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ABSTRACT

It has been predicted that by 2050, bacteria will make more victims
than cancer. One way to combat pathogenic bacteria and their growing
danger is to develop tools that enable an early diagnosis and allow for an
effective treatment to eliminate the microbes. Fast bacterial detection
methods not only have an impact on the public and preventive health,
but also on the food industry and the environment.

In this work, we developed a biosensor for the indirect detection of bac-
teria via their lysate. The developed sensor is based on porous silicon
membranes, which are known for their many attractive optical and phys-
ical properties. Porous silicon has indeed been widely studied for sensing
applications, mainly because of its large surface area, rendering it sen-
sitive to minute changes in its environment. Unlike traditional porous
silicon biosensors, the selectivity of the bioassay presented in this work
does not rely on bio-probes attached to the sensor surface; the selectiv-
ity is added in the analyte itself, by the addition of lytic enzymes that
target only the desired bacteria. The resulting bacterial lysate is then
able to penetrate into the porous silicon sensor and affects its optical
properties, while intact bacteria accumulate on top of the sensor.

The first part of this work concentrates on the design of the sensor,
studying both the analyte and the sensor, in order to optimise the de-
tection protocol. In the second part, a first prototype is fabricated and
its performance is compared to traditional porous silicon layers. The
third part of this thesis then focuses on the optimisation of this first
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prototype, via the addition of atomic layer deposited metal oxide layers
inside the porous membranes. These metal oxides improve the sensor’s
stability in aqueous media and enhance its optical properties. The full
performance of the sensor, in terms of sensitivity, selectivity and versa-
tility is then demonstrated using both Bacillus cereus, targeted by the
phage-coded PlyB221 endolysin, and Staphylococcus epidermidis, lysed
by the commercial lysostaphin.
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CONTEXT & THESIS OBJECTIVES

Context

The second decade of the 21st century has proven one thing: diseases
can spread fast and wide in our globalised world. Moreover, they can
have disastrous consequences not only for global health, but also for
our society, for the economy and for the environment. While viruses
have mainly taken all the spotlight in recent years due to the COVID-19
pandemic, pathogenic bacteria are also responsible for several millions
of deaths each year. The treatment and prevention of infectious diseases
are thus of the upmost importance. The discovery of antibiotics in the
late 1920s was a big step forward towards curing infectious diseases, but
the emergence of antimicrobial resistance (AMR) some decades later
put a damper on this advancement of medicine |1]. AMR is a natural
process present in bacteria, but it has grown at an alarming rate over
the years, helped by the widespread use of broad-spectrum antibiotics,
and has now become a pressing issue. According to the World Health
Organisation, AMR is part of the top ten threats to global health, and it
has been estimated that by 2050, more people will die from AMR-related
complications, than from cancer [2,3].

One way to decelerate the AMR growth is to bring forward new solu-
tions for the detection of pathogens. Indeed, the lack of fast diagnosis
solutions is one of the main causes of the AMR increase, as it has en-
couraged the use of broad-spectrum antibiotics as immediate response
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to infection [3]. Conventional methods for the detection and identifi-
cation of pathogens require several culturing steps to isolate a single
bacterial colony, which are time-consuming and can last several days.
These long delays enable the spread of the diseases and prevent a cor-
rect therapeutic response, using the appropriate antibiotic. That is why
the scientific community has focused towards the development of cheap,
fast, specific and sensitive diagnosis solutions [4]. Biosensors are such
detection platforms; they are measurement systems that combine se-
lective bio-recognition elements and transducers [5]. Usually, they are
devices that detect biomolecules, such as proteins, nucleic acids or even
whole cells. Biosensing experiments combine both biology and technol-
ogy (e.g. electronics or optics) and involve several components, that
need to be adapted to each other (see Figure [1)).

Biological Sample . Signal readout
Bioelement Transducer .
sample pre-treatment & processing

Figure 1: Illustration of the conceptual components of a bioassay.

The biological sample is composed of a matrix, which contains target
pathogens. The nature of the matrix can greatly influence the com-
plexity of the biosensing experiment. Indeed, matrices such as water,
food, blood, urine, air or waste solids, have different physical properties,
chemical compositions and microbial diversity [4].

The sample pre-treatment can therefore be of a great importance de-
pending on the matrix. It may involve mixing, homogenisation in a
stomacher, filtering, among other processes, to make the sample com-
patible with the detection method. Further pre-treatment steps include
the removal of inhibitory substances in order to reduce parasitic effects
and increase the homogeneity of the sample and the concentration of
the target biomolecules [4].

The bio-recognition element can be of various natures: antibodies, en-
zymes, aptamers or bacteriophages. It allows the biosensor to be specific
to one bacterium. The bio-receptors can be added in the sample volume
or on the sensor surface. By correctly selecting and optimising this recog-
nition element, both the sensitivity and reliability of the biosensor can
be improved, reducing the risk of false positives and false negatives [5].
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The transducer or sensor converts the bio-recognition phenomenon into
a readable signal. This can be deciphered in changes of weight, in optical
or electrical properties, or even in the emission of light or fluorescence.
The transducer is designed to be as sensitive as possible to the measured
changes [5].

The signal readout € processing is a unit or interface that converts the
transducer output into a readable signal. To obtain a readable signal,
amplification and noise reduction might be needed. The readable signal
is then compared to positive or negative controls to establish a diagnosis.
This diagnosis can be qualitative (the targeted bacteria are present or
not) or quantitative (the concentration of the targeted bacteria) |5|.

Biosensors could have a significant impact in areas where traditional
detection methods are not sufficient. For example, they can provide a
rapid diagnosis in case of epidemics or food-borne infections, in order to
isolate the infected and prevent the spread of the disease, but also to look
for the source of the infection. Other environments, such as developing
countries where the access to a sterile laboratory might be difficult or
even impossible, could also benefit from this detection method.

Thesis objectives

Based on all the advantages developed above, biosensors seem to be
a pertinent solution for the detection of bacterial cells. Biosensor is
however a wide term, as each of its components presented in Figure
can be very diverse. In this thesis, an optical biosensor based on a
porous silicon (PSi) transducer is combined with lytic proteins.

On the one hand, the choice of an optical transducer was made mainly
because this type of detection is easy to set up and not influenced by
the dielectric properties of the sample matrix. On the other hand, PSi is
a substrate that has shown many promising applications [6], especially
for biosensing [7,8]. PSi sensors have many interesting physical and
optical properties: they are for example characterised by a large surface-
to-area ratio, which makes them reactive to even minute changes in
the surrounding environment. Moreover, their morphology can easily
be controlled by their straightforward fabrication route |6]. While PSi
biosensors have already shown a lot of promising results for bacterial
detection [9], we believe that improvements are still possible in terms
of sensitivity, specificity or response time. Omne limitation of the PSi
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biosensors’ performance is the diffusion of the species to the pore surface;
to overcome this hindrance, it was decided to fabricate PSi membranes
instead of PSi layers. The added value of PSi membranes has already
been verified for the detection of other bio-molecules, as the low-through
operation mode enables an increase in sensitivity and response time [10].

Moreover, as opposed to other PSi-based biosensors, the method of de-
tection presented in this work does not rely on a bio-recognition layer
fixed on the transducer surface. In our protocol, the bioelement is added
to the analyte volume as pre-treatment. This novelty eliminates the
need for functionalisation steps during the fabrication of the process,
and reduces the requirements on the use and storage conditions of the
biosensors. More specifically, the bioelement is a selective lytic agent
that digests the cell wall of the targeted bacteria and releases its inter-
nal content into the sample volume. This internal content can then be
captured inside a PSi membrane, through which the sample is flown.
Upon capture, the bacterial debris will affect the optical properties of
the PSi membrane, which can easily be measured with a simple optical
setup.

In this thesis, Bacillus cereus was selected as the target for our biosensor
as it is a common contaminant found in the food industry. Moreover,
Staphylococcus epidermidis was also used as the second target, in order
to demonstrate the versatility of the detection platform.

Thesis outline

This thesis is organised in three parts. The first part focuses on the
fundamentals of bacterial detection methods (Chapter 1), the concept
of biosensors (Chapter 2) and an overview on porous silicon technology,
especially with regard to PSi membranes and biosensors (Chapter 3).

The second part of the manuscript relates to the results produced during
this research and is divided as follows:

e Chapter [4] studies the analyte and the transducer of the proposed
biosensors with the purpose of optimising the design of the detec-
tion platform. The bacterial lysate is observed using several mi-
croscopy techniques and a size distribution is established. Based
on these observations, the morphology of the porous silicon trans-
ducer is adapted and studied accordingly. The impact of fabrica-
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tion parameters on the properties of the porous silicon is identi-
fied. The performance of the biosensor is then further optimised
by modelling both the filtration and the optical response.

e Chapter [5] studies the proof-of-concept of the biosensor designed
in the previous chapter. The fabrication route of the PSi mem-
branes is detailed, and their biosensing performance is compared
to traditional porous silicon layers. The sensitivity, selectivity and
versatility of the detection platform are also verified.

e Chapter [6] focuses on an optimised prototype of the biosensor pre-
sented in the previous chapter. The first prototype indeed suffers
from chemical instability, which leads to a signal drift. This issue
is addressed by using atomic layer deposition to passivate the pore
walls and prevent their dissolution when in contact with aqueous
media. Several metal oxide coatings are tested and characterised.
PSi/TiO, is selected as the most promising candidate for bacte-
rial detection. The sensitivity of the second prototype is vastly
improved. The selectivity and versatility of the biosensor remain
unchanged.

The final part of this thesis offers a general discussion on the presented
biosensor, comparing its features to traditional bacterial detection meth-
ods, other bacterial biosensors discussed in the literature and finally
other PSi bacterial biosensors. The performance of the biosensor as an
optical sensor is also weighed against other optical sensors in the lit-
erature. Moreover, the advantages and drawbacks of porous silicon as
transducer for biosensing applications are also discussed. The passiva-
tion and integration challenges are overviewed, and their impact on the
industrialisation of PSi transducer is assessed. Finally, the major scien-
tific findings of this thesis are summarised and a series of perspectives
are proposed.
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Abstract

This chapter provides a short introduction to bacterial detection, overview-
ing the concepts of pathogenic bacteria and bacterial infections. The tra-
ditional methods for bacterial detection are also outlined; their benefits
and drawbacks are reviewed.
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1.1 Fundamentals on pathogenic bacteria

Bacteria are prokaryotic microorganisms, meaning they are single-celled
and without nuclei. They can have a spherical, rod or spiral shape
and their size does not exceed a few micrometres. They can organise
themselves in specific cellular arrangements, like biofilms for example

[LL.[12].

The common bacterial structure contains the following features: a cy-
toplasm, with a nucleoid, ribosomes and often plasmids, flagella, a cell
membrane, a cell wall and for the Gram-negative ones (see below) an
outer membrane (See Figure . The external structures (e.g. pili,
flagella or glycocalyx) serve for cell motility, attachment and protection.
The cell wall determines the shape of the bacterial cell and prevents its
lysis, but is also a criterion for bacterial classification: Gram-positive
bacteria have a thick cell wall, while Gram-negative bacteria have a
thinner cell wall surrounded by an outer membrane [11].

Cytoplasm
Ribosome

Flagella ///;,/' > \\
g i /

Cell wall
Cell membrane

Nucleoid (with DNA)

Inclusion

Figure 1.1: Schematic representation of common features in an "idealised"
bacterial cell (Reproduced from [11])

Bacteria can multiply by binary fission, at rates as fast as 20 min, and
their growth is typically following four phases: (1) a lag phase of several
minutes to several hours, during which the bacteria adapt to the sur-
rounding environment; (2) an exponential growth phase, during which
the bacteria divide at their optimal rate; (3) a stationary phase, as the
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lack of available nutrients limits the growth and (4) a death phase when
the nutriments are disappearing [11].

Bacteria are highly adaptable and can grow in soil, water, plants and
animals. Most of them are inoffensive or even beneficial, but some
are qualified as pathogenic. As per definition, pathogenic bacteria can
cause infectious diseases with different degrees of severity, by disrupt-
ing tissues and/or releasing toxins within their host (e.g. humans, an-
imals or plants). In the human body, bacteria can cause diseases such
as food-borne infections and intoxication, pneumonia, tuberculosis or
cholera |11].

1.2 Sources of infection

Bacterial infections can have multiple sources and multiples routes of
infection. For human pathogens, infection can be via inhalation, inges-
tion, abrasion to the skin or via an insect bite. The route of infection
depends on the bacteria, and may also affect the outcome of the disease;
some diseases are more severe depending on the route (e.g. inhalation
for anthrax) |4].

As bacteria are naturally present in nature, such as in the soil, on animals
or in water, sources of natural infection are present everywhere. Sources
of infection can be divided in three categories [4]:

e Food and water-borne infections

While these infections usually result in mild to severe gastrointesti-
nal symptoms, they can also have life-threatening complications.
Common food-borne pathogens are Fscherichia coli, Salmonella
spp., Listeria monocytogenes, Staphylococcus aureus or members
of the Bacillus cereus group. The danger of these infections is
the low number of bacteria needed to cause severe illnesses, which
requires sensitive and precise detection methods.

e Hospital-acquired infections
Also called nosocomial infections, these are one of the most com-
mon causes of patient morbidity. The usual culprits for these in-
fections are S. aureus, enterococci or enterobacteriacae. This type
of infection has become even more concerning with the emergence
of antibiotic-resistant microbes.
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e Intentional infection
This source of infection can be used for biological warfare or bioter-
rorism. Bacteria such as Bacillus anthracis or Yersinia pestis are
among the agents that could be used for a large-scale aerosol at-
tack. Fast and sensitive diagnosis solutions are therefore essential
here to prevent the spread of such possible attacks.

1.3 Traditional methods for the detection of bac-
terial pathogens

Rapid and sensitive detection methods for pathogenic bacteria are es-
sential for the prevention and treatment of infectious diseases. The main
industries relying on pathogen identification are the food industry, the
clinical area and the water and environment system [13|. Various types
of samples must thus be analysed, from food to blood samples, each
requiring their own detection level |[4]. Some examples of typical guide-
line limits of detection (LoD) or limits of infection are given in Table
These limits are expressed in Colony Forming Units (CFU), which
estimates the number of viable bacteria cells.

Pathogen Matrix Infection limits Ref.
B. cereus Ready-to-eat food 10° CFU/g [14]
L. monocytogenes Ready-to-eat food 102CFU/g [15]
Mycobacterium tuberculosis Aerosol 10 CFU/inhalation  [16]
S. aureus Blood 1 CFU/mL [17]
E. coli Urine 10° CFU/mL [18]
Enterococcus spp. Urine 10° CFU/mL (18]

Table 1.1: Typical guideline limits for bacterial infection or detection

Many detection methods have been developed over the years, most of
them used in laboratory environments. Of all the developed techniques,
the most prominent ones are culture and colony counting, enzyme-
linked immunosorbent assay (ELISA), polymerase chain reaction (PCR)
and matrix-assisted laser desorption ionisation time-of-flight mass spec-
troscopy (MALDI-TOF MS). Their pros and cons are discussed here-
after, and summarised in Table [13L/14,/19].
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Selectivity LoD Assay time Cost
(CFU/mL)
Culture Low 1 5-14 days Low
ELISA High 1-10 > 2h Medium
PCR Very high <1 > 2h High
MALDI-TOF High 10° 20 min* High

Table 1.2: Conventional methods of bacteria detection [5/13}/14,/19] (* after

sample preparation).

DETECTOR

il %gi

Culture ELISA MALDI-TOF

Figure 1.2: Schematic representation of four conventional techniques for the
identification of bacteria.

1.3.1 Culture and colony counting

Culturing and colony counting methods are regarded as the gold stan-
dard for pathogen detection and have been so since the 19th century.
The typical workflow for microbial identification via culturing includes
sample preparation, enrichment, dilution, plating, enumeration and iso-
lation of single species colonies for further analysis. Pathogen identifi-
cation requires additional characterisation when generic media are used
for bacterial growth |19|]. For instance, morphology observations, Gram
straining and biochemical testing can be used to identify the studied
bacteria [20]. Specific and differential growth media can also be used
during the plating, suppressing the growth of competitive bacteria or
allowing given bacteria to express specific features such as colour for
their easy identification [13].
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Culture and counting methods are popular due to their efficiency, sen-
sitivity, reliability and wide range of applications. They are also rather
inexpensive and simple, while enabling the screening for the cell via-
bility and antibiotic resistance. On the downside, these methods can
be laborious and time-consuming because of the sample preparation,
the incubation time needed for bacterial growth and the execution of
additional characterisation tests. While typical culturing and counting
methods take between 2 and 7 days, the delay can go up to 15 days
for the confirmation of positive results. Moreover, these methods re-
quire specialised labs, where aseptic techniques must be used to avoid
contamination [5,/14].

1.3.2 ELISA

ELISA is an immunology-based detection technique, meaning it is based
on antibodies. It was developed in 1971 and is one of the most estab-
lished methods for bacterial identification. ELISA uses the specific inter-
action between antibodies and antigens present on a bacterial cell surface
or toxins produced by pathogens. The most common configuration of
the assay is the "sandwich ELISA", which is illustrated in Figure [I.2
In this configuration, a primary antibody, specific to the target antigen,
is immobilised at the bottom of the test well. The test sample is then
added to the well; if the target reacts with the antibody, it is retained
after the well is washed. A secondary antibody, also target-specific but
labelled with an enzyme, is then added to the test well and a "sandwich"
structure is formed. Finally, a substrate is added that will react with
the enzyme, creating a coloured by-product. This by-product can be
quantitatively measured by optical density scanning of the well plate. If
the target antigen is present in the sample and reacted with the primary
antibody, the ELISA assay will be coloured and therefore positive. If
the antigen is not recognised, the test is colourless and hence negative,
as no antibody-enzyme conjugate is bound [20].

ELISA is a very sensitive and specific technique, but also user-friendly.
It can produce both qualitative and quantitative results. Modern tools
can complete an assay in 2 hours or less, in an automated manner.
On the downside, the possible targets are limited by the commercially
available antibodies, and detection limits are very dependent on the used
antibody. Moreover, ELISA is very prone to potential interferences from
contaminants inside the samples, such as salts or acids |14].
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1.3.3 PCR

Polymerase chain reaction (PCR) is a detection method invented in the
early 1980s, based on the nucleic amplification of deoxyribonucleic acid
(DNA) present inside the bacterial cytoplasm and/or bacterial lysate.
Amplification only focuses on a DNA target sequence and is achieved
by the repetition of a three-step cycle: denaturation, annealing and
extension, as illustrated in Figure|1.3

In the denaturation step, the DNA containing the target sequence is
denatured by heat into two single strands. In the second step, the tem-
perature is lowered and synthetic DNA primers, with sequences identi-
cal to those surrounding the targeted sequence, hybridise with the DNA
strands. Then, during the extension step, DNA polymerases present in
solution extend the primers into copies of the target DNA.

This means that one single DNA molecule is amplified into two copies
at the end of the cycle, resulting in an exponential growth when this
cycle is repeated multiple times, reaching one million copies after 20 cy-
cles, for example. Once the number of target DNA copies in solution
is high enough, its presence can be detected by gel electrophoresis, that
separates DNA sequences based on their size, via the application of an
electrical field [20]. As an alternative, real-time PCR adds a fluores-
cently labelled probe to the reaction mixture, enabling the quantitative
measurement of the amplification during the exponential growth [13].

Targeted double stranded DNA

Denaturation by heat

T
LLLLLLLL
l Addition of specific primers l
m’ TITTITTTTTIT  Recognition of DNA strands by
Ll primers
3 3%

l Polymerization, extension of DNA strandsl

T TITTTTTTTIT Two new identical double-layer
stranded DNA sequences (new

target for next cycle)

Figure 1.3: Schematic illustration of one PCR cycle, which includes three
steps: denaturation, annealing and extension. Reproduced from [13].

All types of PCR amplification methods have the advantage of being sen-
sitive, selective, reliable and most of all, fast; they can provide results in
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only a few hours. Some PCR methods can provide quantitative results,
and multiplexing is also possible. There are however some drawbacks:
the risk of cross-contamination is amplified, and the overall cost of the
method remains high. Indeed, specialised labs and staff are needed, and,
even if large high-end equipments can perform many analyses at once,
their cost remains high. Moreover, PCR cannot distinguish between live
or dead bacterial cells and a prior knowledge of the suspected pathogens
in necessary to select the correct DNA primers [141|19).

1.3.4 MALDI-TOF MS

Matrix assisted laser desorption/ionisation time-of-flight (MALDI-TOF)
mass spectroscopy is a rather recent but very popular method. In this
technique, the sample is treated with an energy-absorbent matrix, which
rapidly heats up under laser ablation and helps to ionise the sample. The
created ions are then separated based on their mass to charge ratio, and
measured using a time-of-flight analyser. A mass spectrum is generated,
as illustrated in Figure for B. cereus, forming a "fingerprint" of the
sample that can then be compared to a database in order to identify
species |19].

2,000 2,500 3,000 3,500 4,000 4,500 5,000 5,500 6,000 6500 7,000 7,500 8,000 8500 9,000 9,500

5 6,00(
Mass m/z (Da)

Figure 1.4: MALDI spectrum obtained from direct analysis of intact bacterial
cells of B. cereus. The spectrum was acquired in linear mode using a time-of-
flight mass spectrometer (Vitek MS Plus, BioMerieux). Reproduced from [14].

MALDI-TOF mass spectroscopy is a sensitive and reliable method to
identify microbes, as long as reference spectra are available in the databases.
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But most of all, it is a rapid method, with results available in a matter
of minutes. The initial investment cost is high, but sample runs are rela-
tively inexpensive. The main drawback of this method is the inability to
differentiate between closely related species, hence the need to first iso-
late and culture the bacteria on agar before identification. This means
that a pathogen detection can easily take more than a day, even though
the identification itself is very fast |14].
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Abstract

In this chapter, the concept of biosensor is defined. Each of its com-
ponents is reviewed, namely the target analyte, the biosensing element,
the transducer and the signal read-out. When discussing the biosens-
ing element, the notion of bacteriophages and their use in biosensing is
introduced. For the transducing component, many options are listed,
and more information is given about optical transducers. Finally, some
general figures of merit, that enable to compare biosensors, are defined.
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2.1 Biosensors for bacterial detection

Traditional methods of bacterial detection show good potential, but fur-
ther improvements are still required. The combination of the following
parameters could be optimised [21]:

e Assay time: the detection should be as fast as possible;

e Sensitivity: the limit of detection should be as low as possible,
reducing the instances of false negatives;

e Selectivity /specificity: the selectivity should be as high as possible,
reducing the risk of false positives;

e Portability: the detection should be possible anywhere, without
the need of a specific lab environment;

e Sample volume: the assay should use as little sample volume as
possible;

e Cost: the cost per assay should be as low as possible;

e Sample preparation: the sample preparation should involve as lit-
tle to no steps, or should be as fast as possible.

To answer to all these criteria, the scientific community has defined the
concept of a biosensor. As per definition, a biosensor is "a device that
produces a measurable signal proportional to the concentration of the
target analyte, usually incorporating a biological sensing element and
measuring signals derived from biological interactions [22|". This defini-
tion highlights the main components of a biosensor which are illustrated
in Figure 2.1] and will be described in further details with regard to
bacterial detection.

2.2 Target analyte

While the end goal of bacterial detection is to resolve the presence/ab-
sence of bacteria, the target analyte is not necessarily whole-cell bacte-
ria. The presence of bacteria can also be detected using nucleic acids or
by-products of the bacteria, such as bacterial proteins (e.g. toxins) or
metabolites [4]. The detection of whole microorganisms is often more
challenging than the detection of molecular analytes, not only because
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Figure 2.1: Schematic representation of the components of a biosensor; Re-
produced from .

of their larger size and varying shapes, but also because whole cells are
more prone to non-specific interactions [24].

Based on the nature of the target, the analyte sample may require han-
dling for the sensing to reach a high performance. For example, to detect
whole-cell bacteria in low concentration samples (e.g. 1 CFU/mL), pre-
concentration steps are needed to increase the likelihood of the detection.
Pre-concentration can be performed via different techniques [4]:

o (entrifugation — The bacterial cells form a solid pellet after this
step; the remaining liquid, called supernatant, can be removed and
replaced by another medium of lower volume.

o Immunomagnetic separation — Paramagnetic particles, coated
with specific ligands, are added to the sample volume and bind to
the target bacteria; by applying a magnetic field, a bacterial pellet
is formed, that can then be re-suspended in smaller volumes.

e FElectrokinetic forces — The sample is subjected to DC or AC
voltages that attract bacteria to the region of interest, such as the
sensor surface.

For other targets, such as nucleic acids, further sample preparation is
required; indeed, the nucleic acids must be released for the bacterial cell.
This can be achieved by inducing the cell lysis using physical methods
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(e.g. heating the sample up) or biochemical methods (e.g. adding spe-
cific lytic proteins to the sample volume) [4].

2.3 Biological sensing element

The biological sensing element is responsible for the recognition and
identification of the target analyte. By its high affinity to the analyte,
the biological sensing element will provide selectivity to the biosensor.
When the bioelement interacts with the target, which is often called the
bio-recognition phenomenon, a signal is generated. This signal can be of
various natures, as for example in the form of light, heat or a change in
mass, in pH or in conductivity. Selectivity can be added to the biosensor
either via the sensor surface or via the analyte sample volume [23].

