TECNICO
LISBOA

Development of a microfluidic sample preparation system for bacteria
magnetic labelling and capture in clinical samples

Davide Carta

Thesis to obtain the Master of Science Degree in

Bioengineering and Nanosystems

Supervisors: Prof. Susana Isabel Pinheiro Cardoso de Freitas

Dra. Veroénica Cristina Martins Romao

Examination committee
Chairperson: Prof. Gabriel Anténio Amaro Monteiro
Supervisor: Dra. Veronica Cristina Martins Romao

Member of the committee: Dra. Elisabete Fernandes

December 2020



Contents

Vol g o 1T/ [=To F=d o o T=Y o £ PP 4
=Y - [ol T ST T TSP SPRPUPRO PP 5
D =Tol T | Ao o RO T OO PPUTO PP PR PR 5
FY o1y o - ot A T T TSP P VSR PSTOUPTOTOUPROPROt 5
T o T ={ U <L 6
LIST OF TABIES ettt b e bt et e et e bt e bt e s ae e st e e bt e bt e b e e s be e sheeeae e e beenheesheesanenane 9
LISt OF FOIMIUIGS <.ttt ettt et e st e st e e st e s bt e e s abeesabeeesabeesabeeeanseesaneeesareenanes 10
] o 7AYol o] 0 1Y o SRR 11
N [ o1 oo [W ot i [o ] T T U OO P SO PPPTOUR PP 1
00 O V1 o I o i V=T o o <Y ot SRR 1
1,20 STATE Of the @t ittt et e s b e s ae e sttt b beenneas 4
1.2.1. State of the art of sample pre-treatment: passive mixing and microfluidics.........ccccceveueennns 4
1.2.2. State of the art of bacteria detection ........coouiiiiiiiiii e 11
1.2.3. State of the art of MagNetic CYtOMELIY .....cooiiiiie e 15

2. Materials and MELOAS ....c..oiiuiiiie et sttt ettt b e st st s b e b e nbeeeneas 21
2.1, MAterials @Nd tOO0IS . .cuii ittt ettt st st s b e e b b e nneas 21
2.2 MELROMAS ..ttt et e e bt e h b e e st e e s be e e s be e s bae e eabeesbaeesabeeeares 22
2.2.1. IMMODIliZation ProtoCOl .......eeii i e 22
2.2.2. Bacteria inoCUlUM Preparation..........ieeciciee ettt e eebae e e et e 23
2.2.3. Protocol for beNCh-tOP CAPLUIE.....cccceeieeecee ettt e e e e e e 23
2.2.4. Microfluidic device fabrication .........cociociiiiiien e 24
2.2.5. Protocol for microfluidic CAPLUIE ....ooeviii e 25
2.2.6. PIAEINE ettt e e b e s st st r e bt e e e e saeeeneereen 28
2.2.7. Protocol for cytometric Platform .........oee oo e e 29

3. Theoretical BaCKGrOUNG..........ooi ittt e et e e e et e e e e ett e e e e ebteeeeentaeeessraeaesntanaeanns 30
3.1. Bench-top assay: immobilization of antibodies and bacteria capture.........cccceccveevevieeeiecciee e, 30
3.2, Microfluidic Device Fabrication .........cccioiieiieiiiiieceeeee e 31
3.2.1. HAPA IMISK. ..ttt ettt st e b e b e re e saee e eareens 31
3.2.20 SU=BMON ettt et ettt e ehe e sae e st s be e b e be e beenaeas 33
3.2.3. D11V R oo o [T 4 o o TS SRR 36

3.3.  Cytometer output signal SIMUIGLION ......coiciiiiiiciie e e e e e e 37
3.4. Sample detection in a magnetic cytometric platform.......ccccooviiiiiciii 42
B, RESUIES it e s e h e e s b et e eaE e e e be e e be e e s re e e ne e e e reeeaneeesreeenneeas 44
4.1. Benchtop optimization for antibody immobilization and bacteria capture..........cccccvveeeeerereennnen. 44

4.2.  Fluidic simulations and deSIZN..........eeeiii i eeerree e e e e e e s ree e e e e e e e e snnrreeeeaaeeeennnes 55



4.3.  Microfluidic device fabriCation .........ccoieiriiiiiiie e e 60
4.3.1. o Yo 1V - T PSPPSR PP PRTUPR 60
4.3.2. R U = 45T [ PSP 62
4.3.3. PDIMIS DBVICE. ..cutteiteiiteeite et ettt st s ettt et e b e sbe e s it et et esbeesbeesaeesat e e bt e b e e beenbeesmeesneesnneenreens 69
S |V [ Tod o [T T ol =Ty o o = ST 71
CoNCIUSIONS AN DISCUSSION c..uuvieiiieeiieeeiee ettt e st e et e e st e et eesibeesbeeesabeesbteesareesabeeesabeesaseeesnseesaneeesareesanes 80
LT T [ o o Yo o =Y ol N o ) A o] U] £ TSRS 80
5.2.  Future optimization of the studied platform: modification, improvements and integration in an
QUEOMIATIC SYSTRIM Lttt s annn 80
REFEIEINCES ..ttt e st e s bt e e bte e s bt e e ab e e st e e s beeesabeeeanbeesabeesabeeesabeeeneeas 83
FAY ] 0 =Y o Vo L PSSR 90
7.1.  Appendix A: Ademtech beads Datash@et.........cccueiiviiiiiiiiiiiiece e 90
7.2.  Appendix B: table with summarized bench results ..........ccceeeeiiiiiieccie e 91
7.3.  Appendix C: table with microfluidic and bench results comparison.........ccccceeevieeiecieeeccciee e, 94
7.4.  Appendix D: SU-8 DatashEet.........coiiiiiiiiiiieeciie ettt e e s e s e e e s e e e e e e e e e e narees 96
7.5.  Appendix E: Microfluidic device production Runsheet (provided by INESC-MN) .........cccccvverunenns 100
7.6.  Appendix F: Antibodies AbCam Datash@ets .........cccccuiieieiiiiii i e 115



Acknowledgments

To begin with, 1 would like to thank my supervisor Professor Susana Cardoso, for her support and
enthusiasm in the project as well as for introducing me to the inspiring and eclectic environment that
INESC MN represents, and PhD Veronica C. Martins, my daily guide through the complexity that a
thesis work can represent, who always had the right advice to push the project further.

I would like to thank all the colleagues at Bioneer lab, Rita Soares, for all the knowledge she shared
and the time she dedicated to mentor me for the whole period of the thesis, Ana Francisca, that
transferred to me her previous work in the project, Débora Albuquerque, Sara Viveiros and the new
acquired Raffaele Campanile, for making my time at INESC-MN not only a work but also a pleasure.
I acknowledge PhD Vania Silverio and PhD Sofia Martins, who supported my work with some of
their previous results and never missed to provide extra tips.

I want to thank Eng. Virginia Soares, Eng. Fernando Silva and Eng. José Bernardo for managing all
the processes that require expertise in the use of fabrication tools.

I also want to thank Professor Ana Azevedo and my collegues Marta Patinha and Inés Simoes for the
weekly meetings and discussions.

And not to forget a thank to all the people at INESC-MN who created a friendly and supportive
environment.

I acknowledge Tecnophage for the provided material.

In conclusion, a thank to everyone that is far, but never missed to support me through these two years
spent in Lisbon, my family and friends in Italy and my brother in UK, always there for a comforting
call and some life tips.



Preface

The work presented in this thesis was performed at the company Instituto de Engenharia de Sistemas
e Computadores—Microsistemas e Nanotecnologias INESC-MN (Lisbon, Portugal), during the period
February-December 2020, under the supervision of Dra. Veronica C. Martins Roméao. The thesis was
co-supervised at Instituto Superior Técnico by Prof. Susana Isabel Pinheiro Cardoso de Freitas.

Declaration

I declare that this document is an original work of my own authorship and that it fulfills all the
requirements of the Code of Conduct and Good Practices of the Universidade de Lisboa.

Abstract

Hospital infections represent one of the novel health care challenges of the new century and rapid,
economic and efficient technique for their detection are essential for rapid isolation of the patient and
limited diffusion. Magnetic cytometry represents an emerging platform for bacteria detection, but
complexity of the sample matrix and necessity of bacteria cell labelling require a preparative step. In
the frame of a LoC (Lab on Chip) device PoC-oriented (Point of Care), such sample pre-treatment
must be integrated in the cytometer and thus realized as a microfluidic component. Needed steps are
bacteria labelling with magnetic particles and their concentration in a smaller volume, while
unwanted components of the original sample, as other bacteria or residues, are discarded; labelling
requires that recognition elements (here antibodies) specific for the target bacteria are immobilized
on magnetic particles.

As concerning the following study, a bench-top assay for antibodies immobilization and bacteria
capture and concentration has been optimized. A PDMS based microfluidic device, in two variants,
have been produced and the parameters from the previous optimized protocol, such as ratios between
antibodies, particles and bacteria have been applied to automatize sample pre-treatment through a
new assay based on the device.

Devices ability on bacteria labelling and concentration have been evaluated and compared with results
from bench-top assay, verifying if the former could be a substitute for the latter.

Microfluidic devices have been tested with spiked samples at different concentrations, as controlled
solution of target bacteria in buffer, and with clinical samples, representing all the complexity of the
real matrix. Efficiency in processing spiked sample is quantified and a mean capture efficiency of
86% =+ 9% is obtained at a concentration of 2*10° CFU/ml, while the lowest concentration capture
with reasonable difference between positive and negative control is 2*103CFU/mI. Processing of
clinical sample offered limited results due to high variability in sample concentration and limited

tests, even though capture is observed and qualitative results are promising.
Keywords: sample preparation; sample pre-treatment; microfluidics; clinical sample; labelling; capture; immunomagnetic separation
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1. Introduction

1.1.  Aim of the project

In recent years, miniaturization and implementation of detection systems in portable device have
grown, with a major impulse in chemical and biological detection [1]; innovative systems have been
developed with the aim of discriminating the analyte of interest from its surroundings, with an attempt
to ensure the lowest limit of detection while maintaining high accuracy and specificity. All with the
aim to develop a device which guarantees what WHO (World Health Organization) defined as the
goal for PoC-LoC (Point of Care - Lab on Chip) systems, namely the ASSURED criteria, or
Affordable, Sensitive, Specific, User-friendly, Rapid and robust, Equipment-free and Deliverable to
end users [2]. Such trend is not entirely mirrored in the area of sample pre-treatment, which contains
all the sample processing required, previous to the detection, to ensure minimal interference with the
latter. As a matter of fact, sample matrix, defined as all the components forming the sample except
for the detection target, on numerous times may have a negative effect on the interaction between
analyte and sensor, and their elimination is advised, if not essential.

One limiting factor is related to the tendency of many sample processing steps to be performed
off-chip [1], thus hampering complete integration of a device, while representing a high-cost, time-
consuming and equipment-dependent [2] feature. Sample pre-processing is typically represented by
filtration, centrifugation, dilution, mixing, target amplification and extraction [1]; in addition, any
sample treatment process must guarantee that analytes are present in a form compatible with the
detection system, or alternatively, such approach limits the type of detection method that can be
applied downstream. Besides, small volumes for sample and reagents, in the order of pL to ul are
sought in most miniaturized systems [1].

In order to guarantee all the above-mentioned characteristics, microfluidic implementation
represents the best approach to achieve the development of PoC-LoC device which integrates sample
preparation and target detection. As a matter of fact a microfluidic system generally provides reduced
sample/reagents consumption, minor cost requirements per single analysis, reduced power
consumption, low contamination risk, improved sensitivity/sensibility and high reliability [3].
Fabrication of the device can be achieved with well characterized photolithographic and soft-
lithographic techniques, which include the formation of a mold that can be repeatedly used; PDMS
is the most chosen material for the final device given, among others, properties as flexibility, optically
transparency, and biocompatibility [3].

When designing a similar complete system, sample preparation and detection inter-dependence
cannot be neglected, as a result their characteristics have to be taken into consideration in a choral
approach.

Specifically, INESC MN in collaboration with INESC ID [4] [5] have been studying and
developing a magnetic cytometer platform oriented, among other objectives, to bacteria detection in
clinical sample as part of a project for rapid hospital bacterial infection detection, named
“Bacteriofagos no Diagnostico e Prevencao de Infe¢cfes Multiresistentes em Portugal e no Mundo
(Phage4BacID) . Preferential targets of the project are antimicrobial resistant bacteria, specifically
carbapenem resistant Escherichia coli, Klebsiella pneumoniae and Pseudomonas aeruginosa, as such
class of antibiotics represents the last resort for treating multidrug resistant infections [6]. In particular
number of cases for carbapenem resistant K.pneumoniae in Portugal has raised from 3.4% to almost
11% from 2015 to 2019 [7], with even higher percentages for P.aeruginosa and Acinetobacter
species, generating an increased demand on efficient detection systems for patient rapid isolation.
The role of this work is thus to cooperate and support the cytometric platform, designing, producing
and testing a coupled microfluidic device for sample preparation, applied to bacteria solutions
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(K.pneumoniae, P.aeruginosa and E.coli) and refined for resuspended rectal swab samples, provided
by Hospital Beatriz Angelo and tested positive for carbapenem resistant K.pneumoniae. This coupling
defines the requirements the device must fulfil. Firstly, given the absence of natural magnetic activity
of biological samples, target bacteria cells need to be labelled with magnetic particles. This effect is
achieved in the device by mixing a solution of superparamagnetic particles covered with a specific
recognition element, namely antibodies, with the solution containing the target, eventually
represented by the resuspended swab. Secondly, the analyte requires to be separated by the complex
matrix where it is contained and it also requires to be concentrated in a smaller volume. The retaining
of magnetic particles, along with captured bacteria, is implemented to fulfil such demand. Given the
characteristics of the phenomena involved and the elements exploited, the device represents an
implementation of an immunomagnetic separation process. One convenient aspect is represented by
the exploitation of the magnetic elements for the segregation, lately also required for the detection.
This do not limits the use of the sample preparation device to downstream magnetic detection, as
other detection methods may be implemented with minimal device adaptation. Nonetheless, the
device is designed with the explained frame in mind. A deeper description of magnetic detection
fundamentals is presented in section 1.2.3.

Coupling together the sample preparation method here described with the detection method
developed at INESC MN can potentially provide an answer for the demand of a fast all in one
device able to detect bacteria infections. Bacteria detection can be applied in many different areas,
such as biohazard, microbial forensic, environmental studies, and more [8], among which clinical
diagnosis. As for clinical samples, represented by blood, urine, saliva or different collected body
fluids, a significative obstacle is represented by matrix complexity, whose components are able to
affect the efficiency in detection or in other steps of the process. For example, contained lipids can
interfere with antibody/antigen interaction. For such kind of matrix pre-treatment steps as sample
collection and storage, separation, extraction and concentration are generally required [2], as
proposed by the discussed system. In addition, limited time is given for the detection, in order to
achieve patient rapid isolation if needed.

Targeted characteristics are thus lower than 3h processing time (to be compared to the 24 to
72h needed with classical culture-based methods already in use), all in one approach with the ability
to include sample pre-processing, Point of Care (PoC) solution integrating all the step in a single Lab
on a Chip (LoC) device, ability to deal with complex biological samples, high sensitivity (very low
number of false negative) and specificity (reduced false positives, even if less relevant for the
possibility of further, longer, detection method) and able to process sample volumes in the order of
500pl.

The necessity of such device arises from the novel menace health care systems worldwide are
facing in the new century, represented by highly diffused hospital infections. Such infections cause
patients mortality and morbidity, in a considerable number; for example, in 2005 approximately
19.000 patients in USA lost their life due to a MRB (MultiResistant Bacteria) infection caused by
methicillin-resistant Staphylococcus aureus (MRSA), more than the sum of deaths due to HIV, cancer
and homicide [9]. Situation in Europe is similar, where European Centre for Disease prevention and
Control (ECDC) estimated that 33.000 died for infections occurring due to resistant bacteria, a
number comparable to the sum of deaths caused by influenza, tuberculosis and HIV/AIDS combined,
based on a study of 2015 [10]. Such organisms, as the name suggests, are bacterial cells which are
immune to the more than one antibiotic, or, at least, at human body accepted doses, where such
resistance is confirmed in vitro. This condition also puts additional limitations and risks in many
fields of medicine, as organs implantation, premature infant care, chemotherapy, surgery and all areas
where infections are expected and already critical. In addition, very few amounts of new antibiotics
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are being developed recently, both due to the already highly explored field and to the lowest income
respect to chronical diseases treatment. Two are the core aspects of hospital infections, respectively
limiting infection diffusion and extreme fast recognition. In order to achieve patient isolation though,
it is requested to discriminate between different bacterial strains in a straightforward manner and
limited time. This is hardly achieved with current methods for bacteria detection applied in an hospital
setting, representing by plating, selective cultivation and CFUs count (Figure 2). A discussion on
different bacteria detection method is presented in section 1.2.2.

Needed time from collection to detection: 24to 72 h

sample collection Sample delivery to specialized
(Nasal or Rectal swab) |:> P Yok |::> Detection

laboratory

Plating and CFU counts

Figure 1- General flow for standard approach

Needed time from collection to detection: few hours

Sample collection
P |::> Sample preparation |:> Detection

(Nasal or Rectal swab)

Sample mix with capturing
element

1 1

Manual Automatized
Bench protocol Microfluidic protocol

Magnetic Cytometer

Figure 2- General flow for proposed approach: in red, area of competence of presented work

In Figure 1 and Figure 2 general schematics of the standard used approach and proposed new
approach are represented. As also reinforced in section 1.2.2 plating method represent the current
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golden standard for bacteria detection and it is the main tool exploited for clinical sample analysis
nowadays. Competing with such cheap and effective tool, given the low limit of detection, involves
the proposal of a system that ensures extremely better timing requirement, true big limitation of such
method, while competing on the other aspects. Cytometric approaches can represent the researched
tool, among which magnetic cytometry rises in importance for its portability, relative reduced costs,
absence of background noise in biological sample, ease of sample pre-processing and good
microfluidic integration. Nevertheless, while the sample needs negligible preparation in the case of
plating method, if magnetic cytometry is exploited as a mean of detection, sample pre-processing
represents a core aspect, as involves the actual process by which magnetic properties of a specific
target among the sample are tuned to the wanted level, or in other words, the target is made
magnetically “visible” to the sensor.

Within the frame presented above, such step must be integrated in the final device (ie. the
aimed LoC), and that is the major focus of this work, providing a device able to accomplish such
preparatory step with characteristics displayed in Figure 3.

First design Second design
Outlet

Chamber
Elution Inlet
Serpentine

Mixing inlets

DIM: 37044x37236um DIM: 40146x40562um
=T

(== 1 g (&

Figure 3- Above: produced devices with outlined features; Below: CAD files reporting relative measures

1.2. State of the art

1.2.1. State of the art of sample pre-treatment: passive mixing and microfluidics
As anticipated in section 1.1 sample pre-treatment represents the core topic of the work.
Steps that are usually included in sample preparation are mixing, separation, concentration,
purification, labelling and cell lysis [11].
Relatively to the device here developed and discussed, mixing and concentration are sought.
As for the first, a solution with recognition elements immobilized on magnetic particles and a
solution containing target bacteria are involved; as for the second, particles that interacted with
bacteria are the target.



Mixing in microfluidic has a long story of different approaches, that can be summarised in
two macro-classes: active and passive mixing. Where in the former an external source of energy is
needed in order to achieve mixing through injection of energy in form of sound waves, Kinetic energy,
thermal energy and electromagnetic energy through different phenomena [12], in the latter mixing is
obtained by exploiting some fluid dynamic effect.

If mixing is not specifically addressed, it generally occurs, in a microfluidic device where two
or more streams are in contact, at low rates, since it solely relies on diffusion to allow species from
one flow to migrate to a second flow; this is because for the common range of speed of the fluid and
adopted cross-section of channels, given a fluid with similar characteristics to water as concerning
density and viscosity, flow is characterized by a low Reynolds number(Equation 1), generally lower
than one [13] [14], which implies the establishing of a laminar flow, characterized by ordered fluid
streams with no transversal advection, or no bulk mass motion in the direction perpendicular to the
flow.

* * D
Re=p me;zn h; (1)

Equation 1 — Reynolds number

where p is the fluid density, Vmean is the mean velocity of the flow in the channel, p is the dynamic

viscosity of the fluid and Dn represents the hydraulic diameter, equal to dedrea , or for a rectangular

Perimeter
cross-section.

D — 2 x width * heigth )
"7 width + height ’

Equation 2 — Hydraulic diameter for a rectangular duct

To verify that such considerations applies also for the device presented in this work, Reynolds
number can be computed, considering a target flow rate Q=10ul/min, channel width W=200um,
channel height H=100um, water based fluid with viscosity p=0.001 Ns/m? and density
p=1g/cm?,which implies a cross section A=W*H=2*10%um, a mean velocity Vmean=Q/A=8.3*10°m/s
and a hydraulic diameter according to Equation 2 Dn =133.33 um , leading to a value of Reynolds
number Re = 1.11; this value agrees with the range of laminar flows and justifies the requirements of
specialized mixing structure to overcome mixing limitations when based on diffusion only.

In fact, in such case, the diffusion time is proportional to the square of diffusion distance with
a proportionality constant represented by the diffusivity of the fluid, as reported in Equation 3

52
tp = FD; 3)

Equation 3 — Diffusion time

where tp is the diffusion time, dp is the diffusion length here equal to half of the channel width and
D is the diffusion coefficient. Since in the case of biological samples of dimensions between 0.1um
and 1um such coefficient can vary in the order of 102 to 10™® m?/s [15], diffusion time for the given
dimensions would span values between 10% to 10°, more than 2h in the case of smaller samples. At
the given flow rate of 10 pl/min, this would require a channel longer than 80m to reach complete
mixing. Such times and lengths are not compatible with LOC devices, that are meant, at least in the
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frame of this work, to be fabricated in a surface that should be limited to 100cm?, thus marking again
the need of exploiting different phenomena rather than diffusion to accomplish mixing.

While generally more performant, active mixing involves a series of limitation as complex
fabrication, poor integration with other LOCs components, high power consumption and increased
heat generation, of particular interest when biological samples are considered [15], characteristic that
made passive mixing to be preferred if fabrication simplicity is a requirement.

Passive mixing is divided in two major categories, namely lamination-based and chaotic advection
based [14] [13]. The former is characterized by flow segmentation and formation of multiple streams,
with the aim to reduce the diffusion path and increase contact area between the two fluids to be mixed.
The latter is based on flow rotation and formation of transversal mass motion.

Exploring scientific literature many examples of both approaches can be found, and here few are
reported with the goal of evidencing some properties and define and support the approach chosen in
this work.

As for lamination based mixers, Tofterberg et al. [16] realized a device based on a 90° rotation
of the flow, obtained through grooves implementation, with consequential flow splitting; after a
further 90° flow rotation, split streams are recombined thus doubling the contact area and reducing
diffusion length, as represented in Figure 4. This configuration was tasted with a solution of a
florescent compound in water and proved to reach a mixing efficiency of 0.9, defined as the
normalized difference between florescence deviation at device inlet and florescence deviation at
structure outlet, after 4 repeated structures. Differently, Roudgard et al. [17] analysed the possibility
of exploiting a well-characterizing T-mixer, while introducing split streams at its inlets, in a vertical
or horizontal configuration (refer to Figure 5). Simulations obtained a mixing performance, computed
as integration along the width of the channel of the difference between concentration at a certain
distance from the inlet and concentration of completed mixed solutions normalized to the integration
along the width of the channel of the difference between fully unmixed and fully mixed
solution(Equation 4), equal to 0.6 at a distance of 500um.

Horizontal Splitting
o

- Vertical Splitting

600 um

Figure 4-Split and recombine mixer [16] Figure 5-Split T-mixer design [17]

w
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mixing index = o(x) =1 —

Equation 4 — Mixing index at x distance from inlet

where C(x) is concentration at a certain distance from inlet, C.. is concentration at complete mixing,
Co is concentration at inlet or unmixed and W is channel width. Such formulation of mixing index is
shared among the followed presented papers.



These and other lamination based mixers all share one major limitation in their need of a more
complex fabrication, as organized on multiple level and thus requiring alignment procedures; even
though such characteristic does not prevent their realization, it is in the intention of this work to realize
a device based on very simple fabrication procedures, able to be easily replicated with consistent
properties and reduced costs.

Relatively to the second category, which is chaotic advection-based mixers, various
approaches have been attempted.

Li etal. [18] studied efficiency of a Planar Asymmetric Split-and-Recombine mixer, based on
vortexes generation at sub-channel reconnection and as a result of unbalanced collision between the
two different streams, as displayed in Figure 6. Mixing efficiency up to 86% have been reached.

Xia et al. [19] exploited both stream split as seen in lamination based mixing, with advection
mixing through vertical re-injection of one fluid into the other in a so called expansion chamber that
triggers viscosity instabilities; higher mixing performances are in fact obtained when difference in
viscosity of the two mixed fluids are present, even if also in the case of equal viscosity, complete
mixing in achieved after seven units. In Figure 7 it is shown how initially laminar, the flow converts
to a more turbulent state at the third unit C3, increasing mixing, and is restored to a laminar state
seventh unit C7.

Figure 6- Planar Asymmetric Split-And-Recombine PASAR
mixer [18]

Cs (o4 Cé Cs

Figure 7- Planar view of the mixer with example of water-
glycerol mixing at different stages [19]

Both designs are efficient in mixing fluids, but their effect on particles solution may be
detrimental as effect of collisions induced on biological sample is not known; in addition, as already
commented for lamination based devices, these approaches brings similar complexity at production
level.

