

was achieved without the use of any chemical modification, with the formation occurring as 

a result of electrostatic interactions driven by the lipophilicity gradient between the 

polymers. The as synthesized NPs were also compared to their bulk synthesized counterpart, 

revealing the augmented performances of the microfluidic synthesis that allows the 

production of smaller particles with narrower size distribution and higher drug encapsulation 
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efficiency. In addition, the introduction of a bio-active compound such as HA in the NPs 

formulation resulted in a higher NPs internalization in both HS578T and L929 tested cell 

lines. This can be attributed to the affinity between HA and the CD44 receptor which 

established a receptor mediated endocytosis. 

Bovone G. et al.79 designed a 3D coaxial jet mixer (CJM) for the continuous 

nanoprecipitation of poly (ethylene glycol)-block-polylactide (PEG-b-PL) NPs with various 

co-solvents. Here, researchers aimed to overcome some of the most common issues involved 

in 2D microfluidic nanoprecipitation, such as channel clogging which limit the scale-up of 

this procedure. At low production rate the NPs synthesis was found to be suitable and to 

produce NPs with narrow size distribution and hydrodynamic diameters ranging between 50 

and 100 nm by varying the polymer concentration, solvent, and flow conditions in the CJM. 

More interestingly, the authors claim that CJM can reach productivities up to 30-folds 

compared to traditional batch syntheses paving the way for future scale-up.  

In addition, Baby T. et al.80 designed the synthesis of curcumin-loaded shellac nanoparticles 

(CUR-Shellac NPs) through the 3D microfluidic nanoprecipitation process. They found that 

a combinatory approach using a mixture of three solvents (ethanol, DMF, and DMSO) was 

the optimal solution to tailor the performances of the synthesized CUR-Shellac NPs in terms 

of drug loading and drug release. In particular, the multiple-solvent approach offers a novel 

strategy for the synthesis of polymer nanoparticles with adjustable drug loading, ranging 

from low (1–5%) to exceptionally high (50%) levels. In addition, CUR-Shellac NPs showed 

an inherent pH-responsive behavior enabling the drug release at acidic pH. 

1.5.2 Multi-phase microfluidic synthesis 

To Date, multi-phase microfluidic systems (droplet or plug-based) are widely studied for the 

synthesis of inorganic NPs. This field of research experienced a tremendous growth in the 

past decades, leading the development of innovative microfluidic reactors with many 

advantages compared to the single-phase counterpart. In segmented flow, the reduction in 

volume where reactions occur results in enhanced mixing efficiency, thereby improving the 

predictability and reproducibility of the synthesis of NPs in both in-batch and batch-to-batch 

scenarios.81 Among the many, this technology has been applied to formulate several types of 

inorganic nanoparticles, such as gold,82 silica,83 silver84, titanium oxide,85 cadmium,81 and 

many others. 
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With respect to polymeric systems, its application remains less investigated. Few years ago, 

Rezvantalab S. and Moraveji M. K. conducted a critical review on the microfluidic assisted 

synthesis of PLGA drug delivery systems.86 They pointed out that there is a substantial 

division between continuous flow systems and segmented flow systems in the synthesis of 

PLGA-based carriers. The first are mainly utilized for the synthesis of NPs exploiting the 

nanoprecipitation protocol. While, segmented flow systems are typically devoted to the 

formation of microparticles (Figure 1.7). 

 

Figure 1.7 The relationship between microfluidics type and the final size of PLGA-based drug delivery systems. Each line 

represents the size range of drug delivery system (DDS) reported in the related reference that is produced in droplet-based 

or continuous microfluidics.86 

In essence, this fundamental concept can be readily expanded to encompass all varieties of 

polymeric particles. Consequently, considerable effort must be devoted to the investigation 

of innovative solutions for the droplet-based synthesis of polymeric NPs, in order to fulfill 

the expectations that the theory promises. However, few reports on the segmented flow 

microfluidics for polymeric NPs production are already reported in literature. Hung L. et 

al.87 reported the successful implementation of a droplet-based solvent extraction device for 

the synthesis of PLGA NPs. After dissolving the PLGA prepolymer in a DMSO phase, 

droplets of PLGA-DMSO and water were generated in sequence in a silicon oil continuous 

phase through the use of two following T-junctions. The merging between two following 
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water and PLGA-DMSO droplet in the collecting channel leads to sudden precipitation of 

PLGA NPs due to supersaturation of PLGA. Each droplet function as a micro-reactor in 

which numerous nanospheres are produced. By varying the PLGA concentration, the authors 

were able to finely tune the NPs dimensions between 70 – 500 nm range, keeping an overall 

good polydispersity index (PDI). 

Another good example is provided by Effatti E. and coworkers.88 In this work they 

demonstrate the suitable synthesis of polypyrrole (PPy) NPs using a simple W/O droplet 

generator. Here the oxidating agent ammonium persulfate (APS) was dissolved in water and 

emulsified in a capillary microfluidic device using hexadecane and span 80 as continuous 

phase. After the emulsification, a second inlet introduce the pyrrole monomer dissolved in 

hexadecane. The diffusion of the monomer within the water droplet, where the oxidating 

agent is confined, leads the instauration of the redox reaction with the following formation 

of the PPy NPs. NPs were generated in the 60-180 nm range and showed better electrical 

performances compared to those synthesized by regular bulk synthesis. 

An insightful work in understanding the principle of polymer NPs synthesis in segmented 

flow systems was conducted by Moffit M. G. and his group. In a first publication89 they 

proposed the microfluidic synthesis of poly(caprolactone)-block-poly(ethylene oxide) (PCL-

b-PEO) NPs in a plug-based liquid-gas system. Three different streams were combined at 

the junction with an Air stream to create the liquid plugs. The three streams consisted of 1) 

PCL-b-PEO in DMF, 2) a DMF separating stream, and 3) a water stream functioning as 

antisolvent phase. The role of the intermediate stream was to avoid polymer precipitation 

prior of plug formation. Indeed, the working principle is based on the same principle as for 

the continuous in-flow nanoprecipitation. However, the reduced dimension of the plug and 

the convective mixing induced by the plug motion within the channel allow the production 

of monodisperse particle of about 70 nm in the optimum flow condition. The loading and 

release of a model dye were also evaluated to validate the promising application of these 

platforms for the synthesis of drug delivery systems. Furthermore, they continued with a 

successive work to compare the performances of the developed plug-based device with a 

common single-phase staggered herringbone (SHB) mixer, and a traditional batch 

approach,90 concluding that: 1) NPs morphology between bulk synthesized NPs and 

microfluidically synthesized ones was different; 2) crystallinities from the bulk and single-

phase SHB mixer preparations were similar; 3) NPs morphologies, dimensions, and internal 

crystallinities changed with increasing flow rate in the two-phase mixer but not in the single-
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phase SHB mixer. Indeed, results demonstrate that the increasing PCL crystallization is 

linked to the increasing shear stress, which were experienced only in the two-phase system 

for increasing FRR. This result suggests that while the mixing rate strongly affects the NP 

morphologies and dimensions, mixing rate has a much weaker effect on core crystallinities, 

which are mainly influenced by shear effects. 

1.6 Microfluidics for cell encapsulation 

The investigation of cell status relies on technologies based on massive samples. State-of-

the-art methods, such as qPCR, RNA-seq, and western blotting, provide valuable 

information, which, however, only represent an average cell of the starting population.91 

Indeed, cell-to-cell interactions, the actual state of each cell in the population, and cell 

heterogeneity remain unrevealed from these analyses.92  

Alternatively, flow cytometric methodologies are efficient platforms for single-cell 

analysis.92 However, investigating cell-to-cell interactions can be challenging due to the 

requirement of maintaining cells in suspension.91 Therefore, much effort has recently been 

dedicated to developing new approaches for single-cell analysis.93 In particular, 

encapsulating cells within polymer micro-capsules, which resemble the structure of the 

extracellular matrix, is gaining increasing attention as a valuable alternative to overcome the 

aforementioned issues. Common natural polymers employed in cellular encapsulation are: 

alginate, gelatin, agarose, and collagen.94 

Recently, droplet-based microfluidic systems have emerged as a promising alternative for 

cellular encapsulation. These platforms enable the generation of microcapsules with uniform 

sizes, offering precise control over their dimensions while enhancing the delivery of oxygen 

and nutrients to the encapsulated cells. Additionally, microfluidic technology facilitates the 

customization of microcapsule properties, such as shape, mechanical strength, and 

permeability, to meet specific application requirements.95 

Beyond these functional advantages, microfluidic approaches for cellular encapsulation 

present notable economic benefits. The miniaturized processes typically require smaller 

quantities of reagents and are easily automatable, enabling cost-efficient production at scale. 

This not only reduces manufacturing costs but also increases accessibility for both 

therapeutic applications and research purposes. Furthermore, microscale systems can be 

effortlessly integrated with analytical devices or placed within cell incubators, providing 
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enhanced observation and real-time monitoring of cells during encapsulation and subsequent 

culture phases.95 

Yu et al.96 successfully developed a T-junction microfluidic system for the generation of 

alginate microspheres encapsulating breast cancer cells. Upon gelation, triggered by the 

cross-linking reaction between alginate and calcium ions in the medium, the resulting beads 

were trapped within micro-sieve structures, enabling cell culture under continuous perfusion 

conditions. This alginate-based microenvironment supported cell proliferation and 

facilitated the formation of multicellular tumor spheroids. Subsequently, the response of 

these spheroids to doxorubicin, an antitumor drug, was assessed. The study revealed that 

spheroids exhibited multicellular drug resistance, a behavior markedly distinct from that of 

tumor cells cultured in monolayers. 

In the context of transfusion medicine, hemoglobin (Hb) encapsulation within 

polysaccharide hydrogels has emerged as a potential substitute for red blood cells (RBCs). 

Martinez et al.97 described a microfluidic approach for encapsulating living cells within 

alginate hydrogel microparticles derived from monodisperse double emulsion templates. 

The authors utilized a microcapillary device to produce double emulsions, consisting of an 

inner alginate droplet surrounded by a layer of mineral oil. Gelation occurred when the 

alginate droplet detached from the mineral oil phase and interacted with calcium ions (Ca²⁺) 

in the continuous phase, resulting in alginate hydrogel microparticles with diameters ranging 

from 60 to 230 μm. After one week of culture, 65% of the encapsulated cells remained viable 

within the alginate microparticles. This method demonstrated significant potential as a tool 

for the encapsulation of living cells within uniformly sized hydrogel particles. 

More recently, Ahmed et al.98 proposed a microfluidics-assisted double emulsion technique 

for the synthesis of alginate-poly-l-lysine-g-polyethylene glycol (PLL-g-PEG) microspheres 

loaded with Hb. This method relied on an on-chip process involving sequential injections of 

alginate-Hb solutions into emulsified droplets of aqueous calcium chloride (CaCl₂), followed 

by a secondary injection of PLL-g-PEG. The fabrication process was performed using a 

PDMS-based microfluidic device equipped with a flow-focusing point and two picoinjection 

sites. At the first picoinjection site, the alginate-Hb solution was combined with CaCl₂ as the 

droplet moved through the channel, inducing gelation. At the second site, PLL-g-PEG was 

introduced to reinforce the microgel structure and minimize protein loss, ensuring stability 

of the Hb-loaded microspheres. 
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2. MEET: Mixed Emulsion-Evaporation Technique 

2.1 MEET implementation for the synthesis of hyaluronic acid-

polyethyleneimine nanogel for drug delivery in ovarian cancer 

An especially attractive class of NGs is represented by hydrophilic networks synthesized via 

the so-called emulsification/solvent evaporation technique. This strategy relies on the 

formation of an emulsion99—either water-in-oil or oil-in-water—, with the following 

constraints: i)  at least one of the two starting polymers has to be soluble and dissolved in a 

volatile organic solvent, that is immiscible with water, ii) the other hydrophilic polymer 

needs to be dispersed in the aqueous phase. The polymer crosslinking takes place at the 

water-oil interface, avoiding bulk reactions, and forms a highly structured 3D nanonetwork 

thanks to the interfacial reactions among the different reactive moieties. Finally, the resulting 

nanoscaffolds are collected following the evaporation of the organic solvent. As an example, 

the emulsion/evaporation method has led to the formulation of polyethylene glycol (PEG) 

and polyethyleneimine (PEI) nanogels, where PEG is activated with imidazole groups and 

dissolved in dichloromethane (the organic phase), whereas PEI is dissolved in water (the 

aqueous phase), and the formation of NGs occurs through chemical crosslinking between 

PEG imidazole and PEI amine groups. Such NGs have been validated in different cancers100 

and neurodegenerative disorders.101 A similar strategy has been developed using poloxamers 

(i.e., block copolymers of poly(ethylene oxide) and poly(propylene oxide)) functionalized 

imidazole and PEI102. Additionally, nanoscaffolds have been also prepared using stearic acid 

and oleic acid at different ratios in an aqueous poloxamer solution to design an in situ 

mucoadhesive gel.103  

The emulsion/evaporation method is suitable to modulate size, shape, composition and 

surface properties of the NGs, by simply tuning the concentration of the polymers and the 

droplet size of the dispersed phase. However, the need to have one of the NG building-blocks 

soluble in an organic solvent, immiscible with water, limits the range of eligible polymers 

and, as a consequence, the applicability of the technique. Indeed, the synthesis of these 

nanocarriers using hydrophilic polymers only cannot be carried out. An alternative strategy 

to address this limitation is represented by the micellar approach, which requires one 

component to form polymeric micelles in aqueous phase, exposing as external layer its 

reactive moieties for the crosslinking with a second polymer.102,104  However, the micellar 

behavior is restrictive to design NGs, in terms of polymer choice and sustained drug release 
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in specific tumor microenvironment. To solve this challenge, in this work we propose a novel 

approach based on a herein defined mixed emulsion, where each of the two polymers 

constituting the NGs is separately dissolved in water and dispersed as phase droplet, without 

the addition of surfactants, in a continuous phase composed of an organic volatile solvent, 

easily removable by evaporation at room temperature. For these reasons, we named the 

protocol as Mixed Emulsion/Evaporation Technique (MEET).  

In detail, we have applied this strategy to design NGs composed of hyaluronic acid (HA) 

and linear polyethyleneimine (LPEI), two polymers that are not soluble in water-immiscible 

organic solvents. HA is an anionic, non-sulfated glycosaminoglycan commonly used in the 

fabrication of biomaterials for tissue engineering, drug delivery and imaging purposes, due 

to its highly biodegradable, biocompatible, viscoelastic, non-toxic, and non-immunogenic 

nature.105,106 Among the biological applications, HA has been widely investigated for target 

therapy in cancer, thanks to its well-demonstrated affinity to CD44 (hyaluronan receptor), 

overexpressed on the surface of many tumor cells107. For this reason, the polymer may act 

as an active targeting moiety for the intracellular delivery of anticancer drugs and represents 

a suitable component for the synthesis of nanocarriers108,109. On the other side, LPEI is a 

cationic polymer widely used in the synthesis of nanocarriers for drug and gene delivery due 

to its unique proton-sponge effect.110,111 The presence of amine groups in the polymer 

backbone enables the modification via covalent coupling with specific 

functionalities/biomolecules and the formation of 3D nanomatrices with a huge internal 

space and a soft skeleton structure for further encapsulation of drug molecules relying on 

electrostatic interactions with the LPEI positive charge density.112 Moreover, the potential 

cytotoxicity of neat LPEI is overcome by its conjugation with other polymers, thereby 

justifying its use in the design of nanoscaffolds.112,113  

The production of HA-PEI nanocarriers through MEET simplifies the synthetic routes 

commonly used and widely discussed in published works to design HA-based or PEI-based 

nanoscaffolds. Indeed, our strategy requires few synthetic and purification steps to activate 

the polymers and form NGs, defining a straightforward and rapid method. In the literature, 

HA-PEI nanoscaffolds are generally obtained through: i) activation of HA with 

aldehyde/disulfide moieties114–116 and subsequent reaction with primary amines of branched 

PEI, ii) surface decoration of PEI-PEG, PEI-PLGA or PEI-PBAE pre-formed particles with 

HA chains117–119, or iii) formation of nanocomplexes via electrostatic interactions.120–124 

Overall, these procedures involve multiple orthogonal activation routes, longer reaction 
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times and the use of larger volumes of water and organic solvents. Furthermore, these 

nanocarriers preferentially result in a core-shell configuration, characterized by a sectorial 

and inhomogeneous distribution of the different chains in the whole nanonetwork, which 

could affect the performance in drug delivery and cell uptake. Our MEET approach, 

exploiting the emulsion/evaporation principles, allows us to obtain homogeneous HA-LPEI 

NGs, otherwise feasible with longer and more complex chemical pathways, where 

significant additional benefit results by the combination within a single nanoscaffold of both 

physical (by HA) and electrostatic (by LPEI) interactions with the payload, coupled to HA-

mediated affinity toward cancer cells and PEI-mediated endosomal escape.125 

The synthesized NGs were characterized in terms of size, morphology and surface charge, 

and loaded with doxorubicin (a known antiblastic drug) to validate their potential application 

as a therapeutic delivery system in ovarian cancer, using the cell line OVCA433 as 

representative of tumor cells overexpressing CD44. Through a competitive assay, we could 

demonstrate an involvement of CD44 in the NG internalization process. We have also 

documented that NG-mediated delivery of doxorubicin (DOX) significantly affected the cell 

metabolic activity, outperforming the conventional DOX administration route as a non-

encapsulated drug. 

Hence, this study demonstrates a convenient route for NG synthesis, which is less stringent 

than conventional emulsification/solvent evaporation methods in terms of polarity and 

solubility figures, therefore expanding the range of applicability to a larger class of 

biopolymers and validating their use as CD44-mediated drug delivery nanocarriers for 

cancer treatment. 

2.1.1 Materials & Method 

Materials. HA sodium salt (HA, ultralow Mw = 8−15 kDa) was purchased from Biosynth 

Carbosynth (Compton, UK), and LPEI (Mw = 2.5 kDa) was purchased from Polysciences 

Inc. (Warrington, USA). Doxorubicin was purchased form Teva Italia S.r.l. (Milan, Italy). 

All other chemicals were purchased from Merck KGaA (Darmstadt, Germany) and used as 

received, without any further purification. The solvents were of analytical grade. Cy5-

derivatives were stored at −20 °C. 

LPEI Functionalization with Cy5 (LPEI-Cy5). LPEI and Cy5 were crosslinked according 

to a two-step procedure discussed in a previous work.126 The first stage concerned the 

modification of LPEI with alkyne groups: the polymer (250 mg, 0.1 mmol) was dissolved in 
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methanol (7 mL), and 80 wt % propargyl bromide solution in toluene (108 μL, 1 mmol) was 

added dropwise at 0 °C. The resulting solution was kept under stirring for 24 h at room 

temperature (RT) in the dark. Methanol was evaporated under reduced pressure, and the 

resulting viscous intermediate was redissolved in deionized water (DIW). The solution was 

purified by membrane dialysis against DIW (dialysis membrane MWCO = 100−500 Da) for 

2 days, with daily water exchange, and the alkyne-modified LPEI was collected as a solid 

after freeze drying. In the second stage, copper(I)-catalyzed alkyne− azide cycloaddition 

(CuAAC) occurred: functionalized LPEI (220 mg, 0.088 mmol) was dissolved in DIW (10 

mL) and Cy5-azide (200 μL, 2 mg/mL in DMSO) was added dropwise to the system. The 

copper catalyst (CuSO4,13μg, 0.08 μmol) and sodium ascorbate (16 μg, 0.08 μmol) were 

added to the mixture, which was left under stirring for 36 h at 50 °C, in the dark. The product 

was dialyzed (membrane MWCO = 100−500 Da) against DIW for 2 days with daily water 

exchange to remove unreacted species. The final LPEI Cy5 was collected after freeze drying. 

NG Synthesis. The NG synthesis involved the use of aqueous solutions of HA and LPEI. 

HA (10 mg) was dissolved in DIW (2 mL), and the coupling agents N-(3-

dimethylaminopropyl)-N′-ethyl carbodiimide hydrochloride (EDC, 22.66 mg, 0.12 mmol) 

and N-hydroxy succinimide (NHS, 5.56 mg, 0.048 mmol) were added to the polymer 

solution at a molar ratio of HA carboxyl groups/EDC/NHS of 1:5:2. The reaction system 

was kept under stirring for 3 h at RT. Pristine LPEI and LPEI-Cy5 (1 mg, 1:1 by weight) 

were dissolved in 1 mL of dilute HCl (pH = 4.5). The polymer crosslinking reaction occurred 

as follows: dichloromethane (DCM, 3 mL) was added dropwise to the activated HA solution 

and sonicated for 30 min, generating the first W/O emulsion. Then, the LPEI solution (i.e., 

pristine LPEI and LPEI-Cy5) was added dropwise to the system and the final mixture was 

further sonicated for 15 min, generating a mixed emulsion of two disperse aqueous phases 

and a continuous organic one. This emulsified system was left under vigorous stirring 

overnight, at RT, allowing the organic solvent to evaporate. Finally, it was dialyzed against 

DIW (membrane MWCO = 6−8 kDa) for 2 days with daily water exchange, freeze-dried, 

and collected as a sponge-like solid. The HA/LPEI ratio of the present formulation was 

chosen following a preliminary evaluation of the NG size and cytotoxicity, as described in 

the Appendix I. 

NMR and IR Analysis. The starting materials, intermediates, and final nanoscaffolds were 

analyzed by nuclear magnetic resonance (1H NMR) carried out with a Bruker AC (400 MHz, 

Bruker Corp., Billerica, MA) spectrometer using deuterium oxide (D2O) as the deuterated 
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solvent, and the chemical shifts were reported as δ values (ppm) relative to the tetramethyl 

silane internal reference compound. Further characterizations were performed by attenuated 

total reflectance Fourier transform infrared spectroscopy (FT-IR) using a Thermo Nexus 

6700 spectrometer coupled to a Thermo Nicolet Continuum infrared microscope equipped 

with a 15× Reflachromat Cassegrain objective (Thermo Fisher Scientific, Waltham, MA) in 

the wavenumber range of 4000−800 cm−1, with 32 accumulated scans and at a resolution of 

4 cm−1 for each specimen. 

Dynamic Light Scattering Analysis. The final size, the polydispersity index (PDI), and the 

ζ-potential of the NGs were determined by dynamic light scattering (DLS) analysis 

(Zetasizer Nano ZS, Malvern Panalytical, Malvern, UK) in phosphate-buffered saline (PBS), 

acid (pH = 4.5), and basic (pH = 8.5) solutions. The specimens were prepared at a 

concentration of 1 mg/mL and sonicated to ensure the complete dispersion in the medium, 

minimizing potential aggregates. Additionally, NG enzymatic degradation was evaluated 

using a solution of hyaluronidase from bovine testes (HAase, 400−1000 U/mg solid) at two 

different specific activities of 10 and 150 U/mL: according to the literature, the NGs were 

dispersed (1 mg/mL) in 0.1 M sodium acetate buffer plus 0.15 NaCl containing BSA (1 

mg/mL) and HAase at 37 °C. At defined time points, the effective hydrodynamic diameter 

and light scattering intensity of the NG suspensions were monitored in situ. Readings were 

performed in triplicate. 

Atomic Force Microscopy Analysis. Atomic force microscopy (AFM) measurements were 

carried out using a Dimension 3100 AFM system with a Nanoscope III controller (Veeco 

Instruments Inc., Cambridge, UK) fitted with gold cantilevers (NanoWorld Pointp robe) in 

contact mode with a spring constant of 0.08 N m−1. The specimen was resuspended in 

distilled water at a concentration of 0.5 mg/mL, sonicated for 10 min at 20 °C, and added 

dropwise (2 μL) on Thermo polysine slides (Thermo Fisher Scientific) until reaching the 

evaporation of the solvent on the substrate at RT. AFM images on 30 × 30 μm areas were 

recorded for the preliminary morphologic evaluation, followed by the analysis of 4 × 4 μm 

ROIs. 

Scanning Electron Microscopy. The NG specimen was prepared as described in the 

previous section on mica sheets and sputter-coated with platinum. A field-emission scanning 

electron microscopy (SEM) (FEI XL 30 ESEM-FEG, Thermo Fisher Scientific) analysis was 

performed at an accelerating voltage of 10 kV in the secondary electron detection mode. 
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Transmission Electron Microscopy. The morphology of NGs, both as-synthesized and 

following enzymatic degradation, was evaluated by transmission electron microscopy 

(TEM) (FEI Tecnai G2 Microscope, Thermo Fisher Scientific). The NG suspensions were 

diluted to a final concentration of 250 μg/mL in DIW, and 3 μL was added dropwise on a 

lacey carbon-coated 300 mesh copper grid (Agar Scientific Stansted, Essex, UK), followed 

by dehydration at 50 °C until complete solvent evaporation. TEM micrographs were 

recorded at an accelerating voltage of 120 kV.  

Drug Loading. Doxorubicin (DOX) was chosen as a representative drug to evaluate the 

performance of the synthesized nanocarrier in terms of encapsulation and controlled release 

of therapeutics. DOX loading was performed in PBS (pH = 7.4) as follows: 30 μL of a 100 

μM DOX solution was added to the lyophilized specimens (3 mg), and the samples were 

centrifuged for 15 s at 6000 rpm. Then, the system was left at RT for 15 min to complete the 

uptake of DOX. Finally, the resulting loaded nanocarriers were dialyzed (membrane MWCO 

= 3.5 kDa) against PBS for 30 min in order to remove the nonabsorbed drug. The 

encapsulation efficiency (EE %) was estimated according to the following equation 

(equation 21) 

𝐸𝐸% =  
𝐷𝑂𝑋𝑁𝐺

𝐷𝑂𝑋𝑡𝑜𝑡
∙ 100% =  

𝐷𝑂𝑋𝑡𝑜𝑡 − 𝐷𝑂𝑋𝑠𝑜𝑙

𝐷𝑂𝑋𝑡𝑜𝑡
∙ 100% (21) 

where DOXNG represents the encapsulated fraction and DOXsol is the residual unabsorbed 

fraction of the total drug payload (DOXtot). DOXsol was determined by fluorescence 

spectroscopy (λex = 488 nm; λem = 590 nm) of withdrawn aliquots (3 × 100 μL) at defined 

time points based on a DOX standard calibration curve (Appendix I). 

Drug Release Profile. The DOX-loaded nanosystems were diluted to a final concentration 

of 10 mg/mL, and 100 μL of the NG suspension was allowed to exchange against PBS (0.6 

mL) at 37 °C. At defined time points, 100 μL aliquots were withdrawn and spotted into 96-

well plates for fluorescence spectrophotometric analysis. At each withdrawal, the elution 

buffer was replenished with fresh PBS to avoid mass transfer equilibrium between the 

nanosystem and the surrounding solution. The cumulative percentage of released DOX was 

estimated by fluorescence spectroscopy at λex = 488 nm and λem = 590 nm according to the 

drug calibration curve. Additionally, drug release studies were performed in acidic (pH = 

4.5, representative of the pH levels in the stomach), alkaline (pH = 8.5, as a threshold value 

which can be reached in a diseased intestine), and HAase-containing solutions. Experimental 



36 

 

data were collected from three independent replicates and reported as mean ± standard 

deviation (SD). 

Cell Cultures. The human epithelial ovarian cancer cell line OVCA433 was obtained from 

the American Type Culture Collection (ATCC) (LGC Standards, Teddington, UK). Cells 

were cultured in Dulbecco’s modified Eagle’s medium (Cat# 21885-025, GIBCO Thermo 

Fisher Scientific), supplemented with 10% fetal bovine serum, 50 U/mL penicillin, and 50 

µg/mL streptomycin. Cells were incubated at 37 °C in a humidified atmosphere with 5% 

CO2. 

Cell Viability and NG Biocompatibility. Cell viability in the presence of the NGs was 

assessed using a Vybrant cytotoxicity assay kit (Thermo Fisher Scientific) according to the 

manufacturer’s protocol. The NGs were suspended in the culture medium (20 μg/ mL) and 

administered to OVCA433, 24 h after their seeding at a density of 1.5 × 104 cells/cm2. 50 μL 

of the supernatant was transferred into a 96-well plate, and after 10 min of incubation with 

50 μL of a resazurin/reaction mixture at 37 °C in 5%CO2, the fluorescent metabolite of 

resazurin (resorufin) was detected (λex = 530 nm; λem = 590 nm) using an Infinite M200-

Pro multiplate reader (Tecan, Mannerdorf, Switzerland). The release of the cytosolic enzyme 

glucose 6-phosphate dehydrogenase (G6PD) from damaged cells into the surrounding 

medium was quantified after 2, 6, and 24 h. The measured fluorescence is proportional to 

the amount of G6PD released into the medium, which is correlated with dead cells in each 

specimen. Each experiment was performed in triplicate for each time point, and the viability 

levels were normalized to the control (i.e., fully lysed cells). 

Flow Cytometric Analysis. The selectivity of the NGs for CD44 and the involvement of the 

hyaluronan receptor in the internalization process were studied. OVCA433 were seeded at a 

density of 1.5 × 104 cells/cm2 into 12-well plates for 24 h, and CD44 was blocked with an 

anti-CD44 blocking/neutralizing antibody (clone IM7, PE-Cy7 labeled; Thermo Fisher 

Scientific). In brief, the cells were washed in PBS and incubated for 45 min at RT with the 

antibody (1.25 ng/ μL in PBS). Then, the cells were washed in PBS (three times) and the 

NGs were administered at a final concentration of 20 μg/mL. The control group was 

represented by cells without CD44 blocking treatment. At 2, 6, and 24 h time points, the cells 

were analyzed by f low cytometry (CytoFLEX flow cytometer, Beckman Coulter, Brea, CA) 

with CytExpert software (Beckman Coulter). The living cells were gated on a forward versus 

side-scatter (FSC/SSC) dot plot; the NG signal was recorded in the allophycocyanin (APC-
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A700) channel and quantified as the median fluorescence intensity (MFI) fold change at 

each time point. Fluorescence compensation was applied to correct the fluorescence 

spillover of Cy5 (NGs) and Cy7 (antibody) dyes. 