Most often, the former is preferred and the bioelement is added to the
sensor surface in order to capture and bind the analyte. The most com-
mon bio-probes are antibodies, proteins, DNA or ribonucleic acid (RNA)
aptamers, carbohydrates or bacteriophages (and their proteins) [4,[24].
These surface-based bioelements have, however, several drawbacks. First
of all, the functionalisation process that binds the probes to the sensor
surface is laborious; it must be carried out before sensor encapsulation
and put constraints on further processing. It also puts limitations on
the storage and usage conditions of the sensors [25|. Moreover, only
targets close to the sensor surface bind to the bio-probes, resulting in a
low overall capture percentage |26].

For volume-based biorecognition elements, the number of interactions
is increased. Among these elements, lytic enzymes and bacteriophages
have been increasingly studied in recent years [4,125,27-30]. The ad-
vantages of bacteriophages will therefore be detailed in the following
section.

2.3.1 Bacteriophages for biosensing
2.3.1.1 General features

Bacteriophages are viruses that target bacteria as hosts. They can only
replicate inside living bacteria, and use the intercellular machinery to re-
produce. This reproduction is however only possible within the proper
host, meaning that bacteriophages are highly specific. In terms of mor-
phology, they are vastly diverse, but their most common structure is a
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protein capsid that holds the viral genome. Most phages also belong
to the Caudovirales order, whose morphology is also characterised by
a tail, which is attached to the capsid. The Caudovirales order is it-
self subdivided into three families, based on the contractility of the tail:
(1) Myoviridae, with a contractile tail, (2) Podoviridae, which have no
baseplate and are short-tailed and (3) Siphoviridae with a long non-
contractile tail as illustrated in Figure 2.2

Myoviridae Podoviridae Siphoviridae

capsid capsid
tail tail fibre — A RBP

spike -

capsid

whiskers

tail tube
tail —
baseplate tail —
short tail fibre RBP

long tail fibre baseplate

tail fibre

spike

<+—RBP
spike

Figure 2.2: Tailed bacteriophages from the Caudovirales order, which consists
of three families: Myoviridae, Podoviridae and Siphoviridae; Reproduced from

31

The phage tail participates in the host recognition and genome injection.
The host recognition is a multistep process, which also involves specific
receptor binding proteins (RBPs). These RBPs recognise and adsorb
onto the receptors of the host cell surface. Following this interaction,
the viral genome is injected into the host cell. At this point, the phage
can undergo two different cycles: the virulent phage will enter a lytic
cycle, while the temperate phage will undergo a lysogenic cycle. The
Iytic cycle is illustrated in Figure 2.3} once its viral genome is injected,
the phage will use the internal metabolism to replicate and produce lytic
proteins. The bacterial cell will eventually disrupt and release the newly
assembled virions (single particle of bacteriophage). In the lysogenic
cycle, the viral genome either integrates with the host DNA or behaves
as an independent plasmid molecule. This viral genome will replicate
alongside the bacteria DNA for many generations, until a shift to the

lytic cycle is triggered .
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Figure 2.3: Illustration of the lytic cycle of bacteriophages; Reproduced from

)

2.3.1.2 Phages as bioelement for bacterial detection

Bacteriophages have many advantages for biosensing. They are efficient
and specific against host bacteria. There is an abundance of phage
types, who could theoretically target and therefore detect every bacterial
strain. They also allow the distinction between live and dead cells, as
only viable hosts can ensure their multiplication. Another advantage
of phages is their production mechanisms: phages can be produced in
large quantities and properly purified very quickly and cheaply thanks
to their short replication time. Some phages are also robust, retaining
their activity even after being exposed to high temperatures or other
critical conditions, such as organic solvents [25}30].
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Bacteriophages can be used in different bacterial detection strategies, as
illustrated in Figure

e Infection of bacteria as signal trigger — The infection of bacte-
ria by phage leads to cell lysis. Upon lysis, both the cell con-
tent and the progeny phages are released. Biosensing strategies
may therefore rely on the detection of bacterial metabolites [33].
Other strategies rely on changes in physical or chemical properties
upon lysis, such as increases in conductivity [34]. Finally, progeny
phages can also be the target of a biosensing assay, such as the
indirect detection of bacteria [35,36].

e Infection of bacteria for gene expression — Genetic modifications
can be introduced into the phage genome, coding fluorescent pro-
teins for example, that are expressed inside the host cell upon infec-
tion. The infected bacteria can therefore be easily detected [37,38].
Modified phages are however challenging to obtain and often less
infectious [30].

e Bacteriophage-based sensing layer — Phages can be immobilised
to the transducer surface and used as bio-recognition element for
the detection of bacteria. Using the correct transducer, the cap-
ture of the targeted bacteria by the phages can be translated into
a readable signal. Transducers can measure changes in optical
properties (e.g. surface enhanced Raman spectroscopy sensors |39}
40]), dielectric properties (e.g. Electrochemical Impedance Spec-
troscopy sensors [41,/42]) or even changes in mass (e.g. magneto-
elastic sensors [43-45]).

e Bacteriophages as capture elements — Phages can be bound to
micro- or nanoparticles and form bioconjugates that capture, sep-
arate and/or detect the targeted bacteria. The nature of the
nanoparticles will dictate the mode of action: for example, conju-
gated gold nanoparticles can be used for colorimetric detection [46]
and conjugated magnetic nanoparticles can be used for separa-
tion [47,48|.

There are however some disadvantages to biosensors using whole phages
as bioelement. One of them is the large size of the virions, usually
comprised between 50 and 200 nm, which limits the miniaturisation. In
case of a phage-based sensing layer, the binding event may therefore also
be too far from the transducer surface, hindering the signal detection.
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Figure 2.4: Bacteriophage-based modes of action for bacterial detection; Re-
produced from [28].

For this case, another challenge is the correct orientation of the phages.
Finally, the biggest disadvantage is that all bacteriophages eventually
cause cell lysis, limiting the period of analysis [30]. These challenges
encouraged the scientific world to utilise only part of the phages for
the strategies detailed above. The used parts are the components that
naturally show attraction to host cells, which include receptor-binding
proteins, lysins and /or their cell-binding domains (CBDs).

e RBPs are responsible for the host recognition and binding. Their
binding ability has been used for the capture and magnetic separa-
tion of bacteria when conjugated to magnetic nanoparticles [49,50].
The captured bacteria can then be labelled and detected using col-
orimetric [50| or fluorescence assays [51].

e Also called endolysins or murein hydrolases, lysins are enzymes
produced by bacteriophages at the end of their lytic cycle. They
are able to cleave the bacterial cell wall by degrading the peptido-
glycan, and therefore enable the virions to disrupt their hosts and
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be released in the surrounding environment [52]. Most endolysins
encoded by phages with Gram positive hosts have separate cell
wall binding and enzymatic domains. The CBDs confer the speci-
ficity to host cells but do not induce lysis, making them perfect
candidates for biosensing [52]. CBDs have for example been used
as sensing layer for the electrochemical impedance detection of Lis-
teria cells [53]. CBDs can also be conjugated with magnetic beads
and serve as capture agents, as well as combined with tags in order
to enable bacteria detection via a sandwich fluorescence assay [54]
or via a colorimetric assay [55]. Finally, CBDs have been used as
bioelements in lateral flow assays (LFAs), either conjugated to gold
nanoparticles for colorimetric detection of B. cereus [56] or func-
tionalised onto the nitrocellulose substrate for the Electrochemical
Impedance Spectroscopy (EIS) of Bacillus thuringiensis [57].

2.4 Transducers

The transducer translates the recognition event between the bioelement
and its target into a readable signal. This signal can either simply indi-
cate the presence of bacteria (qualitative measurements) or be propor-
tional to the number of bacteria detected (quantitative measurements).
The main types of transducer deal with either optical or electrochemical
sensing, as will be detailed in sections 2.4.1] and [2.4.2] Other types of

transducer however exist:

o Mass-based transducers or acoustic transducers — They respond to
small changes in mass upon the capture of the target. Piezoelectric
and quartz crystal microbalance biosensors for example vibrate at
a specific frequency depending on the mass and the applied cur-
rent; a binding event will therefore create a shift in the resonant
frequency |58|. The same principle applies to micro-cantilevers:
they oscillate at their resonance frequency, which changes due to
the mechanical bending induced by the binding of the target [24].
Magneto-elastic sensors, on the other hand, rely on the princi-
ple of magnetostriction: in response to both an alternating and
static magnetic field, the micro-elastic transducer vibrates at its
resonance frequency, which shifts when small extra mass is ap-
plied [59].

e Thermal transducers — They exploit the heat generated or ab-
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sorbed by a biological reaction. This biological reaction is often
an enzymatic catalysis, which can be monitored with a thermistor
or a thermopile. Microelectromechanical systems (MEMS) ther-
mal sensors have also been used recently, as they can easily be
miniaturised and show improved thermal isolation properties [58].

Electronic transducers — They rely on field-effect transistors
(FETs). These consist of two electrodes, the source and the drain,
which are the starting and the end point of the charge carriers,
joined through a gate electrode. A sensing channel, such as a sili-
con nanowire or graphene layer, connects the source and the drain
and is functionalised by bioelements. When a target is recognised
on the channel, the surface potential changes and alters the current
between the source and drain terminals [58./60].

2.4.1 Electrochemical transducers

Electrochemical transducers are the most widely studied and used sen-
sors. They exploit the biochemical reaction that occurs when the analyte
binds to the bio-receptors fixed on the sensor’s surface. This reaction is
converted into a detectable signal, such as changes in voltage, current,
impedance or capacitance. This signal is proportional to the analyte
concentration, enabling a quantitative detection. The three main types
of electrochemical transducers rely on amperometry, potentiometry and
electrochemical impedance spectroscopy (EIS).

o Amperometric transducers rely on the direct measurement of the

current induced by the oxidation or reduction of species generated
by the interactions between the bioelement and the analyte. The
amperometric sensors are composed of two or three electrodes and
are easy to miniaturise. They offer an excellent sensitivity, reach-
ing limits of detection as low as 1 CFU/mL [24]. They however
lack in selectivity, as other redox-active species may interfere with
the signal [58].

Potentiometric transducers exploit changes in the potential of the
analyte solution upon the recognition of the target by the bioele-
ment. This bioelement is fixed on an ion-selective working elec-
trode, and the potential is measured relative to a reference elec-
trode [58|. Potentiometric sensors however lack specificity and sen-
sitivity for the detection of large targets such as bacteria; reason-
able limits of detections, in the 10®> CFU/mL range, were however
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possible [24].

o Impedimetric transducers employ EIS to characterise biological in-
teractions. They are based on two- or three-electrode systems,
to which a small-amplitude frequency-dependent alternating volt-
age or current is applied. The thus-produced electrical impedance
is affected by the interactions between the analyte and the bio-
receptor; these interactions cause changes in capacitance and elec-
tron transfer resistance across the working electrode surface [58].
Impedimetric sensors are highly sensitive, with LoDs as low as 1
CFU/mL, and do not require enzymatic reaction or electro-active
species such as the other electrochemical detection methods [24].
They however lack in reproducibility, which can be linked to non-
specific binding [61].

Electrochemical sensors in general are so attractive because their in-
expensive electrodes can easily be integrated with simple electronics,
making easy-to-use and low-cost portable detection platforms. Another
big advantage of these transducers is their low response time, which is
often expressed in minutes or hours. Moreover, the emergence of new
nanomaterials such as carbon nanotubes or graphene enables the lower-
ing of the limit of detection. One drawback of these sensors is that they
can eagsily be influenced by the electric and dielectric properties of the
analyte matrix [62].

2.4.2 Optical transducers

Optical biosensors rely on changes in optical properties upon analyte
binding events, which are translated into measurable signals by the
transducers. They exploit modifications of the absorbance, the trans-
mission, the reflection, the refraction, the phase, the amplitude, the fre-
quency and/or the polarisation of light. Fluorescence, luminescence or
plasmonic effects can also be exploited. Fluorescence and luminescence
are often generated by labels, which results in an indirect detection of
the analyte. In label-free sensing, on the contrary, the signal is generated
by direct interaction of the analyte and the transducer [58,63].

2.4.2.1 Label-based optical transducers

Fluorescent-based optical detection relies on the labelling of the analyte
with fluorescent tags. These tags emit light of a specific wavelength when
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excited with a light of a different wavelength. This light emission can
then be detected with a fluorescent microscope or photospectrometer.
The nature of the fluorescent tag can be varied: dyes, quantum dots,
nanoparticles or even fluorescent proteins [58]. Limits of detection as
low as 10 CFU/mL have been reached with this technique [64].

Luminescence-based biosensors exploit the emission of light induced by
a reaction |58|. This photon-emitting reaction can be triggered by chem-
ical reagents, such as isoluminol or acridinium esters. Most often, en-
zymes are used as labels, such as horseradish peroxidase (HRP). HRP
is a label enzyme that catalyses the reaction of hydrogen peroxide with
certain organic substrates to yield coloured products, which provide a
quick and visible confirmation of the presence of bacteria. Biolumines-
cence is also a possibility, with the chemiluminescent reaction occurring
in living organisms catalysed by enzymes or photoproteins. The emitted
luminescence can be detected by a plethora of devices, such as photomul-
tiplier tubes, charger-transfer detectors, colour Charge-Coupled devices
(CCDs) or even Complementary Metal-Oxide-Semiconductor (CMOS)
imagers [65].

2.4.2.2 Plasmon-based transducers

The most common plasmon-based transducer relies on Surface Plasmon
Resonance (SPR). A SPR sensor measures changes in the refractive in-
dex caused by interaction on a thin metal surface. Surface plasmons
are resonant oscillations of conduction electrons. They are induced by
the illumination of a thin conducting surface, at the interface between
two media of different refractive indices, by a polarised light at a given
angle. SPR requires the use of a coupling device such as a prism; the
light therefore enters the prism at a certain angle, known as the res-
onance angle, and then exits at another angle which is related to the
refractive index, as illustrated in Figure At the resonance angle,
light is absorbed by the electrons in the thin metal film, inducing the
surface plasmons. The SPR phenomenon is translated by the decrease in
intensity of the reflected light compared to the incident light and takes
the form of an intensity dip in the SPR reflection intensity spectrum, as
depicted by the Sensorgram inset in Figure 2.5 The shape and angular
position of this intensity dip can be used to convey information about
the sensor’s surface. When an analyte binds to the surface, the refrac-
tive index is modified, which induces a change in the angular position of
the intensity dip. This shift in angle is proportional to the mass of the
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bound analyte, and is therefore monitored overtime . SPR. is
a powerful tool for the detection of bacteria, reaching LoDs in the order

of 1 CFU/mL [64].
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Figure 2.5: Schematic illustration of a surface plasmon resonance (SPR)
biosensor, reprinted from .

When the surface plasmon is confined in metal-based nanoparticles (NPs)
with dimensions similar to the incident wavelength, localised surface
plasmon resonance (LSPR) arises. The conducting electrons of the NPs
are excited and oscillated with the incident light. The frequency of the
plasmons shifts with changes of the refractive index surrounding the
NPs.

LSPR also plays a role in Surface Enhancement Raman Spectroscopy
(SERS). Raman scattering is the inelastic scattering of photons via the
interaction with molecular vibrations or rotations, phonons or other ex-
citations. Since Raman scattering is typically very weak, this process is
enhanced in SERS via two mechanisms - an electromagnetic mechanism
and a chemical one. The electromagnetic enhancement relies on LSPR;
the excitation of localised surface plasmons enhances the local electric
field, which amplifies the absorption of phonons and therefore increases
the intensity of the Raman signal. The chemical enhancement mecha-
nism relies on charge transfers from the Fermi level of the metal surface
to the analyte molecules energy levels [6667]. SERS is a powerful tool,
able to detect single molecules and cells .
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2.4.2.3 Optical Waveguide

An optical waveguide is depicted in Figure [2.6] and consists of an opti-
cally transparent guiding layer and surrounding cladding layers, whose
refractive indices are lower than the guiding one. By carefully selecting
the guiding layer material and design, light can be confined within the
guiding layer and can propagate along the layer via total internal reflec-
tions at the interfaces with the cladding layers. At each reflection point,
an evanescent field (i.e. a standing wave of the electromagnetic field) is
created and penetrates into the cladding layer, as illustrated in Figure
[2.6] This wave decays exponentially as the distance from the waveguide
surface increases and therefore acts a surface-sensitive probe: when an
analyte is bound to the waveguide surface, the refractive index of the
cladding is modified and affects the evanescent field. The modification of
the evanescent field can be detected in various ways: (1) the evanescent
wave induces a fluorescent signal at the surface of the waveguide, which
can be monitored; (2) the refractometric changes at the surface of the
waveguide can be detected using interferometry; or (3) the attenuation
of the guided wave due to absorption or scattering can be monitored via
spectroscopy . The limit of detection of optical waveguides with
bacteria as target is in the 103 cells/mL range |70].
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Figure 2.6: Schematic illustration of an optical waveguide transducer, repro-

duced from .

2.4.2.4 Optical Resonator

An optical resonator is designed to confine light and induce its interfer-
ence with itself; in other words, the light waves continuously travel be-
tween two or more interfaces, or circulate within the resonator structure.
As a result, only specific frequencies, i.e. the resonance frequencies, are
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supported inside the resonator without suffering significant losses. The
other frequencies are inhibited by destructive interferences. The mate-
rial and geometry of the optical resonator will determine the resonant
frequency. Changes in refractive index, temperature or even pressure of
the medium surrounding the resonator also affect the resonant frequency,
which are translated by a change of light intensity |71,72].

There are various types of optical resonator: Fabry-Pérot interferome-
ters, with a simple optical cavity; whispering gallery mode resonators,
which confine light waves in any radial or polygonal enclosed surface;
photonic crystal microcavities; or even optical fibre based interferom-
eters |72]. Optical resonators are easy to fabricate and have shown
promising results, detecting concentrations as low as 20 bacteria cells
per mL [73].

2.4.2.5 Photonic Crystal

Photonic crystals consist of micro- or nanostructures in which two or
more materials with different dielectric constants are periodically ar-
ranged and provide a high reflection of the light at specific wavelengths.
The periodicity of the photonic crystals can be in one (1D), two (2D) or
three dimensions (3D). A 1D photonic crystal, for example, is composed
of a multi-layered stack and is also known as a Bragg mirror or an op-
tical filter. The spatially periodic variations of refractive index induce a
wavelength band in which light propagation is prohibited, meaning there
is no optical signal visible for this photonic band gap in the transmission
or reflection spectra. The periodic structure can be changed locally by
introducing a defect mode, resulting in a sharp peak appearing within
the photonic band gap. The position of this peak is strongly influenced
by the refractive index in and around the defect, meaning that it can be
monitored for binding events in case of biosensing applications [58)74,75].
While photonic crystals are most often used to detect small molecules,
such as proteins, they have also been used for the detection of bacteria,
reaching limits of detection as low as 200 CFU/mL |76].

2.5 Signal read-out & interpretation
The signal read-out interface strongly depends on the type of transduc-

ers. For electrochemical transducers, bulky analysers such as poten-
tiostats used at the early stage of the biosensor development can easily
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be miniaturised to integrated circuits. For optical transducers, the setup
- often composed of lamps, spectrometers and lenses - can also be minia-
turised, but not at the integrated levels; external read-out units are still
needed.

2.5.1 Figures of merit

To compare a biosensor’s performance to current techniques or to other
biosensors, figures of merits (FoM) must be defined. A schematic illus-
tration of a typical sensor output and some FoMs is illustrated in Figure
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Figure 2.7: Diagram of a typical sensor output for the detection of bacteria,
highlighting the noise level o,,, the limit of detection (LoD) and the sensitivity

(S)-

Signal-to-noise ratio (SNR) The signal-to-noise ratio (SNR or S/N)
quantifies how much signal has been corrupted by noise. It compares
the level of desired signal and the level of background noise. The SNR
is calculated as the ratio of signal power to the noise power, often ex-
pressed in decibels. High SNR values translate signal with less noise, as
illustrated in Figure[2.8] and are therefore often desired when developing
a biosensor.
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Figure 2.8: Schematic illustration of a signal with a high SNR and a noisy
signal with a low SNR, reproduced from [77].

Sensitivity (S) The sensitivity translates the shift in sensor output
per variation unit of analyte concentration. It corresponds to the slope
of the sensor output in case of a linear response. For optical sensors, the
sensitivity is often expressed in terms of refractive index units (RIU),
as it enables to compare sensors regardless of the target analyte. The
RIU change can then be linked to the analyte concentration for specific
applications. Sensitivity is one of the most important FoM for sensors:
the higher the sensitivity, the lower the odds for false negatives sensing
tests.

Limit of Detection (LoD) This FoM translates the minimal de-
tectable concentration of bacterial cells contained in the sample. It is
expressed in CFU/mL or in cells/mL. It can be calculated in several
manners [78].

e Blank determination — According to International Union of Pure
and Applied Chemistry (IUPAC) EL the LoD depends on the mean
of blank measures (fplank), the standard deviation of blank mea-
sures (oplank) and a numerical factor (k) chosen to express the

'TUPAC. Compendium of Chemical Terminology, 2nd ed. (the "Gold Book").
Compiled by A. D. McNaught and A. Wilkinson. Blackwell Scientific Publications,
Oxford (1997). Online version (2019-) created by S. J. Chalk. ISBN 0-9678550-9-8.
https://doi.org/10.1351/goldbook.
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confidence level.

LoD = fiblank + & - Oblank (2.1)

The value of k is typically set to 3, which corresponds to a confi-
dence value of 0.00135.

o Linear regression — In case of a linear calibration curve, the LoD
can be related to the response standard deviation (o) and the sen-
sitivity (S). The response standard deviation can be obtained from
blank measures or based on the residual or estimated standard de-
viation of the regression line.

3.30
LoD = — 2.2
oD = = (22)

e Limit of blank — The limit of blank (LoB) is defined as the highest
apparent analyte concentration expected to be found when replicates
of a sample containing no analyte are tested |78|. It is calculated
based on the mean of blank measures (uplank), the standard devi-
ation of blank measures (oplank)-

LoB = Mblank + 1.6450p1ank (2.3)

The LoB is related to the LoD via the standard deviation of a low
concentration sample response (aresponse).

LoD = LoB + 1.6450 esponse (2.4)

Response time A biosensor does not change its output instantly
when brought into contact with the analyte. Especially when the recog-
nition of the biological target is based on binding, the diffusion of the
target molecules to the receptor and the binding event itself may require
some time. The response time is therefore defined as the time required
for the sensor to go from its initial state to its final settle state. Gener-
ally, this response time should be as short as possible in order to inform
the user of the presence or absence of the analyte.

Selectivity The selectivity, also called specificity, of the biosensor
translates its ability to detect the target molecules in samples contain-
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ing many other species. This FoM is often attributed to the bioelement
of the sensor. The selectivity is closely related to the matrix complex-
ity, which will influence the sensor’s response. A high specificity will
translate into less false positive sensing results. The selectivity can be
quantified by the reproducibility of the biosensing. This terminology
defines the sensor-to-sensor variation that is often attributed to non-
specific binding or randomly positioned receptors on the sensor surface.

Robustness The robustness relates to the stability under flow and
the lifetime of the biosensor. Indeed, the bioelement must withstand
biofouling and, in case of binding events, the kinetics must be constant.
Likewise, the transducer response must not be altered during long-term
applications by corroding or biological effects. In other words, no signal
drift must be observed, or this drift must be calibrated its contribution
to the signal. Finally, the sensor performance must also remain constant
after a defined period of storage.
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Abstract

This chapter introduces the field of porous silicon and is partly adapted
from [RV3]. After an overview of the fundamental concepts on the fabri-
cation and characterisation of porous silicon, emphasis is put on porous
silicon membranes. Finally, the application of porous silicon for biosens-
ing is reviewed.
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3.1 Fundamentals on porous silicon

Silicon (Si) technology has dominated microelectronics for more than
half a century. Not only is silicon the second most abundant element
on earth, but it is also characterised by properties that ideally balance
performance and stability [79]. In recent decades, microelectronics has
permeated to other areas of applications: it is no longer limited to digi-
tal circuits but is included in so-called More-than-Moore devices. These
devices are used, among others, for sensing, optics, Radio Frequency
(RF), MEMS or power electronics. To enable this diversification of ap-
plications, the functionality of silicon technology was increased, and the
porosification of silicon presented a simple and cheap way to allow its
expanded use. Porous silicon (PSi) indeed exhibits properties that are
remarkably different from bulk silicon and which can be fine-tuned by
adapting the porous morphology. To fabricate PSi, conventional tech-
niques such as lithography and dry etching can be used. Other ap-
proaches however exist, a well-established one being the use of electro-
chemical etching.

