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Summary

Lung cancer is nowadays a leading cause of death, second only to
cardiovascular diseases. Thus, the large diffusion and incidence make the
development of new diagnostic tools of crucial importance for lung cancer early
detection, prognosis and treatment. In recent years, due to research improvements
in cancer studies and biomedical technologies, liquid biopsy, a non-invasive and
real-time monitoring approach, resulted a promising tool for the early diagnosis of
cancer alterations. Moreover, this highly sensitive technique permits to control the
evolution of lung cancer at different stages contributing to adjust therapy according
to a personalized patient’s treatment. Liquid biopsy concerns the analysis of
biomarkers (i.e. cells, extracellular vescicles, sequence of nucleic acids, etc.) from
blood or any other body fluids into integrated and automated microfluidic systems
for point-of-care or in-the-field detection. Thus, the development of enhanced
microfluidic devices, thanks to their characteristics, could overcome some critical
aspects derived from traditional approaches, leading to a widespread application of
liquid biopsy in everyday use either in diagnostic and in clinical practice.

In this contest, this PhD Thesis focuses on the development of three
microfluidic devices for the separation or detection of biomarkers for the early
diagnosis and screening of lung cancer treatment. In detail, each microfluidic device
is referred to a specific class of biomarker. Thus, for each chip a proper design and
fabrication method were selected depending on its functionality. Then, devices
feature dimensions and their performances were investigated either with synthetic
and biological samples employing different approaches.

At first, a novel free-flow microfluidic device was developed exploiting the 3D
printing technology to manipulate the motion of particles and exosomes.
Morphological characterizations of device features dimensions highlighted how an
accurate reproducibility of the design was performed employing an additive
manufacturing method. Moreover, 3D printing allowed to easily integrate threated



fluidic fittings features in the chip in correspondence to inlet and outlet ports for
tube interconnection by modifying a preliminary design of the device. Results
performed with this device demonstrated their ability to tune the motion of analytes,
owing different surface-to-charge ratios (i.e. particles and exosomes) either as
single or mixed population, in a specific outlet when a defined voltage value at the
electrodes was imposed and to accumulate them in a microliter volume range.

A second microfluidic device was developed throughout a silicon
micromachining fabrication process to separate biomarkers possessing micrometric
dimensions by exploiting acoustic forces. To allow the creation of an acoustic
standing wave field into the microfluidic channel a customized set-up, with related
protocol steps, was assembled and investigated. Afterwards, device focalization
performances were evaluated by inspecting samples composed either by
polystyrene micro- and nanoparticles and cells as single or mixed populations
collected at the outlets of the device when different setting conditions (i.e. sample
concentration, applied voltage value at the piezoelectric element and flow rate)
were applied. Regarding micro particles tests, higher focalization performances
were proven when lower concentration, lower flow rate and higher applied voltage
value to the transducer were imposed. In addition, confirmation of these data
resulted by comparing them to simulated ones. Furthermore, high focalization
values with cells resulted both at high flow rate and when cells were mixed with
population of micro- and nanoparticles without affecting focalization performances
of the device.

Finally, two PDMS-based microfluidic devices, characterized with different
surface-to-volume ratios, were designed and evaluated to capture low amount of
microRNA molecules. Results performed throughout PCR reaction assays either
with synthetic microRNAs and a pool of microRNA molecules associated to non-
small cell lung carcinoma spiked in water or human plasma demonstrated higher
performances of these devices to capture biomarkers with respect to a previous
PDMS-based device, due to their higher availability of internal surfaces. Moreover,
a rapid and automatized set-up for the capture of microRNAs was assembled and
presented.

To conclude, microfluidic devices developed during this PhD Thesis work
constitute proof-of-concepts for the development of new diagnostic tools for liquid
biopsy. Further improvements regarding the presented chips, as well as their
integration into a unique microfluidic platform will offer a new, rapid, low cost and
multiple-analysis diagnostic tool able to overcome current challenges.
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Chapter 1

Introduction



1.1 New challenges for lung cancer diagnosis

1.1.1 Lung cancer diagnosis

According to the International Agency for Research on Cancer (IARC) a
specialized agency of the World Health Organization (WHO), the second most
common cause of death worldwide after cardiovascular diseases is cancer[1].

Based on data collected in 2018, from 185 countries and territories among 36
types of cancers, lung cancer was the main cause of cancer death with an incidence
of 2.09 million cases and a mortality of 1.76 million cases. Adding demographic
changes to previous assumptions, IARC predicts that lung cancer will reach an
incidence of 3.61 million cases with a mortality equal to 3.10 million cases in 2040.

Lung cancer arises from the respiratory epithelium cells and can be divided into
two wide categories: small cell lung carcinoma (SCLC) and non-small cell lung
carcinoma (NSCLC). The first type is a malignant tumor derived from cells
exhibiting neuroendocrine characteristics, while the second one accounts the 85%
of lung cancers and it is subdivided into three main classes: adenocarcinoma,
squamous cell carcinoma and large cell carcinomas[2][3][4](Figure 1.1.1). Lung
cancer is initially asymptomatic, thus, despite advances in early detection and
standard treatment for most other cancer types, this cancer is often diagnosed at
advanced stages were the survival rates are discouraging[3][4][5]. Indeed,
according to IARC data, the five-year relative survival rate of all lung cancer types
1s 20.5%. In addition, although smoking is the major risk factor of lung cancer,
accounting the 80-90% of tumors, only approximately 15% of smokers develop
lung cancer, suggesting that other risk factors must be identified[6][7][8][9].
Indeed, there are several factors associated with an increased risk of developing
lung cancer in never smokers, estimated as the 25% of all lung cancer cases,
including second hand smoke, indoor air pollution, occupational exposure either to
carcinogens and to cooking oil fumes and genetic modifications[10][11].

To conclude, based on literatures and statistical data, lung cancer represents a
critical global public health issue to which research must be addressed to improve
a better understanding of its pathophysiology and molecular origins to allow the
development of diagnostic tools for the early detection, prognosis and treatments of
this disease.
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Figure 1.1.1 Histological classification of lung cancer. Image from [3].

1.1.2 Liquid biopsy

At present performing an early diagnosis of cancer alterations is of fundamental
importance for patient’s clinical evaluation and treatment strategy. Generally,
conventional tissue biopsy is exploited to assess cancer’s mutational profile (i.e.
primary tumor or metastasis), but there are several limitations derived from this
approach. Indeed, when it is possible to reach the lung cancer, biopsy sampling
involves invasive and harmful surgical interventions. In addition, tissue biopsy is a
localized analysis, thus it is not able to characterize intra- or inter-tumor
heterogeneity, which is fundamental to assess cancer in its advanced stages or in
presence of different tumor sites. Furthermore, it is not possible to perform serial
tissue biopsies to achieve a dynamic follow-up of cancer molecular modifications
in order to evaluate cancer progression and evolutions in patients[12]. Because of
this, the National Lung Screening Trial investigated the low-dose computed
tomography (LDCT) analysis for the screening of lung cancer, as alternative
approach. But, even if researchers demonstrated a reduction in lung cancer
mortality, repeated LDCT screening tests are not suggested, due to the
accumulation of radiation exposure[6].

To overcome such critical issues, thanks to research improvements either in
cancer studies and in biomedical technologies (i.e. microfluidic devices) new
diagnostic tools are being developed. Among these stands out liquid biopsy, a high
sensitive technique, that helps to manage lung cancer screening and to adjust
therapy according to a personalized patient’s treatment.

Liquid biopsy concerns the analysis of any tumor-derived material circulating
in blood or any other body fluids instead of a fragment of cancer tissue[13] (Figure
1.1.2). It is a non-invasive and real-time monitoring approach requiring low time
and costs for sample taking. It can improve the early diagnosis to identify
asymptomatic cancer patients through the systematic and routine measurements of
tumor-derived biomarkers[14][15]. In addition, it was demonstrated that liquid
biopsy is a highly sensitive assay able to detect the presence of tumor cells in
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different organs in patients who lack any clinical or radiological signs or residual
tumor cells left behind after local invasive therapy[16].

Up to now, a relevant branch of literature has emerged highlighting potential
clinical applications of liquid biopsy even throughout preliminary results derived
from many clinical trials. Despite several challenges, the next coming years will be
based on further works in standardization of analytical procedures that must be
performed and generalized for all components upon which liquid biopsies are
based[17][18][19][20].
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Figure 1.1.2 Liquid biopsy provides a variety of clinically informative components. Image
from[13].



1.2 Biomarkers

1.2.1 Classification

As mentioned before, biomarkers are objective and measurable entities of
characteristic biological processes taken into account in liquid biopsy. By definition
they are characteristic indicators measured and evaluated to check normal
biological and pathogenic processes or pharmacological responses to a therapeutic
intervention[21]. Due to this, they are used for a variety of purposes such as
diagnostic, monitoring, predictive and prognostic tools. In addition, conversely to
direct measures correlated with patients’ experiences and sense of wellbeing,
biomarkers can detect variations on biological processes even if there are no
changes on the patient’s clinical state[22][23]. They should not be examined as
surrogate of clinical outcomes, but together. Indeed, understanding the relationship
between these elements should increase the knowledge of normal and healthy
physiology, as well as expand the awareness of treatments for many diseases[24].

Regarding cancer biomarkers, they include a variety of biochemical species as
circulating tumor cells, exosomes, platelets, tumor-derived nucleic acids, proteins,
cytogenetic and cytokinetic parameters[25][26][27]. Usually, among these a panel
of biomarkers is required instead of the expression of a single biomarker, to avoid
false responses in cancer diagnosis. Up to now, innovative clinical trial approaches
the use of biomarkers, but future optimization strategies must be achieved in
developing efficient detection platforms owing high sensitivity, selectivity,
throughput, as well as the detection of new biomarkers in specific fields[28][29].

Below follows a brief descriptions of the type of biomarkers which is referred
this thesis work for the early diagnosis and prognosis of lung cancer.

1.2.2 Circulating tumor cells

Circulating tumor cells (CTCs) were first discovered in 1869, when Ashworth
discovered cells identical to cancer ones in blood[30]. Some tumor cells, as a
consequence of the connection loss between adjacent cells and the extracellular
matrix, detach from the primary tumor allowing its dissemination and the creation
of metastatic sites through the circulation[31]. When CTCs enter in blood or in
lymphatic vessels they can be arranged as cluster (25-100 cells) or as single entity.
Usually, the immune system erases the 85% of CTCs and the surviving cells persist
in the circulation few hours before undergo apoptosis. For this reason, CTCs are a
rare population in blood, indeed, one CTC is detected per 10°-10” mononuclear
cells, and between these CTCs only the 3% is constituted by a CTC
clusters[32][33].

During the metastasis progression, CTCs cells acquire mutations different from
the primary tumor, therefore, since they possess intra-tumor heterogeneity



characteristics, CTCs have been investigated as diagnostic, prognostic as well as
predictive biomarkers in numerous type of cancer. Up to now, CTCs count
represents a prognostic factor in prostate, breast and colorectal cancers, but
additional research must be performed to demonstrate the clinical utility of CTCs
in routine clinical practice[34][35]. Indeed, although CTCs presents different
characteristics from erythrocytes or leukocytes as increased and irregular nucleus
and cell shapes and different electro-magnetic charges, the limited number of CTCs
available in blood introduce a challenge for currently method exploited in CTCs
enrichment and detection[36][37]. In detail, the lack of the development of
standardized methods for CTCs detection as well as an established a recognized
cut-off values to distinguish between healthy and not-healty patients are some
critical issues involving the employment of CTCs as early diagnosis biomarkers in
lung cancer[38]. In the future, larger studies should be performed to assess the
clinical validity of CTCs in cancers, among these the lung one, leading the
development of new anticancer strategy related to an early detection of drug-
resistance events or high risk of metastasis development[39][40].
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Figure 1.2.1 Overview of circulating tumor cells (CTCs) and/or CTC clusters involved in the tumor
metastasis development. Image from[32].



1.2.3 Extracellular vescicles and exosomes

Among biomarkers entities, cancer related-exosomal biomarkers have been
investigated due to their potential uses in clinical practice either for the early
diagnosis and prognosis, but also as indicators of lung cancer
progression[41][42][43].

They were firstly discovered in 1981, by analysing extracellular vesicles
(EVs) produced by normal and cancerous cells during the maturation process of
reticulocytes throughout a Transmission Electron Microscopy (TEM)
characterization[44].

According to a common and widespread classification method, EVs are
grouped for dimensions, different intracellular sources and specific biological
functions in the following main categories: microvescicles, apoptotic bodies, and
exosomes (Figure 1.2.2)[45][46]. The first class, characterized by EVs of
dimensions between 50 and 500 nm, sometime extended up to 1 um or even 10
um in case of oncosomes (cancer-derived microvesicles), derives directly from
the budding and subsequent fission of plasma membrane[47]. Apoptotic bodies,
instead, comprehend larger vesicles of about 1-2 um released by cells during the
apoptotic process and containing a portion of dying cells cytoplasm[48]. Finally,
exosomes originated by the inward budding of endosomal compartments into
multi-vesicular bodies, whose diameter range from 40 to 100 nm, are released in
the extracellular environment through fusion with the cell membrane. They are
secreted by different type of cells, including normal and diseased ones, in many
biological fluids such as saliva, blood, urine, amniotic liquid, breast milk and
synovial fluid. Thus, thanks to their membranes composed by a lipid bilayer,
exosomes can shuttle to neighbouring or considerably distant recipient cells
many functional molecules as proteins, structural lipids, metabolites or nucleic
acids, derived from secreting cells, located on vesicles membranes or in their
cores. In detail, the interaction between exosomes and recipient cells can be
explicated directly by a receptor-mediated interaction or be mediated by
elements situated in the vesicle lumen[49][50][51].

Therefore, exosomes play a pivotal role in intercellular communication,
indeed, depending on their different cellular source, they can be associated with
physiological but also pathological conditions like cancer, infectious and
neurodegenerative diseases[52][53][54]. Because of this, and also due to the
vastness of target cells that exosomes can reach, they are interesting either as
biomarkers and as naturally derived drug delivery carriers since they represent
an autologous product of human body. Indeed, by transferring cargos from one
cancer cell to a healthy one, exosomes can promote the development of cancer
cell growth and metastasis. At the same time, exosomal cargos can be exploited
for early detection and treatment of cancer comparing them with cancer patients
at different stages and healthy people[41].

Finally, to use exosomes in clinical practice, a huge effort needs to be done
to overcome the current critical issues regarding exosomes separation techniques
from biological fluids.
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Figure 1.2.2 Types of extracellular vescicles produced by cells with their delivery cargos. Image
from[45].

1.2.4 MicroRNAs

MicroRNAs (miRNAs) consist of small, 19-25 nucleotides in size, endogenous
ribonucleic acid (RNA) molecules, accounting approximately the 3% of the human
genome[55]. Their function is to regulate the post-transcriptional gene expression
inside cells, regulating cell cycle and cell differentiation, proliferation and apoptosis
by controlling the expression of tumor suppressor genes and oncogenes. In addition,
microRNAs are involved in the intercellular communication either when these
molecules are located into exosomes and microvescicles travelling stable in an
assortment of biological fluids and when isolate microRNAs are detected in serum
or plasma[56]. Therefore, mutations or alterations of genome microRNA molecules
could result in the progression of many syndromes and diseases such as
cancer[55][57].

Indeed, depending if microRNAs molecules are down-regulated or up-
regulated, microRNAs can lead to cancer development or suppression, allowing the
possibility to exploit circulating microRNAs molecules as potential biomarkers for
the early diagnosis, prognosis as well as therapy of various cancers, inducing a real
time and dynamic monitoring[58][59]. A schematic representation regarding a
series of functions where microRNAs biomarkers are involved in cancer is depicted
in Figure 1.2.3.
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Figure 1.2.3 Function of microRNA biomarkers in cancer. Image from[59].

Notwithstanding research advancements in recent years[60][61][62], the
exploitation of miRNAs molecules for early diagnosis and targeted therapies are
still at early stages. Additional studies must be performed both to confirm the
validity of a panel of microRNA molecules to a specific disease and also to assess
a safety protocol to delivery microRNAs to a specific target for therapeutic use[63].



1.3 Microfluidic devices for biomarkers manipulation

1.3.1 Principles of microfluidic devices

In the last decades, the development of microfluidic devices has increased
rapidly in various biomedical applications: clinical diagnostics[64], cells and
molecules separation[65][64], tissue engineering[66], chemical analysis[67], as
well as other fields as automotive and electronics industries[68]. Among previous
mentioned applications, microfluidics devices play an important role on the basis
of Lab-On-a-Chip (LOC) systems, allowing the miniaturization of laboratory
instrumentations and procedure in portable, integrated and automated systems for
point-of-care or in-the-field detection[69]. Indeed, LOC comprehend different
manipulation steps as sample pre-treatment, analyte separation and/or detection and
data analysis, as illustrated in Figure 1.3.1.

Figure 1.3.1 Lab-On-a-Chip schematic diagram where different components are sketched. Image
from[70].

Microfluidics regards the science field which elucidates the description of the
phenomena involved in the manipulation of small volume of fluids on the
microscale level. Thus, microfluidic devices characterized by having at least one
dimension in the micrometres range level (i.e. from 10 to 100 pm), are able to
manage and process low quantity of fluids volume, up to 10° — 10"'® L, both
concerning samples and reagents. A minute consumption of fluids is useful for
handling expensive reagents and samples difficult-to-obtain as well as reducing the
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production of waste. Compared to large-scale systems[51], microfluidic devices
perform separation and detection operations with high resolution and sensitivity,
enabling high-throughput and faster analysis in a reduced response time. Among
these properties, microfluidic devices are also defined by simultaneous parallel
analysis, fully automated and user-friendly characteristics[70][71][72].

All of these advantages derived from the exploitation of microscale
phenomena, such as laminar flow and surface-to-volume ratio, become
predominant over forces experienced in everyday life. For instance, laminar flow
in microfluidic channels allow to perform experiments for cells sorting by
exploiting diffusion between laminar streams able to flow parallel to each other
without mixing and acting on cells velocity in a fluid stream. Furthermore, the
downscaling leads to an increased surface-to-volume ratio, thus a higher quantity
of molecules can be adsorbed on microfluidic channel surfaces in a short time[73].
Concluding, rapid, cost-effective and customizable microfluidic devices represent
suitable tools for a widespread development of liquid biopsy in clinical
practice[19].

1.3.2 State-of-the-art on materials and microfabrication methods

Silicon, glass, elastomer and plastic represent a list of materials employed for
the fabrication of microfluidic systems. Thus, depending on the characteristics of
the selected material, many factors, such as microfluidic devices’ applications or
functions, as well as the employment of a precise fabrication method will be
affected[74].

At the beginning, the development of microfluidic devices was based on silicon
and glass materials exploiting the same fabrication techniques applied in the
microelectronics industry as silicon bulk and surface micromachining or glass
etching approaches. Glass and silicon are suitable for their resistance to organic
solvent, high thermal conductivity and stable electroosmotic mobility. In addition,
glass is optically transparent and electrically insulating, while high vertical
sidewalls can be produced in silicon. Although the widespread development of
silicon and glass-based microfluidic devices, the hardness of these materials, their
non-gas permeability, the opacity of silicon, as well as the employment of
expensive and labour intensive micromachining techniques, needed of specialized
facilities, limited their application in microfluidics[72][73].

Thus, to overcome such critical issues and to promote a widespread use of
microfluidic devices, new fabrication techniques and materials have been
investigated[70]. Among these, polymer-based microfluidic devices prevail over
silicon and glass materials resulting in processes which are cheaper and suitable for
mass production. Moreover, the application of a wide range of polymeric materials
(i.e. elastomers, thermosets and thermoplastics) characterized by high
biocompatibility, elasticity, transparency and permeation of gases, make them
suitable for many biological applications. Commonly, polymer-based microfluidic
devices are manufactured throughout molding techniques or laser cutting. Among
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these, replica molding, known as soft lithography, became a standard process in the
fabrication of microfluidic devices. It exploited photolithography to generate
silicon and photoresists masters, over which an elastomer (i.e.
polydimethylsiloxane) is poured and cured to reproduce a well-defined replica of
micro/nano channels or patterns depicted in the master[75][76] (see 4.1).

The development of hot-embossing technology, injection molding and laser
cutting permit to produce microfluidic devices with thermoplastic materials (i.e.
polymethymethacrylate, polystyrene, polyvinylchloride) also ensuring high device
throughput, results in cost-efficient and precise microfluidics structures
characteristics, essential for the commercial field. In detail, meanwhile hot-
embossing and injection molding shaped microfluidic devices applying mold,
pressure and heat; laser cutting exploited a pulsed laser irradiation associated with
a mask to reproduce the pattern onto the polymer substrate[77]. Finally, in recent
years to solve some critical aspect emerged in previous mentioned methods, as
creating multi-material objects with high resolution in a reduced fabrication process
time and cost, 3D printing technology appears to be a promising fabrication method.
This manufacturing process, based on a layer-by-layer technique, is exploited not
only for commercial purposes but also for prototyping ones|[78].