Fluorescence Staining and Confocal Microscopy Analysis. The cellular internalization of 

the NGs was also visualized using confocal microscopy. OVCA433 cells were seeded at a 

concentration of 1.5 × 104 cells/cm2 into an 8-well chamber slide (Ibidi GmbH, Grafelfing, 

Germany) for 24 h, while CD44 blocking and NG uptake were performed as described in 

the previous section. After 24 h, the cells were fixed in paraformaldehyde (4% in PBS) for 

15 min at RT and then incubated for 5 min in Triton X-100 (0.1% in PBS) to permeabilize 

the cell membranes. Subsequently, they were washed three times in PBS, incubated with 

ActinGreen 488 stain (GeneCopoeia, Rockville, MD; 1:80 dilution in PBS for 40 min, in the 

dark), washed in PBS (3 times), and counterstained with DAPI (Thermo Fisher Scientific; 

1:1000 dilution in PBS for 10 min, in the dark). Micrographs were collected using a Nikon 

A1R+ laser scanning confocal microscope (Nikon Instruments, Tokyo, Japan) with a 20× 

NA1.0 air objective. 

Cell Assay of NG-Mediated DOX Delivery. Cell metabolic activity was evaluated 

following the administration of the DOX loaded NGs to validate their potential therapeutic 

effect. OVCA433 were seeded at a density of 1.5 × 104 cells/cm2 in the growth medium and 

incubated for 24 h. Then, DOX-loaded NGs (DOX-NG, 5.8 ng of DOXper mg of NG) were 

added to the cells at a concentration of 20 μg/mL. The cells incubated with pristine (i.e., 

nonencapsulated) DOX represented the control group. All conditions were set to achieve the 

same final concentration of 0.2 μM drug in the culture medium. The MTT assay was used 

according to the manufacturer. The experiments were performed in triplicate at different time 

points (24 h, 48 h, 72 h, and 1 week). 

Statistical Analysis. The experimental data were analyzed using Prism ver. 9.3.0 (GraphPad 

Software, San Diego, CA) and reported as mean ± SD if not otherwise specified. One-way 

analysis of variance (ANOVA) followed by Tukey’s multiple comparison test was used to 

assess the statistical significance, which was set at the 0.05 level. 

2.1.2 Results & Discussion 

Chemical characterization of nanogels. HA-LPEI nanogels were synthesized in a 

surfactant-free emulsion medium, consisting of two polymeric solutions of HA and PEI as 

aqueous dispersed phases, and a continuous organic one. This multiphase system represents 
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a challenging approach compared to the standard emulsion-based strategies, where at least 

one of the starting polymers is soluble in an organic solvent, immiscible with water, and the 

hydrophilic counterpart is present in the aqueous phase. Our procedure was designed to 

exhibit all the classical behaviors of the metastable colloids, detectable in the conventional 

single (W/O or O/W) and multiple (W/O/W or O/W/O) emulsions,127,128 combined with 

enhanced phenomena of droplet interactions between the two aqueous phases, driven by the 

interfacial cohesion forces. This resulted in initiating the chemical crosslinking between HA 

and LPEI at the droplet-droplet interface and in completing the formation of the 3D 

nanoscaffold upon the droplet coalescence, exploiting the Brownian and Van der Waals 

mutual interactions of the polymeric disperse phases.129  

 

Figure 2.1 Scheme of NGs synthesis through MEET (Mixed Emulsion/Evaporation Technique). On the left: putative 

representation of the forming NG structure where the amide bond is highlighted (in red). 

In detail, the proposed MEET protocol (Figure 2.1) involved the preparation of a first W/O 

emulsion of HA in DCM by sonication, followed by the addition of the LPEI aqueous phase, 

again under sonication. The resulting emulsion could be classified as a mixed one and was 

characterized by the absence of surfactants, in order to avoid potential side-reactions in the 

formation of the NG scaffolds. The chemical reaction occurred between HA NHS-ester 

intermediate and LPEI amine groups and the final nanosystems were collected in a single 

aqueous phase, after the evaporation of the organic solvent. 
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Figure 2.2 1H-NMR spectra of LPEI (a, blue; due to the different protonation degree of amino groups in the polymer 

backbone, A is indicative of the methylene protons subsequently involved in the crosslinking reaction), LPEI functionalized 

Cy5 (b, green), HA (c, black) and NGs (d, red). The signals of HA-LPEI crosslinking are highlighted. 
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Results of 1H-NMR analysis confirmed the Cy5 conjugation on PEI chains (characteristic 

triazole peak at 8.05 ppm130,131) and the formation of NGs. In particular, in Figure 2.2, the 

chemical crosslinking through amide bond was confirmed by the shift of the signals 

ascribable to the methylene protons (N-CH2-CH2, D) of PEI monomer and the methine group 

(CH-COOH, E) of the HA ring moiety, involved in the reaction: the former was detectable 

at 3.38 ppm (signal at 2.93 ppm in the spectrum of neat LPEI) and the latter at 3.62 ppm 

(shoulder signal at 3.80–3.70 ppm in the HA spectrum). Moreover, the characteristic peak of 

HA methyl groups and of PEI backbone were clearly detectable, at 2.00 ppm and 2.85 ppm, 

respectively.132,133 An estimation of the HA:PEI molar ratio in the nanoscaffold was 

conducted considering the integral values of their characteristic peaks and it resulted in 

HA:PEI 6:1, approximately.  

The synthetic route leading to NG formulation was also monitored through FT-IR analysis, 

as shown in Figure 2.3. In detail, HA spectrum (Figure 2.3c) presented the characteristic 

peaks of –OH stretching at 3259 cm-1 and aliphatic C–H stretching at 2880 cm-1. The signal 

at 1739 cm-1 could be ascribed to the carbonyl stretching of the carboxylic group. The peak 

at 1608 cm-1 was representative of the amide II (C=O stretching), whereas the signals at 1407 

cm-1 and 1376 cm-1 could be assigned to the C–H bending. The stretching of the C–CH3 

amide could be observed at 1315 cm-1, and the bands related to the stretching C–O–C bridge 

and the skeletal vibration involving the C–O stretching at 1148 cm-1 and 1035 cm-1, 

respectively134,135. LPEI spectrum (Figure 2.3a) showed the signal of –OH stretching at 3366 

cm-1 and the asymmetric and symmetric stretching vibration of the CH2 at 2907 cm-1 and 

2819 cm-1, respectively. Moreover, N–H bending could be observed at 1622 cm-1 and C–H 

bending and C–N stretching vibrations could be ascribed to the signals in the wavenumbers 

range 1450÷900 cm-1. The conjugation of Cy5 on the PEI backbone (Figure 2.3b) was 

confirmed by the triazole linkage, ascribable to the signals at 1437 cm-1(*) and 1458 cm-

1(**), and by the cyanine peaks around 2880 cm-1 and in the wavenumbers range 1500 ÷ 800 

cm-1, partially overlapped to PEI signals. Finally, the NG spectrum (Figure 2.3d) showed the 

characteristic signal of C=O stretching of the amide bond at 1703 cm-1 (†), representative of 

the successful HA-LPEI covalent crosslinking and the consequent nanoscaffold formation, 

besides showing all the characteristic peaks of the starting polymers.  
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Figure 2.3 FT-IR spectra of LPEI (a, blue), LPEI functionalized Cy5 (b, green), HA (c, black) and NGs (d, red). 

Physical characterization of nanogels: size and stability. The evaluation of NG size was 

conducted through DLS, AFM, SEM and TEM analyses (Figures 2.4 and 2.5c). DLS 

measurements of the hydrated NG specimens were carried out in different conditions (PBS, 

acidic and basic solutions) to investigate potential variations in NG size and their stability 

over time. In PBS medium, we recorded a mean hydrodynamic diameter of ca. 220 nm 

(polydispersity index PDI = 0.204) and a ζ-potential value of ca. – 8.7 mV. Additionally, NG 

stability was characterized by an initial phase of swelling due to the on-going hydration of 

the lyophilized specimen, followed by an equilibrium state with the surrounding 

environment (which resulted in an almost constant NG diameter from the 24 h time point). 

This initial swelling (maximum hydrodynamic diameter of 292.6 nm) was paralleled by a 

corresponding peak in the NG negative surface charge (-9.6 mV), suggesting a correlation 

between the two entities. Considering the HA:LPEI 6:1 molar ratio in NGs, the higher 

amount of negatively charged HA dictated the physicochemical behavior of the nanosystem. 

Indeed, as well documented in the literature, HA is characterized by solvation and diffusion 

of molecules/ions toward the polymer backbone at a faster rate than the chain relaxation:136 
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this resulted in an increased hydration effect and in an expanded polymer conformation with 

larger end-to-end distance (overshoot value); when this elongation is counterbalanced by the 

polymer chain reactive force, some of the absorbed molecules are forced out of the HA 

network, and an equilibrium state is achieved.137,138 In parallel, this behavior supported the 

maximization of the overall electrostatic and polar interactions between the HA functional 

groups and the ionic species, providing a slight increase in the value of the negative electrical 

double layer associated to the nanostructure, until the equilibrium condition. After drug 

encapsulation, a slight variation in NGs size was recorded (Appendix I), attributable to the 

steric hindrance of the entrapped drug and its physico-chemical interaction with the polymer 

chains: however, this difference can be considered not relevant in terms of cellular uptake.131 

Furthermore, NG stability was also tested in acidic (pH 4.5) and basic (pH 8.5) solutions: a 

moderate increase in plateau diameter was observed in both conditions, underlying no 

aggregation and a good stability. The pH-dependent variations in hydrodynamic diameters 

could be ascribed to the different ionic nature of the polymers: PEI exhibits the highest 

protonation degree at pH 4.5, whereas it is substantially deprotonated in alkaline 

condition;139,140 on the other hand, HA is characterized by a lower net negative charge in 

acidic vs. basic medium and a decreasing radius of gyration at alkaline pH values.141 As a 

result, at pH 4.5, the prevailing PEI positive charge density gave rise to repulsion forces 

between the protonated residual amino groups, favoring the increase in NG size (ca. 80 nm 

increase in hydrodynamic diameter); in alkaline conditions, the HA ionic strength and the 

electrostatic repulsion between its carboxyl and hydroxyl groups favors an elongated 

configuration of the polymer chains, which resulted in slightly larger NGs (ca. 50 nm 

increase) compared to the specimens in PBS buffer. These observations were confirmed by 

the ζ-potential values: indeed, NGs showed an almost neutral charge at pH 4.5 and were 

negatively charged at pH 8.5.142,143 

AFM analysis (Figure 2.4c) was conducted in air on partially hydrated NGs and gave a 

diameter value of ca. 195 nm; the discrepancy between DLS and AFM measurements was 

attributable to the different measurement conditions: DLS analysis was performed on fully 

solvated NGs and the measured values corresponded to the NG hydrodynamic diameter, 

whereas for AFM measurements, a certain degree of dehydration was attributable to the 

experimental settings. Moreover, AFM conditions enhanced the typical Marangoni effect 

occurring in colloids: the crosslinked polymeric chains tended to spread according to the 

mass transfer driven by the surface tension gradient, induced by the variation in the 
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evaporation flow across the surface of the laid droplet.144,145 Due to this phenomenon, sample 

deposition procedure could result in colloidal agglomeration of NGs. In addition, SEM 

images (Figure 2.4d) showed a spherical morphology with a smooth surface and an 

approximate size around 114 nm. In this case, the smaller NG dimensions were related to 

the high-vacuum conditions, which led to a shrinking of the NG meshes due to the 

progressive transition from a swollen to a fully dehydrated state. 

 

Figure 2.4 (a,b) Evaluation of NGs size and ζ-potential through DLS analysis in PBS (grey), acidic (red, pH 4.5) and 

alkaline (blue, pH 8.5) solutions. (c) AFM image of NGs. (d) SEM image of NGs. Scale bar = 500 nm. 

Additionally, the enzymatic degradation of the nanocarrier was explored. HAase was chosen 

as an enzyme, at two different concentrations (10 and 150 U/mL) commonly used in in vitro 

experiments,146–148 and the variation in NG size and morphology were evaluated through 

DLS and TEM analyses.  

Results revealed a HAase dose-dependent degradation behavior of the NGs. Figure 2.5 

shows the progressive decreases of the hydrodynamic diameter (up to 70% at 48 h) and the 

relative count rate for the specimen treated with HAase at the higher concentration (150 

U/mL), highlighting the gradual degradation of the nanomaterial: in particular, the reduction 
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in count rate is representative of the lower density of NGs in suspension, correlated to the 

decreased number of existing nanostructures.149,150  

 

Figure 2.5 (a,b) DLS evaluation of NGs enzymatic degradation (size and relative count rate, respectively) in hyaluronidase 

solution 10 U/mL (green) and 150 U/mL (red). (c) Representative TEM images of NGs morphology in PBS solution (I, as-

synthesized NGs) and following the treatments with HAase solution at 37 °C (II: 10 U/mL, 24 h; III: 10 U/mL, 48 h; IV: 

150 U/mL, 24 h; V: 150 U/mL, 48 h). Scale bar = 250 nm. 

Conversely, at 10 U/mL (a concentration giving an in vitro degradation rate similar to the in 

vivo conditions151) the count rate decreased to an almost constant value. The reported 

increase in the NG size at 24 h may be attributed to an augmented swelling capacity due to 

the complete or partial cleavage of HA chains, which can generate local defects and nano-

voids.149,152 However, in this case, NGs did not show a substantial degradation up to 48 h, 

suggesting a better stability of the nanocarrier for controlled drug delivery purposes 

(Appendix I). Furthermore, TEM images confirmed DLS analysis (discrepancies in NG 

dimension can be attributed to the dry state of the specimens for TEM analysis), and showed 

the progressive alteration of NG morphology at 150 U/mL HAase solution, whereas the size 

of the NG treated with the enzymatic solution at 10 U/mL showed no significant reduction. 
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Drug release. The performance of NGs as a controlled drug delivery system was 

investigated using DOX as a candidate drug. DOX is a cytotoxic anthracycline antibiotic 

commonly used against several tumor microenvironments, such as lung,153 breast,154 

melanoma,155 bladder,156 and ovarian157 cancer. The DOX encapsulation efficiency was 

about 83.4%, as detected by UV-vis spectroscopy, and its release profiles in PBS, acidic and 

basic conditions are reported in Figure 2.6a. NGs ensured a high encapsulation efficiency 

and a sustained drug delivery over time, showing a cumulative release of ca. 85% in PBS 

and almost completed at acid and alkaline pH (ca. 93% and 97%, respectively), after 15 

days. The trend in PBS could be ascribed to a diffusion mechanism mainly controlled by the 

aliphatic-aromatic stacking interactions between HA and DOX, as documented in systems 

where the high local density of atoms in aliphatic and aromatic rings, to some orientations 

and distances, results in increased electrostatic and dispersive interactions, producing a 

stabilization effect.158–160 Here, this phenomenon could take place between the aliphatic rings 

of the HA and the aromatic moieties of the drug, generating non-covalent interactions which 

provided a stacked arrangement of the drug molecules within the NGs architecture, reducing 

the release rate of DOX from the nanomatrix.  

In acidic medium, NGs exhibited a drug release profile similar to that observed in PBS buffer 

up to 10 days, with an increase of the cumulative DOX release in the following days. Despite 

the larger NG size at pH 4.5 than in PBS, the obtained result could be explained by 

considering the higher protonation degree of LPEI which gave rise to additional noncovalent 

interactions, defined as cation-π interactions,161 between the protonated amine moieties of 

the polymer and the aromatic rings of the drug. The physical nature of this interaction could 

contribute, together with the aliphatic-aromatic stacking, to tune the progressive release of 

DOX in the first days. At pH 8.5, drug release was faster compared to the other conditions: 

here, the increased negative charge on HA backbone induced a repulsion between the 

carboxylate and hydroxide groups of HA and DOX, partially counteracting the interaction 

between the disaccharide units and the aromatic moiety of the drug, and, as a result, 

increasing the drug release from the nanomeshes. 

Figures 2.6b, 2.6c and 2.6d show the cumulative release against time to the power of 0.43 

(i.e., t1/2.3). In this representation, linearity of data is representative of a Fickian diffusion 

regime and the y-axis intercept value is an indication of the burst release, which is assumed 

equal to zero for an ideal controlled release system.131,162 Collected data showed good 

linearity, confirming that DOX release was mediated by Fickian regime, and no initial burst 



46 

 

release was noted, emphasizing the potential lifetime of this nanocarrier as drug delivery 

system.163 In particular, a double diffusion regime with different slopes could be detected in 

all investigated conditions. The transition and duration of the two regimes could be ascribed 

to the nature of the predominant interactions drug-NGs over time. The first diffusion trend 

(i), which occurred in the first 6 h, could be associated to the adsorbed DOX at the interface 

NGs/water, which could be released at a faster rate according to the diverse pH values; 

whereas the second regime (ii) could correspond to the interactions in the nanoscaffold core: 

the aliphatic-aromatic stacking which delayed and sustained the drug release in PBS, the 

aliphatic-aromatic and the cation-π interactions which prolonged the drug release in acidic 

buffer, and the electrostatic repulsions which counterbalanced the aliphatic-aromatic 

stacking for a faster DOX release in alkaline condition. 

 

Figure 2.6 (a) Release profile of DOX delivered by NGs in PBS (black), acidic (pH = 4.5, red) and alkaline (pH = 8.5, 

blue) solutions. (b,c,d) The slope of the drug release against time expressed as t1/2.3 is representative of the Fickian diffusion 

coefficient of drugs in NGs, at the different investigated conditions. Cumulative drug release is represented as a percentage 

of the total drug payload (mean value ± SD is plotted). 

NG biocompatibility. OVCA433 cells were chosen as a representative cell line expressing 

good affinity toward HA thanks to its high levels of CD44 expression (Appendix I). Indeed, 

HA is considered the major ligand for CD44 and its isoforms in different cancer 
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scenarios.164,165 Proving the biocompatibility and the internalization of our NGs would 

highlight their potential use as therapeutic nanocarriers in ovarian cancer. G6PD assay 

demonstrated that HA-LPEI NGs did not generate cytotoxic effects on cells: Figure 2.7a 

reports high normalized viability levels (above 98%) with no significant difference vs. 

control (i.e., cells without NGs). 

NG internalization. To evaluate the involvement of CD44 on NG internalization process, 

flow cytometric analysis of CD44-naïve and CD44-blocked OVCA433 following NG 

administration was conducted.  

 

Figure 2.7 (a) Cell viability by G6PD assay of OVCA433 cells following incubation with NGs for 24 h. Results are 

normalized to CTRL group and expressed as mean ± SD. (b) Flow cytometric analysis of naïve OVCA433 (–IM7) vs. 

OVCA433 treated with CD44 neutralizing/blocking antibody (+IM7), after NGs uptake at 2 h (green), 6 h (blue) and 24 h 

(orange): plot reports the shift of the allophycocyanin (APC-A700-A) signal for each time point in the target gate (CTRL 

in black). The fold changes in MFI, calculated vs. internal control cells, are specified in the table. (c) Representative 
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confocal micrographs of NGs (in red) internalization in OVCA433 cells after 24 h of incubation. NG internalization was 

not detectable in +IM7 group. Actin cytoskeleton was stained with FITC-labeled phalloidin and nuclei were counterstained 

with DAPI. Scale bar = 20 μm. (d) DOX-induced cytotoxicity in OVCA433 at 24 h, 48 h, 72 h and 7 days, after the 

administration of free-drug (DOX) and drug-loaded NGs (DOX-NG). The therapeutic effect is expressed in terms of cell 

viability levels normalized against internal controls, measured through the MTT assay. Results are the mean ± SD of three 

independent experiments. Statistical analysis was performed using one-way ANOVA. * p < 0.05, ** p < 0.01, **** p < 

0.001, **** p < 0.0001, ns = not significant. 

Figure 2.7b shows the distribution of cell fluorescence at the investigated time points (2 h, 

6 h and 24 h), where an increase of the MFI over time is representative of the progressive 

NG uptake by cells. A significantly different trend could be observed in the two conditions: 

in control cells expressing CD44 surface receptors (–IM7), the uptake of the nanocarriers 

occurred over time and it resulted clearly detectable at 24 h, with a 5.7-fold change in MFI; 

on the other hand, in cells treated with CD44 neutralizing/blocking antibody (+IM7), no 

relevant increase in MFI was observed and fluorescence histograms were comparable at all 

time points. These results demonstrated that CD44 was directly involved in the mechanism 

of NG internalization, suggesting their potential use as a CD44-targeting drug delivery 

system. However, as recently discussed in the literature,166,167 this outcome should not be 

interpreted as a cell surface event of selective binding, because a rational approach to CD44 

selective targeting through hyaluronan-based nanosystems is challenging: an unclear 

correlation between CD44 expression, HA binding and its internalization process does not 

allow CD44 to be assigned an exclusive role as a selective binder and internalizer in the 

uptake of HA-based nanomaterials.  

A further validation of the internalization process was provided by fluorescence microscopy, 

as shown by the confocal images in Figure 2.7c, representative of the NG uptake at 24 h. 

Blocking CD44 receptors (+IM7) resulted in substantial inhibition of NG uptake, while in 

CD44-naïve cells (–IM7), the nanocarriers were clearly detectable, with a progressive 

intracytoplasmic localization (a 3D volume rendering of confocal z-stack is provided as 

Appendix I).  

Effect of NGs-mediated release of DOX on cells. To validate our NG formulation, we 

performed an in vitro evaluation of the therapeutic effects of NG-mediated DOX release, 

comparing the nanoencapsulation approach to the conventional administration route of the 

pristine drug. We selected an ideal sublethal drug concentration of 0.2 µM, corresponding to 

a 14% cell viability reduction, as estimated through the dose-response curve at 24 h on 

OVCA433 cultured in adhesion, using the MTT assay (Appendix I). Moreover, this drug 
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concentration falls in the range of values commonly investigated for ovarian cancer 

treatments.168–170 The cell metabolic activity was estimated through MTT assay, up to 7 days, 

as reported in Figure 2.7d. The administration of DOX-loaded NGs (DOX-NG) boosted the 

therapeutic effect of the drug, as clearly detectable after 24 h (p<0.0001 vs. CTRL), 

outperforming the non-encapsulated DOX (p<0.01 vs. DOX). Moreover, the sustained drug 

release ensured prolonged effects on cell metabolism over time, with a constant improved 

performance than the conventional drug administration route, leaving a low residual cell 

viability at 1 week (p<0.0001 vs. CTRL and p<0.01 vs. DOX).   

Overall, these results offered a new perspective on the synthesis of NGs via MEET, 

overcoming the limitations in the design of nanoscaffolds related to the use of organic-

insoluble adducts, and resulting in a biocompatible nanomaterial system with enhanced drug 

delivery performances for pharmacological therapies.  
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2.2 Folic acid surface functionalization to improve selective targeting 

ability toward cancer cells 

The use of cancer cell receptors as targets for drug delivery systems represents one of the 

most specific and sensitive strategies for tumor treatment, offering enhanced precision 

compared to conventional therapies such as chemotherapy and radiotherapy.171,172 By 

exploiting the biochemical differences between normal and cancer cells, modified 

nanohydrogels have recently been proposed to selectively target overexpressed tumor-

specific membrane receptors.173 Notably, in solid tumor environments, cancer cells exhibit 

elevated levels of the alpha isoform of the Folate Receptor (αFR). The expression of αFR is 

correlated with disease progression and serves as a negative prognostic marker in cancers 

such as breast, colon, endometrium, and ovarian malignancies.174–176 Consequently, αFR is 

regarded as an efficient therapeutic target, enabling the development of folic acid-

functionalized nanostructures for the targeted delivery of anticancer agents to αFR-

overexpressing cancer cells.175 

This study aims to synthesize and functionalize Hyaluronic Acid–Linear Polyethyleneimine 

nanohydrogels for selective targeting of αFR-expressing cancer cells. Nanohydrogels were 

initially formulated using the mixed emulsion-evaporation technique (MEET) and 

subsequently conjugated with folic acid through an EDC/NHS coupling reaction. The 

resulting samples were subjected to physical and chemical characterization using Nuclear 

Magnetic Resonance (NMR), Dynamic Light Scattering (DLS), and Transmission Electron 

Microscopy (TEM) to analyze their composition, size, and polydispersity index (PDI). 

To establish the relationship between folate-conjugated nanohydrogels and their 

internalization in αFR-overexpressing cancer cells, both qualitative and quantitative 

analyses were conducted. Cellular uptake of pristine and folate-conjugated nanohydrogels 

was evaluated using Confocal Laser Scanning Microscopy and Flow Cytometry on Human 

Dermal Fibroblasts (HDF), serving as a non-tumoral control, and on the Human Epithelial 

Cervical Carcinoma (HeLa) cell line, representing the cancer model with αFR 

overexpression. Additionally, an MTT assay was performed to assess the biocompatibility 

of both pristine and folate-conjugated nanohydrogels on HDF and HeLa cells. 

2.2.1 Materials & Method  

Materials. Ultralow molecular weight (MW) 8-15kDa Hyaluronic Acid Sodium Salt (HA) 

was purchased from BioSynth Carbosynth. Linear polyethyleneimine (MW: 2.5kDa, LPEI), 
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folic acid (FA), N-Hydroxy-succinimide 98% (NHS), N-(3-Dimethylaminopropyl)-N’-

ethilcarbodiimide hydrochloride ≥ 98.0% (EDC), propargyl bromide (BR≡), cyanine 5 azide 

95% (Cy5-azide), copper (II) sulfate (CuSO4), sodium ascorbate (NaASC) and all solvents 

were purchased from Sigma Aldrich® Chemical. Spectrum™ Spectra/Por™ dialysis 

membrane with molecular weight cut-off (MWCO) 100-500 Da/6-8 kDa/15 kDa were 

purchased from Thermo Fisher Scientific. Dulbecco’s Modified Eagle’s Medium – high 

glucose (Cat# D5671, DMEM), TrypLe™ Express (Cat# 12605-10), phosphate buffered 

saline (PBS) were purchased from GIBCO Thermo Fischer Scientific. HeLa cell line 

(cervical cancer cell line), and Human Dermal Fibroblast (HDF) were stored at -80°C or in 

liquid nitrogen. All chemicals were of analytical grade from commercial used without any 

further purification. 

LPEI functionalization through click chemistry. LPEI functionalization with the Cy5 

chromophore was performed as described in the materials and methods section of chapter 

2.1. 

Mixed Emulsion/Evaporation Technique. NGs synthesis was performed as described in 

the materials and methods section of chapter 2.1. 

Nanohydrogel surface functionalization. Folic acid conjugation to the nanogel surface was 

performed following the protocol reported below (Figure 2.8). Briefly, pristine FA (1.67 mg, 

0.0037 mmol) was dissolved in a mixture of deionized water (5 mL) and DMSO (1mL). For 

activating FA carboxylic groups, EDC (18.12 mg, 0.094 mmol) and NHS (10.88 mg, 0.094 

mmol) were added to the system, which was left under stirring for 3 hours at room 

temperature. Afterwards, NGs specimen (8 mg, 0.019 mmol) was added to the solution. The 

reaction was left under magnetic stirring for 24-36 hours at room temperature in the dark. 

Then, dialysis was performed for 3 days in deionized water using a membrane with MWCO: 

15kDa and with daily exchange of water. Finally, the specimen was lyophilized and stored 

at -20°C. This functionalization was obtained using a molar ratio between FA and HA 

monomer (HAm) of FA : HAm = 0.2 : 1, therefore we refer to this sample as NGs-FA0.2. The 

same reaction has been performed by varying the used amount of FA (4.17 mg, 0.0094 mmol) 

reaching a molar ratio of FA : HAm = 0.5 : 1, the as prepared specimen is named NGs-FA0.5. 
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Figure 2.8 Schematic representation of folate-conjugated NGs preparation. image generated by Biorender.  

Physiochemical characterization. The physico-chemical characteristics of the synthesized 

nanohydrogels were evaluated through several techniques.  

Nuclear Magnetic Resonance (1H-NMR). The proton nuclear magnetic resonance was 

executed on a Bruker AC spectrometer (400MHz). Tests have been performed on samples 

diluted in deuterium oxide (D2O) acquiring 128 scans for each analysis. Tetramethylsilane 

(TMS) has been considered as reference compound for defining chemical shifts.  

Dynamic Light Scattering (DLS). DLS analyses were carried out using a Zetasizer Nano ZS 

instrument determining the hydrated diameter, the polydispersity index (PDI) and the ζ-

potential of the analyzed samples. For what concerns the specimen preparation, NGs were 

suspended in PBS at a concentration 1 mg/mL and sonicated for 10 min to reach the complete 

dispersion in the medium before analysis.  

Cell cultures. Human Dermal Fibroblasts (HDF) and Human Epithelial Cervical Carcinoma 

(HeLa) were cultured in Dulbecco’s modified Eagle’s medium-high glucose (DMEM), 

supplemented with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin and 1% L-

glutamine. Both cell lines were maintained in humified incubator at 5% CO2 and 37°C.  