PSi was first discovered in the mid-1950s by Arthur Jr. and Ingeborg
Ulhir [80]. The Ulhirs were initially studying new techniques for pol-
ishing silicon surfaces when they accidentally fabricated the first porous
silicon film. Their discovery was however more or less forgotten until the
late 1980s and early 1990s, when PSi was found to exhibit properties of
quantum confinement [81,[82]. This breakthrough spurred the scientific
communities’ interest in PSi and its many properties. Among the topics
that emerged back then was the fabrication of porosified silicon mem-
branes [83,84]. Membranes can be defined as interfaces, separating two
phases and restricting the transport between those two phases. Porous
silicon membranes (PSiMs) are therefore permeable barriers, formed by
detaching a porous layer from the underlying bulk silicon substrate.
Pores become open-ended channels, enabling a flow-through applica-
tions. Obvious applications for PSiMs therefore include separation, ad-
sorption or transport of molecules, ions or small particles. PSiMs are
also important tools for the characterisation of PSi, as its properties
can be studied in isolation, without the subjacent silicon substrate. The
flexibility of the porosification process enables the fabrication of PSiMs
with a wide variety of structural features: PSiMs can be ultra-thin or up
to 1 mm thick; they can be qualified as micro-, meso- or macroporous
depending on the pore size and their porosity can vary at will within a
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single membrane.

3.1.1 PSi fabrication

The global interest of the scientific community in porous silicon can
be explained by its wide range of features. The multiple fabrication
processes enable the creation of porous silicon with various structural
attributes. Pore size, for example, can vary from a few nanometres to
tens of microns. Likewise, the film thickness can be expressed both in
nanometres or in microns. Other parameters, like porosity, pore distri-
bution and pore shape can also be controlled by the fabrication process.

Several approaches are therefore used to fabricate porous silicon, mainly
relying on dry etching or on electrochemistry. The dry etching technique
requires the use of a hard mask to define the holes that will be anisotrop-
ically formed by plasma etching. For the electrochemical approach, two
principal methods can be distinguished: electrochemical etching and
stain etching. The latter relies on the spontaneous electroless etching
of silicon when placed in an oxidising hydrofluoric acid (HF)-containing
solution [6]. When combined with metal films or nanoparticles, this
technique becomes Metal-Assisted Chemical Etching (MACE) [85]. As
to date no recent works concerning MACE-fabricated PSiMs have been
found by the authors, this review will not include this fabrication tech-
nique and mainly focus on electrochemical and dry etching.

Electrochemical etching, which is also called the anodisation method,
relies on the wet etching of monocrystalline silicon under the application
of an electric current, using an electrolyte containing HF [86]. The
current method can be carried out in either a double bath etching cell,
with two platinum electrodes, or in a single bath etching cell where
the silicon wafer serves as anode and a platinum wire acts as cathode.
The etching cells are fabricated in HF-resistant materials, like Teflon®
or Polyether ether ketone (PEEK). A schematic illustration of a single
etching cell is represented in Figure (3.1

Two regimes can be observed within the electrochemical process: pore
formation and electropolishing. The transition between those two regimes
depends on the substrate’s properties, like doping or crystalline orienta-
tion, and the fabrication parameters, such as electrolyte concentration
and temperature, but is mostly governed by the ratio between the ap-
plied current density and the concentration of fluorine ions, as depicted
in Figure [3.2] The formation of pores in silicon is controlled by en-
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Figure 3.1: Illustration of a single-bath electrochemical etching cell, Reprinted

from .

ergy bonds. By applying a current, electron holes reach the surface and
weaken the Si-H bonds. These bonds can then be substituted by Si-F
bonds, which are strongly polarised. Si-Si bonds are then weakened and
attacked, resulting in the release of SiF, molecules and the creation of a
gap in the silicon surface. After pore nucleation, current flows preferen-
tially at the tip of the pore. A space-charge region is also created at the
pore walls, preventing lateral etching, as illustrated in Figure |3.3. By
increasing the current density, this space charge region decreases. When
the pores start to merge, the electropolishing regime is reached.

h hF nt bt RF or ht bt

| Formation of porous silicon | ] Electropolishing | current
density
Si + 6F + 2H" + 2h* — SiF62’ + H, Si + 6F + 4h* — SiF

Figure 3.2: Mechanism of pore formation with increasing current densities.
The holes reaching the pore tips weaken the Si-H surface bonds and allow the
dissolution of the silicon. By increasing the current density, the pore walls
become thinner, until the pores merge in the electropolishing regime. Adapted

from .
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Figure 3.3: Illustration of the pore growth via the formation of a space charge
region that tends to passivate the pore wall and induce the etching of the pore
tip. Reprinted from [77].

3.1.2 PSi characterisation
3.1.2.1 Pore size

PSi is often classified based on the pore size: microporous PSi has an
average pore diameter inferior to 2 nm; mesoporous PSi is characterised
by a pore size ranging from 2 to 50 nm; and macroporous PSi has a pore
size larger than 50 nm. The pore size is mainly influenced by the doping
of the silicon substrate, as described in Table

Wafer type Doping conc. Pore size
n-doped Si < 10" cm™ wide range, going from
nanometres to micrometres
p-doped Si < 10% e¢m3 large pores in the pm-range
with nanometric pores within
p+ Si 1015-10'8 cm™ 1 to 10 nm
pr+&nt+Si > 10" em® from 10 to 100 nm

Table 3.1: Effect of wafer doping concentrations on the PSi pore size, adapted
from [87].

The pore size can however be fine-tuned by selecting the appropriate
current density and electrolyte composition. Lower current densities
lead to smaller pores, for example [87-89|. Pore size can be imaged using
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transmission electron microscopy (TEM), scanning electron microscopy
(SEM) or atomic force microscopy (AFM) [90-92].

3.1.2.2 Pore depth & porosity

Another feature of PSi is the pore depth or layer thickness. The thickness
of the layer is directly correlated to the duration of the electrochemical
etching. The etch speed is however related to the current density, the
electrolyte composition and the substrate, as summarised in Table
It is important to highlight that, for long etching times, the etch rate
can vary due to the local change in HF concentration at the pore tip
caused by diffusion limitation.

The porosity of the porous layer is another important parameter and is
defined as the ratio of empty volume to the total volume of the porous
region |90]. One can however distinguish open porosity (i.e. the volume
of pores that are accessible to a given analyte) and the closed porosity
(i.e. the volume of pores that are inaccessible), whose sum results in
the total porosity. The porosity is strongly dependent on the current
density, increasing with higher current values (Table [90].

Increase of Porosity Etching rate
HF concentration | Decreases Decreases
Current Density Increases Increases
Etching Time Increases -
Temperature - -
Doping (p-type) Decreases Increases
Doping (n-type) Increases Increases

Table 3.2: Effect of electrochemical etching parameters on the PSi formation,
adapted from [93].

Both the layer thickness and the porosity can be characterised using
the gravimetric method. This method relies on the selective etching of
the porous silicon, which is much more reactive to wet etching solution
such as KOH or NaOH than monocrystalline silicon because of its large
surface area. It measures the weight of the sample before porosification
(mq), after porosification (m2) and finally after the removal of the PSi
layer (ms). These values, as well as the etched surface A and the density
of elemental silicon dg;, can then be used to express the layer porosity
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P and the layer thickness L.

myp —ma

P= (3.1)
mi1 —ms
mi1 —ms
L=——"%"7— 3.2
Ao, (3.2)

The drawback of the gravimetric method is that it is a destructive
method. Cross-section SEM, which is often used for the characterisation
of the layer thickness, is also a destructive method. A non-destructive
technique for the characterisation of both porosity and layer thickness
is the spectroscopic liquid infiltration method (SLIM), which is based
on Reflective Interferometric Fourier Transform Spectroscopy (RIFTS).
These techniques rely on the optical response of the porous layer in the
visible light range. The reflectance spectrum of the porous silicon layer
is acquired using a light source and a spectrometer, coupled with an
optical fibre, as illustrated in Figure [3.4] a. The spectrum is acquired
twice, at the exact same spot, using two different filling media; usually
the first spectrum is acquired in air, and for the second spectrum the
PSi layer is filled with a solvent. Because there is a double reflection
on the top and bottom of the PSi layer, the reflectance spectra exhibit
Fabry-Pérot fringes, which result from destructive and constructive in-
terferences (Figure b). When applying a Fourier transform to each
spectrum, a frequency peak is observed (Figure c¢). The position of
each peak translates the effective optical thickness (EOT), which is re-
lated to the layer thickness L and the average refractive index of the filled
porous layer n such that EOT=2nL. The EOT values for both filling
media are fed into a two-component Bruggeman or Looyenga equation,
that enables the computation of both the thickness and the porosity of
the PSi layer [90].

3.1.2.3 Morphology

The morphology of the pores is also affected by the anodisation param-
eters, as well as by the doping and the crystal orientation of the silicon
substrate: pores can be straight or branched, cylindrical or pyramidal.
A large variation in microstructure exists, as illustrated in Figure [3.5]
PSi can also have a layer structure, where different morphologies appear
within the depth of the layer.
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Figure 3.4: Schematic illustration of the working principle of SLIM using
white light reflectance interferometry. (a) The surface of PSi is illuminated
perpendicularly using a halogen light source. The light source is coupled with
a CCD spectrometer using a bifurcated optical fibre, which acquires the light
reflected from the PSi surface. (b) The double reflection at the interfaces of
the PSi layer creates interference fringes that can be observed in the reflectance
spectra; the black and grey traces are the spectra for PSi in air and ethanol,
respectively. (c¢) Fourier transforms of the reflectance spectra from (b) result-
ing in a peak whose position translates the effective optical thickness, 2nL.
Reprinted from .

3.1.3 PSi nanostructures

When adapting the current density overtime during a single electrochem-
ical etch, porous multi-layers with different pore sizes and porosities can
be created. Examples of the different structure that can be obtained
using specific current wave forms are illustrated in Figure [3.6]

A PSi double layer is obtained by lowering the current density at a
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Figure 3.5: Illustration of various pore microstructures : (a) variants in
branching; (i) smooth pore wall; (ii) branches shorter than diameter; (iii) sec-
ond level branches only; (iv) dendritic branches; (v) main pores with second
and third level branches; (vi) dense, random, and short branched; (b) depth
variation of PSi layer; (i) single layer of microporous Si; (ii) single layer of
macro-porous Si with smaller pores near the surface; (iii) a layer of microp-
orous PSi on the top of macroporous PSi. Reprinted from .

given time during the porosification; the resulting structure is a stack,
with large pores and a high porosity on top, and small pores with a lower
porosity on the bottom. This type of structure is particularly interesting
to discriminate between molecules of different sizes, as bigger molecules
may not be able to penetrate the bottom layer .

The second PSi nanostructure, illustrated in Figure [3.6] is the Bragg
stack, also called Bragg mirror or Bragg reflector. This structure is
achieved by alternating between two different current densities for spe-
cific amounts of time. The result is a periodic stack of low and high
porosity regions. Each region is characterised by a given refractive in-
dex n and layer thickness L, such that the nL products of each region
are equal to each other and to one fourth of the target wavelength to
be reflected by the stack. The reflectance spectrum of the Bragg stack
indeed exhibits a large high reflectivity region, centred around the target

wavelength [90].

A microcavity is a variation of the Bragg stack, into which a defect layer
has been introduced. This defect layer is often a wide high porosity
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Figure 3.6: Illustration of various PSi nanostructures obtained by varying the
current density during the electrochemical etching. Reprinted from .

layer, whose EOT corresponds to one-half of the target wavelength of
the Bragg stack and which creates a sharp dip in the high reflectivity
region of the Bragg stack spectrum. The position of this peak depends
on the position of the defect layer and is very sensitive to changes of the
refractive index inside this defect layer. Coupled with the fact that it is
a small spectral feature, it is often used for sensing applications .

A rugate filter also exhibits a small spectral feature like the microcavity,
but is more similar to the Bragg stack: it is a periodic stack of porous
silicon, but whose pore size and porosity are dictated by a sinusoidal
current waveform. The reflectance spectrum of a rugate filter therefore
exhibits a high reflectivity peak centred around a central wavelength.
The position of the peak depends on the both the current densities
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and the frequency of the sinusoidal waveform; the width of the peak
depends on the refractive index contrast between the extreme current
density values; and the peak height depends on the number of periods
in the sinusoidal waveform [90,98|.

3.2 Porous silicon membranes

3.2.1 Porous membranes fabrication techniques

PSiMs have been fabricated using many different strategies, but all of
them can be divided into two categories: the ones relying on electro-
chemical etching to form the pores, and the ones relying solely on other
microfabrication techniques. A summary of PSiM fabrication techniques
is presented in Figure
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Figure 3.7: Summary of porous membranes fabrication techniques.

For the electrochemically etched PSiMs, four different routes can again
be distinguished: (1) the anodisation through the entire silicon wafer
of standard thickness [99-103|; (2) the anodisation of part of the sil-
icon wafer and "lift-off" of the porous matrix, creating freestanding
PSiMs (see Section ; the fabrication of self-supported PSiMs us-
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ing anodisation and microfabrication techniques (see Section ;
and (4) the creation of lateral PSiMs using anodisation and microfabri-
cation techniques (see Section [3.2.1.3)). Each approach has its strengths
and weaknesses. Through wafer thickness anodisations are very time-
consuming and result in non-uniform membranes, freestanding mem-
branes are easy to produce but difficult to handle; the fabrication of
lateral and self-supported membranes requires the access to microfabri-
cation techniques but their integration into devices is straightforward.

Other approaches that do not rely on electrochemical etching are used
to fabricate porous membranes with highly controlled pore geometries.
They require techniques such as lithography, dry or wet etching, de-
position or annealing. Three different types of non-anodised porous
membranes can also be distinguished: macroporous silicon membranes,
nanoporous silicon nitride membrane and porous nanocrystalline silicon
membranes (pnc-Si). All three types are discussed in further details in

Section B.2.1.4

3.2.1.1 Freestanding PSiMs

Freestanding PSiMs are fabricated by electrochemically etching a sili-
con substrate over a specific area and then consecutively lifting off the
porous region. Several approaches exist for the lift off of the membrane.
The most common one is the electropolishing of a small cavity below
the porous region, by applying one or multiple high current pulses at
the end of the electrochemical etch. In order to decrease the amplitude
of theses current pulses, the HF content of the electrolyte can be low-
ered |104]. In another approach, Preobrazhenskiy et al. used an alkaline
potassium hydroxide (KOH)-based solution for the membrane detach-
ment as it enables an increase in porosity as well |[105]. Mechanical
detachment is equally possible, by fixing the porous region on tape [106|
or polydimethylsiloxane (PDMS) [107], as illustrated in Figure

Additionally, Figure [3.8] points out another advantage of freestanding
membranes: the possible recycling of the silicon substrate. It is indeed
possible to reuse the same silicon wafer for the fabrication of multiple
membranes [106}/108]. It is important to note that freestanding PSiMs
may, however, present a strong spatial anisotropy in terms of morpho-
logical features. Due to the directionality of the electrochemical etching
and the carrier depletion for long etching times, porosity gradients can
be observed, either on the surface or deeper in the membrane.



3.2. Porous silicon membranes 51

( J ’ Inductors integration

. Adhesive tape release
> » Inductors on
PSi membranes

Surface anodization Membrane lift-off

Possible Si substrate Membrane cutting
recycling

Figure 3.8: Illustration of the mechanical detachment of a PSi membrane and
the possible recycling of the silicon substrate. Reprinted from [106].

The integration possibilities of freestanding PSiMs are numerous. To
establish electric contacts, metals can be deposited on the porous mem-
brane, as illustrated in Figure [3.9}a. These metals include vacuum evap-
orated gold , electroplated copper or sputtered indium tin
oxide (ITO) [109,[111]. For microfluidic integration, PDMS can be cast
on top of the still attached PSi films, which then serves as supporting
material during detachment . This method is depicted in
Figure [3.9)b. Another integration approach consists simply in the de-
position of the membrane on top of a specific substrate. This substrate
can be another PSi layer , a gold slide , an ITO slide [117], a
glass slide [118-120| or poly(ethylene glycol) diacrylate (PEGDA) ma-

trices [121[122] (see Figure ).

Composite structures can also be fabricated using freestanding PSiMs.
Cencha et al. constructed an Anodic Aluminium Oxide (AAO)-PSi hy-
brid membrane, relying on capillary forces to firmly attach the PSiMs to
the alumina . Other composite structures rely on the deposition of
specific materials inside the porous matrix, like the electroless deposition
of silver nanoparticles or the chemical vapour infiltration
of graphene . Furthermore, PSiMs can serve as templates for the
growth of nanowires, as illustrated by the work of De La Luz-Merino
et al. in which CulnSe, was electrodeposited onto glass/transpar-
ent conductive oxide (TCO)-supported PSiMs in order to develop novel
material for solar cell applications.
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Figure 3.9: Examples of freestanding PSi membranes: (a) Integration of a
PSiM using vacuum evaporated gold, aluminium and sputtered ITO, reprinted
from [109]; (b) PDMS-integrated PSiM, reprinted from [112]; (c) Integration
of two PSiMs with a cell-laden hydrogel and two PEGDA matrices, reprinted
from [122].

3.2.1.2 Self-supported PSiMs

Self-supported PSiMs were developed when the need for robust struc-
tures with a high optical quality arose . Freestanding or "etch-
through" membranes could not fulfil these needs, as they are often char-
acterised by strong spatial anisotropies and porosity gradients. In the
"self-supported" manufacturing approach, microfabrication techniques
are used to create cavities in the silicon substrate before or after the
electrochemical etching. Depending on the doping of the silicon sub-
strate, wet or dry etching techniques are employed.

Figure illustrates a process employed for the fabrication of self-
supported PSiMs using the wet etching on a standard silicon wafer: (a-
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b) both sides of the wafer are coated with silicon nitride (Si3N,) layers
and covered with photoresist; (c-d-e-f) the SiN layers are patterned using
photo-lithography and buffer oxide etching; (g) the cavity is etched using
KOH wet etching until only a few micrometres of silicon remain; (h) the
remaining silicon nitride is removed using buffer oxide etching; and (i)
electrochemical etching is carried out in order to form the pores. Similar
processes have been used in multiple works [127H132] and the resulting
membranes are comparable to the ones represented in Figure [3.11] a-b.
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Figure 3.10: Fabrication processes for self-supported PSiMs using combina-
tions of dry, wet and electrochemical etching on standard silicon substrates,
adapted from [130].

A sacrificial porous silicon layer at the backside can also be used as an
alternative to the wet etching . An additional step that is often
added to this process is the use of dry etching after the anodisation in
order to obtain a fully porous membrane . Indeed, only a few pores
open the rear side of the membrane after the electrochemical etching.
This can be explained by the fact that, once the first channels reach the
backside of the membrane, the current goes through these paths of least
resistance and the process stops [135].

Other processes first anodise the silicon wafer over a certain thickness
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Figure 3.11: Examples of self-supported PSiMs(a) Top view of a mesoporous
membrane created via wet etching reprinted from [136]; (b) Top view of a PSiMs
created via wet etching, reprinted from [130]; (c¢) Top view and schematic view
of a PSiMs fabricated using DRIE after anodisation, reprinted from .
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and area, before opening the membranes from the backside. This can
be achieved using dry etching techniques like Deep Reactive Ion Etching
(DRIE) ,, as shown in Figure c. For this type of
process, the oxidation of the PSi prior to the etching is desirable, as
this may reduce the etch rate of the porous matrix and create a more
uniform membrane. Mechanical grinding is another method used to
open the membrane [141-145].

In some works, Silicon-On-Insulator (SOI) substrates are preferred to
standard bulk Si, and the top thin Si layer, also called device or active
layer, serves as membrane. The handle, which is the thick Si layer, can
be opened using wet or dry etching techniques prior to the electrochem-
ical etch [146-148|, as depicted in Figure In this Figure, a single
nanopore is formed in the device of the SOI substrate using the following
steps: (a-d) fabrication of a SisN, mask and KOH wet etching of the
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handle; (e) wet etching of the SiO, layer; (f-h) deposition and patterning
of a new SizN, mask; (i-j) patterning of the SizN, on the device side of
the wafer; (k) pre-patterning of the pore using KOH wet etching; and
finally (1) the electrochemical etching of the single nanopore. Similar
processes can be used to etch membranes with multiple pores .
The pre-patterning step on the front-side using KOH is also often em-
ployed for the creation of macropores, as it induces very regular pore
shapes and sizes.

Si3N4 Si Sio2 PR Si3N4

A SR SR A&
AR AR A
W W

Figure 3.12: Fabrication processes for self-supported PSiMs using combi-
nations of dry, wet and electrochemical etching on SOI substrates, reprinted
from [146].

The integration of self-supported PSiMs into devices is more straightfor-
ward than for freestanding PSiMs. As they are easier to handle, they can
be incorporated into reusable custom-built setups that can include cham-
bers, channels and electrodes [127}[137}[138][142}[143][150]. For individ-

ual integration solutions, PDMS is a good alternative 129].

Other possible substrates are glass slides [151], carbon-paper electrodes
[141] or poly(methyl methacrylate) holders [131,[132]. Self-supported
PSiMs can also be used as substrates onto which the devices are trans-
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ferred [133].

Hybrid structures can be achieved by depositing materials inside the
pores, including by the chemical vapour infiltration of graphene [144]
or the growth of carbon nanotubes using thermal chemical vapour de-
position [152]. Metals can be coated inside the porous matrix as well.
Platinum was immersion plated on PSi to serve as a catalyst for micro
fuel cell electrodes; since it was deposited before opening the PSi mem-
brane from the backside of the silicon wafer, it also served as an etch-stop
layer during the plasma etching [153[[154]. Other methods which induce
electrical conductivity in fuel cell electrodes include the sputtering and
electrodeposition of titanium, nickel and gold layers [155].

3.2.1.3 Lateral PSiMs

In order to facilitate the integration of PSiMs, lateral porous membranes
have been fabricated using SOI substrates, with pores parallel to the
substrate surface [156]. The building process for these lateral PSiMs was
developed by Leichlé and co-workers and can be divided in four major
steps: (1) the micro-channels surrounding the membrane are created
using dry etching; (2) the Cr/Au working electrode is deposited and
patterned where the anodisation will be initiated; (3) the PSi membrane
is created by electrochemical etching, using the deposited metal as anode
and a Pt wire as cathode; (4) the Cr/Au is removed via wet etching,
the fluidic inlet and outlet are made by sandblasting and the chip is
encapsulated via anodic bonding.

The resulting device is depicted in Figure As can be seen in the
SEM picture in this figure, the pores are horizontal. This can be ex-
plained by the fact that, after their initiation on the membrane sidewall,
the pores propagate following the current lines; these current lines are
horizontal, since a metal electrode has been deposited on the opposite
side wall.

To improve the process described above and allow the use of standard
silicon substrates, ion-implantation can be used in order to define the
region of the future membrane [157|. This however puts constraints on
the height of such a membrane, which is limited by the thickness of the
doping diffusion layer.
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Figure 3.13: Schematic view and SEM images from a lateral PSiM, reprinted
from [156]. In terms of physical properties, the obtained membrane is about
20 pm-high and the pores are 10 pm-long.

3.2.1.4 Microfabricated porous membranes

Porous silicon membranes are also prepared without the use of electro-
chemical etching. To create PSiMs with highly defined geometries, a
combination of photolithography and Reactive Ion Etching (RIE) may
be used [158-162|. The advantage of this type of process is that the
pore size and periodicity can be controlled by the photolithographic
pattern, as depicted in Figure [3.14]a. Pore diameters as low as 130 nm
can be reached by using a combination of e-beam lithography and DRIE
[163/165]. Beside photolithographic masks, block-copolymers have also
been used as templates, iron oxide nanodots then serving as "resist
mask" to create the pattern via DRIE [166}/167]. This method how-
ever resulted in many defects in the pore arrangement and pore size
distribution.

Directly patterning the channels onto the silicon substrate is nonetheless
very time-consuming, especially when using e-beam lithography, which
has spurred the interest in alternative processes. One of these alter-
natives is the spontaneous creation of pores during the rapid thermal
annealing of amorphous silicon. The thus-formed membranes are called
porous nanocrystalline silicon membranes (pnec-Si). The pores originate
from the nucleation of nanocrystals inside the amorphous silicon during

the rapid thermal anneal [168,/170]. As can be seen in Figure b,
very thin mesoporous membranes can be created using this technique.

A last type of microfabricated porous membranes, which could be consid-
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Figure 3.14: Microfabricated PSiMs: (a) macroporous membrane prepared
using standard microfabrication techniques like e-beam lithography and RIE,
reprinted from [164]; (b) pnc-Si membrane, reprinted from [168|; (¢) nanoporous
silicon nitride membrane, reprinted from [169].

ered as a hybrid form of PSiM, is nanoporous silicon nitride membranes.
These membranes can be fabricated using the same microfabrication
techniques as plain silicon membranes, such as optical lithography and
dry etching [167,[171H173|, as depicted in Figure c. Focused ion
beam (FIB)-milling can be used as an alternative to plasma etching in
order to probe holes into the membrane . Finally, nanoporous
silicon nitride membranes can also be combined with pnc-Si membranes,
where the latter serves as a template for the dry etching of the nitride

layer [65|1601176].

3.2.2 Properties

The immense appeal of PSi lies in the alteration of the properties of
bulk silicon by the introduction of nano- and microscale porosity into
the material. Moreover, these properties are highly tuneable, mostly by
fine-tuning the structural features of the porous matrix. By carefully
selecting certain morphological parameters, such as porosity, pore size
or layer thickness, scientists have been able to adjust the mechanical,
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electrical, thermal, and biochemical properties of PSi. By detaching PSi
layers from their bulk substrate, properties can be altered further, as
the effect of the underlying substrate is removed. While the removal of
the underlying Si substrate has no effect on the intrinsic properties of
PSi, it has an impact on the properties of PSi-based devices. The scope
of this impact is detailed in the present section.