1.3.3 Classification of microfluidic devices

The motion of biomarkers in microfluidic devices can be controlled using
several mechanisms[79][80][81] (Figure 1.3.2). They can be classified as label-
based or label-free approaches, depending if they act on biochemical or physical
biomarker characteristics[82].

In detail, label-based techniques act on specific proteins or molecules presented
on nucleic acid sequences or expressed on the surface of cells and vescicles[51][83].
Thus, they can be captured by antibodies or aptamers located on microchannel
surfaces (i.e. immunocapture) or by an immunomagnetic approach, where magnetic
beads, coated with aptamers and antibodies, are exploited to capture specific
biomarkers throughout the application on an external magnetic field[84].

Label-free techniques, instead, are based on mechanical and physical properties
of biomarkers such as size, density, compressibility, viscosity, deformability and
electromagnetic properties, characteristics of each biomarker[85][86].

Label-free approaches can be categorized as active or passive if an eternal force
field is exploited for their functionality[87], as in the former case, or if channel
geometries and features, as well as hydrodynamic forces are employed, in the
latter[88]. For instance, features like pillars, pores or channel shrinkages are
developed in microfluidic devices based on size-based methods. As an alternative
to these approaches, suffering for clogging and risk to damage analytes, other
passive approaches based on hydrodynamic forces associated to analytes size and
deformability properties are used in deterministic lateral displacement[89], pinched
flow fractionation and inertial microfluidic devices.
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Beyond these passive mechanisms, active approaches governed by forces
derived from an external field, which can be electric, acoustic, magnetic or optic
are preferred to passive ones, since they are characterized by higher efficiency and
throughput. Indeed, forces allow to control analyte trajectories not only for sorting
and delivery biomarkers to specific positions, but also to trap them. For instance, a
non-uniform electric field governs the movement of biomarkers depending on their
dielectric properties in dielectrophoresis devices, meanwhile a uniform electric
field manages analytes deflection according to surface-to-charge ratio or isoelectric
point in electrophoresis and in isoelectric microfluidic devices, respectively[69].
Seeing that the application of an external electric field can produce some unpleasant
effects as joule heating and analytes damages, alternative approaches as magnetic-
and acoustic-based microfluidic devices have been developed.

The application of an external non-uniform magnetic field reduces analyte
damages and operation times. In addition, it doesn’t require a physical contact
between the magnet and the liquid, therefore magnetic forces are not influenced by
ionic strength and pH solutions variations. Commonly, this approach is combined
with an immunocapture technique to achieve a higher specificity.

Acoustic forces, derived from an acoustic pressure field, act on biomarkers
mechanical properties as size, density and compressibility related to surrounded
medium characteristics (i.e. viscosity and compressibility). Acoustophoretic
devices are non-invasive and versatile, indeed they can be exploited either as
continuous flow separation[90] or trapping tools[91].

Finally, optical forces[92], known as optical tweezing, allow to manipulate
biomarkers exploiting a light radiation pressure without mechanical contact. Even
if this approach is characterized by a high precision either concerning analytes
motion and immobilization, it presents some critical aspects as analytes over-
heating and over-exposure.

Despite progresses performed in microfluidic field in the las few years, each
mechanism illustrated above for controlling the motion of biomarkers presents
some disadvantages, asserting that additional improvements must be performed to
employ microfluidic platforms in everyday use. Then, further work will be focused
on combining different methods advantages to overcome critical aspects, involving
new technology as 3D printing to develop multistep integrated microfluidic
platforms characterized by simple, rapid and low cost configuration with high level
of automations and high-throughputs.
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Figure 1.3.2 Examples of developed microfluidic devices: (a) Deterministic lateral displacement on
red blood cells. Image from[89] (b) microfluidic device based on coated magnetic particles for
biosensing. Image from[84], (c) alternating current electrokinteic microarray chip device. Image
from[93] and (d) acoustic purification of extracellular microvescicles. Image from[90].
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1.4 Aim of the work and thesis structure

As illustrated in the introductory section, the application of nanotechnologies
to clinical and medical fields offers a great opportunity for the development of
innovative options for the diagnosis and treatment of cancer disease. Indeed, the
development of microfluidic devices, thanks to their characteristics, could
overcome some drawbacks of traditional clinical approaches such as invasive tissue
biopsy or expensive and dangerous screening tests that lack of selectivity and real-
time monitoring.

In this context stand design, fabrication and characterization steps of
microfluidic devices described in this thesis. In detail, the work described in this
PhD Thesis is part of a wider project called “DEFLeCT” (Digital tEchnology For
Lung Cancer Treatment) founded by Piedmont Region in the framework of “Health
& WellBeing” Platform program. The aim of the project is the development of Lab-
On-a-Chips and Organ-On-a-Chips for the early diagnosis and screening of lung
cancer treatments. Results obtained during this thesis work are reported as follows.

Chapter 2 treats a novel 3D printed microfluidic device developed for the
separation of biomarkers depending on their surface-to-charge ratio. Indeed, the
separation between each type of analyte is performed throughout the application of
an electric field inside the microfluidic chamber of the device. Thus, devices
manufactured throughout a novel approach, an additive manufacturing method, are
deeply investigated via morphological characterizations. Then, separation
performances of the device, at different conditions, are evaluated either with
synthetic and biological analyte solutions.

Chapter 3 illustrates the focalization potentiality of a silicon-based
microfluidic device for the separation of biomarkers with micrometric dimensions.
In this case, alternatively to the previous described device, samples are separated in
the microfluidic channel by the presence of an acoustic field, which collects
particles or cells according to their mechanical properties compared to the
surrounded medium ones. Then, design and fabrication processes are reported,
followed by focalization performance tests conducted either with synthetic particles
and cells.

Chapter 4 depicts the third type of microfluidic device developed during this
work. In detail, two PDMS-based microfluidic devices are introduced as valid tools
for the capture of circulating microRNA biomarkers. Thus, characterization
processes on channels morphology and chemical composition are illustrated as well
as parameters for the automatized process. Then, the best working conditions at
which is demonstrated the capture of microRNAs on microfluidic surfaces either
with synthetic and a pool of microRNAs related to NSCLC are highlighted.

Finally, Chapter 5 summarizes conclusions and reports future perspectives for
the application of these microfluidic devices as LOC in liquid biopsy for the early
diagnosis and detection of lung cancer.
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Chapter 2

Micro-free flow electrophoresis
device
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2.1 Introduction

2.1.1 State-of-the-art of micro-free flow electrophoresis devices

In the last decades, the miniaturization upcoming trend and the development of
LOC systems, as small portable devices and point-of-care diagnostic tools, has led
to the development of micro-free flow electrophoresis (LFFE) devices. These tools
characterized both by the advantages related to the dimensions scaling down and
by the highly versatile approach are commonly used for preparative scale
fractionation and separation of solid particles, organelles, cells, complex protein
mixture, etc[94][95].

Starting from the first pFFE device fabricated in silicon through a standard
micromachining process, nowadays the majority of uFFE devices are developed by
exploiting various types of polymers through soft-lithographic approach or replica
molding strategy (Figure 2.1.1). Indeed, even if the first uFFE device demonstrated
its capability to separate different amino acids in a continuous manner, silicon
possesses an inappropriate substrate for this type of application considering its low
electric breakdown potential[96]. Moreover, among an adequate selection of proper
materials and technological processes for the fabrication of YFFE devices,
researchers had to face a critical aspect related to the miniaturization of free-flow
electrophoresis: the formation of electrolysis bubbles generated by the application
of an electric field during experiments.

As a first attempt, to overcome the electrolysis bubbles issue uFFE devices
exploited solutions as membrane-likes arrays of channels patterned between the
separation chamber and the electrodes channels[97], electrodes channel depth
control[98], salt bridges[99][100][101] or electrostatic charge induction[102].
Nevertheless, these solutions were inadequate since they produced high fluidic
resistances, therefore high electrical resistances leading to low voltage efficiencies.
Thus, enhanced WFFE devices, characterized by ion permeable membranes
manufactured through new technological processes as multistep liquid-phase
lithography[103] and in situ polymerization[104][105] have been promoted.
However, these enhanced devices were characterized by persistent potential drops
as well as reduced chemical stabilities, then other approaches such as addition of
surfactants [106] or organic solvents[107] have been evaluated. Despite buffers
modifications, innovative features as integrated nanoporous membrane[108] and
channel shrinkages between electrodes and separation channels[109][110] are now
introduced in pFFE devices. To conclude, the last mentioned design innovation,
characterized by simpler features, pave the way to the employment of 3D printing
technology for manufacture WFFE devices[111], ensuring fast and cheap prototype
developments for future works.
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Figure 2.1.1 Examples of uFFE devices: (a) microfabricated electrophoretic enrichment chip with
integrated platinum black electrodes, phaseguides and bubble-expulsion structures. Image
from[104], (b) polymer-based chip. Image from[105], (c) 3D-printed chip. Image from[111], (d)
microfabricated glass with integrated platinum electrodes and soldered electrical connections. Image
from[100] and (e) cycloolefin polymer chip with integrated gold electrodes. Image from[110].

2.1.2 Micro-free flow electrophoresis theory

UFFE is a continuous and analytical separation technique used to separate
chemical species and biomolecules in a flowing stream according to size-to-charge
ratio when an electric field is applied perpendicular across a planar separation
chamber. Commonly, WFFE devices are divided in four modes (Figure
2.1.2)[112][113][114]:

free-flow zone electrophoresis (FFZE): a thin sample stream is introduced into

a planar separation channel with a buffer characterized by constant pH and

electrical conductivity, thus charged analytes deflect laterally based on their

electrophoretic mobility when the electric field is applied;

free-flow isoelectric focusing (FFIEF): sample compounds move into a buffer

composed by ampholytes exploited to create a linear pH-gradient perpendicular

to the flow direction. Thus, when the electric field is applied, analytes move
into the pH-gradient until reaching their isoelectric point to be focused;

» free-flow isotachophoresis (FFITP). sample analytes shift between a high
mobility leading electrolyte and a low mobility trailing electrolyte compared to
the analyte mobility. Therefore, when the electric filed is applied, analytes focus
in adjacent regions that create according to their electrophoretic mobility.

= free-flow field-step electrophoresis (FFFSE): a less conductive buffer is

introduced into the centre of the separation chamber and it is enclosed by more

conductive buffers leading to the formation of an electric field step gradient.

Thus, analytes passing from a high electrical field strength, located in the central

zone, to the lower field one can be concentrated.
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Figure 2.1.2 Modes of FFE: (a) FFZE, (b) FFIEF, (c) FFITP and (d) FFFSE. Image from[113].

concantralon

Among these electrophoresis modes, FFZE is the separation approach selected
for the fabrication of the UFFE device presented in this chapter. Indeed, it implied
either a simpler design and less complex buffer solutions[113].

Thus, focusing on the background theory of the FFZE separation mode, one
can determine the position where the analyte crosses the detection zone (d). Indeed,
analytes deflect laterally under a constant angle depending on the applied electric
field (E), analytes’ mobility (1, ) and the time spent by analytes inside the separation
chamber (t) [112][113]:

(1) d= p.Et

Therefore, by varying the electric field or the buffer velocity it is possible to
tune the position of an analyte sample to a precise place in the device. On the
contrary, none of these parameters influenced the bandwidth, a fundamental
parameter that must be considered to achieve a high resolution WFFE device.
Indeed, the uFFE separation performance is influenced by several sources of band
broadening (o2zz) derived from the width of the injected sample stream (07, i)
diffusional broadening (c3), electrodynamic broadening (07p), hydrodynamic
broadening (07p) and electrodynamic broadening (o2, )[98].

2 _ 2 2 . 2 2 2
(2) OFpg = Ojyj+ 0p+ 0kp + Op + OEpp

Finally, combining the equation which predicts the band position (1) with the
one that predicts the bandwidth (2), one can define the resolution of a pair of streams
as[112][113][98]:

_ _di—d;
3 Rs= 2(01-02)
where | and » represent the pair of streams.
Thus, at lower buffer velocities the resolution scales linearly with the electric
field and inversely with the square root of the buffer linear velocity, while the
opposite behavior is observed at higher buffer velocities and deflection distances.
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To conclude, the maximum achievable resolution occurs at low combination
of electric field and buffer linear velocities, suggesting that the separation power
should be maximized to spread the analyte streams across the full width of the
separation chamber.
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2.2 Materials and methods

2.2.1 Design

The bottom of the uFFE device was designed by a 3D computer aided design
(CAD) software (Rhinoceros), which offers 2D and 3D design solutions in a unique
environment, and files export in standard triangulation language (STL) format for
the 3D printing process.
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Figure 2.2.1 2D draw of the first uFFE device with nominal CAD dimensions.

CAD (mm)
Features . .
Length Width Height

Device 41.00 86.00 2.80
Separation chamber 30.00 13.00 0.10
Pillar 1.00 0.85 0.10

Inlet/outlet diameter - 3.20 -
Inlet/outlet channel - 0.50 0.50
Electrode channel 48.00 0.50 0.50
Partition bar height 30.00 0.05 0.50

Table 2.2.1 Features CAD dimensions of the bottom of the first uFFE device design.
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As depicts in Figure 2.2.1 the first design of the uFFE device was defined by
the following dimensions: 41 mm in width, 86 mm in length and with a height of
2.80 mm. Detailed device’s features dimensions are also reported in Table 2.2.1.
The chip was characterized by a separation chamber, two electrode channels, an
inlet for the buffer solution, one for the analyte solution and five outlets. In details,
the separation chamber dimensions were 30 mm in length, 13 mm in width and 100
pum in height. Inlets and outlets, with 3.2 mm holes’ diameter, were characterized
by channels with a 500 x 500 um? square sections. This square section layout was
used also to design electrode channels, placed alongside the separation chamber, to
facilitate the electrode wire insertion. Furthermore, around the device design was
added a 100 pm deep and 1.5 mm wide trench to define the bonding area and
prevent the microfluidics clogging during the sealing step of the chip as reported as
follows. Finally, the first design of the pFFE device was characterized by six holes
of 5 mm of diameter along the design borders to allow the clamping of the chip with
a polymethyl methacrylate (PMMA) (PLEXIGAS®) holder through screws, in
order to avoid solutions leakages between tubes and the device during experiments.

Buffer Electrode
Inlet Channel

Figure 2.2.2 Inset of the separation chamber of the pFFE device with its characteristic features.

Figure 2.2.2 shows an inset of the uFFE device separation chamber. It was
characterized by an array of 40 elliptic pillars with dimensions of I mm % 0.85 mm
with a height of 100 um. In details, they were settled in evenly spaced rectangular
array imposing a distance equal to 3 mm from each pillar centre, both along
longitudinal and transversal directions. The integration of these features inside the
separation chamber accomplished two functions: as structural columns in order to
avoid the collapse of the top cover after the sealing of the device and to promote a
uniform solutions chamber filling during the experiment, thus pillars were used as
flow guides [97][110].

Furthermore, the design was defined by characteristic features to prevent
electrolysis and bubbles formation in the separation chamber when the electric field
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was applied. To mediate the effect of this phenomenon on uFFE stream stability,
as mentioned above, in recent years different solutions were presented in
literature[110][ 109][105][102][104][99][101]. In this work, an open channel design
was preferred to a closed one since it involved simpler fabrication and operation
processes. Indeed, the open channel configuration operated without any physical
barriers between the separation chamber and the electrode channels, without
applying ion permeable membranes[105][104][101] or salt bridge
connections[102][99] commonly used in the closed one.

Thus, characteristic features known as partitioning bars were integrated in the
design between the separation chamber and the electrode channels. In details, these
features were defined with dimensions equal to the separation chamber concerning
the length and with a height equal to the half of it, thus equal to 50 um. By exploiting
these constrictions, bubbles were hindered to migrate from the main chamber to the
electrode channels guaranteeing the laminar flow in the separation area, thus a
stream stability, during the experiment [110][109].

Finally, the first uFFE design was replaced with an enhanced one to overcome
some critical issues observed during preliminary tests performed with 3D printed
devices (see Appendix A for first uFFE device fabrication and leakages tests). In
details, the new enhanced design had the purpose to remove leakages located
between the top of the device and the PMMA cover near inlet ad outlet ports where
solutions were pumped into the separation chamber. To do this, interconnections
characterized by '4’” 28 Unified Fine (UNF) threaded fluidic fittings were directly
integrated into the 3D design. In details, interconnections were designed on the
bottom of the microfluidics side in correspondence to inlet and outlet device ports
to ensure a stable connection with the polyurethane (PU) (SMC) and the device
itself. As a consequence, the layout disposition of inlet and outlet channels changed
in the enhanced design due to interconnection sizes, preserving the constraint to
design a functional device employing the same working area of the first draft
(Figure 2.2.3).
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Figure 2.2.3 2D design of the enhanced device with an inset of the 4’> 28 UNF threaded fluidic
fittings in the red box on the right.

2.2.2 Device fabrication

The employment of an additive manufacturing process provided an excellent
strategy for devices fast prototyping, reducing time and cost since it involved no
cleanroom facilities as conventional micromachining technique, soft-lithographic
or molding replica strategies. Furthermore, 3D printing allows an easy introduction
of further design updates with limited re-work time since the CAD model salved in
a STL format file was directly pre-processed by the 3D printer.

The WFFE device fabrication process can be outlined by the following steps:
3D microfluidics printing, electrode insertion and device sealing (Figure 2.2.4).

Pillar
Separation chamber - ]
el ® ® ® [
- A ”
Partitiong bars Electrode channel

_ _ _— _ _ _— —_ = =
= = = = = = = = =
_ _ — Q _ = : \‘\\:: _ S
3D Printed Microfluidics m PMMA Cover P Stainless Steel Electrode

Figure 2.2.4 Fabrication process flow: 3D printed microfluidics, electrode insertion and device
bonding.

During the first step, the microfluidics of the pFFE device, thus the bottom part
of the chip, was fabricated by employing the 3D printing technique. To do this, the
final 3D CAD model was converted in a STL file format and was pre-processed by
the InkJet 3D printing system that converted the file into the machine’s low-level
language. In details, the bottom of the device was fabricated by employing the 3D
printer Objet30, provided by Stratasys, based on the poly-jet® technology. It works
like an inkjet printer that instead of using a common ink, employs a patented
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photocurable ink. Thus, hundreds of nozzles in the printing heads, moving across
the build tray, jet structural and support materials at the same time to create a thin
single layer that was immediately cured by an ultraviolet (UV) light source,
allowing to manufacture a fully polymerized object through a layer-by-layer
deposition (Figure 2.2.5).

The Objet30 printer allows the building of 3D printed objects with two different
types of surface finish: glossy or matte. The matte surface option introduces a
complete cover and UV curing of the structural material with the support material,
while the glossy one exploits only the necessary support material, ensuring cheaper
and faster manufacturing and a smoother surface finishing of the microfluidic
internal surfaces. In details, the microfluidics of the uFFE device and the threaded
fluidic fittings were manufactured by using Verowhiteplus RGDS835 resin as
structural material and SUP705 resin as sacrificial one. To conclude, further devices
were manufactured employing the glossy surface finished as reported in the
following.

Head X-axis
‘-"'-\.
~ "~.,../— Y-axis
- - UV light
Model
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Y
Base — / \— Z-axis

Figure 2.2.5 PoliJet® process (with the permission from[115]).

When the device was 3D printed, it was surrounded by structures made by the
support material that was removed by using a water-jet station. Next, it was washed
by isopropanol (Sigma-Aldrich) and flushed by a nitrogen flux as last cleaning step.
After that, two stainless steel wire electrodes of diameter equal to 140 pm (The
Crazy Wire Company) were manually inserted in the corresponding lateral
channels. Finally, a 750 pum thick PMMA cover was used to seal the microfluidic
chip. A slice with the same dimensions of the device was obtained using a paper
cutter and it was cleaned by isopropanol and flushed by a nitrogen flux before
bonding. A uniform and irreversible bonding between the 3D printed part and the
PMMA slice was achieved by using as glue Poly(ethylene glycol) diacrylate
(PEGDA) 575 resin (Sigma-Aldrich) mixed with 1% IRGACURE 819 (Sigma-
Aldrich). In details, a thin layer of glue was spread near the microfluidics borders
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and the glue overflow was collected in the trench located around the device border
to prevent the clogging of the microfluidic area. Next, the PMMA slice was laid
down on the microfluidics and the sealing was completed by clamping the whole
structure inside as aluminium frame and baking for 20 min on a hot plate at 120 °C
to obtain the full curing of the resin (Figure 2.2.6).