Cellular uptake – Laser Scanning Confocal Microscopy analysis. Cellular internalization 

of NGs, NGs-FA0.2 and NGs-FA0.5 was observed using confocal laser scannering microscopy 

(CLSM). HDF and HeLa cells were seeded into an 8-well chamber slide at a density of 

1.5x104 cells/well. Incubation of NGs, NGs-FA0.2 and NGs-FA0.5 in both cell lines at 

100μg/mL concentration was performed for 24 hours. After 24 hours, cell culture medium 

was removed, and cells were washed twice in 200μL PBS. Then, cells were fixed in 200μL 

of paraformaldehyde (4% in PBS) for 10 minutes at RT in the dark. The paraformaldehyde 

solution was removed, and cells were washed for 3 times with PBS (200μL) and then 
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incubated for 5 min in Triton X-100 (0.1% in PBS) to permeabilize the cell membranes. 

Subsequently, they were washed three times in PBS, incubated with ActinGreen 488 stain 

(GeneCopoeia, Rockville, MD; 1:80 dilution in PBS for 40 min, in the dark), washed in PBS 

(3 times), and counterstained with DAPI (Thermo Fisher Scientific; 1:1000 dilution in PBS 

for 10 min, in the dark).. Cells were incubated with 200μL of the cellular tracker (1:1000 in 

PBS) for 10 minutes at RT in the dark, to stain cell membranes. After washing with PBS two 

times, nuclei were counterstained with 200μL DAPI (1:1000 in PBS). Images were collected 

using a Nikon A1R+ laser scanning confocal microscope (Nikon Instruments) with a 20x 

NA1.0 air objective and 60x in oil. 

Cellular uptake – Flow cytometry analysis. Fluorescently labelled Cy5 NGs and folate-

conjugated nanohydrogels internalization was investigated through flow cytometry analysis. 

Both cell lines were seeded into a 12-well plate at a density of 3.5x104 cells/well in folate 

free complete culture medium for 24 hours. After 24 hours, HDF cells were incubated with 

50μg/mL of NGs, NGs-FA0.2 and NGs-FA0.5. HeLa cells were incubated with three different 

concentrations of each formulation: 50μg/mL, 100μg/mL and 300μg/mL. Samples were 

prepared in folate free complete culture medium. Then, the solutions were vortexed and 

placed in an ultrasonic bath for 5 minutes at 59kHz to disperse them. After incubating for 24 

hours, HDF and HeLa cells were washed twice with PBS and 200μL of trypLE was added 

for 5 minutes at 5% CO2 and 37°C, in order to detach cells. Afterwards, trypLE was stopped 

by adding with 1mL of PBS and centrifugated for 5 minutes at 1200 rpm. After 

centrifugation, the supernatant was discarded, and the pellet was resuspended in 100 µL of 

PBS. NGs internalization was analyzed by flow cytometry (CytoFLEX flow cytometer, 

Beckman Coulter) with CytExpert software (Beckman Coulter). NGs, NGs-FA0.2 and NGs-

FA0.5 signals were recorded in the allophycocyanin (APC-A700) channel. The living cells 

were gated on a forward versus side-scatter (FSC/SSC) dot plot and quantified as the median 

fluorescence intensity (MFI) fold change. 

Cell Viability – MTT assay. HDF and HeLa cell viability in the presence of NGs and folate-

conjugated nanohydrogels was assessed using MTT assay. HDF and HeLa cells were plated 

at a density of 5.0x103 cells/well, respectively, in 96-well plates and cultured in folate free 

complete culture medium 24 h prior the incubation with NGs. 50 μg/mL, 100 μg/mL, and 

300 μg/mL of NGs, NGs-FA0.2 and NGs-FA0.5 were prepared in folate free DMEM-high 

glucose and administrated to HDF and HeLa cells for 24 hours. At the end of the incubation 

time, the media was replaced by 100μL of MTT solution (0.5 mg/mL) in each well, incubated 



54 

 

for 4 hours under 5% CO2 and 37°C conditions. Then, formazan crystals were solubilized 

with the addition of DMSO (100μL in each well). Supernatant was transferred into a new 

96-well plate and the metabolic activity of both cell lines at the different concentrations was 

detected at 570 nm using an Infinite M200 multiple reader (Tecan). For each concentration, 

tests were carried out in triplicate. NGs and folate-conjugated nanohydrogels 

biocompatibility on HDF and HeLa cell line has been calculated as percentage with respect 

to the negative control. 

2.2.2 Results & Discussions 

The synthesis of HA-LPEI nanogels was conducted using a mixed emulsion/evaporation 

technique. The initial step involved the activation of the carboxylic acid groups present in 

HA. This was followed by the generation of the first water-in-oil (W/O) emulsion through 

the gradual addition of the HA solution into DCM. Subsequently, a mixture comprising 

pristine LPEI and LPEI-Cy5 was introduced into the system, resulting in the formation of a 

secondary W/O emulsion and the establishment of a mixed emulsion system. The resulting 

emulsion was subjected to vigorous stirring overnight to facilitate the evaporation of the 

volatile solvent DCM, which was necessary for the formation of the nanogels. Upon the 

evaporation of the dichloromethane, the droplets from the two polymeric phases underwent 

progressive coalescence, thereby enabling the crosslinking reaction between the activated 

HA ester groups and the amino functionalities along the LPEI backbone. This process 

resulted in the establishment of the three-dimensional crosslinked polymeric nano-network, 

then recovered in a single aqueous phase. Successively, the conjugation of folic acid (FA) 

onto the NGs surface was achieved through the prior activation of the carboxylic groups of 

FA followed by the NGs introduction into the reaction mixture to promote the conjugation 

process overnight. FA conjugation was conducted specifically on the hyaluronic acid 

monomer (HAm), with the FA-to-HAm molar ratios set at 1:0.2 and 1:0.5 to investigate the 

influence of FA concentration. The reaction was conducted in a solution of deionized water 

and DMSO. 

Physicochemical characterization. The successful syntheses of HA-LPEI NGs, NGs-FA0.2, 

and NGs-FA0.5 were confirmed by 1H-NMR (Figure 2.9).  
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Figure 2.9 1H-NMR spectra: A) HA, B) LPEI, C) (HA-LPEI) NGs, D) NGs-FA0.5, E) NGs-FA0.2. Signals were collected by 

using Bruker AC spectrometer (400 MHz) 

In particular, Figure 2.9A and B show the spectra of the pristine HA and LPEI. Moreover, 

the correct crosslinking between HA and LPEI can be observed in the spectrum of the NGs 

in Figure 2.9C. The characteristic peak at 3.62 ppm can be ascribed to the methine group of 

the HA carboxyl groups in the polysaccharide ring, which is involved in the amide 

crosslinking reaction between HA-ester and LPEI. Furthermore, signals attributable to both 

polymers can be detected in the NGs spectrum confirming the crosslinking of the polymeric 

network.  

To evaluate the effective FA conjugation, the 1H-NMR spectra of the folate-conjugated 

nanogels, NGs-FA0.5 and NGs-FA0.2 (Figure 2.9D and E), were compared with the spectrum 

of unmodified NGs. The spectra of both FA-functionalized nanohydrogels exhibited 

aromatic proton peaks associated with FA at 6.6, 7.7, and 8.6 ppm, thereby confirming the 

successful incorporation of folic acid onto the nanogels via the EDC/NHS coupling reaction. 

Moreover, the relative intensities of these aromatic peaks varied between NGs-FA0.5 and 

NGs-FA0.2, with higher intensities observed in NGs-FA0.5. This reflected the increased FA 

content used in this formulation, confirming that NGs-FA0.5 exhibited a higher degree of 

folate functionalization compared to NGs-FA0.2. 
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Successively, the size, polydispersity (PDI) of the NGs and folate-conjugated nanohydrogels 

were investigated by DLS. Figure 2.10 reports the collected data. 

 

Figure 2.10 A) DLS measurements: (red) NGs, (green) NGs – FA0.2, (blue) NGs-FA0.5; DLS analyses were carried out using 

a Zetasizer Nano ZS instrument.  

The PDI for each NGs and NGs-FA formulation were determined using DLS analysis to 

evaluate the size heterogeneity of the nanoparticles. As summarized in Table 2.1, tested 

samples exhibited PDI value raging between 0.26 to 0.41, with NGs measurement in 

agreement with previously discussed data (see result and discussion of chapter 2.1). NGs-

FA0.2 showed a slightly increased PDI value compared with the other formulations. However, 

no statistically significant differences were detected, therefore the surface functionalization 

did not seem to affect the homogeneity of the NGs (one-way ANOVA: NGs vs. NG-FA0.2, 

p-value = 0.267; NGs vs. NG-FA0.5, p-value = 0.809; NG-FA0.2 vs. NG-FA0.5, p-value = 

0.120). 

Table 2.1 DLS analysis, Polydispersity Index (PDI) and Particle Size (nm) 

 PDI (-) Size (nm) ζ-potential (mv) 

NGs 0.30 ± 0.10 273.7 ± 3.4 - 6.4 ± 1.5 

NG-FA0.2 0.41 ± 0.08 395.2 ± 29.3 -11.9 ± 1.2 

NG-FA0.5 0.26 ± 0.04 462.2 ± 14.0 -17.3 ± 0.7 

In contrast, DLS measurements revealed an effect of the surface functionalization on the 

particle sizes. In particular, increasing the amount of the folate conjugation results in bigger 

particles, with only slight variations observed between NGs-FA0.2 and NGs-FA0.5. The 

significant size difference between NGs and folate-conjugated nanohydrogels can be 

attributed to the presence of folic acid molecules on the NGs surface, likely inducing a steric 

effect. In contrast, the minimal difference between NGs-FA0.2 and NGs-FA0.5 is consistent 

with the differing amounts of FA incorporated during their synthesis. Moreover, the effect of 

the surface functionalization on NGs size was also statistically confirmed by one-way 



57 

 

ANOVA test. In particular, results confirmed the above discussed findings, also highlighting 

the major effect between unmodified and folate-conjugated NGs (NGs vs. NG-FA0.2, p-value 

= 0.0005; NGs vs. NG-FA0.5, p-value < 0.0001; NG-FA0.2 vs. NG-FA0.5, p-value = 0.0114).  

TEM was employed to examine the morphology of both non-conjugated and folate-

conjugated nanohydrogels (Figure 2.10B). TEM images confirmed that the nanohydrogels 

displayed a nearly spherical shape. Moreover, a comparison of DLS and TEM data revealed 

differences in the particle sizes of NGs and folate-conjugated NGs among different 

techniques. Specifically, TEM measurements were consistently smaller than those obtained 

by DLS. This discrepancy is likely due to the nature of the measurements: DLS captures the 

hydrodynamic size distribution of nanohydrogels in solution, accounting for the swelling 

behavior over time, whereas TEM provides a direct visualization of the dry-state 

nanohydrogel structure. The observed swelling behavior, indicative of the nanohydrogel's 

soft and dynamic nature, was corroborated by these complementary techniques. 

The swelling-deswelling mechanism observed in nanohydrogels enables structural 

adaptation to environmental changes, a feature that can be harnessed for stimuli-responsive 

applications. This behavior offers several advantages, including: (1) enhanced drug 

absorption, (2) gradual and controlled drug release, and (3) a protective barrier shielding the 

drug from environmental factors such as oxidation, hydrolysis, or interaction with other 

molecules.177 

In general, nanohydrogels range in size from a few nanometers to several hundred 

nanometers. The size parameter is crucial as it influences their properties and functionality. 

Smaller nanohydrogels, with diameters in the lower nanometer range, are often favored in 

drug delivery systems due to their higher efficiency in cellular internalization. Importantly, 

nanohydrogel size can be precisely tuned during the synthesis process to meet specific 

application requirements. 

Subsequently, the surface charge of the synthesized NGs was evaluated through the 

measurement of their zeta potential. It is noteworthy that the ζ-values exhibited a reduction 

from -6.4 mV to -17.3 mV in accordance with the folate content, thereby providing further 

confirmation of the successful functionalization of the synthesized nanogels. The surface 

properties of nanoparticles are of fundamental importance in defining their interaction with 

the biological environment. Accordingly, the statistical significance of these findings (one-

way ANOVA: NGs vs. NG-FA0.2, p-value = 0.0030; NGs vs. NG-FA0.5, p-value < 0.0001; 
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NG-FA0.2 vs. NG-FA0.5, p-value = 0.0031) allows for an in-depth examination of the 

biological behavior of these NGs.  

Cellular uptake.  The cellular uptake of the synthesized NGs was investigated in both HDF 

and HeLa cell lines to verify the selective-targeting ability of the engineered NGs. In 

particular, HDF were used as healthy cells model, with low level of αFR expression. By 

contrast, HeLa cells is a well-known and highly utilized cervical cancer model with high 

overexpression of the target receptor.  

Table 2.2 Flow cytometry data obtained from NGs and NGs-FA internalization in HeLa cells at 50μg/mL, 100μg/mL and 

300μg/mL. 

 

NGs-FA0.2 NGs-FA0.5 

Median 

APC-A700-A 

MFI 

Fold increase 

vs. CTRL 

Median 

APC-A700-A 

MFI 

Fold increase 

vs. CTRL 

50 μg/mL 
1207.90 ±  

28.09 
1.68 ± 0.07 

1033.10 ± 

51.47 
1.44 ± 0.07 

100 μg/mL 
5900.53 ± 

681.46 
6.58 ± 0.76 

1190.50 ± 

37.75 
1.33 ± 0.04 

300 μg/mL 
7570.43 ± 

164.44 
12.03 ± 0.26 

1914.87 ± 

19.12 
3.04 ± 0.03 

Figure 2.11A illustrates the cytofluorimetric analyses of the internalization after 24h of 

incubation performed on both cell lines with NGs, NGs-FA0.2, and NGs-FA0.5 at a 

concentration of 50 μg/mL. The APC-A700-A channel was selected to analyze the 

fluorescent signal ascribable to the Cy5 linked to the NGs formulations. Median 

Fluorescence Intensity (MFI) data were reported as fold increase with respect to the MFI of 

the control cells. Unmodified NGs showed a statistically significant MFI 2-fold change in 

HDF model underlying that they were internalized in the healthy model. Interestingly, the 

fold change increased to 6-fold compared to the control when analysing the internalization 

in the HeLa cells. Hence, pristine NGs showed only a preferential internalization toward 

target cells rather than an actual selective targeting characteristic. On the other hand, folate 

conjugated-NGs showed a general lower level of internalization in the HeLa cells (1.5- and 

1.7-fold change for NGs-FA0.5 and NGs-FA0.2, respectively) and, more interestingly, no 

evidence of fold change of MFI was detected in the HDF model. Indeed, no statistically 

significant difference was observed between the MFI of both folate-conjugated NGs and 

HDF negative control group. The data substantiate the hypothesis that the NGs surface 

modification with folate moieties confers selective targeting abilities towards αFR receptors. 

This enables the development of novel nanocarriers for precision medicine. 
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To better explore the uptake performances of folate NGs in HeLa cells, analyses with 

increasing concentrations (50, 100, and 300 μg/mL) were performed post 24h incubation 

(Figure 2.11B). 

 

Figure 2.11 A) MFI fold increase evaluated through cytofluorimeter after 24h of incubation with NGs, NG-FA0.2, and NG-

FA0.5 at 50 µg/mL: I. HDF cell line; II: HeLa cell line. B) Effect of nanoparticles concentration on the internalization of 

folate-modified NGs in HeLa Cells: I. 50 µg/mL; II. 100 µg/mL; III. 300 µg/mL. Statistical analysis performed: t-test vs. 

control group. C) Confocal micrographs obtained after 24h of incubation of NGs and folate-modified NGs at 300 µg/mL 

in both cell lines. 

Table 2.2 reported the raw data and the calculated MFI fold changes. Both formulations had 

increasing internalization with increasing concentration. Interestingly, NG-FA0.2 reached 

high level of internalization at 100 and 300 μg/mL with fold increase of 6.58 and 12.03 

respectively, outperforming NG-FA0.5. This can be attributed to the major steric hindrance 

in NGs-FA0.5 due to the higher functionalization level, which can limit the folate-αFR 

interaction, coupled with its lower ζ-potential value which can lead to a major electrostatic 

repulsion between highly negative NGs and the negatively charged cell membrane, causing 

a reduction in the total nanogels internalization. However, the FA-NGs uptake appeared to 

have a dose-dependent behaviour, leading to high cellular internalization only at 
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concentration above a certain value, especially for NG-FA0.2. The underlying mechanism 

driving this behavior has not been fully investigated, thus further investigations are needed. 

Successively, qualitative confocal analysis was also performed. HDF and HeLa cells were 

incubated for 24h with NGs, NGs-FA0.2, and NGs-FA0.5 at a concentration of 300 μg/mL. 

Figure 2.11C showed the panel for both cell lines consisting of the merge, DAPI (nuclei), 

phalloidin-FITC (cytoskeleton), and Cy5 (NGs) images. The confocal data essentially 

confirmed the results of the cytofluorimetric analysis, confirming the selective targeting 

ability of the folate conjugate NGs at the higher concentration tested. Indeed, the Cy5 signals 

of unmodified NGs can be detected both in HDF and HeLa cells while signals ascribable to 

NGs-FA0.2 and NGs-FA0.5 are observed only in the HeLa group. 

Nanogel biocompatibility. The biocompatibility of both unmodified NGs and folate-

conjugated nanohydrogels (NGs-FA0.2 and NGs-FA0.5) was evaluated on HDF and HeLa 

cells by assessing their metabolic activity through the MTT assay.  

 

Figure 2.12 Cell viability in HeLa (A) and HDF (B) cell line of: I.) NGs, II.) NGs-FA0.2, and III.) NGs-FA0.5, at 50 μg/mL, 

100 μg/mL and 300 μg/mL. Statistical analysis was performed using one-way ANOVA. ns = not significant. 
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Both cell lines were incubated for 24 hours with NGs and folate-conjugated nanohydrogels 

at three different concentrations (50 μg/mL, 100 μg/mL, and 300 μg/mL), and the results are 

summarized in Figure 2.12. As shown, no statistically significant differences in cell viability 

were observed between the three concentrations for either NGs-FA0.2 or NGs-FA0.5 in both 

cell lines (Figure 2.12A-B II. & III.). Furthermore, the biocompatibility of unmodified NGs 

in both cell models (Figure 2.12 A I. & B I.) aligns with the outcomes reported in the previous 

section. According to ISO 1993-5,178 a formulation is considered biocompatible when the 

treated cells exhibit a viability of at least 70%. In spite of the statistically significant 

differences that have been reported in comparison with the negative control, both pristine 

nanohydrogels and folate-functionalized NGs exhibited biocompatibility at all of the tested 

concentrations, as cell viability exceeded the 70% threshold. 

In conclusion, the easy surface functionalization and the proved selective targeting ability 

and biocompatibility of the synthesized NGs-FA highlight their potential as innovative 

materials for drug delivery application in cervical ovarian cancer scenarios.   
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2.3 Conclusions 

In this part, a novel method (MEET) to synthesize hydrophilic NGs has been proposed. In 

particular, NGs were formulated in the HA-LPEI system, which is not suitable for 

conventional emulsion syntheses due to the hydrophilic nature of the two polymers. The 

design of a mixed emulsion strategy allows the hydrophilic polymers to constitute different 

dispersed aqueous phases, capable of interacting at their interface to activate the NG 

crosslinking reaction. This obviates the need for a hydrophobic polymeric counterpart, as 

required in the conventional W/O emulsification/evaporation method. The resulting NGs 

were validated for the controlled release of doxorubicin, a common anticancer drug, 

demonstrating a high drug loading capability and a sustained release over time. Choosing 

ovarian cancer as a model, we demonstrated that the hyaluronan receptor CD44 was involved 

in the NG internalization process, in such a way that the selective CD44 blockade resulted 

in the significant inhibition of NG uptake, thereby underlining the CD44-targeting nature of 

the developed nanosystem. Additionally, DOX-loaded NGs exhibited an enhanced 

therapeutic effect outperforming the conventional non-encapsulated drug administration 

route, even at sublethal dosages. 

Successively, the implementation of folate modification on the surface of the HA-LPEI NGs 

allows for the selective targeting of αFR-overexpressing cancer cells. NGs-FA uptake was 

tested in HeLa cells, used as a model of αFR-positive cancer cells, and in HDF, used as a 

non-tumoral model (αFR-negative). Results confirmed the selective targeting feature of the 

folate-modified NGs showing no internalization in HDF healthy cells, while a dose-

dependent behavior was highlighted in the HeLa tumor model. Interestingly, the rate of 

functionalization appeared to play a role in the internalization process with lower 

functionalized NGs (NGs-FA0.2) outperforming the higher modified ones (NGs-FA0.5). 

Moreover, a comparative analysis was performed with uncoated NGs showing high level of 

cellular internalization in both HDF and HeLa cells. 

Collectively, our results suggest that HA-LPEI NGs may represent a promising targeted drug 

delivery system in cervical and ovarian cancers. Additionally, the enhanced targeting ability 

of the folate-conjugated NGs justify the need for the facile functionalization and 

strengthening the promising application of these materials as drug delivery systems. 

Moreover, the proposed MEET approach, overcoming the major limitations of the standard 

emulsion/evaporation technique, has the potential to offer a new perspective in the design of 

smart NGs for cancer therapy. 
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PART III 

ADVANCED MICROFLUIDIC SYNTHESIS 
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3. Droplet-based microfluidic synthesis of nanogels for 

controlled drug delivery 

3.1 Tailoring nanomaterial properties via pneumatically actuated 

flow focusing junction 

When synthesizing NPs with droplet microfluidics, each droplet works as a micro-reactor, 

ensuring rapid heat and mass transfer within the confined microvolume, which enable faster 

reaction kinetics. Moreover, this technique gives precise control over process parameters 

such as size and composition of the droplets, that are produced in series as multiple identical 

micro-reactor units.54,61 To date, microdroplet-based approaches have been used to produce 

NPs via highly controlled precipitation induced by diffusion-mediated mixing of solvent and 

anti-solvent,52,179 ionic gelation, physical crosslinking, or chemical crosslinking. Referring 

to the latter, the chemical reactions are generally based on reduction or oxidation processes 

and aimed to produce inorganic NPs.180,181 Moreover, the synthesis of organic-inorganic 

hybrid nanomaterials has been proposed combining photopolymerization techniques and the 

traditional hydrolysis or condensation reactions. However, the droplet-based microfluidics 

enabling the synthesis of polymeric nanocarriers through covalent crosslinking of polymer 

chains has not been fully investigated yet. Literature proposes several works where different 

design of droplet-based microfluidics are discussed for the synthesis of polymeric scaffolds 

at the microscale (according to the microdroplet dimensions), but not at the 

nanoscale.54,182,183 

Therefore, further investigations are needed to define a synthetic route that combines the 

advantages of droplet microfluidics with the organic chemistry reactions and leads to an 

advanced strategy to synthesize NPs with improved properties for nanomedicine.  

We propose the synthesis of polymeric nanocarriers via droplet-based microfluidics using a 

chip endowed with a pneumatic micro-actuator, enabling the active tuning of the 

hydrodynamic flow-focusing (HFF) geometry, thereby modulating the diameter of the 

microdroplets.184,185 The rationale underlying this chip configuration is two-fold: first, to 

achieve the covalent crosslinking of polymer chains in each droplet to produce highly 

monodispersed NPs; and second, to actively control NP dimension by acting on the tunable 

HFF junction. In detail, in this work, hyaluronic acid (HA) and linear polyethyleneimine 

(LPEI) have been chosen as starting polymers to synthesize NGs potentially aimed to cancer 

therapy: the combination of the well-known features of HA in cancer therapy 
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scenarios107,166,167,186 and the unique proton-sponge effect of PEI can improve the drug 

delivery performance of the synthetized nanocarriers.110,111 The proposed pressure-actuated 

microfluidic system produces tunable water-in-oil (W/O) microemulsions, where the 

polymers are dissolved in the aqueous dispersed phase to form NGs. The validation of the 

synthetized nanoscaffolds was performed in vitro demonstrating the benefits of the NG-

mediated drug delivery in a representative cancer scenario still demanding for innovative 

therapeutic strategies: the ovarian cancer. 

3.1.1 Materials & Method 

Materials. Hyaluronic acid sodium salt (HA, ultra-low molecular weight, Mw = 8–15 kDa, 

Biosynth Carbosynth, Compton, UK) and linear polyethyleneimine (LPEI, Mw = 2.5 kDa, 

Polysciences, Warrington, PA) were used as reagents for nanogel formulation. SU-8 

photoresist (MicroChem, Newton, MA) and polydimethylsiloxane (PDMS, Sylgard 184, 

Dow Corning, Midland, MI) were used for chip fabrication. Doxorubicin (DOX) was 

purchased from Teva Italia S.r.l. (Milan, Italy). All other chemicals were purchased from 

Merck KGaA (Darmstadt, Germany) and used as received, without any further purification. 

Solvents were of analytical-grade purity. The Cy5-conjugated products were stored at −20 

°C. 

Chip microfabrication. The microfluidic device, featuring a HFF junction flanked by dead-

end pressurizable channels to act as a pneumatic microactuator modulating the junction 

width, was designed using a CAD suite (Layout Editor, juspertor GmbH, Unterhaching, 

Germany) and fabricated by soft-lithography starting from a photolithographically obtained 

silicon master. Master mold was fabricated in SU-8 2050 negative photoresist on a 3″ silicon 

wafer following a standard photolithographic process. The master was silanized overnight 

in a chamber saturated with trimethylchlorosilane (TMCS) vapors to facilitate demolding. 

Replicas were obtained by casting PDMS (10:1 w/w prepolymer to curing agent ratio) onto 

the silicon master, followed by thermal curing (2 h at 70 °C). Once cured, replicas were 

carefully peeled off and fluidic ports were created using a biopsy puncher prior to oxygen 

plasma bonding to 1″ ×3″ microscope glass slides (Femto Plasma Etcher, Diener electronic, 

Ebhausen, Germany). Finally, the microfluidic channels were silanized by flushing with a 

stream of nitrogen saturated with TMCS for 15 min followed by thermal treatment at 140 °C 

for 10 min.  
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Polymer functionalization. HA carboxyl groups were activated through 

carbodiimide/hydroxy succinimide coupling, and LPEI was functionalized with the far-red 

dye Cy5 (Figure 3.1). In detail, HA (6.8 mg, 0.016 mmol of monomer) was dissolved in 

deionized water (DIW, 1.5 mL) and N-(3-dimethylaminopropyl)-N′-ethyl carbodiimide 

hydrochloride (EDC, 15.3 mg, 0.08 mmol) and N-hydroxy succinimide (NHS, 3.76 mg, 

0.032 mmol) were added to the polymer solution, resulting in a 1:5:2 molar ratio for HA 

carboxyl groups, EDC and NHS, respectively. The reaction system was stirred for 3 h at 

room temperature (RT), and directly used in the microfluidic NG synthesis. On the other 

side, the Cy5 conjugation of LPEI was performed as described in previous sections: briefly, 

LPEI was first functionalized with alkyne moieties through nucleophilic substitution with 

propargyl bromide (LPEI:C3H3Br molar ratio = 1:10) in methanol, and then used in a copper-

catalyzed alkyne–azide cycloaddition (CuAAC) with a 2 mg mL−1 solution of Cy5-N3 in 

DMSO (LPEI : Cy5-N3 molar ratio = 1:0.01) with CuSO4 as the catalyst and sodium 

ascorbate as the reducing agent. The click reaction was performed in water, at 50 °C for 36 

h, in the dark and under stirring. The final product was collected as a freeze-dried polymer 

after dialysis (membrane MWCO = 100–500 Da) against DIW. 

 

Figure 3.1 Reaction scheme of HA and LPEI functionalization: a) HA activation; b) LPEI modification with alkyne groups; 

c) CuAAC reaction between LPEI and Cy5-azide. 



67 

 

Nanogel synthesis through droplet-based microfluidics. The nanogel synthesis required 

the preparation of an aqueous and an organic solution as the dispersed and continuous phase, 

respectively. The aqueous phase was obtained as follows: LPEI–Cy5 (6.8 mg, 2.7 μmol) was 

dissolved in DIW (1.5 mL), then the same amount of pristine LPEI was added, and the pH 

of the solution was adjusted to 4.5 with 1 M HCl, to enhance the solubility of the pristine 

polymer in the aqueous medium. The resulting mixture was added dropwise to the solution 

of activated HA and vortexed for 1 min; finally, the obtained blend was loaded into a 2.5 mL 

gas-tight glass syringe (Hamilton Company, Reno, NV) connected to the chip inlet for the 

dispersed phase. The organic solution consisted of 3% w/v Span 80 in mineral oil (5 mL) 

and was loaded into a 5 mL gas-tight glass syringe (Hamilton) connected to the chip inlet 

for the continuous phase. The two liquid phases were injected into the chip channels through 

a programmable syringe pump (Nemesys, CETONI GmbH, Korbussen, Germany): the flow 

rates were set to 2 μL min−1 for the polymer solution and to 10 μL min−1 for the organic 

phase. To avoid the precipitation of pristine LPEI during the experiments, the whole set-up 

was kept at 37 °C. The on-chip micro actuator was pneumatically driven using a 

programmable pressure controller (OB-1 MK3, Elveflow, Paris, France) fed by compressed 

air. Pressurization caused the deflection of the thin PDMS walls separating the pressurized 

channels from the flow-focusing junction. Droplet generation occurred at the junction, 

forming a W/O microemulsion which was collected at the end of the output channel. A 

preliminary evaluation of the droplet size as a function of orifice deformation was conducted 

in the pressure range compatible with chip operation, and the two process conditions stably 

generating the largest (i.e., 0 bar) and smallest (i.e., 2 bar) droplets, without transient jetting 

phenomena, were chosen for further investigation. Consistently, the resulting NGs were 

labeled NG_0 and NG_2, respectively. Microdroplet formation was monitored under a 

motorized inverted optical microscope (Eclipse Ti-E, Nikon Instruments, Tokyo, Japan) 

equipped with a high-sensitivity camera (Neo 5.5, Andor Technology, Belfast, UK) and a 

dedicated control software (NIS Elements AR, Nikon). Full frame micrographs were 

acquired at 10 μs exposure time, while videos of 128 × 128 pixel ROIs were grabbed at 1600 

fps. The collected microemulsions were broken by adding diethyl ether (10 mL), and the 

separated aqueous phase containing the NGs was further extracted with diethyl ether (2 × 5 

mL) and purified via dialysis (MWCO = 6–8 kDa) against DIW, with daily changes for 2 

days. The NG_0 and NG_2 specimens were finally obtained as solid powders after freeze 

drying. 
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Nanogel characterization techniques. 