3.2.2.1 Mechanical properties

Monocrystalline silicon has exceptional mechanical properties: it is fairly
hard, characterised by a Knoop hardness of 8.5 GPa (versus 6.5 GPa
for steel) [177]; it is remarkably strong but very brittle, which is re-
flected by a fracture toughness of approximately 1 MPay/m [178]; its
yield strength of 7 GPa is higher than that of steel, which ranges from
2 to 4 GPa depending on the variety [79]. However, when silicon is
porosified, its mechanical properties are altered. This change depends
on the three main morphological features that characterise porous sil-
icon: thickness, porosity, and average pore size. Understanding and
optimising the mechanical properties is important for the fabrication of
PSiM-based devices, as deformations of the internal structure impact
the chemical reactivity and physical properties of the PSi, and as the
cracking of the membrane affects the durability and operability of the
devices. Mechanical properties of PSi and PSiMs must be considered in
all the integration schemes developed in Section as the fragility of
PSi curtails the number of possible process steps after the porosification.

The stiffness of PSi is often studied by simulating or fabricating PSi
membranes, in order to remove the impact of the underlying bulk Si
[179-183]. Both experimental and theoretical results highlight the de-
pendence of the Young’s modulus, which quantifies the stiffness, on mor-
phological features: the modulus decreases with increasing porosity and
is affected by the pore shape, especially by the presence of branches
inside the pores. The evolution of the Young’s modulus with porosity
is illustrated in Figure in which results from several experimental
and finite-element method (FEM)-based studies are compared. A fitting
function of Young’s modulus F of PSi and PSiMs has been proposed and
takes the form of a power law of porosity ¢, defined as:

Epgi = Egi(1 —¢)™ (3.3)

The value of parameter m depends on the geometrical features but is
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often chosen as m = 1 in simulations [168,/175]. Other studies prefer the
m = 3 |184L|185] when considering mesoporous silicon. Gong et al. [183|
modelled this parameter for several types of pore shape, with resulting
values fluctuating around m = 1 and m = 2.
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Figure 3.15: Evolution of PSiMs Young’s modulus with porosity ¢, obtained
both experimentally and via simulations; reprinted from [183].

Additional experimental studies concentrate mainly on the residual me-
chanical stress inside PSiMs [168,/185,(186]. In Guider et al.’s work [186],
it was observed that tensile stress is accumulated in the porous silicon
layer during the electrochemical etching process. This tensile stress is
partially compensated by the underlying substrate. However, when the
PSi layer is lifted off the substrate, this stress is released and causes the
bending of the PSiM. To quantify tensile residual stress, single bulge test
measurements have been used on both pnc-Si and silicon nitride mem-
branes: the fitted values of residual stress are in the order of 10-100 MPa,
depending on the type of membrane [168|. Dariani et al. |185] extended
the study of residual stress by using X-ray diffraction measurements
to inspect the crystal lattice expansion and the perpendicular strain in
PSiMs. The internal stress in supported PSi layers was attributed to the
slight expansion of the crystal lattice inside PSi and the constraint of the
perpendicular planes to the same interatomic spacing as the substrate.
When the PSi layer is detached from its substrate, this constraint is
released and the perpendicular strain is decreased.

The strength of PSiMs is often analysed via FEM-based simulations
of the deflection and Von Mises stress [175]/187,|188]. It was observed
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that deflection and stress are dependent on the thickness of the PSiMs:
for thick membranes, the deflection and stress are nearly constant with
respect to the externally applied pressure; thinner membranes exhibit
both higher deflection and stress, which increases with the applied pres-
sure. Reported values of Von Mises stress are in the order of 10 MPa
for membranes which are a few tens of nanometres thick |187.{188|. The
total area of the PSiM also has an effect: smaller membranes accumu-
late less stress and withstand higher pressures. Additionally, pore size
and porosity can be tuned to improve mechanical strength, by select-
ing smaller pore diameters and densities. These theoretical observations
were verified experimentally on pnc-Si and nanoporous silicon nitride
membranes [168,/175].

3.2.2.2 Mass transport properties

One of the motives behind the development of open-ended PSiMs was
to overcome the diffusion challenges attributed to PSi layers. To verify
the added value of membranes, several studies compare the sensitivity of
close- and open-ended PSi sensors |10,(114,[126(189]. The sensing scheme
of these studies relies on the adsorption of analyte. Both experimental
data and simulations show the increased sensitivity of PSiMs, which
means that there is an increase in adsorption. Analyte adsorption has
two limiting factors: the transport of the analyte and the adsorption
kinetics. In PSi layers, the transport is diffusion-limited, causing a low
sensitivity and slow sensor response time. For PSiMs, the transport of
mass is influenced by both diffusion and convection, as the analyte flows
through the pores, and can be described by the convection-diffusion
equation:

oc

— =V - (DVc—cu) (3.4)

ot
where ¢ is the analyte concentration, D is the diffusivity and u is the
flow velocity.

An increase of transport leads to an increase of adsorption, which itself
translates in a high sensitivity and rapid response time. The increase in
adsorption capabilities of PSiMs with respect to PSi layer is illustrated
in Figure where the average surface concentration of analyte was
simulated for both a PSi layer in flow-over operation mode and a PSiM
in flow-through operation mode [10].

The effects of physical properties, such as pore size, membrane thick-



POROUS SILICON MEMBRANES FOR BIOSENSING
62 APPLICATIONS

e
Lo
T

o
[=2]
T

—— Flow-Through
— Flow-Over

(mol/m?) x 107
o
'

o
[N}

0'0 1 1 1 ! 1 1
0 500 1000 1500 2000 2500 3000

Time (s)

Avg. Surface Concentration

Figure 3.16: Simulated average surface concentration of analyte with the
same diffusivity, captured by close- and open-ended PSi sensors as a function
of time; reprinted from [10].

ness and porosity, on the transport of mass inside PSiMs remain to be
investigated. Nonetheless, there is a lot of available knowledge concern-
ing mass transport and diffusion on porous materials in general, which
might apply to PSiMs as well [190}/191].

3.2.2.3 Optical and optoelectronic properties

The peculiar optical properties of PSi have been the subject of multi-
ple studies and applications [6,/192]. These optical properties can be
tuned in a wide range, depending, for example, on the pore size, which
can be smaller than the optical wavelength. One of the main optical
parameters of PSi, namely its refractive index, can be fine-tuned by
adapting the porosity. Variations of the refractive index within a PSi
membrane create specific structures, like Bragg stacks, microcavities and
rugate filters [107,119-121}123/|193}/194]. Photoluminescence is also an-
other major optical property of PSi, which is conserved when fabricating
PSiMs [117]. The study of the optical properties of PSi and PSiMs often
involves reflection and transmission measurement techniques. An accu-
rate assessment is however not as straightforward since surface roughness
and morphological inhomogeneities must be considered [192].

Reflection and transmission techniques can also be used to study op-
toelectronic properties of PSi and PSiMs, such as free carrier lifetime.
One of these techniques is time resolved pump-probe transmission and
reflection measurements, which have been used to study the dielectric
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function and the carrier dynamics inside PSiMs [195-199]. Pump exci-
tation induces the optical activation of free carriers, which then modify
the dielectric function of the silicon skeleton of the membrane. This
modification is however non-uniform, which can be easily explained: the
laser pulse intensity drops when it propagates into the depth of the
membrane; since free carriers reproduce the absorption of this pulse,
the optical response is also depth-dependent. A model was developed
by He et al. [195] to retrieve the change of the dielectric function based
on the membrane depth. This model was then used in later work in or-
der to map the time-dependent spatial distribution of free carriers [199].
It was found that Shockley-Read-Hall and Auger recombination governs
the carrier’s dynamics, while diffusion is insignificant. Constants related
to excited charge transport, such as the recombination time and the car-
rier diffusion constant were also been modelled and studied [196}/199)|.

Zakar et al. [197,|198| complemented these findings and refined the anal-
ysis of the Auger recombination mechanism, which was found to amplify
at the wavelength matching the infrared (IR)-active vibrational modes
of the molecular impurities present on the pore’s surface. These uncov-
erings were partly supported by Park et al. [200], as they found that a
PSiM exhibits high transparency properties in the mid-wavelength in-
frared (MWIR) spectrum, while being strongly absorptive for shorter
and longer wavelengths. The absorptive properties are linked to vibra-
tional mode from surface impurities. The transparency of the PSiM
could be modulated by external optical excitation, demonstrating the
possible application of PSiMs as optical intensity modulators [198,200].
Upon external optical excitation, excited free charge carriers interact
with the MWIR signal, and transmittance is reduced. This decrease
can reach up to ~50% and last from a few tens to a few hundreds of
pico-seconds, all depending on the porosity, pore size and thickness.

3.2.2.4 Biochemical properties

PSi is often used in biomedical applications because of its biocompati-
bility [6]. Freshly etched PSi is naturally biodegradable in physiological
solutions. The hybrid silicon structure covering the surface of the pore
is very reactive and quickly oxidises when in the presence of water. De-
pending on the pH, this oxide can then react with water to form silicic
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acid, as described in the following reactions:

Si+2H,0 —— SiO, +2H, (3.5)

This oxidative hydrolysis reaction is stable at low pH, but highly corro-
sive at high pH |201]. At physiological pH, there is only a slow dissolution
of the porous layer. For some applications, the degradation of PSi in
aqueous solutions is however unwanted and solutions to improve the sta-
bility have been investigated. The solutions are numerous for PSi layers
and include among others thermal oxidation [202], hydrosilylation [203],
atomic layer deposition [204] and thermal hydrocarbonisation [205].

Some of these techniques cannot be transferred to PSiMs, like thermal
stabilisation for example: thermal oxidation causes the expansion of the
porous structure, and in mesoporous PSiMs, this causes the physical
deformation and sometimes even degradation of the membranes [140].
Baraket et al. [140] studied alternatives for thermal stabilisation and
found that the chemical etching using standard cleaning procedures
RCA1 and RCA2, combined with silanisation, offered the best stability
in physiological media while preserving the integrity and the biocompat-
ibility of the PSiMs.

Oxidation is not always the preferred method of stabilisation, especially
for long term applications. In such cases, more adequate methods, such
as thermal hydrocarbonisation |206], silanisation [207] or hydrosilyla-
tion |122] are easily applied to PSiMs. Hydrocarbonisation however com-
promises the biocompatibility of the membrane, and remedies were in-
vestigated: by simply pre-incubating thermally hydrocarbonised PSiMs
in physiological media, the biocompatibility was recovered |206].

3.2.3 Applications

The main applications of PSi membranes can be divided into five do-
mains: microfluidics, medical applications, sensing, energy conversion
and electronics. Table categorises the applications of PSiM-based
devices covered by this review. All these applications use PSiMs instead
of other substrates because of one or several of their unique properties.
It is however important to note that some other properties of PSiMs
may form obstacles to the introduction of those devices to the market.
For instance, the lack of mechanical stability is a major hindrance for
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many applications, which encourages the thorough study of all parame-
ters affecting the mechanical properties of PSiMs.

Microfluidics take advantage of the structural properties of PSiMs. The
most common application is filtration, which makes use of the open-
ended pores. As pore size can easily be controlled during the fabrication
process, filtration in PSiMs is most often size based [129,/156, /157,208,
209]. For these applications, mesoporous membranes are used, meaning
that only small nanometre-sized molecules can pass through the filter.
Charge-based filtration is also possible, since the membrane can exhibit
a certain permselectivity in the presence of a charged buffer and an
electric field [209].

PSiMs are used in the field of biomedical science because of their bio-
compatibility. PSiMs are mostly used as scaffolds for cell culture and
tissue engineering. Other biomedical applications include drug deliv-
ery patches |121], hemodialysis membranes [210], DNA purification de-
vices [137,|138|] or supports for the investigation of pore-spanning lipid
membranes [211-217].

Sensing and diagnostics are the most common application fields of PSiMs,
especially of mesoporous PSiMs. This can be explained by the physical,
optical, mass transport and biochemical properties of the membranes:
analyte solutions can flow through the membrane; target molecules can
be retained, based either on their size or on interactions with the pore
walls, and both flow and immobilisation can be detected by a change in
the optical properties of the membranes. PSiM sensors can be divided
into two categories: gas sensors and biosensors. Gas sensors often detect
the presence of solvent vapours [194}218,219]. PSiM-based biosensors
have been fabricated for many target molecules, which will be detailed

in Section

The electrical properties and permselectivity of PSi encouraged its use in
the area of energetics. A recurrent use for PSiMs is therefore as base ma-
terial for microfuel cells [220]. PSiMs are also used as anodes for lithium-
ion batteries, since they have many advantages: they form an alloy of
Liy,Sis, resulting in a very high capacity; they have a very low discharge
potential; by tuning the physical properties, they can withstand many
charge/discharge cycles; and finally, they are cost-effective [108,221]. An
exhaustive list of PSiM applications for Li-ion battery anodes is detailed
by Luais et al. [222].
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The last area of applications considered in this section is electronics.
The low thermal conductivity of PSiMs renders them ideal substrates
for thermal devices such as micro-heaters [133]/151,223|. PSi is also used
for RF isolation, in the form of layers or membranes [106|. The interest
of PSi for RF applications originates from its lower effective resistivity
and permittivity compared to bulk silicon which translate to a silicon-
based substrate which is characterised by lower electromagnetic losses,
reduced crosstalk and much weaker signal harmonics distortion. The low
thermal conductivity is however a hindrance for RF application, as it
causes the integrated circuit to self-heat. Other microelectronic-related
applications include optelectronic devices, like wavelength modulators
[200] or light emitting capacitors |117].
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3.3 Porous silicon biosensors

Biosensing is a very widespread use of PSi. This is linked to the large
surface area and many physical and chemical properties of the porous
matrix [9].

3.3.1 PSi biosensing read-out methods
3.3.1.1 Optical read-out methods

Most PSi biosensors rely on changes in the optical features as means of
detection, and can mostly be divided into two categories: sensors relying
on a shift in the reflection spectrum and sensors exploiting photolumi-
nescence (PL) [98.239/240].

Photoluminescence-based methods Room temperature photolu-
minescence can arise in porous silicon, under certain fabrication con-
ditions, because of a quantum confinement effect inside the pore walls
[81,[82]. This property is sensitive to the changes in state of the PSi in-
ternal surface, and is therefore quite useful for sensing applications. The
detection can be based either on the quenching of the PL, or on the shift
of the PL spectrum. PL quenching can be due to the adsorption of some
molecules or due to irreversible reactions at the pore surface [241]. For
biosensing, the former mechanism is most often used. The PL quenching
is then induced by the biomolecular interaction between the bioelement
that is fixed on the PSi internal surface and the biological target [242].

Reflection-based methods For biosensors relying on shifts in the
optical spectrum of PSi, two subcategories can be distinguished: the
ones that rely on the measurement of the reflectance spectrum of PSi
photonic crystals or microcavities; and the ones utilising interferometric
reflectance spectroscopy.

A biorecognition-event will induce a local change in refractive index (RI)
in the porous structure, which results in a blue-shift or red-shift in the re-
flectance spectra. For photonic crystals, these spectra are characterised
by typical spectral features, whose position can therefore be monitored
quite easily, as reviewed by Arsahsky-Graham et al. [98|. The structural
colour of the photonic crystal can also be used to monitor biological bind-
ing events, as demonstrated by Cao et al. who measure the colour shift
in a microcavity upon biomolecule binding using a smartphone [243].
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Interferometric reflectance spectroscopy, on the other hand, most often
relies on single layer interferometers, whose reflectance spectrum is char-
acterised by Fabry-Pérot fringes, due to the constructive and destructive
interferences between the reflections at the top and bottom of the porous
layer. As previously described in Section the effective optical
thickness (EOT) can be calculated from this fringe pattern by applying
a Fourier transform. This method was described as the Reflective Inter-
ferometric Fourier Transform Spectroscopy (RIFTS) and is illustrated
in Figure [3.17] a. Although it requires some post-processing of the
recorded optical spectra, this method enables the real-time monitoring
of the EOT, which is affected by local changes in the RI upon biorecog-
nition events, as EOT is linked to the average refractive index (n) and
the PSi thickness (L) by the following equation: EOT = 2nL [97|.

Recently, two alternative post-processing methods have been proposed
to increase the sensitivity of PSi interferometers: the interferogram
average over wavelength (IAW) technique developed by the Barilaro
group [244] and the Morlet wavelet phase method, developed by both
the Weiss group and the Segal group [245|.

The TAW method is based on the difference between a reference re-
flectance spectrum before exposure of the target biomolecule and an
analyte spectrum after biomolecule exposure. This difference is termed
interferogram (Figure b). This interferogram is zeroed by sub-
tracting the mean for each value. Then, the absolute value of each point
in the interferogram is integrated over the chosen spectral range [244].
While very sensitive, this method is however strongly dependent on the
amplitude variations of the Fabry-Pérot fringes, and therefore more sus-
ceptible to noise contributions [245].

The Morlet wavelet phase method, on the other hand, relies on complex
Morlet wavelet convolution, otherwise used to filter electrical signal, to
reduce the noise contributions in the reflectance spectra. Similarly to
the RIFTS method, a Fourier transform is applied to the optical spectra,
and the full width at half-maximum (FWHM) of the obtained peak is
used to define a complex Morlet wavelet. This wavelet is convolved with
the reflectance data to obtain a complex-filtered output, from which
the phase and amplitude can be extracted (Figure c¢). Without
going into details, the amplitude can be used to normalise the Fabry-
Pérot fringes, and the phase can be used (after some post-processing) to
monitor bio-recognition events (Figure d) [245]. This method was
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shown to improve the sensitivity of PSi sensors on theoretical optical
spectra, as well as on experimental assays [245,[246].
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Figure 3.17: Illustration of different signal processing techniques for the re-
flectance spectra of a PSi single layer interferometer: (a) RIFTS, (b) AW, (c)
complex Morlet wavelet convolution, and (d) Morlet wavelet phase. Reprinted
from [245].

Hybrid methods Other novel optical techniques have been studied as
well, on PSi structures hybridised with plasmonic or fluorescent nano-
materials. The inclusion of quantum dots, fluorescent probes or no-
bles metal nanoparticles into porous silicon enables their utilisation for
new transducing techniques, such as LSPR, SERS or fluorescent mi-
croscopy [247]. The hybrid-PSi matrices offer superior sensing perfor-
mances: the signal is enhanced, the sensitivity is higher and/or the
stability of the signal is improved. They may also enable a dual-mode
detection, which often yields a wider range of response .
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3.3.1.2 Electrochemical read-out methods

Finally, PSi can also be used as an electrochemical transducer for biosens-
ing applications. They offer the advantage of a higher exposed surface
and hence a higher sensitivity compared to bulk silicon electrochemical
sensors. The electrochemical transducing scheme can be based, among
others, on conductance, resonant frequency, impedance or amperometry,
as reviewed by RoyChaudhuri et al. [248].

3.3.2 Membrane-based biosensors

As per definition, biosensors are not only composed of a detection ele-
ment or transducer; they also include a recognition element to capture
the analyte. This element can take the form of antibodies, antigens,
enzymes, complementary DNA, and so on. For PSi layers, the capture
of analyte is however often limited, which is why PSiMs are more allur-
ing for biosensing application. As detailed in Section multiple
comparative studies between PSi layer and PSi membranes have shown
the advantages of the latter in terms of biosensing: the sensitivity is
increased and the response time is shortened [10,/114},1261234].

Most PSiM-based biosensors rely on optical detection schemes. Kumar
et al. [189] fabricated freestanding PSi microcavities for the detection of
Bovine Serum Albumin (BSA). The recognition element of the biosensor
was introduced via functionalisation: (3-Aminopropyl)triethoxysilane
(APTES) was first used to provide amine terminations to the oxidised
PSi, onto which glutaraldehydes were grafted. When BSA is captured
inside the porous matrix by the glutaraldehydes, the refractive index of
PSi increases and the optical signal shifts to higher wavelengths. The
detection therefore consists in monitoring the shift of the microcavity
resonance wavelength. Zhao et al. [10] used a similar photonic struc-
ture for their biosensor, but made the membrane self-supported in order
to reduce the risk of surface inhomogeneity and mechanical failure. The
sensor was APTES- and biotin-modified. The detection relied on the
red-shift of the microcavity resonance wavelength upon streptavidin ad-
sorption. The total detection time amounted to 20 minutes, which was
6 times faster than for a PSi layer-based biosensor, thus demonstrating
the improved mass transport and the increased analyte capture of open-
ended PSi films described in Section[3.2.2.2] The monitoring of photonic
optical features is used in biomedical applications as well, where sensing
is not the only role of the PSiM. Optical biosensing is used to track drug
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delivery [121], cellular secretion and biomolecular release [122] as well as
to report in vivo cell and tissue responses [206].

Not all optical biosensors rely on photonic structures for the detection
of biomolecules: the monitoring of the EOT is also possible, using the
RIFTS method described previously. This method enables the real-
time monitoring of the EOT, relative to an EOT value acquired before
the biosensing experiment. Yu et al. [234] used the relative EOT to
track the binding of thrombin to aptamer. The biosensor consisted of
a mesoporous freestanding PSiM, functionalised with thrombin-binding
aptamers. The detection performance and selectivity of the sensor can
be observed in Figure [3.18]a.

SERS is another optical method that can be used to detect biomolecules
on PSiMs. The membranes were found to be promising supports for such
biosensors |104]. PDMS was used as mechanical reinforcement, and sil-
ver nanoparticles were deposited onto the porous surface by inkjet print-
ing or by immersion plating. A DNA probe was attached to the nanopar-
ticles as recognition element. The thus-fabricated biosensor was able to
detect the target microRNA with a sensitivity comparable to commer-
cial techniques. The potential of the chip as multiplexing biosensing
platform was studied in further works [112,/113]. Polyadenine (polyA),
polyguanine (polyG), polythymine (polyT) and polycytosine (polyC) so-
lutions were injected in the four chambers of the biosensing platform,
respectively. The SERS spectra measured for each chamber can be seen
in Figure [3.I8 b. The fingerprint of each DNA nucleobase can be easily
recognised.

Besides optical detection methods, biosensors can also rely on electri-
cal characterisations as means of diagnosis. Reta et al. [116] used
differential pulse voltammetry (DPV) to probe the binding of either
bacteriophages or of bacterial lipopolysaccharides on the pore walls.
As illustrated in Figure [3:18]c, the biosensor consisted of an antibody-
functionalised freestanding PSiM, deposited onto a gold slide. When the
target biomolecules bound to the antibody, the pores became partially
blocked. The blockage hindered the diffusion of electroactive species
present in the solution to the gold slide, which resulted in a decrease
in the current intensity. The thus-constructed platform formed a sim-
ple, direct and sensitive biosensor, and allowed for example the indirect
detection of gram-negative bacteria, down to 1 CFU/mL [229].
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Figure 3.18: Examples of PSiM-based biosensors: (a) detection performance
of aptamer-modified optical biosensors, relying on the increase of relative ef-
fective optical thickness upon thrombin binding, reprinted from [234]r; (b)
SERS spectra for multianalyte detection on four different silver nanoparticles-
decorated PSiMs, reprinted from ; (c) sensing principle of a voltametric
PSiM-on-gold biosensor, and corresponding DPV traces before and after the
binding of lipopolysccharides (LPS) bacterial toxins, reprinted from .

3.3.3 PSi biosensors for bacterial detection

PSi-based sensors for bacterial detection, be it membranes or single lay-
ers, have been widely studied over the last couple of decades, as reviewed
in 2014 by Massad-Ivanir et al. ﬂg[] This section will therefore only con-
sider PSi-based bacterial detectors studied from late 2013 and onward,
as summarised in Table 3.4

PSi-based bacteria detectors can be categorised into direct and indirect
sensors. The indirect detection relies on cell wall fragments, inner bac-
terial components (i.e. DNA, proteins, ...) or bacterial by-products (i.e.
biomarkers, secreted proteins or enzymes, ...). The direct detection of
bacteria, on the other hand, is based on the capture and detection of
whole bacteria cells in or on the porous surface.

An example of indirect detection of bacteria has already been described
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Method Matrix Target LoD Time Ref
Tg RIFTS Culture E. coli & S. au- 10? 1h [249]
Pl medium  reus CFU/mL
8 RIFTS PBS S-Layer pro- 10®°pg/mL 240 s [250]
tein  from L.
acidophilus
SERS SB E. coli 1 CFU/mL 10's |68]
RIFTS Milk NAGase 31 pmol 1h30 [251]
Biomarker,
linked to S. dys-
galactiae or F.
coli
Bragg  PBS Ammonia- 27.1nmol 2h [252]
mirror oxidising bacteria
DNA
RIFTS Water E. coli 10* 30 min  |96]
CFU/mL
RIFTS Food E. coli 103 45 min  [253)]
industry CFU/mL
water
RIFTS Culture E. coli 103 1h [254]
medium CFU/mL
RIFTS SB L. acidophilus 107 40 min  [255]
CFU/mL
RIFTS SB E. coli cell wall 103 cells/mL  3h [256]
fragments
RIFTS Culture E. coli 10° 45 min  [257]
media CFU/mL
RIFTS SB E. coli 10° 1h [258]
CFU/mL
8| DPV  SB E. cli & P. 1CFU/mL 1h [229]
é aeruginosa  via
2 their lipopolysac-
3 .
S charides
€| EIS Blood E. coli & 102 10 min  |259]
= Salmonella CFU/mL
= Tyohi .
yphimurium

Table 3.4: Porous silicon-based biosensors for the detection of bacteria, stud-
ied from 2013 onward. They are categorised based on their transducing prin-
ciple. Both direct and indirect methods of bacterial detection are presented.
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above, when discussing the biosensor developed by Reta et al. [116]
for the detection FE. coli & P. aeruginosa via their lipopolysaccharides.
Other indirect bacterial sensors rely on optical detection schemes, such
as RIFTS or photonic crystals. Zhang et al. |252|, for example, de-
veloped a microcavity able to detect the DNA of ammonia-oxidising
bacteria, which are essential for the ecosystem. The capture of the
target DNA inside the APTES and a probe-functionalised cavity re-
sulted in a red-shift of the reflectance resonant peak. Kumar et al. [251]
concentrated on the biomarker of bovine mastitis, which is a recurrent
inflammatory disease that can be caused by pathogenic agents such as
S. dysgalactiae or E. coli. The lysosomal activity of the biomarker, N-
acetyl-B-D-glucosaminidase or NAGase, was evaluated using the RIFTS
technique and correlated to the number of infecting pathogens inside
milk samples: the sensor could differentiate between different stages of
the inflammation, which corresponds to bacterial concentration of ~ 103
CFU/mL to > 10° CFU/mL.