Another approach involves the use of grooves on the floor of the channel in order to induce
vortexes formation; Cortes-Quiroz et al. [20] realized and tested a staggered herringbone structure
and verify the dependence of mixing efficiency on parameters like the aspect ratio of the mixing
channel (w/h), the ratio of the groove depth to the channel height (dg/h), the ratio of the groove width
to the groove pitch (wg/k), the asymmetry factor of the groove (b), the angle of the groove (h), and
the numbers of grooves per half channel (Ng), reached for the best configuration a mixing index equal
to 0.83 (Equation 4)

Du et al [21] instead performed a numerical simulation comparing performances on two
different configurations of grooves, namely slanted groove micromixer (SGM), as shown in Figure 8,
and a staggered herringbone micromixer (SHM), verifying that for the SHM, due to the alternance of
the structure as shown in Figure 8, two transvers vortices are formed, compared with a single helical



stream present in the slanted version SGM, thus resulting in continue alternating mix between the two
solutions. Such configuration allowed mixing index up to 0.95(Equation 4)

Right Inlet
0 molL!
Left Inlet _,
1 molL-*
Oum \y/

2
5 ~40 um
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\oL,x 12.5 um 12.5 ym

Figure 8- SHM configuration of the mixer [21]

In addition to already discussed limitation relative to fabrication process complexity given the
multilayer character of such devices, the use of similar structures may cause a important particle loss;
both bacteria(p ~ 1.1g/cm? [22]) and nanoparticles(p ~ 2g/cm?®, see 7.1, Appendix A) have higher
density than water or used buffers (which have very close properties to water, p ~ 1g/cm® ), which
causes their sedimentation and accumulation at the bottom of the tube in which the solution is
contained. If the bottom of the channel in which they are loaded is interrupted by grooves, they can
form a space were particles accumulated and are subtracted from the stream, thus reducing the number
of available recognition elements, in the case of the sole magnetic particles, or the loss of part of the
target bacteria, which may produce false negatives if its concentration, as expected, is low. This effect
will be dependent on applied flow rate, but it must be considered that, in order to maximize magnetic
retention, flow rate will be chosen in the order of 10ul/min.

Finally, some approaches based on obstacles insertion in the fluidic channel are discussed:;
Wong et al. [23] compared mixing performance of a three inlet mixer with and without the presence
of two static mixing elements(SME); their role demonstrated to provoke a stretching of the contact
area between the two solutions, in an asymmetric scheme, thus creating some transversal mass
transport (refer to Figure 9). Mixing index of 0.9 is obtained at the outlet (according to Equation 4).

Fang et al. [24] applied single periodically alternated geometric structures, as displayed in
Figure 10, to a T shaped linear mixer and compared mixing performance in their absence; simulations
and experimental data agreed that a mixing index of 0.79(Equation 4)could be obtained with a
repetition of 28 units, hence in total 56 obstacles inserted.
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Bhagat et al. [15] exploited similarly the presence of obstacles in the flow to trigger transversal
mass transport and enhance fluids distribution along channel width, but positioned them at the center
of the channel, instead of at its walls, as displayed in Figure 11. The angle at which obstacles are
positioned, namely 45° respect to flow direction, as well as the choice of splitting the obstacles in two
part at 1/3 of their length creating a space between them, have been evaluated as a compromise
between the pressure drop induced by the mixer and the mixing efficiency. Once again, obstacles
cover the role of introducing a component in the velocity of the fluid or particles in the transversal
direction, thus forcing a mass flow between the two fluids that are wanted to be mixed. Most
interesting aspect of this study lies in the comparison effectuated between displayed configuration in
Figure 11 and a mixer structure called Tesla mixer, also based on chaotic advection mixing, known in
the micromixer field for its high efficiency at the cost of a high complexity. What was demonstrated
in the study is that, for the novel design based on obstacles, performance where higher compared with
Tesla mixer in both cases of fluids or particles mixing; 90% mixing efficiency is reached in a 5 mm
long channel ( 7 mm for Tesla mixer) for fluid mixing while 90% particle dispersion (60% for Tesla
mixer) is reached in a 3mm long channel (refer to Equation 5 and Equation 6 ). Mixing efficiency are
computed by simulating mixing between water and water/fluorescent particles solution.

X

J—) 100 ; (5)

Ounmixed

mixing ef ficiency(x) = (1 —
Equation 5 — Mixing efficiency

where ox (Equation 6) represents the standard deviation of the pixel intensity at a given cross-section
at an x distance from inlet and cunmixea=0.5 represent the standard deviation that corresponds to a
complete unmixed solution.

; (6)
Npixel

\/levpixel(l _ I_)z
O, = ’

Equation 6 — Standard deviation of pixel intensity at distance x from inlet



where | represents pixel intensity in grayscale value from 0 (no fluorescence) to 1(maximum
fluorescence) and I represents average pixel intensity in the image, relative to a cross section of the
channel at a distance x from inlet; Npixel instead represents total number of pixel composing the image.

This difference is explained by the authors on the bases of the fact that the introduction of a
transversal component of fluid velocity it is not sufficient to form a consistent flow of particles in the
same direction, and that the presence of obstacles that interrupt particles flow and force them to more
on the other half of the channel is essential for high particle dispersion in the channel.

Es

Inlet

Outlet

Figure 11-Top view and obstacles details of the mixer [15]

Microfluidic again is also an important component for the cytometric platform itself,
constituting the channels below which sensors are positioned and where processed sample flows. For
this purpose its design is generally simpler, but fabrication methods involved are equivalent to the
ones required for sample preparation device fabrication.

Undoubtedly, the most chosen material to produce microfluidic components at a laboratory
scale is PDMS, due to its easy moldability, low cost, transparency to visible frequencies, low
autofluorescence, high biocompatibility, gas permeability (oxygen and CO2 exchange) and simplicity
in sealing, as well as its compatibility with soft lithography fabrication methods. Briefly, fabrication
steps are reported for relevant studies in the same frame as this work is inserted, while a more
complete presentation of the method is reported in section 3.2.

Fernandes et al. [25] realized their microfluidic system in PDMS (Polydimethylsiloxane)
through cast-molding with three main steps.

First, a hard mask of AlessSi1.oCuos (Wt%) deposited on glass was produced by Physical
Vapour Deposition on glass in Nordiko 7000 and subsequent Direct Laser Writing patterning and
chemical etching in solution of acetic acid (3.3%), nitric acid (3.1%) and phosphoric acid (3.0%).
Second, a negative photoresist SU-8 mold is produced by contact microlithography, with UV
exposure of SU-8 spun silicon substrate, visualized in Figure 12. Finally, mix of DMS and silicon
elastomer (10:1 w/w) is conserved in vacuum to remove any possible air bubble and after poured on
the SU-8 mold and kept at 70°C to favour polymerization. After, the microfluidic is peeled out from
the mold.
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Figure 12-Representation of photoresist mold fabrication: hard mask is taped on the holder, put in contact with photoresist on
silicon substrate and exposed by UV light [25]

At this point, the produced PDMS structure must be joint to the microfabricated sensor
substrate, achieved by SisN4 and PDMS irreversible bonding by ultraviolet/ozone. Alignment is a
critical step of the procedure, and it is manually performed exploiting alignment marks and delay the
bond formation with ethanol. PDSM-Silicon substrate bonding is completed at 70° C and in
conclusion the system can be glued to a PCB board and contacts can be wired to connection pads to
allow access to the metal lines.

Loureiro et al [26] and Duarte et al [27] produced the microfluidic system similarly.

Same polymer is chosen as the material for the structure, realized with a micro molding
technique.

Hard mask is microfabricated and photoresist (AZ4562 MicroChemicals GmbH) is shaped as
wanted mold by contact lithography with UV exposure. A PMMA (Poly(methyl methacrylate))
master is micromachined to guide the PDMS casting, with metal pins to define inlets and outlets.
PDMS is prepared by mixing monomeric base and curing agent (10:1 w/w) and degassed in void.
After casting, the polymeric structure is cured at 60° and then peeled off from mold. Finally, PDMS-
silicon bond is obtained by surface activation through oxygen plasma and surfaces contact at room
temperature, with manual alignment under microscope.

M.Reisbeck et al. [28], D.Issadore et al. [29] and W.Shen et al. [30] [31] once again, exploited
PDMS as a material for the microfluidic structure, produced through mold-casting with a contact
lithography produced SU-8 mold through microfabricated glass-aluminium hard-mask. PDMS-
substrate bonding with deposited SiO- is achieved by Oz plasma surface treatment and contact
under positive pressure.

1.2.2. State of the art of bacteria detection

Final application sought with the fabricated device coupled with the magnetic cytometric platform
is the detection of infection in clinical samples; the method applied thus requires to be competitive
with current methods and overcome some of their limitations. Here, an insight of the present detection
approaches is reported.

Bacteria detection methods through history can be separated into different macro-classes: culture
based and non-culture based methods. The second one has been developed with the idea of decrease
detection time and sample volume, up to extreme cases such as the design of biosensors, promising
tools for cheap, Point of Care, fast, automatic, sample reduced, portable and expertise-free detection.
In additions, methods can be distinguished regarding the need of sample pre-treatment or pre-
enrichment, or the absence of pre-processing steps [32].
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Culture based methods are considered a “gold standard” since they allow the detection up to a
single pathogenic cell for a large variety of samples type and quantity, from micrograms to different
grams. Its major advantages are the cost effectiveness, sensitivity, cell viability confirmation and the
methods are already widely standardized. The drawback is the almost complete lack of quantitative
evaluation and the high amount of time needed for the detection, on average 16h to 72h. Culture based
techniques are characterized by a pre-treatment step, aiming to amplify and differentiate the sample,
selection and differential plating and strain typing. In order, first step is realized by feeding the sample
to allow pathogens amplification (enrichment) followed by a selective media able to let only desired
bacteria to grow or suppress concurring strains; amplification at this point can reach million-fold.
After differential agents are supplied, able to discriminate the researched pathogens and allowing
isolation. Finally, in the absence of colonies, the analysis is considered negative, while in their
presence, identification of the recovered bacteria is needed as confirmation.

First Generation rapid detection methods tries to overcome time limitations given by culture based
approaches, thus maintaining its sensitivity, or the ability to discriminate true positives and so detect
the pathogens in any compromised sample, and specificity, as relative to true negatives avoiding
detection in clean samples, both high for culture based techniques. In addition, detection at single cell
level is also requested. Emerged approaches in this direction are Lateral Flow Immunoassay, ELISA
(Enzyme-linked Immunosorbent Assay), PCR (Polymerase Chain Reaction) and DNA hybridization.

In order, LFI is a cheap and quick (5 to 10 minutes) method for bacterial detection, but it lacks
specificity (many false positives respect to ELISA approach). It consists of the use of antibodies
blocked on a membrane at a defined distance from sample inlet. Antibodies of two types are used,
detection antibodies are present at the inlet, they are labelled with a reporter in order to be visually
recognised (eg. Gold nanoparticles) and can bind the target and flow with it according to capillary
forces imposed by the substrate; capture antibodies are fixed at a certain position in the substrate and
they can recognise target as well; more far, a second line of fixed antibodies can recognise detection
antibodies. So, depending on the presence or absence of the target in the sample, the fluid will be
captured at both lines (double line, positive test) or only at the second line (one line, negative test).
Many assays of this kind are commercially available and studied [33], but usually concentrated
samples are needed in the order of 107-10° CFU, making the pre-enrichment a vital step.

ELISA exploits the specificity of antibodies to antigens expressed at the bacterial surface level,
many different configurations are available (competitive or non-competitive detection, as example)
but in general, the device surface is functionalised with primary immunoglobulin, with the aim of
recognising the target pathogen once the sample is poured, and a second antibody covalently bonded
to an enzyme is subsequently added after a washing step. The enzyme has the role of catalyse a
reaction with a specific substrate, forming as a result, a coloured compound. Being an antibody-based
method, it shares limitations with other immunoassays, represented by cross-reactivity and
interferences from matrix components. Moreover, ELISA method is time-limited as the enzymatic
reaction must be identified and quantified in a specific time frame

PCR is based on nucleic acid amplification by DNA polymerase reaction, and it can be widened
to a quantitative method if real-time PCR (gPCR) is implemented. In such approach, a fluorophore is
used to quantify the de novo synthetized DNA and with a calibration, detecting the increase in
florescence in time, it is possible to compute the initial concentration of the pathogen in addition to
its detection, which is confirmed in case of amplification since the primers are designed to be unique
for the target pathogen. Different fluorescent molecules are used, briefly SYBR green intercalates in
double stranded DNA unspecifically, producing false positives in the case of unspecific amplification.
Detections up to 1 CFU/10g are reported [34] if enrichment step is present. Tagman™ probes relies
on FRET (Forster Resonance Energy Transfer), hybridizing with single stranded DNA and containing
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a fluorophore and a quencher (reduces emission); when Polymerase performs its exonuclease activity,
the probe in broken and quencher and fluorophores are released, causing increasing in fluorescence.
Detection of 10 CFU/mI have been confirmed [35].

Molecular beacon also relies on FRET, but with a different architecture. When connected to the
single stranded DNA they form an harpin like structure putting quencher and fluorophore in close
contact; when exonuclease activity is performed, the beacon is released and an open configuration is
obtained, causing the quencher to be positioned far from the fluorophore and so increase emission.
Such technique has been successfully applied for clinical samples detection [36]. With the last two
techniques, multiplexity can be achieved, using different probes and emission wavelengths. Major
limitations of polymerase based techniques are the low specificity due to unspecific amplification and
the lack of an intrinsic control to verify correct proceeding of the polymerization, which is fixed by
the introduction of Internal Amplification Controls (IAC), basically a second amplification of a
known sequence to verify that the lack of amplified DNA is due to the absence of the target and not
of different problems in the procedures, and the inability to distinguish between living or dead cells,
also overcame by the use of binding dies like Ethidium Bromide Monoazide (EBA) that penetrates
dead cells only, cross-linking DNA and avoiding polymerase replication.

Another largely used method for bacterial identification in a culture free manner are DNA
microarrays. They consist of glass or silicon substrate on which numerous copies of target-specific
nucleotide sequences are spotted. Sample containing DNA fragments is poured on the device and if
target sequences are present, they hybridize with the probes and are detected.

DNA based technique shares the major limitation in requiring sample pre-processing for
extraction of the nucleic acid content, and probably enrichment in the case of microarrays since
detection limit is proved up to 10* copies.

Even though rapidity of detection has been undoubtedly increased by such methods, some
limitations still needs to be overcome. Some elements of the complex matrix of the sample such as
fats, background microflora, big particulates and other bioactive molecules can be incompatible with
analytical methods, and having in mind the aim of processing clinical samples such restrictions
became critical; as example, fats can interfere with antibodies binding and carbohydrates with nucleic
acid amplification. Also, many of these methods can only accommodate small sample volumes which
in some situation can be counterproductive. In addition, sublethal injured cells may be not detected
and, on the other hand, presence of antigens and nucleic acid do not always equal presence of viable
pathogens, that may be wrongly detected. Finally, single cell in sample is rarely detected with such
methods.

In such optic, pre-treatment steps can be applied to a wide range of applications of such
methodologies; the development and inclusion of pre-processing device becomes of central
importance and directly affects the downstream detection. For this reason, even if tuned and finely
adapted to the detection method chosen, sample pre-treatment devices can be applied to different
context, and their development be independent.

The aim of the upstream sample processing is relative to obtain mainly intact and viable cells with
isolation and concentration of the target, reduced matrix complexity and reduced sample volume.
Both nonspecific and specific methods can be implemented. Between the former category are widely
used centrifugation, which differentiate bacteria based on diameter, volume, density of fluid and cell
and speed centrifugation; such method is widened through differential centrifugation or density
gradient centrifugation, allowing finer separation of cells and matrix. Filtering is easily implemented,
as well as dielectrophoresis, relying on bacterial negative charged attracted to the positive polarity if
a non-uniform electric field is applied. Such technique has been successfully implemented on a
microfluidic device for upstreaming separation of bacteria from human blood cell [37]. Similarly, ion
exchange resins are based on charged resins able to retrieve negatively charged bacteria while metal
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oxide particles are based on the natural affinity of superficial bacterial amino acids with exposed
hydroxyl groups, giving a large surface for clustering.

Instead, as specific separation method, Antibodies (concerning as example ImmunoMagnetic
Separation-IMS and Flow Cytometry-FC), Bacteriophage, Nucleic Acid Aptamers and Lectins are
worth mentioning; to be noticed that many of the intermediate species used for recognition of the
target can be adapted as a mean to conjugated magnetic labels and target in a magnetic cytometric
device.

In order, IMS is based on paramagnetic particles coupled with immunoglobulins to conjugate
with the target. The recovery of the method depends on bacterial antigenic expression and antibody
affinity, as well as on matrix elements that can disturb the interaction. If monoclonal antibodies are
used, the selectivity is higher, but their design and manufacture is more expensive, compared to
polyclonal antibodies, who are not epitope specific, leading to more false positives. When coupled
with PCR it showed detection limits up to 1.1 CFU/g [38]. If coupled with fluorescence, particularly
with quantum beads, the limit can be used for quantitative detection [39].

FC is another widely applied technique; it is based on fluorescent detection of single cells by
conjugation with a fluorophore, usually driven by antibody specificity. It can be used to identify and
to sort particles in liquid samples and it has been successfully exploited bacterial (S. Typhimurium)
detection at 1 CFU/ml [40], and also introduced in a microfluidic device with only 30 minutes
processing [41]. Limitations of such technique are complex alignment process, high cost equipment,
need of well-trained operators, background autofluorescence of samples and partial loss of cell
viability in sorting.

Bacteriophages have been reported in methodologies used for selective separation and
concentration of bacterial cells. Their advantages are represented by the simplicity in production
(phage are self-reproductive), the high affinity and the relative low influence of environment on
bacteria recognition. Different approaches have been developed to exploit such organisms; capture
systems are designed, where the identification of the target is delegated to other methods. Virus can
be also used as a vehicle for reported genes, such as GFP (Green Fluorescent Protein) [42], LacZ
(promoter for an enzyme called S-galactosidase) and Lux+ (gene for luciferase, linked to
bioluminescence), be fluorescently stained, or being exploited in its natural lytic amplifying cycle,
where new phage are used as an indirect signal for target detection, as in the detection of
P.aeruginosa with limit of detection of 10 CFU/ml with live/ dead exogenous fluorochromic cell
staining in 4h with no need of enrichment [43] or also coupled with cELISA (competitive ELISA)
for detection of multi-antibiotic resistant S. enterica [44] .

Another possibility is to use phage fragments, instead of the whole virus, as an affinity ligand,;
endolysins are phage Wall Binding Domains (WBD) with affinity with bacterial peptidoglycans and
can thus only be exploited against gram positive bacteria. Major problems are identification of
necessary phage, understanding of the correct orientation for effective recognition and minimization
of cell damage due to phage interaction.

Aptamers are universally recognised as possible substitutes of antibodies. Where the latter are
aminoacid polymers, the former are nucleic acid polymers, and in a similar way presents a three-
dimensional structure. By in vitro random libraries aptamer with a 3D structure specific for wanted
epitope are isolated and can be used in the role of antibodies. The advantages of such species are the
smaller size, ease of synthesis, smaller cost yet maintaining high specificity. It has been proved their
efficiency in detecting S.enterica when used to functionalize magnetic beads with detection limit of
1CFU/10ml [45]. A drawback is represented by its nuclease sensitivity that can limit their used, even
if stabilization methods can be applied like the insertion of LAN (Locked Nucleic Acid) in the
structure.
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Lectins proteins with high specificity for carbohydrates that can be used to target bacteria external,
like the N-acetyl glucosamine residue of the peptidoglycan. Major limitations are shared with
antibodies and aptamers, regarding the sensitivity to environment conditions which may influence
target recognition, and in addition, the necessity to isolate them from biological sources, which makes
them expensive.

1.2.3. State of the art of magnetic cytometry

In this section some properties of magnetic cytometry are presented as such detection system is
recognised as optimal to be coupled with the sample pre-treatment device developed in this work and
in the frame of the project for bacterial hospital infection detection.

Even if optical flow cytometry is considered a golden standard in single cell identification, the
need of multiplexity, high sensitivity and microfluidic integration leads to the need of a different type
of cytometry, among which magnetic cytometry appeared to be one of the most promising, due to the
relatively inexpensive materials involved, reduced sizes of the detection system, limited sample
preparation (reduced to the magnetic labelling), higher possibility of automation due to integration,
almost complete absence of magnetic background in biological samples and possibility of
multichannel design [46].

The general working principle of such technique is the detection of magnetic species, which can
be represented by naturally magnetic materials or, more often and almost exclusively as concerns
biological materials, by magnetically labelled entities; both labels and sensors can be of many kinds,
the former as ferromagnetic but more usually showing superparamagnetic behaviour, especially to
avoid aggregation, but with possibility of tuneable characteristics important for multiplexity [47],
while the latter exploiting different phenomena as GMR(Giant Magnetic Resistance), TMR (Tunnel
Magnetic Resistance), Hall effect and GMI(Giant Magnetic Impedance). Depending on the array
architecture, more than simple detection can be achieved, and further information like velocity, size,
labelling density and rotational movements could be inferred.

All the sensors used in the context of microfluidic magnetic flow cytometry are magnetic field to
voltage transducers in a direct or indirect way, with a linear proportion between the two quantities.
Among them, Magnetoresistive sensors are a well-known class, referring to sensors which are based
on AMR (Anisotropic Magnetic Resistance), TMR and GMR; all present a variation in their
resistance to an electric current due to the application of a magnetic field. This characteristic is called
Magnetoresistance (Equation 7)

Rmax — Rmin
MR = :

(7)

Rmin

Equation 7 - Magnetoresistance

and the sensitivity (Equation 8) of the transfer curve of such sensors, representing the slope of the
linear range, is function of
1 AR MR
S = k — = -,
Rmin AH AH

(8)

Equation 8 — Sensitivity of transfer curve
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Due to the fact that higher MR are reached, GMR and TMR are the most explored elements
among Megnetoresistive sensors for the area of magnetic cytometry. Main differences between the
implementation of the two effects is due to the separation layer between two magnetic layers, where
GMR (Figure 13) are characterized by a conductor separator and the TMR rely on an insulation layer.

Spin FM MM FM Spin FM MM FM
t 1
| |

Figure 13- GMR effect visually explained; F stays for Ferromagnetic while NM stays for Non Magnetic; White arrows indicates the
Magnetic field direction in the layer and long arrows represents electron path moving from one layer to the other. [48]

Due to their high signal to noise ratio (SNR), MR based sensors are preferred in PoC
applications. The MR sensors used in biochip platforms are essentially of two types: spin valves (SV)
and magnetic tunnel junctions (MTJ).

The MR sensors are characterized by a linear change in electrical resistance under an external
magnetic field (refer to Figure 14 and Figure 15).
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Figure 14- Representation of MR effect and dependence from Figure 15 - Transfer curve of sensor used for preliminary
measured magnetic field with linear range evidenced by red detection on processed sample, refer to section 5.2

dashed circle [48]

For the biochip application the more commonly used sensors are the SV due to their high
signal to noise ratio and their simpler fabrication process. Since an increase of sensitivity is needed
for some applications (i.e. direct analysis of unamplified biological samples), MTJs are started to be
used in biochips [49]. However, since the current is flowing through the MTJ in a perpendicular to
plane configuration, the sensors need a top contact which increases the distance between the sensing
layer and the particles. This fact reduces the fringe field created by the particles on the sensor leading
to a lower signal when compared with a sensor with a current in-plane configuration, as the SV [50].

For the mentioned reasons, Spin Valve sensors have been the choice for the magnetic flow
cytometer developed by INESC-MN in collaboration with INESC ID [4] [5], on which in section 5.2
a preliminary test for the evaluation of the microfluidic device performance have been verified, as a
mere sight on device future perspectives.

Another aspect involved is the magnetic label, not only essential for the capturing process
required by the sample treatment process discussed in section 1.2.1, but also off extreme importance
for the efficacy of the detection system, once the field created by the labels allows the detection by
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the sensors. This means that different factors are relevant, the produced magnetic field, their
connection with the sample, the size and the positioning respect to the sensor.

As concerns the field, it can be permanently produced, like in ferromagnetic particles, or
induced by a second external field, as for superparamagnetic particles. The major used materials are
iron oxides of magnetite (FesOs) and maghemite (y-Fe203) as well as pure ferromagnetic materials
as Fe, Ni, Co and oxide ferrites [51].

Superparamagnetic particles result more appealing as concerning magnetic separation and
magnetic labelling and detection sue to their zero remanent magnetization; this property avoids
magnetic interactions between particles when not influenced by an external magnetic field and thus
reduces phenomena of clustering and aggregation. For the mentioned reason, such type of particles
has been chosen to be exploited in this work, provided by Ademtech and organized as a magnetic
core of iron oxide encapsulated by a highly cross-linked hydrophilic polymer shell (refer section 7.1).

Due to the reduced dimension of the superparamagnetic particles, a first and easy approach
for the mathematical treatment of its produced field is considering each element as an elementary
dipole centred in the particle centre [46]. The stray field produced is governed by Equation 9 and it is
visually displayed in Figure 16

9)

Equation 9 — Stray field produced by a superparamagnetic bead when approximated to a dipole

Magnetic Particle
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Figure 16-Example of the fringe field emitted by a superparamagnetic bead, in the case of vertical magnetization [26]

while its component in the plane of the sensor along y axis (the only component affecting the free
layer magnetization, parallel to such direction) is described by Equation 10

3xz

(10)

m,
Hy(X,y,Z):—* E;
(x% +y?+2z%)2

Equation 10 — XY plane component of the stray field produced by a magnetic particle approximated to a dipole
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where m; is the component of bead magnetic moment along vertical direction and x, y and z are the
distance from the centre of the sensor, according to the system of reference reported in the figure.

The signal generated at the sensor level, related to a spin valve, will then be bipolar, due to
the inversion of the direction of the fringe field affecting the sensor it-self. In fact, depending on the
chosen system of reference, the field produced from the bead will be negative at the beginning, when
only first half of the bead influence the sensor; then other half will compensate with a field in opposite
direction, thus reaching zero at the centre of the sensor. Finally, the field will become positive when
the bead is leaving the sensor surface and goes to zero once bead is far enough. The sensor is sensitive
to the average field over its area, so an integration of the equation of the area of the sensor returns the
measured signal. Its shape is then predicted to be bipolar (refer to Figure 17)
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Figure 17-Simulation of normalized fringe field planar component on sensor surface, used parameters in Table 1

while the voltage output of the sensor is defined by Equation 11 and visualized in Figure 18.
V= —1%SxHy, (11)

Equation 11 — Sensor voltage output

where 1 is the applied current to the sensor, S is sensor sensitivity ( %, or S *Rminimum) and Hy is the
fringe field of the beads in the plane of the sensor and along the easy axis direction.
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Figure 18-Corresponding normalized output voltage of the sensor, used parameters in Table 1

Table 1- Parameters applied for magnetic particles fringe field and relative sensor output

Parameter Description Value
Miot[AM?] Total beads magnetic moment (64 beads) -6.12*1014
Q[ul/min] Flow rate 10

W[m] Sensor width 10

L[m] Sensor length 2*10°
Scn[m?] Channel cross-section 108

I[mA] Sensor biasing current 1
S[Ohm/QOe] Sensor sensitivity 0.4

D[m] Vertical distance from sensor 2*10°°

Label and its link to the sample is another relevant step to be taken into account and can be
achieved in different ways. Since generally a reversible interaction is needed, a third element is
exploited to link magnetic entity and sample, among which aptamers and antibodies (or their
fragments); the latter are surely the most used for magnetic cytometry since they ensure high
specificity towards exposed domains of a cell, with good stability and being already well-developed
[27] [25]. In addition, the chemistry to connect antibodies to beads is also deeply explored, varying
from covalent bonds with carboxyl or amino group, as well as side-chain groups, to the use of biotin-
streptavidin bond in modified antibodies, or protein A and G affinity to F. antibody domain, making
antibodies a perfect model recognition element to be used.