Electrode wire

Figure 2.2.6 Micro free-flow electrophoresis (LFFE) device fabrication: (a) 3D printed
microfluidics, (b) electrode insertion and (c) device sealing.

2.2.3 Experimental Setup

A customized experimental setup, composed by different elements, is depicted
in Figure 2.2.7. A syringe pump system (Harvard Apparatus Pump33) was used to
inject buffer and analyte solutions inside the microfluidic chip in a preliminary
phase to evaluate system’s leakages and then to perform field flow electrophoresis
tests. In details, the pumping system drove the solutions flow rates, preloaded in
plastic syringes (Terumo syringe, 2.5 mL), into PU tubes (OD =2.0 mm, ID = 1.2
mm) connected to inlets via standard OmniLok fittings (Omnifit Labware) to the
chip. To apply the electrical field in the separation chamber during the experiments
a DC power supply (C4D HV 230 Sequencer) was employed. Thus, the voltage was
applied to stainless steel wire electrodes setting the left electrode of the device to
ground while a range of positive potentials was applied to the right electrode.

Before each experiment and between each run, the device was washed with a
70% ethanol solution (v/v) at a flow rate of 40 uL/min for 10 min and then rinsed
twice with the buffer solution composed by 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid (HEPES) 20 mM at 7.5 pH (Sigma-Aldrich) with the same flow
rate and time settings.

Tests performed with micro and nanoparticles employed analytes dispersed in
20 mM HEPES containing: 4 um fluorescent sulfated polystyrene micro particles
(from now on called MPs) and 500 nm fluorescent carboxylated polystyrene
nanoparticles (from now on called NPs) (FluoSpheres and Magsphere Inc.
respectively). Analysing M/NPs datasheets the evaluation of maximum number of
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MPs dispersed in HEPES was 5.68-107 particles/mL, while for NPs it was equal to
3.64-10°% particles/mL.

Concerning PWFFE experiments dedicated to biovesicles, exosomes (EXs)
collected from fetal bovine serum (FBS, Sigma-Aldrich) through an overnight
centrifugation process at 10° g at 4 °C were employed.

To conclude, during uFFE tests, a volume equal to 60 pL of analyte solution
was dispersed into 555 pL of buffer solution volume.

—_—  Ceo  —

(b)

Figure 2.2.7 Experimental setup: (a) uFFE device sketch in which the yellow line is the solution
containing the analyte, the blue one the buffer solution, red is the +V, black the ground electrode;
and the green lines are the sample outlets; (b) the syringe pump system and (c) the power supply.

2.2.4 Device characterization methods

Features dimensions such as heights, lengths and widths of the 3D printed
device were analysed to assess the accuracy of the chip evaluating the minimum
feature sizes and the dimensions with respect to the CAD design. In details, the
walls smoothness of 3D printed uFFE devices correlated to the CAD design was
characterized and a comparison between the XY and Z resolutions was performed.
In addition, the same characterizations were employed to compare the two surface
finish types, to determine which was the best surface morphology to be selected for
the chip manufacture.

A surface profilometer (Tencor P-10) was employed to characterize heights and
surfaces roughness, while devices topography was evaluated through an optical
microscope (Leica DVM2500). Finally, values and error limits were defined by
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mediating four different printed devices of each type of surface finish, where on
each device fifteen independent measurements had been taken for each feature.

2.2.5 Particles characterization methods

Hydrodynamic sizes and zeta potentials of M/NPs dispersed in 20 mM HEPES
at 7.5 pH were characterized using the dynamic light scattering (DLS) technique
with a Zetasizer Nano ZS90 (Malvern Instruments). Estimation of M/NPs sizes
were based on how they scatter a light source, then a multiple narrows mode was
applied as an analysis model. Instead, regarding the surface charge assessment the
Cholesky model was applied.

M/NPs concentration at each outlet was quantified by ultraviolet—visible
spectrophotometry (UV—Vis) (Multiskan GO Microplate Photometer Thermofisher
Scientific). This technique is based on the Beer—Lambert law, which directly
correlates the absorbance of the solution and the concentration of the M/NPs. To
provide a correct quantification of particles concentration, thus calibration linear
curves were obtained for each fluorescent wavelength. In detail, as reported from
the MPs datasheet, they were analysed with a wavelength equal to 505 nm.
Meanwhile, since for the NPs the manufacturer did not report that wavelength
value, before performing the calibration curve it was necessary to characterize them
by an absorbance spectrum using the UV—Vis instrument. Furthermore, M/NPs
samples collected at the outlets where diluted in bi-distilled Water (MilliQ) to reach
a minimum volume equal to 100 pL to perform the UV-Vis analysis and poured in
different wells of the 48-microplate. Before performing the UV-Vis
characterization they were shacked for 95 seconds to prevent particles
sedimentation issues. At last, the quantification of particles concentration was
defined avoiding the background signal from each read values.

EXs and EX/NPs samples employed for the UFFE experiments were
characterized by nanoparticle tracking analysis (NTA, Malvern Panalytical
instrument). By using this, particle size distributions and concentrations were
determined exploiting the nanoparticles’ Brownian motion in a liquid suspension
lightened by a laser light source.

Finally, the percentage either of particles and exosomes collected from the
WFFE device was determined as the ratio of percentage of elements concentrations
at each outlet to the total elements concentrations collected at all five outlets [116].
For each set of tested analytes, experiments were repeated three times, thus error
bars were reported according to the acquired data over the repetitions.
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2.3 Results and discussion

2.3.1 Pillars characterization

Pillars dimensions were characterized by optical microscope images and
surface profilometer measurements concerning XY and Z resolutions to evaluate
the accuracy of the printer with respect to CAD values. These analyses were
performed for devices printed either in the glossy surface finish mode and in the
matte one. In details, observing Figure 2.3.1, pillars printed in the glossy device
are more visible instead of the matte ones, since the surface was less rough than the
other, allowing a more reflective topography to the impinging light source of the
optical microscopy. Due to this, pillars manufactured through the glossy printing
mode displayed a more defined shape in comparison with the matte ones.

111118(b)

Figure 2.3.1 Optical microscope images: (a) pillars in the glossy surface device and (b) pillars in
the matte surface device.

In detail, as depicted in Figure 2.3.1, in the glossy type device, pillar average
dimensions were 1032 um and 933 pm in length and width, thus larger values with
respect to CAD ones of about 30 and 80 um in length and width, respectively. On
the contrary, pillar features in the matte device revealed narrower average values
by hundreds of microns related to nominal ones. In fact, their average sizes were
725 um in length and 603 pm in width.

Finally, only concerning pillar heights, both types of surface finish reproduced
accurately the CAD values showing a discrepancy of 1 um for the glossy type and
3 wm for the matte one.
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CAD Glossy Surface Matte Surface
Features

(um) (um) (um)
Pillar length 1000 1032 + 13 725 + 56
Pillar width 850 933 4+ 23 603 + 33
Pillar height 100 99 4+ 2 103 + 33

Table 2.3.1 CAD pillar dimensions versus real values.

2.3.2 Partitioning bars and electrode channels characterization

Separation
chamber

(©)

Figure 2.3.2 Optical microscope images: (a) partition bar and electrode channel in the glossy surface
device, (b) partition bar and electrode channel in the matte surface device and (c) cross section of
the glossy WFFE device, where the partition bar and electrode channel were highlighted.

From optical microscopy images (Figure 2.3.2), likes the previous case
regarding pillar analyses, it was arduous to identify partitioning bar and electrode
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channel features in the matte device due to the greater surface’s roughness with
respect to the glossy one. In fact, even if partition bars printed in the matte mode
best fitted the CAD values, they resulted to be less visible from optical microscope
characterization.

In details, as reported in Table 2.2.1, while the width average value of
partitioning bars in the matte device differed by 24 um with respect to CAD one, in
the glossy printing mode they were reproduced with an error of 42 um. A
comparison between the two printing modes regarding partitioning bars heights
indicated how the matte surface finish was the most accurate referring to the
nominal value. Indeed, it was equal to 52 um compared to the CAD value of 50 pum,
while for the glossy features it was 55 um. Finally, even if average values of the
matte mode best represented CAD values, the emphasized surface’s roughness in
the matte features lead to a higher average mean error compared to the glossy one.

Both surface finish modes displayed similar average mean error only regarding
electrode channel width dimensions. Indeed, these 3D printed features exhibited
larger dimensions corresponding the nominal ones. The average value in the glossy
surface finish was 612 pm, while for the matte one it was 577 um.

CAD Glossy Surface Matte Surface
Features
(um) (um) (um)
Partitioning bar width 500 458 £ 15 524 + 30
Partitioning bar height 50 5512 52+£8
Electrode channel width 500 612 + 31 577 + 33

Table 2.3.2 CAD partitioning bars and electrode channel dimensions versus real values.

2.3.3 Inlet/Outlet ports characterization

Inlet and outlet features presented an emphasized reproducibility referring to
the CAD dimensions depending on the surface finish type used. In fact, while these
features in the glossy device were printed with a 4% accuracy compared to the CAD
dimensions, with the matte option this value was 21%, thus five times greater. The
average values of both surface finish types were shorter than the nominal ones, in
details, it corresponded to 3090 um for the glossy type and 2519 pum for the matte
one (Table 2.3.3). Finally, as reported before, the glossy features presented a more
defined shape as illustrated in the optical image characterizations (Figure 2.3.3).

CAD Glossy Surface Matte Surface
Features
(um) (um) (nm)
Inlet/outlet diameter 3200 3090 £+ 195 2519 + 81

Table 2.3.3 CAD inlet/outlet ports dimensions versus real values.
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Figure 2.3.3 Optical microscope images: (a) inlet port in the glossy surface device and (b) inlet port
in the matte surface device.

2.3.4 Surface roughness characterization

As depicted from previous features characterizations, concerning optical
microscope images (Figure 2.3.1, Figure 2.3.2, Figure 2.3.3), a relevant roughness
was observed in the matte device. In fact, due to the huge roughness, not only was
difficult to distinguish features such as pillars and partitioning bars into the device,
but also it induced a higher variability regarding the reproducibility of those
features in the matte surface finish. Then, to achieve an estimation of surfaces
roughness concerning both surface finish types, profilometer analyses were
performed. In details, as reported in Table 2.3.4, the roughness of the matte devices
was ten times greater with respect to the glossy ones. Thus, since the huge
roughness of the matte device can determine some surface dependent phenomena,
such as perturbing the flow profiles or causing localized pressure differences, the
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glossy surface finish mode was definitively employed for separation tests also
because it reproduced more faithfully the CAD design dimensions.

Finally, the 3D printed glossy devices reported in this work presented a better
accuracy and final resolution with respect to the previous published device
manufactured through the FDM printer [111].

Features Glossy Surface (um) Matte Surface (um)

Roughness (Ra) 0.06 £+ 0.02 0.50 £ 0.20
Table 2.3.4 Roughness values of glossy and matte 3D printed devices.

2.3.5 Particles analysis

M/NPs and EXs hydrodynamic sizes and surface charges average values were
analyzed before performing pFFE tests.

According to datasheet values, MPs hydrodynamic size value was 3.9 um while
NPs average size value was 500 nm (Figure 2.3.4).
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Figure 2.3.4 Dynamic light scattering (DLS) measurements of MPs (a) and NPs (b).

Concerning EXs analyses, both DLS and NTA characterization methods
showed EXs to have a uniform and narrow size distribution, with 130 nm as most
frequent value. In addition, NTA measurements allowed to quantify an EXs
average concentration equal to 1.76-10'? particles/mL (ranging from 1.64-10'° up
to 1.88-10'° particles/mL), while DLS analysis provided an average zeta potential
value of -9.6 mV.

Finally, in order to simulate EXs behaviour when the electric field was applied
into the separation chamber, MPs and NPs employed in preliminary pFFE
experiments were chosen with negative surface potential values similar to EXs
ones. Due to this, MPs and NPs were selected having zeta potential of -12.2 mV
and -18.9 mV, respectively (Table 2.3.5).
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Dynamic light scattering (DLS) analysis and (b)

Sample Zeta Potential (mV)
MPs -122+19
NPs -189+ 1.4
EXs -92+1.0

Table 2.3.5 DLS zeta potential measurements.

An additional characterization on NPs dispersed in HEPES was performed to define
the wavelength value to set during the UV-Vis analysis. Thus, an absorbance

spectrum was executed between 280

nm and 430 nm through the UV-Vis

instrument. As illustrated in Figure 2.3.6, NPs showed a maximum at 297 nm.
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Figure 2.3.6 Optical density of 500 nm carboxylated NPs.

Finally, as reported before, to pro

vide a correct quantification of particles

concentrations at each outlets, linear calibration curves were determined for each
class of M/NPs dispersions. In details, knowing the initial concentration of M/NPs
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batches, a series of defined dilutions were prepared. From these absorbance values,
after having subtracted the background signal, it was possible to achieve a
correlation between the absorbance of the dispersion and the M/NPs concentration
by applying a liner fitting for the evaluation of the regression equation.

Figure 2.3.7 reports linear calibration curves of MPs and NPs dispersions, with
relative correlation coefficients R%. These values provide a statistical measure of
how well the regression equations approximate the real data points and when R?
value was equal to 1 a perfect regression prediction fitting with data was achieved.
In details, for the MPs dispersion R? was 0.9998 while for NPs one it was 0.9956.
Thus, since R? value either for MPs and NPs was near to 1, it expressed that
regression equations fit properly with the data.
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Figure 2.3.7 Calibration curves: (a) MPs regression equation y = 1.78 X 1078x, (b) NPs
regression equation y = 6.98 x 10710«

2.3.6 Flow confinement test

Focusing on the uFFE device design, buffer inlet channels were sketched to
surround the analyte channel in order to forward the analyte solution in the centre
of the separation chamber during experiments and to control the injected stream
width. Then, tests were carried out to evaluate the optimal flow rate value to obtain
the buffer flow confinement. In details, tests were performed by using HEPES 20
mM as buffer solution and an orange food dye diluted in HEPES 20 mM as analyte.

At the beginning, analyte and buffer flow rates were imposed equal, then the
buffer flow rate was doubled with respect to the analyte one. Therefore, the buffer
confinement was verified both at 1:1 and at a 2:1 buffer:analyte flow rate ratio.
Observing Figure 2.3.8 it is possible to notice how an increase of the buffer solution
flow rate value induced a narrower flow confinement effect, leading to a high uFFE
separation performance. Finally, to perform UFFE tests within 10 min, the best
performance for the buffer confinement was verified at 20 uL/min for the buffer
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solution and 10 pL/min for the analyte one, then these values were used as flow
rates for further experiments.

Figure 2.3.8 Optical photograph of the buffer flow confinement into the separation chamber: (a)
buffer flow rate 20 puL/min and analyte flow rate 10 plL/min, (b) buffer flow rate 10 pL/min and
analyte flow rate 10 uL/min, (c) buffer flow rate 10 pL/min and analyte flow rate 5 pL/min and (d)
buffer flow rate 5 pL/min and analyte flow rate 5 uL/min.

2.3.7 Micro and Nanoparticles test

Firstly, MPs were dispersed in HEPES 20 mM and concentrated at 5.68 x 107
particles/mL. They were inserted in the pFFE device from the analyte inlet where
they were successfully deviated in the separation chamber by the application of the
electric field. Then, samples collected at different outlets were characterized by
UV-Vis analysis, as described previously.

Preliminary tests investigated a range of applied voltages (AV) to set to the
electrodes to define the optimized AV value to perform a significant MPs deflection
into the uFFE device. Due to this, Figure 2.3.9 illustrates the percentage of MPs
observed at each outlet at a defined AV. Thus, at AV =0, when there was no electric
field into the separation chamber, all MPs were collected in the central outlet
(outlet#3) due to the buffer flow confinement effect, as expected. Whereas,
increasing AV value at electrodes involved an enhancement of MPs collection at
the external outlet (outlet#1) near the V+ electrode. This attraction derived from the
fact that MPs were characterized by negative surface charges resulting in an average
value of -12.2 mV. Thus, for voltages equal or higher than 40 V MPs were mostly
found in the external outlet (outlet#1), instead a MPs spreading from the central
outlet (outlet#3) to the external one (outlet#1) was detected at AV =30 V. In fact,
in correspondence of this voltage value, MPs were found in three outlets (outlet#3,
outlet#2, outlet#1) at concentrations equal to 47%, 16% and 37% respectively.
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Figure 2.3.9 MPs collections at the outlets of the glossy uFFE device by setting a buffer flow rate
of 20 pL/min and an analyte flow rate of 10 pL/min for 10 min: (a) MP outlets collections for AV =
0, 30, 40, 55 V where the corresponding outlets are reported in the red box on the right and (b)
optical photograph of outlets collected when 55 V were applied to the electrodes.

After that, the pPFFE device performance was evaluated with a mixed
population of M/NPs, composed by a 1:1 MPs:NPs ratio, characterized by different
sizes and negative surface charge values as reported before. Results accomplished
with the mixed population reported a similar trend with respect to experiments
conducted with MPs as illustrated in Figure 2.3.10. The final distribution of the
M/NPs are reported as a function of the different applied voltage/outlet. In details,
M/NPs distributions were analysed for the following AV values: 30 V, 35 V and 40
V. At a lower voltage value of 30 V, M/NPs were mostly collected both in the
external outlet (outlet#1) and in the central one (outlet#3). Then, a partial shift of
particles collection was observed at 35 V, where particles were mostly found in the
outlets near the +V electrode (outlet#1 and outlet#2). Indeed, the 49% of MPs and
74% of NPs were detected at outlet#1. Finally, when 40 V were applied to the
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electrodes, the majority of particles, 79% for MPs and 100% concerning the NPs
were collected in the external outlet (outlet#1).
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Figure 2.3.10 M/NPs collections at the outlets of the glossy uFFE device by setting a buffer flow
rate of 20 puL/min and an analyte flow rate of 10 pL/min for 10 min: M/NPs outlets collections for
AV =30, 35, 40 V. The corresponding outlets are reported in the red box on the right.

To end, a further proof of the pPFFE device performance was given by
calculating the collected number of M/NPs at outlet#1, outlet#2 and outlet#3 when
different voltages were applied to the electrodes ( Figure 2.3.11 and Figure 2.3.12).
Focusing at outlet#1 and considering the exact residual volume of solutions
collected at different applied voltages, on the basis of the linear calibration curve,
it was possible to determine the collected number of particles ( Figure 2.3.11). In
detail, the number of M/NPs increased proportionally with the applied voltage at
the electrodes up to 40 V. At a higher voltage, AV = 55 V, a drift toward the
electrode channel occurred. This was determined by comparing the number of
M/NPs collected at outlet#1 when 55 V were applied at the electrodes to the number
of M/NPs of the initial 100% concentrated solution normalized by each specific
particle calibration curve. Results reported this ratio to be equal to 8§7% for MPs
and 84% for NPs. This is because a little amount of particles passed over the
partition bars toward the +V electrode channel.
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Figure 2.3.11 Number of M/NPs collected at outlet#1 when AV =0, 30, 35, 40, 55 V were applied
at the electrodes.

These results demonstrated the ability to modulate the percentage of particles
observed as a function of the applied electric field. In addition, considering the
amount of M/NPs diluted in the buffer solution during the device loading, it was
possible to consider and evaluate the reconcentration of M/NPs by calculating the
number of particles at the outlets with respect to the collected volume. A maximum
8.3x reconcentration factor of the M/NPs was obtained at 40 V. These are
encouraging results that demonstrate the versatility of the device to tune the
concentration of a M/NP population at a specific outlet in a reduced microliter range
volume.
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Figure 2.3.12 Number of M/NPs collected when AV = 0, 30, 35, 40, 55 V were applied at the
electrodes: (a) outlet#2 and (b) outlet#3.
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2.3.8 Biological test

The puFFE biological tests were performed firstly with EXs as analyte solution
and then with a mixed population of EXs and NPs. Figure 2.3.13 shows the
percentage of EXs observed at the different applied voltage/outlets. At lower
voltage value of 30 V EXs were mostly collected at the outlet#2 with a percentage
equal to 89%. A similar trend was obtained applying 35 V at the electrodes were
the 80% of EXs were found in the outlet#2. Moreover, at this applied voltage, a
partial deflection of EXs to the external outlet (outlet#1) was detected. In fact, the
number of EXs collected in that outlet (outlet#1), increased from 2% to 10% when
30 V and 35 V were applied to the electrodes, respectively.