Another example of indirect bacterial detection on PSi sensors is given
by Zhuo et al. [250]: they selected a bacterial surface protein, named S-
layer protein (SPL), extracted from Lactobacillus acidophilus, as target.
A TiO,-coated PSi single layer was developed as transducer and coated
with the antibody of SPL, and a response time of 5 min was observed.
Tenenbaum et al. [256] also demonstrated the indirect detection of bac-
teria via the capture of cell wall fragments. Their oxidised PSi sensor
was functionalised through silanisation, to bound a synthetic peptide
probe. The E. coli suspension in saline buffer (SB) was lysed under ul-
trasounds and incubated on the PSi sensor for 1h, before being washed
off. A detection limit of 103> CFU/mL could be reached by monitoring
the intensity of the EOT peak via RIFTS. The experiment was repeated
with intact bacteria, but no significant change in peak intensity was ob-
served as illustrated in Figure[3.19] suggesting that no bacteria remained
bound to the PSi surface after the final wash. This illustrates one of the
advantages of indirect detection: the large size of the bacteria cell limits
their access to the capture probes inside the porous layer, and there-
fore prevents their binding to the surface. Bacterial debris or secreted
bacterial proteins are much smaller in size, and can hence penetrate the
porous structure more easily.

The indirect detection of whole bacteria cells is however also possible, as
demonstrated by Tang et al. [254]. They proposed an antibody-grafted
PSi film for the optical detection of E. coli via pore blockage: a smaller
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Figure 3.19: Relative intensity shift of peptide-modified PSi-based sensor
upon exposure to E. coli bacterial suspension (A) and E. coli bacterial lysate
(B), both with an initial concentration of 10° CFU/mL. Reproduced from [256|.

probe molecules (BSA in this study) was used to fill the pores; when a
bacteria cell is captured on top of the PSi surface, the pores are blocked
and the diffusion of the probe molecules is hindered. RIFTS was used
to monitor the EOT; the EOT shift was the highest during the control
test in the absence of bacteria, but lower upon bacteria binding as fewer
pores became accessible tot the probe molecules. The LoD was measured
as 103 CFU/mL, but could be decreased for longer sensing experiments
or by adapting the flow rate of the analyte volume on top of the sensor.
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Figure 3.20: Indirect detection of E. coli via pore blockage: (a) EOT shift
before and after bacteria binding on the PSi film surface; (b) Schematic illus-
tration of the sensing principle, which is based on the blockage of pores by
bacteria that prevent the diffusion of probe molecules inside the pores. Repro-
duced from |254].

The challenge of the large size of whole bacteria cells can be overcome
in different ways in order to enable direct detection. One technique con-
sists in making the pores big enough for the bacteria to penetrate, as



POROUS SILICON MEMBRANES FOR BIOSENSING
80 APPLICATIONS

demonstrated by the Segal group [257,258]. A macroporous PSi photonic
crystal, also called a 2D PSi lamellar grating and composed of a periodic
array of pores that can fit E. coli cells (3.21la), was fabricated using a
combination of standard microfabrication techniques and electrochemi-
cal etching. The zero-order diffraction of the macroporous matrix (see
Figure b) exhibits a fringe pattern similar to the ones obtained for
single layer PSi interferometers, which can be used for RIFTS. Mirsky et
al. conducted preliminary biosensing experiments for E. coli con-
centrations ranging from 10> CFU/mL to 10° CFU/mL and observed
an increase in EOT and a decrease in the intensity of the EOT peak.
Massad-Ivanir et al. pursued this research by functionalising the pore
surface in order to promote the spontaneous capture of the bacteria
cells. Exponential phase E. coli cells (10° CFU/mL) in their culture
media were incubated onto the porous sensor, resulting in a direct EOT
increase and intensity decrease as illustrated in Figure [3:21] ¢ and d.
The EOT increased further overtime, due to the bacterial growth and
multiplication, as can be observed on the inset in Figure [3:21] c.
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Figure 3.21: 2D PSi photonic crystal with a microporous array: (a) SEM
image of the cross-section and the top view; (b) Schematic illustration of the
RIFTS lamellar grating and the diffraction orders, the sensor only using the
zero-order diffraction; (c¢) Real-time detection of E. coli with the macroporous
sensor based on the EOT (in the inset: zoom of the EOT shift) and (d) detection
based on the intensity of the EOT peak. Adapted from [@]

Another approach developed by Segal’s group is the "direct cell cap-
ture" method that monitors the intensity of the EOT of the reflectivity
spectrum. Urmann et al. , for example, functionalised their PSi-
based sensor with aptamers, after silanisation, for the detection of L.
acidophilus. The changes in optical reflectivity were quantified by ap-
plying a Fourier transform to the fringe patterned-optical spectra and
by recording the maximum intensity of the thus-obtained peak. The rel-
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ative change of intensity upon bacterial detection is illustrated in Figure
[3:22] The main advantage of the presented sensor is its ability to dis-
tinguish between live and dead cells. This research was pursued by
Massad-Ivanir et al. , who changed the surface chemistry and cap-
ture probe of the sensor: E. coli antibodies (IgG) were grafted onto the
oxidised PSi matrix using silanisation chemistry and biotin-streptavidin
coupling. The sensor was able to selectively detect the target bacteria
in real food industry process water, over a range of 10> CFU/mL to 10°
CFU/mL, in only 45 min. Recently, another research group used the
same principle to detection for different bacterial strains. The probes
were selective lectins, targeting E. coli and S. aureus. Different response
patterns were observed for different bacterial species and lectin types,
enabling the selective detection of both studied strains. The limit of de-
tection was however not decreased compared to previous studies [249)].
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Figure 3.22: Relative intensity change upon exposure to L. acidophilus (107
CFU/mL) cells suspended in SB and after an extensive wash. The inset (b) is
a microscope image of the biosensing experiment, depicting the bacteria cells
captures on the aptamers-modified sensor. Reproduced from [255].

A variation to the "direct cell capture" method was introduced by Gongal-
sky et al. : a double-layered PSi film was created by performing a
MACE on an electrochemically etched mesoporous layer. The top layer
is therefore made out of porous nanowires, which results in an increased
roughness that favours the entrapment of bacteria. Infrared RIFTS was
used to monitor the binding of bacteria, which led to an increased EOT
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of the porous layer. The LoD was estimated as 10* CFU/mL.

While most sensors described above rely on RIFTS for the detection
of bacteria, other transducing methods have also shown promising re-
sults. Samanta et al. pursued the research from Das et al. [260,261]| on
impedance PSi-based biosensors. The sensor was composed of an oxi-
dised macroporous layer, onto which electrodes were screen-printed. The
antibody-modified porous matrix was able to capture the target bacte-
ria, and by monitoring the impedance, the sensor could detect either F.
coli or S. Typhimurium in spiked blood samples, with concentrations as
low as 102 CFU/mL.

The lowest LoD was however obtained by Jabbar et al. [68], who re-
lied on SERS for the monitoring and detection of E. coli and S. aureus
cells. A gradient porosity PSi layer was etched by varying the current
density during the electrochemical etch. Plasmonic silver and palla-
dium bimetallic alloy nanoparticles ((Ag@QPd)NPs) were synthesised in
situ using an ion reduction process. With this substrate, it was pos-
sible to identify the characteristic peaks identifying the FE-coli bacteria
molecules in the SERS-acquired intensity profile for ultra-low concen-
tration of about 1 CFU/ml.
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Abstract

The motives behind the design choices for our porous silicon biosensor
will be presented in this chapter. First, the bacterial lysate will be
examined using microscopy techniques. Next, the morphology of PSi
obtained with varying fabrication conditions will be studied. All findings
will then be used to model the biosensor and simulate its performance,
both in terms of analyte diffusion and of optical response.
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4.1 Motivation

When designing a biosensor, two crucial elements for the sensor’s perfor-
mance are the choice of the bioelement and the choice of the transducer.
The former will dictate the specificity of the biosensor, and the latter
will affect its overall sensitivity.

In this research, bacteriophage by-products, namely endolysins, were
selected as bioelements. While most endolysin-based detection tools
rely on their ability to bind a specific target bacterium, the current re-
search will take advantage of their lytic activity as well. Indeed, this
research will focus on the indirect detection of bacteria via their lysate.
The endolysins will therefore be added to the sample volume, before
the analyte is brought into contact with the transducer. The addition
of the bioelement into the sample volume removes the need for a bio-
functionalisation at the sensor’s surface. This eliminates the constraints
the functionalisation puts on the fabrication of the sensors (e.g. low
temperature encapsulation), its storage conditions (e.g. controlled tem-
perature and humidity) as well as its usage conditions (e.g. controlled
temperature).

Another advantage of adding the bioelement to the sample volume is the
versatility of the transducer itself: sensors fabricated within the same
batch can be used to detect different target bacteria. The target bac-
teria can also be easily adapted by selecting and/or combining different
endolysins: either one bacterial strain is targeted by the use of very spe-
cific endolysins, or multiple strains are targeted by a broader spectrum
endolysins or by the combination of different endolysins. A final advan-
tage of the use of endolysins is the ability to distinguish between live
and dead bacteria: by comparing the transducer signal before and after
lysis, one is able to highlight the contribution of the live bacteria that
were originally in the analysed sample.

Porous silicon was then selected as transducer, because of its many
advantages. First of all, it is characterised by a large internal surface
area, which means it is very sensitive to minute changes in its environ-
ment [242,262|. Its fabrication process is relatively low cost and straight-
forward when building simple structures, and can be easily adapted to
obtain a wide range of morphologies and properties [90,[262]. Some of
the most studied properties of PSi when considering biosensing applica-
tions are its optical properties. As detailed in the previous chapter, PSi
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can exhibit either photoluminescence or specific features in its optical
reflection spectrum. Both of these unique optical properties enable an
easy and fast read-out of bio-recognition events that happen in the PSi-
environment. In this research, the optical reflection spectra of PSi will
be studied, and the fabrication of the PSi will be optimised for the best
sensitivity. Furthermore, the fabrication process of PSi is also compati-
ble with standard microfabrication techniques, meaning microelectronics
can be integrated or complex structures can be built. Examples of com-
plex structures are PSi membranes, whose geometry helps the diffusion
of species to the porous surface and enhances the sensitivity |10].

The protocol of bacterial detection studied in this research, illustrated
in [I1] is thus based on the selective lysis of the target bacteria and
the capture of the bacterial lysate inside a porous silicon matrix. Once
bacterial fragments are captured, the optical properties of the PSi will
be affected. To improve the diffusion of the lysate through the pores
and encourage the capture, a porous membrane will be fabricated. This
chapter will focus on the design of the PSi membranes. First, the bac-
terial lysate is studied using B. cereus as model. The endolysin selected
for this example is PlyB221, which is encoded by the Deep-Blue phage
targeting B. cereus [263|. The size distribution of bacterial fragments
determines the aimed pore size of the PSi membrane, as it must be en-
sured that the target lysate is able to penetrate into the porous layer.
To achieve the desired pore size, the morphology of PSi obtained with
varying fabrication conditions is also studied.

o .:/78acterial lysate

S3& o 556 L m<D s
:L_ - ,:._\;,_'_- ndl  Iud
! - \ ) ‘- \ (S ! Porous, Silicon
\Target bacteria * “—Endolysin Tt e membrane

Figure 4.1: Conceptual protocol for the bacteria detection: a selective en-
dolysin is added to the analyte; the endolysin specifically targets one bacteria
strain; the resulting bacterial lysate is then captured inside a PSi membrane.

When designing a platform for the detection of analytes, one has to
optimise the sensitivity of the platform. While this optimisation can
be done experimentally, modelling and simulations enable a much faster
way to study an even wider range of parameters. The optimisation of
the biosensor studied in this research will focus on two aspects: the
diffusion and capture of bacterial lysate inside the porous membrane



88 DESIGN OF A POROUS SILICON BIOSENSOR

and the optical response of the porous structure.

First, the best PSi nanostructures must be selected; since the sensor
must retain the bacterial lysate but let the endolysins permeate, a multi-
layered structure is needed. Two options were compared: a double layer,
relying on RIFTS for the optical read-out as detailed in section [3.3] and
a microcavity, relying on the monitoring of its spectral features and/or
on its structural colour. For the double layer, the optical read-out will
mostly be affected by the analyte present in the top layer. For the
microcavity, the analyte has to reach the defect layer for optimal results.
The diffusion of analyte, modelled as particles, was therefore analysed
using the Comsol Multiphysics simulation tool.

A second model focused on the optical response of the sensor, which can
be modelled via transfer matrix simulation. The effects of the fabrication
parameters on the optical response were studied; two main questions
were answered: (1) which current densities give the best optical signal
and (2) how thick the multi-layers should be. When combining this
model with the data collected from the particles’ diffusion simulation, a
theoretical limit of detection (LoD) can be calculated.

4.2 Materials and methods

4.2.1 Bacterial lysis study and characterisation

Bacterial suspension of B. cereus ATCC 10987 were obtained by first
spreading the bacteria from a stock solution onto a Lysogeny Broth (LB)
plate using a loop, then incubating overnight (O/N) at 30 °C to allow
the growth of the colonies. One colony was then taken from the LB plate
and re-suspended in 5 mL of LB and incubated overnight at 30 °C at
120 RPM in order to obtain a stationary phase liquid culture. Finally,
in order to obtain a liquid culture in the exponential growth phase, 20
mL of LB were inoculated with 200 uL of the first liquid culture and
incubated for 3 h at 30 °C, at 120 RPM. The culture was then centrifuged
at 10000x g for 5 min at room temperature and the supernatants were re-
suspended in 20 mL of PBS. This washing step was repeated once over
and the optical density (ODgpg) was adjusted to ODgog = 0.2 (~ 106
CFU/mL). The concentration of bacterial suspensions for this ODggg
was confirmed by plate count technique. This is done by performing
ten-fold serial dilutions of the bacterial suspension and by plating 100
pL of each dilution on LB petri dishes. These dishes are then incubated
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overnight at 30 °C, before counting the colonies of at least two plates
and averaging the results as a function of the dilution factor.

A detailed description of the expression and purification of PlyB221
endolysin can be found elsewhere [263]|. The protein concentration was
adjusted to 1 mg/mL. This concentration was selected based on previous
characterisations of the bacteriolytic activity of PlyB221 [263|. The B.
cereus lysate was prepared by adding 600 pL of PlyB221 endolysin to 5.4
mL of bacterial suspension and by incubating this mixture at 30 °C for
30 min. The success of the lysis could be observed visually by checking
the obvious reduction of the opacity of the bacterial suspension, or by
measuring the ODggp before and after lysis.

B. cereus suspension and lysate were first observed with an inverted
optical microscope (Leica DMI6000 B). For the observations, 15 uL of
each suspension/solution were pipetted and transferred to a glass slide
and then covered with a plastic coverslip. The glass slides were then
observed using a 100x oil objective and a numerical aperture of 1.4.
Several observations on the glass slide were recorded using the Leica
LAS AF software. The images were then analysed with ImageJ to obtain
information about the number and size of the bacteria and bacteria
lysate. In short, the images were converted to black and white images
and the "Analyse Particles" feature of the software was used to extract
the average Feret diameter [ of the measured fragments.

B. cereus suspension and lysate were also captured on silicon surfaces
to enable their observation using SEM. Silicon dies of dimension 1 cm
x 1 cm were placed inside a 12-well plate. The wells were filled with 2
mL of one of three samples: a control solution consisting of PBS, the B.
cereus suspension or the B. cereus lysate. The 12-well plate was then
incubated at 30 °C for 1 h, after which each die was rinsed 5 times in PBS
by removing and adding 1 mL of PBS. After the last PBS wash, 1 mL
of solutions remained in each well. A glutaraldehyde solution was added
to each well in order to reach a final concentration of 2.5 %. The 12-well
plate was left at room temperature for 1 h, enabling the crosslinking of
the bacterial cell walls. The samples were then washed three times with
PBS using the same technique as explained before, making sure that
the dies were never exposed to air. For the dehydration, the samples
were then immersed in DI water solutions of increasing ethanol content

'The Feret diameter measures an object size along a specified direction. It is
derived by computing the distance between two tangents on the contour of the object.



90 DESIGN OF A POROUS SILICON BIOSENSOR

(25%, 50%, 75% and finally 99.9 %). Each immersion lasted 10 min.
The silicon dies were then dried overnight at 58 °C. Directly before
SEM observation, the samples were covered with a ~10 nm-thick layer
of gold to prevent charging effects. The images were then analysed with
ImageJ to obtain information about the number and size of the bacteria
and the bacterial lysate. In brief, the images were converted to black
and white images and the " Analyse Particles" feature of the software was
used to extract the average Feret diameter of the measured particles.

4.2.2 Porous silicon study and characterisation
4.2.2.1 Porous silicon samples fabrication

The PSi layer samples were prepared by the electrochemical etch of a
double-side polished, boron-doped silicon wafers ((100), 0.8-0.9 m2 cm,
380-400 pm) (Sil’tronix Silicon Technologies). The etching was carried
out in a custom-made Teflon single bath etch-cell, with a platinum coil
as the counter-electrode and a potentiostat/galvanostat (PGSTAT302N
from Metrohm Belgium) as the current source. The porosification was
performed in HF:ethanol (3:1, in volume) electrolyte. Aqueous hydroflu-
oric acid (HF, 49%) was acquired from Chem-Lab NV, and absolute
ethanol was obtained from VWR Chemicals. The first step of the an-
odisation consisted in etching a sacrificial layer at 200 mA /cm? for 30 s
and removing it with a 2 M aqueous solution of KOH until no more re-
action was visible. By etching the sacrificial layer (or transitional layer)
a larger and more homogeneous pore size is obtained. The sample was
then rinsed once in deionised water and twice in 2-propanol before being
etched again at current densities going from 50 to 250 mA/cm?, with
steps of 25 mA /em?. Most samples were etched for 60 s, but other sam-
ples were also etched for shorter or longer times. Once anodised, the
PSi samples were rinsed three times in 2-propanol and gently dried with
nitrogen.

4.2.2.2 PSi characterisation

PSi samples were first characterised optically using the SLIM method,
as described in This enables to approximate the porosity and
thickness of the PSi layers. The characterisation was carried out using
a fibre-coupled Ocean Optics JAZ spectrometer and a 10-mW halogen
light source. The optical spectra, characterised by Fabry-Pérot fringes,
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were analysed using a Fourier Transform over the 450 to 750 nm wave-
length range.

The PSi samples were also characterised using a Carl Zeiss Ultra 55
SEM, both in cross-section and in top view. The thickness of the PSi
layers was verified on the cross-section views. Based on the top views,
the pore size distribution could be analysed using the ImageJ software:
first the scale of the image was set, andthe image was cropped; then the
SEM image was converted into a purely black and white image, using
fine-tuned threshold values that enable to best reflect the original image;
finally, the "Analyse Particles" feature of the software was used in order
to extract the average Feret diameter of the pores and approximate the
pore size of the PSi samples.

The sensitivity of the PSi samples was characterised using a variation
of the SLIM method. In brief, the reflection spectra of each PSi sample
were measured in different media, namely air, ethanol and methanol.
The EOT for each media was recorded and plotted with respect to the
refractive index of the used medium. The slope of the linear regression
fitted for each sample characterises the sensitivity of the samples. While
for most optical sensors the sensitivity is expressed in nm-RIU™!, it will
be expressing here in relative EOT changes, which is expressed in terms
of the EOTy, the EOT of the layer in air:

AEOT, — % « 100[%] (4.1)
0

4.2.3 Modelling of the optical biosensor response
4.2.3.1 Simulation of membrane filtration

The filtration capability of different porous silicon membrane nanos-
tructures was assessed using the Comsol Multiphysics software, more
specifically using the Computational fluid dynamics module. The porous
silicon membrane was simplified into a 2D problem, with straitgh pores
instead of branched ones. Only the first few micrometers of the PSi
membranes are modelled. Two models were constructed, with different
geometries: a 2D microcavity and a 2D double layer. For both models,
the filtration of bacterial lysate was simulated using the Creeping Flow
interface and the Particle tracing in fluid flow interface. The theory
used for each interface is explained in Appendix [A]
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For both models, the following conditions were chosen:
1. Creeping flow

(a) Pressure driven inflow and outflow: this condition was se-
lected because the experimental setup is pressure driven as
well;

(b) No slip boundary conditions: the velocity of the flow is zero
at the walls;

(¢) One-way coupled flow: the flow is not impacted by the motion
of the particles;

2. Particle tracing
(a) Only one set of particles is released at time t=0;
(b) When a particle hits the pore walls, it freezes;
(c) Particles do not interact with each other;
)

(d) The Stokes drag force and gravity force are the only forces
taken into account. The Brownian motion of the particles is
neglected to gain computational speed; preliminary studies
illustrated that the contribution of the Brownian force was
not significant.

In the particle tracing interface, two considerations are important: (1)
particles do not displace the fluid they occupy and (2) their finite size
is not taken into account when modelling particle-wall interactions. In-
deed, the particles are treated as point masses. To add the contribution
of the particle size to the filtration simulation, two workarounds were
added. First, the "wall distance" interface was added to the model in
order to calculate the distance from the pore walls; an expression-based
boundary condition was then added to all the pore walls, stating that
when the distance from the wall is equal or lower than the particle ra-
dius, the particle freezes. Secondly, a "fictitious" boundary was added
at the top of each porous layer, with an expression-based boundary con-
dition: if the particle diameter is larger than the defined pore size, the
particle freezes; if not, the particle can pass through the boundary.

Microcavity 2D model The geometry of the 2D model of a porous
microcavity is illustrated in Figure It is composed of a porous
microcavity membrane, encased in between two fluidic channels. To
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simplify the morphology of the microcavity, the pores size of each layer
remained constant over the entire layer. The first porous layer has larger
pores, while the second has smaller ones. The thickness of each layer was
fixed arbitrarily, not taking into account the requirements for the desired
optical signal of a microcavity. All parameters are detailed in Table
The Bragg stacks surrounding the microcavity are each composed of two
pairs, and the cavity itself is double as deep as the first porous layer.

Wmembrane

Lchannel

| Hd I H’IH A

I-channel

Figure 4.2: Schematic cross-section of a microcavity, which was used as ge-
ometry for the modelling of membrane filtration. The membrane-based micro-
cavity is flanked by two fluidic channels.

The flow inlet is at the top of the upper fluidic channel, from which
the particles are also released. The outlet was fixed at the bottom of
the lower channel. The flow was normal to the inlet, and computed via
a steady-state study. This flow was then used as the initial value for
the time-dependent calculation of the motion of particles through the
porous membrane.

Double layer 2D model The geometry of the double layer 2D model
is depicted in Figure [£.3] It is composed of an upper fluidic channel and
a first layer of pores, which counts a total of 20 pores. The diameter of
each pore is selected using a random Gaussian function, with mean pu
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Name Value Description

PPBS 1060 [kg/m3]  Density of PBS

K“pPBS 9.04e~* [Pa:s] Dynamic viscosity of PBS

p1 40 [nm)] Pore diameter of the first layer

P2 20 [nm] Pore diameter of the second layer
1 100 [nm] Layer thickness of the first layer

ta 100 [nm] Layer thickness of the second layer
iy 10 [nm] Inter-pore distance of the first layer
ig 30 [nm] Inter-pore distance of the second layer
Wmembrane 2 [1m] Width of the membrane

Lechannel 1 [pm] Length of the channel

Pin 2 [bar] Inlet pressure

Pout 1 [atm] Outlet pressure

dp 30 + 20 [nm| Particle diameter

Pp 2000 [kg/m?®]  Density of the particles

Table 4.1: Simulations parameters for the membrane filtration inside a 2D
microcavity model.

and standard deviation o. The second layer of the double PSi layer is
not simulated, only the interface between top and bottom layer is repre-
sented. At this interface, segments are added, with length equal to the
diameter of the selected pore minus dif f, a parameter that represents
the reduction of pore size between layers. These segments illustrate the
top of the second layer of pores. The geometric parameters used for the
simulation are listed in Table

The flow inlet is at the top of the upper fluidic channel, from which the
particles are also released. For the outlet, the segments representing the
second porous layer were selected, as illustrated in Figure {3} Similarly
to the 2D microcavity model, the flow rate was calculated in a stationary
study, and then used as the initial condition for the time-dependent
study of the motion of particles.