One interesting recognition element that is recently emerging is represented by bacteriophages
with some properties quite appealing, like the natural selectivity and ability to self-duplicate which
reduced production costs, limited interactions with other biological molecules as other proteins or
lipids and interaction with living cells only [52]. Nevertheless, the lack of well-characterized protocol,
few literature studies on similar application, and its natural cycle involving cell lysis, causing the loss
of the sample in a short term, makes them a poor model recognition element to be explored at the
beginning.

Following, one additional factor to be considered is the size of the particle due to the
possibilities of false positive detections, of aggregation and eventually clogging, of deposition in the
channel, or inlets/outlets and different pressures needed to be applied to achieve wanted flowrate.
Dimensions can cover a range from few micro-meters to few nano-meters [51] [26]; related to the
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produced pre-treatment device and for further preliminary detection test, particles in the size of
250nm have been used(refer to section 7.1).

One additional advantage of introducing magnetic particles for separation and detection is the
possibility to exploit magnetophoresis as a sample focusing technique, in addition to the well-known
hydrodynamic focusing, in order to force the sample in a specific position without changing channel
dimensions or geometry, and so avoiding clogging or obtaining a separation procedure [53]. This
effect can be an advantage in both sample preparation step and downstream sensing element in order
to collect differentiated samples. Specifically, a combination of lateral hydrodynamic focusing and
vertical magnetophoretic focusing would concur to increase the signal intensity, where the first would
allow only one target in the plane and the second only one target in the vertical direction to cross the
sensor and avoid missing detection, allowing a more freely disposition of the sensor, in its size and
number, no more forced to occupy the total width of the channel, reducing its noise and so increasing
the signal to noise ratio. Some drawbacks, though, lead to the decision to not include mentioned
approach in the final device, given the increase of complexity in external systems required to achieve
it; nonetheless, it is possible to introduce magnetophoresis/hydrodynamic focusing coupling in future
designs of the device to increase separation and detection yield.
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2. Materials and methods

2.1. Materials and tools

The section covers the role to collect information characterizing the material used, divided for
each specific process. All the material reported as sterile is either already sterilized by the supplier or
sterilized in autoclave (UNICLAVE 88 from AJC) at 121°C for 21min, and used under sterile
conditions only.

Benchtop protocol

Buffers: PB (pH=7.4; 0.1M; Disodium phosphate from FisherScientific), PB-T20 (pH=7.4;0.1M;
Tween20 from FisherScientific), LB agar (409/Ln20, FisherScientific), LB broth (25g/L20,
FisherScientific), SuperBlock(PBS)T20 (FisherScientific), BSA5% w/v(pH = 6.5 to 7.5,
FischerScientific, sterilized by filtration: Whatman GE healthcare 0.2um sterile)

Flow hood (Scanlab Mars from Labogene), magnetic column (dynamag-2 invotrogen), agitator (ika
MS 3 basics), incubator (Heraterm by ThermoFisher)

Beads (Bio-Adembeads Streptavidin plus 0322 200nm)

Antibody stock: ab69468 Rb pAb to Klebsiella spp (biotin), ab68539 Rb pAb to Pseudomonas
aeruginosa (biotin) from AbCam.

Bacteria (kindly provided by Tecnophage): Klebsiella pneumoniae and Pseudomonas aeruginosa

Hard Mask production

Glass (50*50 mm?, 0.7mm thick) covered in aluminium (composition: AlI98.5Si1.0Cu0.5, thickness:
3000A)

Lasarray DWL 2.0 (Direct Write Laser system, Heidelberg), Nordiko 7000, SGV track
PFR7790G27cP positive photoresist, TMA283WA PR Developer, TechniEtch Al 80 MOS
Aluminium Etchant

Buffers: IPA (LabChem), Alconox(LabChem), Acetone(LabChem), DI water

SU-8 production

Silicon substrate (60*60 mm?, 0.7mm thick)

Flow hood (Faster BSC ENZ2.6), Spin coater (Technology Corporation model WS 650MZ 23NPP
lite), UV exposition setup (lamp from UV light technology), Hot plate (Torrey Pines scientific),
degasser (Bel Arts Products model 1 800 4)

SU-8-50 negative photoresist (Microchem), PGMEA SU-8 developer (MW=132.16g/mol,
SigmaAldrich), FDTS (SigmaAldrich)

Buffers: IPA (LabChem), Alconox (LabChem), Acetone (LabChem), DI water

PDMS production

DMS monomeric solution (Sylgard 184 Silicone Elastomer Kit, Dow Corning), Fossil 184 silicon
elastomer curing agent)

Oven (Memmert model 100-800)

Punch pen for inlets/outlets (WPI 1.25mm plunge)

Glass substrate for sealing (50*50 mm?, 0.7mm thick)

Buffers: IPA (LabChem), Alconox (LabChem), Acetone (LabChem), DI water
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Microfluidic testing

2xMechanical pumps (NewEraPumpSystem model NE300), VVortex (FisherBrand)

1ml syringes (Codan), connectors LS20 20ga*1/2 inch (Instech), Tubing BTPE90: Polyethylene,
internal diameter 0.86 mm, external diameter 1.27 mm (Instech)

BSA5% g/v (pH = 6.5 to 7.5, FischerScientific, not autoclavable, sterilizing filter: Whatman GE
healthcare 0.2um sterile), Ethanol 70% v/v

2.2. Methods

In this section protocols are reported and discussed in detail; they are presented in their final
structure, as a result of an optimization process, while evidencing adaptation that occurred where
needed

2.2.1. Immobilization protocol

Immobilization refers to the process of covering the superparamagnetic particles with the proper
amount of recognition element, or antibodies as concerns this study, in order to be later exploited to
recognize and capture the target bacteria. A specific ratio of antibodies per particle is needed to
maximise the efficiency in interaction with the bacteria; this parameter is discussed in section 4.1.

The immobilization has been performed on a variable number of samples per experiment,
depending on the amount of beads required, and always under sterile conditions as guaranteed by the
flow hood. For a single aliquot of 100ul particles covered with antibodies, needed for the capture of
100l of bacteria solution, 10ul of beads from stock are resuspended in 100ul PB-T20 in an
Eppendorf tube, and further washed two time in the magnetic column; this process involves the
insertion of the tube in the column, and after a 5 min waiting time the extraction of the supernatant
with proper tip and pipette, which can be discarded. The pellet formed on the wall of the tube due to
the magnetic force of the column is then resuspended in 100pl PB-T20.

After, antibodies are added to the particle solution, in a volume of 1ul from the stock. The
volume of beads (10pl) and the volume of antibodies(1pl) here reported refer to the optimized ratio
of antibodies to beads, thus these two volumes have been altered during different protocol to verify
the best condition.

Once antibodies are added, the solution is incubated at RT for 2h under 250rpm agitation.
Solution is later washed again, as already explained, and resuspended in 300l SuperBlock™ or 5%
w/v BSA solution in DI water; this represents the blocking step, and the volume of used blocking
agent have been varied to verify optimal conditions.

Follows incubation of the sample at RT for 1h under 250rpm agitation. Effects of incubation
temperature at 37°C for both incubation steps reported have also been evaluated.

A final wash of the solution is then performed, with resuspension in 200ul PB added to 100pl
SuperBlock™ or 5% wi/v BSA solution in DI water. The solution is so stored overnight at 4°C, better
performance is obtained when immediately exploited while shelf life shouldn’t pass the 5 days, as it
is estimated that the immobilized antibody can lose their efficiency in interacting with the epitope on
the bacteria after such time interval at given storing condition. An example of the decreasing of
interaction efficiency of the antibodies is given by the decreasing capture efficiencies in experiment
5,6 and 7 from Table 4 (section 4.1. parameters during capture), where same parameters are
maintained with the only difference being storage time for antibodies covered magnetic particles,
produced the day before experiment 5 for all three experiments.

Before being used to perform a capture protocol in a bench-top assay or in the microfluidic device,
particle solution is washed twice and resuspended in 100ul PB.
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2.2.2. Bacteria inoculum preparation

In order to be able to test the efficiency in the prepared magnetic particle solution with
immobilized antibodies to interact with bacteria, a solution of target bacteria at wanted concentration
is needed. Bacteria are grown following standard laboratorial procedure. All the procedures are
performed under sterile conditions, in a flow hood. Target bacteria stock is stored at 6°C in a Petri
dish filled with LB agar media; one colony is moved from the stock to a falcon tube containing 5ml
LB broth media and incubated overnight (16h to 18h) at 37°C under 250rpm agitation.
After first incubation, 155 pl (see Table 2) of the solution are added to 4845ul of LB broth media in
a falcon tube and incubated a second time at 37°C under 250rpm agitation, for 1h in the case of
Klebsiella pneumoniae and for 1.5h in the case of Pseudomonas aeruginosa.

The volume of 155 pl is chosen as average between volume computed in different experiments
in which ODeoo Was measured (Table 2); this parameter, in fact, is related to the concentration of
bacteria in a solution. The wanted concentration of 2*10® CFU/ml is equivalent to an ODggo 0f 0.3;
knowing bacteria growth curve, which relates ODeoo to growing time, a solution at ODeoo equal to 0.1
is be prepared and then incubated for the amount of time extracted from the curve to reach the wanted
ODeoo, ie. 0.3. To prepare the solution at ODego equal to 0.1 a solution of bacteria at high
concentration, resulting from an overnight incubation, is measured for its ODeoo and a proportion is
made (Equation 12) to compute the volume need for an ODeggo of 0.1 in a 5000ul solution in LB broth.

0D&d™¢ 0.1 .
5000 V.’

Equation 12 — Proportion for the computation of needed volume for second inoculum preparation

where 0D61ff0i"“ is the measured ODeoo Of the first inoculum while Vx is the volumed added to LB
broth so that VX+V.s broth=5000pl and 0.1 is the value of ODsgo Wanted in the second inoculum,
chosen according to the specific growth curve of the bacteria. Following it, the time needed for a
specific bacteria to reach a target concentration under incubation is known.

Table 2-Computation of volume used to prepare second inoculum

oD inoc Vx(ul)
2.8 178.6
3.43 145.8
3.34 149.7
3.6 138.9
3.22 155.3
2.995 166.9
3.27 152.9
Mean VX 155.4+13

2.2.3. Protocol for bench-top capture

This protocol represents the bench-top assay performed as a comparison with the protocol
performed in the produced microfluidic device, as presented later. It involves the mixing of particles
with immobilized antibodies and bacteria solution and retention of the labelled bacteria, and are thus
performed by the operator in a manual procedure.

Once solution of particles with immobilized antibodies and inoculum are prepared, as described
in the previous section, capture can be performed.
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Dilutions of the inoculum are prepared in order to obtain solutions at wanted concentrations,
starting from a nominal concentration expected in the inoculum of 2*108 CFU/mI and proceeding
with serial dilutions, where 100ul from a more concentrated dilution are added to 900l of PB in an
Eppendorf tube, thus leading to a 1/10 dilution; this is repeated until a -7 dilution (or 10 dilution
from original inoculum, with expected concentration of 2*101=20 CFU/ml)

Beads solution with immobilized antibodies is washed, as explained in the section 2.2
immobilization protocol, and resuspended in 100l of bacteria solution from the tested concentration,
depending on the aim of the single experiment.

Sample is incubated at RT for 15min at 250rpm; different values of these parameters have been
tested to verify better performance.

The solution is then washed 2 times (3 times in earlier experiments), but supernatants are not
discarded and are collected instead, as they represent the solution containing bacteria that have not
been proficiently captured; at every wash, the pellet is resuspended in 100ul PB. After such washing
step, three samples are obtained: the first supernatant, called SB, the second supernatant, called WI,
and the resuspended pellet, called CM. If three washes are performed, an additional supernatant,
called WII, is present.

2.2.4. Microfluidic device fabrication

The role of this section is to present to the reader the mean by which the microfluidic device
production can be achieved, thus exploiting the already mentioned (section 1.2.1) soft lithography
technique.

This process involves three main steps, the production of a hard mask, the creation of a polymeric
mold and finally the realization of the microfluidic device itself; this steps are preceded by another
essential component of the process, the software device design, discussed in section 4.2.

Here a summarized version of the production protocol is presented, while the complete procedure
with all parameters can be consulted in section 7.5 appendix E. In addition, in the following section,
when parameters are reported, they will refer to the final optimized protocol.

Hard Mask

All step reported in the section are performed inside a cleanroom facility (class 10000 and
class 1000).

Initially a glass slab of 0.7mm thickness is cut with dicer in order to obtain squares of

50*50mm?. After properly cleaned in Alconox (1h at 65°C under ultrasounds) and rinsed with IPA,
DI water and blow dried, metal (Al98.5Si1.0Cu0.5 wt%) is deposited on its top with a thickness of
3000A in Nordiko 7000. Positive photoresist PFR7790G27cP is then spin coated at SGV track on it
to obtain a ~1.45um thick layer. Follows a soft bake at 85°C for 1 min.
Substrate is after exposed and photoresist patterned with DWL (Direct Laser Writing) tool at a
wavelength of 442 nm based on NeAr laser. Photoresist development is performed at SGV track and
consists of a baking step at 110°C for 1 min, cooling for 30s and contact with developer TMA283WA
for 1 min.

Once the pattern is developed and metal uncovered in selective areas, etching of the metal
layer is performed. Substrate is immersed for 5 min in TechniEtch Al 80 MOS Aluminium etchant at
RT and under manual agitation, then washed in DI water. To complete the procedure, photoresist
removal is achieved by acetone wash (2 min at RT under manual agitation) and cleaning with IPA,
DI water and blow dried.

SU-8 mold

Following steps are performed inside a cleanroom facility (class 10000).

Silicon substrate 0.7mm thick is manually cut as a square of 60*60mm? and cleaned in Alconox (1h
at 65°C under ultrasounds) and rinsed with IPA, DI water and blow dried. Surface is lately treated
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with oxygen plasma for 1min at a pressure of 800mTorr and with an RF power of 11W in Plasma
Cleaner (model PDC 022 CE from Harrick Plasma) and moved out from cleanroom facility while
properly stored in a clean plastic box.

Following steps are performed inside a flow hood (Faster BSC EN 2.6).

Sample is baked at 110°C for 5 min to be dehydrated on hot plate(Torrey Pines Scientific) and
cooled down to RT. Follows negative photoresist SU-8-50 spin coating in order to reach a nominal
thickness of 100um; parameters involved in the spin coating process have been varied to achieve
aimed thickness(final values can be verified in section 7.5, appendix E). Soft baking of the sample is
performed at 65°C for 10 min and 95°C for 30 min on hot plate. After cooled down to RT, exposition
takes place in proprietary tool from INESC MN™ | based on a lamp filtered at wavelength of 365nm,
exploiting previously produced hard mask; exposure dose have been varied in the study to reach good
features definition and final dose have been set to 166.5mJ/cm?.

Post exposure bake is performed on hot plate at 65°C for 1 min and at 95°C for 10 min, following
cooling down to RT.

In conclusion, sample is developed in PGMEA developer for 15 min at RT under manual
agitation, rinsed with IPA to verify complete development (transparent solution of IPA and PGMEA
turns white if development is not completed) and checked under microscope. If development is
satisfying, sample is rinsed in IPA and blow dried.

Eventually, the newly fabricated mold can be treated with FDTS for 20 min under vacuum to
increase surface hydrophobicity.

PDMS production

PDMS is prepared by mixing DMS and curing agent in a proportion 10:1 (w/w) in a clean
plastic cup, for an approximated mass of 159 of DMS and consequently approximately 1.5g of curing
agent. The solution is manually mixed with a disposable plastic spoon and degassed for 1h at low
pressure in degasser (Bel Arts Products). When no air bubbles are present in the solution, it is
manually poured in the previously fabricated SU-8 mold and baked at 70°C for 1h in oven (Memmert
model 100-800).

Once removed from the oven, sample is let cool down to RT and manually peeled off from
the mold with the help of a tweezer. A proper hole punch pen for desired measures is used to produce
inlet/outlet holes in the device, which is later cleaned with DI water and blow dried to remove any
residue.

A glass substrate of 50*50mm? area and 0.7mm thickness is cleaned in Alconox (1h at 65°C under
ultrasounds) and rinsed with IPA, DI water and blow dried. Both glass substrate and PDMS are treated
with oxygen plasma for one minute and finally put in contact with gentle manual pressure to achieve
device sealing. Device is stored 24h before being tested.

2.2.5. Protocol for microfluidic capture

When the produced microfluidic device is tested, the following protocol is followed, depending
if the sample tested is a simple solution of target bacteria in PB buffer at a controlled concentration,
or if complex clinical samples are tested; in both cases, immobilization of antibodies on particles is
performed as reported in section 2.2 immobilization protocol.

The following protocol are performed in sterile condition inside a flow hood.
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Buffer based bacteria solutions

For device characterization, bacteria solutions in PB buffer at controlled concentration have
been used as a sample, together with magnetic particle solution with immobilized antibodies, obtained
as described before.

Different sample concentration, as concerning bacteria, are tested; here is reported the
protocol applied independently on this factor. Such protocol was applied multiple time to the same
device if its behaviour at different concentrations was to be evaluated.

The device was stored filled with 70% v/v ethanol solution from one to several days, up to the
moment it was tested following the described sequence of steps.

At first, elution inlet is closed by a proper metallic rod, while mixing inlets and outlet are
connected with suitable tubing. Tubes are then connected to syringes through proper connectors,
which are inserted in the mechanical pumps. Figure 19 and Figure 20 shows the discussed set up.

\
SOLUTION
N
Figure 19- Set up of the device during testing

Figure 20-Detail of the device connections during testing

The device is first sterilized with 200ul an ethanol solution 70% v/v in DI water at a flow rate
of 50ul/min (per single inlet).

After, a washing step is performed with 200ul DI water at flow rate of 50ul/min (per single inlet).

To conclude the preparation steps, system is primed with 100ul of a blocking solution,
SuperBlock™ or 5% v/v BSA in DI water, at a flow rate of 50pl/min (per single inlet); volume is
completely released and discarded before next step is started. No tests have been performed to
evaluate the possibility to the device to be stored after priming, as all devices were stored in ethanol
70% v/v and priming and washing were performed immediately before sample testing.

Mixing and capture/retain steps can now begin, as displayed in Figure 21, evidenced with the
use of a red colored die; The magnet is positioned in the suitable location, close to the chamber, and
100l of magnetic particle with immobilized antibodies are injected from one inlet, while bacteria
solution sample is injected from the other, at a flow rate of 10ul/min. The outcoming volume is
collected in an Eppendorf tube and marked as non-retained (NR), until the whole volume is released.
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Figure 21- Device during mixing, red colored die is used to outline the process

Once completed, elution step can take place; mixing inlets are closed with proper metal rods,
while elution inlet is connected to a tube, and 40ul PB are injected in the microfluidic device at a
flow rate of 10ul/min, filling the elution channel, chamber (where particles are retained) and outlet
channel, as well as part of the outlet tube.

Magnet is now removed, and a time interval of 5 min is waited in order to allow particles to
resuspend in the buffer. An example is shown in Figure 22

OUTLET:WASTE

INLETS

Figure 22- Left: device during capture/retention, red colored die used to outline the process; right: Example of retained and
resuspended beads

The solution in the device is then released, as presented in Figure 23, at a flow rate of
100ul/min to limit particles depositions at the outlet, and collected in an Eppendorf tube as
retained(R).
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OUTLET

Figure 23-Left: device during elution, red colored die used to outline the process; right: example of eluted beads

Preparation steps comprising of sterilization, washing and priming of the device can be
performed again if a new sample is wanted to be tested; the reusability of the device is simply for
testing purposes, as final device applied to real samples is meant to be disposable, at least for the
component discussed in this section.

Clinical samples

Clinical samples are stored at 6°C before being tested. The swab is stored in a gelatine-based
matrix, representing the storage media which supports viability of organisms of various species
among which Enterobacteriaceae of which K.pneumoniae is part, and thus needs to be resuspended
in a liquid buffer before being tested in the platform. Resuspension is obtained in an Eppendorf tube
filed with 500ul PB and the solution is then homogenized with vortexing at 1600rpm. 100ul of the
solution are thus separated and will represent the tested sample. All further steps are equivalent to
protocol reported in the previous section related to buffer based bacteria solution.

The microfluidic device is disposed after a single test and autoclaved to ensure sterilization.

2.2.6. Plating

After samples are collected from different washing steps, as regarding the bench-top assay
protocol for bacteria capture, or as non-retained and retained solution, for microfluidic device testing,
the concentration of bacteria in each sample have be assessed; at the same time, also the initial
concentration of bacteria, present in the original sample which is the specific inoculum dilution or the
resuspended clinical sample swab, depending on test, is wanted to be quantified.

Plating and CFU counting is chosen as a mean to evaluate the number of bacteria in the samples,
being a well-characterized reference technique for such role and not limited by the required time in
the frame of laboratorial testing and bacteria used. Other approaches like RT-PCR or florescence
would have required expensive tools, expertise in the sector and may have been suffered from
interference of magnetic particles more than colony count method.

Main limitation of the plating method though, realized on LB agar filled Petri dishes, here used
as a quantification procedure, is the number of colonies that the operator can distinguish as well as
the maximum number of colonies that are considered reliable for single Petri dish.

Two plating methods have been used, here referred as spread plate technique or drain drop plate
method; in the former 100ul from the sample are poured on the dish and distributed on the whole
surface through a disposable spreader. In the latter, a 10ul drop from the sample is poured on the
upper part of the dish, which is then inclined to allow the drop to flow vertically and spread along a

vertical line; from 4 to 6 drops per dish can be plated, from different samples.
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As for the spread plate approach, a colony count comprised between 30 and 300 is considered
reliable [54]; as for the drain drop plate method, given the smaller volume plated, at least 3 to 30
colonies can be distinguished reliably [55], up to 100 colonies in the best plating conditions, where
the drop was able to cover the whole diameter of the dish.

In order to be able to guarantee that plated concentrations are in the range of reliability as explained
above, different dilutions of the same sample are always plated, commonly up to 5 dilutions, but
depending on different prediction that can be done on the expected concentration in the sample. Serial
dilutions are prepared mixing 20ul from higher concentration dilute on into 180ul PB in an Eppendorf
tube in order to obtain serial dilution of 1/10.

After plating procedure, Petri dishes are incubated at 37°C overnight (16h to 18h) with no
agitation.

Depending on the experiment, duplicates or triplicates are produced to confirm results.

2.2.7. Protocol for cytometric platform

By the moment that the microfluidic device has the aim of constituting a preparative step to
produce a labelled and concentrated sample of the target bacteria to be detected into a magnetic
cytometric platform, 2 samples have been evaluated in a platform under development at INESC-MN
by Soares et al. and results are reported in section 5.2. The protocol followed for the discussed tests
is the following.

Prior to sample detection, a blank detection with PB only is performed, at 10pl/min while sensor
output is recorder, in order to establish a baseline for the noise detection, used in the post-processing
of the signal.

After, 50ul of the sample are injected at a flow rate of 10pl/min and output signal is recorded.
Some volume of PB only is flowed to wash the channel for any accumulation of bacteria of beads
cluster, making the system ready for the next sample. Used set-up is displayed in Figure 24.

Sensor

Syringe pump Acquisition platform

Figure 24- Magnetic cytometric platform set-up [5]
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3. Theoretical Background

In this section, some of the theoretical aspects beyond the device simulation and realization
will be discussed, as well as some background information will be provided.

3.1. Bench-top assay: immobilization of antibodies and bacteria capture

As anticipated in section 1.2.3, different recognition elements can be exploited in order to achieve
the capture of target bacteria. As a model element antibodies immobilized on magnetic beads are
explored. In fact, as previously presented always in section 1.2.3, antibodies are the gold standard for
bacteria recognition, used in different assays (ELISA, paper microfluidics, etc), with the advantage
of being a well established technology.

For as said, before moving to the microfluidic platform, a bench protocol for antibodies
immobilized on magnetic beads was developed, initially following beads supplier advices, as
indicated in the datasheets.

Nonetheless, the use of antibody as a mean of capture has not been as straightforward as it may be
predicted, and optimization steps were needed to individualize better conditions.

Two are the most influent steps to be majorly taken into account to ensure a successful capture,
a sufficient immobilization efficiency must be achieved, which is, a suitable number of recognition
elements need to stably be anchored to the beads, and furtherly such elements must be able to
recognise and interact specifically with the target bacteria, with no impediments, involving an
advantageous orientation, avoiding degradation of the active site and correct condition of the
environment.

The first step, the immobilization, depends on the utilized beads and active element; In the
case of antibodies, different methods can be implied, but one with recognized efficiency and
simplicity, involving a more direct immobilization chemistry, is represented by the natural affinity
between biotin and streptavidin protein.

H
N
0 S »=0
N
-0 H
Biotin
Figure 25 - Biotin structure [56]

These two molecules have the strongest non-covalent interaction in nature, given the very

complementary stearic fit, with biotin cyclic urea group buried in streptavidin pocket allowing
extensive hydrogen bond formation, as well as carbonyl group interaction with Asn-23, Ser-27, and
Tyr-43 of Streptavidin [56], as verified by crystal structure of the complex determined in [57].
In order to exploit the explained interaction, streptavidin functionalised beads were acquired from
AdemTech (mean diameter 200nm, see Appendix A: Ademtech beads Datasheet) while biotin
modified antibodies exploited are ab69468 Rb pAb to Klebsiella spp (biotin) and ab68539 Rb pAb
to Pseudomonas aeruginosa (biotin) respectively (AbCam, see Appendix F: Antibodies AbCam
Datasheets)

Chosen beads are the type of superparamagnetic, with the property, as reported in section
1.2.3, to be magnetically active only when immersed in an external magnetic field, or said in different
words, presenting no hysteresis and no remanent magnetization.
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The immobilization of antibodies is reached by mixing a solution of the former with one of
the latter, at a controlled temperature, agitation and time. One intrinsic limitation of the process is the
random orientation that recognition elements can take once fixed on beads surface, given the fact that
streptavidin proteins on the particle and biotin molecules on the antibody are located with no specific
positioning, thus the interaction of the element and particle can happen at any orientation and location,
possibly impeding the active side to be exposed; for such reason, the amount of antibodies willing to
be immobilized is high, so that statistically at least some of the active sites are correctly exposed and
functional.