NMR analysis. Reaction intermediates and final products were analyzed by Nuclear 

Magnetic Resonance (1H NMR) performed on a Bruker AC spectrometer (400 MHz, Bruker 

Corp., Billerica, MA) using deuterium oxide (D2O) as a solvent, and the chemical shifts were 

reported as δ values (ppm) with respect to tetramethylsilane (TMS) as the internal standard 

reference.  

ATR/FTIR analysis. Attenuated Total Reflectance Fourier Transform InfraRed spectroscopy 

(ATR/FTIR) was performed using a Thermo Nexus 6700 spectrometer coupled to a Thermo 

Nicolet Continuum Infrared microscope equipped with a 15× Reflachromat Cassegrain 

objective (Thermo Fisher Scientific, Waltham, MA). Spectra were acquired at RT in air, with 

32 accumulated scans in the wavenumber range 4000–800 cm-1 at a resolution of 4 cm-1. 

DLS analysis. The size, polydispersity index (PDI) and ζ-potential of nanogels were 

determined by Dynamic Light Scattering (DLS) in PBS solution, using a Zetasizer Nano ZS 

(Malvern Panalytical, Malvern, UK). NG_0 and NG_2 specimens were analyzed at a 

concentration of 1 mg/mL, after sonication to minimize potential aggregation effects. 

Readings were performed in triplicate. 

AFM analysis. Atomic Force Microscopy (AFM) measurements were performed in contact 

mode using a Dimension 3100 AFM with a Nanoscope III controller (Veeco Instruments 

Inc., Cambridge, UK) fitted with gold cantilevers (NanoWorld Pointprobe) with a spring 

constant of 0.08 Nꞏm−1. The specimen was dissolved in distilled water at a concentration of 

0.5 mg/mL, sonicated 10 min at 20 °C, and dipped (2 mL) on Thermo polysine slides 

(Thermo Fisher Scientific, Waltham, MA), until reaching the evaporation of the solvent on 

the substrate at RT. AFM micrographs were recorded on 30 × 30 μm areas for the preliminary 

morphologic evaluation and the analysis was conducted on 4 × 4 mm ROIs. 

SEM. Scanning Electron Microscopy (SEM) was performed on dehydrated NGs with a field-

emission SEM (FEI XL 30 ESEM-FEG, Thermo Fisher Scientific). Specimens were 

prepared at a concentration of 3 mg/mL in DIW and dropped (2 mL) on mica, where they 

were left to dry up at RT. Finally, NGs were coated with sputtered platinum before SEM 

analysis, which was performed at an acceleration voltage of 10 kV and with SE (secondary 

electrons) detection mode. 
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TEM. Transmission Electron Microscopy (TEM) analysis was conducted using a FEI Tecnai 

G2 Microscope (Thermo Fisher Scientific). A suspension of NGs (3 mL, at a concentration 

of 100 mg/mL) were dropped on a lacey carbon coated 300 mesh copper grid (Agar 

Scientific, Stansted, UK). Samples were dried at 50 °C and TEM images were collected at 

an acceleration voltage of 120 kV. 

Drug loading & drug release. Drug loading and drug release experiments were performed 

in PBS following the protocol described in the materials & methods of section 2.1.  

Cell culture. Human epithelial ovarian cancer cell line OVCA433 was obtained from the 

American Type Culture Collection (ATCC, Manassas, VA). OVCA433 cells were cultured 

in Dulbecco’s modified Eagle medium (DMEM low glucose, GIBCO, Thermo Fisher 

Scientific), supplemented with 10% fetal calf serum, 100 units/mL penicillin and 100 μg/mL 

streptomycin. Cells were incubated at 37 °C in a humidified atmosphere with 5% CO2. 

Nanogel cytocompatibility: G6PD assay. Cytotoxicity associated to the administration of 

NGs to OVCA433 was assessed using Vybrant Cytotoxicity Assay (Thermo Fisher 

Scientific) as reported in a previous work51. Cells were seeded at the density of 1.5 ×104 

cells/cm2 into 96-well plate for 24 h and then supplemented with NGs at a concentration of 

20 mg/mL. The release of the cytosolic enzyme glucose 6-phosphate dehydrogenase (G6PD) 

from damaged cells into the surrounding medium was quantified after 24 h of incubation 

with NGs. 50 mL of supernatant were transferred into a 96-well plate and, after 10 min of 

incubation with 50 mL of resazurin/reaction mixture at 37°C in 5% CO2, the fluorescent 

metabolite of resazurin (resorufin) was detected (λex = 530 nm, λem = 590 nm; TECAN 

Infinite M200-Pro). Cytotoxicity was calculated as the ratio between the fluorescence values 

for the NG-treated cells and fully-lysed control cells (positive control), previously 

background corrected by subtracting from each reading the value of healthy untreated cells 

(negative control). Experiments were performed in triplicate. 

Flow cytometric analysis for nanogel internalization. OVCA433 cells were seeded at a 

density of 1.5×104 cells/cm2 into 12-well plates for 24 h. Then, a NG suspension at a 

concentration of 20 µg/mL was added. At selected timepoints (0.5, 1 and 2 h), cells were 

analyzed by flow cytometry (CytoFLEX flow cytometer, Beckman Coulter, Brea, CA) with 

CytExpert software (Beckman Coulter). Live cells were gated based on their forward and 

side scatter parameters; NG signal was recorded in the allophycocyanin (APC-A700) 

channel and quantified as the median intensity value at each time point. 



70 

 

Confocal microscopy. The cellular internalization of NG_0 and NG_2 specimens was also 

visualized through fluorescence microscopy. Cells (1.5 × 104 cells/cm2) were seeded into 8-

well glass bottom µ-Slide chambers (Ibidi GmbH, Gräfelfing, Germany). After 24 h, cells 

were incubated with NGs at a concentration of 20 µg/mL for 30 min. Cells were then fixed 

with 4% buffered paraformaldehyde (PFA) for 15 min at RT and incubated for 5 min in 

Triton X-100 (0.1% in PBS) to permeabilize cell membranes. After washing in PBS (3 

times), cells were incubated with 1% bovine serum albumin in PBS (blocking buffer) for 30 

min, stained with FITC-labeled phalloidin (Acti-stain 488, Cytoskeleton Inc., Denver, CO; 

1:200 dilution in blocking buffer for 40 min) and counterstained with DAPI (Thermo Fisher 

Scientific; 1:1000 dilution in PBS for 10 min). Representative micrographs were collected 

using a Nikon A1R+ laser scanning confocal microscope (Nikon Instruments, Tokyo, Japan) 

with a 20× NA1.0 air objective. 

Biological activity of NG-mediated DOX delivery. NGs were validated with a cell-based 

assay, measuring cell metabolic activity following DOX administration. OVCA433 were 

seeded at a density of 1.5×104 cells/cm2 in growth medium and incubated for 24 h. Then, 

DOX was encapsulated in NG_0 and NG_2 specimens (23 ng DOX per mg NG) and the 

resulting systems (labeled as DOX/NG_0 and DOX/NG_2, respectively) were separately 

added to cells at a concentration of 20 mg/mL and incubated for 30 min, followed by medium 

exchange. A reference group was represented by OVCA433 cells supplemented with pristine 

(i.e., non-encapsulated) DOX at the same final concentration of 0.8 mM in culture medium. 

MTT assay was used according to the manufacturer’s instructions. Briefly, activity of 

mitochondrial dehydrogenases in living cells was measured in terms of absorbance at 570 

nm (TECAN Infinite M200-Pro) after 3 h exposure to a 0.5 mg/mL MTT solution in PBS, 

at 37 °C and 5% CO2. Absorbance values obtained in the absence of cells were used for 

background subtraction. Untreated cells were used as a control for normalization. 

Experiments were performed in triplicate at different time points (24 h, 48 h, 72 h and 1 

week). 

Statistical analysis. Data were analyzed using Prism ver. 9.2.0 (GraphPad Software, San 

Diego, CA) and reported as mean ± SD unless otherwise specified. One-way analysis of 

variance (ANOVA) followed by Tukey’s multiple comparisons test was used to assess 

statistical significance, which was set at the 0.05 level. 
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3.1.2 Results & Discussions 

Nanogel formation and physico-chemical characterization. NG synthesis was carried out 

through a droplet-based microfluidic approach, using a chip endowed with micro-actuation 

features. Two immiscible fluids were supplied to the device to generate a W/O 

microemulsion: the polymer solution constituted the aqueous dispersed phase, and mineral 

oil with a nonionic surfactant represented the organic continuous phase (Figure 3.2b). The 

formation of the microemulsion was obtained via hydrodynamic flow focusing, exploiting 

the flow rates, the shear force and the interfacial tension between the two phases, and the 

geometry of the microfluidic channels.187  

 

Figure 3.2 PDMS microfluidic device (a) and schematic representation of the droplet-based microfluidic approach for NGs 

production (b). Representative micrographs of the pressure-active control over microdroplet size distribution are collected 

at the optical microscope and the values of microdroplet radii vs pressure and orifice width are plotted in the graph (c). 

Measurements of the orifice width were performed on three different microfluidic devices, each of them set at the 

investigated pressure levels, in the range 0-2 bar.Scale bar: 200 µm 

In particular, a flow ratio of 0.2 was set between the flow rates of the aqueous and the organic 

phases, in order to avoid jetting mode during the droplet generation. The resulting 

microdroplets were monodisperse and stable in the continuous phase, without coalescence 

phenomena. The design of a pneumatic actuator to pressurize the flow-focusing junction 

enabled the active tuning of the flow-focusing geometry (representative 3D volume 

reconstructions in Figure S2, Appendix II), thereby modulating the diameter of the formed 
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microdroplets (Figure 3.2c), which ranges from 57±0.4 µm at 0 bar to 44±0.3 µm at 2 bar, 

indicating a volume reduction of ca. 54% between the two conditions. The pivotal role of 

the valve actuation lays in the dynamic control of the orifice geometry, resulting in on-

demand variation of the droplet size without changing the input flow rates of the two 

immiscible phases. Slow-motion videos of the droplet generation process were recorded to 

determine the stability, the accessible range of droplet diameters and the process 

reproducibility. Each microdroplet was conceived as a self-contained reaction chamber, 

where the crosslinking reaction between the HA-NHS ester derivatives and the LPEI amine 

groups occurred, forming the 3D nanoscaffold (see also Figure S3, Appendix II). The 

covalent bonding between the polymers is proportional to the volume concentration of the 

polymeric chains: considering a homogeneous distribution of the reagents in the disperse 

phase, a minor concentration of reactive polymers, which should be ascribed to the smaller 

microdroplets, will lead to the formation of smaller NGs. This can be linked to the limited 

reactive sites available in the droplet volume that will generate smaller nanoarchitectures, as 

discussed below. Furthermore, the use of a single microfluidic platform capable of tuning 

NG size minimizes the demand of devices to produce nanoscaffolds with different 

dimensions, and as a result, the consumption of reagents in chip fabrication is restricted.   

Active droplet generation in microfluidics represents a milestone of different approaches 

reported in the literature:184,188 for example, a valve-based flow-focusing junction was used 

to generate foams as templates for graded porous structures and 3D-printed constructs as 

bone models,189 and cross-junctions and T-junctions were designed to generate droplets 

containing the precursors species by shear force or electro-pneumatic regulators to 

synthesize inorganic nanoparticles.181,190,191 However, the use of pressure-actuated 

microfluidic platforms to produce polymer-based nanoscaffolds via microdroplet generation 

has not been comprehensively investigated yet;192,193 indeed, these nanoparticles are usually 

fabricated by microfluidic nanoprecipitation and the procedure does not involve a chemical 

crosslinking reaction between different polymers in each individual droplet.194–197 

Furthermore, in this field, the design of nanogels is still unexplored. These considerations 

highlight the relevance of the present work, which may represent a significant breakthrough.    
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Figure 3.3 1H-NMR spectra of starting polymers and NG specimens: LPEI (a, violet; due to the different protonation 

degrees of amino groups in the polymer backbone, a is indicative of the methylene protons subsequently involved in the 

crosslinking reaction), HA (b, blue), NG_0 (c, black) and NG_2 (d, red). The characteristic signals of LPEI and HA and 

the relative shifts (e and d in NG_0; g and f in NG_2) after crosslinking reaction are highlighted. 
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The formation of NGs was confirmed by NMR and FT-IR analyses. 1H-NMR spectra of both 

NG_0 and NG_2 showed the chemical shifts of polymer moieties related to the amide 

bonding between HA and LPEI. In detail, the signal ascribable to the methylene protons (N-

CH2-CH2, d and f in Figure 3.3) of LPEI monomer shifted to 3.39 ppm (at 2.93 ppm in the 

spectrum of neat LPEI), whereas the methine group (CH-COOH, e and g in Figure 3.3) of 

the HA ring moiety involved in the reaction was recognizable at 3.62 ppm (shifting from 

3.72 ppm in the spectrum of pristine HA). Moreover, in both specimens, the characteristic 

peak of HA backbone and methyl groups (range 4.60÷3.25 ppm and 2.00 ppm, respectively) 

and of LPEI backbone (range 3.06÷2.70 ppm) were clearly detectable.132,133 An estimation 

of NG composition, in terms of molar ratio between the two polymers, could be carried out 

considering the integration of the peaks attributable to each polymer: as a result, NG_0 

specimen was approximately characterized by a LPEI:HA 2.3:1 molar ratio, whereas NG_2 

presented a LPEI:HA ratio of 1.8:1. 

FT-IR spectra of both NG specimens (Figure 3.4) showed the characteristic signal of C=O 

stretching at 1724 cm-1, indicative of the crosslinking between HA and LPEI via amide bond. 

Furthermore, both spectra presented the peculiar peaks ascribable to the starting polymers. 

In detail, HA signals were recognizable at 3281 cm-1 (–OH stretching), 1736 cm-1 (carbonyl 

stretching of the carboxylic group), 1606 cm-1 (Amide II, C=O stretching), 1400 cm-1 and 

1367 cm-1 (C–H bending), 1295 cm-1 (stretching of the C–CH3 amide), and 1040 cm-1 

(skeletal vibration of the C–O stretching).134,135 LPEI showed its signals at 3367 cm-1 (–OH 

stretching), 2879 cm-1 (stretching vibration of the aliphatic C–H), 1610 cm-1 (N–H bending) 

and in the wavenumbers range 1450÷900 cm-1 (C–H bending and C–N stretching vibrations).    

NG specimens were also evaluated in terms of size and morphology through DLS, AFM, 

SEM and TEM analyses, in order to define a correlation between the active tuning of the 

flow focusing geometry and the physical features of the resulting nanoscaffolds. DLS 

measurements showed mean hydrodynamic diameters of 188.3 nm for NG_0 and 92.4 nm 

for NG_2, indicating a volume reduction of ca. 88% between the two specimens, and a 

monodispersity level (PDING_0 = 0.023; PDING_2 = 0.015) far higher than that of HA-LPEI 

NGs produced via conventional W/O emulsion-based batch synthesis (Figure S4 and Table 

S1, Appendix II). Additionally, both specimens were characterized by a slightly negative z-

potential value (NG_0: -2.2 mV; NG_2: -2.13 mV) and showed good dimensional stability 

in aqueous environment (Figure S5, Appendix II). 
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Figure 3.4 a-d) FT-IR spectra of LPEI (a, violet), HA (b, blue), NG_0 (c, black) and NG_2 (d, red). e-f) AFM, SEM (scale 

bar = 500 nm) and TEM (scale bar = 100 nm) micrographs of NG_0 (e) NG_2 (f). 

AFM analysis, conducted in air on hydrated NGs, gave NG diameter values of ca. 130 nm 

and 73 nm for NG_0 and NG_2, respectively. The discrepancy between DLS and AFM 

measurements was attributable to the different sample processing: DLS analysis was 

performed on fully solvated NGs and the recorded dimensions corresponded to the NG 

hydrodynamic diameters, whereas the AFM samples did not consider the thickness of the 

water-adsorption layer.198 Moreover, in the AFM conditions, the Marangoni effect could lead 

to the formation of colloidal nano-agglomerates due to the variation of the surface tension 
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gradient during the evaporation flow across the surface of the laid droplet.144,145,199 In 

particular, the NG configuration as colloidal cluster was more noticeable in the AFM image 

of NG_2. Additionally, SEM analysis, performed on dehydrated specimens, gave diameters 

of ca. 92 nm for NG_0 and 57 nm for NG_2, indicating a dynamic behavior of the 

nanoscaffold during the forced transition from hydrated to dry state, under SEM vacuum. 

This confirmed the capability of the synthesized nanosystems to absorb and retain water, 

when dissolved in aqueous medium, which is typical of hydrogel matrices.200,201 TEM 

analysis showed that NGs were rough surfaced with a quasi-spherical morphology, with 

nanoparticle size values comparable to those observed by SEM. Collectively, results from 

the physico-chemical characterization emphasize that the proposed microfluidic chip design 

allowed us to tune the morphological features of the resulting NGs via active modulation of 

the FFJ during microdroplet generation. 

Drug release. DOX was chosen as a candidate drug to test the use of NGs as controlled drug 

delivery systems. DOX is an anthracycline and an effective anticancer drug, widely used in 

the chemotherapeutic treatment of various cancers, ranging from lung153 and breast154 to 

melanoma155 and ovary.157  

As measured by fluorescence spectroscopy, the two NG classes showed similar drug 

encapsulation efficiency levels (77.7% for NG_0 and 77.5% for NG_2). Conversely, they 

were characterized by different drug release profiles. As reported in Figure 3.5, in NG_0 

specimens, the DOX release was almost completed after 2 days (ca. 98% of released drug), 

whereas NG_2 presented a more sustained release, up to 10 days. In particular, NG_2 

exhibited a slightly higher initial DOX release than NG_0, whereas after 8 h the trends were 

switched. This variation pointed out that NG size and composition could affect the drug 

distribution between the inner core and the surface of the polymeric nanonetwork and, 

consequently, the drug diffusion regime, mainly driven by the DOX-polymer interactions. 

An estimation of the drug diffusion regime could be performed by plotting the cumulative 

drug release against time to the power of 0.43 (i.e., t1/2.3, exponent typically used to 

approximate the spherical geometry of the nanocarriers), where a linear relationship is 

indicative of a Fickian diffusion. No initial burst release was observed for both samples. 

Moreover, in NG_2, the good linearity of the data defined a double diffusion regime with 

different slopes, whereas in NG_0 a single linear trend was visible, confirming in both 

specimens that the drug release was mediated by Fickian regime. The main interactions 
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tuning the drug release are reliably attributable to the drug adsorption at the NG surface and 

the aliphatic-aromatic stacking occurring between DOX and HA.158,159,202 The smaller 

dimensions of NG_2 reliably led to a higher amount of DOX adsorbed at the NG outer layer, 

which was firstly released (steeper slope of regime i, corresponding to DOX adsorption at 

the interface NGs/water), whereas the residual amount, entrapped in the nanomeshes, 

diffused out more slowly (regime iii): this could be ascribed to  the aliphatic-aromatic 

stacking which provided a stacked arrangement of the DOX molecules within the NG 

architecture, characterized by a higher amount of HA compared to NG_0, and delayed the 

drug release.203 On the other hand, NG_0 showed a single diffusion regime (ii) due to the 

larger size, which did not give a net transition between the two diffusion mechanisms: in this 

case, a higher DOX fraction was reliably encapsulated within NG meshes, and a lower 

amount of drug adsorbed at the NG surface was subjected to a quick diffusion process. Both 

specimens outperformed the controlled drug release by HA-LPEI NGs synthetized via 

conventional W/O batch emulsion (Figure S6, Appendix II). 

 

Figure 3.5 (a) Release profile of DOX delivered by NG_0 (blue) and NG_2 (red). (b) Drug release against time expressed 

as t1/2.3. Good linearity of data is indicative of a Fickian diffusion process, with the slope representing the empirical kinetic 

constant for the DOX/NG system. Cumulative drug release is represented as a percentage of the total drug payload (mean 

value ± SD is plotted). 

Cell viability and NG internalization. The cytocompatibility analysis and the cell uptake 

of NG_0 and NG_2 were performed using OVCA433, chosen as a representative cancer cell 

line. In this way, we tested our HA-LPEI NGs as candidate nanomaterials for the definition 

of a therapeutic approach for ovarian cancer, with the aim to demonstrate an improved effect 

than the conventional anticancer therapies. A suspension of pristine NGs (without drug 
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payload) was directly added to the cell medium and the cell viability, measured by G6PD 

assay on culture supernatants, was close to 97.5% after 24 h for both NGs, indicating good 

biocompatibility of the nanomaterials. In detail, Figure 3.6a reports the high normalized 

viability levels of NG-treated cells showing no significant differences between the 

conditions. Once proven that NGs were permissive for cell survival, the internalization 

process of NG_0 and NG_2 was assessed by flow cytometric analysis of OVCA433 at 

different time points (30 min, 1 h, 2 h), after the administration of the nanomaterial at the 

concentration of 20 µg/mL. The increase of the median fluorescence intensity (MFI) level 

over time confirmed the progressive NG uptake by cells. In particular, as reported in Figure 

3.6b, after just 30 min exposure to NGs, the distribution of cell fluorescence shifted to higher 

values (3.7-fold change in MFI for NG_0 and 3.5-fold change for NG_2) as a consequence 

of nanocarrier uptake.204 At 1 h and 2 h, further increases in MFI measurements were 

observed, up to ca. 13- and 17-fold change for NG_0 and NG_2 specimens after 2h, 

respectively.  

A further validation of the internalization process was provided by fluorescence microscopy, 

where the collected representative images (Figure 3.6d and 3.6e) showed the NG distribution 

in the cytosol, with a progressive perinuclear localization. Overall, these results 

demonstrated the efficient NG uptake and indicated the potential of these nanocarriers as 

controlled drug delivery systems in the treatment of ovarian carcinoma. For these reasons, 

we evaluated the in vitro therapeutic effects of DOX delivered by both formulated NGs: in 

order to select an ideal sublethal drug concentration, we first estimated a preliminary dose-

response curve at 24 h on OVCA433 cultured in adhesion using the MTT assay (Figure 3.6c) 

and the value of 0.8 µM was identified as the IC25 level (i.e., the concentration at which the 

drug produces a 25% viability reduction). This level was chosen to set the drug payload for 

DOX/NG_0 and DOX/NG_2, and the NG-associated treatments were compared to the 

administration of the same DOX concentration in a non-encapsulated form. Figure 3.6f 

shows the evaluation of the OVCA433 metabolic activity through MTT assay, up to 7 days: 

it was clearly detectable that the NG-mediated delivery of DOX enhanced the therapeutic 

effect of the drug. In detail, after 24 h, both DOX/NG_0 and DOX/NG_2 effectively reduced 

cell viability (p<0.001 and p<0.0001 vs. CTRL for DOX/NG_0 and DOX/NG_2, 

respectively), outperforming the non-encapsulated drug (p<0.001 vs. DOX).  
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Figure 3.6 (a) Cytocompatibility of pristine NG_0 and NG_2 by G6PD assay. Viability levels have been normalized to 

CTRL group and expressed as mean ± SD. (b) Flow cytometric analysis of NG internalization by OVCA433 cells after 30 

min (green), 1 h (red) and 2 h (blue); plot reports the shift of the allophycocyanin (APC-A700-A) signal for each time point 

in the target gate (median fluorescence intensity values are specified in the table, and fold change is calculated vs. control 

cells). (c) Dose–response curve of DOX using the MTT assay. The solid line represents the fitted curve according to four-

parameter logistic curve, defining an IC25 of 0.8 µM. (d, e) Representative confocal micrographs of NG_0 (d, in purple, 
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false color) and NG_2 (e, in purple, false color) internalization in OVCA433 after 30 min. Actin cytoskeleton 

was stained with FITC-labeled phalloidin (in green) and nuclei were counterstained with DAPI (in blue). Scale bar = 20 

μm. (f) DOX-induced cytotoxicity in OVCA433 at 24 h, 48 h, 72 h and 7 days, after the administration of free-drug (DOX) 

and drug-loaded NGs (DOX/NG_0 and DOX/NG_2). All groups refer to a 30 min incubation with the indicated treatment. 

The therapeutic effect is expressed in terms of cell viability levels normalized against their internal controls, measured 

through the MTT assay. Results are the mean ± SD of three independent experiments. Statistical analysis was performed 

using one-way ANOVA. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns = not significant. 

Moreover, the DOX release mediated by NG_2 ensured a sustained and prolonged effect on 

cell metabolism over time, with 5% residual viability at 1 week (p<0.0001 vs. CTRL). A 

promising trend could also be observed in the case of DOX/NG_0, where cell viability 

reduced to 18% after 1 week (p<0.0001 vs. CTRL). Both nanoformulations confirmed a 

significant cytotoxic effect vs. the free drug administration at the same time point (p<0.0001 

vs. DOX for both DOX/NG_0 and DOX/NG_2). The different results in NG treatments 

could be ascribed to the diverse drug release profiles in NG_0 and NG_2: indeed, 

considering that both specimens presented a similar percentage of cell internalization, NG_2 

bar were characterized by a prolonged DOX release mediated by the aliphatic-aromatic 

stacking, which led to a more sustained intracellular drug delivery over time, improving the 

DOX cytotoxic effects. 

Overall, the obtained results confirmed that the effect of NG-conveyed DOX was 

significantly higher than that of non-encapsulated drug in terms of lowering and mitigating 

the metabolic activity, thus demonstrating a clear advantage of NGs as carriers of the 

chemotherapeutic agent. Moreover, these in vitro therapeutic effects outperform the results 

achievable with the administration of drug-loaded NGs by batch synthesis (Figure S7, 

Appendix II). The active tuning of the flow focusing geometry in our microfluidic platform 

ensured the modulation and control of the NG synthesis beyond the morphological and 

physical features, also affecting the drug release performances according to the defined 

microfluidic set-up.  
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3.2 Optimization of the Droplet-based Microfluidic Synthesis of 

Nanogels for Drug Delivery through a Design of Experiment 

approach 

Since microfluidics offers tight control over a variety of parameters (both compositional and 

fluid-dynamic) that can influence the synthesis outcome, it is desirable to conduct a multi-

parametric optimization to identify the most suitable process conditions. In this framework, 

Design of Experiment (DoE) approach is a straightforward method for streamlining 

nanomaterials design procedures revealing the influence that independent input variables (or 

predictors) can exert on dependent output variables (or responses) 205. In particular, Response 

Surface Method (RSM) is used to develop appropriate functional relationships between 

variables, which are usually approximated with low-degree polynomial model. Furthermore, 

RSM can also highlight higher order effects, which are usually neglected in simple linear 

approximation 206. Literature reports some early optimization approaches applied to the 

microfluidic synthesis of nanomaterials. Terada et al. 207 applied a DoE approach to the 

synthesis of lipid nanoparticles containing cationic lipid for the delivery of siRNA, 

evaluating the influence of process parameters on their physicochemical properties and 

loading capacity. Similarly, Whiteley et al. 208 investigated the synthesis and drug loading of 

chitosan-based NGs produced in a single-phase flow system through DoE and RSM. 

However, none of these studies addressed the use of droplet-based microfluidics to 

synthesize nanocarriers. In addition, the focus was limited to the synthesis process, while the 

bioperformance aspects were not investigated. 

In this work, we used a DoE approach integrated with RSM to investigate the production of 

NGs in the hyaluronic acid – linear polyethyleneimine (HA-LPEI) system through a droplet-

based microfluidic device. In particular, we set a two-factor three-level design to investigate 

the influence of FRR and LPEI/HA molar ratio (MR) on several physicochemical (size, PDI, 

composition, and drug release) and biological (cytocompatibility, cellular uptake, and 

performance as a DDS) properties, with the final aim to develop an empirical model for 

process optimization purposes. 

3.2.1 Materials & Methods 

Materials. Hyaluronic acid sodium salt (HA, ultra-low molecular weight, MW = 8–15 kDa, 

Biosynth Carbosynth, Compton, UK) and linear polyethyleneimine (LPEI, MW = 2.5 kDa, 

Polysciences, Warrington, PA) were used as the starting polymers for NG formulation. SU-

8 photoresist (MicroChem, Newton, MA) and polydimethylsiloxane (PDMS, Sylgard 184, 



82 

 

Dow Corning, Midland, MI) were used for chip microfabrication. All other chemicals were 

purchased from Merck KGaA (Darmstadt, Germany) and used as received, without any 

further purification. Solvents were of analytical-grade purity. 