4.2.3.2 Optical responses modelling

Transfer matrix method The optical response of the multi-layered
porous silicon membrane was modelled with the transfer matrix method
(TMM) using scattering matrices. In this method, the device is pre-
sented as a stack of layers of infinite dimensions in the transverse plane.
Typically, the x and y directions represent the transverse plane, while
the z axis is the longitudinal direction, in which the waves propagate.
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Figure 4.3: Schematic cross-section of a double-layer, which was used as
geometry for the modelling of membrane filtration.

Name Value Description
PPBS 1060 [kg/m3]  Density of PBS
KPBS 9.04e~* [Pa:s] Dynamic viscosity of PBS

Pz 50 + 25 [nm|  Pore diameter of the first layer

diff 10-40 [nm] Difference in pore size between layers
i 5 [nm] Inter-pore distance of the first layer
Lpores 2.3 [um] Length of the pores

Wehannel 1.1 [nm] Width of the channel

Lehannel 200 [nm] Length of the channel

Pin 2 [bar] Inlet pressure

Pout 1 |atm] Outlet pressure

d, 30 + 20 [nm| Particle diameter

Pp 2000 |kg/m®]  Density of the particles

Table 4.2: Simulations parameters for the membrane filtration inside a 2D
microcavity model.

The theory behind this method is presented in Appendix
Some assumptions and simplifications are made inside this model:

e The modelled materials are lossless, they are characterised by a
real refractive index; there is no wavelength dispersion inside the
materials; and finally, the materials are optically isotropic.

e Quantum and thermal effects are neglected.

e The modelled layers are treated has coherent layers, even for thicker
layers.
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A MATLAB (MathWorks) routine was developed in-house to perform
the transfer matrix modelling (see Appendix . First, the reflection
of a multi-layered structure is calculated using the TMM with scatter-
ing matrices. Then this reflection spectrum is fed to a RIFTS method
algorithm, which calculates the effective optical thicknesses of the layers
using a Fast Fourier Transform. The input parameters of the routine
are the following:

e Source parameters: the inputs needed for the source of the wave
are the free space wavelength we are studying, as well as the ele-
vation and azimuthal angles. In this study case, these angles are
fixed at O since the light is perpendicular to the layers.

e External materials: the reflection and transmission media must be
specified using their relative permeability and permittivity. In the
two external regions, the media is air and its relative permeability
and permittivity were both fixed to 1.

e Device parameters: the thickness and refractive index of each layer
must be specified. These are obtained from the PSi characterisa-
tion presented in Section [£3.2] Since the refractive index of a
porous layer is dependent on its porosity and filling media, the
porosity will be used as device parameters instead.

The simulation was divided into three stages, during which the device
parameters were adapted: first a single layered membrane is simulated
(Figure (D); then a double-layered membrane (Figure (2) and
finally a triple-layered membrane (Figure (3)). For all three stages,
the first layer is called the sensing layer. For the multi-layer simulations,
the second layer is called the contrast layer. The third layer added for
the last simulation step is called the support layer.

The main parameters that are studied during this simulation are the
porous layers’ porosities and thicknesses. These properties are respec-
tively dictated by the current density used during the electrochemical
etching and the etch duration. For each simulation step, these are the
design questions that need to be answered:

1. Which porosity and thickness of the sensing layer gives the highest
sensitivity ?

2. Which porosity and thickness of the contrast layer gives the biggest
contrast with the sensing layer ?
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3. Which porosity of the support layer impacts the overall optical
signal the least 7

@ ‘ ‘ Sensing Layer
@ Contrast Layer

O,

Support Layer

Figure 4.4: Schematic illustration of the geometry used at the different stages
of the TMM simulations. The circled numbers illustrate the simulation steps.

The notion of sensitivity, which needs to be optimised in the first simula-
tion step, was defined in Section and relies on the notion of relative
EOT shift (as defined in Equation . To compute the sensitivity, one
must therefore first compute the relative EOT shifts for different media
surrounding the porous layer. These different surrounding media will
impact the overall refractive index of the layer. To compute this overall
layer refractive index, the Looyenga effective media approximation [264]
is used; this approximation is preferred over the Bruggeman one for high
porosity layers. The Looyenga approximation expresses the layer refrac-
tive index njayer, in terms of the porosity P, the refractive index of the
skeleton of the porous material (e.g. Si or SiOy) ngker and the refractive
index of the filling material ng):

2/3 2/3 2/3

nla/yer = (1 - P) ’ nsliel +P- nﬁ{l (42)
This value of nj4yer enables the calculation of the relative EOT shifts for
different filling media. These EOT values can be plotted with respect to
the filling media refractive index, fitted by a linear regression, and the
sensitivity is given by the slope of this regression.

For simulation steps 2 and 3, the porosity and thickness of the top layers
remains fixed, based on the observations made in the previous steps. The
simulation parameters used at each step are detailed in Table [£.3]
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Name Value/Range Description

Step M)  Step @  Step @
porl  50-80 (%] 75 [%] 75 %] Porosity of the sensing layer
por2 / 50-65 [%] 50 [%] Porosity of the contrast layer
por3  / / 50-75 [%] Porosity of the support layer
L1 2-10 [pm] 5 [pm] 5[pm)] Thickness of the sensing layer
L2 / 5-30 [pm] 15 [pm] Thickness of the contrast layer
L3 / / 80 [pm] Thickness of the support layer
nfill 1-1.4 [RIU] Refractive index of filling media
nskel 3.1 [RIU] Refractive index of Si skeleton

Table 4.3: Simulations parameters for TMM simulation of the optical re-
sponse.

Theoretical limit of detection For the theoretical limit of detection
computation, another MATLAB routine was encoded (see Appendix
[C.2). This routine only takes into consideration the top layer of the
porous membrane and is based on the definition of the effective optical
thickness EOT=2nL. Indeed, upon the penetration of bacterial lysate,
the refractive index n in this expression will be affected. The impact
on n was calculated in terms of the volumetric fraction of bacteria that
accumulated inside the porous membrane, following the Gladstone-Dale
equation [265]:

n—1= 36— 1) (4.3)

In this expression, ¢, = V;/V is the volumetric fraction term of each
component of a mixture. The total volume of both components is cal-
culated in terms of the porosity and size of the porous layer.

The bacterial lysate is modelled by spherical particles, whose diameters
follow a gaussian distribution around 30 + 20 nm. The total volume of
particles is multiplied by a " frac" term, which denotes the fraction of
lysate that remains in the porous layer after filtration and is calculated
in Section The theoretical response is first calculated with respect
to the number of particles.

How the number of particles relates to the concentration of bacteria is
dependent on the bacterial strains. The bacterial lysate can be mod-
elled by the ribosomes and proteins present in a bacterial cell, as well
as DNA, RNA and cell wall fragments. While the quantity of fragments
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remains difficult to measure, the average number of ribosomes and pro-
teins inside specific bacterial strains has been previously investigated in
the literature |266,267]. For bacterial strains such as E. coli, the average
number of ribosomes per cell is 15 000 [266], while the number of pro-
teins per cell is approximated as ~ 2 - 10 [267]. Smaller bacteria, such
as S. aureus, contain less proteins: only ~ 3-10° proteins per cell [267].
However, a large part of these proteins are smaller than 5 nm in diam-
eter, and therefore flow through the porous membrane. Based on data
gathered by Vendeville et al. [266] and Ando et al. [268|, the number
of particles larger than 10 nm of diameter inside a bacterial cell can be
approximated as 20 000. The parameters used for the limit of detection
calculation of detailed in Table (4.4l

Name Value Description Ref.

por 80 [%] Porosity of the sensing layer /

t 5 [pm] Thickness of the sensing layer /

s 1.7 [RIU] Refractive index of porous skeleton /

L 1 [mm] Size of the membrane /

nlys 1.3900 [RIU]  Refractive index of a bacterial cytoplasm  [269]
nPBS 1.3348 [RIU] Refractive index of PBS [270]
frac 0.5 Fraction of lysate inside the layer /

num 20000 Number of particles per bacterial cell [266,1267]
CFU  1-10° [CFU] Number of bacteria in the analyte /

Table 4.4: Simulations parameters for the membrane filtration inside a 2D
microcavity model.

4.3 Results

As mentioned earlier, the detection protocol for the biosensor studied
here relies on the capture of bacterial lysate inside a porous silicon mem-
brane. To help the design of the biosensor by establishing the constraints
on the porous matrix morphology, bacterial lysis is studied and charac-
terised. To fulfil those constraints, the effect of the fabrication process
on the porous silicon morphology is also studied in terms of pore size,
etch rate, porosity and sensitivity.

To optimise the performance of the sensor, the filtration capability of
different PSi nanostructures has been studied via Comsol Multiphysics
simulations. The optical response was also optimised with respect to
the pore morphology, using Transfer Matrix simulations. Finally, a the-
oretical limit of detection was established.
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4.3.1 Bacterial lysis study and characterisation

A full study of the lytic activity of the PlyB221 endolysins on B. cereus,
which was performed and published by Leprince et al. , can be
found in Appendix [D] The present section will focus on the effect of the
lysis on the morphology of the bacteria.

A first visual inspection of the bacterial lysate was made with an inverted
microscope. Examples of the observations for bacterial suspensions be-
fore and after lysis are illustrated in Figure Figure a) depicts
living B. cereus cells; they are ~6 pm long and ~1 pm wide. Figure
b) shows the bacterial fragments that compose the bacterial lysate.
Large fragments can be observed, surrounded by smaller ones.

Figure 4.5: Microscopy images of bacterial suspension of B. cereus: a) before
lysis, and b) after lysis, which corresponds to a 30 min of incubation with
PlyB221 at 30 °C.

A set of ten images was analysed with the ImagelJ software in order to
extract data regarding the size distribution of these fragments, based
on their Feret diameter. The histogram compiling this data is given in
Figure It can be observed that numerous bacterial fragments are
smaller than 1 pm. The precision of these measurements is however lim-
ited by the magnification of the microscope images: fragments smaller
than 100 nm could not be measured.

SEM observations were therefore carried out in order to obtain higher
magnification images. Examples of these observations are illustrated in
Figure B. cereus cells can be observed in Figure @, a); their size is
similar to the one observed on the microscopy images. It has to be noted
that some PBS crystals remain in between bacteria cells, which might be
linked to an incomplete removal of the PBS during the dehydration steps
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Figure 4.6: Histogram of the number of B. cereus bacterial fragments as a
function of their measured Feret diameter, which can be approximated as their
size.

of the sample preparation. Figure @ b) depicts the bacterial lysate:
as for the microscopy images, large fragments are observed, surrounded
by much smaller fragments.

Figure 4.7: SEM observations of bacterial suspension of B. cereus: a) before
lysis, and b) after lysis, which corresponds to a 30 min of incubation with
PlyB221 at 30 °C.

Once again, a series of ten images was analysed for all three samples
types, namely the bacterial suspension, the bacterial lysate and the PBS
control, using the "Analyse Particles" feature on ImageJ. The resulting
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data, from which the gold coating thickness is subtracted, is represented

in Figure [£.8]

| |
121 BaBacteria |
08 Lysate
10| 0o PBS ||

Count per pm?
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160-179
180-199

=200

110-119
140-159

ImageJ Feret diameter [nm]

Figure 4.8: Histogram of the ImageJ Feret diameter distribution, measured
on the bacterial suspension, the bacterial lysate and the PBS control SEM
observations.

The cut-off value for the maximum particle size was fixed at 200 nm;
while very large fragments or cells were present in all observed samples,
their number was significantly lower than the number of smaller frag-
ments. We can observe that the bacterial lysate presents the highest
quantity of small fragments, compared to both control tests. Most of
these bacterial fragments are smaller than 80 nm. Some smaller frag-
ments can also be observed on the bacterial suspensions samples: these
can be attributed to spontaneous cell death of bacteria cells as well as
to the proteins they produce.

Higher magnification SEM images are depicted in Figure In the
bacterial lysate image, small particles are clearly visible. ImageJ analysis
of a series of 10 images approximated their size to a couple of nanometers,
after the substraction of the gold coating thickness. These particles were
not observed on the PBS control samples, as can be observed in Figure
as well.
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_B. cereus lysate

(b)

Figure 4.9: SEM observations of (a) B. cereus lysate and (b) the PBS control
sample at very high magnification.
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4.3.2 Porous silicon properties

Now that the lysate size distribution has been established, the porous
silicon fabrication can be studied. As mentioned in Section 3.1.2] the
range of possible pore size is large. Specifically, macroporous layers
with micrometer pore size and mesoporous layers with pore size of 50
nm or smaller have been widely studied [6]. Pore sizes between 50 and
200 nm however remain to be extensively studied despite their wide
range of applications; this might be linked to the very small parameter
window that allows the formation of such pores [271]. For this research,
it was decided to use highly doped p-type silicon substrates with the
aim of reaching pores of between 10 and 100 nm; with this range of pore
size, it would be possible to fabricate a multi-layered porous membrane,
that would capture as much lysate as possible while still enabling the
endolysins to flow through the membrane. Another important feature
is porosity: the higher the porosity, the more bacterial lysate captured
inside the PSi membrane.

Several PSi samples were thus fabricated using different fabrication pa-
rameters. The main parameter studied here is the current density, as it
has been shown that pore dimension increases with current density [272].
The maximum current density was fixed at 250 mA /cm?, as higher val-
ues led to highly porous and very fragile layers. It has to be noted that
for all samples, the transitional layer was removed via wet etching before
the electrochemical etch [87,90].

The PSi samples were first optically characterised using SLIM in order to
obtain the thickness and porosity of the porous layer. The values of the
layer thickness were then verified via cross-section SEM measurements.
An example of a SEM cross-section observation for a sample etched at
200 mA /cm? is given in Figure The layer is 4.3 pm thick and the
pore morphology is straight but branched. To compare all samples, the
collected data is however expressed in etch rate instead of thickness. As
can be observed in Figure the higher the current density, the faster
the etch. This variation appears to be linear with the current density.

The variation of porosity with current density is illustrated in Figure
[4.12} there is also a linear increase of porosity with current density. The
maximum average value of porosity is ~81 %, but samples with up to
90 % of porosity were measured. The increasing trend of both porosity
and etch rate with current density matches the trends observed in the
literature [192].
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200 mA/cm?

Figure 4.10: Cross-section SEM images PSi layer etched on a p++ wafer
(0.8-0.9 mQ cm) at 200 mA /em? for 60 s in HF:etOH 3:1 in volume.

120 |
_100| |
<
£ s0f |
(O]
5
S 60| |
-
S
L
40| |
20 | |
|

| | | |
50 100 150 200 250
Current density [mA/cm?]

Figure 4.11: Calculated etch with varying current densities, on a p++ Si
wafer (0.8-0.9 mQcm) in HF:etOH 3:1 in volume, based on SLIM measure-
ments.

The pore sizes of all PSi samples were characterised based on SEM ob-
servations. Examples of these observations at different current densities
are illustrated in Figure While an increase in pore size is not very
noticeable from 50 to 100 mA /cm?, it is much more visible for higher
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Figure 4.12: Calculated porosity with varying current densities, on a p++
Si wafer (0.8-0.9 mQ cm) in HF:etOH 3:1 in volume, based on SLIM measure-
ments.

current density values. It can also be observed that the pore wall does
not seem affected by the current density; this has also been reported in
the literature, as the width of the pore wall only seems to be affected
by the doping concentration of the substrate and the HF content of the
electrolyte [192].

Image analysis provided data about the average pore size for all current
density values, as illustrated in Figure Like porosity and etch rate,
the average pore diameter increases with current density, but the trend
is more quadratic than linear. Similar trends have been observed in the
literature as well [192]. It can also be noted that the higher the current
density, the higher the pore size range: while the average pore size for
250 mA /em? is still less than 50 nm and therefore mesoporous, larger
pores can be observed, up to a 100 nm for some samples.

Finally, the optical sensitivity of the layers was studied. The sensitivity
is especially important when considering an optical sensor. The values
for the sensitivity are gathered in Table which summarised all the
properties discussed above. It was observed that the sensitivity increases
with current density. This might be linked to the increase in porosity,
as the average refractive index of the porous layer is not only impacted
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Figure 4.13: Top view SEM observations of porous silicon produced with
different current densities: 50, 100, 150 and 200 mA /cm?. The PSi was etched
on a p++ Si wafer (0.8-0.9 mQ cm) in HF:etOH 3:1 in volume. The scale bar

represents 100 nm.
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Figure 4.14: Calculated pore size with varying current densities for PSi layers

etched on a p+-+ Si wafer (0.8-0.9 mQ cm) in HF:etOH 3:1 in volume.
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by the refractive index of the filling media, but also on the porosity.
Indeed, the higher the porosity, the more filling material will be able to
penetrate the layer, and the more it will affect the EOT.

Current density Etch rate Pore size Porosity Sensitivity
[mA /cm?| [nm /s [nm] [%] [opor/RIU]J
50 25.9 + 3.73 23.9 + 9.52 56.4 +1.65 36.6 + 0.03
75 35.6 £ 0.43 21.8 £ 7.75 62.4 +£2.68 42.6 + 1.43
100 49.5 £+ 6.20 21.8 + 8.05 65.7+3.23 464+ 1.74
125 51.3 £ 2.47 28.4 + 1091 66.2 £0.92 46.9 + 0.18
150 58.2 + 11.29 32.1 +£ 11.88 69 + 3.01 50.6 + 2.07
175 76.5 + 9.39 40.9 £+ 15.44 71.4+4.82 54.8 + 4.96
200 78.8 + 14.51 439 + 1824 746+ 7.13 60.5 + 7.15
225 93.3 + 24.24 55.5 £ 24.78 783 +£4.91 645+ 7.85

Table 4.5: Properties of PSi samples etched at different current densities, on
a p+-+ Si wafer (0.8-0.9 mQ2cm) in HF:etOH 3:1 in volume; these values were
extracted from SLIM measurements and SEM observations.

It should be noted that none of these properties should vary for longer
etching time using the same current density. This was verified by test-
ing different etching times. The variation of most properties, such as
sensitivity, exhibited some minor variations with etching times. More
significant variations were observed for the porosity and etch rate. These
can be attributed to the depletion of fluorine atoms with longer etching
times, and can be avoided using the etch-stop etching method [273].

4.3.3 Simulation of membrane filtration

The filtration performance of porous membranes was studied using the
Comsol Multiphysics software. Two different porous geometries were
analysed: a microcavity and a double layer.

Microcavity 2D model The microcavity 2D model is composed of
two Bragg stacks, surrounding a defect cavity. The Bragg stacks are a
succession of larger pores and smaller pores. The simulated pore size is
selected based on the observations made in Section the large pore
diameter is fixed at 40 nm (which corresponds to a current density of
~ 200 mA/cm?) and the small pore diameter is fixed at 20 nm (which
corresponds to a current density of ~ 50 mA/cm?). The thickness of
each layer is fixed arbitrarily.

Because of the small feature size, the Reynolds number is very low and



4.3. Results 109

the flow inside the porous membrane can be modelled by a creeping flow.
The flow rate is fixed by the pressure drop across the membrane. The
lysate is modelled by particles of 30 + 20 nm, which are released all at
once at time t=0. A time-dependent simulation is ran in order to track
the particles’ displacement and stopped once all particles have either
passed through the membrane or remain frozen inside. An illustration
of the particles’ trajectories just after the release is illustrated in Figure
415 Figures [£.16] and [4.17] illustrate the particles’ distribution at and
intermediate stage and after the last simulation step, respectively; in the
latter, most particles are either stuck on top of the membrane, unable to
enter the porous membrane, or frozen inside the first layer. No particles
remain inside the cavity once all particles have flown through.

Figure depicts the percentage of particles that remain both in the
first layer and in the full membrane overtime. It can be observed that
the vast majority of the particles present in the membrane are situated
in the first layer.

Double layer 2D model The double layer model is composed of an
upper fluidic channel and a porous membrane. Only the first layer is
fully represented in the simulated geometry; the second layer is only
depicted by the outlet of the first layer, which is reduced to the pore
size of the second layer. The pore diameter of the first layer is fixed by
a Gaussian distribution, based on a 50 nm mean and a 25 nm standard
deviation (which corresponds to a current density of ~ 225 mA /cm?).
The particles representing the bacterial lysate have a diameter fixed at
30 £ 20 nm.

Like for the microcavity model, the flow is modelled by a creeping flow,
whose rate is fixed by the pressure drop across the geometry. The par-
ticles are released at time t=0, as illustrated in Figure and the
displacement across the membrane is analysed overtime, as depicted in
Figure The particles’ position inside the geometry at the end of
the simulation, meaning once all particles have flown through the mem-
brane, is illustrated in Figure [{.:21} the particles are either stuck on top
of the membrane, or at the bottom of the first layer. No particles are
stuck to the pore walls. It can also be observed in this figure that the
flow rate is impacted by the pore diameter: larger pores experience a
higher flow rate.
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Figure 4.15: Illustration of the particle tracing inside the 2D microcavity
model, just after the release of the particles from the top fluidic channel. The
grey gradient depicts the flow rate inside the geometry.
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Figure 4.16: Illustration of the particle tracing inside the 2D microcavity
model, at an intermediate time, when particles are still flowing through the
membrane. The grey gradient depicts the flow rate inside the geometry.
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Figure 4.17: Illustration of the particle tracing inside the 2D microcavity
model, once all particles have flown through the membrane. The grey gradient
depicts the flow rate inside the geometry.
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Figure 4.18: Percentage of the accumulated particles inside the full membrane
and inside the first layer of the 2D microcavity overtime. The particles are
released at the top of the upper fluidic channel at t=0.

Figure [£.22] counts the number of particles stuck inside the first layer of
the porous membrane overtime, relative to the total number of released
particles. This count initially increases up to 80 %, but then drops to ~
47 % once all particles get dragged through the membrane by the flow.

The count of accumulated particles does not seem affected by the height
of the fluidic channel or the thickness of the first porous layer, as the
simulated value does not vary significantly (less than 1 %). It is how-
ever significantly affected when reducing the pore diameter of the second
layer, which was achieved by adapting the dif f parameter that charac-
terises the difference in pore diameter between the first and second layer.
Figure [£.23]illustrates the impact of the dif f parameter on the percent-
age of accumulated particles: the smaller the pores of the second layer,
the more particles are retained inside the first layer.
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Figure 4.19: Illustration of the particle tracing inside the 2D double layer
model, with parameter dif f=20 nm, upon the release of the particles from the
top fluidic channel. The grey gradient depicts the flow rate inside the geometry.
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Figure 4.20: Illustration of the particle tracing inside the 2D double layer
model, with parameter dif f=20 nm, at an intermediate time, when particles
are still flowing through the membrane. The grey gradient depicts the flow rate
inside the geometry.
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Figure 4.21: Illustration of the particle tracing inside the 2D double layer
model, with parameter dif f=20 nm, once all particles have flown through the
membrane. The grey gradient depicts the flow rate inside the geometry.
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Figure 4.22: Percentage of the accumulated particles inside the first layer of
the 2D double layer overtime, with parameter dif f=20 nm. The particles are
released at the top of the upper fluidic channel at t=0.
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Figure 4.23: Percentage of the accumulated particles inside the first layer of
the 2D double layer with varying dif f, meaning with increasing difference in
pore diameter between the first and second layers.

4.3.4 Optical response modelling

4.3.4.1 Transfer matrix simulation

The optical response of the porous sensors is modelled using transfer
matrix method (TMM) simulations. The sensor is simulated as a multi-
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layered structure, and the impact of the morphology of each layer on
the overall optical response is studied. Based on the results of the mem-
brane filtration simulation, microcavities and Bragg Stacks are excluded
from the optical response study, since particles are not able to reach the
porous layers of interest for these nanostructures. Only interferometric
multi-layers are therefore considered here, and the optical response is
based on RIFTS. The study is divided into three stages; the first stage
only considers a single layer, and each subsequent stage adds one more
porous layer beneath it.

Model validation Before diving into the optical response simulation,
the model is validated by comparing the simulated theoretical optical
output to an experimentally measured one. The experimental sample
is a single porous layer etched at 200 mA/cm? for 30s. The thickness
and porosity of the sample are measured using the SLIM method: the
thickness is 3.3 ym and the porosity is 75%. These parameters are
used in the TMM model in order to calculate the optical signal. Both
experimental and simulation optical spectra are depicted in Figure [1.24}
a fringe pattern can be observed in both spectra, but it remains difficult
to establish if the frequency of the fringes is similar.

—— Experimental | |
——  Simulated

Reflectance [counts]

| |
400 450 500 550 600 650 700 750 800
Wavelength [nm]

Figure 4.24: Interferometric spectra obtained experimentally and theoreti-
cally for a single porous layer etched at 200 mA /cm? for 30s. The values of
thickness and porosity used for the simulated spectra were calculated via SLIM
on experimentally acquired spectra.

A RIFTS routine is applied to both optical spectra in order to compare
the fringe frequency, which is reflected by the EOT value. The resulting
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FFT is illustrated in Figure [£.25 and one can see that both spectra
are centred around the same 2nL values, namely ~ 9000 nm. More
precisely, the EOT value of the experimental spectra is 9017 nm, and
the simulated one is 8965 nm. The difference between these two values
remains minor and can be attributed to the fact that the porosity and
thickness used for the simulation are fitted with SLIM and not exact
measurements. Moreover, the transfer matric model considers an ideal
situation, with no losses, absoption or wavelength dispersion, which also
may explain the slight deviation between theory and experiment. It can
however be concluded that the TMM simulation is able to model porous
silicon layers.