Afterwards, a notable shift of EXs collection was observed at AV =40V, where
the 33% and 46% of EXs were found in the outlet near the +V electrode (outlet#1)
and in the central outlet (outlet#3), respectively. A possible reason of why EXs at
40 V were located in the central outlet (outlet#3) could be given by the fact that this
voltage can damage EXs thus inducing a variation in their properties, such as their
morphological aspect or their surface characteristics. In fact, structural changes or
degradations of EXs have been already observed in other isolation methods such as
ultracentrifugation or depending on their storage and working temperature
conditions [117][118].
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Figure 2.3.13 Exosome (EXs) collections at the outlets of the glossy uFFE device by setting a buffer
flow rate of 20 uL/min and an analyte flow rate of 10 pL/min for 10 min when AV = 30, 35 and 40
V were applied at the electrodes. The corresponding outlets are reported in the red box on the right.
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During EXs experiments performed at 40 V, while NTA size analyses on EXs
collected at the outlet#2 and outlet#1 presented same dimensions of those inserted
at the analyte inlet, EXs found at outlet#3 showed samples characterized by
different dimensions. In details, in the central outlet (outlet#3) were found bigger
EXs possessing a double size average value with respect to those found at the outlets
(Figure 3.3.14).
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Figure 2.3.14 Exosomes NTA analyses: (a) EXs inserted into the pFFE device, (b) EXs collected
at outlet #1, (c) EXs collected at outlet #2 and (d) EXs collected at outlet #3.
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Finally, a preliminary test was performed with a mixed population composed
by EXs and NPs in 1:1 EXs:NPs ratio. Figure 3.3.15 reports the EXs and NPs
percentages observed when 30 V were applied at the electrode. In detail, the
majority of EXs, equal to 53%, were collected at outlet#2 while the majority of NPs
observed, corresponding to 45%, were found at the outlet near the +V electrode
(outlet#1), thus demonstrating the pFFE performance both with synthetic and
biological samples.
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Figure 2.3.15 EXs and NPs collections at the outlets of the glossy uFFE device by setting a buffer
flow rate of 20 pL/min and an analyte flow rate of 10 pL/min for 10 min when AV =30 V were
applied at the electrodes. The corresponding outlets are reported in the red box on the right.
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2.4 Conclusion

In this work we evaluated the manufacturing process and the particle deviation
performance of a WFFE 3D printed LOC. 3D printing technology allows the
exploitation of low-cost materials and an easy introduction of further design updates
with limited re-work time. Due to this, modifying a preliminary design, an enhanced
3D printed microfluidic device, characterized by threaded fluidic fittings integrated
on the microfluidics backside in correspondence to inlet and outlet accesses, was
developed.

Devices were manufactured employing two different types of surface finish:
the glossy and the matte one. Thus, to evaluate which was the best choice, features
dimensions such as lengths, widths and heights were deeply investigated through
optical and profilometer analyses and compared to the CAD dimensions. Finally,
glossy surface finish was selected to manufacture UFFE devices for separation tests,
since their features were reproduced with a 5% accuracy related to the CAD
dimensions and surface roughness was negligible with respect to features
dimensions.

A novel approach was proposed for the uFFE performance assessment using
M/NPs dispersed in HEPES characterized by different dimensions, surface charges
and fluorescent dyes. Following this, it was possible to quantify the M/NPs
collection at each outlet by exploiting UV—Vis technique, when different voltages
at the electrodes were applied. Thus, demonstrating the possibility to tune the
concentration of a population of either single and different species of MPs and NPs
in a specific outlet at a defined voltage by accumulating them in a microliter volume
range. These propaedeutic experiments allowed for successful preliminary
biovescicles tests using FBS EXs. Finally, a preliminary test was performed with a
mixed population composed by EXs and NPs demonstrating the uFFE performance
both with synthetic and biological samples.

Further work will be focused on redesign the uFFE layout since it presented a
limited number of outlets. In addition, to optimize particles or biological samples
separation and concentration, the investigation of fine AV tuning and testing
device’s performance with different solutions and pH buffers will be executed.
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Chapter 3

Bulk acoustic wave device
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3.1 Introduction

3.1.1 State-of-the-art of bulk acoustic wave devices

In recent years, acoustophoresis has been applied in many challenges in
biomedical research, as clinical and diagnostic fields[119][120]. Indeed, the
utilization of ultrasounds in microfluidic systems generate forces that can separate
or trap particles and cells, gain the control of their trajectories or encapsulate them
in droplets[80][121][122]. By this approach, particles subjected to an ultrasonic
field, generated via bulk acoustic waves (BAW) or surface acoustic waves (SAW),
scattered or are impinged by field waves, allowing the creation of an acoustic
radiation force able to move particles towards the surrounding medium (Figure
3.1.1)[123][124].
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Figure 3.1.1 Acoustophoresis: (a) Bulk acoustic wave devices, (b) Surface acoustic wave devices
and (c) illustration of acoustophoresis working principles. Image from[123].

BAW devices are promising tools to separate blood components throughout a
continuous and a biocompatible approach, mainly due to their simply design and
high throughput characteristics. Preliminary studies on BAW devices performed
with micro particles of different sizes demonstrated their separation performances
either in water-based[116][125][126] and whole blood solutions[127][128]. Then,
following these promising results, further BAW devices displayed high separation
efficiencies by analysing lipids[129], erythrocytes[130], platelets[131] and
mononuclear cells (i.e. lymphocytes and monocytes)[132] from whole blood.
Separation of red blood cells from plasma allowed the application of BAW devices
in clinical practice as blood washing or plasmapheresis[133].

Regarding diagnostic tools, BAW devices proved their application by
discriminating dead cells from live ones[134]. Then, high performances resulted
either for separating and concentrating different tumor cells from blood[135] or

47



white blood cells[136], as well as mammalian cells from mixtures of healthy and
apoptotic cells[137] handling the same chip.

Finally, BAW devices validated their roles also throughout the identification of
pathogens and sepsis diagnosis. For instance, Escherichia coli separation and
enrichment from blood samples has been already demonstrated by different BAW
devices[121][138]. Moreover, these latest devices, exploited acoustic forces to trap
analytes, allowing to perform PCR-based[139][140] or bacteriophage-based
luminescence[141] assays in the same microfluidic platform.

3.1.2 Bulk acoustic wave theory

Commonly, the acoustic radiation force is divided into two components:
primary and secondary radiation forces. Meanwhile primary forces derive from the
interaction between the incident wave and particles in the suspended medium,
second ones in contrast to the primary force, refer to scattered wave interactions
with other particles[142][119] [143].

Since in this chapter a BAW device able to separate cells, micro and
nanoparticles, is presented, a brief introduction on how it works is reported in the
following.

At first, BAW devices must possess a basic configuration composed by a
microfluidic channel with two parallel and opposing walls to perform
acoustophoresis. Indeed, these elements not only are fluidic boundaries for the flow,
but also behave as reflectors (acoustic boundary) for waves propagating in the fluid.
Thus, when bulk waves reflected at the fluid/structure interface, a superposition of
an incident and a reflected propagating wave in the microfluidic channel results in
an ultrasonic standing wave field[144][145][146]. Therefore, when this wave field
is established in the microfluidic channel, suspended particles moves to its pressure
nodes or anti-nodes due to the primary acoustic radiation force and mechanical
characteristics (i.e. size, density, compressibility) of particles and surrounding fluid.
This force acting on compressible spherical objects in a standing wave field,
referring from literature[ 147][148][149][150][151], can be defined as:

) Fr=- (%) ¢(B.p)sin ()

_5Pp=Pm _ Bp
) ¢B.p) =3t

where p,, is the acoustic pressure derived from the standing waves, V,, 8, and
pp are the volume, the compressibility and the density of particles, meanwhile S,
and p,, are the compressibility and density associated to the surrounded fluid and
finally, ¢, A and x are the acoustic contrast factor, wavelength of the acoustic wave
and distance from a pressure node, respectively. Thus, acoustic primary force acts
on particles possessing a diameter lower than the acoustic wavelength and moving

them toward the node or the anti-node of the standing wave field depending if the
acoustic contrast factor value is positive or negative, respectively.
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In microfluidic systems, dominated by low Reynolds number, one has also to
take into account another type of force acting on a particles suspended in an aqueous
solution. This force, given by the viscous attenuation of the suspended medium,
corresponds to the Stokes drag force and it is defined as[152]:

(6) FD = _6nnma0vp

where 1,,, corresponds to the fluid viscosity while a, and v, refer to size and
speed of particle, respectively.

Thus, since the primary radiation force is proportional to the volume of
particles meanwhile the drag force is proportional to its radius, as particles size
decreases Stokes force prevails over the acoustic one becoming the predominant
phenomenon acting on particles in the systems. Therefore, equalizing the primary
acoustic radiation force and the Stokes one, it is possible to determine the critical
particle size diameter (2a,) below which particles cannot be collected at the
pressure node of the standing wave field[152][153][154][155]:

where f refers to the frequency associated to the acoustic wavelength.

Moreover, solving the differential equation derived from balancing the
previous forces and by separating y and t components, one can also derive the
analytical expression for the transverse particle path[156][157][158]:

Q) y@) = % arctan {tan[ky(O)] exp [g (kr)*E act]}

. .. : 27 .
where y(0) is the transverse position at time t = 0, k = 7” is the wave number

along the y-component and E,. corresponds to the acoustic energy density of the
system. Finally inverting the above expression one can determine the acoustic
energy density needed to move particles from any initial position y(0) to the
pressure node of the system y(t):

. tan[ky(t)]
9 E;,= 4¢(kr)2t In [tan[ky(o)]]

Then, knowing the acoustic energy one can also determine the pressure
amplitude into the microfluidic channel by inserting this value in equation (4):

10) pg =2y EachC?n

where ¢, refers to the surrounded medium sound velocity where particles are
suspended.
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3.2 Materials and methods

3.2.1 Design

The design of the BAW device presented in this chapter corresponds to a
transversal resonator. In this configuration the piezoelectric element, which
transforms a sinusoidal voltage to a mechanical vibration at a defined
frequency[ 159], was arranged underneath the microfluidic channel of the device.

Therefore, in a transversal resonator the microfluidic device is excited by a
characteristic frequency that leads to the formation of an ultrasonic standing wave
across the microchannel width perpendicular to the direction of actuation. This
frequency matches the half wavelength criterion with respect to the channel width.
In detail, in the developed BAW device first resonance modes, characterized by a
pressure node along the centre of the microfluidic channel and pressure anti-nodes
along its side walls, were exploited (Figure 3.2.1). In this way, particles and cells
characterized by a positive acoustic contrast factor[160], the ones illustrated in this
chapter to evaluate the BAW chip performance, were collected at centre of the
microfluidic channel.

silicon

Figure 3.2.1 Sketch of resonance modes in BAW resonator configuration. Image from[144].

Then, according to literature[116][145][161][129], the width of the
microfluidic channel w., was designed as:

Ame
(1) wyy = et

where A,,.4 corresponded to the wavelength of the acoustic wave in a
characteristic suspending medium. It derived from the ratio between the sound
speed of the suspending medium c,,.4 and the resonant frequency f of the device.
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Figure 3.2.2 CAD of the BAW device: (a) 2D draw with nominal CAD dimensions and (b) 3D
channel cross section design.

Thus, evaluating water as suspended medium[153] and a piezoelectric element
frequency working in the 4 MHz-range it was possible to define device dimensions.
In detail, BAW chip was defined by the following dimensions: 14.50 mm in width,
76.54 mm in length and with a height of 1.05 mm. It consists of two symmetric
inlets and outlets, with 500 pm of hole diameter, and a straight channel 40 mm long
with a rectangular cross section 190 um wide and 95 pm deep (Figure 3.2.2). In
correspondence to the straight channel, device walls width presented narrower
dimensions to allow for the formation of the standing wave field across the
microfluidic channel[156]. This value, equal to an even number of the acoustic
wavelength, was imposed to be 530 um.

Finally, exploiting the equation (7) it was possible to define the analytical value
relative to the minimum particles diameter that could be collected at the node of the
microfluidic channel. This value was 1.6 pum.

3.2.2 Device fabrication

As mentioned before, since this type of BAW resonator relied on reflections
between channel walls, to manufacture them high characteristic acoustic impedance
materials must be considered[161]. Due to this, the bottom substrate of the BAW
device was manufactured in silicon by using a standard silicon microfabrication
technique, since a precise channel structure with vertical walls was required.
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A 4-inch n-type silicon wafer with (100) orientation and 0.35 mm thick finished
with 1 pm of thermal SiO; was used. Firstly, the adhesion promoter photoresist (Ti
Prime, Microchemicals GmbH) was coated on the silicon wafer by using a spin
coater (Spinner 150 Wafer Spinner) by setting 5 seconds at 500 rpm and 30 seconds
at 4000 rpm to guarantee a perfect adhesion between the silicon surface and the
photoresist used as mask. Then, a soft bake step occurred on a hot plate at 120°C
for 2 minutes. Next, the wafer was spin coated by a positive photoresist AZ1518
(Microchemicals GmbH) by setting 5 seconds at 500 rpm and 30 seconds at 4000
rpm to define a mask characterized by an average thickness of 1.41 um. The
photoresist was exposed for 10 seconds to standard UV photolithography by means
of double side mask aligner (Neutronix Quintel NXQ 4006) used in contact mode,
ensuring the correct alignment between the photoresist and the desired mask
patterns. Next, the photoresist was developed using a solution of 1:4 AZ400K
developer (Microchemicals GmbH) in deionized water for 40 seconds, then rinsed
twice with deionized water and dried with a nitrogen flux. After that, a Buffer Oxide
Etching (BOE) was performed for 15 minutes to remove the thermal oxide in the
unwanted area and the microchannel etching was completed by Deep Reactive Ion
Etching (DRIE) (Oxford Plasmalab 100 System). A Bosch® process was performed
to obtain an about 90 um deep microchannel and hollows along it with highly
vertical sidewalls, using the following parameters: 1500 W of ICP power, 10 W of
RF power, 50 sccm of C4F3g for the passivation step extent of 4 s, and 150 sccm of
SF¢ for the etch step extent of 7 s, imposing 14 sccm of He backside cooling to
maintain 18°C on the wafer in both steps. After that, the etched silicon wafer was
submerged into a solution of sulphuric acid and hydrogen peroxide in a 3:1 ratio
(v/v) for 5 minutes to remove the residual AZ1518 mask layer, rinsed 3 times in
water and dried with a nitrogen flux. A further BOE process was performed to
remove the residual thermal oxide after the DRIE step. Devices and inlets/outlets
dicing and drilling were achieved by laser etching (50 W G4 Pulsed Fiber Laser,
Infra 1064 nm) and finally the device was sealed with a 500 um thick slice of
borosilicate glass (Corning 7740) by anodic bonding (Figure 3.2.3).
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Figure 3.2.3 BAW device process flow: (a) starting substrate cleaning, (b) photoresist spin coating,
(c) photoresist exposure and development, (d) buffer oxide etching, (e) silicon deep reactive ion
etching, (f) buffer oxide etching, (g) inlets/outlets laser drilling and chip dicing and (h) anodic
bonding.

3.2.3 Device assembly

PDMS interconnections were sealed on the bottom of the microfluidic device
in correspondence to inlets and outlet ports to ensure a stable connection with
PoliUrethane (PU) tubes (SMC OD = 2.0 mm, ID = 1.2 mm) and the device. The
ultrasonic standing waves were generated by a piezoelectric plate (CuNi 20x20x0.5
mm® with screen printed Ag electrodes from PI) with a nominal resonance
frequency of 4 MHz. This element was located on the back side of the microfluidic
channel, to ensure a continuous flow of separated particles. Such arrangement
between the microfluidic device and the piezoelectric plate allowed a large contact
surface area, empowering a good coupling of the acoustic energy into the BAW
device[116]. Furthermore, to improve acoustic coupling between the transducer and
the rear side of the microfluidic channel, a thin layer of ultrasound gel (Shockwave
Gel from ELvation Medical GmbH) was employed. Indeed, an ultrasound gel, not
only minimizes the acoustic losses but also allows using the same transducer several
times and to move it along the microfluidic channel[129].

3.2.4 Device characterization methods

Field emission scanning electron microscopy (Zeiss Supra 40 FE-SEM) and
optical microscope (Leica DVM 2500) images were acquired to analyse the cross
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section of the microfluidic channel and to inspect the device dimensions during
fabrication steps. Finally, an out-of-plane vibrational characterization of the
transducer was performed by a scanning laser-Doppler vibrometry (Polytec MSA-
500). This result served to find the exact resonance frequency of the BAW device.
Indeed, by imposing the previous found frequency values one by one to the
waveform generator and monitoring particles inside the microfluidic channel
through the microscope, when the flow rate was ineffective, it was possible to
define the exact resonance frequency of the microfluidic channel. In detail, this one
was determined when particles stable in water dispersion moved to the node of the
standing wave acoustic field aside from the voltage value applied at the
piezoelectric element.

3.2.5 Experimental Setup

A customized experimental setup, composed by different elements, was
assembled and it is illustrated in Figure 3.2.4. Tests presented in this chapter were
performed exploiting only one inlet access. In details, through the PDMS
interconnection the device inlet was joined to the PU tube to a plastic syringe
(Terumo syringe, 2.5 mL), where a syringe pumping system (Harvard Apparatus
11 Plus) was used to inject the analyte solution. The piezoelectric element was
actuated by applying a harmonically oscillating peak-to-peak voltage (Vyp)
generated by a waveform generator (Agilent 33220A). In particular, the voltage was
amplified by 50 dB by a radio frequency (RF) power amplifier (EI Ldt. 2100L 10
KHz-12MHz, 100W) connected to a dummy load terminator (50 2, 100 W). During
the experiments the microfluidic channel was monitored and time-lapses were
acquired through a sCMOS camera (Hamamatsu) of a fluorescence microscope
(Nikon Eclipse Ti-E Inverted) with a 4x objective lens.

Before each experiment, the device was firstly washed with a 70% ethanol
solution (v/v) at a flow rate of 30 pL/min for 10 min and then rinsed twice with bi-
distilled Water (MilliQ, from now water) employing the same settings of flow rate
and time. Between etch run the device was rinsed with water at a flow rate of 30
uL/min for 10 minutes. Regarding proof-of-concept experiments, since cells were
dispersed into a Phosphate buffered saline (PBS) solution at 7.4 pH (Sigma-
Aldrich), last washing steps either before the experiment and between each run were
performed with PBS.
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Figure 3.2.4 Experimental setup: (a) BAW device and transducer elements in which: the light blue
line indicates the MPs solution and the red one the electrical connections to actuate the piezoelectric
element; (b) waveform generator, (c) RF power amplifier, (d) dummy load, (e) fluorescence
microscope, (f) syringe pump.

3.2.6 Micro and Nanoparticle samples

To evaluate the performance of the BAW device, different analytes,
characterized either by a single type and a mixed population of particles, were
employed. Due to this, 4 um fluorescent sulfated polystyrene micro particles (from
now on called 4MPs) (from FluoSpheres™) diluted in water with 0.01% Tween20
(Sigma-Aldrich) were used with concentrations equal to 5.68x10° particles/mL,
1.14x10° particles/mL and 5.68Xx10° particles/mL. 1 um fluorescent sulfated
polystyrene micro particles (from now on called 1MPs) (from FluoSpheres™)
diluted in water with 0.01% Tween20 were employed with a concentration of
1.00x10° particles/mL. Finally, the mixed population of micro and nanoparticles
was characterized by 4MPs and 500 nm fluorescent carboxylated polystyrene
nanoparticles (from now on called NPs) (from Magsphere Inc.) diluted in water
with 0.01% Tween20. In details, 4MPs batch concentration was equal to 5.68x10°
particles/mL, while NPs one corresponded to 3.64Xx 10’ particles/mL.

3.2.7 Biological samples

Cells employed for proof-of-concept experiments were HL-60 cells (ATCC®
CCL-240™) obtained from an acute promyelocytic leukemia patient. Cells were
grown in suspension and they were maintained in Iscove's Modified Dulbecco's
Medium (Sigma-Aldrich) supplemented with 20% heat inactivated FBS (Sigma-
Aldrich), 1% L-Glutammine (Sigma-Aldrich), 100 units/mL Penicillin and 100
ug/mL Streptomycin (Sigma-Aldrich) in 25-75 cm? non treated cell culture flasks
(Corning) in cell incubator at 37 °C in a humified atmosphere containing 5% COx.
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To perform experiments, the following protocol was employed to label cells.
Firstly, cells were counted and a certain number of cells were pelleted by
centrifugation at 130 g for 5 minutes and resuspended in 500 pL of PBS to reach
one of the desired densities between 5.00x10° cells/mL, 1.00x10° cells/mL and
5.00x10° cells/mL. Then, plasma membranes of cells were labelled with WGA
(Wheat Germ Agglutinin) conjugated with Alexa Fluor 647 dye (Thermo Fisher).
In detail, 2.5 pL of WGA (1 mg/mL, w/v) were added to cells in PBS solution to
reach a concentration of 5 pg/mL, as recommended by the manufacturer and they
were placed in an orbital shaker at 37°C setting 50 rpm for 10 minutes in dark.
Later, as washing step to remove the unlabelled dye, cells were centrifuged at 130
g for 5 minutes and resuspended in 500 pL of PBS (Figure 3.2.5).

