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Abstract

This Ph.D. thesis aims to propose and develop a droplet micro
uidic platform capable of pu-

rifying biological samples and, in particular, to isolate extracellular vesicles (EVs). These are

small (less than 1 µm) biomarkers secreted by the cell membrane, that contain speci�c proteins

and genomic material from the cells of origin, and thus are considered as cargo-ships. Being

released in body 
uids (e.g. blood, urine), EVs can be a good candidate for early diagnosis of

tumor activity by using liquid biopsy, instead of recurring to invasive tests or tissue sampling.

Unlike more conventional approaches, that rely on size or density separation, this device exploits

immunoa�nity capturing of EVs on micrometric magnetic beads (diameter of 2-5 µm) within

droplets, con�ned in microchannels. The beads are functionalized at the surface by antibodies

complementary to proteins present in the vesicle membrane to promote selective isolation. Addi-

tionally, the use of droplets enhances the mixing due to spontaneous recirculation of the content,

which does not occur in monophasic micro
uidic approaches, a�ected by bead sedimentation.

At �rst, the project is focused on the microfabrication of the micro
uidic device, obtained by

soft-lithographic techniques. After that, the production of droplets within microchannels is

characterized and the module for the extraction of magnetic beads is optimized after devoted

magnetic �eld simulations. Finally, the validation of the protocol is performed on samples pre-

puri�ed from cell culture and resuspended in a saline solution. Preliminary tests are also carried

out on more complex samples, such as cell culture medium and pre-puri�ed plasma.

The novel droplet micro
uidic approach is compared with traditional methods for EV isola-

tion: i) ultracentrifugation (UC) protocols and ii) incubation with immunomagnetic beads in

conventional lab-scale storage conditions.

Concerning the results, the platform isolation capability is evaluated by 
ow cytometry and

confocal microscopy. The EV size and concentration are investigated by Nanotracking analysis,

estimating a bead extraction e�ciency of about 56%. Colorimetric assay (BCA) and Western

Blot are used to quantify the protein content, and Polymerase Chain Reaction (PCR) protocol

to verify the EV integrity, by searching for miRNAs. Overall, the platform allows processing

samples of volumes up to 2 mL in 4.5 hours, increasing the overall throughput with respect to

the in-batch approach and to monophasic micro
uidic devices.
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Introduction

One of the most important �elds in which material science can have a great impact is biomedicine

[1, 2]. In fact, many open questions must be solved, most of them concerning the search for

prognostic and diagnostic tools to detect diseases and cure patients promptly.

In the last decades, lot of discoveries have been emerged in genomics, proteomics and molecular

biology, especially in fundamental studies for the characterization of tumoral activities based

on genetic expressions [3]. The possibility to associate a speci�c cause, such as gene mutation

or the abundance of cell-derived constituents, allows tailoring the treatment of an individual,

leading to the concept of \precision medicine" [4, 5]. The conventional procedure to identify

the type of tumor is the use of surgical biopsy to �nely investigate tumoral cells from tissue

[6, 7]. However, this technique can present accessibility problems or be invasive for the patient.

Moreover, it cannot be easily performed with recurrence in a short time, and thus cannot provide

information about the dynamics of certain diseases.

The need for non-invasive and fast detection protocols has been forcing researchers to evaluate

new solutions, collecting knowledge also from biophysics and chemistry for sample treatment,

in addition to engineering skills for the production of specialized devices.

Figure 1: Common biomarkers for liquid
biopsy: cell free DNA (cfDNA) and CTCs [8].

In this context, a valid alternative to invasive and

costly tissue biopsy is raising interest for its po-

tentiality, namely liquid biopsy [9]. The goal is to

search for speci�c macromolecules, like proteins or

nucleic acids, by simply screening body 
uids (e.g.

blood, plasma, urine, etc.) [10].

During the past two decades, several tracers have

been tested for tumor detection, such as circulating

tumor cells (CTCs) [11] or free nucleotide-based

fragments (as DNAs, mRNAs or microRNAs) [12]

which remain in suspension in the 
uid, as depicted

in Figure 1. However, they are di�cult to be iso-

lated due to low quantity or fast degradation.

Promising candidates as resilient biomarkers for diagnostic investigation are extracellular vesicles

(EVs)[13]. These are small membrane-bound vesicles (less than 1 µm) secreted by almost all

cells, that have found to carry proteins or genomic sequences; thus, they are considered as

cargo-ships, preserving information from the parental cell [14], as shown in Figure 2a.
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Despite their ability to preserve the content, EVs are not yet frequently employed in clinical

practice due to controversial studies on their marker expression and, more importantly, lack of

standardization in their isolation [15]. Conventional protocols are based on physical separation,

either by size di�erentiation, such as size-exclusion chromatography (SEC) and ultra�ltration

(UF), or di�erential ultracentrifugation (dUC) (see Figure 2b). These techniques su�er from

poor reproducibility between di�erent laboratories, low purity, and poor yield [16]. Recent

strategies are provided by immunoa�nity (IA) capture, targeting speci�c proteins at the EV

membrane (e.g. tetraspanins) [17]. For this purpose, open surfaces or micrometric beads have

been chemically functionalized with the complementary antibody, showing a high isolation ef-

�ciency. This procedure, anyway, is quite time consuming and still operator dependent [18].