Chip design and microfabrication. The microfluidic device was fabricated using standard 

photo- and soft-lithography techniques. SU-8 2075 photoresist was spin-coated with a 

thickness of 60 μm on a 3” silicon wafer and patterned by UV exposure through a chrome-

on-glass photomask. The obtained master was silanized overnight in a chamber saturated 

with trimethylchlorosilane (TMCS) vapor to ease demolding. 

 

Figure 3.7 (A) Sketch of the fluidic unit of the device, with a high magnification inset of the flow focusing junction (quotes 

are in mm); (B-C) Rendered image (B) and optical macrograph (C) of the microfluidic device. 

PDMS solution (10:1 w/w prepolymer to curing agent ratio) was poured onto the silicon 

master, cured in an oven at 70 °C for 2h, peeled off and used to assemble the device. 
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Microfluidic inlets and outlets were created using a biopsy puncher. Afterward, the chip was 

assembled by coupling the PDMS replica to a glass microscope slide via oxygen plasma 

bonding (Femto Plasma Etcher, Diener electronic, Ebhausen, Germany). 

Finally, hydrophobic modification of the channels surface was achieved by flowing a stream 

of TMCS-saturated nitrogen for 15 min followed by thermal treatment at 140 °C for 10 min. 

The chip design consists of a standard Hydrodynamic Flow Focusing (HFF) configuration 

used as droplet-generator, as reported in Figure 3.7. The inlet and outlet channels were 200 

and 500 μm wide, respectively, while the junction orifice had a width of 80 μm and a length 

of 100 μm. 

Polymer functionalization 

LPEI functionalization with RhB (LPEI-RhB). The LPEI functionalization with the 

chromophore RhB was performed using a two-step procedure, as reported in our previous 

works 209,210. Initially, the polymer was modified by adding alkyne moieties: LPEI (250 mg, 

0.1 mmol) was dissolved in 7 mL of methanol and propargyl bromide 80% w/w in toluene 

(108 μL, 1 mmol) was added dropwise at 0 °C. The resulting solution was stirred for 24 h at 

RT in the dark. The solvent was evaporated under vacuum, and the product was re-dissolved 

in DIW. The final mixture was dialyzed against DIW for 2 days (membrane MWCO: 100–

500 Da) with daily exchange of water. The sample was then freeze-dried and collected as a 

solid. 

In the second step, the alkyne-modified LPEI was reacted with Rhodamine B azide (RhB-

N3) through Copper(I)-catalyzed Azide-Alkyne Cycloaddition (CuAAC). Derivatization of 

RhB-N3 is detailed in Supplementary Information. 

Propargyl LPEI (120 mg, 0.048 mmol) and RhB-N3 (15.6 mg, 0.029 mmol) were dissolved 

in 10 mL of DIW. The catalyst cupric sulfate (0.029 mmol) and the reducing agent sodium 

ascorbate (0.029 mmol) were added to the mixture, which was left under magnetic stirring 

for 24 h at 50 °C. After 2 days of dialysis against DIW (membrane MWCO: 100-500 Da), 

the product (LPEI-RhB) was lyophilized and stored as purple powder at -20 °C. 

HA activation. HA carboxyl groups were activated through EDC/NHS coupling reaction to 

enable the crosslinking between the amino groups of LPEI and the polysaccharide chains. In 

detail, HA (6.75 mg, 0.016 mmol) was dissolved in 1.5 mL of DIW and coupling agents, 

EDC (15.3 mg, 0.08 mmol) and N-hydroxysuccinimide (NHS, 3.76 mg, 0.032 mmol), were 
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added at a final molar ratio of -COOH : EDC : NHS = 1 : 5 : 2. The mixture was stirred for 

3 h at RT and used for the microfluidic synthesis. 

NGs microfluidic synthesis. To generate droplets through the HFF microfluidic setup, two 

immiscible phases are required. A solution of mineral oil with 3 wt% Span 80 was injected 

as the continuous phase, while the aqueous polymer solution was injected as the dispersed 

phase (Figure 3.7b). 

Different MR values (3, 6, and 9) were considered for this study. In detail, a 1.5 mL solution 

containing 6.75 mg of activated HA was mixed (1 min vortexing) with 1.5 mL of a previously 

prepared solution of LPEI-RhB and pristine LPEI (1:1 by weight, adjusted to pH 4.5 with 

1M HCl to ease solubility of pristine LPEI) at various concentrations containing 13.5, 8, and 

4 mg of polycation, respectively.  

The final aq. polymer solution and the oil phase were loaded into a 2.5 mL and a 10 mL gas-

tight glass syringe (Hamilton Company, Reno, NV), respectively. The syringes were 

connected to the HFF device through Teflon tubing and actuated by programmable syringe 

pumps (Nemesys, CETONI GmbH, Korbussen, Germany). 

Table 3.1 Complete nomenclature referring to the specific synthesis conditions used for each formulation in terms of flow 

rate ratio (FRR) between the dispersed and the continuous phase and the initial LPEI/HA molar ratio (MR). 
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Three different FRR levels (namely 0.1, 0.2, and 0.4) were imposed by varying the dispersed 

phase flow rate (QD) between 1 and 4 μL/min, while keeping the continuous phase flow rate 

(QC) constant at 10 μL/min. 

Hence, MR and FRR defined a two-factor three-level study (FRR = 0.1, 0.2, 0.4; MR = 3, 6, 

9). The resulting experimental design is reported in Table 3.1. 

Droplet formation was monitored over time under a Nikon Eclipse Ti-E fluorescence 

microscope (4x objective) equipped with a high-sensitivity camera (Neo 5.5, Andor 

Technology, Belfast, UK). A time-lapse acquisition (1 frame every 10 minutes) was 

performed during the experiment to ensure the reproducibility and good functioning of the 

device throughout the process.  

The emulsion collected at the outlet of the microfluidic system was broken after 8 h of mild 

agitation on a tilting plate and the aqueous phase was extracted in a separating funnel by 

washing with diethyl ether (3 x 10 mL). The NG suspension was dialyzed against DIW 

(membrane MWCO: 15 kDa) for two days with daily exchange of water. Finally, the samples 

were lyophilized and stored at -20 °C until use. 

Nuclear Magnetic Resonance (NMR). Chemical composition of pristine polymers, 

intermediates, and final NGs was analyzed by 1H NMR. Analyses were carried out with a 

Bruker AC spectrometer (400 MHz, Bruker Corp., Billerica, MA) and deuterium oxide 

(D2O) as solvent. Chemical shifts were reported as δ values (ppm) relative to the 

tetramethylsilane internal peak reference. 

Dynamic Light Scattering (DLS). NG suspensions in ultrapure water (1 mg/mL) were 

analyzed through DLS (Zetasizer Nano ZS, Malvern Panalytical, Malvern, UK) to determine 

the size and polydispersity index (PDI). Before each measurement, specimens were 

sonicated 10 min to ensure minimal aggregation of the colloidal system. Readings were 

performed in triplicate. 

Drug release. In vitro release experiments were performed using doxorubicin (DOX) as a 

model drug. DOX-loaded nanogels (DOX_NGs) were prepared by dissolving lyophilized 

samples (1 mg) in 10 μL of 5 mM DOX. The system was centrifuged and left at RT for 30 

min to complete drug loading and then diluted to the final NG concentration of 100 μg/mL. 

300 μL of the resulting suspension were loaded inside a microdialysis device (membrane 
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MWCO: 3.5 kDa) and placed into a 96 deep-well plate (Thermo Fisher Scientific) allowing 

DOX_NGs to exchange against PBS (1.4 mL). 

Drug release profile was investigated at 37 °C under gentle shaking (tilting plate at 100 

rpm). DOX release was measured fluorometrically at different time points. At each time 

point, dialysis buffer was replaced with fresh PBS and sequential release was analyzed 

spectrofluorometrically (λex = 488 nm, λem = 590 nm, Infinite M200 Pro multiplate reader, 

TECAN, Männedorf, Switzerland) against an experimental standard curve for DOX 

(Appendix III, Fig.S1). 

Cell model. The human epithelial ovarian cancer cell line OVCA433 was obtained from the 

American Type Culture Collection (ATCC, Manassas, VA). OVCA433 cells were cultured 

in Dulbecco’s modified Eagle’s medium (DMEM low glucose, GIBCO, Thermo Fisher 

Scientific), supplemented with 10% fetal bovine serum, 100 U/mL penicillin/streptomycin 

and 1 mM l-glutamine. Cells were incubated at 37 °C in a humidified atmosphere with 5% 

CO2. 

Nanogel cytocompatibility. The assessment of NGs' cytocompatibility was conducted on 

OVCA433 cells employing the Vybrant Cytotoxicity Assay (Thermo Fisher Scientific) 211 

and the MTT assay, as previously detailed in Section 3.1. The cells were seeded at a density 

of 2 x 103 cells/well into a 96-well plate for a 24-hour period, followed by incubation with 

NGs at a concentration of 20 μg/mL. Experiments were performed in triplicate. 

Flow cytometric analysis of NG internalization. Cells were seeded at a density of 2.4 × 

104 cells/well into a 12-well plate for 24 h. Then, cells were incubated with a NG suspension 

at 20 μg/mL for further 24 h. Cells were then analyzed by flow cytometry (CytoFLEX flow 

cytometer, Beckman Coulter, Brea, CA). Live cells were gated based on their forward and 

side scatter parameters; NG signal was recorded in the phycoerythrin (PE-A) channel and 

quantified as the median intensity value. Experiments were performed in triplicate. 

Confocal and super-resolution microscopy. NG internalization was also assessed using 

confocal and super-resolution microscopy. Cells were seeded at a density of 1.5 × 104 

cells/well into 8-well glass bottom µ-Slide chambers (Ibidi GmbH, Gräfelfing, Germany) 

and grown for 24 h before the experiment. Cells were incubated with NGs at a concentration 

of 20 μg/mL for 24 h, then fixed with 4% buffered paraformaldehyde (PFA) for 15 min at 

RT and washed with PBS (3 times). For confocal microscopy, cell membranes were stained 

with CellMask™ Green Plasma Membrane Stain (Thermo Fisher Scientific; 1:1000 dilution 
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in PBS for 5 min) and nuclei were counterstained with DAPI (Thermo Fisher Scientific; 

1:1000 dilution in PBS for 10 min). Specimens were observed under a Nikon A1R+ laser 

scanning confocal microscope (Nikon Instruments, Tokyo, Japan) with a 20× NA0.7 dry 

objective. For super-resolution optical microscopy, cells were stained with labelled 

phalloidin (ActinGreen 488 stain, GeneCopoeia, Rockville, MD; 1:50 in PBS for 45 min), 

nuclei were counterstained with DAPI, and specimens were viewed under a ZEISS ELYRA 

7 microscope (ZEISS Microscopy, Jena, Germany) with a 63× NA1.4 oil immersion 

objective, using the Lattice SIM2 post-processing algorithm. 

Drug delivery to cancer cells. DOX_NG systems were prepared as described in section 

2.2.1 to reach a final DOX concentration of 1 μM, while maintaining the NG concentration 

at 20 μg/mL. The DOX concentration was selected as a sublethal drug dosage based on a 

dose-response curve evaluated at 24 hours on the OVCA433 cell line (Appendix III, Fig.S2). 

The DOX_NG suspension was administered to OVCA433 cells seeded at the density of 2 x 

103 cells/well into a 96-well plate. NGs without DOX and 1 μM free DOX administration 

were used as internal controls, together with untreated cells (negative control). The effect of 

DOX-loaded NGs was quantified after 24h via MTT assay, following the protocol reported 

in section 2.2.1. 

To discern the effect of DOX from that of intrinsic NG toxicity on the overall residual cell 

viability, a Nanoencapsulation Enhancement (NE) parameter was defined as follows: 

𝑁𝐸 (%) =
1

𝐴𝑏𝑠𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑
( 

𝐴𝑏𝑠𝑁𝐺−𝐴𝑏𝑠𝐷𝑂𝑋_𝑁𝐺

𝐴𝑏𝑠𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑−𝐴𝑏𝑠𝑓𝑟𝑒𝑒𝐷𝑂𝑋
) × 100   (22) 

where 𝐴𝑏𝑠𝐷𝑂𝑋_𝑁𝐺 is the measured absorbance for cells treated with the DOX_NGs, 𝐴𝑏𝑠𝑁𝐺 

is the absorbance for the corresponding pristine (unloaded) NG group. 𝐴𝑏𝑠𝑢𝑛𝑡𝑟. and 

𝐴𝑏𝑠𝑓𝑟𝑒𝑒𝐷𝑂𝑋 are the absorbance levels of untreated cells and cells treated with free DOX, 

respectively.  

Empirical model. To build an empirical model, an RSM method, previously applied to 

different problems 212–216, was adopted. The entire statistical analysis was performed using 

the programming language R 217 following the statistical strategy described in previous 

works 212,218–220. An initial analysis was performed by calculating a correlation matrix in 

which the value of the Pearson’s coefficient (r) was reported, to verify the presence of linear 

correlations. Then, a model was built by selecting the significantly relevant factors, tested 

by analysis of variance (ANOVA). The significant level was assigned as follows: p≤0.1 (.), 
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p≤0.05 (*), p≤0.01 (**), p≤0.001 (***). The complete model is reported in Eq. (23), (with A 

and B representing MR and FRR, respectively). It should be noticed that not all the terms 

must be present in the models. In fact, only terms with p ≤ 0.1 were included while the model 

was considered significant with a p ≤ 0.05. The model function (indicated in the equation as 

F) was chosen to achieve two scopes, the first to normalize the model residues and the second 

to make the model residues patternless. To evaluate the goodness of fit of the model the 

coefficient of determination (R2) was calculated. Models with a perfect fitting have an R2 = 

1. To test the predictive value of the model, the predicted residual error sum of squares 

(PRESS) statistic was applied. The resulting predicted R2 (R𝑝𝑟𝑒𝑑
2 ) represents a good 

estimator of the out-of-sample performance of the model.  

In our case, we also chose to restrict the space of acceptable solutions to those NG 

formulations characterized by high cytocompatibility. Therefore, we defined a desirability 

index with binary (0,1) values associated to the cytocompatibility of NGs, which was set to 

a threshold level of 95% (equation 24).   

 𝐹(𝑌) = 𝑐0  +  𝑐2 ∙ 𝐴 +  𝑐1 ∙ 𝐵 +  𝑐3 ∙ 𝐴𝐵 +  𝑐4 ∙ 𝐴2 + 𝑐5 ∙ 𝐵2 +  𝑐6 ∙ 𝐴2𝐵 + 

𝑐7 ∙ 𝐴𝐵2𝑐9 ∙ 𝐴3 +  𝑐10 ∙ 𝐵3 +  𝑐11 ∙ 𝐴2𝐵2 +  𝑐12 ∙ 𝐴3𝐵 + 𝑐11 ∙ 𝐴𝐵3 +  

𝑐14 ∙ 𝐴4 +  𝑐15 ∙ 𝐵4 +  𝑐16 ∙ 𝐴3𝐵2 +  𝑐17 ∙ 𝐴2𝐵3 +   𝑐18 ∙ 𝐴3𝐵3 

 

(23) 

 
𝐷(𝑌) = {

0   𝑖𝑓 𝑐𝑦𝑡𝑜𝑐𝑜𝑚𝑝𝑎𝑡𝑖𝑏𝑖𝑙𝑖𝑡𝑦 < 𝑙        
1    𝑖𝑓 𝑙 < 𝑐𝑦𝑡𝑜𝑐𝑜𝑚𝑝𝑎𝑡𝑖𝑏𝑖𝑙𝑖𝑡𝑦 < 1

;      𝑙 = 0.90 
(24) 

Statistical analysis. The experimental data were analyzed using Prism ver. 10.2.1 

(GraphPad Software, San Diego, CA) and reported as mean ± SD, if not otherwise specified. 

One-way or two-way analysis of variance (ANOVA) were used as appropriate to assess 

significance, which was set to the 0.05 level. 

3.2.2 Results & Discussions 

Results 

NG synthesis and characterization. In the present work, a microfluidic synthesis of HA-

LPEI NGs based on a HFF droplet-generator device was investigated. Figure 3.8A and 3.8B 

illustrate the functioning of the HFF microfluidic device as droplet generator when using 

different FRRs. 
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Figure 3.8 A) micrographs showing the functioning of the HFF device at different FRR. Scale bar: 200 μm; B) plot of the 

averaged droplet diameter (N = 15) as a function of the used FRR; C) schematic of the chemical reaction between HA and 

LPEI; D) representative 1H-NMR spectra of: sodium hyaluronate (HA); Linear polyethyleneimine (LPEI); and NGs. 

Reported spectra were chosen as representative of the three different MR levels: MR = 9 (NG+1,-0.33), MR = 6 (NG0,+1), MR 

= 3 (NG-1,-0.33); E,F,G, H) interaction plots for NG size, PDI, χLPEI,and release plateu, respectively. 
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The formation of NGs by chemical crosslinking between HA-NHS ester derivates and amine 

groups in the LPEI backbone (reaction scheme in Figure 3.8C) was confirmed by 1H-NMR 

conducted on each NG formulation and on the starting polymers. A representative spectrum 

for each of the three MR levels is reported in Figure 3.8D, while the spectra of all NG 

formulations are reported in Appendix III, Figure S3. In addition, the resulting LPEI molar 

fraction (𝜒𝐿𝑃𝐸𝐼) for each NG formulation was estimated by integrating the NMR signals 

attributable to the starting HA and LPEI. Results are showed in Table 3.2. 

Characterization of NG size distribution was performed by DLS analysis (Table 3.2). Two-

way ANOVA was performed on DLS data to evaluate the effect of the two main variables 

(MR and FRR) on the resulting morphological parameters. Figure 3.8E and Figure 3.8F 

show the interaction plot for NG size and PDI. The effect of FRR was much larger (F(2,18) 

= 97.5, p < 0.0001, η2 = 76.6%) than that of MR (F(2,18) = 9.82, p = 0.0013, η2 = 7.71%). 

A significant interaction (F(4,18) = 5.52, p = 0.0044, η2 = 8.67%) was also reported. PDI 

showed a similar trend, with a significant interaction (F(4,16)=3.74, p = 0.0248, η2 = 12.2%), 

and a much larger effect size for FRR (F(2,16) = 40.8, p < 0.0001, η2 = 66.5%) than for MR 

(F(2,16) = 5.16, p = 0.0186, η2 = 8.4%). 

Table 3.2 Summary of the results obtained from the physical and chemical characterization of the NGs. 

Sample 
𝛘𝐋𝐏𝐄𝐈  

[-] 

Diameter  

[nm] 

PDI  

[-] 

NG-1,-1 0.62 109.6 ± 10.5 0.105 

NG-1,-0.33 0.60 357.8 ± 12.0 0.030 

NG-1,+1 0.50 339.3 ± 33.3 0.010 

NG0,-1 0.71 184.5 ± 17.5 0.060 

NG0,-0.33 0.73 246.4 ± 21.9 0.038 

NG0,+1 0.69 339.2 ± 32.7 0.019 

NG+1,-1 0.74 111.7 ± 8.8 0.054 

NG+1,-0.33 0.77 190.3 ± 12.3 0.012 

NG+1,+1 0.74 292.5 ± 3.5 0.010 

NG composition (in terms of 𝜒𝐿𝑃𝐸𝐼) was also investigated by two-way ANOVA without 

replications (interaction plot in Figure 3.8G). Results showed a large and significant positive 

main effect of MR on NG composition (F(2,4)=24.4, p = 0.0057, η2 = 84.8%), while the 

effect of FRR was not significant (p = 0.2092). 
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Overall, these results demonstrated the ability to exert fine control over the final NGs 

composition and size in a wide range of molar ratios and diameters using droplet-based 

microfluidics.  

3.2 Drug release 

The selection of the appropriate method to evaluate the drug release profile from engineered 

nanomaterials is a source of debate in the scientific community.221–224 Despite the reliability 

of the data obtained by the dialysis method has been questioned in the past, it is by far the 

most used methodology in the field.221 In conventional dialysis experiments, two stages may 

influence the apparent release kinetics from the nanomaterial: (1) the release of the cargo 

from the nanomaterials into the surrounding solution inside the dialysis bag; and (2) the 

permeation of the cargo through the dialysis membrane. In most cases, this second step is 

considered negligible, allowing the actual release kinetics to be revealed by measuring the 

concentration of the cargo in the receiver compartment. 

However, in the present case, the permeation of free DOX through the membrane cannot be 

neglected, as shown in Appendix III, Fig. S4A. This behavior can be attributed to the well-

documented interaction between DOX and the dialysis membrane, which has been 

previously reported in the literature224–228 and which can lead to an underestimation of the 

release constant from NGs. For this reason, we chose to consider the amount of drug released 

at infinite time (M∞) as the parameter characterizing the release of drug from NG-DOX 

systems (Table 3.3).  

Table 3.3 Cumulative release amount at plateau (M∞) for the NG groups. 

Sample M∞ (%)  

NG-1,-1 78.9 ± 2.3 

NG-1,-0.33 49.9 ± 3.0 

NG-1,+1 63.1 ± 1.0 

NG0,-1 49.7 ± 2.3 

NG0,-0.33 50.8 ± 1.2 

NG0,+1 67.7 ± 4.0 

NG+1,-1 87.8 ± 6.7 

NG+1,-0.33 67.7 ± 3.8 

NG+1,+1 63.3 ± 3.1 
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M∞ levels were also analyzed by two-way ANOVA (interaction plot in Figure 3.2H). Results 

showed a large interaction (F(4,17) = 12.0, p < 0.0001, η2 = 37.4%), meaning that the effects 

of each variable depended on the specific level of the other variable, hampering the 

interpretation of main effects. 

3.3 Biocompatibility and cellular internalization 

The NG formulations were investigated in terms of cytocompatibility and cellular 

internalization to preliminary validate them as an effective DDS for the treatment of the 

ovarian carcinoma. In this scenario, the OVCA433 cell line was selected as a biological 

model of interest, based on previous publications.209,210 

First, the cytocompatibility of the NGs was investigated through G6PD and MTT assays 

after 24h of cell exposure to NGs at a concentration of 20 μg/mL. Notably, none of the NG 

formulations gave a statistically significant decrease in cell viability when measured with 

the G6PD assay (Appendix III, Fig. S5), which detects the release of glucose 6-phosphate 

dehydrogenase from damaged/dying cells. However, the determination of cellular metabolic 

activity through MTT assay revealed a different scenario for NG cytocompatibility, as 

reported in Table 3.4.  

Table 3.4. NG cytocompatibility as measured by MTT assay and normalized vs. untreated cells. 

Sample 
NG cytocompatibility (%)  

(MTT assay)  

NG-1,-1 109.3 ± 18.9 

NG-1,-0.33 99.6 ± 11.1 

NG-1,+1 102.2 ± 10.2 

NG0,-1 89.3 ± 16.0 

NG0,-0.33 105.2 ± 10.6 

NG0,+1 94.2 ± 4.9 

NG+1,-1  66.8 ± 11.4 

NG+1,-0.33  60.5 ± 4.5 

NG+1,+1  61.8 ± 4.8 

Results of two-way ANOVA (interaction plot in Fig. 3.9A) showed that MR was the only 

factor with a strong and extremely significant negative main effect (F(2,18) = 169, p < 

0.0001, η2 = 72.3%) on NG cytocompatibility, despite a significant interaction (F(6,18) = 

4.37, p = 0.0068, η2 = 5.60%). 
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Table 3.5. Raw and corrected fluorescence levels for each NG group. Corrective factors accounting for the different 

composition of each NG class were derived from NMR. MFI values were normalized to those of untreated cells. 

Cellular uptake of NGs was analyzed using a combination of flow cytometry and 

fluorescence microscopy (confocal and super-resolution) thanks to the intrinsic fluorescence 

of labelled LPEI (LPEI-RhB). The raw flow cytometry data were adjusted with a correction 

coefficient accounting for the different 𝜒𝐿𝑃𝐸𝐼 values, as measured by NMR (complete 

discussion has been reported in Appendix III). 

Table 3.5 reports the raw fluorescence data, the corrective factors and the corrected 

fluorescence data which are representative of cell internalization. Two-way ANOVA 

showed that the main effect of MR (F(2,18) = 553, p < 0.0001, η2 = 70.9%) overcame that 

of FRR (F(2,18) = 14.9, p = 0.0002, η2 = 1.91%) on NG uptake, with the two factors having 

an extremely significant interaction (F(4,18) = 102, p < 0.0001, η2 = 26.1%). Despite the 

large interaction hampers the interpretation of main effects, it can be observed that the 

specimens with the highest HA content (NG-1,x) were characterized by the highest 

internalization values. A further confirmation of the successful NGs uptake was provided by 

confocal and super-resolution microscopy (Figure 3.9C,D). Red fluorescent NGs showed an 

intracellular localization (cell membrane stained in green) (Figure 3.9C). Super-resolution 

micrographs (Figure 3.9D) gave a clearer insight into the NGs localization inside the cell. 

Noticeably, the reported figures highlighted the distribution of the NGs around the cell 

nucleus without the formation of aggregates. These findings suggest that the formulated NGs 

maintain their structural integrity throughout the cells up to 24 hours after administration.  

 

Sample 
Raw fluorescence 

(MFI) 

Normalized 

corrective factor 

Corrected 

fluorescence (MFI) 

NG-1,-1 2.29 ± 0.12 1.6 3.61 ± 0.19 

NG-1,-0.33 3.17 ± 0.07 1.7 5.46 ± 0.13 

NG-1,+1 1.75 ± 0.02 2.4 4.22 ± 0.05 

NG0,-1 2.53 ± 0.06 1.2 3.05 ± 0.07 

NG0,-0.33 2.04 ± 0.09 1.1 2.30 ± 0.10 

NG0,+1 2.38 ± 0.05 1.3 3.02 ± 0.06 

NG+1,-1 2.40 ± 0.04 1.1 2.66 ± 0.05 

NG+1,-0.33 2.28 ± 0.05 1 2.28 ± 0.05 

NG+1,+1 2.78 ± 0.24 1.1 2.99 ± 0.26 
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Figure 3.9 A) Interaction plot of NG cytocompatibility, cell metabolic activity measured after 24h of exposure to the NGs 

via MTT assay; values are reported as percentage vs untreated cells (CTRL); B) Interaction plot of NG uptake. Corrected 

MFI reported as fold change of the median fluorescence measured by flow cytometry after 24h of exposure to NGs vs. the 

median fluorescence of the untreated cells; C) Confocal micrographs: cell membrane was stained with CellMask Green 

Stain, nuclei were counterstained with DAPI. NGs are red-fluorescent. Scale bar 20 μm. D) Super-resolution optical 

microscopy. Actin cytoskeleton was stained with FITC-phalloidin, nuclei are counterstained with DAPI. NGs are red 

fluorescent. Scale bar 20 μm. 
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Drug response. The performance of NGs as drug delivery systems was tested in 

combination with doxorubicin (DOX) as a model drug and measured via MTT assay.  

Fig. 3.10A shows the residual cellular metabolic activity after 24 h following administration 

of DOX_NGs. Data were normalized to untreated controls and statistically tested against 

cells treated with free DOX.  

 

Figure 3.10 A) Cell metabolic activity measured after 24h exposure to DOX_NGs; values are normalized to untreated cells. 

B) Nanoencapsulation-mediated enhancement of drug effect (NE) measured after 24h exposure to DOX_NGs; C) 

Interaction plot of NE. Statistical significance is vs. free DOX CTRL: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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It is worth noting that most of the NG samples showed increased toxicity to cells compared 

to free DOX. However, these results could be misleading, as they did not consider the effect 

that the NG carriers themselves exert on cell viability, which is not negligible, especially for 

LPEI-rich compositions. For this reason, a Nanoencapsulation-related Enhancement (NE %) 

parameter was defined as described in section 3.2.1 (Drug delivery to cancer cells) and 

results are reported in Fig. 3.10B.  

Two-way ANOVA on NE data (in Fig. 3.10C) revealed a large and significant negative main 

effect of MR (F(2,18) = 209, p < 0.0001, η2 = 84.9%), a modest but very significant (F(2,18) 

= 10.3, p = 0.001, η2 = 4.81%) main effect of FRR, and a modest but extremely significant 

interaction (F(4,18) = 8.97, p = 0.0004, η2 = 7.28%).  

Empirical model. The collected experimental data were used to develop an RSM-based 

empirical model. The first step was to perform an explorative analysis by calculating a 

correlation matrix (Pearson’s) to highlight the presence of first order correlations among 

variables, including both process parameters and NG properties (Figure 3.11). Only 

variables with |r| ≥ 0.4 and p < 0.05 were considered significantly correlated. 

FRR showed a strong direct correlation with NG size and a strong inverse correlation with 

PDI. Expectedly, also NG size and PDI were inversely correlated. 

Not surprisingly, MR exhibited a strong correlation with the resulting 𝜒𝐿𝑃𝐸𝐼. Both MR and 

𝜒𝐿𝑃𝐸𝐼  showed a strong inverse correlation with NG cytocompatibility, which can be 

explained by the potential toxicity of the LPEI component.  

Moreover, MR and 𝜒𝐿𝑃𝐸𝐼 were inversely correlated with the cellular uptake. This can be 

ascribed to the lower hyaluronan content of LPEI-rich formulations (𝜒𝐻𝐴 = 1 − 𝜒𝐿𝑃𝐸𝐼) 

which, in turn, can modulate NG internalization in cells expressing the hyaluronan receptor 

(CD44). 
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Figure 3.11. Pearson’s correlation matrix. The upper triangular portion shows the correlation coefficients, while the 

lower triangular portion shows the corresponding p-values (* p<0.05; ** p<0.01; *** p<0.001).  