)

Figure 3.2.5 HL60 cells at fluorescence microscope image: (a) bright field acquisition and (b) NIR
filter acquisition.

3.2.8 Focusing characterization methods

Various conditions were taken into account to evaluate the performance of the
BAW device to focalize either particles and cells at the node of the acoustic standing
wave when the device was stimulated at its resonance frequency. In detail, the
focusing capability of the BAW device was performed with a constant resonant
frequency and by varying for each test one of the following parameters: samples
concentration or type, flow rate and applied voltage at the piezoelectric element.
The performance of the BAW device was determined by analysing samples
collected at the outlets by two different approaches. In the first one, the focusing
was defined as the ratio between the absorbance of elements collected at the central
outlet solution (node) and the total absorbance of elements derived from the
absorbance of elements at the two outlets. In detail, absorbance values were
quantified by a UV-Vis characterization as already explained for the pFFE device
(see 2.2.5). Due to this, calibration curves of cells and cells mixed with particles
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were performed setting 650 nm as impinging wavelength for evaluate cells
absorbance values. Whereas, concerning particles absorbance characterizations
were used the previous calibration curves (see 2.2.5).

The other way to evaluate the ability to collect particles at the node was
performed by analysing images acquired during a time-lapse by exploiting the Co-
localization program (Nis-Element from Nikon) of the fluorescence microscope.
By this, samples analysis was available when thresholds between background
fluorescence intensities and samples sizes were defined. Thus, with this approach
the focusing was defined as the ratio between the counted elements localized at the
centre of the microfluidic channel (node) and the counted elements in the
microfluidic channel. Time-lapses were implemented for 50 seconds: images were
acquired every 300 milliseconds with an exposure time of 9.8 milliseconds in the
green channel (FITC-A filter) regarding 4MPs. HL-60 cells time-lapses were
implemented for 30 seconds; thus images were acquired every 50 milliseconds with
the same exposure time in the near infrared (NIR) channel (Cy5-4040C filter).
Finally, for the mixed population of IMPs and HL-60 cells time lapses were
acquired every 30 milliseconds setting an exposure time of 9.8 milliseconds in the
green channel for the 1MPs and an exposure time of 20 milliseconds in the NIR
channel for the HL-60 cells. Regarding NPs, it was not possible to acquire time-
lapse characterizations since the resolution limit of the 4x objective lens (1.63
pum/pixel).

During tests performed with HL-60 cells, a third approach was applied to
evaluate the performance of the BAW device. This was done by manually counting
cells collected at the outlets through a counting chamber Biirker. Briefly, 10 uL of
the cell suspension were placed in the Biirker chamber, cells were manually counted
as cell density, intended as number of cells/mL, and thus the total number of cells
collected in the two outputs and the percentage of focalization were assessed[162].

To end, experiments with the same conditions were repeated at least three
times, thus error bars were reported according to the acquired data over the
repetitions.

3.2.9 Experimental determination of the acoustic energy

The experimental value of the acoustic energy density was defined by
analysing the transient acoustophoretic focusing of particles[152][156]. Thus, time-
lapses of 4MPs concentrated at 5.68x107 particles/mL were implemented for 2
minutes meanwhile the ultrasounds were turned off (V,, =0 V) and on (Vpp = 52.92
V). Images were acquired every 500 milliseconds with an exposure time of 9.8 ms
in the green channel. Then, these videos were elaborated by an open source video
analysis software called Tracker 2.6 (from open source physics by PD. Brown),
which allowed to extract the analytical expression of transverse path y(z) of each
particle captured in the video frame to frame. Then, mediating the list of (t, y)-
coordinates of 20 particles paths for the defined time needed to move particles at
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the nodes and solving the equation (8) it was possible to estimate the acoustic
energy density value.

Finally, knowing the acoustic energy density value, by applying the equation
(10) it was also possible to determine the pressure amplitude in the BAW device.
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3.3 Results and discussion

3.3.1 Device morphological analysis

Morphological analyses on BAW device were performed to evaluate features
dimensions. As first step, during the fabrication process, optical images of AZ1518
photoresist were acquired after developing the mask to check a correspondence
between the mask pattern and the design one (Figure 3.3.1).

Figure 3.3.1 Optical photographs capture during the BAW fabrication process: (a) BAW devices
on silicon wafer after DRIE, (b) final BAW device (c) inset of microchannel and wall width
measurements performed through an optical microscope with a 10x objective lens and (d) inset of
access port measurement performed through an optical microscope with a 10x objective lens.

A comparison between the real microchannel and walls dimensions and the
design ones was performed analyzing cross-section FE-SEM images of BAW
device (Figure 3.3.2). In details, the microfluidic channel of the BAW device
possessed a width average value of 198.73 + 3.60 um and a height mean value
equal to 87.13+2.16 um. Meanwhile, walls width average value was 517.81+14.63
pum.
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Figure 3.3.2 Cross section FESEM images of BAW device: (a) silicon part of the device,
magnification 200x and (b) cross section of the assembled device, magnification 1000x.

Thus, the microfluidic channel of the BAW device was characterized by a
rectangular cross section having a larger width dimension and a smaller height
value respect to the CAD ones as depicted in Table 3.3.1.

BAW device
CAD Device mean value
Features
(um) (um)
Channel width 190.00 198.73
Channel height 95.00 87.13
Wall width 530.00 517.81

Table 3.3.1 CAD dimensions versus real values.

Figure 3.3.3 illustrates the out-of-plane vibrational characterization of the
transducer performed by a scanning laser-Doppler vibrometry. Considering the
range of frequencies where was detected the maximum displacement of the
transducer, it was possible to define the resonance frequency of the BAW device.
Indeed, imposing these frequencies values one by one to the waveform generator
and monitoring particles inside the microfluidic channel through the fluorescence
microscope, when the flow rate was ineffective, it was possible to find the exact
resonant frequency of the microfluidic channel. This one was 4.623 MHz. At this
frequency value, particles stable in the surrounded water solution moved to the node
of the standing wave acoustic field, thus at the centre of the microfluidic channel,
aside from the voltage value applied at the piezoelectric element.
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Figure 3.3.3 Measurement of the displacement of the piezoelectric element performed throughout
the laser-Doppler vibrometry instrument.

3.3.2 Focusing test with micro particles

At the beginning, focalization tests were performed employing a single type of
particles to investigate one by one the optimal setting values to impose to reach the
maximum achievable collection of particles at the pressure node of the BAW
device. Thus, referring from literature[116][156], a first set of experiments was
performed with 4MPs concentrated at 5.68x10° particles/mL dispersed in water
and injected at different flow rates. Tests were carried out applying 50.59 Vp, to the
transducer by actuating the microfluidic channel at its resonance frequency. As
showed in Figure 3.3.4(a) focusing values, characterized throughout a UV-Vis
analysis, at low flow rates lead to an increased collection of particles at the pressure
node of the standing acoustic wave field. Indeed, at 1 uL/min it was 91%, while for
3 pL/min and 10 pL/min it corresponded to 72% and 65%, respectively. A further
proof of this focusing trend at different flow rates, was also detected by the image
analysis, where for each experiment, thus each time-lapse, values were mediated
evaluating 20 equidistant images of a time lapse (Figure 3.3.4(b)). In this case the
focusing percentage values were 96% at a flow rate of 1 pL/min, 78% for a flow
rate equal to 3 pL/min and 51% when 4MPs moved at 10 pL/min. This is because
low flow rates leaded suspended particles to be subjected to the ultrasound field for
a longer time period while travelling through the microfluidic channel, allowing
more particles to reach the pressure node[119].
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Figure 3.3.4 Focusing performance of the BAW device with 4MPs concentrated at 5.68x10°
particles/mL injected at 1 pL/min, 3 pl/min and 10 pL/min: (a) UV-Vis characterization and (b)
image analysis. Experiments were performed applying 50.59 V,, at the transducer meanwhile the
device was actuated at its resonance frequency of 4.623 MHz.

A similar trend of particles collected at the node of the BAW device, when
different flow rates were examined, was noticed by exploiting two other 4MPs
concentrations. Leaving other settings constant, tests accomplished with different
particles concentrations, showed that lower concentrations promoted a higher
collection of particles at the node of the microfluidic channel (Figure 3.3.5).

An increased collection of 4MPs at the node of the microfluidic channel was
detected at 3 pL/min and 1 pL/min. Indeed, the 100% and the 96% of focusing
percentage values were characterized via the UV-Vis method when 4MPs
concentrated at 1.14x10° particles/mL and 5.68x 10° particles/mL were injected at
I uL/min. At 3 pl/min these values, performed throughout the UV-analysis were
80% and 93%, for 4MPs concentrated at 1.14x10° particles/mL and 5.68Xx10°
particles/mL, respectively. These results were confirmed by the image analysis,
with a maximum discrepancy of 6% detected between the two characterization
methods average values.

Focusing percentage values of the BAW device at 10 pL/min were 68% and
75% for a concentration equal to 1.14x 10 particles/mL and 5.68x 10’ particles/mL
through the UV-Vis analysis. A comparable range of focusing values, equal to 70%
and 71% were obtained via image analysis characterization when the following
concentrations 1.14x10° particles/mL and 5.68%10° particles/mL were injected in
the device, respectively.

Then a negative effect on the device’s focusing performance was correlated to
higher concentrations, when particles collected at the pressure node saturated it
causing an increase of inter-particle forces and thus requiring a stronger acoustic
force[163][146][164].
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Figure 3.3.5 Focusing performance of the BAW device as a function of flow rates and 4MPs
concentrations: (a) UV-Vis characterization and (b) image analysis. Experiments were performed
with 4MPs concentrated at 5.68x10° particles/mL, 1.14x10° particles/mL and 5.68x10°
particles/mL. During the experiments 4MPs were injected at 1 pL/min, 3 pL/min and 10 pL/min,
while 50.59 V,, was applied at the transducer when the device was actuated at its resonance
frequency of 4.623 MHz.

A second set of tests observed how changed the focusing performance of the
BAW device when the following voltages were applied to the piezoelectric element:
56.92 Vpp, 50.59 Vpp, 37.95 Vpp, 25.29 Vpp and 12.65 V. During these experiments
4MPs, concentrated at 5.68%x 10> particles/mL, were injected at 3 pL/min when the
microchannel was actuated at its fundamental resonance frequency.

As reported in Figure 3.3.6 either by UV-Vis characterization and image
analysis, higher voltages were associated to higher focusing values. In details, when
12.65 Vpp were applied to the piezoelectric element, the focalization was 57% for
the UV-Vis analysis and 64% via the image one, while when 56.92 V,,, were set to
the transducer the 97% of particles converged to the pressure node of the
microfluidic channel, as determined by both characterization techniques. At
intermediate voltage values applied to the transducer, that is to say 25.29 Vp, and
37.95 Vpp, focusing values were 67% and 75% for the UV-Vis characterization,
while through image analysis they were 68% and 85%, respectively.
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Figure 3.3.6 Focusing performance of the BAW device as a function of applied voltages at the
transducer: (a) UV-Vis characterization and (b) image analysis. During the experiments 4MPs
concentrated at 5.68Xx10° particles/mL were injected at 3 uL/min into the device actuated at its
resonance frequency of 4.623 MHz, while 56.92 Vpp, 50.59 Vpp, 37.95 Vpp, 25.29 Vpp and 12.65
Vpp were applied at the transducer.
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Finally evaluating the focusing values illustrated in (Figure 3.3.5 and Figure
3.3.6), it is possible to affirm that both UV-Vis characterization and images analysis
were useful approaches able to describe the focalization performance of the BAW
device with a maximum value discrepancy of 10%.

In addition, observing the time-lapse images it is possible to notice that as long

as particles concentration decreased, the acoustic force increased inducing particles
to accumulate in a narrower band along the pressure node (Figure 3.3.7). An
analogous effect was observed also when the voltage applied to the piezoelectric
element increased, indeed, narrower band along the pressure node was detected at
higher voltages.

Figure 3.3.7 Frame of time-lapse acquired during the acoustophoretic test, when 4MPs were
employed at different concentrations and flow rates: (a) 4MPs concentrated at 5.68x10%
particles/mL were injected at 1 pL/min, (b) 4MPs concentrated at 1.41x10° particles/mL were
injected at 1 uL/min, (c) 4MPs concentrated at 5.68%x10° particles/mL were injected at 3 pL/min,
(d) 4MPs concentrated at 1.41x10° particles/mL were injected at 3 uL/min, () 4MPs concentrated
at 5.68x10° particles/mL were injected at 10 puL/min and (f) 4MPs concentrated at 1.41x10°
particles/mL were injected at 10 pL/min. Experiments were performed applying 50.59 Vi, at the
transducer, while the device was actuated at its resonant frequency of 4.623 MHz. Images acquired
with 4x objective lens with an exposure time of 9.8 ms.

Further focalization tests were carried out to check experimentally the critical
particles diameter 2a, derived from the equation (7). Indeed, particles owing a size
below 2a, value cannot be collected at the pressure node of the microfluidic
channel because primary acoustic force becomes weaker compared to Stokes drag
force, as already discussed. Thus, for these experiments a solution of 1MPs was
selected, since from analytical evaluation the critical particles diameter was 1.6 um.
Then, 1MPs concentrated at 1.00x10° particles/mL were injected at 1 pL/min into
the BAW device actuated at its resonance frequency when different voltages were
applied to the piezoelectric element. In details, voltages values were chosen
accordingly to the maximum collection of particles at the node of the BAW device
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from previous experiments, thus 50.59 Vpp and 56.92 Vpp. Both cases showed up
a low focalization value in accordance with the analytical result, indeed it
corresponded to 46% and 47% when 50.59 Vpp and 56.92 Vpp were applied to the
transducer, respectively (Figure 3.3.8). Therefore, last results stated that this design
cannot be employed to focalize particles characterized by sizes equal or below 1.6
um at the pressure node of the device.
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Figure 3.3.8 UV-Vis characterization of focusing performance of the BAW device with 1MPs
concentrated at 1.00x10° particles/mL injected at 1 uL/min when the device was actuated at its
resonance frequency of 4.623 MHz. Experiments were performed applying 50.59 V,, and 56.92 V,
at the transducer.

3.3.3 Focusing test with micro and nanoparticles

A further proof regarding the experimental evaluation of the critical particles
diameter 2a, was defined analyzing the BAW device performance when a mixed
population of 4MPs and NPs concentrated at 2.84%10° particles/mL and 1.82x10°
particles/mL, respectively, was used. In detail, the mixed population of particles
was fluxed at a flow rate of 1 uL/min into the chip, while it was actuated at its
resonance frequency when 50.59 Vpp or 56.92 Vpp voltages were applied to the
piezoelectric element. As illustrated in Figure 3.3.9, focalization values related to
4MPs were 59% at 50.59 Vpp and 69% at 56.92 Vpp, while for the same applied
voltages NPs focusing percentage values corresponded to 48% and 52%. Thus, even
if NPs focusing performance appeared to be higher compared to the IMPs one, this
was due to the fact that NPs mixed with 4MPs interacted with them and so they are
affected by the presence of micro particles and vice versa (i.e. surfaces electrostatic
interactions, scatterings, second order radiation forces)[163]. Indeed, evaluating the
focusing value only for the 4MPs population, concentrated at 5.68x10°
particles/mL and injected at 1 pl/min when 50.59 Vpp was applied at the
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transducer, it was 97%, a higher value related to 59% obtained when a mixed
population was employed.

A AMPs
100 NPs

90
80
70 H

—=p—

60
50

A b

40

Focusing (%)

AV (V)

Figure 3.3.9 UV-Vis characterization of focusing performance of the BAW device when a mixed
population of 4MPs concentrated at 2.84x10° particles/mL and NPs concentrated at 1.82%103
particles/mL were injected at 1 pL/min into the device, which was actuated at its resonance
frequency of 4.623 MHz. Experiments were performed applying 50.59 Vp, and 56.92 V,,;, at the
transducer.

3.3.4 Measuring the acoustic energy

As mentioned before, from the analytical expression of the transverse path y(t)
it was possible to estimate the acoustic energy density. Figure 3.3.10 displays
different transverse paths y(t) of particles inside the microfluidic channel of the
BAW device acquired in a defined focal plane of the 4x objective lens. In detail,
paths y(t) were highlighted by blank circles of different colors in a time lapse
extracted from the Tracker 2.6 video analysis tool. Thus, mediating the list of (t, y)-
coordinates of particle paths for the defined time needed to move particles from
channel walls to the node, and inserting these values to the equation (8) allowed to

obtained an acoustic energy density value of 7.25 + 1.61 %
m
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Figure 3.3.10 Tracking of beads paths with the Tracker 2.6 software and measurement of the
transverse path y(t) from channel walls to the pressure node of two different beads (a) and (b).
Measurements were performed in a specific focal plane of the 4x objective lens of the fluorescence
microscope.

Finally, knowing the value of the acoustic energy density it was possible to
define the pressure amplitude value inside the microfluidic channel of the BAW
device equal to p, = 0.252 MPa.

3.3.5 Comparison between experimental and simulated particles
focusing

Exploiting the acoustic energy density derived from the previous section, it was
possible to use it to perform numerical tests as validation of certain experimental
conditions. Thus, the acoustic energy density was set at 7 Pa and by computing the
velocity and the pressure acoustic fields exploiting “Pressure Acoustics” and “The
Particle Tracking for Fluid Flow velocities” interfaces of COMSOL Multiphysics®
software it was possible to calculate the acoustic radiation force and the Stokes drag
force experienced by particles. For each concentration, a fixed number of particles
was injected from the inlet every second (29, 57 and 284, respectively) and the
particles collected in the central outlet (defined by a region with a width equal to
one third of the channel width) were recorded. Figure 3.3.11 reports a comparison
between results obtained experimentally and numerically. In details, a good match
with promising percentages of focusing was shown. Increasing the concentration of
particles leads to a lower efficiency in focusing either for experimental and
numerical tests. This is an unexpected behaviour, since an increasing number of
particles leads to a higher possibility of particle-particle forces and thus to
aggregation. Considering these aggregates as particles with higher sizes, the
acoustic radiation force has to be stronger and move the particles forward the
pressure node very quickly. Despite of that, in these tests the acoustic energy
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density had not high values, thus probably the particles could have not experienced
a strong acoustic radiation force. Thus, they moved slowly to the pressure node and
a fraction of the total number of the particles remained at the side of the channel. In
spite of this effect, the focusing value was quite high for particles concentration of
5.68x10° particles/mL where simulation results were equal to 100% and
experimental characterizations were 93%.

I UV-Vis analysis
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' Simulation

Focusing (%)
3

0.568 1.14 568
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Figure 3.3.11 Comparison of the focusing performance of the BAW device obtained through
simulations and experiments when 4MPs at different concentrations 5.68x10° particles/mL,
1.14x10° particles/mL and 5.68X10° particles/mL were investigated. Experimental values were
reported characterized either by UV-Vis analysis and image ones.

3.3.6 Proof of concept

Proof of concept experiments were performed firstly with HL-60 cells as
sample solution and then with a mixed population of cells and MPs or NPs.

At first, tests were performed with HL-60 cells dispersed in a PBS solution at
the following concentrations: 5X10° cells/mL, 1x10° cells/mL and 5x10° cells/mL
to evaluate the focusing performance of the device with biological samples. Tests
were carried out applying 50.59 V,,;, to the transducer, actuating the microfluidic
channel at its resonant frequency and by injecting the solution of cells at a flow rate
equal to 3 pL/min. As depicts in Figure 3.3.12, from counting chamber Biirker
analysis, focusing performance was verified at all concentrations. Indeed, the 100%
of focusing resulted either at 5x10° cells/mL and 1x10° cells/mL, while at 5x10°
cells/mL, the highest value of cells concentration, it was 97%, suggesting that at
this flow rate value cells were easily collected at the pressure node of the device
even at higher concentrations.
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Figure 3.3.12 Focusing performance of the BAW device as a function of cells concentrations from

counting chamber Biirker analysis. Cells were injected at 3 pL/min when 50.59 V,,, were applied to
the transducer while the device was actuated at its resonance frequency of 4.623 MHz.