The second step, the recognition, is mainly dependent on the property of the antibody itself,
selected to be able to specifically recognize the target bacteria.

As target bacteria, efficiency of capture for Pseudomonas aeruginosa and Klebsiella
pneumoniae are explored, with active elements specific for these two bacteria, and for Escherichia
coli, used as further negative control.

A list of parameters considered as effectively affecting the results on immobilization and
capture have been individualized and reported in Table 3

Table 3- Factors involved in bench protocol optimization and their influence

Factor Influence on
Ant|t_)ody an_d 2B Time  Temperature Agitation Immobilization
incubation
Beac_is Clle pacterla Time Temperature Agitation Capture
incubation
_ Time Temperature Agitation o
Blocking step Specificity
Volume Type
Beads and antibody ratio Immobilization
Beads and bacteria ratio Capture
Bacteria dilution Capture
Plating technique Result errors

Such parameters have been tuned to achieve a capture up to ~90%, and a specificity
demonstrated by a capture for the negative control of maximum ~8% and generally lower, as reported
in section 4.1. The meaning of percentage of capture is explained same section 4.1, Results analysis.

3.2.  Microfluidic Device Fabrication

In this section, further information on fabrication process are presented and discussed; for relative
fabrication protocols the reader can refer to section 2.2.4, while for details on parameters for section
7.5, appendix E

3.2.1. Hard Mask

The realization of the hard mask is the first step to be achieved, so called as it represents the
elements that will mask the polymeric substrate, when the mold will be realized, from the UV light
in the areas that are supposed to be removed; the concept will be clarified later.
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First step involves glass substrate preparation for metal deposition; dimensions of the substrate
are limited at its top by the holders for the PR spin coating and the DWL exposure, as well as at its
bottom by the dimension of the digital mask. In fact, the glass substrate needs to be at least bigger
than the digital mask by 5mm at each side, this is, to avoid patterning the PR or etching the metal at
the edge of the substrate, where non-uniformities are found due to the deposition/spin coating process
as well as some areas covered by presence of the tape, needed to hold the glass substrate in position
during all the processes.

Deposited metal layer at thickness of 3000 A is generally considered adequate for the role of
shielding the mold from UV light, as its height is enough to completely absorb the rays.

After the metal is homogenously deposited, the substrate is covered with a photoresist (PR). Such
polymer has the particular property of being reactive to certain frequencies of electromagnetic waves,
usually optimized for a narrow interval. If irradiated at such wavelength, their behaviour is
distinguished in two categories(Figure 26), well described by the name of the photoresist class:
negative photoresist cross-link as a consequence of irradiation by the proper waves and thus, once
developed, maintain a negative of the transferred pattern, while positive photoresist will decrease its
ability to cross-link where illuminated, leading to the transfer on the polymer of a copy of the pattern.

| | Photomask

Positive resist l_ —i Negative resist

‘ Substrate \ Substrate

Figure 26- Positive and negative photoresist [58]

The role that a hard mask appears now clearer, as it is able to spatially select the areas of the
photoresist to be exposed and so transfer the patter it contains to the polymeric substrate. But this
may sound as a counterintuitive, as it seems that a hard mask is necessary to produce another hard
mask. Such puzzle is easily resolved, as a hard mask is an efficient and convenient way to obtain the
wanted selectivity in exposure, but not the only possible; so to produce an hard mask, the photoresist
used in the process is selectively exposed using a laser beam whose exposure area is moved by
moving the substrate below it, in Lasarray DWL 2.0.

The ability of the photoresist to be selectively polymerized allows a differentiation in its removal
rate when attached by specific chemical agents, called developers. When entered in contact with such
solutions, the non-polymerized areas are removed while the others are retained on the substrate.
Exploiting this difference, a pattern can be impressed in the polymeric layer. In the case of the
formation of the hard mask, such patter is further used to cover selectively areas of the metal deposited
on glass, when put in contact with another particular type of chemical, an etchant, tuned to
preferentially dissolve the metal while almost not interact with the polymer.

Thanks to this smart chemistry, the following effect can be achieved, summing up the production
of the hard mask: a pattern is transferred to the PR through a regulated source of light at the correct
wavelength, controlled through software, using the CAD file (as shown in section 4.2) as guide or
digital mask. Then the substrate is developed, and after this step, some areas of the metal beneath
became exposed. At this point, the substrate is immerged in the etchant, which dissolves the metal in
the exposed areas, while the rest is protected by the polymer. Finally, after the etching reaction is
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blocked and substrate washed, a solvent for the photoresist is used to remove cross-linked polymer
and reveal the pattern now impressed in the metal.

3.2.2. SU-8 mold
/’
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Figure 27 — General scheme for SU-8 mold production [59]

This section discusses the production of the SU-8 mold as a subsequent step in the soft
lithography frame. At first, a silicon substrate is cut in the wanted shape and measure. This step is
more immediate then compared to glass cutting, as it can easily achieved by introducing a small defect
in the wafer, as for example, a scratch produced by a diamond-tip pen and then applying relatively
small mechanical stresses at the position of the defect and at its sides, with inverted direction, in order
to provoke the rupture of the substrate. The produced crack will move according to the crystalline
structure of the silicon, FCC diamond lattice, as the edges of the lattice at {111} plane represents
direction of minimum energy

The shape of the substrate is typically squared, following the mask shape, and it should be at
least 5mm wider each side, once again to limit the impact of the non-uniformities, in this case for an
additional reason. While, obviously, less uniform areas of photoresist wants to be avoided so that the
final mold has spatially constant properties, especially as for thickness, it is also important to ensure
that mask and mold during the exposition phase are as close as possible, limiting the air gap in
between; this because increased distance in the air gap limits the resolution of the process, as shown
by the relationship expressed in Equation 13

Minimum feature size = Vk * A x s; (13)
Equation 13 — diffraction limit in photolithography

Wavalangth (i)
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Figure 28- Exposure in photolithography [60]
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where k is a constant depending on the photoresist and the development process, A is the used
wavelength and s is the gap (also refer to Figure 28).

The bigger dimensions on the substrate compared to the mask guarantee that the mask do not
lay on the substrate edges, where spinned PR is thicker, forming a rim especially with the used SU-
8, precisely the SU-8 50, a negative photoresist characterized by an high viscosity to allow major
thicknesses, but inevitably cause of more important edge beads. This phenomenon is caused by drops
formations at the edge, where due to surface tension proportional to viscosity, drop can resist the
outward spinning force and create a thicker ring at the edges [61].

In order to achieve better adherence of the photoresist to silicon substrate, surface
modification is performed. This modification is achieved by exposing the substrate to an oxygen
plasma formed in the Plasma Cleaner which is capable of form some radicals that interacts with the
silicon surface and promote formation of SiIOH groups, as well as interacting with any organic residue
still present on the silicon surface and breaking down them to little chains, that then spontaneously
evaporate in the low pressurized chamber, thus enhancing substrate cleaning.

Finally, the substrate is heated through the help of a hot plate, at 110°, or above the boiling
temperature of water, to ensure any humidity deposited on the surface is removed. Once cooled down,
silicon is now ready to be covered with the Photoresist. Cooling down is essential and must be verified
as, higher temperature of the substrate would heat up the PR changing its viscosity, which is
fundamental for the following step.

A layer of PR with wanted thickness can be achieved by Spin Coating, obtained by pouring a
specific volume of the polymeric solution on to the substrate (1ml per inch) and thus rotate the
substrate so that centrifugal forces push the solution to the sides, thus spreading it. The thickness that
is reached is function of different parameters as: spinning speed, spinning time, spinning acceleration,
volume of solution, area of the substrate and viscosity of the solution [61].

The distribution of the PR at wanted thickness is reached in two subsequent steps, where the
first is always represented by constant speed, time and acceleration, specifically 500rpm for 10s at
100 rpm/s, and provides an uniform distribution of the polymer along the substrate, while a second
step with fix time and acceleration, equal to 30s at 300rpm/s, and variable speed allow to tune the
reached thickness, while removing excess PR.

Except for the spinning speed at the second step, during different fabrication tests all other

parameters have been maintained constant while speed has varied in order to verify which was more
suitable for the wanted thickness, hence 100um.
Even though the supplier of the PR provides some information on the required speed, time and
acceleration needed to reach a target thickness, such parameters are not completely reliable as
approximation of different set-ups. This will be greatly evident when the exposure time is discussed,
with its great variation respect to the suggested one in order to obtain the wanted definition (see
section 4.3.2)

Further steps involved a baking process, called Soft-Bake, to be distinguished with the further
heating step performed after the exposition.

Such step allows the solvent in which the PR is dissolved to evaporated and creates a solid
layer of polymer; it is essential, though, that the heating is achieved gradually, in order to avoid
embrittlement of the polymer with further formation of cracks, due to introduced mechanical stresses.

Now the layer of polymer shows acceptable mechanical properties to be put in contact with
the previously produced hard mask; as said the space between the polymer and the mask must be
limited at its best, so the metal layer of mask is directly in contact with the PR, to minimize further
dispersion of the light through the glass after spatial selection of the metal layer. Once put in contact,
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mask and substrate are ready to be exposed. Exposition is achieved in the proprietary set up filtered
at a wavelength of 365nm.

Su-8 is formed by a solution of a resin dissolved in an organic solvent (like PGMEA) and
added to 10 wt% photoinitiator, sensitive to a specific wavelength; it is a chemically amplified resist
where one photon interacting with the photoinitiator produces a photoproduct that causes a chain
reaction which changes the solubility of the resin through cross-linking. [59]

The energy to which the PR is exposed is central for the definition of the structures that are
wanted to be transferred in the layer. As the power of the lamp is fixed, as well as the distance at
which the substrate is placed (which thus sets the power per unit of surface or energy over time per
unit of surface), the only variable from which absorbed energy is dependent is exposition time, which
is the parameter to be optimized to obtain maximum performance.

The optimization is needed because slight variations of the absorbed energies can imply a
distortion in the transferred design; over-exposure of the photoresist could cause also areas that should
be shielded to be reached by the UV waves as some lateral diffusion in the polymer is present, which,
for longer interval of time, can transfer enough energy to the surrounding to broaden the exposed
area. In such case, channels and pillars would be formed at bigger width than planned, while holes
would be narrower, and at its extreme, be completely absent. In addition, over-exposure does not
cause a uniform widening, thus changing the slope of the wholes and so the shape of structures, as
displayed in Figure 29.

Shallow f < 90°

Figure 29-example of non-vertical walls due to high exposure dose [59]

Since the mold represents a negative of the structures of the final device, the obstacles present
in the design correspond to holes in the mold and for this reason, over-exposure is vital to be avoided.
Also under-exposition brings unwanted effect, as the PR may be not completely exposed up to its
base, where the contact with the silicon is present, and thus be affected by undercuts (Figure 30),
which may cause the mold to peel out from the silicon substrate during developing or PDMS device
peeling.
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Figure 30-example of undercut in SU-8 due to low exposure dose [59]
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Once the exposition is completed, the samples is set to rest for few minutes and then Post-
Exposure Bake (PEB) can occur. This second baking process is essential in order to increase the
cross-linking of the polymer in the exposed area and stabilize the pattern.

Once the substrate reaches room temperature again, the final step of the mold fabrication can
take place; the areas of the polymer not exposed needs to be removed, a process called developing,
similarly to the one achieved during hard mask production. The developer (PGMEA) is able to
dissolve non-crosslinked photoresist and so reveal the pattern.

Before the use of the newly produced mold , an intermediate step can be added, namely
silanization in FDTS, in order to obtain a reduction in the hydrophilicity of the SU-8 on Silicon
substrate and help, in the following step, the peeling of the formed PDMS device, as well as a better
definition of the smallest structures avoiding air bubble inclusion.

This step, indeed, was finally removed from the production process of the finalized device, as
problem with device sealing emerged in late experiments; but it was still maintained when PDMS
were produced only to be sacrificed to evaluate the performance in SU-8 mold production, and thus
produce the images shown in section 4.3.

3.2.3. PDMS production

A Fabricate master \
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D Remove PDMS
replica from master
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] E Oxidize PDMS

C Cast prepolymer
and cure
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Figure 31 - General schema for PDMS production, adapted from [62]

PDMS fabrication is a straightforward procedure. Most delicate step is represented by device
sealing against glass substrate.

To reach a satisfying sealing of the channels, a slab of glass is accurately cleaned and both
substrate and PDMS are treated with oxygen plasma. Such treatment, in addition to furtherly remove
any organic residue from the surfaces, induces the formation of SiOH groups in the PDMS which can
react with other SiOH groups on glass surface and form Si-O-Si covalent bonding, thus forming a
strong, irreversible connection between PDMS and substrate and isolate the channels.
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Figure 32- Oxygen plasma treatment for PDMS/glass sealing [63]

3.3. Cytometer output signal simulation

While the aim of the microfluidic device is to obtain a sufficient mixing of magnetic nanoparticles
and sample containing target bacteria, favouring capture and retaining of the target and consequent
elution in a reduced volume, this section addresses final step for the bacterial detection, through
simulations of a magnetic cytometric platform output, if eluted volume would be measured. Figure
33 shows an example of detection event in a system with two magnetic sensors and displays the output
of the platform.
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Figure 33-Magnetic fingerprint of a particle detected with sensors half-bridge configuration [28]

The detection, as explained in section 1.2.3, is given by the variation of the direction of the free
layer of the magnetoresistive sensor which cause a change in resistance, read as a change in the
voltage across the sensor. In order to be able to identify the signal correctly among the noise, and
analyse its characteristics, a simulation of the expected sensor output is performed.

Matlab™ represents the optimal platform to develop such model, and so a simple code has been
written. The above-mentioned script takes into account different factors, which are hard coded but
can also be given as an input by the user:
e Sensor parameters as sensitivity, bias current and geometric factors
e Beads information as magnetic moment
e Beads dimensions and bacteria dimensions for coverage computation, or as an alternative,
the already known coverage
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e Flow rate of the solution

e Cross section of the channel

e Distance between bacteria centre and sensor surface

e Bacteria shape between spherical, spheroidal and rod-like, in case a tri-dimensional
distribution of beads is wanted

e Number of bacteria passing on the sensor

e Alignment of bacteria along pre-defined X, Y or Z axis, if the number is major than one

e Distance between bacteria, if the number is major than one

Given all the parameters, the script will compute and print the graph of the resulting sensor
perceived field and sensor output in volts. In addition, if a beads distribution is selected, the code will
generate a graph showing such distribution.

Spherical distribution of beads is obtained according to Equation 14 and an example is
displayed in Figure 34

P(d,¢,0) = P(d,¢,0) = (g) * sin(¢) * cos(0); (g) * sin(¢) * sin(6); (g) x cos(¢); (14)

Equation 14 - Spherical beads distribution
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———, 0 equal 10 pacC eria diameter an m 10 the numper or beads.
= d equal to bacteria diameter and Nm to th ber of bead

x107 %107
5~ A
B 4?'%7* - —*

s ,_,,-—_f

Figure 34- Example of spherical beads distribution: left, 64 beads; right, 128beads

Spheroidal distribution of beads obtained according to Equation 15 and an example is displayed
in Figure 35

P(C,¢,{, &) = C*(*S;C*\/((Z—l)*(1—52)*sin(¢));C*\/({2—1)*(1—52)*cos(qb);(lS)

Equation 15 - Spheroidal beads distribution

— 2 2 — —
where C = w/(Ll — L22) { cosh(u) €= cos(G) W
0L 3% <h<36 Ll is the major semi-axis, L2 is the minor

VNm+1 \/Nm+ VN \/
semi-axis, pisequal 1 and Nm IS the number of beads.
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Figure 35 - Example of spheroidal beads distribution: left, 64 beads; right, 128 beads

Rod-like distribution of beads is obtained as a combination of a cylindrical distribution made
by half of the beads number and two emi-spherical distribution at the sides, each one accounting for
one fourth of the total number of beads.

Here are reported the three equations defining the distributions while an example is displayed
in Figure 36

First Emi-sphere in Equation 16

P(d,L,¢,0) = [(%) * sin(¢) * cos(0) ; ( ) * sin(¢) * sin(0) +£ (;) * cos(¢)]; (16)

Equation 16 — Rod-like beads distribution, 15t emisphere
where ——=< ¢ <180 — —— with a step of < 0 <180 — —— with a step of
Nm Nm Nm
/—+1 /—+1 /—+1 /—+1 —+1

, L equal to the length of the cylinder and d equal to the diameter of the cylinder

180

Nm
= 1

Cylindrical in Equation 17

P(d,H,¢,0) = [(%) * sin(¢) * cos(0) ; (;) * sin(¢) * sin(0) + H; (%) * cos()]; (17)

Equation 17 — Rod-like beads distribution, cylinder

L L L - L 360
<H<=- with step equal t0 ——, 0< ¢ <360 — —
NTm+1 2 /N7m+1 NTm+1 /—Nm+1

L equal to the length of the cylinder, d equal to the diameter of the cylinder.

where 0=0, % + with step

equal to \/_

Second Emi-sphere in Equation 18

P(d,L,¢,0) = [(;) * sin(¢) * cos(0); (g) * sin(¢) * sin(0) — g; (;) * cos(¢p); (18)

Equation 18 — Rod-like beads distribution, 2" cylinder
where ——=< ¢ < 180 — ——— with a step of ——, 180 <0 <360 — ——— with a step of ——

)
T+1 /N—m+1 fN—m+1 ’\me+1 /N—m+1

L equal to the length of the cylinder and d equal to the diameter of the cylinder
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Figure 36 — Example of rod-like beads distribution: left, 64 beads; right:128 beads

The number of beads covering each bacteria, also defined coverage (Equation 19), can be
supplied to the code directly, or its computed through the dimensions of beads and bacteria as user
input; the simple calculation takes into consideration the available bacteria surface respect to the
surface occupied by a bead, equal to its larger section, where both are assumed having a spherical
shape:

(4 * T * (Rbact)z) .
T * (Rbead)2 '

Equation 19 — Bacteria coverage

(19)

Coverage =

This parameter, directly affects the output of the sensor, being directly proportional to the
number beads.

The field produced by the superparamagnetic particles is, in fact, regulated by equations
Equation 9 and Equation 10 , where beads are assumed being magnetic dipoles of one dimension, as
described in section 1.2.3.

Where the first represents the three- dimensional field produced, while the second refers to
the sole projection on the sensor axis, the only one that the sensor is sensitive to. The voltage output
of the sensor is instead characterized by Equation 11, again in section 1.2.3.

Other parameters like flowrate and microfluidic channel cross-section, are also involved in
the computation of the voltage output of the sensor; Through such information, in fact, the mean
speed of bacteria covered by beads can be assessed(Equation 20), and so the spatial reference of the
signal can be converted into a temporal reference(Equation 21)

v =§; (20)

Equation 20- Mean velocity of fluid in the channel

where v is the mean speed of the fluid in the channel, equal to the speed of the particles, and Q and S
represent respectively the flow rate and the cross section.

Ax
At = —; (21)
v

Equation 21- Time to space relationship

where t represents time, x distance and v the speed of the particles
Outputs from the simulation are shown in Figure 37, where inserted parameters are displayed
to the user, and in Figure 38 where one example of simulated signal is reported.

40



Fringe Field- y component [Og]

Figure 38 - Fringe field and corresponding sensor output for a spherical distribution of beads on single bacteria with a coverage

Some parameters are then extracted from the signal (Figure 39) and displayed (Figure 40)

4

- x

Sensitivity[Ohm/Oe]=0.4 Current[A]=0.001 Moment[Am"2]=-9.56e-16
Width[m]=2e-06 Length[m]=0.0001 FlowRate[ul/min]=10 Cross
Section[m*2]=1e-08 Plot discr[m]=2e-07 Sensor discr[m]5e-07 Plot
length[{m]=5e-05 Vertical distance[m]=2e-06

Figure 37 - Matlab output window for set parameters
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Peak-to-peak amplitude is dependent on factors as the number of particles aggregated (around a
bacteria or clustered) and the vertical distance of the detected element from the sensor, while peak-
to-peak time interval is related to the dimension of the element [4].
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Output Voltage for bacteria cluster of 1 bacteria , spherical distribution
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Figure 40-Code output for extracted parameters
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Figure 39- PtP and PW parameters for the example signal
presented in Figure 38

3.4. Sample detection in a magnetic cytometric platform

This section is to be seen as a reconnection with the statement produced in section 1.1, where the
aim of the project where this work is inserted has been discussed. Devices and protocols here
developed are in fact preparative to supply a concentrated sample of “magnetized” target bacteria (to
be read as bacteria surrounded by magnetic elements) and for this reason some of the parameters were
adapted to this aim.

To evaluate if the goal has been reached, few samples treated with the microfluidic device has
been evaluated through a magnetic cytometric platform, under development at INESC-MN by Soares
et al [4] [5].

The sensing component of the cytometer are several sensors and two of them can be used for a
single measurement. The one exploited for the measurement reported in section 5.2 are 100*2 pum?
SV sensors (see section 1.2.3) separated by 237 um and the dimension of the microfluidic component
concerning its cross-section is 10010 pm?,

Figure 41 presents a top view of both elements. The protocol applied for the detection is briefly
discussed in section 2.2.7.
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SV sensor

Figure 41- Top view of sensor and microfluidic from cytometric platform [4]

Once the signal from the sensor is recorded, some processing is required; this step includes,
but it is not limited to, application of a bandpass filter to reduce noise contribution. After processing,
peak detection is performed, in order to identify bipolar peaks that are related to bacteria surrounded
by particles. This step is based on the application of two thresholds, one in signal amplitude and one
in time interval between peaks detected by the two sensors. Amplitude threshold is imposed
depending on the detected signal from blank sample (see section 2.2.7), while time interval threshold
is chosen with some considerations on sensors distance and particle speed, dependent on applied flow
rate; specifically, an event, defined as a bacteria covered with particles flowing over the sensors, is
selected only if peak amplitude is higher than amplitude threshold, and if two events are recorded in
the two sensors with a time delay equal to the speed of the particle multiplied by sensor distance.
Particle speed is assumed to be in a range of values around the mean flow velocity of the fluid in the
channel, equal to imposed flow rate divided by channel cross-section.

Automatically detected events are lately manually evaluated, to discard events that are not in
accordance with the expected bipolar shape of the signal provoked by a superparamagnetic particle
covered bacteria, as simulated in section 3.3.

Once events are verified, peak-to-peak voltage and peak-to-peak time interval are extracted
and stored; these are generally furtherly analysed in the attempt to distinguish between events rising
from bacteria covered with magnetic particles and events coming from particles clusters, but this
aspect is not covered in this work.
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4. Results

4.1. Benchtop optimization for antibody immobilization and bacteria capture

Numerous experiments have been performed, following protocol discussed in section 2.2.1 and
2.2.3, involving antibodies immobilization on superparamagnetic beads and their exploitation for
bacteria capture. Here optimization and results are reported for different parameters, while Figure 42
represents protocol steps.

Removing supernatant

Magnetic separation

Mixing Immunoreaction

— 4
AN

Y A

[ @

l Target bacteria Interferent bacteria ® Immunomagnetic bead ‘ Magnet

Figure 42- Benchtop protocol schematics, only first washing step is represented, adapted from [64]

Ratio between antibodies and beads during antibodies immobilization

Figure 43- Superparamagnetic beads covered with antibodies, adapted from [64]

First step of the benchtop protocol is immobilization of antibodies on magnetic particles, as
shown in the schematics in Figure 43.

As initial approach the ratio antibody:beads was set to 3925:1, which is 3925 antibodies per
beads, according to the following calculation:

_ 4*”*(Rbead)2 ~ .
Coverage = ORI 3925; (22)

Equation 22 — Antibodies to bead ratio based on geometrical parameters

where Rueads IS bead radius, Lap is antibody length and Hap is antibody height. Here beads are
treated as spheres of 200nm of diameter while an antibody as a parallelepiped 15 nm long and 5nm
wide and assuming two possible configurations in which the antibody can link to the bead, horizontal
and vertical, and thus considering the mean of the two possible occupied surfaces in the two
configurations. With the aim to increase interactions a number of antibodies 10 times higher than the
full coverage was chosen as approximately 10* antibodies per beads, in order to take into account
possible phenomena of aggregation or non-efficient orientation.

This method, though, overestimate the amount of antibodies that can interact with the beads,
and after few experiments, in order to consume a minor amount of antibodies and avoid expenses, a
different approach have been applied. To evaluate the maximum number of antibodies that a bead
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could interact with, the number of active sites is considered. Streptavidin is a protein which presents
4 active site useful for biotin interaction as it is constituted in a tetramer, so 4 biotinylated antibodies
per streptavidin may be considered;

2=\

Asn23 \
_Ser/27
/" Asp128 L. ,
K Tyr43

IO\,
.

Figure 44 - Streptavidin/Biotin interaction: left, tetrameric streptavidin structure [65]; right, active site and evidenced hydrogen
bonds [66]

Nonetheless such active sites are spatially close to each other so it is assumed that when one
site is occupied in interaction with one biotin molecule, another site is shielded by antibody presence,
not allowing a further biotinylated antibody to interact. For this reason, 2 antibodies per streptavidin
molecule are assumed as maximum interacting elements. Knowing from the supplier the average
number of streptavidin molecules per beads, the calculation of number of needed antibodies to fully
load the binding sites is then straightforward:

Coverage = (2 * 500) sites/beads = 1000 Abs/bead,; (23)

Equation 23 - Antibodies to bead ratio based on number of available interaction sites

where 2 are the available active sites.

Approximatively 4 times the coverage was chosen as acceptable antibodies number, setting
4210:1, or 4210 antibodies per bead, as the optimal ratio, due to rounding useful when choosing the
volume of antibodies to use. Table 4 shows how such modified ratio is linked to an increased capture
for the positive sample (where antibodies where target specific) from ~9% to >30% depending on the
other parameters.