Figure 2: (a) Extracellular vesicles (EVs) secreted by cells. (b) Scheme of conventional isolation
methods: size-exclusion chromatography (SEC), ultra�ltration (UF), di�erential ultracentrifugation
(dUC), and immunoa�nity capturing (IA). (Adapted from [19].)

To overcome these limitations, alternative approaches view an innovative way of handling 
uids

at a small scale, known as micro
uidics. This is a widely explored science, combining knowledge

from 
uid mechanics, surface engineering, and chemistry to control small volumes of 
uids,

ranging from µL down to few pL, inside microchannels of dimensions from tens to hundreds of

µm [20]. Notably, the possibility to rescale experiments usually performed in laboratories leads

to the generation of the so-called Lab-on-a-chip platforms (see Figure 3a), in which biological

assays or even clinical tests can be implemented [21]. This ability to manipulate small liquid

samples allows the detection of speci�c constituents from bio
uids to increase, both in sensitivity

and resolution. Moreover, the use of fewer quantities of reagent allows for a cost reduction, and

the working time for the processing can be diminished, leading to higher throughput [22].

As a matter of fact, one of the main characteristics of micro
uidics is that liquids within mi-

crochannels are subjected to laminar 
ow: this peculiarity gives the possibility to properly tune

the 
ux, while knowing the kinematics of the 
uid in any time and space [23]. Thus, it allows

controlling the concentration of molecules, predicting their trajectories in advance as well [24].
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Nevertheless, when miscible 
uids are infused into a micro
uidic device, they cannot rapidly mix

in a straight channel; it usually takes several seconds (corresponding to a few cm, for typical

channel widths) to reach a proper moisture of the two liquids, even adopting curved shapes or

obstacles to favor a chaotic motion of particles [25].

Several issues regarding the mixing of di�erent phases or the preservation of the 
uid content

can be �xed by a branch of micro
uidics, called droplet micro
uidics. This is the technology

capable of forming controlled emulsions of immiscible liquids (see Figure 3b), thanks to devoted

junction of di�erent channels [26]. Droplets of one phase dispersed in the other (continuous

phase) can be generated in extremely reproducible manner, at very high rates (up to few kHz).

The liquids contained in droplets spontaneously experience a recirculation, hence promoting

a continuous homogenization of solutions. As an example, Figure 3c reports three reagents

arriving at the same junction, 
owing through the main channel to mix almost immediately

within droplets [27]. Given this e�cient mixing property, droplets can be exploited when pro-

cessing samples containing EVs and beads, to enhance the probability of encounter and favor

the capture.

Figure 3: (a) Example of Lab-on-a-chip [28]. (b) Ordered emulsion of 
uorinated oil/silicone oil
microdroplets in water phase (Adapted from [29]). (c) Mixing of di�erent aqueous reagents inside
droplets (Adapted with permission from [27]. Copyright 2003 American Chemical Society.).

Thesis organization. This thesis work has the goal of developing a droplet micro
uidic device

capable of manipulating droplets in order to isolate extracellular vesicles, using a�nity capture

mediated by magnetic beads, and validate the protocol for biomedical purpose.

The manuscript is organized in �ve chapters. In Chapter 1, a general overview on micro
uidics,

in particular droplet micro
uidics, is given, explaining the main concepts regarding droplet

generation and handling, and methods to fabricate the micro
uidic devices employed in this

project. Chapter 2 introduces to the biological part of the study, focusing on extracellular

vesicles and on conventional strategies to isolate and analyze them. The experimental setup for

the handling of samples and extraction of magnetic beads is described in Chapter 3. Then, the

results of the experiments exploiting the droplet micro
uidic platform are discussed. In detail,

Chapter 4 is devoted to the characterization of the device in terms of droplet generation and

bead extraction capabilities. In Chapter 5, the droplet micro
uidic protocol for EV isolation

is validated after pre-puri�cation from cell line and resuspension in saline solution. Preliminary

tests with the droplet micro
uidic device for processing more complex samples, such as cell

culture medium or plasma, are also presented. Finally, the Conclusions & perspectives part

summarizes the outcomes of this thesis and proposes future prospects.
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Chapter 1

Micro
uidics

The �rst chapter introduces the main concepts of micro
uidics and its more recent branch,

called droplet micro
uidics, capable of generating controlled emulsions within channels.

A brief explanation of the equations regulating the motion of 
uids and the de�nition of

valuable parameters (Reynolds and capillary number, surface tension, etc.) is given. Then,

droplet micro
uidic technology is introduced, together with the de�nition of surfactants,

used to promote droplet formation. The typical con�gurations for droplet generation are

discussed, with particular focus on the T-junction geometry, which is largely employed

in this thesis. A description of the most important phenomena occurring during droplets


owing in channels, such as transport and mixing, is also provided. Finally, conventional

fabrication techniques for the production of micro
uidic devices, especially by leveraging

soft lithographic processes, are listed.
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