The implementation of the RSM led to the definition of the empirical model, represented by 

the following set of equations (A = MR; B = FRR): 

𝑺𝒊𝒛𝒆 (𝑛𝑚) = −1.14 ∙ 102  +  3.60 ∙ 101 𝐴 +  2.22 ∙ 103 𝐵 − 3.74 𝐴2  − 2.71 ∙ 103 𝐵2 − 1.80 ∙

102𝐴𝐵2 + +1.44 ∙ 101 𝐴2𝐵2  
(25) 

𝑷𝑫𝑰 (−) = 2.04 ∙ 10−1 − 1.01 ∙ 10−2 𝐴 − 9.78 ∙ 10−1 𝐵 +  2.55 ∙ 10−2 𝐴𝐵 +  1.25 𝐵2  (26) 

𝝌𝑳𝑷𝑬𝑰 (−) = 4.96 ∙ 10−1  +  4.05 ∙ 10−2 𝐴 − 2.55 ∙ 10−1 𝐵 +  2.23 𝐴𝐵 ∙ 10−1 − 2.21 ∙ 10−3 𝐴2  

− 1.36 𝐵2 − 1.30 ∙ 10−2 𝐴2𝐵 

 

(27) 

𝑴∞ (%) =  1.49 ∙ 10−2 + 1.92 ∙ 10−4 𝐴 +  3.13 ∙ 10−2 𝐵 − 6.10 ∙ 10−4 𝐴2𝐵 − 2.74

∙ 10−2 𝐴𝐵2 +  3.57 ∙ 10−3 𝐴2𝐵2 

 

(28) 

𝑪𝒆𝒍𝒍𝒖𝒍𝒂𝒓 𝒖𝒑𝒕𝒂𝒌𝒆 (−)

= 7.25  − 1.33 𝐴 +  4.44 𝐵 +  8.32 ∙ 10−2 𝐴2 − 9.56 𝐵2 + 3.88 ∙ 10−1 𝐴𝐵2 

+1.06 ∙ 10−2 𝐴2𝐵2 

 

(29) 

𝑵𝑮 𝒄𝒚𝒕𝒐𝒄𝒐𝒎𝒑𝒂𝒕𝒊𝒃𝒊𝒍𝒊𝒕𝒚 (%) = 8.67 ∙ 101 + 1.04 ∙ 101 𝐴 − 1.44 𝐴2 − 1.86 ∙

101 𝐵2 + + 8.59 ∙ 10−2 𝐴2𝐵 + −1.25 ∙ 10−1 𝐴2𝐵2  
(30) 



98 

 

𝑵𝑬 (%) = 4.29 ∙ 102  − 6.60 ∙ 101 𝐴 − 1.08 ∙ 103 𝐵 +  2.08 ∙ 102𝐴𝐵 +  4.42 𝐴2

− 1.43 ∙ 101 𝐴2𝐵 

(31) 

The complete set of variance and coefficients tables for Eqs.25-31 are reported in Appendix 

III (Tables S1-S14), while the surface contour plots are reported in Fig. 3.12. 

 

Figure 3.12. Contour plots for: (A) NG cytocompatibility; (B) Desirability map defining the region in which cell viability 

is greater than 90%; (C) size; (D) PDI; (E) χLPEI; (F)M∞; (G) cellular uptake and (H) NE. 
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With RSM, the dependence of the NG properties on the two process variables was described 

by polynomials of higher degree, accounting for non-linearities which were concealed at the 

initial linear correlation test. However, the degree of the polynomials was kept as low as 

possible while still giving a good fit quality of the experimental data. Moreover, we chose 

to limit the space of solutions to those formulations not affecting the cellular metabolic 

activity. To this aim, a desirability function was applied with the constrain of cellular 

metabolic activity > 90% (Figure 3.12A, B) and the corresponding “non-desirable” region 

has been hatched in each contour plot (Figure 3.12C-H). 

To qualify the developed empirical models, the Predicted vs. Actual plots (Figure 3.13) were 

analyzed. The coefficient of determination (R2) gave an indication of the goodness of fit, 

resulting in good fit quality for all the equations (R2> 0.8). Noteworthy, an R2 > 0.9 was 

reached for NG cytocompatibility (R2 = 0.953), size (R2 = 0.95), and cellular uptake (R2 = 

0.975). 

Although R2 is a robust indicator of the goodness of fit, it does not quantify the ability of the 

model to predict responses for new observations (i.e., which were not used to estimate the 

model). For this reason, the predicted R2 (R𝑝𝑟𝑒𝑑
2 ) was calculated. The R𝑝𝑟𝑒𝑑

2  can be 

considered of good quality for all the equations of the empirical model (R𝑝𝑟𝑒𝑑
2 > 0.7).  
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Figure 3.13 Predicted vs. Actual plots. The closer the data points are to the diagonal line, the better the model fits the 

collected data. The coefficient of determination (R2) was calculated as a measure of the goodness of fit, while predicted R2 

was calculated as an estimator of out-of-sample forecasts. 
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Discussion 

Recently, the use of microfluidics in the formulation of novel DDSs has gained increasing 

attention mainly due to the high control over a variety of process parameters, which 

outperforms the traditional batch syntheses. However, the easy modulation of the fluid-

dynamic and compositional parameters offered by microfluidic setups mandates for time-

consuming identification of the correct process conditions. Therefore, a DoE approach 

implementing the RSM was used to reveal the effect of process parameters over a wide range 

of physicochemical and biological features of the HA-LPEI NGs synthesized via droplet-

based microfluidics.  

Effects of process parameters on NG physicochemical properties. To validate the 

application of droplet-based microfluidics for the synthesis of polymeric NGs and to deepen 

the understanding of the effect that process parameters exert over NGs features, the chemical 

and physical properties of these nanomaterials were investigated in a range of process 

parameter values.  

By comparing the 1H-NMR spectra of the starting polymers with that of the NG samples 

(Figure 3.8D), the presence of signals from both polymers and the chemical shift of the LPEI 

signal from 2.78 to approximately 2.9 ppm could be observed.229 Furthermore, the 

involvement of the activated carboxyl groups of HA resulted in the shift of the signal 

ascribable to the protons in the sugar ring from 3.8 ppm to 3.38 ppm, thus corroborating the 

bonding between both polymers for all NG specimens. Moreover, the integration of the 

signals ascribable to HA and LPEI gave an estimate of the 𝜒𝐿𝑃𝐸𝐼 in each specimen, as 

reported in Table 3.2. According to the results of two-way ANOVA on NG composition 

values, a strong dependence of 𝜒𝐿𝑃𝐸𝐼 on the imposed MR was confirmed (84.8% of the total 

variance, p<0.0057), while no significant main effect of FRR was detected. These results are 

consistent with the strong linear correlation between MR and 𝜒𝐿𝑃𝐸𝐼 (r = 0.88, p = 0017).  

Interestingly, as reported in the results section of the NG synthesis and characterization, a 

major direct influence of FRR on NGs size can be highlighted by the two-way ANOVA (FRR 

accounts for 76.6% of the total variance, p < 0.0001). This might be attributed to the 

reduction of microdroplet size achieved for low FRR levels, which limit the volume of the 

reaction chamber where the crosslinking reaction takes place. A reduction in the droplet 

diameter from ca. 60 to 30 μm was observed when the FRR was decreased from 0.4 to 0.1, 

resulting in a volume change of approximately 87.5% (Figure 3.8A, B). Conversely, MR 

appeared to exert a minor influence on NG size (8.67% of the total variance, p = 0.0044). 
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However, a slight inverse proportionality can be discerned from the data, which features the 

pivotal role of LPEI as crosslinker. Indeed, NGs with a lower LPEI content resulted in an 

overall larger diameter, probably due to a less crosslinked matrix. NG size ranged from 100 

to 360 nm (Table 3.2), ensuring a size suitable for drug delivery applications for the whole 

range of process parameters. 

All the experimental conditions resulted in monodisperse nanoparticles with PDI values 

ranging from 0.01 to 0.11 (Table 3.2). A strong negative effect of FRR on PDI was evidenced 

by two-way ANOVA (66.5% of the total variance, p < 0.0001) and by the strong inverse 

correlation between the two variables (r = -0.74, p = 0.017). This behavior could be 

explained in light of previous literature findings 230 evidencing that the mixing processes 

occurring within the emulsified dispersed phase is enhanced by an increased droplet velocity. 

Hence, the narrow size distribution obtained at higher FRR could be ascribed to improved 

mixing conditions, as reported for other microfluidics-based processes for nanoparticles 

synthesis 231–235. 

Based on the above reported considerations, also NG size and PDI were found to be inversely 

correlated (r = -0.69, p = 0.023)  

Physicochemical properties affect NG bioperformance. In this study, the bioperformance 

of NGs was evaluated in terms of drug release, NG cytotoxicity, cellular uptake, and 

performance as a DDS on ovarian cancer cells. Having previously elucidated the relationship 

between synthesis parameters and NGs physicochemical properties, this section will discuss 

how these properties influence the in vitro bioperformance of these nanomaterials. 

A strong and significant inverse correlation (r = -0.76, p = 0.02) between 𝜒𝐿𝑃𝐸𝐼 and NG 

cytocompatibility was evidenced. Indeed, LPEI-rich formulations (NG+1,x) resulted in 

reduced cell viability (71.2%, 60.5% and 61.8%, respectively) compared to the control 

group. It is recognized that linear and branched PEI are associated with toxicity and non-

degradability, limiting their clinical applications 236,237. Nevertheless, the intrinsic toxicity of 

LPEI can be mitigated when conjugated with other biopolymers such as HA 25, as inferred 

from Table 3.4, where the NGs with higher HA content demonstrated no significant variation 

in metabolic activity (MTT assay) compared to untreated cells.  

𝜒𝐿𝑃𝐸𝐼 was also reported to dictate the cellular uptake of NGs. Data suggested that NGs with 

a higher LPEI content were less internalized after 24 hours. This was further demonstrated 
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by the strong negative correlation between 𝜒𝐿𝑃𝐸𝐼 and cellular uptake (r = -0.80, p = 0.01), 

meaning that NGs with a higher HA fraction resulted in a more facile uptake. This behavior 

can be explained by considering that the interaction between HA and its receptor (CD44 

hyaluronan receptor, highly expressed in ovarian cancer cells) has a fundamental role in 

driving NG endocytosis, as already demonstrated for NGs with similar composition 210. 

Indeed, cell uptake quantification by flow cytometry gave the highest fluorescence levels for 

HA-rich formulations (NG-1,x), with NG-1,-0.33 peaking with a 6-fold increase compared to 

untreated cells.  

The NE parameter has been defined as a metric of nanoencapsulation-driven enhancement 

of drug effect, subtracting the account for the effect of pristine NG material on cell viability. 

It is worth noting that, for the determination of NE, a superposition principle has been 

applied, hence under the strong assumption that the net response caused by the two stimuli 

(pristine NG and released DOX) is the sum of the responses that would have been caused by 

each stimulus individually. Nonetheless, this parameter allowed us to compare different NG 

formulations, which are characterized by distinct cytocompatibility levels. 𝜒𝐿𝑃𝐸𝐼 was 

inversely correlated with NE (r = -0.68, p = 0.041), suggesting that HA-rich formulations 

(low 𝜒𝐿𝑃𝐸𝐼), which are highly biocompatible and easily uptaken by cells, show the largest 

effect of drug nanoencapsulation strategy, overcoming that of free DOX. Expectedly, given 

the strong dependence of 𝜒𝐿𝑃𝐸𝐼 on MR, the same considerations can be made for the 

observed direct correlation of NG cytocompatibility, cellular uptake and NE with MR. It is 

also worth mentioning that, although the use of linear correlations was helpful in identifying 

the key dependences among different variables, the nature of the studied phenomena goes 

far beyond linearity. Thus, an interpretation limited to such type of relationship may be 

misleading and may conceal high-order phenomena, which are instead evidenced by the 

polynomial equations of the response surface model. 

RSM to dictate process parameters selection in microfluidic synthesis of 

nanomaterials. The RSM-based empirical model built upon the experimental data had a 

good fit quality, with R2 > 0.81 for all the equations. However, although R2 is an adequate 

metric for the goodness of fit, it does not quantify how the model will predict responses for 

new observations, which were not themselves used to estimate the model. Indeed, a 

regression model could fit well the existing data, but it could be not as good at making 

predictions. R𝑝𝑟𝑒𝑑
2  is a statistical tool which helps elucidate the ability of a regression model 
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to make predictions by removing one data point at a time and each time recalculating the 

regression each time to test how well the model predicts the missing observation. R𝑝𝑟𝑒𝑑
2  

values were generally good for all the equations and not distinctly lower than the 

corresponding R2 (below 13.1% decrease), suggesting that the empirical model was not 

overfitting the experimental data. This finding supports the use of RSM as a predictive tool 

for the microfluidic droplet-based synthesis of HA-LPEI NGs and, in general, for the 

continuous flow synthesis of nano-DDSs, allowing operators to match target responses by 

adapting process parameters. 
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3.3 Conclusions 

Several bulk methods have been described in the literature to synthesize polymeric 

nanocarriers for controlled drug delivery purposes. However, these procedures are generally 

characterized by significant constraints, such as limited control over the reaction parameters, 

difficult optimization of the colloidal properties of the nanosystems, and scarce lot-to-lot 

reproducibility, which have hampered their potential eligibility as therapies in nanomedicine. 

In this scenario, microfluidic platforms represent a valid alternative to modulate and control 

the dimensions and the physico-chemical properties of the nanocarriers toward a more 

precise and versatile nanomaterial design. In this part, the synthesis of nanogels in a 

microfluidic chip exploiting the active formation of a W/O microemulsion has been 

presented. In particular, each generated microdroplet acted as a reaction micro-chamber, 

where the polymer crosslinking occurred, giving rise to the NG architecture. 

Initially, an active tuning of the flow focusing junction was explored thanks to the pneumatic 

actuator integrated in the chip design. The pneumatic actuation resulted in an on-demand 

modulation of the microdroplet diameter, which in turn resulted in augmented control over 

the NG size and monodispersity. The effects of our droplet-based microfluidic process 

positively impacted the NG drug delivery performances, since modulation of NG size 

affected the resulting drug release profile, with smaller NGs showing a more sustained DOX 

release and increased therapeutic effect compared to free drug administration. 

Successively, a statistical approach was applied to the continuous flow synthesis of HA-

LPEI NGs, which were synthesized by droplet microfluidics exploring a wide range of 

experimental conditions. The panel of NG formulations were characterized in terms of size, 

polydispersity, composition, cytocompatibility, drug release, cellular uptake, and 

performance as a DDS on ovarian cancer cells. The fluid dynamic regime, represented by 

the Flow Rate Ratio (FRR) parameter, was found to dictate the resulting size and 

polydispersity index of the NGs, while compositional parameters (LPEI/HA Molar Ratio, 

MR) dictated the resulting NG composition and influenced relevant biological properties, 

such as NG cytocompatibility, cellular uptake and nanoencapsulation-driven enhancement 

of drug effect. Using the Response Surface Methodology, we developed an empirical model 

describing the effects of process parameters on the resulting NG physicochemical and 

biological properties. The model showed very good fit quality and robustness to out-of-

sample predictions. 
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Overall, the reported results testify an advancement in NG design, demonstrate the potential 

of RSM to support and streamline the continuous flow synthesis of nanomaterials, which 

could support the progress toward an effective clinical translation of the nanoparticle-based 

technology and meet the needs for ameliorated drug release performances in healthcare 

scenarios still lacking an efficient treatment. 
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PART IV 

MICROFLUIDIC CELL ENCAPSULATION 
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4. Microfluidic Cell encapsulation 

4.1 A comparative analysis of droplet-based microfluidics for cell 

encapsulation: focus on T-junction and flow focusing 

Alginate is a linear polysaccharide composed of a block copolymer consisting of alternating 

β-D-mannuronate (M) and α-L-guluronate (G) residues. Its backbone can be arranged as a 

homopolymeric block of G or M units, or as alternating GM units.238–240 

Alginate beads are commonly used for drug delivery or cell encapsulation purposes due to 

their biocompatibility, non-toxicity, biodegradability, and mild gelation conditions. 

Specifically, the cell-laden microcapsules can serve as a tool for delivering cells for tissue 

regeneration or as a 3D culturing unit for monitoring and manipulating cells, down to the 

single-cell level. 240,241 

Alginate microcapsules can be easily obtained via ionotropic gelation in the presence of a 

divalent cation, such as calcium ion (Ca2+).242,243 Two strategies can be used to induce the 

gelation process: external gelation244,245 or internal gelation246,247. In the first case, sodium 

alginate (Na-alginate) is typically dripped into a solution of a water-soluble calcium salt, 

such as calcium chloride (CaCl2), which induces the formation of calcium alginate (Ca-

alginate) beads externally. On the contrary, when internal gelation is applied, a non-soluble 

salt (i.e. calcium carbonate, CaCO3) is mixed with Na-alginate and the release of the calcium 

ions is triggered, after emulsification, by a change in the pH of the continuous phase. 

However, both techniques exhibit several issues related to uncontrolled gelling, leading to 

low uniformity of the synthesized microgels, or inherent toxicity caused by the gelling 

conditions. 

Droplet-based microfluidic platforms have been extensively studied for producing highly 

monodisperse microparticles with the desired size, morphology, and composition. A 

microfluidic process for synthesizing alginate microgels typically involves three steps: (i) 

Emulsification of the dispersed phase containing the polymer precursor; (ii) Sol-gel 

transition, which can be performed ex situ, where the cross-linking reaction takes place in a 

dedicated bath, or in situ, where the droplets are gelled directly after their generation on-

chip; (iii) Transfer of the alginate beads from the oil phase to a water phase after gelation. 

During this process, the microfluidic setup provides precise control over the applied flow 
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rates, enabling fine manipulation of the reaction conditions. This allows for unparalleled 

reproducibility and robustness of the synthesis process. 

In this context, two main device geometries are commonly used: the T-junction (TJ) and the 

flow-focusing junction (FFJ). TJ comprises of two immiscible fluid streams that are 

orthogonal to each other. The dispersed phase is sheared by the continuous phase, resulting 

in the generation of droplets.55 FFJ is characterized by the presence of an orifice at the 

junction between the central dispersed phase and the two lateral continuous phase channels. 

The dispersed phase is forced to pass through the orifice, which increases the pressure on 

the dispersed phase and facilitates droplet formation. 55 

Chang-Hyung Choi and colleagues used a TJ device to encapsulate yeast cells in highly 

monodisperse alginate microbeads by exploiting chaotic mixing.248 The authors took 

advantage of the slow diffusion of the reagents, which hindered their interaction prior to 

droplet formation, and the chaotic advection inside the droplets to induce the in situ sol-gel 

transition. The viability of the GFP cells was confirmed through fluorescence imaging after 

the encapsulation process. However, in order to provide a high-throughput system, a novel 

step-T-junction device was developed.249 Here, the diameter of the produced alginate-

gelatine hydrogel can be easily controlled in the range of 67 - 278 μm, keeping the coefficient 

of variation (CV) below 5%, even when using an ex situ gelling process. Hepatocellular 

carcinoma (HepG2) cells were successfully cultured till day six maintaining their proper 

functionalities of secreting urea. 

David A. Weitz and his colleagues demonstrated two different applications of FFJ devices 

in producing alginate microbeads. They initially used a single dispersed phase consisting of 

a Na-Alginate and calcium-EDTA solution. The sol-gel transition was induced by adding 

acetic acid to the oil phase to trigger the release of Ca2+. The authors found that encapsulating 

a single mesenchymal stem cell (MSC) in 25% of the produced beads was possible. They 

also discovered that a gelation time of less than 2 minutes is crucial to ensure compatibility 

with the developed technique.250 To overcome issues related to premature polymerization or 

poor control over the monodispersity of the emulsion, they developed a triple-flow 

microdevice to induce hydrogel formation inside droplets before their collection off-chip.251 

To the best of our knowledge, although several papers have reported the successful 

implementation of similar methods in the literature, no comprehensive comparison of the 

performance of TJ and FFJ devices for cell encapsulation has been performed. Therefore, in 
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the present work, the triple-flow technology was implemented on both TJ and FFJ 

geometries to investigate the effect of process parameters on the synthesis of Ca-Alginate 

microcapsules. Next, we demonstrate the feasibility of the cell encapsulation process by 

measuring cell viability immediately after encapsulation and after seven days of culture. 

4.1.1 Materials & Methods 

Materials. Sodium alginate with low viscosity and high guluronate content (Pronova® UP 

VLVG) was purchased from Merck KGaA (Darmstadt, Germany) and used for the synthesis 

of the microcarriers. SU-8 photoresist, purchased from MicroChem (Newton, 

Massachusetts), and Sylgard 184 kit containing polydimethylsiloxane (PDMS) and curing 

agent, obtained from Dow Corning (Midland, Michigan), were used for devices 

microfabrication. Ovarian cancer cell line SKOV 3 was obtained by American Type Culture 

Collection (ATCC) (LGC Standards, Teddington, UK). All other chemicals were purchased 

from Merck KGaA (Darmstadt, Germany) and used as received at the analytical purity grade. 

Device fabrication. The microfluidic devices depicted in Figure 4.1 (namely, FFJ Figure 

4.1A and TJ Figure 4.1B) were fabricated using conventional photolithography and soft 

lithography techniques. First, a 3" silicon wafer was spin-coated with a layer of SU-8 2075 

photoresist (80 μm thick), followed by UV exposure through a photomask to create the 

desired pattern. The resulting master was silanized overnight in a trimethylchlorosilane 

(TMCS) vapor saturated chamber to facilitate demolding. 

 

Figure 4.1 Schematic representation of the microfluidic devices: A) Flow Focusing junction; B) T-junction 
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A PDMS solution (prepolymer:curing agent ratio 10:1 w/w) was then poured onto the 

silanized silicon master, cured for 2 h at 70°C, and peeled off as the main device assembly 

component. Microfluidic inlets and outlets were formed using a biopsy puncher. Bonding of 

PDMS to slides was achieved by oxygen plasma exposure using a femto plasma etcher 

(Diener electronic, Ebhausen, Germany). 

To make the chip surfaces hydrophobic, a stream of TMCS saturated nitrogen was applied 

for 15 minutes. This was followed by a thermal treatment at 140°C for 10 minutes. 

Alginate functionalization (Alg-FITC). The functionalization of alginate with fluorescein 

isothiocyanate (FITC) groups (Alg-FITC) followed the two-step protocol described by Zhu 

et al.:252 (i) introduction of amine functionalities into the alginate chain (Alg-NH2); (ii) 

attachment of FITC to the amine functionalities. 

Briefly, to activate the carboxyl groups of sodium alginate, 120 mg of the latter was mixed 

with 50 mg of N-(3-dimethylaminopropyl)-N′-ethyl carbodiimide hydrochloride (EDC, 

MW: 155.245 g/mol) and 30 mg of N-hydroxysuccinimide (NHS, MW: 115.09 g/mol) in 

acetate buffer (pH 4.7) for 30 min. After complete solubilization, 60 mg of 1,6-

diaminohexane (MW: 116.21 g/mol) was added and the mixture stirred at room temperature 

(RT) for 4 hours. Excess isopropanol (IPA) was added to precipitate the mixture and remove 

the unreacted diamine by vacuum filtration. 

The collected Alg-NH2 was then reacted with FITC (0.5 mg, MW: 389.382 g/mol) in a 

sodium bicarbonate solution (pH 8.5) for 4 hours and precipitated in acetone. The final 

product was obtained by vacuum filtration, resuspended in DIW, and dialyzed against DIW 

(membrane cut-off: 3.5-5 kDa) for three days with daily water exchange. After dialysis, the 

Alg-FITC was collected, lyophilized and stored at +4°C until use. 

Experimental procedure: microcarriers production. Microcarriers were synthesized by 

emulsifying an alginate solution in a water-in-oil (W/O) system. When functioning as droplet 

generators, the fabricated microfluidic devices require the use of two different phases: a 

continuous oil phase and an aqueous dispersed phase. The former consists of a 3% w/v 

Span80 solution of mineral oil. Meanwhile, the dispersed aqueous phase consists of three 

different solutions that meet just before the emulsification junction: (i) a 2% w/w solution of 

Alg-FITC; (ii) a 75 mM solution of CaCl2; and (iii) pure water. The as obtained solutions 

were loaded into Hamilton glass syringes and connected to the inlet of the microfluidic 

devices through Teflon tubing. 
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Control over the flow rate of each fluidic component was performed using a programmable 

syringe pump (Nemesys, CETONI GmbH, Korbussen, Germany). In particular, the flow 

rates of the continuous phase and alginate solution were kept constant at 25 μL/min and 1.5 

μL/min, respectively. While the flow rates of pure water and CaCl2 were varied according to 

the following table (Table 4.1). 

Table 4.1 List of the synthesis conditions obtained for both devices by varying the flow rates of pure water (H2O) and CaCl2 

in the dispersed phase, and the starting concentration of CaCl2 (75 mM and 150 mM). 

Flow Conditions 

Concentration (CaCl2): 75 mM 

 CaCl2 

H2O 

 0.5 μL/min 1.0 μL/min 1.5 μL/min 

2.5 μL/min 75mM_A 75mM_B 75mM_C 

3.0 μL/min 75mM_D 75mM_E 75mM_F 

4.0 μL/min 75mM_G 75mM_H 75mM_I 

Concentration (CaCl2): 150 mM 

 CaCl2 

H2O 

 0.5 μL/min 1.0 μL/min 1.5 μL/min 

2.5 μL/min 150mM_A 150mM_B 150mM_C 

3.0 μL/min 150mM_D 150mM_E 150mM_F 

4.0 μL/min 150mM_G 150mM_H 150mM_I 

Referring to the flow conditions, the same nomenclature is applied to both TJ and FFJ 

devices. 

Approximately 100 μL of the W/O emulsion was collected in a 1.5 mL Eppendorf tube pre-

loaded with 600 μL of a 30 mM CaCl2 solution at the outlet of the microfluidic devices. To 

promote phase separation and collect the formed microcarriers in the aqueous phase, the 

system was spun at 1500 rpm for 1 min. After carefully removing the oil supernatant, three 
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aliquots of 100 μL each were placed in a 96-multiwell plate, and features of interest (such as 

microbeads equivalent diameter, circularity, and uniformity) were acquired using a confocal 

microscope. 

The same experimental conditions were repeated using a CaCl2 concentration of 150 mM to 

investigate the effect of the crosslinking concentration on the production of alginate 

microcarriers. 

Cell culture. The human ovarian cancer cell line SKOV3 was cultured at 37°C and 5% CO2 

in low-glucose DMEM supplemented with 10% FBS, 1% L-glutamine, and 1% Penicillin-

Streptomycin. Upon confluence, cells were washed three times with PBS and then gently 

detached by trypsin/EDTA exposure (4 min at 37 °C). After centrifugation, cells were 

resuspended in low-glucose DMEM and labeled by incubating them with the nuclear dye 

Hoechst 33342 (1:500 in PBS) at 37 °C for 10 min. After incubation, cells were washed three 

times with PBS and resuspended in 2% w/w Na-alginate in saline solution (NaCl 0.9% w/w) 

at the concentration of 2.5 · 106 cell/mL to conduct the microfluidic encapsulation 

experiments.  

Cell encapsulation. Microfluidic cell encapsulation was performed using the experimental 

condition FFJ75mM_C. 2% w/w Na-alginate in saline solution (NaCl 0.9% w/w) was used to 

load 2.5 · 106 cell/mL. 

Live-dead assay. The process compatibility was evaluated using a cell viability assay for 

mammalian cells, specifically the Live/Dead Viability/Cytotoxicity assay. The assay was 

performed at four distinct time points: 0h, 24h, 48h, and 1 week after cell encapsulation. 

Samples were stained with 4 mM calcein AM (green) and 2 mM ethidium homodimer-1 

(red) in the culture medium and observed under confocal microscope. Cell viability values 

were calculated as the ratio of live cells to the total number of cells counted. 

Statistical analysis. The experimental data were analyzed using Prism ver. 10.2.1 

(GraphPad Software, San Diego, CA) and reported as mean ± SD, if not otherwise specified. 

One-way or two-way analysis of variance (ANOVA) were used as appropriate to assess 

significance, which was set to the 0.05 level. 

4.1.2 Results & Discussions 

Operation of the devices. As detailed in the Materials and Methods section, droplets were 

generated using two microfluidic devices, FFJ and TJ, under nine distinct flow conditions 
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(Table 4.1). Figure 4.1 illustrates the operational principles of both devices, with CaCl₂ flow 

depicted in purple and the sodium alginate solution in green. These images illustrate the 

importance of the central channel in preventing premature contact between sodium alginate 

and calcium ions, thereby avoiding device occlusion. Furthermore, Figure 4.1A–F illustrates 

the impact of three water flow conditions — (A) 2.5 μL/min, (B) 3.0 μL/min, and (C) 4 

μL/min — on the process. As the volumetric flow rate of water increases, the volume 

occupied by the water in the junction region also increases, thereby promoting a more stable 

droplet generation. 

 

Figure 4.1 Functioning of the FFJ microfluidic system with water flows of: A) 2.5 L/min; B) 3.0 L/min; C) 4.0 L/min, 

and of the TJ microfluidic system with water flows of D) 2.5 L/min; E) 3.0 L/min; F) 4.0 L/min. Images were captured 

using Nikon Eclipse Ti2 epifluorescence microscope at a magnification of 4X. 