45



Ratio between beads and bacteria for bacteria capture
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Figure 45- Bacteria surrounded by magnetic beads, adapted from [67]

In the first experiment the ratio between beads and bacteria was set as 4:1, but it appeared that
such small amount of particles was not sufficient to retain bacteria efficiently after their recognition
from the antibodies, as shown in Table 4 where the capture efficiency obtained is <14% for the
positive sample.

It was decided then to compute the amount of beads needed to cover the entire surface of the
cell with beads, and maximize magnetic forces acting on them, as well as the global magnetic moment
for further magnetic detection; some simplification are used for such computation, considering the
bacteria as a sphere of 1um diameter and beads all equal spheres of 200nm diameter, which leads to
a maximum number of beads as indicated by Equation 24

Coverage = (- Rpact)) 64; (24)

TT* (Rbead)z

Equation 24 — Coverage

where Roact and Riead are respectively the radius of the bacteria and the radius of the bead.

To promote interactions and increase coverage avoiding unspecific binding 10 times more
beads than the amount calculated to be accommodated have been chosen for the subsequent
experiments, as not all beads would be able to enter in contact with bacteria in the right conditions
and clusters of beads may also form, assessing the ratio to 640:1(results not shown for this ratio).
After increasing such ratio up to 1900:1 trying evidencing further improvements, the optimal value
was established as 950:1; Table 4 shows how 1900:1 ratio achieved capture up to ~62%, but 950:1
ratio reached equal or higher capture efficiencies, up to ~97%, with the further advantage of requiring
less particles.

Negative control

Setting the adequate negative control for an experiment is always a central challenge and a
factor that can influence the importance of the results. Regarding bacteria capture with active
components immobilized on beads (antibodies in this case), different negative sample have been
considered along the experimentation:

e Bare beads: this sample do not represent an optimal negative control as the conditions at which
bacteria can interact with them are different if considering covered beads, as for the distance
of interaction, for the chemistry of such interaction and the lack of steric impediments. This
control was indeed interesting to evaluate the interactions that occur between bacteria and
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beads, in absence of antibodies, and so give an idea of the unspecific capture that beads can
bring, giving important information on the need of a blocking step in the procedure

e Non-biotinylated antibodies: using non biotinylated antibodies could be useful to evaluate
non-specific adsorption of antibodies to the beads. If the antibodies are non-specific for the
bacteria, as in the case, they also play the role of a blocking step regarding beads exposed
sites. This control has been useful in the first experiments to evaluate how aspecifically
adsorbed antibodies interacts with the target

e Biotinylated antibody specific for a different bacteria: one of the efficient negative control is
represented by the use of an antibody which is biotinylated, able then to interact efficiently
with streptavidin molecules on beads but specific for a bacteria different from the target. In
this way, aspecific capture are less connected to interaction with beads or antibody non-active
site, and should be very low, outlining a difference with the test sample if capture is correctly
achieved.

e Antibody target specific with a different bacteria: another efficient way to verify specificity
and so design a proficient negative control is the use of a second bacteria, different from the
target, and verify that the antibody specific for the target is not able to recognise it, and thus
the related capture should result low.

The last two controls, applied in the experiments shown in Table 4 alternatively, represent the

optimal way to perform a negative control and verify specificity of the capture, in the case it occurs
in the test sample.

Blocking

Blocking evidenced to be a fundamental step to achieve specific capture and guarantee
reproducibility of results; even though streptavidin molecules have high affinity with biotin molecules
present on used antibodies, not only the active site represent a place where interactions can occur.
The remaining structure of the protein as well as the bead surface are both able to interact with
bacteria, in an aspecific manner. What is more, even working in condition of high antibody
concentration (10 times the computed coverage), some streptavidin molecules are still not covered
with antibodies and are prone to interact with bacteria as well. For all this reasons, a standard blocking
solution was introduced, namely a 5% (w/v) BSA (Bovine Serum Albumin) in PB. This approach
resulted in expected improvements as decreasing aspecific capture, but showed some inconsistency
in different experiments, as it can be deduced from Table 4 if comparing capture efficiency in the
negative control between experiment 1 (~0.2%) and experiment 2 and 3(~5%). For this reason, a
different blocking agent have also been tested, namely SuperBlock™, containing a single purified
glycoprotein. The results from the two blocking solutions did not differ consistently, and could be
sometime detrimental, as in experiment 4 in Table 4, where capture in negative control reached ~16%;
thus the blocking protocol was altered. From a 30 min blocking time, to 1 hours and finally 1 hour
blocking at high concentration plus overnight blocking at low concentration, while the volume used
was increased from 100ul to 300ul, which resulted in acceptable results, and were set as optimal
conditions, together with an agitation of 250rpm, ensuring a low capture in the negative control down
to ~1% without affecting positive sample capture efficiency, attested in experiment 7 at ~70%, up to
~96% in experiment 5, as demonstrated in Table 4. Temperature, varied between room temperature
and 37° Celsius, did not affect the blocking efficiency; in fact at both temperatures a capture for
negative control as low as ~5% was obtained.
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Parameters during immobilization

Parameters to be taken into account during the immaobilization step are: time, temperature and
agitation. The time advised by the bead supplier is 30 minutes, which have been increased in later
experiments to 2 hours; such time have been demonstrated sufficient for immobilization, and under
this condition the highest capture efficiency have been obtained, up to ~97% as shown in Table 4.
Both RT and incubation at 37° Celsius have been verified, with no important differences evidenced,
as even if in experiment 1 and 4 (T=RT) capture efficiencies are lower than experiment 2 and
3(T=37°C), experiments 5,6 and 7(T=RT) reach higher capture efficiencies, indicating that
temperature at 37°C is not a requirement. Agitation at 250rpm is once again introduced, which
emerged to not prevent antibody and bead interaction while may decrease the rate of aspecific
interactions, interfering in weak interactions.
Parameters during capture

Parameters involved in the capture step are: time, temperature and agitation, volume of
bacteria and concentration of bacteria. Capture time have been modified from 30 minutes, as advised
by beads supplier, to 15 minutes, and given higher capture efficiency (up to ~97%) for positive sample
obtained in last experiments described in Table 4, such time is verified as sufficient. Temperature
was varied between 37° to room temperature, to avoid bacteria growth during capture, even if
experiment 1 in Table 4 show similar capture efficiencies, even though an increase in data dispersion,
given by a higher standard deviation, is evidenced for the higher temperature. Agitation was also
introduced in latest experiments, at 250rpm, with positive results (see difference between experiment
4 and 5, Table 4). The volume used is chosen to be comparable with predicted to be used in the
microfluidic platform, derivative of the volume needed to resuspend on hospital swab, as verified
with clinical samples processed in the laboratory. A volume of 100ul has been used, for a directly
comparison with the volume chosen in the microfluidic platform for the initial tests. Finally, regarding
the concentration of bacterial sample, the parameters is not supposed to undergo optimization as it is
fixed by the study, depending on the concentration expected in the swab from clinical samples,
discussed in section 4.4. Nonetheless, two concentrations have been tested in the context of
preliminary experiments in capture, equal to 2*10” CFU/ml and 2*10° CFU/ml, obtained as 1/10
serial dilution from a 2*108 CFU/ml inoculum, as explained in section 2.2.2.
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Table 4-Parameters and results of a series of experiment on antibody immobilization and bacteria capture by bench-top assay. In
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red: parameters that change compared to previous experiment. Legend below
Experiment 1 2 3
Sample P P N N P N P N
Bacteria P.ae P.ae Kleb Kleb P.ae Kleb P.ae Kleb
Antibody P.ae P.ae P.ae P.ae P.ae P.ae P.ae P.ae
Beads:bacteria 4:1 4:1 4:1 4:1 1900:1 1900:1 1900:1 1900:1
Antibodies:beads | 39250:1 39250:1 39250:1 39250:1 | 4210:1 4210:1 4210:1 4210:1
Time(min) 30 30 30 30 30 30 30 30
- n':\gttalﬁloz?tllon Temperature(°C) | RT RT RT RT 37 37 37 37
Agitation(rpm) 250 250 250 250 250 250 250 250
Type BSA5%  BSA5%  BSAS5%  BSA5% | BSA5% BSA5% BSA5% BSA5%
Volume(ul) 100 100 100 100 100 100 100 100
Blocking Time(min) 30 30 30 30 30 30 30 30
Temperature(°C) 37 37 37 37 37 37 37 37
Agitation(rpm) 250 250 250 250 250 250 250 250
Time(min) 30 30 30 30 30 30 30 30
Bacteria  r 1 oerature°C) | 37 RT 37 RT RT  RT RT RT
capture
Agitation(rpm) none none none none none none none none
Bacterial
concentration 2*10° 2*10° 2*10° 2*10° 2*107  2*107 2*107 2*107
(CFU/mlI)
Mean capture % 13.15 7.6 0.23 0.15 37.39 5.77 62.09 5.05
SD % 10.43 0.94 0.05 0.19 114 0.29 0.32 0.54
Experiment 4 5 6 7
Sample P N P N P N P N
Bacteria P.ae P.ae Kleb Kleb Kleb Kleb Kleb Kleb
Antibody P.ae E.Coli Kleb E.Coli Kleb E.coli Kleb E.coli
Beads:bacteria 950:1 950:1 950:1 950:1 950:1 950:1 950:1 950:1
Antibodies:beads 4210:1 4210:1 4210:1 4210:1 4210:1 4210:1 4210:1 4210:1
Time(min) 120 120 120 120 120 120 120 120



Temperature(°C) RT RT RT RT RT RT RT RT
Antibody
immobilization
Agitation(rpm) 250 250 250 250 250 250 250 250
Type SB SB SB SB SB SB SB SB
Volume(ul) 100 100 300+100 300+100 300+100 300+100 300+100 300+100
60 + 60 + 60 + 60 + 60 + 60 +
Blocking Time(min) 30 30 ) ) ) ) ) _
Overnight Overnight Overnight Overnight Overnight Overnight
Temperature(°C) RT RT RT RT RT RT RT RT
Agitation(rpm) 250 250 250 250 250 250 250 250
Time(min) 15 15 15 15 15 15 15 15
Bacteria Temperature(°C) RT RT RT RT RT RT RT RT
capture
Agitation(rpm) none none 250 250 250 250 250 250
Bacterial
concentration 2*107 2*10° 2*107 2*10° | 2*107 2*10° 2*107 2*10° | 2*10" 2*10° 2*107 2*10° | 2*10" 2*10° 2*10" 2*10°
[CFU/mI]
Mean capture % | 19.18 36.66 16.12 1528 | 90.43 96.69 2.04 817 | 8958 8515 272 293 | 529 7097 1.02 1.6
SD % 241 2076 087 1.01 21 124 027 0.26 | 0.79 2.87 0.57 155 | 184 432 0.39 0.44
Legend:

P: Positive sample, combination of a target bacteria and particles covered with antibodies specific for the target
N: Negative sample, combination of a bacteria and particles covered with antibodies non-specific for the bacteria
P.ae: Pseudomonas aeruginosa

Kleb: Klebsiella pneumoniae

BSA5%: 5% v/v BS solution in DI water

SB: SuperBlock™

Target bacteria

As for the concentration of bacteria used, also the bacteria target chosen is not supposed to
be a factor that can be optimized as it is a requirement of the project. Nonetheless, since the aim of
the study is to prove capture of gram negative bacteria, due to limitation in the method to verify
capture results, namely Colony Counts, some bacteria results as better samples then others. In fact
Klebsiella pneumonia produced colonies that are more easily counted, producing a lower dispersion
in the data due to error counting; thus in last experiments it became preferable operating on such
bacteria, compared to Pseudomonas aeruginosa colonies.
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Figure 46- Example of bacteria CFU counting: left, Klebsiella pneumoniae; right: Pseudomonas aeruginosa

Optimal parameters thus resulted to be:

Table 5- Optimized bench parameters for bacteria capture (on samples of 100ul); o/n refers to overnight.

>050:1

Beads:bacteria ratio

Antibodies:bead ratio 4210:1
Immobilization 2h 250rpm RT
300ul for 1h
Blocking 250 rpm RT
100ul o/n
Capture(100ul) 15min 250rpm RT
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Figure 47 - Example of bench protocol optimized: comparison between specific (positive) and aspecific (negative) antibody for
Klebsiella pneumoniae capture at -1 dilution (107 CFU/ml); NC refers to Non Countable.

Results analysis
Results are represented by Colonies Counts of different supernatants, called SB, WI and WII

respectively indicating the first, second and third supernatants during washes, and the resuspended
pellet, called CM. Such values are processed through an Excel spreadsheet, and displayed in a column
graph.

Individualization and exclusion of outliers

Independent and dependent replicas are produced during the experiments.

Independent replicas refer to results of different experiments while dependent replicas are of two
kind:

e Triplicates or duplicates in plating supernatants or resuspend pellet solution

e Different dilutions of the supernatants or resuspended pellet solution

Where triplicates were available, dependent replicas within a single experiment are evaluated with
the aim to identify outliers, which are then discarded from the computation of capture efficiency as
non representative of the result.

In between different methods for outliers identification, the interquartile one have been chosen.
The first quartile of a set of ascending ordered data is represented by the data below which 25% of
data are present; if the number of data is odd, the arithmetic mean of the two closest number is made.
By extension, the third quartile is the data below which 75% of data are present, with the application
of the arithmetic mean once again in the case of an odd number of data.

With the interquartile method, the difference between the third and first quartile is computed,
multiplied by 1.5 (for mild outliers) and by 3.0 (for extreme outliers) and finally added to the 3™
quartile and subtracted by the 1% quartile; this generates two intervals, out of which mild or extreme
outliers are identified. Table 6 reports an example of the process.

After outliers are identified, if any, and discarded, capture efficiency is computed with average of
remaining dependent replicas.
Efficiencies between independent replicas are then averaged and standard deviation is

computed.
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Table 6- Example of identification of outliers with quartile method: data on Wash | (WI) sample from -3 dilution Klebsiella
pneumoniae specific capture

Measurements Ordered Quartiles Mild Extreme
measurements outlier outlier

5.40E+03 4.90E+03 1st quartile = NO NO
5.00E+03

7.00E+03 4.90E+03 3rd quartile = NO NO
1.00E+04

1.00E+04 5.00E+03 Interquartile = NO NO
5.00E+03

1.00E+05 5.40E+03 Interquartile*1.5= NO NO
7.50E+03

4.90E+03 6.00E+03 -2.50E+03 NO NO
< Range mild
outliers <
1.75E+04

5.00E+03 7.00E+03 Interquartile*3= NO NO
1.50E+04

4.90E+03 1.00E+04 -1.00E+04 NO NO
< Range extreme
outliers <
2.50E+04

6.00E+03 2.00E+04 YES NO

2.00E+04 1.00E+05 YES NO

Calculation of capture efficiencies

Considering the method used to collect results of the capture, different computation of the
capture efficiency can be evaluated. The supernatants collected during the washing steps are named
SB, W1 and WII respectively, the resuspended final pellet it is named CM while the initial amount of
bacteria plated from the diluted second inoculum are referred as Initial (refer to section 2.2.3 for the
protocol)

Two approaches are based on considering the initial amount of bacteria present before the
capture. This is obtained by plating the inoculum and its dilutions, from which the sample of bacteria
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for the capture is taken, assuming the experiment last shortly enough so that the concentration of
bacteria in that samples do not vary consistently, considering a working temperature which is Room
Temperature and so close to 25°C and far from 37°C which is the optimal growing condition for
bacteria.

Knowing the number if initial bacteria, then, two computation are possible: it can be computed
the ratio between the bacteria in the resuspended pellet and the initial concentration(Equation 25);
this approach is limited by the fact that the bacteria in the resuspended beads are surrounded by
magnetic beads, used to separate them, and so influenced by it. It must be considered that the Colony
Counting method is based on the ability of the bacteria to replicate in a limited area and if the presence
of magnetic beads limit this aspect, the number of captured bacteria may be under evaluated.

Capture(%) = M 100; (25)

Initial

Equation 25 — Percentage of capture, first method

where CM is resuspended pellet and Initial is plated from diluted second inoculum.

Alternatively, it can be computed as the difference of colonies in all supernatants and colonies
in the Initial divided by colonies in the Initial (Equation 26). In this way, it is assumed that all the
bacteria that is missing in the supernatant must be present in the pellet. The limitation of this approach
is represented by the step of summing the counts of different supernatants, thus amplifying the

counting errors.
__ (Initial-SB+WI+WII)

Capture(%) =

* 100; (26)

Initial

Equation 26 — Percentage of capture, second method

where SB, W1 and W1 are supernatants from sequential washing step respectively and Initial is plated
from diluted second inoculum.

Both these methods are anyway limited by the non correct evaluation of the initial amount of
bacteria. The assumption of non-growth during experiment (or equal growth as in the other samples)
IS not precise and provokes errors in the evaluation of the initial concentration. This is outlined by
experiments in which the amount of bacteria captured appeared higher than the initial amount due to
a wrong evaluation of initial amount (results not shown).

A third method of evaluation of capture consists in a different evaluation of the initial amount
of bacteria, as applied by Skjerve et al. [68]; such concentration is in fact evaluated as the sum of all
supernatants and of the resuspended pellet counts. The efficiency in capture is then computed as

colonies in the resuspended pellet divided by such alternative initial concentration (Equation 27).

Capture(%) = — M 4100 (27)

SB+WI+WII+CM

Equation 27 — Percentage of capture, third method

where CM is the resuspended pellet and SB, WI and WII are supernatants from sequential washing
steps respectively.
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Table 7- Mean results from bench experiments, refer to appendix 7.2 for complete results

Sample Dilution Concentration[CFU/mIl] Mean % SD %

" -1 dil 2*107 65.85 21.01
Positive -

-3 dil 2*10° 85.66 10.23

. -1 dil 2*107 1.65 0.74
Negative :

-3 dil 2*10° 4.03 2.59

Mean capture efficiency (%)

120,00

100,00
80,00 ]
60,00

40,00

Capture efficiency (%)

20,00

0,00 = I
-1 dil -3 dil -1 dil -3 dil

Figure 48 - Graph representing mean results from bench experiments, data from Table 7

Table 7 and Figure 48 summarize the results of the experiments produced on bench-top after
the one displayed in Table 4, where only valid experimental results are reported, which is only
experiments with optimized parameters as indicated in Table 5.

Through these results it is shown the efficacy of the protocol to achieve an average capture in
positive sample (with specific antibody) ~86%+10.23% for a concentration of 2*10° CFU/ml while
reducing a-specificity, as indicated by average capture in negative control (aspecific antibody) as low
as 4.03%+2.59% for same concentration.

4.2.  Fluidic simulations and design

As a bridge between the presentation of results for the optimized bench-top assay protocol for
antibodies immobilization and capture, and the developed microfluidic device, as an automatic
alternative for mixing, capture and concentration, this section will cover the preliminary step
necessary to determine the properties of the device that is wanted to be produced.

In section 1.2.1, different approached to passive mixing are collected and revised, with one
emerging for its conceptual simplicity, proved efficacy and relatively easy implementation in a
device, which do not require multiple layers, avoiding the cumbersome process of manual alignment.
Implementing obstacles in a chamber result being an appliable method for the objective of this work.
Remains to be assessed which kind of obstacles better suits the purpose. One useful tool in order to
select most prominent designs is represented by computer-aided simulation, specifically in the area
of CFD software, among which COMSOL Multiphysics™ was chosen.

Simulation on the beads and bacteria mixing level in a water-like fluid are performed for different
type of obstacles, namely circular pillars at the center of the channel and differently shaped obstacles
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at the wall of the channel, and compared with an equivalent channel in absence of any obstacle or
structure.

Simulations are based on a simplified structure respect to the design that the devices will acquire;
in fact only two inlet channels disposed in a Y configuration with a 90° angle, and a serpentine
composed of 20 turns is studied, while obstacles occupies 3 or 4 turns only. These simplifications are
due to the high computational power required which applies some limitations; for the same reason a
coarse mesh discretization have been applied to the models. Table 8 reports major parameters
involved in the simulation.

Figure 49 represents the distribution of magnetic particles(red) and of bacteria(green) at the outlet
of the simulated microfluidic device. In Figure 49.A a complete segregation of the two elements
resulted; Figure 49.B, C and D all show an higher grade of dispersion with major red and green dots
overlapping, with better result obtained in B. In Figure 50 distribution of the particles along the
channel width in the area of obstacle concentration is represented; Figure 50.A and C are
characterized by particle segregation and their respective side of the channel, while an interesting
effect, as predicted by Bhagat et al. [15], is verified in B and D, where obstacles modifies particles
trajectories and deviates their flow to the center of the channel, thus increasing the chance of
interaction between the two specie; in both two configurations, though, this tendency of concentrating
at the center of the channel is not maintained along the serpentine and as visualized in Figure 49
particles are still dispersed at the outlet.
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Figure 49- Distribution of beads(red) and bacter/a(green) at
the outlet. (A) No obstacles (B) Alternated cilindrical pillars
(C) Triangular obstacles at the channel walls (D) Rectangular

obstacles at the channel walls with curved end Figure 50- Distribution of beads(red) and bacteria(green)
along channel width when close to obstacles (A) No obstacles
(B) Alternated cilindrical pillars (C) Triangular obstacles at
the channel walls (D) Rectangular obstacles at the channel
walls with curved end

This behaviour is amplified in the configuration shown in Figure 51, where the effect of the
modified shape of the obstacle, with triangular edges substituted to curved one, in order to avoid
Coanda effect, is to force particle convergence to the center of the channel and reach the outlet in this
configuration. This configuration could be efficient in increasing interaction events between the
magnetic beads and the bacteria, thus promoting recognition and labelling.
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Figure 51- Distribution of beads(red) and bacteria(green) for rectangular obstacles at the channel walls with triangular end
(A)at outlet (B)along channel width when close to obstacles

Table 8- Main parameters for simulated models

Q 10[pl/min] Inlet Flow Rate
S 1E-8 m? Cross section
Vavar Q/s Average flow velocity
Dbeads 200[nm] Diameter of beads
Dbact 1[um] Diameter of Bacteria
Nbeads 1000 Number of beads
NBact 1000 Number of Bacteria
Rhobeads 2000[kg/m3] Density of beads
Rhobact 1116.6[kg/m3] Density of Bacteria
Mesh Coarse Accuracy of the discretization
Rhofluid 1000[kg/m?3] Density of the fluid

According to what discussed in the simulation and the information provided by previous
studies found in literature [15] [24] [23], two designs are chosen to be verified by experimental tests.
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Figure 52-CAD file of the first design of the microfluidic device produced, on the right zoom on channel and obstacles. (all measures
are in um if not differently specified)
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Figure 53- CAD file of the second design of the microfluidic device produced, on the right zoom on channel and obstacles. (all
measures are in um if not differently specified)

Figure 52 and Figure 53 represent the final result of a process of modification and
readaptation, among which some intermediate design have been fabricated but their CAD file are not
shown for brevity; as example though, in section 4.3.1, hard masks produced with a different design,
with chamber closer to the serpentine, are also shown.

The length of the serpentine is set in order to guarantee the period of time needed for the
particles-antibody conjugates to interact with bacteria and specifically attach. From a device realized
by Guan et al. [69] for capturing bacteria with antibodies covered microbeads, given the used flow
rate and dimensions, a capture with efficiency of 90% was obtained for a contact time of bacteria and
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particle between 5s and 20s; thus the upper limit of the range was considered when designing the
device.

For the first design the serpentine is composed of 50 turns, each one connecting 2 channels
12000pum long and so generating a path long 1.2*108um. Given a total flow-rate of 20 ul/min (10
ul/min at each inlet) and a cross section of 240*100um? the mean velocity of the fluid in the channel
is equal to Vmean= Q/A = 13.9*10m/s. With a serpentine with total length of 1.2*10%um, fluid and
particles take tconctact= L/Vmean = 86s.

For the second design the serpentine is composed of 79 turns, each one connecting 2 channels
9245um long and so generating a path long 1.46*10%um. Given a total flow-rate of 20 pl/min
(10pl/min at each inlet) and a cross section of 200*100um? the mean velocity of the fluid in the
channel is equal to Vmean= Q/A = 16.7*103m/s. With a serpentine with total length of 1.46*10%um,
fluid and particles take tconctact= L/Vmean = 87S.

As for the chamber, different size and shape were considered, and it was decided to verify the
most convenient experimentally, by attributing one of the two main design to each serpentine design.
For this reason, in first design, the chamber is preferentially oriented along the flow direction, with a
width equal to approximately three times the width of the channel. Instead, for the second design, the
chamber is wider, around twelve time the channel width, and longer (refer to Figure 54).

The predicted advantages are different, a wider chamber allows the beads to be well separated
by the area of the flow with higher speed, which is the center of the channel, and for this reason it is
easier for the beads, once captured, to be retained. Nonetheless, this can lead to a more difficult
elution, as well as, given the increased available lateral space in the chamber, beads tend to
accumulate in a smaller surface, being more prone to interact within them, cluster, and once again
decrease elution efficiency.

From the dimensions displayed in Figure 54 volumes of the chamber can be computed,
respectively 1.27pl for first design and 5ul. Considering that 3.8*10° magnetic particles of 200nm
diameter are used, summing together all their volume, it would be equivalent to 0.016pl. Even taking
into account empty volume between clustered particles, the volume of the chamber is yet orders of

magnitude higher and thus enough to contain them all.
18.17mm

700um ’

INESC MN

20 mm

2.5mm

|INESC MN
ieromyomers e

Figure 54- Chambers and relative measures. Upper: first design; lower: second design

To conclude, the design includes two mixing inlets, one eluting inlet and one or two outlets
(Figure 52 and Figure 53). Elution inlet is different from mixing inlet because elution buffer is not
wanted to flow through the whole serpentine just to reach the chamber as it would require longer time
and eventually collected any waste that deposited in the serpentine.
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The additional outlet in the first design (Figure 53) has been inserted in the case the first outlet
would be blocked by clustered and deposited particles, but tests performed never required the use of
the second one as deposition have never been so detrimental.

4.3.  Microfluidic device fabrication
In this section results relative to the fabrication process will be revealed, regarding both of the
designs as presented in the previous section 4.2.

4.3.1. Hard Mask

The production of the hard mask did not involve any particular optimization of the process as
already well characterized, and results were satisfying, as shown in Figure 55 and Figure 56, referring
to first design

Serpentine inlet Chamber Inlet Chamber outlet

15t turn 7t and 8t turn Obstacle zoom
Figure 55-Microscope picture of hard mask of first design, first version

Smaller size elements, represented by the 36*36um? squares are well defined and aluminium
is correctly removed in the area of the channel. Also junctions aspect is as expected with no defects
to be outlined.