A validation of the focusing capability of the BAW device with cells tested
with a concentration of 5x10° cells/mL, was also demonstrated through a UV-Vis
characterization and image analysis. In detail, this cells concentration was selected
among the other ones either to compare this result with ones obtained with micro
and nanoparticles tests and to collect a higher number of cells at the outlets after
focalization tests, so to better characterize them in the optics of developing this
device as a LOC.

Before performing UV-Vis characterization, as already mentioned for particles
analysis (see 2.3.5), a linear calibration curve was determined for HL-60 cells to
provide a correct quantification of cells concentration at each outlets (Figure
3.3.13). In detail, the regression equations fit properly with the data since the R?
value was 0.9911.
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Figure 3.3.13 Calibration curve of HL-60 cells with regression equation y = 1.09 x 10~ %x.
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Figure 3.3.14 (a) Focusing performance of the BAW device from counting chamber Biirker analysis
and UV-Vis characterization. HL-60 cells concentrated at 5x 10° cells/mL were injected at 3 pL/min
when 50.59 V,, was applied to the transducer while the device was actuated at its resonance
frequency of 4.623 MHz. (b) Fluorescence image of HL-60 cell collected at the outlet after the
execution of the acoustophoretic test, using 4x objective lens with an exposure time of 20 ms.

Thus, as showed in Figure 3.3.14, also from UV-Vis characterization cells
were focalized with a percentage value of 94%, validating the previous analysis
method, by which the 97% of cells collected at the outlets were focalized at the
pressure node. Finally, a further proof was given by the time-lapse image analysis,
where cells were acquired in line at the center of the microfluidic channel when the
acoustic field was applied (Figure 3.3.15).
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Figure 3.3.15 Frame of time-lapse acquired during the acoustophoretic test, when HL-60 cells
concentrated at 5%10° cells/mL were injected at 3 puL/min when 50.59 V,, was applied to the
transducer while the device was actuated at its resonance frequency of 4.623 MHz. Image acquired
with 4x objective lens with an exposure time of 30 ms.

Afterwards, due to the good focalization performance of the BAW device
detected when HL-60 cells concentrated at 5x10° cells/mL were used, it was
investigated at an increased flow rate. In details, experiments were performed
leaving the same parameter of applied voltage as previous tests, while a flow rate
value of 20 pL/min was imposed. Therefore, the capability of the device to focus
cells at the pressure node was evaluated either through a UV-Vis analysis and a
counting chamber Biirker analysis. Figure 3.3.16 reports focusing values of 92%
and 88% from UV-Vis analysis and counting chamber Biirker one, respectively.
These encouraging data demonstrated that the device could be used to collect an
increased number of cells in a reduced time without affecting the focusing
capability.
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Figure 3.3.16 Focusing performance of the BAW device from counting chamber Biirker analysis
and UV-Vis characterization. HL-60 cells concentrated at 5x10° cells/mL were injected at 3 uL/min
when 50.59 Vp, was applied to the transducer while the device was actuated at its resonance
frequency of 4.623 MHz.
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Further tests were performed with a mixed population composed by HL-60
cells and 1MPs at first and then with HL-60 cells and NPs both of them in 1:1
cells:M/NPs ratio.

Since results were obtained through a UV-Vis analysis, also in this case was
necessary to supply linear calibration curves of mixed populations. As follows,
calibration curves related to cells involved in tests when they were mixed with
micro and nanoparticles are reported. Indeed, while absorbance values of micro and
nanoparticles curves were the same either when they were evaluated in a single or
a mixed population, a little discrepancy between cells absorbance values of relative
calibration curves was denoted. These curves, with their relative regression
equations are shown in Figure 3.3.17. In details, for the mixed population
composed by cells and 1MPs solution R? corresponded to 0.9983 while for the
solution characterized by cells and NPs it was 0.9963.
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Figure 3.3.17 Calibration curves: (a) HL-60 cells and 1MPs (1:1) with regression equation
y = 1.07 x 10~8x and (b) HL-60 cells and NPs (1:1) with regression equation
y =9.55 x 107°%x.

Tests performed with mixed populations of cells and particles were executed
by applying 50.59 V,, to the transducer, actuating the microfluidic channel at its
resonance frequency and by injecting solutions at a flow rate equal to 3 pL/min.
This last value was preferred to 20 pL/min since by this it was possible to obtain
the higher collection of cells at the node of the device. In detail, the mixed
population composed by cells and 1MPs, was characterized by HL-60 cells with a
density equal to 2.5x10° cells/mL and 1MPs concentrated at 2.5% 10 particles/mL.
Instead, the other population was composed by the same density of cells mixed with
NPs concentrated at 1.8x10° particles/mL.

Also in this case, as demonstrated previously with particles (see 3.3.3), the
manufactured BAW device was not able to collect IMPs and NPs at the pressure
node of the microfluidic channel (Figure 3.3.18 and Figure 3.3.19). Indeed, the
percentage of IMPs and NPs focalized at the node was 52% and 50%, respectively.
Concerning focalization values of HL-60 cells, they were 92% when they are mixed
with 1MPs and 88% when they are mixed with NPs. Thus, comparing cells
focalization results obtained when they were in a mixed dispersion and when there
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were only cells dispersed in PBS, a little reduction was observed as in the case of
micro and nanoparticles.

- HL-60 cells

Figure 3.3.18 Focusing performance of the BAW device throughout a UV-Vis characterization: (a)
HL-60 cells concentrated at 2.5x10° cells/mL, (b) HL-60 cells concentrated at 2.5x10° cells/mL
mixed with IMPs concentrated at 2.5%X10° particles/mL and (c) HL-60 cells concentrated at 2.5x10°
cells/mL mixed with NPs concentrated at 1.8x10° particles/mL. Mixed populations were injected at
3 pL/min when 50.59 V,, was applied to the transducer while the device was actuated at its
resonance frequency of 4.623 MHz.

Figure 3.3.19 Frame of time-lapse acquired during the acoustophoretic test, when the mixed
population of HL-60 cells concentrated at 2.5x10° cells/mL and 1MPs 2.5x 10 particles/mL were
injected at 3 uL/min when 50.59 V,,;, was applied to the transducer while the device was actuated at
its resonance frequency of 4.623 MHz. Image acquired with 4x objective lens with an exposure time
of 20 ms for cells and 9.8 ms concerning 1MPs.
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To end, latest HL-60 cells focalization results obtained were also characterized
by a counting chamber Biirker method, which evaluated a percentage of cells
collected at the node equal to 100% in both cases (Figure 3.3.20). Apparently
focalization average mean values between the two characterization methods
presented a higher discrepancy, but considering measurement standard deviations
they well fitted. Indeed, UV-Vis measurements, owning lower focusing percentage
values presented higher standard deviations and vice versa considering counting
chamber Biirker analysis.
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Figure 3.3.20 Focusing performance of the BAW device from counting chamber Biirker analysis
and UV-Vis characterization: (a) HL-60 cells concentrated at 2.5x10° cells/mL mixed with 1MPs
concentrated at 2.5x 103 particles/mL and (b) HL-60 cells concentrated at 2.5x10° cells/mL mixed
with NPs concentrated at 1.8%10° particles/mL. Mixed populations were injected at 3 pL/min when
50.59 V,, was applied to the transducer while the device was actuated at its resonance frequency of
4.623 MHz.
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3.4 Conclusion

This work investigated the separation potentiality of a silicon-based bulk
acoustic wave resonator, characterized by a standard fabrication process, as label-
free LOC. In details, the focalization performance was evaluated exploiting either
polystyrene micro and nanoparticles and adhesion cells as single or mixed
populations. Analyzing samples collected at the outlets it was possible to quantify
device focalization values, at different setting conditions, either via a UV-Vis
characterization and throughout images analysis. Results reported the 97% of
collection of micro particles at the node of the microfluidic channel when lower
concentration, lower flow rate and higher applied voltage to the piezoelectric
element were imposed. In addition, after having calculated the experimental
acoustic energy, and imposing this value to the simulated analyses, it was possible
to compare micro particle focusing values obtained at different concentrations with
simulated ones. These data well fitted the micro particles focalization trend at
different sample concentrations, with a maximum discrepancy of 7%.

As suggested from the analytical evaluation of the critical particles diameter,
the ability of collecting particles at the node of the microchannel worsen with
particles of small sizes, indeed the acoustic force was not able anymore to focalize
particles of size equal or below 1.6 um as demonstrated either when samples were
composed by a population of 1 um particle sizes or when nanoparticles mixed with
micro particles were exploited as samples.

Tests performed with cells highlighted an optimal separation performance even
at high flow rate. Indeed, a focalization of 92% was evaluated at a flow rate equal
to 20 pL/min. Cells focalization performances were demonstrated also when they
were used within micro and nanoparticles. In detail, average focalization values
moved from 97%, when cells were alone, to 92% or 88% when they were mixed in
samples with micro and nanoparticles, respectively.

Finally, since the presented device could be exploited in the future to develop
a LOC for the early diagnosis or some specific target therapies, further work will
be performed to optimize the separation between different kinds of cells or
biomarkers owing different mechanical properties as shapes, sizes and densities.
Thus, a buffer sheath fluid or a solution characterized by enhanced densities or
viscosities with respect to the sample mechanical characteristics will be
investigated.
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Chapter 4

Polydimethylsiloxane device
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4.1 Introduction

4.1.1 State-of-the-art of polydimethylsiloxane-based microdevices

In the last few decades, polydimethylsiloxane (PDMS), a silicone elastomer
with charming properties, has been widely used for fabricating LOC and
microfluidic analysis platforms surpassing silicon and glass materials[165][166].

PDMS is a flexible polymer owing isotropic and homogeneous properties
composed by mixing a base polymer and a cross linker. Varying the cross linker
concentration, it is possible to change physical and mechanical properties of PDMS.
In details, PDMS is chemically inert, water impermeable, thermally stable, gas
permeable, optically transparent down to approximately 256 nm and
biocompatible[167][168][169][170][171]. Currently, it is one of the most actively
developed polymers for microfluidic devices production both in academia and
industry, since it is easy to handle and manipulate and it requires low-cost
fabrication processes such as soft-lithography techniques and further additive
manufacturing methods, which enable easy prototyping and mass
production[172][173][174][175].

Concerning the biological field, the development of PDMS-based microfluidic
devices, thanks to their properties, allows integrating in a cost-effective manner the
whole analytical process reducing analysis time, complexity and samples and
reagents volumes. In details, PDMS-based LOCs present in literature are used for
sample purification, cell culture and analysis, DNA sequencing, molecular tests for
nucleic acids and proteins[176][177][178][179]. Moreover, exploiting PDMS
mechanical properties, microfluidic devices are also used to develop miniaturized
electronic gadget as wearable sensors and to form three-dimensional micro valves
and pumps into a microfluidic network[180][181]. Furthermore, recent applications
rely on the employment of PDMS-based microfluidic devices either as Organ On a
Chip and as biomimetic tools, where the PDMS mimics organs and complex
tissues[182][183][184][185](Figure 4.1.1).

Thus, due to the promising features of PDMS-based microdevices, the
perspective of implementing biomedical compact, rapid, easy-to-use microfluidic
molecular tests is still an open challenge. Then in this context, a novel PDMS-based
microdevice was developed for the purification and direct detection of microRNA
biomarkers and it is presented in this chapter.
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Figure 4.1.1 Examples of PDMS-based microdevices: (a) wearable microfluidic sensing patch.
Image from[180], (b) organ on a chip. Image from[182], (¢) electrophoresis-grade device. Image
from[178] and (d) microvasculature on chip. Image from[185].
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4.2 Materials and methods

4.2.1 Design

Microfluidic devices characterized by higher surface-to-volume (S/V) ratio
represent an essential aspect in order to adsorb higher amounts of biomarkers. Thus,
this chapter reported an enhancement of the previous PDMS-based microdevice
[166][177] focused on an increased chip S/V ratio.

Two spiral-shape microdevice configurations provided with different S/V
ratios, with the constraint of having a volume equal to 13 pL, were designed by a
3D computer aided design (CAD) software (Rhinoceros®). In details, the first
spiral microdevice (from now called Chip A) was designed with a channel
characterized by a squared section 200 pm wide and 200 um deep and with walls
spacing width of 200 um. At the same time, the second microdevice configuration
(from now called Chip B) was defined by a rectangular cross section 60 pm wide
and 200 pm deep and with walls spacing 150 pm wide. Both spiral-shape
configurations were characterized by two inlet/outlet ports having a diameter of 1.5
mm, where one was sketched in the center of the layout while the second one was
placed at the periphery (Figure 4.2.1).

Figure 4.2.1 2D draw of the spiral-shape microdevices: (a) Chip A and (b) Chip B.

As reported in Table 4.2.1 the two spiral-shape microdevices were defined by
a different channel length. While for Chip A it was 650 mm for Chip B it
corresponded to 2160 mm. Thus, an enhancement of the S/V ratios of the spiral-
shape microdevices compared to the previous PDMS-based microdevice[166][177]
was depicted in Figure 4.2.2 and in Table 4.2.1. In details, the increased S/V was
evaluated as the quotient between each spiral-shape S/V ratio and the previous
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PDMS-based microdevice S/V value. Thus, Chip A was 4.45 times greater than the
previous PDMS-based microdevice, while Chip B 9.63 times bigger.

Dimensions I.’revmu.s Chip A Chip B
microdevice
Surface (S) (mm?) 58.50 261.54 561.73
Volume (V) (uL) 13.00 13.07 12.96
S/V (1/mm) 4.5 20.01 43.35
(S/V)/(S/Vprevious microdevice) 1 4.45 9.63

Table 4.2.1 Geometrical characteristics of: previous PDMS-based microdevice, Chip A and
Chip B.

Figure 4.2.2 3D CAD designs: (a) previous PDMS-based microdevice, (b) Chip A and (c) Chip B.

4.2.2 Device fabrication

Both microfluidic devices were fabricated as follows: firstly, the PDMS
(SYLGARD® 184 elastomer) microfluidic pattern was obtained through a mold-
casting step and finally it was bonded on a silicon support coated by a thin layer of
PDMS.

Therefore, the fabrication of PDMS microfluidic devices began with the
preparation of the SU-8 mold (see Appendix B for silicon mold). A silicon wafer
support was coated by SU-8 3005 (Microchemicals GmbH) using a spin coater
(Spinner 150 Wafer Spinner) by setting 10 seconds at 500 rpm and 60 seconds at
2000 rpm. Then a soft bake process was run in two thermal steps: the first one at 65
°C for 8 minutes and the second step at 95 °C for 80 minutes, both performed on
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the hot plate. Next, the SU-8 was exposed for 30 seconds to standard UV
photolithography by means of a double side mask aligner (Neutronix Quintel NXQ
4006) used in contact mode, ensuring the correct alignment between the SU-8 and
the desired mask patterns. As the previous soft bake step, the post bake was
characterized by two thermal steps: the first at 65 °C for 5 minutes and the second
one at 95 °C for 25 minutes, on a hot plate. After that, to obtain the finished mold,
the SU-8 was developed using Propylene glycol methyl ether acetate (PGMEA) for
20 seconds, then rinsed with 2-propanol (Sigma-Aldrich) and dried with a nitrogen
flux. Finally, the released SU-8 features were hard baked at 170 °C for 15 minutes
to stabilize them and to ensure the complete removal of the solvent.

To guarantee the correct PDMS detachment from the mold, a silanization step
was applied on the SU-8 surface employing trichloromethylsilane (CH3SiCl3) and
toluene in a 1:10 ratio. Thus, before silanization, an O> plasma treatment was
performed on the mold surface by setting 300W and an O> flux equal to 30% for 1
minute. Next, mold surfaces were silanized through a wet phase for 4 hours, rinsed
with 2-propanol and then dehydrated on a hot plate at 170 °C for 10 minutes.
Finally, the mold casting of both spiral microfluidic patterns was performed by
pouring the PDMS on the mold and the curing step was accomplished on a hot plate
at 120 °C for 15 minutes. Before that, PDMS was prepared by manually merging
the pre-polymer and the curing agent in a 10:1 ratio and degassing it. Next, the
freshly cured spiral patterns were manually detached from the mold. Inlet and outlet
ports were punched through a biopsy puncher and subsequently chips were cleaned
with 2-propanol and dehydrated on a hotplate at 70 °C for 5 minutes.

Meanwhile silicon wafer slices, acting as supports, were pre-cut in squares of
two different dimensions (21x21 mm? and 24x24 mm?), cleaned with a solution of
sulphuric acid and hydrogen peroxide in a 3:1 ratio (v/v) for 10 minutes, rinsed 3
times in water and dried with a nitrogen flux. After that, silicon slices were coated
with a thin layer of PDMS by means of a spin coater (Spinner 150 Wafer Spinner)
with the following protocol: 5 seconds at 500 rpm and 60 seconds at 3000 rpm and
cured on a hot plate at 120 °C for 5 minutes. The spiral structures were then bonded
on the silicon slices through a standard O; plasma treatment setting 300 W of power
and fluxing the 60% of O for 2 minutes. To conclude, once assembled, microfluidic
devices were located in the oven at 90 °C for one hour to improve the bonding
between the two components. Figure 4.2.3 sketched the process flow of the spiral-
shape microdevices.
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Figure 4.2.3 Fabrication process flow: (a) SU-8 spinning on silicon wafer, (b) SU-8 exposition, (c)
SU-8 development, (d) SU-8 mold silanization, (¢) PDMS pouring on SU-8 mold, (f) PDMS spiral
replica, (g) silicon slice with PDMS thin layer and (h) final device assembled.

4.2.3 Device characterization methods

Device cross sections were characterized both with an optical microscope
(Leica DVM 2500) and a field emission scanning electron microscope (Zeiss Supra
40 FE-SEM) to inspect the microchannels dimensions. In particular, to perform FE-
SEM analyses, devices were cut perpendicularly to the microfluidic pattern and
then metalized with a thin layer of Chromium.

PDMS chemical characterization was carried out by X-ray photoelectron
spectroscopy (XPS) using a Kratos Axis Ultra DLD instrument (Kratos Analytical)
equipped with a hemispherical analyzer and a monochromatic Al Ko (1486.6 eV)
X-ray source, in spectroscopy mode. Slices of PDMS devices were studied with a
take-off angle between the analyzer axis and the sample surface of 0°,
corresponding to a sampling depth of approximately 10 nm. A charge neutralizer,
set at the bottom of the electrostatic input lens systems, was employed to
compensate the charge. Then, for each sample, a survey (in the 1300, —5 eV energy
range) was recorded inside and outside microchannels in order to examine the
presence of impurities derived from the fabrication process. Next, referring to the
PDMS value reported in literature [186], survey spectra were aligned setting C 1s
core level peak at 284.38 eV. Finally, the quantification, reported as relative
elemental percentage, was carried out extracting core levels from the survey
spectra. All XPS data were analysed using the software described in Speranza and
Canteri [187].

4.2.4 Experimental Setup and on-chip functionalization

Proper PMMA holders were employed to handle PDMS microdevices during
each experiment and inlet and outlet fluorinated ethylene propylene (FEP) tubes
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(IDEX, OD = 1.6 mm, ID = 0.5 mm) were manually inserted into the device’s
proper ports. A syringe pump system (Legato 185, KD Scientific,Holliston) was
used to inject liquids inside spiral-shape devices to deliver solutions with defined
flow rates in all steps of this work. Silanization and washing solutions were
preloaded in plastic syringes (Terumo syringe, 2.5 mL), while for microRNAs
injection a glass syringe (Hamilton Gastight 1700, 750 uL) was used. Plastic and
glass syringes were connected with FEP tubes through standard OmniLok fittings
(Omnifit Labware).

Before each test, internal surfaces of microdevices were cleaned via a plasma
treatment. In details, an argon plasma was performed by setting a pressure equal to
2 mbar and applying a power of 10.5 W to an RF coil for 2 minutes. Then, the
silanization step into PDMS microdevices was achieved with a solution composed
by 0.1% (v/v) of (3-Aminopropyl)trimethoxysilane (APTMS) (Sigma-Aldrich) and
0.9% (v/v) of 2-[Methoxy-(polyethyleneoxy)pro-pyl]trimethoxysilane, tech-90,
with 6-9 C;H4O units (PEG-s) (Fluorochem) diluted in 99.8% (v/v) ethanol
(Sigma-Aldrich). In detail, the organosilane mix was fluxed at 10 pL/min to fill the
microdevice and once full, it was set in a hot water bath at 60 °C for 5 minutes,
meanwhile the organosilane mix solution was continuously injected at a flow rate
equal to 2 pL/min (Figure 4.2.4). Preliminary silanization experiments were
executed at different times in order to find the optimal conditions to have whole
internal surfaces functionalized. After that, two cleaning steps removed the excess
of organosilane compounds. The first one was performed by infusing a volume of
ethanol equal to 10 times the spiral device volume at 25 pL/min, while the second
cleaning step was performed using the same setting of the previous one, but instead
ethanol in this phase distilled DNAse/RNAse free water was employed (Figure
4.2.5).