The performances in droplet production yield (as number of droplets per second) of both 

devices were evaluated with the aid of an epifluorescence microscope equipped with a high-

speed camera (Neo 5.5, Andor Technology, Belfast, UK). Due to the differences in frequency 

of production between the devices, two different frame rates were used: 1699.9 FPS and 

357.7 FPS for FFJ and TJ, respectively. Results are reported in Figure 4.2. 
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Figure 4.2 Bar charts reporting the frequency values acquired for the individual generation conditions. Number of beads 

generated per second expressed concerning the increase in: A) dispersed water flow (from 2.5 to 4.0 L/min), and B) 

calcium chloride flow (from 0.5 to 1.5 L/min) for the FFJ device; and C) dispersed water flow (from 2.5 to 4.0 L/min), 

and D) calcium chloride flow (from 0.5 to 1.5 L/min) for the TJ device 

In Figure 4.2 the histograms illustrate the relationship between the variations in dispersed 

phase flows (CaCl2 – Figure 4.2A & C, water – Figure 4.2B & D) and the frequency of 

droplet generation for FFJ and TJ.  

Generally, FFJ showed a higher droplets/sec production up to 975 droplets/sec for FFJ75mM_F. 

Notably, peaks in frequency of production are observed for the conditions FFJ75mM_C (932 

droplets/sec), FFJ75mM_F (975 droplets/sec), FFJ75mM_I (911 droplets/sec), where the 

volumetric flow rate of calcium chloride reaches its maximum at 1.5 L/min. This 

underscores how calcium chloride has a greater impact than water in positively influencing 

the droplet production process in FFJ, a conclusion further supported by the statistical results 

obtained by the two-way ANOVA analysis reported in Table 4.2. Indeed, CaCl2 flow (p-value 

< 0.0001) showed greater influence on droplet formation rather than water flow (P-value < 

0.0496). Moreover, no significant interaction between the variables was detected. 
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Figure 4.2 also illustrates the changes in droplet frequency resulting from an increase in 

CaCl2 flow (Figure 4.2C) and water flow (Figure 4.2D) in the case of TJ. From the data, it 

can be observed that an increase in both water and calcium chloride flow rates causes a 

notable rise in the generation frequency, which however is quite lower than that of FFJ. 

Similarly to FFJ, the TJ device exhibits its highest frequency production at higher CaCl₂ 

concentrations (TJ75mM_C, TJ75mM_F, TJ75mM _I; Figure 4.2C). However, the Figure 4.2C 

indicates that water also significantly impacts the production frequency, registering a peak 

under H2O = 4.0 L/min flow conditions (TJ75mM_G, TJ75mM_H, TJ75mM_I). Indeed, two-way 

ANOVA supported this hypothesis revealing high impact of both variables (CaCl2 flow: p-

value < 0.0001; water flow: p-value < 0.0001). Additionally, the statistical analysis 

highlighted a significant interaction between the variables (interaction: p-value = 0.0329), 

which however still remains not extremely high. Further analyses on the droplet equivalent 

diameter are available in the Appendix IV. 

Table 4.2 Two-way ANOVA analysis of the frequency of droplets generation for FFJ and TJ devices. 

 Source of 

variation 

% of total 

variation 
p-value 

p-value 

summary 

FFJ 

Interaction 3,956 0.3999 ns 

CaCl2 Flow 82,75 <0.0001 **** 

Water Flow 6,818 0.0496 * 

TJ 

Interaction 4,963 0.0329 * 

CaCl2 Flow 31,51 <0.0001 **** 

Water Flow 56,82 <0.0001 **** 
 

Alginate microcarriers generation. After carefully examining the operation of each device, 

the focus is now shifted on analyzing the optimal conditions for generating sodium alginate 

beads. Here, the experimental results related to three fundamental parameters are explored, 

namely: equivalent diameter (Eq. Diameter), circularity, and polydispersity index (PDI). 

These results were obtained by considering each individual generation condition, both using 

FFJ and TJ microfluidic platforms. In particular, after completing the generation process for 

each condition, the droplets were collected at the chip outlet into 30 mM CaCl2 centrifugated 

(1 minute at 1500 rpm) and three aliquots of 100 μL were analyzed via confocal microscopy. 

FFJ. Results obtained from the acquired images are summarized in Table 4.3. Samples 

generated with higher volumetric flow rates and higher concentration of calcium chloride 

exhibit greater polydispersity (samples FFJ150mM_C, E, F, and H). Indeed, beads obtained 

with a higher concentration of calcium chloride (150mM) show general higher PDI values 
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compared to experiments conducted with CaCl2 (75mM). This can be attributed to the cross-

linking kinetic. In a lower concentrated sample, the gelation process is slower allowing the 

uniform diffusion of the calcium ions throughout the entire volume producing highly 

monodisperse microgels. On the other side, high Ca2+ concentration led to rapid and 

inhomogeneous gelation with crosslinking times lower than the diffusion time required to 

the ions to occupy the entire droplet volume. As a consequence, the produced microbeads 

are polydisperse and show the characteristic tail splash (Appendix IV). However, in the 75 

mM syntheses the higher PDI values are recorded under the conditions FFJ75mM_B and 

FFJ75mM_C, which are characterized by a lower volumetric flow of water. This phenomenon 

can be explained by the lower quantity of water that results in a higher concentration of 

calcium ions within the formed microspheres, promoting non-uniform gelation. 

Table 4.3 Data obtained for the FFJ device using CaCl2 concentrations of 150 mM and 75 mM. 

FFJ A B C D E F G H I 

Eq. 

Diameter150mM 

[m] 

50.62 

± 5.56 

45.12 

± 4.35 

49.67 

± 9.58 

48.17 

± 3.17 

58.31 

± 11.49 

63.23 

± 15.37 

49.04 

± 3.65 

56.52 

± 10.74 

71.14 

± 10.22 

Circularity150mM 
0.89 

± 0.05 

0.84 

± 0.04 

0.86 

± 0.06 

0.91 

± 0.03 

0.85 

± 0.05 

0.83 

± 0.08 

0.88 

± 0.07 

0.83 

± 0.09 

0.81 

± 0.07 

PDI 0.11 0.10 0.19 0.07 0.20 0.24 0.07 0.19 0.14 

Eq. 

Diameter75mM 

[m] 

52.83 

± 2.15 

48.64 

±5.32 

45.95 

± 5.33 

53.62 

± 3.25 

47.17 

± 4.09 

44.58 

±3.21 

58.83 

± 5.13 

45.43 

± 4.18 

46.87 

±3.37 

Circularity75mM 
0.95 

± 0.02 

0.88 

± 0.07 

0.89 

± 0.06 

0.94 

± 0.04 

0.82 

± 0.09 

0.90 

± 0.95 

0.97 

± 0.01 

0.84 

± 0.09 

0.80 

± 0.10 

PDI 0.04 0.11 0.12 0.06 0.09 0.07 0.09 0.09 0.06 

Figure 4.3 illustrates how the equivalent diameter and circularity of microbeads vary based 

on water and CaCl2 flow rates. Syntheses were conducted at two different CaCl2 

concentration: 150 mM (Figure 4.3A) and 75 mM (Figure 4.3B). When using a CaCl2 

concentration of 150 mM, increasing the flow rate of the dispersed phase (both water and 

CaCl2flows) leads to a significant enlargement of the alginate beads size (Figure 4.3A I. and 

II.).  
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Figure 4.3 FFJ: A) effect of the variation of water and CaCl2 flows on equivalent diameter (I & II) and circularity (III & 

IV) when using an initial calcium chloride concentration of 150 mM; B) effect of the variation of water and CaCl2 flows 

on equivalent diameter (I & II) and circularity (III & IV) when using an initial calcium chloride concentration of 75 mM. 

Regarding circularity (Figure 4.3A III. and IV.), lower values of the flow rate of calcium 

chloride result in higher circularity values, confirming the key role of the CaCl2 
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concentration in defining the morphological feature of the alginate beads, as previously 

discussed for the PDI. 

In contrast, at 75mM CaCl2, the equivalent diameter of the microbeads remains relatively 

stable with increasing water flow (Figure 4.3B I.). However, a slight decrease in microbeads 

size can be highlighted in relation with the raises of calcium chloride flow (Figure 4.3B II.). 

It can be assumed that at lower CaCl2 concentrations (e.g. 𝐶𝑎𝐶𝑙2𝐹𝑙𝑢𝑥
~ 0.5 L/min), the lack 

of Ca2+ ions in the reaction mixture results in a low rate of cross-linking of the alginate layer. 

This leads to larger microcapsules as a consequence of the swelling of the polymer matrix 

when the crosslinked droplet is transferred from the oil to the water phase.253 This trend is 

further supported by Figure S2 (Appendix IV), which confirm that aqueous droplet formed 

under low calcium chloride and water flow conditions are smaller than the resulting cross-

linked alginate beads, which exhibited therefore a swollen size in water. 

In line with findings on the equivalent diameter, Similar trends are observed for circularity 

(Figure 4.3B III. and IV). Specifically, a marked reduction in the circularity with an increase 

in the flow rate of both water and calcium chloride is shown. The highest circularity value 

(0.98) is recorded under the FFJ75mM_G condition, with equally satisfactory values for 

FFJ75mM_A and FFJ75mM_D, all characterized by a lower concentration of calcium ions. 

Table 4.4 FFJ: Two-way ANOVA analysis of the acquired OFF-CHIP beads equivalent diameter and circularity for both 

150 mM and 75 mM CaCl2 conditions. 

FFJ150mM 

 Source of 

Variation 

% of total 

variation 
p- value 

p-value 

summary 

Eq. 

diameter 

Interaction 12.22 <0.0001 **** 

CaCl2 Flow 17.15 <0.0001 **** 

Water Flow 13.61 <0.0001 **** 

Circularity 

Interaction 1.742 0.2315 ns 

CaCl2 Flow 14.13 <0.0001 **** 

Water Flow 3.431 0.0044 ** 

FFJ75mM 

Eq. 

diameter 

Interaction 6.856 0.0009 *** 

CaCl2 Flow 0.3750 0.5897 ns 

Water Flow 0.2835 0.6707 ns 

Circularity 

Interaction 13.05 <0.0001 **** 

CaCl2 Flow 26.87 <0.0001 **** 

Water Flow 5.154 <0.0001 **** 
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All the collected data were further analyzed through two-way ANOVA test and results are 

shown in Table 4.4. The statistical analysis corroborates the aforementioned findings and 

elucidates the pivotal role of the interaction between the analyzed variables. 

TJ. Droplet formation in TJ devices is primarily influenced by the continuous phase flow. 

Because only variations in the dispersed phase flows are explored, it is reasonable to posit 

that the analyzed samples will exhibit a low polydispersity index (PDI) and constant bead 

sizes, in accordance with the observations made in the previous section regarding the 

operation of the devices.  

Data reported in Table 4.5 highlights minimal variation in polydispersity within the analyzed 

groups. However, different concentrations of calcium chloride led to the formation of more 

uniform microspheres with well-distributed sizes.  

Table 4.5 List of the data obtained for the TJ device using CaCl2 concentrations of 150 mM and 75 mM. 

TJ A B C D E F G H I 

Eq. 

Diameter150mM 

[m] 

131.48 

± 20.36 

140.21  

± 9.31 

136.38 

± 7.56 

137.67 

± 13.54 

129.24 

± 11.73 

140.01

± 8.68 

138.96 

± 14.81 

137.05 

± 7.81 

135.73 

± 11.03 

Circularity150mM 
0.86 

± 0.07 

0.86 

± 0.04 

0.60 

± 0.18 

0.88 

± 0.07 

0.87 

± 0.06 

0.71 

± 0.13 

0.86 

± 0.07 

0.83 

± 0.05 

0.77 

± 0.08 

PDI 0.16 0.07 0.06 0.10 0.09 0.06 0.11 0.06 0.08 

Eq. 

Diameter75mM 

[m] 

145.12 

± 15.24 

146.72 

± 13.83 

148.65 

± 10.53 

148.16 

± 25.64 

143.92 

± 22.56 

140.80 

± 11.31 

152.69 

± 24.27 

133.38 

± 19.82 

140.80 

± 12.35 

Circularity75mM 
0.92 

± 0.08 

0.84 

± 0.13 

0.78 

± 0.17 

0.90 

± 0.09 

0.89 

± 0.09 

0.83 

± 0.11 

0.92 

± 0.06 

0.89 

± 0.09 

0.81 

± 0.11 

PDI 0.11 0.09 0.07 0.17 0.16 0.08 0.16 0.15 0.11 

The presence of a higher concentration of divalent ions (150 mM) within the gel network 

enhances the cross-linking reaction, ensuring effective microsphere gelation. However, this 

effect diminishes when the calcium chloride concentration is reduced to 75 mM and the 

dispersed phase flow rate is lowered. Under these conditions, the T-junction microfluidic 

device generates larger droplets (~150 µm), which may hinder complete gelation due to 

insufficient crosslinker concentration. This setup increases the risk of droplet coalescence 

within the exit channel. To mitigate this, the collection solution containing 30 mM calcium 

chloride supports the completion of the cross-linking reaction in batch mode. Nonetheless, 
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this can lead to non-uniform gelation and particle size variability, resulting in a 

heterogeneous sample characterized by significant polydispersity. Furthermore, a nearly 

constant trend emerges in the equivalent diameter, both with variations in the volumetric 

flow of water and the cross-linking agent (Figure 4.4A I. & II.; 4.4B I. & II.), confirming the 

prevalent role of continuous flow rate in defining the dimensions of the generated microgels.  

 

Figure 4.4 TJ: A) effect of the variation of water flow and CaCl2 on equivalent diameter (I. & II.) and circularity (III. & 

IV) when using an initial calcium chloride concentration of 150 mM; B) effect of the variation of water flow and CaCl2 on 

equivalent diameter (I. & II.) and circularity (III. & IV) when using an initial calcium chloride concentration of 75 mM. 
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When discussing the circularity of the produced alginate beads, different observation can be 

made on the basis of the calcium chloride initial concentration. Synthesizing the microbeads 

with higher CaCl2 content (150 mM) produced minimal variation in their circular shape 

when water flow or CaCl2 are changed (Figure 4.4A III. & IV.). On the other side, when 

generating alginate microbeads using low concentrated CaCl2 (75 mM), water flow appeared 

to have minimal influence (Figure 4.4B III.), while the trend due to the variations in cross-

linking agent flow rate (Figure 4.4B IV.) showed a marked reduction in circularity values 

linked to the increasing calcium chloride content. 

The results of the statistical analyses on the alginate microbeads generated with the TJ device 

is provided in Table 4.5. As expected, the dispersed phase variables had relatively low, or 

none influence on the equivalent diameter of the microbeads. However, the interaction 

between water and calcium flows is of considerable importance in the 150 mM case, even if 

no substantial size change was observed from the graph. Consequently, the performed 

analysis of variance suggests that, although fluid interaction plays a crucial role, it may have 

a destructive effect in determining the equivalent diameter. 

Table 4.5 TJ: Two-way ANOVA analysis of the acquired OFF-CHIP beads equivalent diameter and circularity for both 

150 mM and 75 mM CaCl2 conditions 

TJ150mM 

 Source of 

Variation 

% of total 

variation 
p-value 

p-value 

summary 

Eq. 

diameter 

Interaction 6.856 0.0009 *** 

CaCl2 Flow 0.3750 0.5897 ns 

Water Flow 0.2835 0.6707 ns 

Circularity 

Interaction 13.05 <0.0001 **** 

CaCl2 Flow 26.87 <0.0001 **** 

Water Flow 5.154 <0.0001 **** 

TJ75mM 

Eq. 

diameter 

Interaction 4.287 0.0180 * 

CaCl2 Flow 2.650 0.0247 * 

Water Flow 0.9644 0.2568 ns 

Circularity 

Interaction 1.396 0.3652 ns 

CaCl2 Flow 13.33 <0.0001 **** 

Water Flow 1.210 0.1549 ns 

More intriguing results came from the analyses of the circularity. In the case of 150 mM 

calcium chloride water and calcium flows were found to be highly influential (p-value < 

0.0001), so as the interaction between these flows. Similar to the equivalent diameter, this 

interaction may be a destructive interaction, as can be deduced from Figures 4.4A III. & IV., 

which demonstrate an almost constant trend as the flows of water and calcium chloride 

change. To note, under low concentrations of calcium chloride (75mM), only the volumetric 
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flow rate of the cross-linking agent plays a significant role in defining the microsphere 

morphology. This phenomenon can be ascribed to a overall lower calcium concentration in 

the latter case, which causes a slow gelation process. In contrast, the higher CaCl2 level 

established during the 150 mM synthesis provide fast gelation processes. Therefore, the 

variation in water flow can influence the mixing efficiency and calcium diffusion within the 

un-crosslinked droplet revealing its importance. 

FFJ vs. TJ. The FFJ device demonstrated superior sensitivity to flow parameters, enabling 

the production of uniform beads with high circularity and narrow size distribution. This 

property is particularly advantageous for generating precisely sized, spherical beads suitable 

for cell encapsulation, as evidenced in Figure 4.5A, which highlights the high sphericity 

achieved post-generation. 

 

Figure 4.5 Confocal microscopy z-stacks of the alginate microspheres generated by using the FFJ device with flow 

conditions (A) FFJ75mM_A; (B) FFJ75mM_C; and TJ with flow conditions (C) TJ75mM_A; (D) TJ75mM_C. 

In contrast, the TJ device showed less precision in bead production, resulting in a broader 

dimensional distribution and variable bead shapes, including globular or "sheet-like" forms, 

as illustrated in Figure 4.5 C & D. At higher concentrations, resulting from higher CaCl2 
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flow rate, the TJ device also exhibited a spray tail (Figure 4.5D), whereas the FFJ 

consistently produced semi-spherical beads (Figure 4.5B). 

Overall, while both devices effectively produced sodium alginate beads, the FFJ exhibited 

superior control over flow parameters, achieving greater uniformity and sphericity, in 

particular at 75 mM CaCl2. Additionally, the FFJ device maintained a tighter dimensional 

distribution compared to the TJ device, making it more suitable for applications requiring 

precise bead morphology, such as cell encapsulation. 

Cell encapsulation and preliminary evaluation of process biocompatibility. The 

comparative analysis and optimization of operational parameters revealed the considerable 

advantages of the FFJ microfluidic device in microsphere production. The device offers 

several key benefits, including a high generation frequency, the capacity to produce highly 

monodisperse microspheres, and elevated circularity values, which make it particularly well-

suited for cell encapsulation. 

 

Figure 4.6 A) representative micrographs of the successful encapsulation of SKOV3 cells into alginate microbeads. Blue 

signals represent the nuclear dye HOECHST and colocalize the nuclei of the encapsulated cells. B) Preliminary evaluation 

of cell viability at different timepoints: T0, 24h, 48h, 7 days performed through live/dead assay. C) representative 

micrograph of viable encapsulated cells after 24h in culture. 
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Based on these findings, the FFJ device was evaluated for its performance in encapsulating 

the SKOV3 cell line under optimized generation conditions (FFJ75mM_A), which achieved 

the lowest PDI and the highest circularity. 

Following the selected synthesis, droplets were collected at the outlet of the microfluidic 

device and separated through centrifugation. The collected volume was placed in a multi-

well plate and separated beads were analyzed under confocal microscopy. As illustrated in 

Figure 4.6A, the successful encapsulation of cells can be observed, and the precise 

localization of these cells within the alginate bead is revealed through the co-localization of 

the Hoechst blue signal with the cell nuclei. 

Subsequently, cell viability was assessed through a fluorescence assay employing the 

live/dead viability/cytotoxicity assay methodology. This method allows for the distinction 

between live and dead cells through the simultaneous staining of green fluorescent calcein, 

which highlights intracellular activity, and red fluorescent ethidium homodimer-1, which 

indicates loss of plasma membrane integrity. The cell viability ratios, which indicate the 

percentage of live cells to total cells, are depicted in Figure 4.6B. The preliminary results 

(obtained from a single experiment) demonstrated an initial loss in cell viability (60% of 

viable cells at T0), followed by a progressive recovery of optimal cell viability after one 

week of cell culture without exchange of media. Figure 4.6C reports representative images 

of viable encapsulated cells after 24 hours. The data indicate a favorable trend over time, 

suggesting the potential for culturing encapsulated cells for extended periods, up to a week 

at least. 
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4.2 Conclusions 

This study undertook a comprehensive investigation of the performance of two distinct 

microfluidic devices, designated as FFJ and TJ, in the generation of alginate microbeads. By 

examining the impact of water and calcium chloride flows on pivotal parameters such as 

droplet frequency, polydispersity, size, and circularity, the research yielded invaluable 

insights into the operational dynamics of these systems. Two-way ANOVA demonstrated 

that calcium chloride flow plays a predominant role in determining critical outcomes such 

as circularity and equivalent diameter, regardless of device geometry. 

The findings highlighted the superior performance of the FFJ device, which demonstrated 

higher droplet generation frequencies, lower PDI, and beads with smaller sizes and enhanced 

circularity. These attributes render the FFJ device especially advantageous for applications 

that require precise control of the microbeads generation, such as single-cell encapsulation. 

Preliminary validation experiments further demonstrated the FFJ's capability to encapsulate 

SKOV3 cells in alginate microbeads, with biocompatibility confirmed over a seven-day 

period. This highlights the robustness and practicality of the entire process. 

In addition to demonstrating the feasibility of the FFJ for single-cell encapsulation, this work 

also elucidates the intricate interplay between device geometry and process parameters in 

shaping alginate microgels through ionic gelation. These findings not only establish a strong 

foundation for the application of microfluidic systems in biomedical research but also pave 

the way for future innovations in cell encapsulation technologies for advanced biological 

assays and therapeutic developments.  
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5. Conclusions 
The present work reports novel strategies and validations in the synthesis, and application of 

nanomaterials and microfluidic technologies for drug delivery and single-cell encapsulation 

scenarios. Innovative solutions, integrating novel techniques and the use of statistical 

modeling, were provided to address the limitations of conventional methodologies, such as 

poor batch-to-batch reproducibility, limited scalability, and constrained material design. 

In particular, a new Mixed Emulsion/Evaporation Technique (MEET) was developed to 

synthesize HA-LPEI NGs. The objective was to overcome the constraints of 

hydrophobic/hydrophilic polymer coupling in traditional emulsion/evaporation synthesis. 

The resulting hydrophilic NGs were tested for their stability, controlled drug release, and 

selective targeting via CD44 receptor interactions in ovarian cancer cells. Successively, NGs 

were surface functionalized with folate functionalities to target alpha-FR-overexpressing 

cancer cells. Indeed, comparative cellular uptake studies were performed in tumoral and non-

tumoral cellular models highlighting the selective uptake of the synthesized nanomaterials. 

These findings underline the potential of these NG systems in achieving precise and efficient 

drug delivery with minimal off-target effects. 

Additionally, a deep investigation on the design and application of advanced microfluidic 

devices in the synthesis of polymeric nanocarriers was performed. Indeed, a novel droplet-

based microfluidic chip endowed with pneumatic micro-actuation of the flow-focusing 

geometry facilitated on-demand control of HA-LPEI NG size and monodispersity. Results 

highlighted the direct influence of the NGs physical properties on drug release profiles and, 

as a consequence, on the enhanced therapeutic outcomes. Moreover, robust predictive 

models were developed using a Response Surface Methodology (RSM). The aim of this 

statistical framework was to optimize NG properties based on synthesis parameters (Flow 

Rate Ration, FRR, & Molar Ratio, MR), streamlining the design and production processes 

for drug delivery systems. 

In parallel, the performances of two microfluidic device geometries, flow-focusing junction 

(FFJ) and T-junction (TJ), in the generation of alginate microbeads for single-cell 

encapsulation were investigated. In general, FFJ device outperformed the TJ device 

providing higher droplet generation frequencies, lower polydispersity, and enhanced 

microbeads circularity. Altogether, these results led to the choice of FFJ device for the 

encapsulation of Serous Cystadenocarcinoma Ovary-3 (SKOV3) cells with confirmed process 
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biocompatibility, up to 7 days post-encapsulation. This comprehensive analysis of device 

geometry and process parameters offers a pathway for future advancements in cellular 

encapsulation and biomedical research. 

Collectively, this work not only proposes novel methodologies for NGs synthesis and 

microfluidic cell encapsulation and functionalized nanomaterials but also provides new 

insights aiming at the clinical translation of these technologies. The integration of empirical 

modeling, functionalized materials, and innovative device designs positions this research as 

a step forward in nanomedicine and biomedical engineering. These contributions not only 

address existing limitations in the literature but also set the stage for future advancements in 

targeted therapies, personalized medicine, and single-cell analysis technologies.  
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Appendix I. 
Doxorubicin calibration curves at pH 4.5, 7.4 (PBS) and 8.5 

According to the NG-mediated releases of DOX performed in PBS, acidic and basic buffers, 

a 34 mM stock solution of DOX was prepared in the corresponding solutions. The calibration 

solutions with concentration of 17 µM, 8.5 µM, 4.25 µM, 2.125 µM, 1.063 µM, 0.531 µM, 

0.266 µM, 0.133 µM and 0.066 µM were prepared by serial dilutions of the stock solution 

in PBS, acidic and alkaline medium, respectively. UV-vis measurements were recorded on a 

TECAN M200 spectrophotometer. Calibration curve was obtained by plotting fluorescence 

values at 590 nm vs. drug concentration and using a sigmoidal-based fitting of the 

experimental data as the best fitting (Figure S1). 

 

Figure S1 DOX calibration curve. 

DLS analysis of drug-loaded NGs 

NG size was evaluated through DLS analysis following the nanoencapsulation of DOX, as 

reported in Figure S2. The drug loading resulted in a slight variation of NG size, compared 

to the hydrodynamic diameters of empty NGs, due to the steric hindrance of DOX and the 

consequent interactions with HA through aliphatic-aromatic stacking, which we hypothesize 

that could promote a small NG shrinking in the first hours. However, considering the typical 

swelling behavior of the nanocarriers, the difference in size can be considered non-

significant in terms of NG internalization in cells. Moreover, drug-loaded NGs showed a 

good stability over time, exhibiting a trend similar to neat NGs. 
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Figure S2 DLS measurements of the hydrodynamic diameter of DOX-loaded NGs (green) and empty NGs (grey) in PBS. 

Drug release in HAase solutions  

DOX loading in NGs was performed following the protocol discussed in the manuscript. 

The resulting drug-loaded nanosystems were allowed to exchange against  HAase solutions 

10 U/mL and 150 U/mL (0.6 mL), at 37 °C. For both enzymatic conditions, at defined time 

points, 100 μL aliquots were withdrawn and spotted into 96-well plates for fluorescence 

spectrophotometric analysis. At each withdrawal, elution buffer was changed with fresh 

enzymatic solution, to preserve the HAase activity over time. Cumulative percentage of 

released DOX was estimated by fluorescence spectroscopy (ex = 488 nm and em = 590 

nm), according to the respective drug calibration curve in HAase solution 10 U/mL or 150 

U/mL. Figure S3a shows the obtained drug release profiles. 

The faster release against HAase solution 150 U/mL was in accordance with the more 

sustained enzymatic degradation of NGs, which resulted in a higher cumulative release 

percentage over time vs. specimen treated with HAase solution 10 U/mL. Moreover, plotting 

the drug release against time to the power of 0.43 (i.e., t1/2.3), linear trends were clearly 

recognizable in both investigated conditions, suggesting that DOX release was mediated by 

Fickian diffusion regime. In particular, as discussed in the manuscript, a double diffusion 

regime with different slopes could be detected: the first trend (i) could be representative of 

the DOX localized at the interface NGs/enzymatic solution, which was rapidly released due 

to the NG surface degradation; whereas the second regime (ii) could correspond to the 

release of DOX entrapped in the inner nanocarrier supported by the progressive and 

sustained HAase-mediated degradation of the NG architecture.  
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Western blotting (WB) 

For WB analysis, total cells were detached by scraping, collected by centrifugation, and 

lysed in RIPA buffer [50 mM TrisꞏHCl (pH 7.5), 150 mm NaCl, 1% Nonidet P-40, 0.5% 

sodium deoxycholate (NaDoc), 0.1% SDS] and proteases and phosphatase inhibitors 

(Roche). Protein concentrations were determined using the DC Protein assay (Bio-Rad 

Laboratories). Cell lysates were resolved on MiniPROTEAN TGX gels and transferred to 

nitrocellulose membranes (Bio-Rad Laboratories), followed by WB using the primary 

antibodies. Primary antibody was Recombinant Anti-CD44 mouse antibody [EPR1013Y] 

(ab51037) and was revealed using horseradish peroxidase-conjugated goat anti-rabbit or 

anti-mouse Abs (Bio-Rad Laboratories). Proteins were visualized by chemiluminescence 

(Clarity Western ECL Substrates, Bio-Rad Laboratories). Quantification analyses were 

Figure S3(a) DOX release profile by NGs in HAase solutions 10 U/mL (green) and 150 U/mL (violet). (b,c) The slope of 

the drug release against time expressed as t1/2.3 is representative of the Fickian diffusion coefficient of the drug in NGs, 

in the two conditions of enzymatic degradation. Cumulative drug release is represented as a percentage of the total drug 

payload (mean value ± SD is plotted). 
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performed by Image J (https://imagej.nih.gov/ij/), Java based freeware, and reflects the 

relative amounts of each protein band relative to the lane’s loading control (GAPDH). We 

compared the CD44 protein expression of different tumor lines(OVCA433, SKMEL, 

BXPC3), highlighting that OVCA433 showed an enhanced CD44 level, justifying its 

selection for HA-based NGs uptake studies (Figure S4). 