A second version of the hard mask was produced in order to accomplish a better capture, as
shown as follows in Figure 57, with the chamber further from the serpentine avoiding magnetic
particles to be retained at the level of the latter.
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Figure 56-Picture of the hard mask of first design, first Figure 57- Picture of the hard mask of first design, second
version version

Regarding the second design, similar results have been obtained, with no major obstacles
faced in this step of the production process, as shown below

Serpentine inlet

NESC

i'cro'syst:eﬁ

1%t turn 10t to 12t turn INESC MN logo

Figure 58-Microscope picture of hard mask of second design, first version
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Figure 59- Picture of the hard mask of second design, first Figure 60-Picture of the hard mask of second design, second
version version

Small defects are inevitable in such a delicate production process, when the etching of the metal
layer can be disturbed by any contaminant and its geometrical characteristics depends on the
sacrificial photoresist layer but the shown masks did not present any major defect that could prevent
well-functioning in the derived device, and thus the process is considered successful.

4.3.2. SU-8 mold

The production of the SU-8 mold revealed being less direct and in need of some parameter tuning.
Simply following the advices of the polymer supplier results were not sufficient, and some
optimization has been performed, first establishing the correct parameters to obtain the aimed
thickness for the microfluidic channels, later to set the optimal exposition dose for the feature
definition, given the fact that the latter property, which is exposition dose, is dependent on the
thickness.

Experiments for thickness exploration

As shown by Figure 61 and Table 9 part of the supplier datasheet, advised spin speed for the
second step of the spin coating process of the photoresist on the silicon substrate, as explained in
section 3.2.2, is between 1000rpm and 1250rpm, for a wanted thickness of 100um with SU-8 50
photoresist.
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Figure 61-Graph showing relation between spin speed during
coating and obtained thickness, from section 7.4, annex D

Table 10-Measured values of thickness at different spin speed

Spin speed (rpm)
1000
1000
1000
1000
1000
1000
1000
950
900
900
900
850

700

Table 9- Relation between spin speed and thickness of the
polymeric substrate during spin coating, from section 7.4,

annex D
Product Viscosity** Thickness Spin Speed
cst @ 25°C pm rpm
SU-8 50 12250 40 3000
50 2000
100 1000
SU-8 100 51500 100 3000
150 2000
250 1000
Thickness (um)
74.141
68.57
68.99
82.81
73.53
73.13
137
108
115
125
99
168
200
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Spin coating curve
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Figure 62-Experimental spin coating curve

Given the values in Table 10, it appears clear as the advised spin speed do not guarantee a
final thickness above 100pum and thus it is not the optimal value. A spin speed of 900rpm instead, is
more reasonable and closer to the aimed optimal value and for this reason it is chosen as the speed to
be applied in the production of the final devices.

Experiments for exposure dose exploration

As previously mentioned, another parameter essential in the production of the SU-8 mold is
represented by the exposure dose that the photoresist is made to absorb, which is also dependent on
the photoresist thickness. Thus, once fixed the spin speed able to provide the wanted thickness of the
final device, a suitable exposition dose is researched, with the aim to guarantee correct definition of
the features of the final device, where the obstacles represent the smaller features and so a good
method to verify the quality of the exposition. As also mentioned in section 3.2.2, overexposure and
underexposure must be avoided and verticality of the walls must be verified. The starting point of the
exploration process is represented by the advised supplier dose, reported in Table 11

Table 11-Relation between thickness and needed exposure dose, from section 7.4, annex D

Product Thickness Expose Dose

pm mJ/cm’
SU-8 50 40 250-300

S0 400-500

100 500-650 ‘
SU-8 100 100 500-650

150 600-675

250 625-700

Knowing the energy per unit of area per unit of time that the UV lamp can deliver at a given
distance, the time correspondent to the wanted dose is computed, according to Equation 28
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E=—;
P

Equation 28 — Relation between exposition time and absorbed dose

2

8)

where E is the exposure energy in mJ/cm?, P is the lamp power in mW/cm? and t is the exposure time

ins

Table 12-Results on different exposition dose applied, first design

Spin speed(pum)

1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
950
900
900
900
900
900
900
900
850

700

Various exposition doses are tested, and results are defined qualitatively by visualization of

Exposure dose (mJ/cm?)

588.3
666
638.25
610.5
588.3
571.65
555
527.25
588.3
527.25
571.65
527.5
555
588.3
407.16
249.75
194.25
166.5
499.5

588.12

the PDMS device obtained from the produced mold.

Visual result
Space
between Obstacles
turns

Not defined Not defined
Not defined Not defined
Not defined Not defined
Not defined Not defined
Not defined Not defined
Not defined Not defined
Not defined Not defined
Not defined Not defined
Not defined Not defined
Not defined Not defined
Not defined Not defined
Not defined Not defined
Not defined Not defined
Not defined Not defined

Defined Not defined

Defined Not defined

Defined Defined

Defined Defined
Not defined Not defined
Not defined Not defined
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A visual explanation of the results reported in Table 12 can be obtained in Table 13, where
microscope picture for some the experimented dose is shown.

The information extracted by such exploration imposes the maximum dose able to provided a
sufficient definition of both, the space between the turns of the serpentine and the obstacles inside the
channels, to lay between 194.25mJ/cm? and 249.75mJ/cm?. Nevertheless, even if such dose ensures
that an good amount of obstacles are well-defined in the subsequent PDMS device produced by the
SU-8 mold, as shown in the last line, 4" column of Table 13, some phenomena of overexposition is
present in some area of the device, as discussed in section 4.3.3.
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Table 13-Microscope picture of molds at different exposure dose

Exposition
dose Serpentine turns Obstacles PDMS
mJ/cm?

666

527.25

499.5

249.75

194.25

110.376um
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Table 14-Results on different exposition dose applied, second design

Spin speed(um) Exposition dose(mJ/cm?) Visual result
Space between Obstacles
turns
1000 588.3 Not defined Not defined
900 333 Defined Defined
900 277.5 Defined Defined
900 166.5 Defined Defined

Selected values for the explored parameters are after applied to produce a similar mold for the
second design, as shown in Table 14

Final device and optimal parameters

In conclusion, here are reported the values for all the parameters involved in the production
of the mold with ensured the best results, as concern this study, displayed in Table 15

Table 15-Parameters of the final device

Substrate Dehydration Spin coatin
] ) Oxygen plasma SU-8 50 volume g « E
dimensions Bake 1% step
. 500rpm @
1 , RF11W, .
50x50mm? min 5 min @ 110°C 2ml 100rpm/s for
800mTorr
10s
Spin coating Soft Exposure Development
nd Post exposure bake X
2" step Bake Dose time
or 10 min min or 1 min min
900rpm @ 65° for 10 min @2°C/mi 65° for 1 min @2°C/mi
300rpm/s for 166.5mJ/cm? 15min
30s 95° for 30 min @2°C/min 95° for 10 min @2°C/min

leading to the production of molds, shown in Figure 63, lately applied to fabricate the correspondent
PDMS device
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Figure 63- A. First design SU-8 mold; B. Second design SU-8 mold

4.3.3. PDMS Device
In conclusion to the fabrication process of the microfluidic device, once the mold have been
produced with satisfying features, the PDMS element is formed.
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Figure 64- Microscope images of PDMS device for the first design, sectioned transversally: left, inclined at 90deg respect to line of
sight; right, inclined >90deg respect to line of sight
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Figure 65- Microscope images of PDMS device for the first design, sectioned transversally: upper, edge of the serpentine; lower: area
of the serpentine with obstacles low definition

Figure 64 and Figure 65 reports microscope images of the final device, evidencing the
presence of the obstacles. As mentioned before, these represents the most delicate aspect of the
device, due to reduced dimensions and high aspect ratio, equal to 2.78, as defined by Equation 29

aspect ratio = H/W; (29)
Equation 29 — Aspect ratio of an element

where H and W are respectively the height and width of the element. This factor makes intuitively
more difficult to produce the element as it increases, since a successful result gets more and more
dependent on the exposure dose; in other words, when the aspect ratio increases, tolerance in under
or overexposure decreases, as well as the probability of rupture of the structure during peeling from
the mold increases.

Figure 64 shows an example of an obstacle with nearly perfect features; its height is
comparable to the height of channel walls, ensuring that, once the PDMS is sealing against glass, no
stream can flow above the obstacle and thus decrease its mixing efficiency.

Quality of the obstacles is generally good along the serpentine, with exception of some areas
that present damaged or almost absent obstacles, as demonstrated in Figure 65. Such problematic can
be effect of two aspects, or a combination of both, either a non perfectly uniform exposition of the
mold which caused local over-exposition and so reduced dimensions of the holes (hosting the
obstacles during PDMS fabrication) or rupture of the elements during the peeling phase. Nevertheless,
the amount of obstacles present in good conditions and the mixing obtained by other effects is
considered to be sufficient for the aim of the device, so an optimization in this sense is not craved,
and eventually left to further developments.

119um

Figure 66- Microscope images of PDMS device for the second design, sectioned transversally: left, inclined at 90deg respect to line of
sight; right, inclined >90deg respect to line of sight
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Figure 67-Microscope image of PDMS device for the second design, top view

Similar results are obtained for the second design, as reported in Figure 66 and Figure 67. Obstacles’
eight is in the expected range and comparable with wall height, and along the whole serpentine they
are always sufficiently well defined, with no major defects, also thanks to their lower aspect ratio and
generally greater dimensions.

4.4.  Microfluidic testing

As presented in the previous sections, the aim of the microfluidic device was meant to
substitute and automatize, as well as increase efficiency among other advantages, one step of the
process developed to recognise bacterial presence in the sample, precisely the mixing and capture
stage.

After the optimization of the bench-top process in bench, described in section 4.1, the optimal
parameters are applied and introduced to form a protocol able to verify the efficiency of the
microfluidic device.

In order to evaluate the efficiency of the device, it was initially tested parallelly to bench
capture, on solutions of K.pneumoniae bacteria, using same covered beads stock in order to exclude
a priori differences in beads coverage that could be obtained based on a day to day variability.

It is clear from how the protocol is established that the Non-Retained volume is compared
with the supernatant obtained in bench-top capture method, where a magnetic column was applied.
Similarly, the Retained volume consists of all retained beads and so is to be compared with the
magnetic capture sample obtained in bench.

Table 16- Summarized results from comparison in capture efficiency of K.pneumoniae solution for bench and 2 microfluidic design
devices, refer to appendix 7.3 for complete results. HBC is equal to 3.8*10%° beads/ml, and LBC is equal to 1.9*10%° beads/ml

Mean (%) SD(%)
Positive (specific)-HBC 86.12 9.46
Bench i -
Negative(Aspecific)-HBC 4.49 2.62
Positive (specific)-HBC 100.00 0.00
. Negative(Aspecific)-HBC 20.28 12.29
Design 1 . .
. . Positive (specific)-LBC 65.48 14.84
Microfluidics i .
Negative(Aspecific)-LBC 1.08 0.49
. Positive (specific)-HBC 98.57 1.27
Design 2 . .
Negative(Aspecific)-HBC 491 2.23
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Comparison in capture efficiency % between
bench and different microfluidic devices
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Figure 68 - Graph representing mean results for capture efficiency of K.pneumoniae solution comparing different methods, data
presented in Table 16.
HBC is equal to 3.8*10%beads/ml, and LBC is equal to 1.9*10%° beads/ml

In order to compute capture efficiency, same approach as for bench evaluation (see section
4.1) was applied. In case of microfluidic evaluation, though, another factor must be taken into
account, which is the tendency of any biological species to adhere and interact with channel walls.
For this reason, a simple experiment allowed to verify if the blocking step was efficient and thus all
bacteria could pass through the device and be collected at the outlet without loss. To assess it, the
device has been washed with 100ul PB after one test with a positive sample and the outcome was
plated showing no colonies and thus confirming that very few or no bacteria were trapped in the
device.

Results from 3 independent experiments with 2 dependent replicas each verify that capture
reached in the microfluidics is comparable, if not superior, to results in bench-top capture in bench.

Mean values can in fact been compared with average capture value from bench capture as
showed in Table 16,reporting 86% + 9% for positive samples and 4% + 3% for negative samples,
compared to 100%+0% and 99%=1% for positive samples and 20%+12% and 5%2% for negative
samples obtained in the microfluidic device.

This series of experiments confirms the possibility to replace the bench-top assay for mixing
and capture with the automatic one allowed by the microfluidic device successfully.

Evaluation of Limit of Detection (LoD)

After established the efficiency of the device at a concentration of bacteria in solution equal
to 2*10° CFU/ml, the possibility to detect low concentrated samples is verified, as concentration in
an clinical sample can vary between different order of magnitude, as discussed in the following
section.

Concentrations as low as 20 CFU/mI have been tested for the first design of the microfluidic
device, in a volume always equal to 100ul, which guarantees in the lowest concentration samples the
presence of 20 bacterial cells in average.

As regarding the protocol of the experiment, it was maintained equal to the one presented in
the previous section.
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Table 17-Results for capture of bacteria Klebsiella pneumoniae at different dilutions with specific antibody

Positive/specific

Bacteria conc.  Bacteria conc. Capture % Beads
: : tration
Experiment nominal measured e
(CFU/mI) (CFU/mI) _ _ (beads/ml)
1treplica 2" replica
2*10° 1.11*10° 100.00% 100.00%
2*10% 1.11*10* 100.00% 100.00%
1 3.8*%10%°
2*103 1.11*103 0.00% 100.00%
2%10? 1.11*10? 0.00% 0.00%
2%10° 6.99*10° 82.85% 62.94%
; 2*10% 6.99*10* 43.23% 37.56%
2n
2*103 6.99*10° 54.43% 54.43%
2%102 6.99*102 38.24% 38.24%
1.9%10%
2*%10° 1.13*10° 69.05% 47.06%
| 2*10% 1.13*10* 81.19% 60.76%
3I’
2*103 1.13*10° 59.62% 59.62%
2*10? 1.13*10? 0.00% 0.00%
Table 18- Results for capture of bacteria Klebsiella pneumoniae at different dilutions with non-specific antibody
Negative/aspecific
Beads

Bacteria conc.

Bacteria conc.

Capture %

concentration

Experiment nominal measured
(CFU/mI) (CFU/mI) _ _ (beads/ml)
1t replica 2" replica
" 2*10° 1.11*10° 28.97% 11.59% 2 1010
2*10° 1.11*10° 0.00% 0.00%
- 2*10° 6.99%10° 0.65% 0.72%
2*10° 6.99*10° 3.15% 3.15% L 91010
» 2*10° 1.13*10° 1.67% 1.26% '
2*10° 1.13*10° 1.44% 2.14%
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Capture % at different dilutions
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Figure 69- Graph on results for capture of bacteria Klebsiella pneumoniae at different dilutions; Concentration as CFU/ul.

As shown in Figure 69, which graphically reports results shown in Table 17 and Table 18,
capture efficiency decreases as the concentration of the sample decrease, behaviour expected as the
reduced number of bacterial cells increases the probabilities that such few cells do not enters in
contact with enough particles or for a long enough time, as well as the possibility that the few cells,
even if surrounded by magnetic particles, are not retained by the magnet and escape the magnetic
field imposed. In addition, even if limited, some loss of bacteria cell in the channel occurs, and when
dealing with such reduced number, the probability that the few cells present do not reach the outlet is
high.

Even if at very low concentration as 200 CFU/ml capture is not efficacy, concentrations as
low as 2 *10% CFU/ml shows, at least at samples constituted of a simple bacteria solution in a buffer,
allows an appreciable capture, roughly quantified as above 50%. Such capture efficiency is present
only when antibodies specific for the bacteria are immobilized on the beads, demonstrating specificity
in the capture, where negative/aspecific samples shows consistently reduced capture efficiency.

Clinical samples

Results up to this point shows the ability of the microfluidic device to deal with simple
samples, formed by a solution of one bacteria strain in buffer, namely PB, which represent a good
model to quantify capture efficiency. On the other hand, such sample does not reflect the complexity
that a rectal or nasal swab media brings with it; as for the former, bacteria distribution in such sample
is quite vast and ~7% of the microbiota, for the sample tested in [70], belongs the family of
Enterobacteriaceae of which Klebsiella pneumoniae is part; some of these bacteria have similar
morphology when plated thus making CFU based detection method more complex. In addition,
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intestinal residues and highly viscous transport media contributes to rise the challenge in processing
such sample.

With the aim to evaluate the effect of the complex matrix and so deal with a sample that could
represent all of the difficulties in real sample treatment, 5 rectal swabs have been tested and the ability
to retain target bacteria evaluated, once again taking as model a device based on the first design.

Before discussing the results of such tests, some considerations are given. Firstly, the method
to verify capture result is discussed, as plating device outcomes in LB-agar filled Petri dishes, as done
so far, demonstrates unpractical, given the big amount of non-target bacteria present. In fact, even if
the role of the particles is to interact, surround and retain only target bacteria, inevitability other
bacteria interact with the particles and are dragged and retain all together, and then evidenced in the
plating. While it is not a limiting factor for further analysis in the magnetic cytometric platform, as
the device is intended to, it has a strong impact in evaluating results through plating method, as non-
target bacteria would tend to cover target bacteria while growing, practically limiting the ability of
the operator to count the colonies, as well as resembling target bacteria in morphology, with the
possibility to induce a miscounting.

To overcome such limitation, specific Petri dishes filled with selective media are used; tested
clinical sample are characterized by its content of a specific type of Klebsiella pneumoniae, namely
a variation which is Carbapenem resistant, a class of highly effective antibiotic agents exploited for
high risk bacteria treatment.

Given this resistance, only bacteria that possess such resistance are able to grow in the
correspondent selective media, which is, a media containing mentioned antibiotic. In such way, it is
possible to focus the evaluation of the capture efficiency of the microfluidic device only considering
this specific bacteria, since used antibodies are equally able to interact with resistant and non-resistant
bacteria. As a consequence, it is true that, if non-resistant Klebsiella pneumoniae are present in the
sample, its contribution in capture cannot be quantified, yet, tested clinical samples are verified
positive for the resistant strain and so its presence is confirmed.

Secondly, in order to be consistent to experiment held with previous spiked samples, only an
aliquot of 100ul of the 500ul in which swab is resuspend are tested, with the assumption that the
solution in homogeneous enough and concentration do not vary significantly in the volume; this
assumption can be intuitively considered valid only above a certain concentration, which is not
established clearly but which suggests as results gets less reliable as concentration decreases.

First sample to be tested has been a spiked sample; a positive clinical sample have been verified
through plating method to assess the presence of resistant Klebsiella pneumoniae, as expected, and
eventually quantify it. Unfortunately, possibly due to long storage time, no resistant bacteria were
evidenced, while a consistent amount of other bacteria were found when plated in LB agar media
Petri dishes, as shown in Figure 70
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Table 19-Parameters and result of spiked clinical sample
capture

Initial concentration(CFU/ml) ~ 1.41*10°

CFU in 100yl 1.41*108

Non-Retained(CFU/ml) 7.9%108

Retained(CFU/ml) 6.85*10°
Capture % 0.86

Beads concentration(beads/ml)  3.8*10%!

, — . o Beads in 10pl 3.8*10°
Figure 70-First clinical sample plated in Lb agar media Petri
dish see legend Figure 71 Ratio beads:bacteria 26

Since the resuspended swab, even if lacking resistant bacteria to be targeted, represented a
realistic sample as for physical properties, equivalent to any other positive clinical sample, it was
decided to spike it with one colony of resistant Klebsiella pneumoniae cultivated in a different dish
filled with selective media, result of a previous experiment. In this way, the presence of resistant
bacteria was ensured, and its concentration set at a high, even if unknown, value. Such sample was
tested in the microfluidic device following the protocol reported in section 2.2.5.

Results of the experiment are shown in Table 19 and Figure 71.

Initial Nc?n Retained
Retained

NRNR NR R R R
384850 3 45

Legend:

In = Initial

NR = Non retained
NC = Non countable
-x = x dilution

'NCNC79 47 9 0

Figure 71-Spiked clinical sample with initial sample (resuspended swab with added colony) compared with retained and non-
retained collected volume
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As presented, the obtained capture efficiency is very low. One explanation for this result can
be given by the very high concentration of resistant bacteria in the sample, equal to 1.41*10° CFU/ml;
from the previous section, in Table 16 and Table 17, highest capture efficiencies are obtained for high
concentration of particle solution, with beads to bacteria ratio in the order of 10° or more. In addition,
in section 4.1 is discussed as during the optimization of the bench-top assay, a minimum ratio of 950
beads per bacteria was needed to ensure sufficient capture.

Differently, considering the concentration of bacteria in the initial sample and concentration
of particles reported in Table 19, the ratio computed is equal to 26, inferior of different orders of
magnitude. In fact, considering the concentration of bacteria captured, compared with particle
concentration, the ratio is equal to 5547, closer to the order of magnitude discussed; this may imply
that only the amount of bacteria that could efficiently interact with the particles have been captured,
and thus that a sample with lower concentration could result in better capture percentage. This
reasoning is supported by the fact that a concentration of 1.41*10° CFU/ml is not in the expected
range from positive clinical sample, and thus expecting better performance in one of them, where
concentration is lower, is reasonable.

Lately four more clinical samples covered the role of stabilizing the range of possible
concentration to be expected; this demonstrated to be highly dispersed, as shown by Table 20

Table 20-Results from four clinical sample testing, as shown in Figure 72 and Figure 73

Measured initial Captured Initial — Non Retained
Sample )
concentration (CFU/ml)
1t 5 3%107 Impossible to 77%
guantify
2nd 7*10? None 71%
3rd 0 None 0%
4th 0 None 0%

77



15T SAMPLE Non Captured
—

2NP SAMPLE 3R SAMPLE

. | & o e ElldE Initial Initial Initial  Non
}A/In i NRINR. NR N nitial Initial Initial Non retainec 2 i

-2 Z3BAN ) SN RN T y CFU

NC 32 NC Legend:
140 ' In = Initial

NR = Non retained
NC = Non countable
-x = x dilution

Figure 72-Result of plating sample aliquot and microfluidic non-retained outcome from three of the four clinical sample testing

Captured

15T SAMPLE 2NP SAMPLE 3RD SAMPLE

Capture in not countable No capture evidenced No capture evidenced

Figure 73- Result of plating microfluidic retained outcome from three of the four clinical sample testing

Given the different concentrations, unexpected in such a wide range, testing was not quantitatively
efficient in identifying the results, but gave important qualitative information; approach on
quantifying the results for new samples needs to evaluate a wider range of dilutions to cover all
possible concentration. In addition, further tests can be promising, as the 1st sample showed capture
at some level. In such sample, approximatively 77% of cells are computed as difference between a
plated aliquot of the original sample (initial) and aliquot from non-retained, and at the same time an
unquantifiable number of cells are captured. The two amounts are necessary not equal, considering
also how this computation was already discussed to be not reliable in evaluating the capture
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percentage (section 4.1), but it suggests at least that capture was efficient at a certain rate, and would
thus justify further testing, that are not part of this study.
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5. Conclusions and Discussion

5.1. Importance of results

The realization and testing of a microfluidic device for sample preparation in the role of bacteria
labelling and concentration have been discussed, and results compared with a previously optimized
bench-top assay. It was demonstrated that the device can proficiently substitute the bench-top
protocol as comparable, when not superior, capture efficiencies have been verified.

When tested with clinical samples, with the need to process a complex matrix and a high
concentration of non-target bacteria, even if limited, results are shown promising, with capture
obtained at expected concentration range, even though a quantitative analysis resulted impossible and
further tests are required.

Coupling with a magnetic cytometer results, with the outcome of the device injected into the
platform, is still not verified and preliminary results are briefly presented in section 5.2.
A further step has been made in the path of optimizing a platform formed by a sample pre-treatment
device coupled with a magnetic cytometer, representing a suitable tool to achieve the aim of a rapid
and efficient bacteria detection for hospital infections.

5.2.  Future optimization of the studied platform: modification, improvements and

integration in an automatic system

As discussed since the introduction of this work, the original purpose for the microfluidic device
here produced and tested is pre-processing of an clinical sample for bacteria labelling and capture,
to allow detection in a magnetic cytometer. Nevertheless, even if some features are designed with
the attempt to address this goal, the device represent a general and adaptive tool from sample
processing, involving a target bacteria solution of different kind and a magnetic particle solution,
covered with any desired recognition element. The detection is not necessarily limited to magnetic
sensors, as fluorescence or colorimetry, just to name same examples, could be implemented as well.
Anyway, an attempt to verify successful bacteria labelling through magnetic cytometric detection is
produced, as an early step on a discussion on optimization and improvements that are not part of
this work and are left for future research.

Thus, 2 samples (bacteria suspensions in PB) prepared in the microfluidic device (second
design) were assayed in the magnetic flow cytometer. The samples tested refers to non-retained
(NR_P) and retained(R_P) volume from a positive sample (antibody specific for the target). Events,
or peaks, have been selected according to the process discussed in section 3.4 and showed in Figure
74.
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Figure 74-Analysis of output from first sensor as correlation between peak to peak time interval and peak to peak amplitude of the
bipolar signal

The graph shows the detection of different peaks and the correlation between the peak-to-peak
time interval and the peak-to-peak amplitude. It can be seen that an higher amount of peaks are
detected for the retained volume, compared to the non-retained; this is in accordance with the results
from colonies count obtained from plating method (refer to Appendix C: table with microfluidic and
bench results comparison, 01/10/20, replica #2) where a capture of ~97% was measured. These results
are a preliminary confirmation that cell labelling occurred. The presence of peaks in the non-retained
volume can be due to cells that escaped the magnetic force produced by the magnet and thus were
not captured by the system. In the context of a qualitative device, where the infection is wanted to be
detected, but the amount of bacteria cells not necessary quantified, non-retained cells, if in small
amount, are not detrimental. This factor becomes more important for samples with lower
concentration, as even few bacteria cells not retained may be decisive for the downstream measure,
depending also on detection method sensitivity.

Such limitations can be assessed by optimizing magnet position, dimension and field, as well
as chamber geometry or applied flow rate, in order to maximise effective interactions of particles
with the magnetic field and reduce phenomena of particle release prior to elution.

Nevertheless, it is important to outline that as reported by Soares et al. [4] [5] clusters of
magnetic particles can form and can be detected by the cytometer. In order to distinguish between
labelled cells and clusters, a classification of the detected peaks is needed, which is ahead the aim of
this work and requires to be assessed separately.