—— Experimental
i —— Simulated

Intensity [counts]
|

| | | | | | | |
0 02 04 06 08 1 12 14 16 18 2
2nL [nm] 104

Figure 4.25: FFT of the interferometric spectra obtained experimentally and
theoretically for a single porous layer etched at 200 mA/cm? for 30s. The
values of thickness and porosity used for the simulated spectra were calculated
via SLIM on experimentally acquired spectra.

Step 1: the single layer The first step of the TMM simulation fo-
cuses on the sensing layer, which is the top layer of our sensor and the
most important one, as most of the bacterial lysate accumulates in this
layer. The sensing layer is first studied as a single layer, surrounded
by air, and both its thickness and porosity are optimised based on its
optical response.

Porosity The porosity is dictated by the current density used during
the electrochemical etching of the porous layer. The porosity enables the
calculation of the refractive index of the layer, based on the surrounding
environment, via the Looyenga approximation (see Equation and
therefore impacts the sensitivity of a PSi optical sensor. To analyse the
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effect of porosity on sensitivity, the thickness of the layer is arbitrarily
fixed at 5 pm and the porosity varies between 50% to 80%. Figure [4.26
depicts the observed variation: sensitivity increases with porosity. This
trend can be explained by the higher volume of filling media present
inside the porous layer for higher porosities, which increases the overall
layer refractive index. The linear variation is similar for other layer
thicknesses.
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Figure 4.26: Variations of the sensitivity with the porosity of the first layer,
with an arbitrary thickness of 5 pm.

Thickness The thickness of a PSi layer is dictated by the duration
of the electrochemical etch. The impact of thickness on sensitivity is
studied by varying the layer thickness from 2 to 10 pm, while keeping the
porosity fixed at 80%. Figure illustrates the variation of sensitivity
with layer thickness: some variation can be observed, but the overall
trend seems constant. The same trend is observed for other porosity
values.

Step 2: the double layer The second step of the TMM simulation
focuses on the contrast layer. The studied geometry is therefore a double
layer, with the sensing layer on top and the contrast layer at the bottom.
Light will reflect at the interface between the two layers, but only if there
is enough contrast between layers. Indeed, should the refractive index
be similar for both layers, then the two layers will be considered as one
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Figure 4.27: Variations of the sensitivity with the thickness of the first layer,
with an arbitrary porosity of 80 %.

and there will be no EOT peak for the sensing layer. The morphology
of the second layer and its impact on the optical response of the first
layer is therefore studied. For this step, the porosity and thickness of
the first layer are fixed at 75 % and 5 pm respectively.

Porosity The impact of the porosity of the contrast layer, which
translates the impact of current density on the sensitivity of the overall
structure, is studied over a range from 50 % to 70 %. The layer thick-
ness is arbitrarily fixed at 10 pm. Figure outlines the sensitivity
values measured at different contrast layer porosities. The sensitivity
remains roughly constant, and this trend is also observed for other layer
thickness values.

To study the contrast between the first and second layers, the intensity
of the EOT peak is compared to the surrounding noise, which is ap-
proximated using the standard deviation of the signal. The higher the
EOT peak, the easier it is picked out and fitted by the RIFTS routine.
The peak to noise ratio was therefore calculated by dividing the peak
intensity by the standard deviation of the surrounding signal. The peak
to noise ratio for a filling media of refractive index n=1.3 (which is close
to the refractive index of PBS), for different contrast layer porosities, is
detailed in Figure [4:29 It can be observed that the higher the contrast
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Figure 4.28: Variations of the sensitivity with the porosity of the contrast
layer, with an arbitrary thickness of 10 pm.

layer porosity, the higher the peak to noise ratio.
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Figure 4.29: Variations of the peak-to-noise ratio of the EOT peak with the
contrast layer porosity. The filling media refractive index was fixed at n=1.3
and the layer thickness at 10 pm.
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Thickness To analyse the effect of the contrast layer thickness, its
porosity is arbitrarily fixed at 50 %. The impact on sensitivity is illus-
trated in Figure For thinner layers, the thickness does not seem to
have a significant effect; for thicker layers, larger variations are observed,
but the overall trend remains nearly constant.
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Figure 4.30: Variations of the sensitivity with the contrast layer thickness,
with an arbitrary porosity of 50 %.

Step 3 : the triple layer The addition of a support layer to the
porous structure has two purposes: (1) mechanically support the double
layer during the pressure driven flow-through operation and (2) speed up
the electrochemical etch by increasing the current density of this layer.
The thickness of the layer will not be studied, but only the impact of
the porosity of the support layer. Figure [£.31] illustrates the effect of
porosity for an 80 pm layer. While some variations can be observed, a
higher porosity support layer seems to slightly enhance the sensitivity.
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Figure 4.31: Variations of the sensitivity with the support layer porosity,
with an arbitrary porosity of 80 pm.

4.3.4.2 Theoretical limit of detection

The theoretical limit of detection was approximated by considering only
the top layer of the membrane, and calculating the change in EOT based
on the volumetric fraction of particles accumulated inside the layer. This
choice was motivated by the filtration simulations, which related that
most of the lysate gets trapped in the sensing layer. The relative EOT
shift with increasing quantities of particles, with 30 + 20 nm diameters,
is detailed in Figure It can be observed that large quantities of
particles are required to obtain noticeable relative EOT shifts.

To relate the number of particles to bacterial concentrations, typical
values for the quantities of ribosomes and large proteins were extracted
from the literature |266,267]. The resulting relative EOT shift with
increasing bacterial concentration is plotted in Figure [4.33] Both axes
are expressed in a logarithmic scale, and the increasing trend is linear.
The response was calculated based on 1 mL of analyte.

To verify these results, a volumetric based computation was also per-
formed. Water composes 70% of a bacterial cell [266]; based on the
remaining 30% of the typical volume of 0.9 pm?® for a rod-shaped bac-
terium |274,275] and on a 0.5 fraction of lysate inside the top layer, we
were able to approximate the response with increasing bacterial concen-



4.3. Results

125

AEOT/EOT, [%]

10°

107

108

10°

1010

Number of particles

1011

Figure 4.32: Theoretical response for increasing quantities of bacterial lysate
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Figure 4.33: Theoretical response for increasing concentration of bacterial
lysate, expressed in relative EOT shift.

trations. The obtained values were in the same order of magnitude as
the values presented in [4.33]

While a small shift in EOT is observed even for concentrations below
102 CFU/mL, it seems unlikely that these will be distinguished from the
baseline signal of the sensor. Indeed, the average error on the relative
EOT value computation of the RIFTS routine, based on the measure-
ments performed in Section is in the 1073 [%] range, which means
that the theoretical limit of detection is computed as 10* CFU/mL.
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The effect of several parameters on the magnitude of the detected shift is
also studied. It was observed that the smaller the PSi layer, either in size
or in thickness, the higher the EOT shift; indeed, the volume fraction of
bacterial lysate is increased and hence the impact on the layer refractive
index as well. The porosity of the layer and the fraction of lysate inside
the layer have similar impacts, but to a lesser extent. By carefully
selecting the biosensor design, meaning preferring a small membrane,
with a thin sensing layer and a significant reduction in pore size for the

contrast layer, the theoretical limit of detection can be decreased to 103
CFU/mL.

4.4 Discussion

In this chapter, the design of the PSi-based sensor was studied. This
is a step that is not often documented in the porous silicon scientific
community, but which is of the upmost importance. First, the target
analyte was analysed, namely the bacterial lysate. The size distribution
of the lysate was established: while some larger pieces are observed, most
fragments are less than 200 nm wide, with a higher concentration of par-
ticles in the 10 to 80 nm range. These are the fragments that need to be
targeted by the sensor. Their nature remains to be investigated, but it
can be hypothesised that these are cell wall debris, ribosome complexes
that have diameters from 25 to 40 nm [276], as well as protein-protein
or DNA-protein complexes. The hypothesis that these are the PlyB221
endolysins can be excluded, as PlyB221 endolysins are much smaller:
their molecular weight is 39 kDa [277|, which can be approximated to a
diameter of ~5 nm [278]. It can be assumed that the PlyB221 endolysins
are represented by the particles observed in Figure but further in-
vestigations are needed.

Next, the morphology of PSi layers was studied, in order to determine
what is possible and which fabrication conditions can be used to achieve
the needed morphology. The PSi sensor must be designed as a filter,
with large pores on top and smaller pores beneath it to retain as many
bacterial fragments as possible. It is observed that the morphology of
the porous filter is limited by the fabrication conditions: pores with di-
ameters larger than 200 nm cannot be fabricated on the same substrate
as pores with diameters of 20 nm or less. On a p++ silicon substrate,
the highest average pore size that can be achieved without risking the
mechanical integrity of the sensor is ~55 nm, with a standard deviation
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of ~25 nm. With this pore size range, a large portion of the bacte-
rial fragments should already be retained. Moreover, the sensitivity to
changes in the surrounding refractive index is also the highest with this
pore morphology.

To study the scope of the bacterial lysate portion inside the PSi sen-
sor, the membrane filtration was explored via fluid flow simulations.
Two membrane geometries were compared: a microcavity and a double
layer. While the presented 2D models offer only simplified versions of
the reality of lysate filtration, the double layer was observed to be the
best membrane geometry for the indirect detection of bacterial lysate,
as most fragments are retained in the top porous layer. It was also
observed that in order to optimise the retention of bacterial fragments
inside the top layer of the membrane, the pore size of the second layer
should be as small as possible. It should however be large enough to let
the endolysins pass through, and also to allow the analyte to be pushed
through the membrane at a reasonable pressure, in order to avoid any
mechanical damage to the sensor. Indeed, the smaller the pores, the
higher the pressure needed to push the analyte through at a given flow
rate, which will be limited by the fragility of the porous membrane.

While the theoretical fraction of bacterial debris accumulated in the
sensor could be quantified, how this value fits the reality remains to
be investigated through more complex models or experimental work.
Indeed, the nature of the interactions between the lysate fragments and
the pore walls is still unknown; electrostatic or other effects might come
into play, for example. These effects were not considered in the presented
models. The effect of the particles on the fluid or the impact of pore
blockage were also not investigated. Morevover, the interaction between
bacterial debris was neglected; fragments may for example agglomerate,
impacting the filtration. In addition, the geometry of PSi sensors is
also more complex than the presented 2D model: large pores in the top
layer may split into two smaller pores for the next layer, and some pores
branch out to other pores. A 3D model, based on SEM images of the
PSi structure to create the model geometry, may give more accurate
results, but would require more computation time and power. Further
investigations, studying the full membrane, may also enable the study of
the fluidic resistance, which affects the flow rate through the membrane
and also may impact the response.

The optical response of the sensor was also optimised using simulations.
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These simulations were based on transfer matrices, which model the
reflection of multi-layered structure. It was observed that the top layer,
which is qualified as the sensing layer, should be as porous as possible.
This parameter goes hand in hand with pore size. The thickness of the
sensing layer should be as thin as possible, in order to concentrate the
bacterial fragments in the smallest volume possible and hence increase
the response. For the second layer, an optical contrast is needed, which
is achieved by reducing the porosity. The thickness of this layer does
not have a significant impact on the optical signal, but should be as
thin as possible in order to limit the needed pressure to flow the analyte
through it. A support layer is therefore needed, in order to make the
porous membrane more robust. The porosity of this layer has a very
limited impact on the optical signal. The ideal etching parameter ranges
for each layer of the membrane are detailed in Table

Layer Current Thickness Porosity  Justification
density
[mA/em?|  [pm) 7]
Sensing 200-250 2-5 75-80 Higher sensitivity and

higher portion of bacterial
fragments in the sensing
layer

Contrast 50 5-15 ~55 Higher optical contrast,
higher portion of bacterial
fragments in sensing layer
and limitation of the in-
crease in needed pressure
of the inflow

Support  100-150 50-80 65-70 Mechanical support and
reduction of the needed
pressure of the inflow

Table 4.6: Ideal range of etching parameters for each layer of the PSi mem-
brane

The transfer matrix model is however unable to give sufficient informa-
tion about the signal intensity and signal-to-noise ratio, as it does not
take into account the noise that is present during experimental mea-
surements. This noise can be attributed to, among others, the dark
noise, the baseline noise and to thermal effects of the optical read-out
equipment. The noise level is also very important for the determina-
tion of the theoretical limit of detection. While it is possible to find
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specifications of the noise contribution of each component of the optical
read-out setup, it remains difficult to translate these in terms of EOT.
As an approximation of the noise level, the average error on the EOT
fitted by the RIFTS routine was calculated for multiple measurements
and averaged. With this approximation, it was possible to calculate the
theoretical limit of detection, which is situated in the 103-10* CFU/mL
range depending on the PSi membrane design. This LoD is quite high,
but one must keep in mind that it is based on simplified models of the
sensor and the analyte. The reality of the described biosensing experi-
ment is much more complex, with a lot of factors and effects that still
need to be investigated.

4.5 Conclusion

In this chapter, we have studied both components of the biosensor pre-
sented in this research, which is based on the indirect detection of bac-
teria via the lysate inside porous silicon membranes. These components
are the analyte and the sensor. The size distribution of the bacterial
lysate was established, and the fabrication parameters of the porous sil-
icon substrate were then adapted and investigated accordingly. Based
on the membrane filtration simulation, the type of porous nanostructure
best fitted to our biosensing experiment was selected, namely a double-
layer porous membrane. The fabrication parameters of the multi-layered
porous membrane were further fine-tuned via the simulation of the opti-
cal response of the sensor. Finally, using a simplified model of our sensor
and sensing experiment, a theoretical response could be calculated. Con-
centrations of 10° and 105 CFU/mL induce a significant response, but for
lower concentrations, the significance of the response will be dependent
on the base-line signal.
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Abstract

This chapter reviews the fabrication and characterisation of our porous silicon-
based biosensor and is adapted from [RV2|. First the benefits of using a mem-
brane are demonstrated, followed by the study of the performance of the sensor,
in terms of sensitivity and selectivity.
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5.1 Introduction and motivation

The previous chapter focused on the design of our biosensor and on a
theoretical study of its properties and performance. This chapter will
focus on the experimental validation of the observations made previously.
We demonstrate the concept of indirect optical detection of bacteria on
porous silicon membranes with the selective detection of B. cereus lysate
in PBS using the recently characterised PlyB221 endolysins, encoded by
the Deep-Blue phage targeting B. cereus [263].

The detection principle of our optical sensor relies on RIFTS, as ex-
plained Section While RIFTS-based biosensors mostly target small
biomolecules, such as proteins [2504279] or biomarkers [251}280], they
can also be applied to the detection of bacteria cells, as illustrated in Sec-
tion[3.3.3] These bacterial detectors however lack sensitivity, with detec-
tion limits unable to go below 103 CFU/mL. Current bacteria detection
techniques, such as PCR or ELISA, while time-consuming, can easily
reach detection limits of 1 CFU/mL [228|. The insufficient sensitivity
of PSi sensors is attributed to the hindered diffusion of bacteria to and
into the porous matrix. Solutions, such as the electrokinetic transport
for the preconcentration of analyte, have been proposed but remain to
be tested on bacteria [281]. Another approach to increase the sensitivity
of PSi biosensor is the fabrication of PSi membranes (PSiMs). Instead of
a close-ended PSi layer over which the analyte must flow, an open-ended
PSi membrane allows the analyte to flow through the porous matrix. PSi
membranes have been fabricated as early as the 1990s [282] but the in-
terest in PSiMs for sensing applications only arose recently, as discussed
in Section . For biosensing applications, PSiMs have been found
to increase both the time and amplitude of the response [10,126,[283].

This chapter will therefore focus on the added value of PSiMs for the
indirect detection of bacteria via their lysate. Their performance will
thus be compared to PSi layers, with a similar porous morphology, using
the same detection protocol. Next, the limit of detection will be studied,
by decreasing the concentration of B. cereus before the lysis. The selec-
tivity and versatility will also be analysed. Finally, the results will be
analysed with the novel Morlet Wavelet method described in Section
and the observations will be compared to the ones made with RIFTS.
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5.2 Materials and methods

5.2.1 Materials

Double-side polished, boron-doped silicon wafers ({1005, 0.8-0.9 m2 cm,

380-400 pm) were purchased from Sil’tronix Silicon Technologies (France).
Aqueous hydrofluoric acid (HF, 49%) was acquired from Chem-Lab, NV

(Belgium), and absolute ethanol was obtained from VWR Chemicals

(France). Phosphate buffered saline (PBS, 0.01 M phosphate, pH 7.4)

and lysostaphin were purchased from Sigma-Aldrich (USA).

5.2.2 Fabrication of PSi-biosensors
5.2.2.1 Fabrication of Porous Silicon layers

The PSi layer samples were prepared by the electrochemical etch of a
heavily doped p-type silicon substrate. The etching was carried out
in a custom-made Teflon® single bath etch-cell, with a platinum coil
as the counter-electrode and a potentiostat/galvanostat (PGSTAT302N
from Metrohm Belgium) as the current source. The porosification was
performed in HF:ethanol (3:1, in volume) electrolyte. The first step of
the anodisation consisted in etching a sacrificial layer at 200 mA /cm? for
30 s and removing it with a 2 M solution of KOH until no more reaction
was visible. By etching the sacrificial layer (or transitional layer) a more
homogeneous pore size is obtained. The sample was then rinsed once
in deionised water and twice in 2-propanol before being etched again at
200 mA /em? for 50 s. The porous samples were thermally oxidised in
an oven for 30 min at 350 °C under an oxygen flow (1.2 L/min).

5.2.2.2 Fabrication and Characterisation of Porous Silicon Mem-
branes

Figure sketches the process flow, which was inspired by the work
from Zhao et al. |[10]. First, 3-in. highly doped p-type silicon wafers
were cleaned in a freshly prepared piranha solution (HyO4:Hy,SO,, 2:5),
followed by two immersions in continuously flowing deionised (DI) wa-
ter during 20 min. The native oxide is removed in a HF 2% solution,
until the surface is hydrophobic. Afterwards, 500 nm of silicon nitride
(SizN,) was deposited using Plasma Enhanced Chemical Vapour De-
position (PECVD). To improve the chemical resistance of the nitride
layer to HF, the wafers were annealed at 900 °C in ambient air for 3
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h. A first i-line optical lithography with positive resist (AZ® MiR™
701, MicroChemicals GmbH) provided masking for the subsequent Re-
active Ion Etching (RIE) of the silicon nitride layer. The patterned
nitride layer itself served as a mask during the electrochemical etch of
the silicon. The porosification followed the same protocol as explained
in Section but used three different current densities in order to
obtain different porosities: the sensing layer was etched at 200 mA /cm?
for 50 s; this was followed by a 1500 s-etch at 50 mA /cm?, making a
thick optical contrast layer characterised by lower porosity, enabling the
reflection of the light required for the RIFTS method; finally, a thick
mechanical support layer was etched at 100 mA /cm?. The current den-
sities chosen for each layer have been optimised such as to guarantee a
good mechanical stability and optical signal, while retaining pores large
enough for the flow-through operation. The porous multi-layers were
passivated by thermal oxidation, for 30 min at 350 °C under an oxygen
flow of 1.2 L./min. A second optical lithography was then performed on
the backside of the wafers, where a thick positive resist (AZ® 9260 ,
MicroChemicals GmbH) was patterned in alignment with the frontside.
The thick resist served as a mask during the final step of the process,
the Deep Reactive Ion Etching (DRIE) of the backside of the wafer,
until the porous silicon was visible and the membranes were open. The
entire fabrication process was performed in less than a week, and could
be repeated several times. Slight variations in the porous structures can
happen, which can be linked to the manual positioning of the platinum
electrode.

The fabricated membranes have two shapes: either 4 mm? squares, or
3.14 mm? circles. This size was selected based on the beam diameter
of the optical set-up. Each membrane is situated on a 1 cm? die, and
a 3-in. wafer contains 32 dies. The total thickness of the membrane
ranged from 75 to 150 pm, depending on the membrane area, position
on the wafer and different batches.

The membranes were characterised using SEM, both in cross-section and
in top view. Based on the top views, the pore size distribution could
be analysed using the ImageJ software. The porosity of each layer was
determined using SLIM.
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Figure 5.1: Schematic illustration of the process flow for the fabrication of
a porous silicon membrane. Starting from a cleaned 3 in. highly doped sili-
con wafer, the process goes through the following steps: deposition of SizN,
layer using Plasma Enhanced Chemical Vapor Deposition (PECVD) and an-
nealing; positive photolithography on the frontside; opening of the nitride layer
using Reactive Ion Etching (RIE); formation of the porous silicon layer by an-
odization; passivation by thermal oxidation; positive photolithography on the
backside; and finally opening of the membrane using Deep Reactive Ion Etching
(DRIE).

5.2.3 Bacterial detection on PSi-based biosensors
5.2.3.1 PlyB221 Endolysin Expression and Purification

A detailed description of the expression and purification of PlyB221
endolysins can be found elsewhere [263]. The protein concentration was
adjusted to 1 mg/mL.
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5.2.3.2 Bacterial Strains, Growth Conditions

B. cereus ATCC 10987 was used as reference strain and S. epidermidis
ATCC 35984 as negative control in the PlyB221 endolysin experiments.
S. epidermidis ATCC 35984 was also used as target when lysostaphin
was applied as selective lytic agent. Bacteria were grown overnight
(O/N) in Lysogeny Broth (LB) or LB-agar plates at 30 °C for B. cereus
and in Tryptic Soy Broth (TSB) or Tryptic Soy Agar (TSA) plates at
37 °C for §. epidermidis. In brief, 20 mL of LB or TSB were inoculated
with 200 pL of each culture and incubated for 3 h at 30 °C (B. cereus) or
37 °C (S. epidermidis). The cultures were then centrifuged at 10000x g
for 5 min at room temperature and the supernatants were resuspended
in 20 ml of PBS. This washing step was repeated once over and the
optical density (ODggo) was adjusted to ODggg = 0.2 (~10° CFU/ml)
for B. cereus and ODggg = 0.02 (~10° CFU/ml) for S. epidermidis. For
the determination of the limit of detection, the B. cereus suspension was
diluted 10 times once in order to obtain concentrations of ~10° CFU/ml
and then a second time to obtain concentrations of ~10* CFU /ml.

5.2.3.3 Experimental Setup and Optical Reflectivity Measure-
ments

PSiM samples were integrated in a custom-built polycarbonate fluidic
cell, as illustrated in Figure A fibre-coupled Ocean Optics JAZ
spectrometer and a 10-mW halogen light source were used to record re-
flectivity spectra. Data points were recorded every 10 s, with a spectral
acquisition time of 1 s over a wavelength rage of 500-800 nm. Ana-
lytes were injected at flow speed of 15 to 20 pL/min using a Fluigent
LINEUP™ fuidic setup. The obtained optical data were analysed us-
ing the RIFTS method in order to obtain the effective optical thickness,
EOT = 2nL, with n being the refractive index and L the porous layer
thickness. The relative change in EOT overtime was computed as a
percentage, as indicated in Equation with EOTy as the reference
EOT value in PBS. The significance of the relative EOT shift was then
established using a Student’s t-test with a 5% confidence level, with a
negative control test in PBS as reference.

A Morlet Wavelet routine, developed by the Weiss group [245| E]was also
used to process all the optical spectra. The resulting Morlet wavelet

'The routine is available at https://my.vanderbilt.edu/vuphotonics/
resources/
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Figure 5.2: Schematic illustration of the custom-built polycarbonate fluidic
cell.

phase signal is the average of the difference between the unwrapped
phase of the reference spectrum and that of the spectrum collected at
each time point. The significance of the phase shift was probed using a
Student’s t-test, similarly to the EOT shift.

5.2.3.4 Real-Time Detection of B. cereus in PBS on PSi layer
and PSi membranes

The protocol for bacterial detection on a PSi sensor is illustrated in
Figure First 500 pL of purified PlyB221 endolysin were added to
4.5 mL of exponential phase B. cereus resuspended in PBS, so as to reach
a final protein concentration of 100 pg/mL. The 5 mL final volume was
sufficient for at least 4 detections. The suspension was then incubated
for 30 min at 30 °C. Before flowing the bacterial lysate, PBS solution
was injected at 15 to 20 pL/ min for 60 min, flowing through the PSiM
and over the PSi layer, and reference measurements were performed. B.
cereus lysate suspensions were injected at the same flow speed. Optical
measurements were carried out every 10 s for 60 min. The relative EOT
was then extracted from these measurements using the method described
above. A control test, with only the PlyB221 endolysins at the same
concentration was also performed on both types of sensors, following
the same protocol described previously. For all tests, measurements
were performed at least 3 times.
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Figure 5.3: Protocol of bacteria detection through their lysate: (1) lysis of the
bacteria using a selective endolysin, (2) incubation for 30 min and (3) optical
detection on a porous silicon membrane.