 

Figure S4 WB for comparative CD44 protein expression among different tumor lines: OVCA433, SKMEL and BXPC3. 

OVCA433 show an enhanced CD44 level as highlighted. Results are expressed as the mean ± SD and statistical analysis 

was performed using one-way ANOVA. * p < 0.05; ** p < 0.01; ns = not significant. 

3D rendering of NGs internalization 

Figure S5 shows a representative 3D rendering of the confocal Z-stack micrographs of NGs 

internalization in OVCA433 cells after 24 h incubation.  

 

Figure S5 Representative 3D rendering of the NGs (in red) internalization in OVCA433. Cell membranes were labeled with 

FITC-labeled phalloidin stain (green) and nuclei were counterstained with DAPI (blue). The images were collected with a 

60× NA1.4 oil immersion objective. 
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Dose-response curve of DOX 

Figure S6 shows the dose-response curve of DOX evaluated at 24 h on OVCA433 cultured 

in adhesion using the MTT assay. The value of 4.4 M was identified as the IC50 level. The 

sublethal concentration of 0.2 M used in our work is showed by the red dashed line. 

 

Figure S6 Dose-response curve of DOX. IC50 level (black dashed line) and the used sublethal DOX concentration of 0.2 

µM (red dashed line) are highlighted. 
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Appendix II. 

Doxorubicin calibration curve 

A 34 M stock solution of DOX was prepared in PBS. The calibration solutions with 

concentration of 17 M, 8.5 M, 4.25 M, 2.125 M, 1.063 M, 0.531 M, 0.266 M, 

0.133 M and 0.066 M were prepared by serial dilutions of the stock solution in PBS. 

Fluorescence measurements (λex = 488 nm; λem = 590 nm) were recorded on a TECAN M200 

spectrophotometer. Calibration curve was obtained by plotting fluorescence levels vs. drug 

concentration and using a sigmoidal-based fitting of the experimental data (Figure S1). 

 

Figure S1 DOX calibration curve. 
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3D rendering of the tunable hydrodynamic flow focusing geometry  

Figure S2 shows a representative 3D volume reconstruction of the hydrodynamic flow-

focusing (HFF) geometry at different actuation levels (in the range 0 – 2 bar), as obtained 

by confocal microscopy. The microfluidic channels were flooded with an aq. FITC solution 

and confocal micrographs were collected using a Nikon A1R+ laser scanning confocal 

microscope (Nikon Instruments, Tokyo, Japan) with a 20× NA 1.0 air objective.  

 

Figure S2 3D volume reconstruction of the HFF junction at different pressure actuation levels.Chemical crosslinking 

between HA and LPEI in microdroplets 

To demonstrate that the formation of covalent bonds between HA and LPEI took place in 

each microdroplet and that the microfluidic pathway was necessary to form NGs, an aqueous 

solution of activated HA and LPEI was prepared in the same manner of the dispersed phase 

used in chip and left at room temperature up to 24 h. In this way, we reproposed the same 

reaction conditions for HA and LPEI, except for the microfluidic flow and droplet generation 

steps. 

The polymeric solution was dialyzed (membrane MWCO = 6-8 kDa) against distilled water, 

for 3 days, with daily water change, in order to remove potential by-products. Finally, the 

resulting solution was freeze-dried and analyzed by 1H-NMR. 

Figure S3 shows the 1H-NMR spectra of the status of HA-LPEI solution after 24 h, compared 

to the spectrum of obtained NGs (NG_0, as a representative specimen).  In all spectra of the 

bulk polymeric solution, the signals corresponding to the covalent crosslinking were 

missing. In particular, the characteristic shift (3.39 ppm) of LPEI peaks were not detectable. 

This result confirmed that the covalent linkage between the two polymers was conceivably 
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favored by the diffusion mixing, the convective transport and the flow field inside the 

forming microdroplets1-3, and, as a result, the NGs were produced. 

 

Figure S3(a) 1H-NMR spectrum of the HA-LPEI solution equal to the dispersed phase used in droplet-based microfluidics, 

left at room temperature for 24 h without implementation in microfluidic steps and dialyzed. Compared to NGs spectrum 

(b, NG_0), the signals of chemical crosslinking HA-LPEI are missing (as highlighted in the blue area). 

DLS comparison between conventional W/O emulsion and microfluidic NG syntheses 

NGs obtained via our microfluidic strategy (i.e., NG_0 and NG_2) were characterized by 

DLS and contrasted with NGs produced via a standard W/O emulsion batch process 

(NG_W/O): the main differences in size and PDI related to the two synthetic routes are 

reported in Figure S4. In detail, NG_W/O were synthetized using the same polymer solution 

of the droplet-based microfluidic approach, following these steps: LPEI-Cy5 (6.8 mg, 2.7 

mol) and pristine LPEI (6.8 mg, 2.7 mol) were dissolved in acid solution (1.5 mL, pH = 

4.5); then it was added dropwise to the solution of activated HA (1.5 mL) and vortexed for 

1 min. The resulting system represented the aqueous phase. The organic phase was 3% w/v 

Span 80 in mineral oil (5 mL). Finally, the polymer solution (1 mL) was added dropwise to 

the organic phase, under stirring, and the obtained W/O emulsion was stirred 8 h. NGs were 

collected as a powder after extraction with diethyl ether, dialysis against DIW and freeze-

drying, as discussed in the microfluidic synthesis of NG_0 and NG_2. 
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As showed in Table S1, NG_W/O was characterized by higher values of mean hydrodynamic 

diameter (D) and polydispersity index (PDI) than NGs obtained through microfluidics: this 

confirmed the high potential of the microfluidic platform to control the NG synthesis and 

produce nanomaterials having extremely similar size.  

 

 

Figure S4 DLS graphs of NG_W/O (a, black), NG_0 (b, blue) and NG_2 (c, red). 

Table S1 DLS analysis of NGs specimens. 

 D (nm) PDI (-) 

NG_W/O 342.1 0.193 

NG_0 188.3 0.023 

NG_2 92.4 0.015 
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Furthermore, DLS analysis indicated that NG_0 and NG_2 did not show significant 

coalescence and aggregation in PBS, preserving their size as reported in Figure S5.  

 

Figure S5 Stability of NG_0 (blue) and NG_2 (red) specimens in PBS. The experiments were performed in triplicate. 

Drug release by NGs produced through conventional W/O emulsion (NG_W/O)  

NG_W/O were tested as reference drug delivery system for our NG_0 and NG_2 specimens, 

to highlight the different performances between the traditional NG synthesis and our 

innovative microfluidic production. Drug loading and release study were performed as 

discussed in the main text. Briefly, 30 μL of a 100 μM DOX solution were added to the 

lyophilized NG_W/O (3 mg) and left to RT for 15 min to complete the drug adsorption within 

the nanonetwork; the encapsulation efficiency was estimated following dialysis against PBS 

(30 min). The resulting DOX-loaded NGs were diluted to a final concentration of 10 mg/mL 

and 100 L of the suspension were allowed to exchange against PBS, withdrawing aliquots 

at defined time points to determine the eluted drug concentration by fluorescence 

spectroscopy (ex = 488 nm,  em = 590 nm). NG_W/O were characterized by ca. 70% drug 

loading and exhibited an almost completed drug release in the first 6 h (Figure S6), which 

results faster than DOX/NG_0 and DOX/NG_2 specimens (ca. 74.5% and 63% after 6 h, 

respectively). This different trend could be ascribed to two aspects: i) the larger size of 

NG_W/O compared to the counterparts and ii) the diverse LPEI-HA composition. In 

particular, drug release is reliably affected by the aliphatic-aromatic stacking occurring 

between DOX and HA. NG_W/O were characterized by LPEI:HA 2.5:1 molar ratio, which 

indicated lower amount of glycosaminoglycan in the nanoscaffolds than NG_0 and NG_2 

specimens; consequently, the overall drug-polymer interactions within the nanomeshes 
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decreased. This condition was magnified by the higher dimensions of NG_W/O, which 

further reduced the stacking effect due to the increase in the mean free path of the drug 

molecules towards HA component, leading to a faster DOX release compared to the 

microfluidic-derived NGs. Moreover, plotting the drug release against time to the power of 

0.43 (i.e., t1/2.3), a linear trend was clearly recognizable, suggesting that DOX release was 

mediated by Fickian diffusion regime, as in NG_0 and NG_2. 

 

Figure S6 (a) 1H-NMR spectrum of NG_W/O: the characteristic signals of HA-LPEI crosslinking (* and **) are 

highlighted. (b) DOX release profile by NG_W/O. (c) The slope of the drug release against time expressed as t1/2.3 is 

representative of the Fickian diffusion coefficient of the drug in NGs. Cumulative drug release is represented as a 

percentage of the total drug payload (mean value ± SD is plotted). 

Overall, these results confirmed that NG_0 and NG_2 were more efficient nanocarriers than 

NG_W/O, and eligible as controlled drug delivery systems for therapeutic applications. 
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Cytotoxicity and metabolic effects of NG_W/O-mediated DOX release 

Cytotoxicity of NG_W/O and the potential therapeutic effect of NG_W/O-mediated release 

of DOX were evaluated using G6PD and MTT assays, respectively. The specimens were 

administered to OVCA433 following the procedures described in the manuscript. As shown 

in Figure S7, NG_W/O did not exhibited cytotoxicity (cell viability close to 99%) and 

provided an improved therapeutic effect compared to DOX administration in free form after 

24 h (p<0.1 vs. DOX and p<0.01 vs. CTRL). However, the reduced cell viability was less 

meaningful than the DOX/NG_0 and DOX/NG_2 (82 % for DOX/NG_W/O vs. 18 % for 

DOX/NG_0 and 5 % for DOX/NG_2, after 1 week), indicating that the NGs synthetized by 

droplet-based microfluidics were more promising drug-loaded nanocarriers in terms of 

lowering and mitigating the metabolic activity, compared to the respective NGs obtained by 

conventional W/O emulsion.  

 

Figure S7(a) Cytocompatibility of pristine NG_W/O by G6PD assay. Viability levels have been normalized to CTRL group 

and expressed as mean ± SD. (b) Comparison of DOX-induced cytotoxicity in OVCA433 at 24 h, 48 h, 72 h and 7 days, 

after the administration of free-drug (DOX) and drug-loaded NGs (DOX/NG_W/O). Groups refer to a 30 min incubation 

with the treatment. The therapeutic effect is expressed in terms of cell viability levels normalized against their internal 

controls, measured through the MTT assay. Results are the mean ± SD. Statistical analysis was performed using one-way 

ANOVA. * p < 0.05, ** p < 0.01, **** p < 0.001, **** p < 0.0001, ns = not significant. 
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Appendix III. 
DOX standard calibration curve 

A calibration solution of DOX in PBS was prepared by a two-fold dilution (down to 0.02 

μM) starting from a DOX concentration of 5 μM. Fluorescence measurements (λex = 488 

nm; λem = 590 nm) were recorded on a TECAN M200 spectrophotometer. A standard 

calibration curve was obtained by plotting fluorescence levels against drug concentration. 

The linear fitting of the experimental data demonstrated an excellent fit, with an R2 value of 

0.999.  

Figure S1 DOX standard calibration curve. 
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Dose-Response curve of DOX 

Figure S2 showed the dose-response curve of DOX evaluated at 24 h on OVCA433 cultured 

in adhesion using the MTT assay. The value of 4.98 μM was identified as the IC50 level. The 

sublethal concentration of 1 μM used in our work is showed by the black dashed line. 
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Figure S2 DOX Dose-Response curve. IC50 level (purple dashed line) and the used sublethal DOX concentration of 1 μM 

(black dashed line) are highlighted. 

1H-NMR spectra 

 

Figure S3  1H-NMR spectra of each tested synthesis condition. Yellow, red and blue spectra are referred to the NGs 

synthesized with MRLPEI/HA of 3, 6 and 9, respectively. 
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Drug release 
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Figure S4 A) Free DOX cumulative release (%). B-D) Drug release curves for NGs synthesized with MR level of 3 (B), 6 

(C) and 9 (D). 

From FigureS4 A it is possible to appreciate the slow diffusion of DOX through the dialysis 

bag. The complete release (100%) was achieved only after 48 hours, indicating that the drug-

membrane interactions cannot be considered negligible. This same profile can be observed 

in the release experiments of the DOX-NGs. However, even if the release kinetics were 

affected by the experimental setup used, the different plateau levels account for a different 

behavior between the specimens that can be observed. 

G6PD assay 

NGs cytotoxicity was evaluated through G6PD assay. NGs were administered to the 

OVCA433 cell line following the protocol described in the manuscript. None of the tested 

formulations showed altered cell viability after 24h, as reported in Figure S5. 
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Figure S5 NG cytocompatibility assessed via G6PD assay. 

MTT assay 

NGs influence on metabolic activity was evaluated through MTT assay. NGs were 

administered to the OVCA433 cell line following the protocol described in the manuscript. 
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Figure S6 NG cytocompatibility assessed via MTT assay. 
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Confocal microscopy 

 

Figure S7 representative fluorescence confocal micrographs. Nuclei are stained with DAPI, cellular membrane with FITC, 

and red signals are ascribable to the successful NGs internalization. Scale bar 20 μm. 
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Calculation of corrective factors for flow cytometry 

As a first step, the molar ratio 
𝑛𝐿𝑃𝐸𝐼

𝑛𝐻𝐴
 has been calculated integrating the respective signals of 

LPEI and HA in each NG spectrum: from 3.417-3.376 ppm and 3.142-2.587 ppm for LPEI, 

and 4.59-3.419 ppm and 3.336-3.262 ppm for HA. 

Successively, we calculated the LPEI/HA weight ratio 
𝑚𝐿𝑃𝐸𝐼

𝑚𝐻𝐴
  by taking into consideration 

their respective molecular weight (MW): 

 
𝑚𝐿𝑃𝐸𝐼

𝑚𝐻𝐴
=

𝑛𝐿𝑃𝐸𝐼 ∙ 𝑀𝑊𝐿𝑃𝐸𝐼

𝑛𝐻𝐴 ∙ 𝑀𝑊𝐻𝐴
  

As the fluorescent dye is linked to LPEI, the corrective factor (CF) must take into account 

the different amount of LPEI present in each NGs. Thus, we define the LPEI weight fraction 

as follows: 

𝑚𝐿𝑃𝐸𝐼

𝑚𝑁𝐺
=

𝑚𝐿𝑃𝐸𝐼

𝑚𝐿𝑃𝐸𝐼+ 𝑚𝐻𝐴
=  

𝑚𝐿𝑃𝐸𝐼 𝑚𝐻𝐴⁄

𝑚𝐿𝑃𝐸𝐼 𝑚𝐻𝐴⁄ + 1
 

Given the weight fraction of LPEI in each NG formulation, the corresponding corrective 

factor was defined as: 

𝐶𝐹𝑖 = (
𝑚𝐿𝑃𝐸𝐼

𝑚𝑁𝐺
)

𝑖

−1

 

CFs were further normalized to the lowest value: 

𝐶𝐹̅̅̅̅
𝑖 =

𝐶𝐹𝑖

𝑚𝑖𝑛{𝐶𝐹}
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Empirical model 

Table S1. Variance table for NG cytocompatibility (%) 

Source Sum of Squares df Mean Square F-value p-value  

Model 9005.80 5 1801.16 85.03 < 0.0001 significant 

A-Mr 7438.59 1 7438.59 351.15 < 0.0001  

A² 1262.35 1 1262.35 59.59 < 0.0001  

B² 359.23 1 359.23 16.96 0.0005  

A²B 110.35 1 110.35 5.21 0.0330  

A²B² 497.34 1 497.34 23.48 < 0.0001  

Residual 444.85 21 21.18    

Lack of Fit 45.11 3 15.04 0.6771 0.5773 not significant 

Pure Error 399.74 18 22.21    

Cor Total 9450.65 26     

 

Table S2. Coefficients table for NG cytocompatibility (%) 

Factor Coefficient Estimate df Standard Error 95% CI Low 95% CI High VIF 

Intercept 106.87 1 3.00 100.64 113.11  

A-Mr -20.33 1 1.08 -22.58 -18.07 1.0000 

A² -28.61 1 3.71 -36.32 -20.90 3.89 

B² -15.08 1 3.66 -22.69 -7.46 3.00 

A²B -3.03 1 1.33 -5.80 -0.2693 1.04 

A²B² 21.86 1 4.51 12.48 31.24 5.89 

 

Table S3. Variance table for NG size (nm) 

Source Sum of Squares df Mean Square F-value p-value  

Model 2.038E+05 6 33963.27 55.77 < 0.0001 significant 

A-Mr 24319.02 1 24319.02 39.93 < 0.0001  

B-Qd/Qc 1.596E+05 1 1.596E+05 262.13 < 0.0001  

A² 2385.93 1 2385.93 3.92 0.0633  

B² 500.00 1 500.00 0.8210 0.3769  

AB² 13952.70 1 13952.70 22.91 0.0001  

A²B² 7791.92 1 7791.92 12.79 0.0022  

Residual 10962.49 18 609.03    

Lack of Fit 4340.74 2 2170.37 5.24 0.0177 significant 

Pure Error 6621.75 16 413.86    

Cor Total 2.147E+05 24     
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Table S4. Coefficients table for NG cytocompatibility (%) 

Factor Coefficient Estimate df Standard Error 95% CI Low 95% CI High VIF 

Intercept 279.75 1 16.23 245.66 313.84  

A-Mr -87.90 1 13.91 -117.12 -58.68 5.08 

B-Qd/Qc 94.18 1 5.82 81.96 106.40 1.03 

A² 42.08 1 21.26 -2.59 86.75 4.28 

B² -17.90 1 19.75 -59.40 23.60 2.55 

AB² 76.72 1 16.03 43.05 110.40 5.08 

A²B² -90.65 1 25.34 -143.90 -37.41 6.17 

 

Table S5. Variance table for NG PDI (-)  

Source Sum of Squares df Mean Square F-value p-value  

Model 0.0213 4 0.0053 21.27 < 0.0001 significant 

A-Mr 0.0020 1 0.0020 8.08 0.0101  

B-Qd/Qc 0.0161 1 0.0161 64.38 < 0.0001  

AB 0.0016 1 0.0016 6.52 0.0189  

B² 0.0031 1 0.0031 12.26 0.0022  

Residual 0.0050 20 0.0002    

Lack of Fit 0.0016 4 0.0004 1.85 0.1692 not significant 

Pure Error 0.0034 16 0.0002    

Cor Total 0.0263 24     

 

Table S6. Coefficients table for NG PDI (-)  

Factor Coefficient Estimate df Standard Error 95% CI Low 95% CI High VIF 

Intercept 0.0150 1 0.0069 0.0007 0.0294  

A-Mr -0.0113 1 0.0040 -0.0196 -0.0030 1.01 

B-Qd/Qc -0.0299 1 0.0037 -0.0377 -0.0221 1.03 

AB 0.0115 1 0.0045 0.0021 0.0209 1.01 

B² 0.0282 1 0.0080 0.0114 0.0449 1.03 

 

Table S7. Variance table for χLPEI (-)  

Source Sum of Squares df Mean Square F-value p-value  

Model 0.0610 6 0.0102 1215.11 0.0008 significant 

A-Mr 0.0500 1 0.0500 5981.97 0.0002  

B-Qd/Qc 0.0002 1 0.0002 22.10 0.0424  

AB 0.0038 1 0.0038 454.04 0.0022  

A² 0.0047 1 0.0047 566.76 0.0018  

B² 0.0014 1 0.0014 169.84 0.0058  

A²B 0.0004 1 0.0004 50.72 0.0192  

Residual 0.0000 2 8.360E-06    
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Cor Total 0.0610 8     

 

Table S8. Coefficients table for χLPEI (-)  

Factor Coefficient Estimate df Standard Error 95% CI Low 95% CI High VIF 

Intercept 0.7281 1 0.0024 0.7179 0.7383  

A-Mr 0.0921 1 0.0012 0.0870 0.0972 1.02 

B-Qd/Qc -0.0095 1 0.0020 -0.0182 -0.0008 3.04 

AB 0.0303 1 0.0014 0.0241 0.0364 1.02 

A² -0.0491 1 0.0021 -0.0580 -0.0402 1.02 

B² -0.0305 1 0.0023 -0.0406 -0.0204 1.04 

A²B -0.0175 1 0.0025 -0.0281 -0.0069 3.02 

 

Table S9. Variance table for M∞ (%) 

Source Sum of Squares df Mean Square F-value p-value  

Model 0.0002 5 0.0000 34.91 < 0.0001 significant 

A-Mr 0.0000 1 0.0000 32.70 < 0.0001  

B-Qd/Qc 0.0000 1 0.0000 38.82 < 0.0001  

A²B 0.0001 1 0.0001 67.27 < 0.0001  

AB² 0.0000 1 0.0000 18.31 0.0004  

A²B² 0.0001 1 0.0001 74.63 < 0.0001  

Residual 0.0000 20 1.247E-06    

Lack of Fit 4.998E-06 3 1.666E-06 1.42 0.2716 not significant 

Pure Error 0.0000 17 1.173E-06    

Cor Total 0.0002 25     

 

Table S10. Coefficients table for M∞ (%) 

  Coefficient Estimate df Standard Error 95% CI Low 95% CI High VIF 

Intercept 0.0181 1 0.0003 0.0175 0.0188  

A-Mr -0.0029 1 0.0005 -0.0040 -0.0019 3.60 

B-Qd/Qc -0.0028 1 0.0004 -0.0037 -0.0019 2.85 

A²B 0.0045 1 0.0006 0.0034 0.0057 2.85 

AB² 0.0027 1 0.0006 0.0014 0.0041 3.62 

A²B² -0.0041 1 0.0005 -0.0050 -0.0031 1.04 

 

Table S11. Variance table for cellular uptake (a.u.) 

Source Sum of Squares df Mean Square F-value p-value  

Model 24.83 6 4.14 132.80 < 0.0001 significant 

A-Mr 13.94 1 13.94 447.41 < 0.0001  

B-Qd/Qc 0.4438 1 0.4438 14.24 0.0012  

A² 4.70 1 4.70 150.84 < 0.0001  



174 

 

B² 0.9276 1 0.9276 29.77 < 0.0001  

AB² 4.28 1 4.28 137.35 < 0.0001  

A²B² 2.02 1 2.02 64.87 < 0.0001  

Residual 0.6232 20 0.0312    

Lack of Fit 0.3298 2 0.1649 10.11 0.0011 significant 

Pure Error 0.2935 18 0.0163    

Cor Total 25.45 26     

 

Table S12. Coefficients table for cellular uptake (%) 

Factor Coefficient Estimate df Standard Error 95% CI Low 95% CI High VIF 

Intercept 2.26 1 0.1161 2.02 2.51  

A-Mr -1.72 1 0.0813 -1.89 -1.55 3.82 

B-Qd/Qc 0.1570 1 0.0416 0.0702 0.2438 1.04 

A² 1.73 1 0.1409 1.44 2.02 3.82 

B² 0.7709 1 0.1413 0.4761 1.07 3.04 

AB² 1.16 1 0.0993 0.9566 1.37 3.82 

A²B² -1.39 1 0.1720 -1.74 -1.03 5.82 

 

Table S13. Variance table for NE (%) 

Source Sum of Squares df Mean Square F-value p-value  

Model 85217.56 5 17043.51 69.03 < 0.0001 significant 

A-Mr 2355.43 1 2355.43 9.54 0.0056  

B-Qd/Qc 16280.01 1 16280.01 65.93 < 0.0001  

AB 3340.47 1 3340.47 13.53 0.0014  

A² 337.93 1 337.93 1.37 0.2552  

A²B 1549.78 1 1549.78 6.28 0.0205  

Residual 5185.18 21 246.91    

Cor Total 90402.74 26     

 

Table S14. Coefficients table for NE (%) 

Factor Coefficient Estimate df Standard Error 95% CI Low 95% CI High VIF 

Intercept 106.85 1 5.28 95.86 117.84  

A-Mr -11.54 1 3.74 -19.31 -3.77 1.02 

B-Qd/Qc -51.15 1 6.30 -64.25 -38.05 3.00 

AB 16.38 1 4.45 7.12 25.65 1.02 

A² 7.57 1 6.47 -5.89 21.03 1.02 

A²B -19.33 1 7.72 -35.37 -3.28 3.02 
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Appendix IV 
Evaluation of the pre-gelling droplet diameter dependencies to the dispersed phase flow 

variation 

FFJ and TJ functioning are reported in Figure S1. In particular, the images highlight the 

droplet generation cycle for both devices in dripping regime: after the pinch-off of a droplet, 

the dispersed phase rapidly retract and then starts to expand again. When the shear stress 

applied by the continuous phase exceeds the surface tension, the dispersed thread collapse 

and a new droplet is formed. 

 

Figure S1 Droplet generation cycle in dripping regime for A) FFJ and B) TJ. 



176 

 

Figure S2 illustrates the correlation between the variation in the dispersed phase and the 

equivalent diameter of the microspheres generated at the junction of both devices. Figure S1 

A I. and B I. refer to the increase in the dispersed phase of water for FFJ and TJ, respectively, 

while Figure S1 A II. and B II. concern that of calcium chloride. 

 

Figure S2  Graphs displaying the measured equivalent diameter values for A) FFJ and B) TJ concerning the increase in I.) 

water flow [L/min] and II.) in calcium chloride flow [L/min]. 

The results obtained from both the FFJ and TJ systems demonstrate a consistent pattern with 

regard to the influence of flow rates on droplet size. In both systems, variations in the water 

phase flow rate have been observed to have a minimal impact on the equivalent droplet 

diameter, indicating that the water phase plays a relatively minor role in regulating droplet 

size. In contrast, an increase in droplet diameter is observed with higher flow rates for 

calcium chloride in both systems, though this effect is more pronounced in the TJ system. 

The two-way ANOVA statistical analysis (Table S1) corroborates these findings, confirming 

that the flow of calcium chloride exerts a more pronounced influence on droplet size 

compared to water flow. 
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Table S1 Two-way ANOVA analysis of the acquired ON-CHIP droplet equivalent diameter for the Flow Focusing junction 

(FFJ) and T junction (TJ) devices. 

 Source of Variation % of total variation P value P value summary 

FFJ 

Interaction 2.416 0.5072 ns 

CaCl2 Flow 5.170 0.0313 * 

Water Flow 0.9615 0.5174 ns 

TJ 

Interaction 9.657 0.0508 ns 

CaCl2 Flow 9.590 0.0097 ** 

Water Flow 1.694 0.4237 ns 

Effect of Ca++ concentration on the microbeads gelation process 

From the study conducted, two different types of cross-linking kinetics were observed for 

the microfluidic platforms, strictly determined by the variation in calcium chloride 

concentration: external and internal. Figure S3 reported representative images of the alginate 

microbeads obtained in FFJ device when different cross-linking kinetics occurs. Same 

processes are also reported for TJ device. 

 

Figure S3 Comparison between the beads generated through internal gelation (A-C) and those produced via external 

gelation (D-F); A) Merged images acquired in confocal microscopy (magnification 20X) for the FFJ75mM_G flow condition; 

B) Fluorescence image (FITC) of the bead; C) Bright-field image; D) Merged images obtained in confocal microscopy for 

the FFJ75mM_A flow condition; E) Fluorescence image (FITC) of the bead; F) Bright-field image. 

Slow gelation: Reducing the concentration of calcium chloride results in more uniform and 

regular microspheres (see Figure S3 A, B and C for flow condition FFJ75mM_G). This 

phenomenon occurs for high cross-linking times, which allow the uniform distribution of 

the calcium cations across the whole droplet volume through the convective flows in the 

early stages of the gelation process.  
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Fast gelation: At elevated concentrations of calcium chloride, an increase in the number of 

polydisperse microspheres can be observed, which are characterized by a tail splash (Figure 

S3 D, E and F for flow condition FFJ75mM_A). This phenomenon is associated with 

excessively short cross-linking times. In other words, employing large quantities of calcium 

chloride alongside a reduced water flow enables instant interaction between sodium alginate 

and CaCl2, promoting an external-initiated cross-linking reaction that subsequently 

penetrates the core of the droplet through convective movements during the gelling process. 
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ISO International Organization for Standardization 

AFM Atomic force microscopy 

Alg-FITC FITC-modified alginate 

ANOVA Analysis of variance 

APS ammonium persulfate 

Bo Bond number 

Ca Capillary number 

CD44 Cluster of differentiation 44 

CJM coaxial jet mixer 

CMC critical micelle concentration 
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CuAAC copper(I)-catalyzed alkyne− azide cycloaddition 

CV coefficient of variation 

Cy5 cyanine 5 

D2O deuterium oxide 

DCM dichloromethane 

DIW deionized water 

DLS dynamic light scattering 
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DMSO dimethylsulfoxide 

DoE Design of Experiment 

DOX doxorubicin 

EDC N-(3-dimethylaminopropyl)-N′-ethyl carbodiimide hydrochloride 

EE % encapsulation efficiency 

FA folic acid 

FBS fetal bovine serum 

FFJ flow-focusing junction 

FITC fluorescein isothiocyanate 

FRR flow rate ratio 

FT-IR Fourier transform infrared spectroscopy 

G6PD glucose 6-phosphate dehydrogenase 

GFP Green fluorescent protein 

HA hyaluronic acid 

HAase hyaluronidase 

Hb hemoglobin 
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qPCR Quantitative polymerase chain reaction 
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RBC red blood cell 

Re Reynold number 
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SEM scanning electron microscopy 
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SLNP solid-lipid NP 

TEM transmission electron microscopy 

TFR total flow rate 
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TJ T-junction 
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We Weber number 
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