A way to tackle such problem may be represented by the insertion of array of obstacles, similar
to the one used in the serpentine, at the chamber outlet. The hypothesis here made is that such
obstacles would promote further mixing between the eluting buffer and beads, and in such way reduce
the dimensions of the formed cluster promoting homogenization. This step could help reducing the
detection of bigger clusters and its interpretation as labelled cells.

Another aspect to deal with in a future perspective is the conversion of the device to complete
automation. As presented in this work, the microfluidic device is not prone to be directly included in
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a LoC PoC-oriented device, as external components and operator interventions are part of its
functioning. All these elements, tough, can be implemented as internal to the device so that the only
required action is sample insertion in a specific well.

A solution of magnetic particles already functionalised with recognition elements, and elution
buffers, can be stored in reservoirs and be injected in the serpentine, or in the chamber respectively,
by a system of micropumps and microvalves electrically actuated. Such approach can eliminate
untrained personal handling of connections and external pumps while standardizing the conditions of
the detection, imposing more stable flows; as an example, implementation of thermo-actuated
pneumatic micropump can be achieved as propose by Chia [71], where heating of air sealed in a
chamber can cause its dilation and consequential volume change cause diaphragm deformation that
can push fluid toward the channel. Same peristaltic effect and PDMS deformability may also be
exploited to design valves and direct flow [3].

The permanent magnet can be substituted by an electromagnet or eventually mechanically
separated from the chamber during particle elution; the presence of an electromagnet though brings
some limitations as the generally minor field intensity able to generate and the heat management
necessary to deal with joule effect derived heat formation, possibly detrimental for biological
samples. In conclusion, outlet processed by the device could be stored for a short period of time or
directly coupled with a detection method, eventually a magnetic cytometer integrated on the same
board.
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7. Appendix
7.1,

Bio-Adembeads Streptavidin plus
0322

For research use only

PRODUCT DESCRIPTION

Bio-Adembeads Streptavidin plus are
monodispersed and supemparamagnetic particles
coated with streptavidin. They are produced
under asceptic conditions and are supplied in an
ggeous suspension confaining 0.05% Proclin

Physical characteristics

Diameter : 200 nm (CV max 20%)

Density : approx. 2.0 g/cm?®

Magnetisation at saturation - approx. 40 emu/g
Specific surface area : 15 m?g

Iron oxide content : approx. 70%

Solid content - 5 mg/ml

Streptavidin

Streptavidin  is @ protein  produced by
Sireptomyces  avidinii and isolated from
fermentation filtrates. The protein is composed
of four identical subunits. Each one can bind a
molecule of biotin with a high affinity (K. = 10
M"). Specific activity is >14.0 U/mg pratein.

Binding Capacity

Bio-Adembeads plus bind more than 1600
pmoles of biotin per mg.

PRINCIPLE
Bio-Adembeads Streptavidin pius are used for
binding  biotinylated  ligands such as

oligonucleotides, nucleic acids or proteins. Their
high iron oxide content associated with the
powerful  streptavidin-biotin  interaction, make
Bio-Adembeads Streptavidin plus a very efficient
tool for separation assays.

Version 1.2

INSTRUCTION FOR USE

A)
1

w

o

B)
. Wash the Bio-Adembeads Streptavidin plus

-

[}

w

o

. Resuspend the beads in

Washing procedure

Resuspend the Bio-Adembeads Streptavidin
pius by pipeting and vortexing. Avoid
foaming.

Pipette the volume to be used into the
desired fest tube.

Place the tube in a magnet (see Related
Products) for 1min.

Pipette off the supematant carefully, leaving
beads undisturbed.

Remove the test tube from the magnet (see
Related Products) and resuspend the beads
carefully in the original sample volume with
uffer  (Ir i \ Buffer
recommended, see Related Products).

Immobilisation of biotinylated molecules

twice with Immobilisation Buffer pH 7.

Immobilisation
Buffer to a final concentration of Sma/mL.

. Add the biotinylated molecule, and incubate

at room temperature 30min under gentle
rotation.

. Place the tube in a magnet for 1-2min.
. Pipette off the supematant carefully, leaving

beads undisturbed.

. Wash 3 times with Immobilisation Buffer for

an immediate use (or with the storage
Buffer), and resuspend to the desired
concentration.

Appendix A: Ademtech beads Datasheet

Washing

Immobilisation
Buffer

? N

Immobilisation

Biotinylated
molecule

30 min
RT

¢

Washing (x3)

Immebilisation Buffer
or
Storage Buffer

Storage

ADDITIONAL MATERIAL REQUIRED

Magnetic device

Rotation device

Test tubes

Related products: Buffers solutions

o Storage Buffer (#10201)

o immobilisation Buffer (#10301)
Maanetic Devices

o Adem-Mag SV, 1.5 ml {# 20101)

o Adem-Mag MV, 15 ml (# 20102)

o Adem-Mag HV, 50 ml (# 20103)

STORAGE/STABILITY

When stored in unopened vials at 2-8°C, Bio-
Adembeads are stable until expiration date
printed on the label.

The Bio-Adembeads must be maintained in
liquid during storage and all handiing steps
Drying will result in reduced performance. Do not
freeze the product.

PRECAUTIONS

Precautions should be taken to prevent bacterial
contamination of protein-coated Adembeads.
If cytotoxic presenvatives are added these must
be carefully removed before use by washing.

WARNINGS AND LIMITATIONS

For in vitro research only. Not for use in
human diagnostic or therapeutic procedures.

Proclin 300 is toxic if ingested. Avoid pipetting
by mouth.

WARRANTY

The products are warranted to the original
purchaser only to conform to the quality and
contents stated on the vial and outer labels for
duration of the stated shelf life.

Ademtech’s obligation and the purchasers
exclusive remedy under this warranty is limited
either to replacement, at Ademtech's expense,
of any products which shall be defective in
manufacture, and which shall be returned to
Ademtech, transportaion prepaid, or at
Ademtech’s option, refund of the purchase price.

Claims for merchandise damaged in transit must
be submitted to the carrier.

Ademiech SA — Bioparc BioGalien - 27, allée Chares
Darwin - 32600 PESSAC - FRANCE
wwrw. ademtech.com
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7.2.

Appendix B: table with summarized bench results
Date Sample Target Bacteria Capture %
N - Klebsiella dilution - 96.39
Positive(specific) #1 3
Klebsiella dilution - 96.05
Positive(specific) #2 3 '
01_10_20
Klebsiella dilution -
- - ebsiella dilution 138
Negative(aspecific) #1 3
Klebsiella dilution -
. 3 iella dilution 597
Negative(aspecific) #2 3
Klobel T
N 3 ebsiella dilution 27 83
Positive(specific) #1 3
Klebsi ilution -
N 3 ebsiella dilution 88.77
Positive(specific) #2 3
27 09 20
Klebsi doe
. 3 ebsiella dilution 536
Negative(aspecific) #1 3
Klebsi doe
. - ebsiella dilution 279
Negative(aspecific) #2 3
Klebsiella dilution -
, . 73.27
Positive(specific) #1 3
Klebsi doe
N - ebsiella dilution 84.42
Positive(specific) #2 3
23 09 20
Klebsiella dilution -
. 3 ebsiella dilution 6.92
Negative(aspecific) #1 3
Klebsiella dilution -
. . 5.50
Negative(aspecific) #2 3
Klobei T
N 3 ebsiella dilution 99.29
Positive(specific) #1 3
15 09 20
Klebsiella dilution - 99.38
Positive(specific) #2 3 ’
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Klebsiella dilution - 3.07
Negative(aspecific) #1 3 '

Klebsiella dilution -

. 3 ebsiella dilution 3.38
Negative(aspecific) #2 3
Capture
Dat S I
ate S Target Bacteria %

Positive(specific) #1 Klebsiella dilution -1 |[47.69
Positive(specific) #2 Klebsiella dilution -1 [48.15
Positive(specific) #3 Klebsiella dilution -1 [43.92
Negative(aspecific) #1  Klebsiella dilution -1 ]1.23
02 09 20 [Negative(aspecific)#2  Klebsiella dilution -1 |1.23
Negative(aspecific) #3  Klebsiella dilution -1 |1.44
Positive(specific) #1 Klebsiella dilution -3 | 83.56
Positive(specific) #2 Klebsiella dilution -3 [ 84.05
Positive(specific) #3 Klebsiella dilution -3 |[82.22
Positive(specific) #1 Klebsiella dilution -1 |[53.92
Positive(specific) #2 Klebsiella dilution -1 |54.00
Positive(specific) #3 Klebsiella dilution -1 |50.77
Negative(aspecific) #1  Klebsiella dilution -1 |[0.58
Negative(aspecific) #2  Klebsiella dilution-1 [1.18
Negative(aspecific) #3  Klebsiella dilution-1 [1.31
04_08_20
Positive(specific) #1 Klebsiella dilution -3 [67.03
Positive(specific) #2 Klebsiella dilution -3 | 75.59
Positive(specific) #3 Klebsiella dilution -3 |70.30
Negative(aspecific) #1  Klebsiella dilution -3 |1.12
Negative(aspecific) #2  Klebsiella dilution -3 |1.70
Negative(aspecific) #3  Klebsiella dilution -3 [1.99
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Date Sample Capture
R Target Bacteria %
Positive(specific) #1 Klebsiella dilution -1 90.14
Positive(specific) #2 Klebsiella dilution -1 89.02
Negative(aspecific) #1 Klebsiella dilution -1 3.12
Negative(aspecific) #2 Klebsiella dilution -1 2.32
28 07_20
Positive(specific) #1 Klebsiella dilution -3 83.12
Positive(specific) #2 Klebsiella dilution -3 87.18
Negative(aspecific) #1 Klebsiella dilution -3 1.83
Negative(aspecific) #2 Klebsiella dilution -3 4.03
Positive(specific) #1 Klebsiella dilution -1 88.94
Positive(specific) #2 Klebsiella dilution -1 91.92
Negative(aspecific) #1 Klebsiella dilution -1 2.23
Negative(aspecific) #2 Klebsiella dilution -1 1.85
26_07_20
Positive(specific) #1 Klebsiella dilution -3 95.81
Positive(specific) #2 Klebsiella dilution -3 97.56
Negative(aspecific) #1 Klebsiella dilution -3 7.99
Negative(aspecific) #2 Klebsiella dilution -3 8.35
Sample Dilution Concentration[CFU/mI] Mean(%) SD(%)
-1 dil 2*107 65.85 21.01
Positive
-3 dil 2*%10° 85.66 10.23
-1 dil 2*10’ 1.65 0.74
Negative
-3 dil 2*%10° 4.03 2.59

93



7.3. Appendix C: table with microfluidic and bench results comparison
Bench Microfluidic - Second design
Capture Capture
Date SRS Target Bacteria % SIS Target Bacteria %
Positive(specific) Klebsiella dilution Klebsiella dilution -
#1 -3 96.39 Positive(specific) #1 3 97.30
Positive(specific) Klebsiella dilution 96.05 N N Klebsiella dilution - 97.05
#2 -3 Positive(specific) #2 3
01_10_20 . . . - . . . _—
— ~ | Negative(aspecific) Klebsiella dilution Negative(aspecific)  Klebsiella dilution -
1.38 6.89
#1 -3 #1 3
Negative(aspecific) Klebsiella dilution Negative(aspecific) Klebsiella dilution -
2.97 2.61
#2 -3 #2 3
Positive(specific) Klebsiella dilution Klebsiella dilution -
#1 -3 7783 Positive(specific) #1 3 100.00
Positive(specific) Klebsiella dilution 88.77 N 3 Klebsiella dilution - 100.00
#2 -3 Positive(specific) #2 3
27_09_20 . - . I . . . S
~— "~ | Negative(aspecific) Klebsiella dilution Negative(aspecific) Klebsiella dilution -
2.36 6.71
#1 -3 #1 3
Negative(aspecific) Klebsiella dilution Negative(aspecific) Klebsiella dilution -
7.79 5.76
#2 -3 #2 3
Positive(specific) Klebsiella dilution Klebsiella dilution -
73.27 .67
#1 -3 3 Positive(specific) #1 3 98.6
Positive(specific) Klebsiella dilution 84.42 N 3 Klebsiella dilution - 98.43
#2 -3 Positive(specific) #2 3
23 09 20 . - . I . . . T
— = | Negative(aspecific) Klebsiella dilution Negative(aspecific)  Klebsiella dilution -
6.92 1.63
#1 -3 #1 3
Negative(aspecific) Klebsiella dilution Negative(aspecific)  Klebsiella dilution -
i 3 5.50 |, 3 5.86
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Microfluidic - First design
Date Sample Target Bacteria Capture %
Positive(specific) #1 Klebsiella dilution -3 100.00%
Positive(specific) #2 Klebsiella dilution -3 100.00%
09_10_20
Negative(aspecific) #1 Klebsiella dilution -3 28.97%
Negative(aspecific) #2 Klebsiella dilution -3 11.59%
Positive(specific) #1 Klebsiella dilution -3 82.85%
Positive(specific) #2 Klebsiella dilution -3 62.94%
10_10_20
Negative(aspecific) #1 Klebsiella dilution -3 0.65%
Negative(aspecific) #2 Klebsiella dilution -3 0.72%
Positive(specific) #1 Klebsiella dilution -3 69.05%
Positive(specific) #2 Klebsiella dilution -3 47.06%
11.10 20
Negative(aspecific) #1 Klebsiella dilution -3 1.67%
Negative(aspecific) #2 Klebsiella dilution -3 1.26%




7.4.

Appendix D: Su-8 Datasheet

Micro (ST

NANO" SU-8
Negative Tone

Photoresists
Formulations 50 & 100

= Highaszpect ratio imaging with near
vertical side walls

= Near UV (350-400nm) processing

= Film thickneszes from 1 to =200um with
zingle spin coat processes

= Superb chemical and temperature resistance

SU-8 is a chemically amplified hizh contrast, epoxy based

film are rendered insoluble to liquud developers. SU-8 has
very high optical transparency. which makes it ideally suited
for imaging near verncal sidewslls in very thick Slms SU-
8 1s best suited for pennanent applications where it 1s Im-
aged cured and left m place.

Process Guidelines

SU-8 1= most conmmonly processed with conventional near
UV (300-400nm) radiation. although it may be imagad with
e-beam or x-ray. i-line(365nm) is recommended. Upon ex-
posure, oss-linking proceeds in two-steps (1) formation
of a srong aad during the exposime process, followed by
(2) acid-migatad, thermally driven epoxy cross-linking dur-
ing the post exposure beke (PEB) step.

A normal process 15: spin coat, soft bake, expose, post ex-
pose bake (PEB) and develop. A controlled hard bake is
reconmmended to firther cross-link the imaged SU-8 struc-
tures when they it will remain as part of the device. The
enfire process should be optinuzad for the specific applica-
ton A baseline process is Ziven here to be used as a start-
ing point

Honey comb structure in thick SU-8 resist

Substrate Pretreat

Coat

I

Soft Bake

Expose

|

Post Expose Bake
(PEB)

I

Develop

Rinse & Dry

Hard Bake
(optional)

Imaged Material

Remove
(optional)
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Substrate Pretreatment

To olbtam marormmem process relisbility, substrates should
be clean and dry prior to applying the SU-E resist. Start
with a solvent cleaning or a rinse with dihate acd fol-
Lowed by a DI water rinse Piranha Erxch of the substrates is
highly reconmmended To delnydrate the surface, bake at 200
*C fior 5 minages on a contact hot plate or 30 nrimates in a
comvection oven Adbesion promoters are typically not re-
quired.

Coat

SU-B resists are designed to produwce low defect coatines
over @ very broad range of film thickness using a variety of
spin coat conditions. The flm thickness versus spin speed
data and plots displayed in Table 1. and Fimme 1. provide
the information required to select the appropriate SU-E re-
sist and spin condifions, based upon the desired film thick-
mess.

Recommended spin coar condiffons:

(1) Dispense spprodimately 1ml of resist per inch of sub-
sirate diameter.

(2) Spread Cycle: Bamp to 500 rpm at 1pm'second ac-
celeration and hold for a total of 10 seconds. That is, 5
seconds getting to 500 rpm plos ancther 5 secomds at 500
. This is necessary since the viscosity of the material is
sp high

(3) Spin Cycle: Famp to final spin speed based on film
thickness desired at an accelerastion of 300 pm'sec and
hold for a total of 30 saconds.

Product Viscosity™ | Thickmess Spin Speed

S8 50 12250 40 2000
=0 2000
100 1000

SU-§ 100 51500 100 000
150 2000
250 1000

:

Film Thickness { microns)
g & &
/ //
/I

/

Ry

[ ] T T T T T
U 1 1500 N 2500 Fe 350D
Spin Speed (rpm)

Figure 1. Film thickmess vs. spin speed

Soft Bake

After the resist has been applisd to the substrate, it nmst be
soft baked to evaporate the solvent and densify the film
5U-8 is normally baked on a ot plate although comection
ovens may be used The following bake times are based on
comfact hot plae processes. Bake tmes showuld be optimized
for procamity snd convection oven bake processes since sol-
venf evaporaton rate is influenced by rate of heat wansfer
and ventilation

Far best results, rampings or stepping the soft bake tempera-
nme is reconmended Lower initial bake temperamres al-
low the solvent to evaporate out of the film at 3 more con-
olled rate, which results in better coating fidelity, rednced
edze beads and beter resist to subsrate adhesion. Fafer to
Table 2. for reconmmendations for TWO STEP contact hot
plate proceszes

Table I. Thickmess vs. spin speed dara for selecied ST-8
TEsise

= _dnprovcimare

Product Thickmess | Soft Bake Time (minmes)
STEF1 STEF2
pm o 95°C
SU-8 50 40 5 15
50 [] 0
1040 10 30
ST-8 1 1040 10 30
150 0 50
150 30 o0

Table 2 Recommended soft bake processes.
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Expose

SU-8 is optirnized for near TV (3 50-400nm) exposure. It is
wirmually ransparent and insensitive above 400mm and is
highly absorbent and resctive to energy below 350mm. This
can be seen in Figume 2. Excessive dose below 350nm may
Tesult in over exposme of the top portion of the resist film,
resulting in exaggerated negative sidewsll profiles or T-
topping. The optims]l exposare dose will depend on film
thickness (thicker filme require higher dosaze) and process
paramesers. The exposure dose range recommendstions n
Table 3. are based on exposure source intensity
measmements taken with an i-line (365nm) rediometer and
probs.

Expose tip: When using a broad speciral outpat source, for
best imaging results, ie. straightest sidewsalls, filter out
excessive energy below 350nm

Catzsophic adhesion filwe, seversly negative sidewalls
and excessive cracking are ofien indications of an under
cross-linking condiion. Te comect the problem mcrease
Vour exposure dose and or ImcTease your post exposume bake
(PEE) time.

—— 5 pm
154 —00
— 5l g
1 ]

Alsorbance
s
N

1 3z Mo 360 350 400 410
Wavelength (nm)
Figure 2. 508 abserbance vs. film thickness

FProduct Thickmess Expoe Dose
um mlcm®

SU-8 50 40 250-200
50 AM-500
100 SM-650

SU-8 100 100 SM-G50
150 GM-GT5
250 G25-TH

Table 3. Recommended expose dose Processes.

Post Expose Bake

Following exposure, a post exposure bake (FEB) mmst be
performed fo selectavely cross-link the exposed porions of
the film S17-8 can be post exposure baked (PEB) either on
a hot plate or in a convection oven Optinmm cross-link
density is realized through carefil adinsmments of the expo-
sure and FEB process conditions. The heke reconmmends-
tons below are based on results obtained on 3 contact hot
plate.

PEB Tip: 5U-8 is readily ooss-linked and can result in a
highly stressed film To minimize siress, wafer bowing and
resistcracking, a slow ramp or TWIO STEP contact hot plate
process, 85 showm in Tsble 4., is recommended.  Awvoid
rapid cooling after FEB.

Product Thickness | P E B Time (mimfes)
SIEF1 | SIEF2
um 65°C e
EE] a0 7 4
E1] 2 5
100 3 10
S8 100 100 3 ]
150 12 15
250 15 5

Table 4 Recommended PER processes.

Develop

S1T-8 reststs have been optimized fior use with MicroChem 's
SU-8 Developer. Inmersion, spray of spray- puddle pro-
ceszes can be used Orther solvent developers such as etiyl
lactate and discetone alcohol may also be used. Soong agi-
tation is recommended for high sspect mto and'or thick
film struchores. Fecommended develop times are given in
Table 5. for mmersion processes. These proposed develop
times are spproximate, since achial dissohition rates cam
vary widaly as a fimction of agitation rate. temperatore and
Tesist Processing Paramessrs.

Froduct Thicknes: Development
um IEne
S8 50 40 []
50 [
100 10
S8 100 100 10
150 15
150 25

Table 5. Recommenended develop processes.
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Rinze and Dry
Following development the substrate should be rinsed brisfhy
with isopropyl alcohol (TPA), then dried with 3 gentle stream
of 3iT or niooEen

Binse tip: If a white film is produced during rinse, this is an
indication that the substrate has been under developed Sim-
ply immmerse or spray the substrate with SU-8 developer to
remove the film and complete the development process.
Fepeat the rinse step.

Hard Bake {cure)
SU-8 has mood mechanical properties, therefore hard bakes
are normally not reguired. For applications where the m-
aged resist is to be left as part of the fnsl device, the resist
may be ranpy'step hard baked between 150-200°C on a hot
plate or in & comvection oven to fimther cross lnk the mate-
ial. Bake times vary based on fype of bake process and film
thickmess.

Femaove

SU-8, after expose and PEB, is 3 highly cross-linked epoxy,
which makes it extremely difficult to remove with comven-
tiomal solvent based resist smippers. MicroChem's Femorer
PG will swell and Lift off minimally coss-linked SU-8. It
will ot remove fally oured or hard baked SU-E. Alternate
removal processes inchode immersion in cxddizng acids such
as piranha etch/clean FIE, laser ablation and pyrolosis.

To remove minimally cross-linked 577-8 with Femover PG,
heat the bath to 50-80 C and immmeTse the substrates for 30-
00 mimutes. Actusl smip tme will depend on resist thick-
ness and cross-link density

Storage

Store S1T-8 resists upright in tizhily closed contamers in a
cool dry environment away from direct sunlight at a tem-
peranme of $0-T0FF (4-21°C). Store away fom light, acids,
heat and sowrces of ipnition. Shelflife is twehve months from
date of mamfacre.

Dizposzal

SU-8 resist may be inclnded with other waste comtainimne
simmilar organic solvents to be discanded for destmocton or
reclzim in accordance with local state and federal regula-
toms. It s the responsibility of the costomer to ensre the
disposal of SU-8 resists and residues made in observance all
fiederal state, and local eovironments] regulations.

Environmental, Health and Safety

Consult product Material Safety Data Sheat before working
with SU7-8 resists. Handle with care. Wear chenvical goggles,
chemical gloves and suitable protective clothing when han-
dling ST-8 resist. Do not get it eyes, or oot skin or cloth-
in=. Use with adequate ventilation to aveid breathing va-
pors or mist. In case of contact with skin, wash affected area

with soap and water In case of contact with eyes, rinse im-
mediately with water and flosh for 15 mimees Liftine eye-
lids frequently. Get emerrency medical assistance.

The mformation is based on oo experience and is, we be-
lieve to be relisble, bt may not be complete. WWe make no
Euarantes of warranty, expressed or implied, regarding the
information, use, handling, storage, or possession of these
products, or the application of any process described herein
of the results desired since the condifions of nse and han-
dling of these products are beyond our control.

L7 e W ——— T
Al ghttn v

MICRO 8ZIs8

1254 Chestmat Streat
Wewton, M4 02454
tel: (G1TSE5-5511 fanc (G17)0E5-5813
emmil: mecamoechem com. wWaw.mi
h Eav. 1701
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7.5. Appendix E: Microfluidic device production Runsheet (provided by INESC-MN)
First Design

GLASS HARDMASK FOR PATTERNING

Step 1: Substrate Cleaning and Preparation Time: 1 h 10 min Date: 15/09

Location: Grey area : wet bench Responsible: User / Eng. Virginia Soares

1) Substrate: 1 Glass sample of 0.7 mm thickness (50x50 mm?)
2) Procedure:

Acetone to remove the glue + IPA to remove acetone residues + DI water + blow dry.
- If not clean, dip in Alconox for 30 min (65°C + ultrasounds) + IPA + DI water + blow dry
-Dry carefully with compressed air

Observations/Comments:

Step 2: Al deposition — 3000 A thickness film Time: 20 min Date:15/09

Location: Cleanroom ISO 5 Responsible: Eng. Fernando Silva

1) Substrate: 1 Glass sample (50x50 mm?)
2) Equipment: Nordiko 7000 (clean-room)
3) Conditions:

Mode Power (W) Ar flux (sccm) Pressure (mTorr)
Set MOD4 F8 Al 3000 A 2000 50 3
Read - -

Observations/Comments: some defects in the deposition layer

Step 3: Photolithography Time: 1 h30 min Date:17/09

Location: Cleanroom ISO 4 Responsible: Eng. José Bernardo

1) Substrate: 1 Glass sample with Al Layer (50x50 mm?)
2) Equipment and Conditions:

Step description Conditions

Vacuum, 10 Torr, 2 min
Wafer dehydration N; inlet, 760 Torr, 3 min
Heating to 130 2C

Vacuum, 1 Torr, 3 min

Priming HDMS, 6 Torr, 5 min
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Vacuum, 4 Torr, 1 min.
Purge prime exhaust N inlet, 500 Torr, 2 min

Vacuum, 4 Torr, 2 min
Return to atmosphere N; inlet, 3 min

Observations/Comments:
No need for Vapour priming as the minimum feature size of the design is >10 um

2.2.Coating: 1.5 um PR (Recipe 6/2) @ SGV track Photoresist: PFR7790G27cP
Step description Coating Parameters
First Step SDlspense photoresist on the sample and spinning at 500 rpm for 10
Second step Spin at 2500 rpm for 30 sec. to obtain ~1.45 um thickness
Third step Soft bake at 85 C for 60 s

Direct write laser (DWL)

e

e A e ]

4 n._":J

Heidelberg Instruments Direct Write Laser Lithography System:

Direct write lithography system
HeCd laser (A=442 nm (g-line) / write lens NA=0.85)  => critical dimensions down to 0.8 um

System works with mask designs in GDS2 format,

Observations/Comments:

2.3. Exposing: @ DWL, Heidelberg Instruments Direct Write Laser Lithography System

Conditions:

Map: AMSION_C

Mask: (@ h_, non-inverted)
Sample Size: 37044 x 37236 um
Energy: 95

Power:110mW

Focus:10
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Mask (0,0) = Substrate ( 50000, 50000 ) um

DIM: 37044x37236um

@) = =

Baperaton

50mm

dX = 6479um Moo e [

dY = 6383um

(0,0)

50mm

¢

' 64.8

230
V4

53.6

%5/

3

>

(measures in um if not specified differently)
Observations/Comments:
Map MUST BE exposed (6479x6383) um away from the substrate (60 x 60 mm) border
2.4. Microscope verification of PR exposure

After lithography and development, the sample must be covered as follows: Structures: without PR

Observations/Comments:
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2.5.Development: Recipe 6/2 @ SVG track Developer: TMA238WA

Step description Development Parameters
First Step Bake at 110 °Cfor 60 s
Second step Cool for30s
Third step Developer for 60 s

Observations/Comments:
Check the feature size and shape under the optical microscope; check if resist is in expected areas

Check the resist thickness using the profilometer (Eng. José Bernardo)
Save all data/images in Transfer. Keep all originals with the runsheet

Step 4: Al Wet Etching Time: 10 min Date:17/09

Location: Cleanroom ISO 5 : wet bench Responsible: User / Eng. Virginia Soares

1) Substrate: 1 Glass sample with Al Layer
2) Equipment: beakers, automatic agitation
3) Conditions:

Solvent T (2C) Time Notes

TechniEtch Al 80 MOS RT 5min
Aluminum etchant

4) Substrate washing with DI water and drying with compressed air
5) Microscope verification

Observations/Comments:
Completely etch exposed Al features until glass substrate

Step 5: Resist Strip Time: 1 h 10 min Date:17/09

Location: Grey area : wet bench Responsible: User / Eng. Virginia Soares

1) Substrate: 1 Glass sample with Al Layer + Photoresist (after etching)
2) Equipment: Thermal bath + Ultrasounds
3) Conditions:

Solvent T (2C) Time Notes
Mierostrip————3001 RT 2min
(Acetone)

5) Microscope verification

Observations/Comments:

4) Substrate washing with IPA, followed by rinsing DI water and drying with compressed air
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SOFT LITHOGRAPHY

Step 1: Substrate Cleaning and Preparation Time: 1 h 10 min Date:07/10/20

Location: Grey area : wet bench Responsible: User / Eng. Virginia Soares

1) Substrate: 1 Si sample of 0.7 mm thickness (60x60 mm?)
2) Procedure:
Acetone to remove the glue + IPA to remove acetone residues + DI water + blow dry.
- If not clean, dip in Alconox for 3 h (65°C + ultrasounds) + IPA + DI water + blow dry
- Place at UVO cleaner for 15 min including 5 min exhaust time
- Substrate must not have any visible residues.