APTMS + PEG-s

Figure 4.2.4 On-chip functionalization process.
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Figure 4.2.5 Experimental setup: (a) syringe pump, (b) PDMS microdevice and (c) beaker for waste.

4.2.5 MicroRNAs functional assay and Real-Time PCR

After having silanized PDMS microdevices internal surfaces, a solution
composed by microRNAs was injected into the chip at different flow rates, by
changing the microsyringe parameters, to determine the optimal operation
conditions both concerning microRNAs injection step and the subsequently
washing one.

Therefore, a functional assay with synthetic fluorescently-labelled hsa-miR-
1246 (50-TAMRA-AAUGGAUUUUUGGAGCAGG-30, herein named miR-
1246-TAMRA) (IDT Integrated DNA Technologies) was performed to investigate
chips performances. In detail, the miR-1246-TAMRA spiked firstly in water and
then in human plasma, was pumped in the microdevice at a flow rate of 10 pL/min.
Then, after a washing step with water at 1 pL/min for 10—15 minutes, the adsorbed
microRNAs on chip walls was investigated both by fluorescence and confocal
microscopy (

Figure 4.2.6).

Fluorescence characterizations were performed through a microscope (Leica
DMLA) equipped with a mercury lamp employing the fluorescence filter L5 (Leica
Microsystems). Microdevices were observed with a 2.5x magnification objective
and images were acquired with a cooled CCD camera (DFC 420C, Leica
Microsystems). The microscope motorized stage was controlled through a
BeanShell script running in MicroManager (version 1.4.23, micro-manager.org) to
acquire 54 images necessary to recreate an image having the whole spiral patterns.
Finally, images analyses and reconstruction of them were executed with the Fiji
software [188] and Fiji custom macros.

Confocal imaging was performed with a Leica SP5-II confocal microscope
(Leica Instruments) equipped with a helium/neon laser source with an excitation
wavelength at 543 nm. Samples were observed utilizing a 20x objective lens and z-
stacking mode was set from the top to the bottom of the microchannel. Firstly,
PDMS spiral patterns were detached from the silicon support and subsequently chip
microchannels were cut with a scalpel at 30° with respect to the normal surface to
help the microRNAs visualization on walls. To acquire the TAMRA signal,
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fluorophores were excited with the helium/neon laser, using an emission detector
wavelength range from 570 to 660 nm.

In addition, a spectrofluorimeter (FluoroMax-4, Horiba Jobin Yvon) was used
to measure the unbound microRNAs collected from chips silanized at different
times. This was performed by employing an excitation wavelength of 552 nm and
recording the emission spectrum from 557 to 700 nm and, finally, values were
defined by integrating the area between 580 and 590 nm.

On-chip microRNAs purification and detection were validated with synthetic
microRNAs dissolved in distilled DNAse/RNAse free water (named water herein)
(Gibco) or in blood plasma. In detail, three different microRNAs were employed:
miR-20a  (50-UAAAGUGCUUAUAGUGCAGGUAG-30), miR-222  (50-
AGCUACAUCUGGCUACUGGGU-30) and miR-320
(50AAAAGCUGGGUUGAGAGGGCGA-30) (IDT Integrated DNA
Technologies). Purification of synthetic microRNAs was performed by spiking
synthetic microRNAs ranging from 0.1 pg to 1 ng either in water or in human
plasma mixed in a 1:1 ratio with APL 1 buffer (QIAamp UCP Pure Pathogen Blood
kit, called lysis buffer) (Qiagen).

Human plasma was obtained from blood samples collected from healthy
donors into EDTA-treated collection tubes. Concerning plasma preparation, fresh
blood was centrifuged at 700 g for 10 minutes to pellet the cell fraction, then the
supernatant was collected avoiding contact with the buffy coat. Before employing
plasma for experiments, plasma samples were centrifuged at 1000 g for 5 minutes
at 4 °C to pellet the debris. Afterwards, the relative amount of synthetic microRNA
diluted both in water and in plasma was pumped in the microdevice at a flow rate
of 10 pL/min for 20 minutes at room temperature. At this step, the amino-silanized
surfaces provided positive charges to the chip channels allowing to attract negative
charges settle on the phosphate groups of the injected microRNAs backbones. Then,
to remove the excess of microRNAs, a wash step with water was performed at 1
pL/min for 10-15 minutes.

For the microRNAs on-chip analysis, a two-steps protocol based on reverse
transcription coupled with real-time PCR was employed. Reverse transcription
(RT) was performed directly on-chip, on the miRNAs adsorbed by PDMS internal
surfaces by adding the TagMan® MicroRNA Reverse Transcription Kit
(ThermoFisher Scientific) master mix at 10 pL/min into the microdevice. This
master mix included 100 mM dNTPs (with dTTP), MultiScribe Reverse
Transcriptase (50 U/uL), 10x Reverse Transcription Buffer, RNase Inhibitor (20
U/ul), 20x miR-specific RT primers. In detail, the reaction was perfomed for 30
minutes at 16 °C, 30 minutes at 42 °C, and 5 minutes at 85 °C on a XP Thermal
cycler (Bioer Technology Co., Ltd.) equipped with a flat thermal block. Once
synthetized, cDNA was subsequently recovered from the microdevice with the help
of microsyringes and amplified with TagMan® MicroRNA Assay—hsa-miR-
specific (ThermoFisher Scientific) in standard conditions (

Figure 4.2.6). An amount of 20 puL of real-time PCR mix was composed of
TagMan® Small RNA Assay (20x), TagMan® Universal PCR Master Mix II (2x)
(ThermoFisher Scientific), nuclease-free water and cDNA, following the
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manufacturer’s instructions. The cycling protocol, 95 °C for 10 minutes and 45
cycles of 95 °C for 15 seconds and 1 minute at 60 °C was run on a CFX Connect™
Real-Time PCR Detection System (BioRad). Samples were amplified in triplicates
and non-templates controls were included (amplification negative control). Data
were analyzed with BioRad CFX Manager 2.1 software and threshold cycles (Ct)
were reported and compared with a standard curve, build with known amounts of
cDNA, for quantification.
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Figure 4.2.6 (a) On-chip microRNAs functional assay, (b) on-Chip microRNAs RT-PCR and (c)
experimental setup.
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4.3 Results and discussion

4.3.1 Microdevices morphological analysis

Morphological analyses on SU-8 mold and PDMS replicas were performed to
evaluate features dimensions of both spiral-shape microdevices. As a first step,
during the fabrication process, optical images of SU-8 mold were acquired after
developing the SU-8 photoresist to check a correspondence between the mold
spiral-shape pattern and the design one Figure 4.3.1.

Figure 4.3.1 Optical photographs captured during the spiral-shape fabrication process: (a) SU-8
mold with spiral-shape microdevices having 60 pm wide channels. Inset of a measurement of
channel and wall spacing dimensions through an optical microscope with a 10x objective lens, (b)
PDMS replica and silicon support coated by a thin layer of PDMS, (c) Chip A and (d) Chip B.

A comparison between the real microchannel dimensions and the design ones
was performed on PDMS replicas both through optical microscopy and FE-SEM
image analyses (Figure 4.3.2 and Figure 4.3.3). To do this, fifty microdevices for
each configuration were sectioned and microchannels width and length as well as
wall spacing widths were characterized.
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(a)
Figure 4.3.2 Optical images of spiral-shape microdevices metalized with Cromium performed with
a 4x objective lens: (a) Chip A and (b) Chip B.

Figure 4.3.3 FESEM images of spiral-shape microdevices: (a) Chip A magnification 400x and (b)
Chip B, magnification 600x.

In details, for Chip A microchannels possessed a width average value of
168.41£4.87 pm and a height mean value equal to 222.67+14.63 um, with a wall
spacing of 220.89+14.63 um. Regarding Chip B microchannels mean values were
58.384+2.30 um and 195.23£8.41 pm of width and depth, respectively, with wall
spacing 146.184+2.54 um wide. Thus, the mean volume of Chip A corresponded to
15.90 uLL while Chip B was characterized by a total volume of 13.20 pL as reported
in Table 4.3.1 and Table 4.3.2. To conclude, while Chip B dimensions well fitted
with the design ones, Chip A possesses greater dimensions than the design values.
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Chip A

Features CAD PDMS-replica mean value
Surface (S) (mm?) 261.54 301.92
Volume (V) (L) 13.07 15.90
S/V (1/mm) 20.01 18.97
(S/V)/(S/Vprevious microdevice) 4.45 4.21

Table 4.3.1 Chip A: CAD dimensions versus real values.

Chip B
Features CAD PDMS-replica mean value
Surface (S) (mm?) 561.73 565.97
Volume (V) (L) 12.96 13.21
S/V (1/mm) 43.35 42.84
(S/V)/(S/Vprevious microdevice) 9.63 9.52

Table 4.3.2 Chip B: CAD dimensions versus real values.

4.3.2 Microdevices chemical analysis

XPS analyses were performed to investigate the chemical composition of the
spiral-shape microdevices internal surfaces. In particular, this characterization was
employed to verify the presence of chlorine on PDMS inner surfaces derived from
the trichloromethylsilane compound. As reported before, during the fabrication
process trichloromethylsilane was used to create an anti-adhesion layer necessary
to easily detach the PDMS replica. Thus, before carrying out biological tests, it was
fundamental to verify if this reagent could contaminate channels inner surfaces of
the PMDS replica, since it was known that materials composing microdevices and
residues of reagents employed in fabrication process could inhibit microdevice
performances when specific amplification of nucleic acids was required, as in this
case [189][190].

The chemical composition of PDMS slices cutted from different sites, located
inside and outside the microchannel of each spiral-shape microdevice configuration
was evaluated and compared to planar PDMS slices. As expected for PDMS, XPS
survey spectra related to PDMS slices inside the microchannel and on bulk,
confirmed the presence of oxygen, carbon and silicon, while no chlorine was
detected (Figure 4.3.4). A similar composition for all the measured samples was
reported through the quantification of elements described in Table 4.3.3 as relative
elemental percentage. In all the tested conditions similar amount of elements were
present both on inner channel surfaces and on bulk microdevice material, as well as
on PDMS planar surface and no chlorine was detected. Finally, the overall
elemental composition highlighted by XPS measurements showed the molecular
composition of PDMS [(C2H60Si1)n], with C/O and C/Si ratios around 1.7 and 2.5,
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respectively, in agreement with previous PDMS-based microdevice results
[170][191][192], confirming the PDMS characteristic biocompatibility.

Sample O 1s (%) C 1s (%) Si 2p (%)
Channel A 29.4 51.7 18.6
Chip A bulk 29.7 51.5 18.5
Channel B 29.4 49.9 20.7
Chip B bulk 29.9 50.1 20.0
planar PDMS 28.8 50.7 20.5

Table 4.3.3 XPS relative quantification (%) of O, C and Si detected with a 0° take-off angle on inner
(Channel A or B) and outer surfaces (Chip A bulk or Chip B bulk) of microdevices channels and on
PDMS planar surfaces. Standard error does not exceed the 1-2% of the reported value.
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Figure 4.3.4 XPS survey spectra evaluated at 0° take-off angle. Spectra were taken inside
microdevices channels (Channel A and Channel B), outside channels (A bulk and B bulk) and for
comparison a planar PDMS surface was also considered (planar PDMS).

4.3.3 Silanization times analysis

Further experiments were carried out to adapt the manual protocol employed
for the previous PDMS-based microdevice to the automated spiral-shape chip
manipulation. As a first step, it was necessary to modify the silanization procedure
to provide the best performances in terms of microRNAs adsorption.
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The silanization mixture of 0.1% APTMS and 0.9% PEG-s silane (from now
called AS) was injected in the central inlet of the microdevice at a flow rate of 2
puL/min and then, once full, the chip was immersed in water at 60°C for different
times. In details, functionalizations on spiral-shape devices were studied at 0, 2, 5,
10, 20, 40 and 60 minutes. To perform this, 600 ng of fluorescent miR-1246-
TAMRA diluted in water were infused and then adsorbed by the microchannels AS
surfaces. Figure 4.3.5(a) reported the resulting value of fluorescence intensity,
derived from the microscope image analysis, as a function of the silanization times.
As depicted, a good microRNAs adsorption was observed both at 5 and 60 minutes
concerning silanization times. In fact, after 5 and 60 minutes of silanization the
fluorescence intensity of miR-1246-TAMRA resulted to be greater compared to the
control experiment, i.e. when silanization occurred for 0 minute. Moreover, by
evaluating the quantity of unbound microRNAs collected from every microdevices
through a spectrophotometer analysis, it was possible to verify that the unbound
material from microdevices silanized at 5 minutes was comparable with those
silanized for 40 or even 60 minutes (Figure 4.3.5(b)). Finally, from these results, 5
minutes of silanization inside the water bath at 60 °C at the flow rate of 2 pL/min
was chosen as the best compromise concerning the functionalization setting step
for the automated protocol (Figure 4.3.6).
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Figure 4.3.5 Optimization of silanization times: (a) fluorescence signal intensity of microRNAs
absorbed in chips measured from optical microscopy images and (b) microRNAs solution recovered
from chips after silanization experiment times.
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Figure 4.3.6 Fluorescence signal intensity of microRNAs absorbed in chips B after measured 5
minutes of silanization, using 2.5x objective lens with an exposure time of 3.01 s.

4.3.4 On-chip microRNA adsorption analysis

After having functionalized the chip, it was necessary to optimize the protocol
for the microRNAs capture. Firstly, an investigation on the optimal flow rate value
related to the microRNAs injection was carried out. During this step microRNAs
infusion should be fast enough to allow the adsorption on the microchannels
functionalized surfaces without damaging microRNAs molecules since it occurred
at room temperature, but, at the same time, not too fast to avoid the effective contact
of microRNAs with the positively charges surfaces. Then, the same quantity of
miR-1246-TAMRA was injected either in Chip A and Chip B, after the silanization
phase, and the microRNAs adsorption was evaluated for flow rates of 2 pL/min and
10 pL/min respectively. These two different flow rates were chosen to guarantee
sufficient time to flux a quantity of 600 ng of microRNAs into microdevices. In
details, 3 ng/ puL of miR-1246-TAMRA were injected at 2 pL/min for 100 minutes
into the chip, while at a flow rate equal to 10 pL/min the same amount of
microRNAs was infused for 20 minutes (Figure 4.3.7).
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Figure 4.3.7 Flow rate optimization during microRNAs insertion in both spiral-shape
configurations: 600 ng of miR-TAMRA were inserted at 2 puL/min for 100 minutes and 10 pL/min
for 20 minutes.
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Analyzing the fluorescence intensity of images acquired after the miRNAs
capture, it was possible to notice how both flow rates gave similar results.
Therefore, 10 pL/min was selected as the optimal flow rate value for what concerns
microRNAs injection into the chip, thus allowing a reduction time of the assay.

Thereafter a washing step was crucial to remove the unbound microRNAs.
Microdevices were rinsed with water, whose pH is slightly acidic, so surface
charges did not preserve all the adsorbed microRNAs [193]. Thus, the volume of
water used in the washing step should not exceed the minimum value that was
necessary to effectively substitute the channel solution with water, otherwise the
equilibrium of microRNA adsorbed on surfaces could be shifted toward its release.
Therefore, after the microRNAs capture, two flow rates at 1 uL/min and 5 pL/min
were considered to set during the washing step either at Chip A and Chip B. As
depicted from fluorescence images in Figure 4.3.8 a highlighted decrease of
fluorescence intensities was observed during the washing step. Washing started
from the central inlet hole and proceeded through the coils up to ending straight
channel.

Microdevice full

of micioRNA Starting wash End of wash

ch1p

Figure 4.3.8 Fluorescence images of microRNAs washed into microdevices with 2.5x objective
magnification lens.

Thus, to have a quantification of the fluorescence intensity decrease,
fluorescence images were acquired at defined times during the washing step. As
reported in Figure 4.3.9, fluorescence intensity of images were reported as a
function of relative volumes, each one referred to a defined spiral shape
configuration. In details, both flow rates provided similar results either in Chip A
and Chip B. The excess of unbound microRNAs reached a plateau after fluxing a
volume of water equal to a microdevice volume. Finally, to define a common
protocol for both spiral-shape microdevices, a washing step at 1 pL/min for 10
minutes was selected as the most adequate to remove the unbound materials and
preserve the adsorbed microRNAs on microchannels AS surfaces. Infusing water
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for 10 minutes corresponded to about one washing volume and it was considered
compatible with the overall duration of the assay.

= 1 pul/min S 1 ul/imin
124 . 5 pL/min . ® 5ul/min|
114
104
09
08 .
07
06
05
044
03]
02

N
IS
1

2.2
2.0
1.8
1.6
1.4 . .
1.24
1.04
0.8 4
0.6
0.4
0.1—- 0.2

0.0 T T T T T T 0.0 T T T T T
09 10 1.1 12 13 14 15 0.9 1.0 1.1 12 13

(a) VIV, (b) VIV,

Figure 4.3.9 Optimization of washes speed after miR adsorption. A washing step with water was
performed at 1 pL/min and 5 pL/min both for Chip A (a) and Chip B (b). Relative volumes were
reported referred to each spiral configuration volume.

Fluorescence intensity (a.u.) x10°
Fluorescence intensity (a.u.) x10°

4.3.5 Confocal microscopy microRNA adsorption analysis

Until now all the parameters for the automatized protocol for both spiral-shape
microdevices were set up by measuring the fluorescence signal related to the
presence of miR-1246-TAMRA with a wide-field fluorescence microscope. This
approach appropriated for a relative comparison when different conditions were
applied to the microdevices, at the same time it appeared inadequate when a strict
quantification was needed. In fact, the collected fluorescence signal was mostly
related to the microRNA adsorbed on channels top and bottom surfaces, with a
minor contribution from channels lateral surfaces. Therefore, a confocal
microscope characterization was exploited to evaluate the uniformity of
microRNAs adsorption on lateral microchannel surfaces. By working in the z-
stacking mode of the microscope, it was possible to acquire three-dimensional
images of microchannels from the two kinds of spiral-shape devices. To do this,
after the washing step, following the microRNAs adsorption, microdevices were
dried with a nitrogen flux and then were cut diagonally with an angle of about 30°
with respect to the normal pattern surfaces to favor the imaging through the
confocal microscope.

For these experiments for Chip A was injected an amount of 1200 ng of miR-
1246-TAMRA diluted in water and adsorbed on the silanized surfaces, while Chip
B was analyzed with an amount of 600 ng of miR-1246-TAMRA adsorbed onto the
functionalized walls. As illustrated from three-dimensional images, all internal
microchannels surfaces are sketched in Figure 4.3.10 either in Chip A and Chip B.
Indeed, the presence of fluorescent microRNAs resulted homogenously distributed
on all the visible surfaces, allowing to consider both microdevices properly
functionalized and then suitable for microRNAs adsorption.
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Figure 4.3.10 Check for surface availability for microRNA adsorption in chip A (a) and chip B (b)
through the convolution of the images performed during the z-stacking mode using the 20x objective
lens of the confocal microscopy. 3D CAD designs are presented for each spiral-shape microdevice
on the top of the image.

4.3.6 Total channel surfaces analysis

Further tests were performed to study the maximum microRNAs loading
capacity of the two spiral-shape device configurations. To do this, all parameters
such as flow rate, microRNAs insertion time, flux and washing time were kept
constant while microRNAs concentration spiked in water was variable. Thus, a
titration based on different amount of miR-1246-TAMRA was carried out injecting
50, 150, 300 and 600 ng of microRNAs into microdevices (Figure 4.3.11).

Figure 4.3.12 revealed an estimation of the total area covered by fluorescent
microRNAs versus the amount of microRNAs infused into Chip A and Chip B.
These results confirmed how Chip B, characterized by a more extended channel
surface, could adsorb a higher amount of microRNAs compared to Chip A. From
design values the total surface area of Chip A corresponded to 261.54 mm?, while
for Chip B it resulted to be 561.73 mm?. Thus, the insertion of 300 ng of miR-1246-
TAMRA saturated the ability of microRNAs capture for Chip A, while a double
amount of microRNAs could be still absorbed by Chip B, reflecting the different
S/V values for the two spiral-shape devices. In fact, the S/V value of chip B, equal
to 9.63 mm™!, was about double the S/V value of Chip A (4.45 mm™).
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Figure 4.3.11 Miscroscope fluorescence images of Chip A (on the left) and Chip B (on the right)
when 50, 150, 300 and 600 ng of miR-1246-TAMRA adsorbed. Images performed with 2.5x
objective lens with exposure time of 3.1 s.
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Figure 4.3.12 Testing microdevices performances in microRNAs adsorption. Both chips adsorbed
different quantities of miR-1246-TAMRA spiked in water.

4.3.7 MicroRNAs spiked in human plasma analysis

As reported in the previous paragraph, since Chip B showed better performance
than Chip A, that microdevice configuration was selected for microRNAs spike in
human plasma analyses. In detail, chip B was characterized by introducing a
constant concentration of microRNAs spiked in human plasma added with lysis
buffer at different times (Figure 4.3.13). Lysis buffer was added into the human
plasma in order to favor the release of microRNAs from vesicles encapsulation or
protein complexes, in the perspective of the application of microdevices with
clinically relevant samples.
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Figure 4.3.13 Adsorption of miR-1246-TAMRA spiked in human plasma added with lysis buffer
at constant concentration on Chip B at different times. Fluorescence signal mean values were

measured in consecutive coils, while error bars refer to standard error. Dotted line represented a
linear fit with equation y = 241.969x + 14024.942 and R? =0.999).

As expected, it was found a linear increment of the microRNAs fluorescence
signal intensity, derived from chips injected at different times. This trend
demonstrated the capability of microchannel surfaces to capture the microRNA
even when it was dissolved in a complex matrix such as human plasma. Moreover,
from the same data, this behavior was constant in time, leading to a linear increase
of captured miRNAs. In addition, even if blood plasma contains a lot of components
such as proteins, lipids, small molecules, etc., that could be adsorbed to the
positively-charged surfaces as well as nucleic acids, however, they did not impede
the further adsorption of microRNAs on the surface sites still available. This
PDMS-based microdevice characteristic was already demonstrated with the
previous PDMS microdevice with a limited surface available for microRNAs
capture [177][191].

4.3.8 Validation of PDMS microdevices through RT-PCR analysis

Finally, preliminary test on PDMS microdevices were accomplished through a
chain reaction amplification step since the aim of this device was the specific
capture of low amounts of microRNAs as biomarkers of oncological pathologies in
the context of liquid biopsy. Then, to validate chips for their final application,
microRNA-20a, microRNA-222 and microRNA-320 were chosen as a minimal
panel of NSCLC biomarkers [194][195].

MicroRNAs, at different ranges of concentration, were spiked in water or in
human plasma with lysis buffer and captured by the functionalized microdevice
surfaces. Then, after the washing step, necessary to remove the unbound material
on the channel walls, the proper reverse transcription mix was injected into the
microdevice from the central inlet of each spiral-shape configuration and the
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adsorbed miRNAs were directly reverse-transcribed on-chip on a thermal cycler
equipped with a flat thermal block, as already performed for the previous PDMS
microdevice[177]. Thereafter, the solution containing cDNA molecules was
extracted from the external outlet and collected to feed the DNA amplification step
via the RT-qPCR reaction using standard tubes and equipment.

Figure 4.3.14 reports the results related to the RT-qPCR assays for miRNAs
quantifications: an inverse proportionality between threshold cycles (Ct) and the
amounts of spiked microRNAs was observed. The Ct is defined as the number of
cycles required for the fluorescent signal to cross the threshold line, that indicates
the fluorescence background level. The Ct is a relative measure of the concentration
of target in the PCR reaction and its value increases with a decreasing amount of
specimen. Analyses performed on the same amount of microRNAs spiked in water
or in plasma, revealed a dependence on Ct values with respect to the medium,
indeed better Ct values was detected in plasma. This discrepancy could be explained
through the passivation effect derived from proteins present in plasma and absent
when microRNAs was spiked in water. So, the components of a biological sample
not only did not adversely compete with microRNA molecules for the adsorption
sites, but allow their greater reaction with channel surfaces. A possible explanation
could be that on silanized microchannel surfaces were available the same quantities
of functionalized sites, but since in water more sites were free, they could have
captured constrained conformation microRNA molecules, thus yielding a lower
amount of cDNA molecules to be amplified in the reverse transcription step. In
addition, non-passivated chip surfaces could also have adsorbed components of the
reverse transcription mix as well as the just-copied cDNA RT-qPCR.

As depicted in Figure 4.3.14 microdevices were able to capture different
amounts of synthetic microRNAs spiked either in water and in human plasma
directly reverse-transcribed on chip and amplified in standard conditions.

MicroRNA-20a, microRNA-222 and microRNA-320, the panel of biomarkers
associated with NSCLC, were detected at different concentrations equal to 0.1, 1,
10, 100, 1000 pg of microRNAs proving that no preferences were observed for
different microRNA molecules. Results from all three microRNA molecules were
evaluated as similar and so they were fitted together, as reported in the dotted lines
in Figure 4.3.14. The resulting fit is a straight line in semi-log graphs both for
microRNAs spiked in water and in plasma confirming the correlation between
microRNA incubated and adsorbed on microchannel surfaces. Finally,
microdevices performances were further tested by detecting microRNAs naturally
present in human plasma collected from a healthy donor, even if at lower
concentrations. The same protocol as before was applied for the adsorption of miR-
20a and miR-222 on Chip A, obtaining a Ct of 31 + 2 and of 32 + 4, respectively.
These data were compared with those obtained by using a PDMS microdevice
already validated for capturing circulating microRNAs [177][191]. In this case, the
previous PDMS microdevice acted in this context as positive control. The Ct
resulting from the capture of miR-20a and miR-222 from the same human plasma
sample were 32 + 0.1 and 34 £ 0.1, respectively. Therefore, the results of the spiral-
shaped microdevice were in-line with the positive control. As a conclusion, the
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spiral-shaped microdevice was demonstrated as a good candidate for the easy
detection of microRNAs biomarkers from biological samples, even if a further

optimization, especially in terms of fluids manipulation is still necessary.
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4.4 Conclusion

This chapter presented PDMS-based microdevices focused on the specific
capture of low amounts of microRNAs as biomarkers of oncological pathologies in
the context of liquid biopsy. This procedure is easily accessible, not invasive and,
therefore useful for mass screening and for biomarkers profiling of patients during
specific therapies such as diagnostic purposes or following the progress of a disease.
Thus, microdevices to be evaluated as diagnostic tools in liquid biopsy must be able
to concentrate and detect microRNAs molecules found in little amounts in
biological fluids. To do this, based on the performance of a previous PDMS-based
microdevice reported in literature [177][191], novel spiral-shape chips with a higher
S/V were presented.

Two spiral-shape microdevices possessing different surface to volume ratios,
thus offering different internal surfaces available for the microRNA molecules
capture, were deeply investigated from the fabrication process to chips functional
applications. Firstly, spiral-shape microdevices reported in this chapter were
characterized both through a morphological and chemical analysis to verify the
compatibility for biological applications. Then, the manual protocol used for the
previous PDMS-based microdevice [177][191] was adopted to the automated
microdevice manipulation. Thus, all on-chip protocol steps such as surfaces
silanization, microRNAs capture and washing step were examined in depth
employing synthetic microRNAs spiked both in water and human plasma. Finally,
validation of spiral-shape microdevices was performed via PCR reaction tests.

Results demonstrated that spiral-shape chips offered a higher S/V able to
capture a higher amount of microRNAs with respect to the previous PDMS-based
device. Finally, since spiral-shape microdevices were able to purify a group of
microRNAs as cancer biomarkers from biological fluids such as human plasma, this
suggested the possibility to use them in a future for the earlier diagnosis of
pathologies.
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Chapter 5

Conclusions and future
perspectives
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Results presented in this PhD Thesis work display the development of three
microfluidic devices for the analysis of various biomarkers (i.e. cells, exosomes and
miRNAs), exploiting different fabrication methods, with the aim to achieve lab on
a chips for the early detection and diagnosis of lung cancer. The development of
these tools in liquid biopsy can improve our understanding of lung cancer
pathophysiology and its molecular origins. Thus, the actual challenge is to introduce
new microfluidic platforms, owing high integration, throughput and efficiency with
reduced time and cost in clinical practice.

Considering some of the common issue reported in literature, this PhD Thesis
presents the development and the analysis of each microfluidic device, first by
introducing the relevant design and fabrication method related to its functionality
and then by inspecting device features dimensions and evaluating its performances
either with synthetic and biological samples employing different approaches.

In Chapter 2 a novel free-flow zone electrophoresis microfluidic device based
on an active method for the manipulation of biomarkers is analysed. Morphological
characterizations of device features dimensions highlighted how an accurate
reproducibility of the design was performed employing an additive manufacturing
method. The introduction of 3D printing technology to microfluidics enables fast
and rapid device prototyping exploiting low-cost materials. Moreover, this
fabrication method allows an easy introduction of further design updates in limited
re-work time, as depicted in this chapter, where inlet and outlet ports with proper
tube connection were easily integrated by modifying a preliminary design.
Furthermore, characterization of analytes, different in surface-to-charge ratios (i.e.
particles and exosomes), collected at the outlets demonstrated the device
performance to tune the motion of analytes in a specific outlet when a defined
voltage value at the electrodes was imposed and also to accumulate them in a
microliter volume range.

In Chapter 3, performance analyses of a silicon-based microfluidic device
employed to separate biomarkers possessing micrometric dimensions are
investigated. In this case, the active mechanism of controlling biomarkers motion
exploited acoustic forces, rather than applying an electric field, as mentioned above.
Prior to analyse bulk acoustic wave device focalization performances, design and
fabrication method were reported and investigated, as well as protocol steps
involved in the development of a customized set-up to allow the formation of an
acoustic standing wave field into the microfluidic channel. Afterwards, device
focalization potentiality is evaluated analysing samples, composed either by
polystyrene micro- and nanoparticles and cells as single or mixed populations,
collected at the outlets of the device when different setting condition (i.e. sample
concentration, applied voltage value at the piezoelectric element and flow rate)
were applied. Regarding micro particles results, higher device focalization
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performances are demonstrated when lower concentration, lower flow rate and
higher applied voltage value to the transducer was applied. Furthermore, a
confirmation of these data resulted from a comparison between experimental data
and simulated analysis. Finally, data obtained from HL-60 cells demonstrated the
capability to collect cells either at high flow rate and when they were mixed with a
population of micro and nanoparticles without affecting device focalization
performances.

In Chapter 4 a third type of microfluidic device developed during this thesis
work is inspected. In detail, two PDMS-based microfluidic devices, characterized
by different surface-to-volume ratios were designed to capture low amount of
microRNA molecules from biological fluids. Morphological results performed on
both microfluidic devices demonstrated increased availability of internal channel
surfaces for the capture of biomarkers with respect to a previous developed PDMS-
microfluidic device, while chemical results displayed the compatibility for
biological applications regarding materials exploited during the fabrication process.
Furthermore, from the analysis on parameters involved during steps performed for
the microRNAs capture of devices, a customized and fully automatized process was
defined. Finally, a validation of both PDMS-microfluidic devices was performed
via PCR reaction tests, employing synthetic microRNAs and a pool of microRNA
molecules associated to NSCLC spiked either in water and human plasma.

To conclude, microfluidic devices results performed with biological samples
presented in this PhD Thesis constitutes a proof of concept for the development of
new diagnostic tools for the early detection, prognosis and treatments of lung cancer
disease. Indeed, these microfluidic devices represent a starting point for the analysis
of various biomarkers useful in routine diagnostic and clinical practice. Combining
advantages of each developed microfluidic device as well as advantages of each
fabrication method, new microfluidic platforms can be manufactured, overcoming
critical issues related to the use of conventional methods. Thus, the development of
rapid integrated and multi-analysis systems will be useful to enhance the
standardization and the performance of the analytical procedures involved in liquid
biopsy.
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Appendix A



I.  First micro-free flow device fabrication

Concerning the first uFFE device fabrication process steps, they were the same
presented for the enhanced pPFFE device (see 2.2.2), but instead of integrating
threaded fluidic fittings directly into the 3D design, they were milled into a PMMA
holder. The 3D printed part of the device was manufactured as already mentioned.
On the 750 pm thick PMMA slice, inlets and outlets were milled using a computer
numerical control (CNC) milling machine (BENCHMAN). After that, either the 3D
printed part and the PMMA slide were cleaned by isopropanol and flushed by a
nitrogen flux before bonding. Then, a uniform and irreversible bonding between the
3D printed part and the PMMA slide was achieved by using as glue Poly(ethylene
glycol) diacrylate (PEGDA) 575 resin (Sigma-Aldrich) mixed with 1%
IRGACURE 819 (Sigma-Aldrich) by leaving the whole device one hour on hot
plate at 70°C. After that, two stainless steel wire electrodes (The Crazy Wire
Company) were manually inserted in the corresponding lateral channels. Finally,
the first pFFE device was placed in a PMMA holder composed by two slides of
PMMA with thickness equal to 3 mm. In details, on the slice representing the top
of the PMMA holder inlets were milled and threated to guarantee a stable
connection with the tubes and the device. Outlets were also milled and on the back
of it, an additional milling was performed to host o-ring elements. Finally, along
borders of both slides of PMMA holder six holes of diameter 5 mm were milled to
allow the clamping of the device into the PMMA holder through screws, to avoid

solutions leakages during tests (Figure Appendix A LI).

Figure Appendix A LI First uFFE device fabrication: (a) 3D printed microfluidics, (b) PMMA
slide inlets and outlets milling, (c) electrodes insertion and (d) device sealing.

II.  First micro-free-flow device leakage test

To evaluate the bonding between the 3D printed microfluidics and the PMMA
top cover, leakage tests were performed by filling the device with an orange food
dye. After having injected the orange food dye into the inlet access, whole
microfluidics was filled by the solutions as depicted in Figure Appendix A ILI.

i



Thus, not only the device bonding performance was verified, but it was possible to
notice that the microfluidics was free from the excess of glue employed during the
sealing step of the device thanks to the gutter designed near the device borders.

Figure Appendix A IL.I First uFFE device leakage test performed with orange food dye.

Finally, leakage tests failed when the device was placed into its PMMA holder. As
showed in Figure Appendix A ILII the interconnections between tubes and the
device were not able to guaranteee a stable sealing, indeed a little amount of
solution spread in the space between the top of the device in correspondence of inlet
and outlet accesses and the backside of the top PMMA holder.

Thus, to overcome this critical issue, the enhanced uFFE device was developed
with threaded fluidic fittings directly integrated into the 3D design on the backside
of the microfluidics in correspondence of inlet and outlet ports.

Figure Appendix A ILII First uFFE device leakage tests performed with green (a) and blue (b)
food dyes when the device was clamped into the PMMA holder. Dotted circles highlight where
leakage tests failed.
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Appendix B



I.  Spiral-shape mold microdevice fabrication

Concerning the mold material employed for the fabrication of the spiral-shape
microdevices (see 4.2.2), instead of spinning SU-8 photoresist on silicon wafers,
thus using them as supports, in another fabrication process themselves were used
as mold. In details, spiral-shape configurations were etched into 4-inch n-type
silicon wafer with (100) orientation and 0.35 mm thick, finished with 1 um of
thermal Si0,. At first step, the Omnicoat photoresist (Microchemicals GmbH) was
coated on the silicon wafer by using a spin coater (Spinner 150 Wafer Spinner) by
setting 10 seconds at 500 rpm and 30 seconds at 3000 rpm to guarantee a perfect
adhesion between the silicon surface and the photoresist used as mask. Then, a soft
bake step occurred on a hot plate at 200°C for 60 seconds. Next, SU-8 3005
(Microchemicals GmbH) was spinned on silicon wafer setting 10 seconds at 500
rpm and 60 seconds at 1000 rpm. The soft bake process was run in two thermal
steps: the first one at 65 °C for 30 seconds and the second step at 95 °C for 3
minutes, both performed on the hot plate. After that, the SU-8 was exposed for 90
seconds to standard UV photolithography by means of a double side mask aligner
(Neutronix Quintel NXQ 4006) used in contact mode, ensuring the correct
alignment between the SU-8 3005 and the desired mask patterns. As the previous
soft bake step, the post bake was characterized by two thermal steps: the first at 65
°C for 1 minute and the second one at 95 °C for 5 minutes, on a hot plate. After that,
to obtain the desired exposed pattern, the SU-8 was developed using Propylene
glycol methyl ether acetate (PGMEA) for 40 seconds, then rinsed with 2-propanol
(Sigma-Aldrich) and dried with a nitrogen flux. Next, a Buffer Oxide Etching
(BOE) was performed for 15 minutes to remove the thermal oxide in the unwanted
area and then the spiral-shape microchannels etching was completed by Deep
Reactive Ion Etching (DRIE) (Oxford Plasmalab 100 System). A Bosch® process
was performed to obtain about 200 um deep microdevices using the following
parameters: 1500 W of ICP power, 10 W of RF power, 50 sccm of C4Fg for the
passivation step extent of 4 seconds, and 150 sccm of SF¢ for the etch step extent
of 10 seconds imposing 14 sccm of He backside cooling to maintain 18°C on the
wafer in both steps. After that, the etched silicon wafer was submerged into a
solution of sulphuric acid and hydrogen peroxide in a 3:1 ratio (v/v) for 5 minutes
to remove the residual SU-8 mask layer, rinsed 3 times in water and dried with a
nitrogen flux. Finally, the residual thermal oxide was removed through a further
BOE process of 15 minutes to obtain the finished mold.

Following steps in which silicon mold was involved to manufacture PDMS
replicas were the same performed for the SU-8 mold (see 4.2.2) (Figure Appendix
B LI).
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Figure Appendix B LI Fabrication process flow: (a) silicon wafer, (b) SU-8 spinning on silicon
wafer, (c) SU-8 exposition, (d) SU-8 develop, (e¢) BOE on silicon thermal oxide, (f) DRIE step, (g)
remove of residual SU-8 mask, (h) BOE to remove the residual silicon thermal oxide, (i) silicon

mold silanization, (1) PDMS pouring on SU-8 mold, (m) PDMS spiral replica, (n) silicon slice with
PDMS thin layer and (o) final device assembled.

II.  Spiral-shape mold characterization

Morphological analyses on silicon mold and PDMS replicas were performed
to evaluate feature dimensions of both spiral-shape microdevices. FE-SEM
characterizations were performed to make a comparison between real microchannel
widths, lengths and wall spacing widths and the design ones.

Firstly, to define a recipe for the Bosch® process were set different ICP power
during the etch step. Figure Appendix B ILI reported silicon molds characterized
by ICP power of 1500 W and 1300 W during the etch step. In details, Chip A mold
was etched using 1500 W of ICP power, while Chip B was etched with 1300 W of
ICP one. As it was possible to notice, molds involved during these preliminary tests
were characterized by 60 um microchannels deep. This because, the aim of these
preliminary tests were focused on evaluate the correct reproducibility of
microchannel and wall spacing widths. In details, microchannels of Chip A
possessed an width average value of 230.03+4.56 um and walls spacing dimensions
mean value equal to 172.33+4.48 um. Regarding Chip B widths mean values were
56.2242.31 pm and 151.97+£1.87 um of microchannels and walls spacing,
respectively. Since Chip B dimensions corresponded to the design ones, for further
test it was decided to exploit the Bosch® process setting an ICP power equal to
1300 W.
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Figure Appendix B II.I FESEM images of spiral-shape microdevice molds: (a) Chip A,
magnification 51x, (b) Chip B, magnification 150x, (c) Chip A cross section of features,
magnification 500x and (d) Chip B cross section of features, magnification 800x.

Figure Appendix B ILII showed the final mold of Chip A and the PDMS-
replicas derived from the mold of Chip B. Regarding Chip A, a pronounced under
etch effect was observed in the upper sides of the trenches, suggesting that during
the etching step ions etched silicon placed under the mask. Due to this,
microchannel dimensions average values were 125.91+14.95 in width and
192.3043.50 in height, while walls spacing mean value was 302.901+18.51. Also
mean values analyzed from PDMS-replicas of Chip B mold demonstrated a
discrepancy between the mold dimensions and the design ones. Indeed, Chip B
microchannel mean values were 39.814+6.62 pum and 187.534+5.94 um of width and
depth, respectively, with wall spacing 166.524+6.09 um wide. To conclude, further
experiments must be performed to define the optimal settings of the Bosch®
process to etch molds with the right design dimensions and to avoid the under etch
effect visible in both spiral-shape molds. For instance, decreasing the etching step
time or increasing the channel dimensions during the lithographic step could be
attempt to respect the design dimensions, while the under etch effect could be
avoided by employing a unique mask material such as silicon oxide.
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Figure Appendix B IL.II FESEM images of spiral-shape microdevices: (a) Chip A mold features
magnification 400x and (b) Chip B PDMS-replica, magnification 500x.
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