Observations/Comments:

Step 2: Equipment check Time: 10 min Date: 07/10/20

Location: PDMS room Responsible: User / Eng. Virginia Soares

1) Procedure:
Assure that all required equipments are ON (laminar flow hood, vacuum pump, spinner and UV
light;

Observations/Comments:

Step 3: Soft lithography Time: 1 h 30 min Date:07/10/20

Location: PDMS room Responsible: User / Eng. Virginia Soares

1) Substrate: 1 Si sample of 0.7 mm thickness (60x60 mm?)

2) Equipment: Aluminium foil, Hotplate (inside laminar flow hood), Spinner, UV lamp, glass beaker,
tweezers, profilometer, microscope

3) Procedure: for 100 pm

Substrate cleaning and preparation

Substrate dehydration at 110 °C for 5 min

Cool down to RT (ramp as wanted)

Dispense SU-8 50 photoresist (1 mL for each 1” substrate diameter = 2.75ml)

Spin coating 500 rpm for 10 s at 100 rpm.s™!

Spin coating 900 rpm for 30 s at 300 rpm.s™

Pre-bake at 65 °C for 10 min (ramp 2°C/min)

Soft bake at 95 °C for 30 min (ramp 2°C/min)

Cool to room temperature before next step (ramp 3°C/min)

Expose to UV light for 30 s. UV Lamp energy intensity 5.55 W.cm™ @ slot 2

LNk WN R
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11.
12.
13.
14.

15.

Observations/Comments:
Step 5. Coating speed chosen according to previous experiments

Post exposure bake at 65 °C for 1 min. (ramp 2°C/min)

Post exposure bake at 95 °C for 10 min. (ramp 2°C/min)

Cool to room temperature before next step (ramp 3°C/min)

Develop with PGMEA with strong agitation for 15 min, could be useful to be helped
through a Pasteur pipette and could be necessary to add extra time:

Extra 5 min development after PGMEA solution substitution with fresh one

Clean with IPA and blow dry

Perform dehydration bake on an aluminum foil topped hotplate (5 min) at 110°C. If using
aluminum foil, bear in mind that the temperature of the top of aluminum foil is about 10 °C
lower than the hotplate.

Try to keep SU-8 out of the bowl, chuck or any other part of the spinner tool. After usage,
clean the spinner carefully

In case the tweezers get SU-8 on them, try to clean as best as you can with wipes and
acetone/IPA after you finished

UV-Exposure: Make contact between the hard mask and the SU-8 sample with the METAL
SIDE IN CONTACT with SU-8 minimizing the gap between them. Ensure that both pieces are
mounted in the UV light center.

Post exposure bake: Polymer shrinkage of 7.5% with postbaked at 95°C
(http://memscyclopedia.org/su8.html)

Developing step: If SU-8 is still undeveloped, a white precipitate will show at SU-8 surface. If
this occurs put the substrate back in SU-8 developer for longer developing time

USED MASK VERSION 3 (17/09/20)

PDMS CASTING

Step 1: PDMS preparation Time: 1 h 10 min Date: 01/11/20

Location: PDMS room Responsible: User / Eng. Virginia Soares

1) Place the plastic cup in the analytical balance and tare (zero) the scale
2) Pourthe dimethyl siloxane into the plastic cup and register the weight. Tare (zero) the scale
3) The quantity of curing agent is added in a proportion of 10:1 as depicted in the table

4) Add the desired amount of curing agent. Remove from balance and carefully mix with the spatula.
Bubbles will form with agitation
5) Place the plastic cup with the mixture in the desiccator for 1 h to allow bubbles to be removed

Lot name 10:1 (for 2 parts) Mass measured [g]
Dimethyl siloxane 15g 16.92g
Curing agent 15¢g 1.693g
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a. Toopen the vacuum-sealed desiccator, proceed as follows: first close the vacuum tap and
open the air inlet. This will release the vacuum and stabilize the air pressure inside. This
step must be performed slowly and carefully so the samples inside the desiccator do not
spill nor fall. When the chamber is full with air, remove the top part of the desiccator by
sliding it horizontally.

b. To close the vacuum-sealed desiccator, proceed as follows: first attach the top part of the
desiccator to close it. Make sure it is well alighed with the bottom part. Next, close the air
inlet. Then slowly open the vacuum tap to form a vacuum seal and remove any air from
inside the desiccator.

6) Clean and organize the PDMS table

7) |If after 1 h bubbles are still present, leave the cup in the desiccator for another 30 min. Repeat
until no bubbles are present

8) If necessary, cover the cup with cling film and keep it in the fridge no longer than 15 h

Observations:

Step 2: Mold filling Time: 30 min  Date: 01/11/20

Location: PDMS room Responsible: User / Eng. Virginia Soares

1) Carefully pour the PDMS into the molds. Proceed gently to avoid the formation and trapping of
bubbles.

Observations:

Step 3: Baking and peeling Time:1h Date: 01/11/20

Location: PDMS room Responsible: User / Eng. Virginia Soares

1) Place the mold filled with PDMS and the membrane in the oven to bake at 70 °Cfor 1 h

2) Remove the mold from the oven

3) Peel the baked PDMS off from the bottom layer by using a scalpel and tweezers

4) Stow the PDMS device in a new/clean plastic box with molded features facing up. Prevent the
PDMS from getting dirty (no fingertips, no dust, ..., use a clean box).

Observations:

Step 4: Permanent bonding Time: 30 min Date: 01/11/20

Location: Grey Area Responsible: User / Eng. Virginia Soares

1) Take the molded PDMS to the Plasma Cleaner, in the Grey Area
2) Oxygen plasma treatment for 60 s @ MED (follow Plasma Cleaner Protocol), with the contact
surface for bonding (exposed surface) facing up;
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3) After the program finishes, quickly remove the PDMS and align face-to-face: the exposed glass
surface onto the exposed PDMS microchannels surface;

4) Store it carefully, and use only after 24h

5) Blow dry

Observations:

Second Design
GLASS HARDMASK FOR PATTERNING

Step 1: Substrate Cleaning and Preparation Time: 1 h 10 min Date: 15/09

Location: Grey area : wet bench Responsible: User / Eng. Virginia Soares

3) Substrate: 1 Glass sample of 0.7 mm thickness (50x50 mm?)

4) Procedure:
Acetone to remove the glue + IPA to remove acetone residues + DI water + blow dry.
- If not clean, dip in Alconox for 30 min (65°C + ultrasounds) + IPA + DI water + blow dry
-Dry carefully with compressed air

Observations/Comments:

Step 2: Al deposition — 3000 A thickness film Time: 20 min Date:15/09

Location: Cleanroom ISO 5 Responsible: Eng. Fernando Silva

4) Substrate: 1 Glass sample (50x50 mm?)
5) Equipment: Nordiko 7000 (clean-room)
6) Conditions:

Mode Power (W) Ar flux (sccm) Pressure (mTorr)
Set MODA4 F8 Al 3000 A 2000 50 3
Read - - - -

Observations/Comments: some defects in the deposition layer
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Step 3: Photolithography Time: 1 h 30 min Date:20/07

Location: Cleanroom ISO 4 Responsible: Eng. José Bernardo

3) Substrate: 1 Glass sample with Al Layer (60x60mm?)
4) Equipment and Conditions:

Step description Conditions

Vacuum, 10 Torr, 2 min
Wafer dehydration N; inlet, 760 Torr, 3 min
Heating to 130 2C

Vacuum, 1 Torr, 3 min

Priming HDMS, 6 Torr, 5 min
Vacuum, 4 Torr, 1 min.
Purge prime exhaust N inlet, 500 Torr, 2 min
Vacuum, 4 Torr, 2 min
Return to atmosphere N inlet, 3 min

Observations/Comments:
No need for Vapour priming as the minimum feature size of the design is 50 um

2.7.Coating: 1.5 um PR (Recipe 6/2) @ SGV track Photoresist:
PFR7790G27cP
Step description Coating Parameters
First Step lespense photoresist on the sample and spinning at 500 rpm for 10
Second step Spin at 2500 rpm for 30 sec. to obtain ~1.45 um thickness
Third step Soft bake at 85 2C for 60 s

Observations/Comments:
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Heidelberg Instruments Direct Write Laser Lithography System:

Direct write lithography system
HeCd laser (A=442 nm (g-line) / write lens NA=0.85)  => critical dimensions down to 0.8 um

System works with mask designs in GDS2 format,

2.8. Exposing: @ DWL, Heidelberg Instruments Direct Write Laser Lithography System

Conditions:

Map: AMSION_C

Mask: 100pum_new_V19p0 (@ h6, non-inverted)

Sample Size: 41000 x 22000 um

Energy: 95

Power:110 mW

Focus:10

Mask (0,0) = Substrate ( 60000, 60000 ) pm
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(41000:22000) um

5000um

5000um |

Observations/Comments:
Map MUST BE exposed (9500x19000) pum away from the substrate (60 x 60 mm?) border

2.9. Microscope verification of PR exposure
After lithography and development, the sample must be covered as follows: Structures: without PR

Observations/Comments:

2.10. Development: Recipe 6/2 @ SVG track Developer: TMA238WA

Step description Development Parameters
First Step Bake at 110 °Cfor 60 s
Second step Cool for30s
Third step Developer for 60 s

Observations/Comments:
Check the feature size and shape under the optical microscope; check if resist is in expected areas

Check the resist thickness using the profilometer (Eng. José Bernardo)
Save all data/images in Transfer. Keep all originals with the runsheet

Step 4: Al Wet Etching Time: 10 min Date:17/09

Location: Cleanroom ISO 5 : wet bench Responsible: User / Eng. Virginia Soares

6) Substrate: 1 Glass sample with Al Layer
7) Equipment: beakers, automatic agitation
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8) Conditions:

Solvent T (2C) Time Notes

TechniEtch Al 80 MOS RT 5min
Aluminum etchant

9) Substrate washing with DI water and drying with compressed air
10) Microscope verification

Observations/Comments:
Completely etch exposed Al features until glass substrate

Step 5: Resist Strip Time: 1 h 10 min Date:17/09

Location: Grey area : wet bench Responsible: User / Eng. Virginia Soares

6) Substrate: 1 Glass sample with Al Layer + Photoresist (after etching)
7) Equipment: Thermal bath + Ultrasounds
8) Conditions:

Solvent T (2C) Time Notes
Microstrip———— 3004 RT 2min
(Acetone)

9) Substrate washing with IPA, followed by rinsing DI water and drying with compressed air
10) Microscope verification

Observations/Comments:

SOFT LITHOGRAPHY

Step 1: Substrate Cleaning and Preparation Time: 1 h 10 min Date:07/10/20

Location: Grey area : wet bench Responsible: User / Eng. Virginia Soares

3) Substrate: 1 Si sample of 0.7 mm thickness (60x60 mm?)
4) Procedure:
Acetone to remove the glue + IPA to remove acetone residues + DI water + blow dry.
- If not clean, dip in Alconox for 3 h (65°C + ultrasounds) + IPA + DI water + blow dry
- Place at UVO cleaner for 15 min including 5 min exhaust time
- Substrate must not have any visible residues.

Observations/Comments:
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Step 2: Equipment check Time: 10 min Date: 07/10/20

Location: PDMS room Responsible: User / Eng. Virginia Soares

2) Procedure:
Assure that all required equipments are ON (laminar flow hood, vacuum pump, spinner and UV
light;

Observations/Comments:

Step 3: Soft lithography Time: 1 h 30 min Date:07/10/20

Location: PDMS room Responsible: Eng. Virginia Soares

4) Substrate: 1 Si sample of 0.7 mm thickness (70x70mm?)

5) Equipment: Aluminium foil, Hotplate (inside laminar flow hood), Spinner, UV lamp, glass beaker,
tweezers, profilometer, microscope

6) Procedure: for 100 pm

Substrate cleaning and preparation

Substrate dehydration at 110 °C for 5 min

Cool down to RT

Dispense SU-8 50 photoresist (1 mL for each 1” substrate diameter)

Spin coating 500 rpm for 10 s at 100 rpm.s™

Spin coating 900 rpm for 30 s at 300 rpm.s™!

Pre-bake at 65 °C for 10 min (ramp 2°C/min)

Soft bake at 95 °C for 30 min (ramp 2°C/min)

Cool to room temperature before next step (ramp 5°C/min)

Expose to UV light for 30 s. UV Lamp energy intensity 5.55 W.cm™ @ slot 2

Post exposure bake at 65 °C for 1 min. (ramp 2°C/min)
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Post exposure bake at 95 °C for 10 min. (ramp 2°C/min)
Cool to room temperature before next step (ramp 5°C/min)
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Develop with PGMEA during 15 min with strong agitation
Clean with IPA and blow dry
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- Perform dehydration bake on an aluminum foil topped hotplate (5 min) at 110°C. If using
aluminum foil, bear in mind that the temperature of the top of aluminum foil is about 10 °C
lower than the hotplate.

- Try to keep SU-8 out of the bowl, chuck or any other part of the spinner tool. After usage,
clean the spinner carefully

- In case the tweezers get SU-8 on them, try to clean as best as you can with wipes and
acetone/IPA after you finished

- UV-Exposure: Make contact between the hard mask and the SU-8 sample with the METAL
SIDE IN CONTACT with SU-8 minimizing the gap between them. Ensure that both pieces are
mounted in the UV light center.

- Post exposure bake: Polymer shrinkage of 7.5% with postbaked at 95°C
(http://memscyclopedia.org/su8.html)
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- Developing step: If SU-8 is still undeveloped, a white precipitate will show at SU-8 surface. If
this occurs put the substrate back in SU-8 developer for longer developing time

Observations/Comments:
Step 5 chosen depending on results on MicroSEP

USED MASK VERSION 1117/09/20

PDMS CASTING

Step 1: PDMS preparation Time: 1 h 10 min Date: 01/11/20

Location: PDMS room Responsible: User / Eng. Virginia Soares

9) Place the plastic cup in the analytical balance and tare (zero) the scale
10) Pour the dimethyl siloxane into the plastic cup and register the weight. Tare (zero) the scale
11) The quantity of curing agent is added in a proportion of 10:1 as depicted in the table

Lot name 10:1 (for 2 parts) Mass measured [g]
Dimethyl siloxane 15g 15.33g
Curing agent 15¢g 1.541g

12) Add the desired amount of curing agent. Remove from balance and carefully mix with the spatula.
Bubbles will form with agitation
13) Place the plastic cup with the mixture in the desiccator for 1 h to allow bubbles to be removed

a. Toopen the vacuum-sealed desiccator, proceed as follows: first close the vacuum tap and
open the air inlet. This will release the vacuum and stabilize the air pressure inside. This
step must be performed slowly and carefully so the samples inside the desiccator do not
spill nor fall. When the chamber is full with air, remove the top part of the desiccator by
sliding it horizontally.

b. To close the vacuum-sealed desiccator, proceed as follows: first attach the top part of the
desiccator to close it. Make sure it is well alighed with the bottom part. Next, close the air
inlet. Then slowly open the vacuum tap to form a vacuum seal and remove any air from
inside the desiccator.

14) Clean and organize the PDMS table

15) If after 1 h bubbles are still present, leave the cup in the desiccator for another 30 min. Repeat
until no bubbles are present

16) If necessary, cover the cup with cling film and keep it in the fridge no longer than 15 h

Observations:

Step 2: Mold filling Time: 30 min  Date: 01/11/20
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Location: PDMS room Responsible: User / Eng. Virginia Soares

2) Carefully pour the PDMS into the molds. Proceed gently to avoid the formation and trapping of

bubbles.
Observations:

Step 3: Baking and peeling Time:1h Date: 01/11/20

Location: PDMS room Responsible: User / Eng. Virginia Soares

5) Place the mold filled with PDMS and the membrane in the oven to bake at 70 °Cfor 1 h

6) Remove the mold from the oven
7) Peel the baked PDMS off from the bottom layer by using a scalpel and tweezers
8) Stow the PDMS device in a new/clean plastic box with molded features facing up. Prevent the

PDMS from getting dirty (no fingertips, no dust, ..., use a clean box).

Observations:

Step 4: Permanent bonding Time: 30 min Date: 01/11/20

Location: Grey Area Responsible: User / Eng. Virginia Soares

6) Take the molded PDMS to the Plasma Cleaner, in the Grey Area
7) Oxygen plasma treatment for 60 s @ MED (follow Plasma Cleaner Protocol), with the contact

surface for bonding (exposed surface) facing up;
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8) After the program finishes, quickly remove the PDMS and align face-to-face: the exposed glass
surface onto the exposed PDMS microchannels surface;

9) Store it carefully, and use only after 24h

10) Blow dry

Observations:
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7.6. Appendix F: Antibodies AbCam Datasheets
ab68539 Rb pAb to Pseudomonas aeruginosa (biotin)

abcam

Product datasheet
Anti-Pseudomonas antibody (Biotin) ab68539

2 Abreviews

Product name Anti-Pseuwdomonas antibody (Biotin)

Description Rabbit polyclonal o Psaudomanas (Biotin)

Host species Rabbit

Conjugation Biatin

Tested applications Suitable for: ICCAF, HC-Fr

Species reactivity Reacts with: Other species

Immunogen Tissual call preparation - whole calls of Pssudomonas aenginosa

Reproducibility is key to advancing scientific discovery and accelerafing scientists” next
breakthrough.

Abcam is leading the way with our range of recombinant anfibodies, knockout-validated
antibodies and knockout cell lines, all of which support improved reproduscibility.

We are also planning fo innovate the way in which we present rmcommended applicafions and
species on our product datasheets, so that only applications & species that have been fested in
our own labs, our suppliers or by salected frusied collaborators are covered by our Abpromise ™
guaraniss.

In preparation for this, we havwe started o update the applicafions & species that this product is
Abpromise guaranteed for.

Wie are also updating the applications & species fhat this product has been “predicted fo work.
with,” howewar this information is not covarad by our Abpromise guaranias.

Applicafions & specias from publications and Abreviews that hawe not been fested in our own
labs or in those of our suppliers are not covered by the Abpromise guaraniesa.

Pleasa check fhat this product meets your needs before purchasing. If you have any guestions,
special requiremeants or concems, pleasa send us an inguiry andfor contact our Support team
ahead of purchase. Recommended altermatives fior this product can be found below, as wall as
customear reviews and O&As.

Form Liguid
Storage instructions Shipped at 4°C. Store at +4°C short ferm (1-2 weeks ). Store at -20°C or -80°C. Avoid freezs |
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thaw cycle.

Storage buffer pH: 7.2
Preseraiive: 0.1% Sodium azide
Constitvent: 0.0268% PBES
Purity Protein A purified
Clonality Poiycional
lsotype G
Applications

Our Abpromise guaranies covers the use of abB8539 in the following tesied applications.
The applicafion notes include recommended starting dilutions; optimal dikfionaiconcenirations should be defermined by the end user.

Application Abreviews MNotes

ICC/F Use at an assay dependant concentrafion.
IHC-Fr Use at an assay dependant concentrafion.
Target

Relevance

Pseudomonas are Gram-negative rod bacteria commanly found in soil, ground water, plants and
animals. The most commaon form is Pseudomonas aenuginosa which is an opportunisfic pathogen
af both humans and plants.

Please note: Al products are "FOR RESEARCH LISE OMLY. NOT FOR: LISE N DIAGNCETIC PROCEDURES®

Our Abpromise to you: Quality guaranteed and expert technical support

+ Replacemeant or refund for products not performing as stated on the datashesat
+ Valid for 12 months from date of dedvery

+ Response fo your inguiry within 24 hours

+ We provide support in Chinese, English, French, German, Japanese and Spanish
+ [Extensive muti-media technical resources to help you

+ We imvestigate al quality concems fio ensure our products perform fo the highest standards

If the product does not parform as described on this datasheet, we will offer a refund or mplacement. For full details of the Abpromisa,
please visit hitps:\www.abcam.comiabpromise or contact our fechnical team.

Terms and conditions

+ Guarantes only valid for products bought direct from Abcam or one of our authorized distributors
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ab69468 Rb pAb to Klebsiella spp (biotin)

abcam

Product datasheet

Anti-Klebsiella spp antibody (Biotin) ab69468

Product name

Host species
Conjugation

Tested applications
Species reactivity
Immunogen
General notes

Farm
Storage instructions

Anti-Klebsiella spp antibody (Biotin)

Rabbit polyclonal to Klebsiella spp (Biotin}

Rabbit

Biotin

ab&8458 reacts with Klebsiella sp. in bacierial and infected fissue samples.
Suitablba for: HC-Fr, WB, ELISA, ICCHF

Reacts with: Species independant

Whole cell Klebsiella pneumoniae

Reproducibility is key to advancing scientific discovery and accelerafing scientists’ next
breakthrough

Abcam is leading the way with our range of recombinant anfibodies, knockout-walidated
antibodies and knockout cell lines, all of which support improved reproducibility.

We are also planning fo innovate the way in which we present recommended applicafions and
spacies on our product datasheets, so that only applications & species that have bean fested in
our own labs, our suppliers or by selected frusfed collaborators are covered by our Abpromise ™
guaranies.

In preparation for this, we have started to update the applicafions & species that this product is
Abpromise guaranteed for.

We are also updating the applications & species that this product has been “predicted fo work
with,” however this informafion is not covered by our Abpromise guarantee.

Applicaiions & species from publications and Abreviews that have not been fested in our own
labs or in those of our suppliers are not covered by fhe Abpromise guaranies.

Fleasa check fhat this prodwsct meets your neads before purchasing. If you have any guestions,
spacial requiraments or concems, please send us an inguiry andfor contact our Support team
ahead of purchase. Recommended alternatives for this prodwct can be found balow, as well as
customer reviews and O&As.

Licuid
Shipped at4°C. Store at +4°C short ferm (1-2 weeks). Store at -20°C or -80°C. Avoid freezs /
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Storage buffer

Purity
Clonality

Applications

thaw cycle.

pH: 72
Presenafive: 0.1% Sodium azide
Constituent 0.0268% PBS

Afinity purified
Polycional
G

Our Abpromise guaranies covers the use of abB9468 in the following tested applicafions.
The applicafion notes include recommended starting dilutions; optimal dilfions/concentrations should be defermined by the end user.

Application

HC-Fr

ELISA

ICCIF

Target

Abraviews MNotes

Use at an assay dependent dilution.

Use at an assay dependent dilution.

Use at an assay dependent dilution.

Use at an assay dependant dilution.

Klebsiella is a genus of non-motile, Gram-negative, Chidase-negafive bacteria with a prominent
polysaccharide-based capsule. Freguent human pathogens, Klebsiela organisms can lead fo a
wide range of disease states, notably pneumonia, urinary fract infecfions, sepficemia, Ankylosing
spondyitis, and soft fissue infections. Klebsiella pneumoniae is clnically the most important
meamber of the Klebsiella genus of Enterobacteriaceas. New antibiotic resistant strains of K.
pneumaniase are appearing, and it is increasingly found as a nosocomial infeciion.

Please note: Al producks ans FOR RESEMRCH LISE DMLY, NOT FOR LIEE IN DIAGNCETIC PROCEDURES"

Our Abpromise to you: Quality guaranteed and expert technical support

+ Replacemeant or refund for products not performing as stated on the datasheet
» Valid for 12 months from date of defvery
+ Raesponsa fo your inguiny within 24 hours

+ Woe provide support in Chinase, English, French, German, Japanese and Spanish
+ Extensive multi-media technical resources fo help you
* We investigate al quality concems fo ensure our products perform fo the highest standards

If the product does not parform as described on this datasheet, we will offer a refund or replacement. For full details of the Abpromisae,
please visit hitps:fwww.abcam.comiabpromise or contact our fechnical team.
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