5.2.3.5 Specificity Testing: Detection of S. epidermidis in
PBS with the PlyB221 endolysin on PSi membranes

For this experiment, two tests were performed: a negative control using a
S. epidermidis suspension and a positive control using a complex sample
containing both S. epidermidis and B. cereus. For each test, 4.5 mL of
bacterial suspension were incubated for 30 min at 30 °C with the 500
nL of PlyB221 endolysin (1 mg/ml). This final volume was sufficient for
at least 4 detections. Reference measurements in PBS were performed
for 5 to 15 min, until liquid was observed at the other side of the PSi
membranes. The bacterial suspension was then injected at a flow speed
of 15 to 20 pL/min and optical measurements were performed every
10 s for 60 min. The relative EOT shift was computed as described
previously.

5.2.3.6 Versatility of the Platform: Detection of S. epider-
midis in PBS with lysostaphin on PSi membranes

In this experiment, a different lytic enzyme-bacteria pair was tested. S.
epidermidis was selected as the targeted strain, and lysostaphin was cho-
sen as the selective agent. This glycyl-glycine endopeptidase is specific to
the pentaglycine bridges present in the cell wall of certain Staphylococci.
For the detection experiments, 1 mg of commercialised lysostaphin was
diluted in 1 mL of PBS supplemented with 30 % of glycerol to reach a
concentration of 20 pnM. For the lysis, 150 nL of this 20 pM lysostaphin
was added to 2.850 mL of bacterial suspension, yielding a final endolysin
concentration of 1 pM [27]. The suspension was then incubated at 37
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°C for 30 min. Reference measurements in PBS and in lysostaphin sus-
pensions were performed for 1 h each. The bacterial suspension was
injected at a flow speed of 15 to 20 nL/min and optical measurements
were performed every minute for 60 min. The relative EOT shift was
computed as described previously.

5.3 Results

5.3.1 PSi-Based Biosensor Characterisation

The effective optical thickness of PSi is strongly dependent on its refrac-
tive index. When an analyte penetrates the pores, the refractive index of
the porous layer increases, therefore inducing a shift in the EOT. In the
case of a membrane, to make sure that the analyte remains inside the
porous matrix, two approaches are possible: size exclusion or binding to
the pore wall. For this project, size exclusion was chosen by accordingly
selecting different pore size for each layer of the membrane. The first
layer, also called the sensing layer, has an average pore size 41.05 nm,
as described in Table and illustrated in Figure Larger pores
could be etched, but the resulting layer was too easily damaged, as an
increase in pore size induced an increase in porosity, rendering the layer
more fragile. The selected pore size is a trade-off between pore opening
and mechanical integrity. The bacterial lysate is composed, among oth-
ers, of cell wall fragments, DNA and RNA molecules, cytoplasmic liquid
and ribosomes, which are assumed to penetrate the sensing layer.

In order to keep the bulkier particles in the top layer, the contrast layer
was designed to have a smaller pore size, as indicated in Table As
mentioned in the previous chapter, these choices in pore size also have
two other motivations: (1) they allow the PlyB221 endolysin to flow
through the membrane and not be retained in the sensing layer and (2)
they prevent the non-lysed bacteria from penetrating the membrane,
therefore enabling a selective detection. Figure depicts a PSi mem-
brane, with an up-close view of the transition between the top sensing
layer and the contrast layer.
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Figure 5.4: Scanning electron microscopy (SEM) image of the top layer porous
silicon membrane. The average pore size is ~41 nm, with a standard deviation
of ~20 nm.

Layer Current den- Time Pore  size Thickness Porosity
sity [mA/cm?] s [nm] [m] [%]
Sensing layer 200 50 41.05+20.4  4.09+0.7 75.4
Contrast layer | 50 1500 14.6+7.8 22.8+6.8 48.5
Support layer 100 2000 25.5+10.4 ¥ ¥

Table 5.1: Properties of PSi samples etched at different current densities;
these values were extracted from SLIM measurements and SEM observations.
* The thickness and porosity could not be accurately measured, as part of the layer
was etched away during the DRIE step.
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Figure 5.5: Scanning electron microscopy (SEM) cross-section image of a
multi-layered porous silicon membrane. The inset shows a close-up of the top
of the porous membrane, in which the sensing and the contrast layers can be
identified.



5.3. Results 141

5.3.2 PSi layers versus PSi membranes

In order to establish the added value of a flow-through approach to the
optical detection with respect to the traditional flow-over approach, the
performances of PSi membranes were compared to those measured on
PSi layers. The average relative EOT shift measured on PSi layers, in
a flow-over approach, is presented in Figure [5.6p. No distinction could
be made between the bacterial lysate detection and the control tests
using either the buffer or the endolysin suspension. Both control tests
induced minute decreases of the relative EOT: on average -0.24% and -
0.01% after 1 h for PBS and the PlyB221 endolysin, respectively. A small
increase of relative EOT was measured in the presence of bacteria lysate,
namely 0.05%, but this increase was not significant when compared to
the noise level. This noise level was calculated based on the overall
standard deviation of the signal in PBS and was expressed as 30 =
1.08%.

The performances of PSi membranes for the same three tests in flow-
through operation are illustrated in Figure [5.6b. The buffer control test
induced a decrease in relative EOT of -0.32% after 1 h. The control
test with only the PlyB221 endolysins gave rise to a 0.28% increase of
relative EOT. This increase was however not significant and remained
below the noise level, which was calculated in the same manner described
previously and was equal to 0.84% in the case of PSi membranes. Upon
the penetration of bacterial lysate inside the membrane, a significant
increase of relative EOT was measured, exceeding the noise level after
6 min and reaching an average +2.43% after 1 h.
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Figure 5.6: Characteristic relative effective optical thickness (EOT) shift
measured on (a) a porous silicone (PSi) layer or (b) a PSi membrane for 1 h
in phosphate buffered saline (PBS), in a PlyB221 endolysin suspension and in
a B. cereus lysate (n > 3). In a), the inset illustrates the flow-over approach;
there was no significant shift visible during the detection of either the PlyB221
endolysin or bacterial lysate. In (b), the inset illustrates the flow-through
approach; there was a significant shift in the relative EOT during the detection
of bacterial lysate.
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5.3.3 Determination of the Limit of Detection

The limit of detection was determined using decreasing concentrations
of B. cereus. Results are displayed in Figure As presented above,
the detection of 10 CFU/ml is significant compared to the negative
control tests in PBS and in endolysin only. For a concentration of 10°
CFU/ml, the relative EOT shift amounted 0.96%, which is just above
the noise level but still significantly different to both control tests. For
10* CFU/ml, the relative EOT shift decreased below the noise level
to 0.64%. While this difference remains significant with respect to the
control test in PBS, it is not with respect to the endolysin control test.
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Figure 5.7: Characteristic relative effective optical thickness (EOT) shift mea-
sured on a PSi membrane after 1 h in PBS, in a PlyB221 endolysins suspension
and in increasing concentrations of B. cereus lysate (n > 3). The dashed red
line represents the noise level, fixed as 30 of the signal measured in PBS. The
detection limit is 105 CFU/ml of B. cereus.

5.3.4 Specificity testing with S. epidermidis

To illustrate the specificity of the sensing platform, a negative control
test was performed using a S. epidermidis and a positive control test was
carried out using a mixture of B. cereus and S. epidermidis. The relative
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EOT shifts observed for both tests are depicted in Figure [5.8, where it
is compared to controls in PBS and with the PlyB221 endolysins only,
as well as to the detection of B. cereus lysate only. The detection using
S. epidermidis induced no significant shift in relative EOT. After 1 h,
the relative EOT was increased by 0.29%, which is comparable to the
control test with only the PlyB221 endolysins. The positive control test
showed a significant relative EOT increase of 1.59%.

AEOT/EOT, [%]

Figure 5.8: Characteristic relative EOT shift measured on a PSi membrane
after 1 h in PBS, in a PlyB221 endolysin suspension, in a S. epidermidis sus-
pension, in a mixture of B. cereus lysate and S. epidermidis and in B. cereus
lysate only (n = 3). The dashed red line represents the noise level, fixed as
30 of the signal measured in PBS. Only the detection of mixture of B. cereus
lysate and S. epidermidis induced a significant shift

5.3.5 Versatility of the Platform

To illustrate that the biosensor can be used for the detection of other
bacteria/lytic enzyme pairs, the same detection protocol was repeated
using S. epidermidis as targeted strain and lysostaphin as selective lytic
agent. The relative EOT shift was measured overtime and compared to
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control tests in PBS and lysostaphin only. As depicted on Figure[5.9] the
relative EOT shift induced after 1 h by the penetration of lysostaphin
into the porous membrane is comparable to the one measured for the
PlyB221 endolysin and amounts 0.26%. The penetration of S. epider-
midis lysate causes a significant shift in relative EOT after 30 min,
reaching a value of 1.83% after 1 h.

4
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Figure 5.9: Relative effective optical thickness (EOT) shift measured on a
PSi membrane for 1 h in PBS (grey), in a lysostaphin suspension (blue) and in
a S. epidermidis lysate (red). The bacterial lysate is detected after 30 min.

5.3.6 Morlet Wavelet data processing

The data presented above was also analysed with a Morlet Wavelet rou-
tine. The results are summarised in Figure [5.I0] This method was
created in order to reduce the noise signal of the optical spectra. For
the presented data set, the Morlet Wavelet routine does not seem to
affect the limit of detection: according to the Student’s t-test, the low-
est concentration with a significant difference from the PBS baseline
remains 10° CFU/mL. In terms of selectivity, the observations are the
same as for RIFTS: our sensor is selective with respect to bacteria that
are not targeted by the endolysin.
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Figure 5.10: Characteristic Morlet Wavelet Phase Response measured on a
PSi membrane after 1 h (right) in PBS, in a PlyB221 endolysin suspension and
increasing concentration of a B. cereus lysate; and (left) in 106 CFU/mL of
B. cereus lysate, in a S. epidermidis suspension and in a mixture of B. cereus
lysate and S. epidermidis (n > 3).

5.4 Discussion

Porous silicon membranes are promising biosensors: with their flow-
through operation, they overcome the lack of sensitivity of flow-over
PSi-based biosensors and are characterised by short response times |10
,. Moreover, they do not require any stratagems to transport
and concentrate the analyte on the transducer. In this work, we demon-
strate once again the potential of these detection platforms and focus
on their use for the detection of bacteria. PSiMs were fabricated using
standard microfabrication techniques and electrochemical etching. The
full fabrication process took less than a week, and dozens of samples
could be produced in one attempt. No functionalisation was applied
to the sensors, as the specificity was based on the use of endolysins.
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Endolysins are phage-encoded enzymes that induce bacterial lysis for
certain targeted strains. In this work, the PlyB221 endolysin was used,
targeting B. cereus, whose efficiency is demonstrated in [263)].

Combining PSiMs and the use of endolysins produced an innovative
biosensing platform that was able to detect B. cereus lysate, with an
initial concentration of 105 CFU/ml, in less than 10 min. In flow-over
PSi-based biosensors, similar concentrations could not be detected. Two
negative control tests were carried out: one in PBS and one with the
PlyB221 endolysin only. The PBS control induced a slight decrease of
relative EOT. This can be explained by the slow oxidation and disso-
lution that PSi undergoes in aqueous media [284]. This effect can be
minimised by chemically modifying the pore surface using either hy-
drosilylation [203|, thermal hydrocarbonisation [205] or atomic layer de-
position (ALD) of oxides [204]. Adequate passivation may also help to
reduce the noise level of the optical sensing, as demonstrated by Ras-
son et al. with the use of ALD [204]. The second control test, which
consisted in flowing a PlyB221 endolysin suspension through the sensor
for 1 h, resulted in a slight increase of the relative EOT. While it was
expected for the endolysins to pass through the membrane, this increase
indicates that they were partly retained. We believe two hypotheses
might explain this effect: (1) a minor size exclusion effect, which is not
surprising since there is a large pore size distribution visible in Figure 3
and (2) the binding of proteins to the pore walls.

In order to determine the detection limit, the initial concentration of
bacteria was reduced. The sensor was able to detect concentrations as
low as 105 CFU/ml after 1 h. While concentrations of 10* CFU/ml in-
duce a significant increase in signal compared to the PBS control test,
this increase was however not significant with respect to the endolysin
control test. Once again, adequate passivation may help to reduce the
deviation between measurements and enable the lowering of the detec-
tion limit to 10* CFU/ml or lower. While the specificity of the PlyB221
endolysin has already been demonstrated [263|, the specificity of the
sensor was still exemplified by adding S. epidermidis to the PlyB221
endolysin suspension. The observed shift in relative EOT is similar to
the one observed with the PlyB221 endolysins only. This confirms that
bacteria, when not lysed, are not able to penetrate the membrane, thus
demonstrating the specificity of the sensing platform. A second test
was performed by adding both B. cereus and S. epidermidis to the en-
dolysins: the results showed a significant increase in relative EOT, but
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lower than the one measured for B. cereus lysate only. We believe this
might be explained by the accumulation of S. epidermidis on top of the
sensor, blocking part of the pores and preventing the penetration of B.
cereus lysate. This accumulation of intact bacteria may also explain
the larger deviation between measurements when in the presence of S.
epidermidis: part of the light is scattered by the bacteria, therefore de-
creasing the optical signal and adding deviations during the fit of the
EOT.

An alternative data processing method was also considered. The TAW
method was excluded because of the large variations of the signal inten-
sity, which can be attributed to the slow degradation of the PSi matrix.
The application of a Morlet Wavelet routine, in order to reduce the
effect of the noise on the optical signal, was however possible but did
not result in any further reduction of the limit of detection. Similar
observations have been made by Arshavsky-Graham et al. [246]. Fur-
ther improvements could however be achieved by optimising the Morlet
Wavelet parameters, in order to better filter the optical spectra. The se-
lection of the wavelength range, for example, seems to have a significant
effect on the results, and should therefore be carefully analysed.

While most PSiM-based sensors rely on functionalisation to capture the
analyte [10,/126,(234], the biosensor presented in this work bases the cap-
ture on a size exclusion effect. This novelty has several benefits: the lack
of functionalisation considerably shortens the production time of the sen-
sors and puts no requirements on the storage and detection conditions.
This choice of design was made with future industrial specifications in
mind: without the constraints of functionalisation, a silicon-based de-
vice such as the one presented, which is compatible with all standard
fabrication techniques used in microelectronic cleanrooms today, could
be easily mass-produced and packaged, for a very low cost. The lack
of functionalisation also enables the use of sensors from the same batch
for the detection of different strains of bacteria, as long as a selective
endolysin is available. This versatility was illustrated by the detection
of S. epidermidis using lysostaphin as the selective lytic agent.

Besides specificity, the performance of our optical biosensor can be dis-
cussed in other terms: response time, sensitivity and limit of detec-
tion. The response time for this study is comparable to functionalised
PSiMs [10},/126,234] and since no rinsing is required to remove unbound
species, the total detection time (which includes both lysis and optical
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monitoring) can be reduced to less than 2 h. Another major advan-
tage is the reduced volume of analyte that is needed: only 1 mL is
required for the detection. In terms of bacterial concentration, a limit
of detection of 10> CFU/ml remains high compared to other PSi bacte-
ria sensors [249}253}254,256]|, yet there is much room for improvement.
Further studies should therefore aim to lower the detection limit to com-
petitive levels (< 10> CFU/mL) by improving the stability of the sensor
and reducing the noise level of the optical signal.

5.5 Conclusion

In this chapter, we demonstrated the fabrication of an innovative biosen-
sor for the detection of bacteria through their lysate, by combining the
use of both optically monitored porous silicon membranes and selective
endolysins. We showed promising results in terms of sensitivity, selectiv-
ity and speed of response by demonstrating the targeted detection of 10°
CFU/mL of B. cereus lysate in less than 10 min. These results, added
to the easy fabrication and low design cost, pave the way for the devel-
opment of a widespread multistrain bacteria sensor. There is however
still room for improvement, especially when considering the stabilisation
of the porous matrix in order to avoid the observed zero drift.
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Abstract

This chapter is partly adapted from [RV1] and relates to the optimisation of our
biosensor prototype. Atomic layer deposition is used to passivate the pore walls
with ultra-thin metal oxide layers. Several metal oxides are tested, and TiO,
is selected as the most promising one for bacteria detection. The sensitivity,
selectivity and versatility of the sensor are verified.
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6.1 Concepts and motivation

The reactivity of porous silicon is governed by silicon-silicon (Si—Si) and
silicon-hydrogen (Si—H) bonds. Both bonds can reduce in water to hy-
drogen. The reduction of Si—Si bonds in particular generates new Si—H
bonds in addition to silicon oxides. These silicon oxides are then able to
dissolve in aqueous media. The rate of this dissolution is dependent on
the surrounding pH and the pore morphology [285]. The oxidative hy-
drolysis reaction was already discussed and described in Section
In the context of a biosensor, this reduction with water causes a drift of
the sensor’s baseline signal in aqueous media, meaning that the device
is unstable. Indeed, the cycles of oxidation and dissolution of the pore
walls are a big disadvantage of PSi, which limits the sensitivity of the
biosensors [90].

Section listed some of the solutions that can be used to modify
the chemistry of porous silicon and minimise or suppress the degrada-
tion of PSi; they will be discussed in the present section with more
details. Atomic Layer Deposition (ALD) will be explored specifically,
as this is the technique we selected to stabilise our PSi-based biosen-
sor. In this work, we therefore demonstrate the conformal ALD coating
of several metal oxides inside the porous membrane. The ALD-coated
PSiMs exhibit an improved stability and enhanced optical properties,
from which our biosensor can profit. Finally, the performance of our
PSi-based biosensor, coated with ALD-TiO,, is fully characterised, in
terms of sensitivity, selectivity and versatility.

6.1.1 Overview of passivation techniques

There are two approaches to surface modification when it comes to
porous silicon: (1) modifying the surface chemistry by covalent bonding
or (2) the deposition inside the porous matrix, such as the electroless
deposition of metals, the chemisorption of metal oxides or the layer-by-
layer coating of electrolytes.

Most covalent chemistry modifications involve Si—O or Si—C bonds.
These bonds are stronger than Si—Si and Si—H bonds, and therefore
able to passivate a porous surface. Techniques used to generate Si—O
or Si—C bonds will be discussed below. Oxidised porous silicon can
further be modified by grafting other chemistries, such as silanol-based
molecules, or even biomolecules. Only the former will be overviewed
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here.

6.1.1.1 Formation of Si—O bonds

Porous silicon can be oxidised via several routes, which are listed below.
Different surface oxide species can be generated with these techniques,
such as Si—O—Si and Si—OH bonds. The nature of the oxide will affect
the stability of the porous matrix, as the kinetics of the oxide dissolution
in aqueous media is dependent on the oxide chemistry. More information
about the oxide nature generated with each technique is given below and
is inspired by [90}285286).

Thermal oxidation: this is the simplest technique, especially used
in the microelectronics industry, in order to create a high-quality
oxide layer. Thermal oxidation can be carried out in air or under
O, flow. Different species are generated, depending on the tem-
perature and the ambient humidity. Even at room temperature,
a thin oxide layer is produced within a few hours, but both ox-
ide species and hydroxy species are observed, as well as absorbed
water when exposed to humid air. At higher temperatures, these
surface hydroxy species start to disappear and, at >700 °C, the
full porous skeleton is oxidised. High temperature oxides are more
stable because they are dehydrated.

Water oxidation: as mentioned above, water is a competent ox-
idant for Si—Si and Si—H bonds. The oxide created in aqueous
solutions is however dissolved, via a nucleophilic attack (usually
by OH™ that cleaves the Si—Si bonds). In acidic solutions, the
rate of dissolution is very slow, creating a stable oxide. Likewise,
the use of high-pressure water vapour as an alternative to liquid
water solutions, renders a very stable oxide layer.

Chemical ozidation: chemical oxidants can also be used on porous
silicon. For example, ozone oxidation generates a hydrated oxide;
dimethyl sulfoxide or pyridine, can also be used, but created a
very thin oxide layer. The advantage of chemical oxidation is the
reduction of the strain in the porous layer, but it is not the most
stable chemical modification.

Electrochemical ozidation: the electrochemical anodisation of PSi
using a mineral acid such as aqueous H,SO, generates a fairly
stable oxide layer. This oxide layer is very hydrophilic, which is an
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interesting property for flow-through operation or for the loading
of molecules inside the pores.

6.1.1.2 Modification of oxidised PSi

One further modification technique is silanisation, meaning porous sil-
icon oxides are further modified by silanol groups. The most well-
known silanol chemistry is the coupling of 3-aminopropyltriethoxysilane
(APTES), which is able to link biomolecules on its —NH, group. How-
ever, APTES chains tend to couple to each other rather than to the
PSi oxidised surface, causing the pores to clog. On the other hand,
monoalkoxydimethylsilanes, such as 3-aminopropyldimethylethoxysilane
(APDMES)), are less likely to couple and hence penetrate better into the
porous matrix [90}285].

Another stabilisation technique of oxidised PSi is “ring opening click
chemistry”. The reagent for this type of modification is a 5-membered
heterocyclic compound containing Si—S or Si—N bonds within the ring;
via tandem coupling reactions, new functional chemistries, such as —COOH
or —OH groups, were generated at the pore surface |286).

6.1.1.3 Formation of Si—C bonds

The formation of Si — C bonds leads to a very stable surface, which is
highly desirable for applications that require a long-term exposure to
aqueous media. Indeed, Si—C bonds are less electronegative than Si—O
bonds, which renders them more kinetically stable despite their lower
bond strength.

o Thermal carbonisation: this reaction was developed by Salonen et
al. [205] and involves the decomposition and partial pyrolysis of
acetylene gas on PSi, at very high temperature. The temperature
of the reaction will dictate the hydrophobicity of the surface: at
temperatures of <500 °C, the porous silicon is more hydrophobic
than at higher temperatures. The nature of the surface chemistry
is also different; at lower temperatures, the surface also presents
C—H, C=C and C—OH bonds; at higher temperature, the residual
hydrogens are removed and most of the surface is carbonised |90,
285).

e Hydrosilylation: in this stabilisation method, the Si—H surface
species react with the alkene or alkyne terminals of hydrocarbon
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chains. The other end of the chain can include a wide variety of
organic functional groups. The reaction is helped by heat, light
or catalysts and should be carried out in a Schlenk line, as the
reacting compounds are often air- or water-sensitive. The cover-
age of PSi via hydrosilylation is however limited, both because the
reagents are often too big to easily diffuse through the pores and
because the spontaneous oxidation of the pore wall blocks the re-
action. Microwave irradiation can be used to limit the latter side
effects, increasing the surface coverage [90,285|.

e FElectrochemical grafting: the coupling of Grignard, alkyl- or aryl-
lithium reagents on freshly etched PSi (meaning on Si—H bonds)
requires electrochemical assistance, in order to generate reactive
carbon-based radical or carbanions. The reagents are often air-
and water-sensitive as well, and for most too big to quickly diffuse
through the pores. The surface coverage is therefore limited [285].

6.1.2 Atomic Layer Deposition (ALD)

Atomic layer deposition is a technique used in the microelectronics in-
dustry in order to deposit ultra-thin layer of materials. This technique,
also known as atomic chemical vapour deposition, deposits films with an
atomic control. Most ALD processes rely on binary reagent sequences,
during which two surface reactions take place sequentially, resulting in
the deposition of a binary compound film. Each surface reaction is
self-limiting and only one monolayer of compounds is deposited, as il-
lustrated in Figure The self-limiting aspect ensures a good step
coverage and a conformal deposition [287].

ALD is able to passivate the large internal surface areas of porous silicon
with a precise control on the deposited thickness. It has been demon-
strated that a conformal coating can be achieved in both macro- and
mesoporous layers [204][288],289).

Stability tests performed on PSi layers coated with ALD-aluminium
oxide (AlyO3) or ALD-hafnium(IV) oxide (HfO,) under a buffer flow
during 2 h indicated that the ALD passivation significantly reduces the
signal drift characterising the porous matrix degradation [204]. Further-
more, the theoretical limit of detection of ALD-passivated biosensors was
found to improve by a factor 13 and 16 for Al,O5 and HfO, passivated
PSi layers respectively [94].
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Figure 6.1: Schematic illustration of the working principle of ALD, using self-
limiting surface chemistry and a binary reaction sequence, depicted by reagents
A and B. Reprinted from [287].

Repeat

One limitation of ALD is the hindered diffusion of the reagents for deep
porous layer; even with an adapted recipe, in which long waiting times
are added to enable a better diffusion, it remains difficult to have an
even coating from the top to the bottom of deep mesoporous layer [94].
This limitation may be solved by PSi membranes, in which the porous
matrix is accessible from both sides. This chapter therefore focuses on
the ALD coating of PSi membranes, using three different metal oxides:
aluminium oxide (Al,O3), hafnium(IV) oxide (HfO,) and titanium oxide
(TiO,). The chemistry and conformity of the coating is characterised
using several techniques, such as Energy Dispersive X-ray Spectroscopy
(EDX). The performance of all three types of passivation is studied in
terms of stability and of biosensing. Finally, TiO,-coated PSiMs are
used for the indirect detection of bacterial lysate.

6.2 DMaterials and method

6.2.1 Study of ALD passivated PSiMs
6.2.1.1 Fabrication of the passivated PSiMs

Materials Double-side polished, 3-inch diameter boron-doped silicon

wafers (100, 0.8-0.9 m§2 cm, 380-400 pmmm) were acquired from Sil’tronix

Silicon Technologies (France). Aqueous hydrofluoric acid (HF, 49%)
was obtained from Chem-Lab, NV (Belgium), and absolute ethanol
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was purchased from VWR Chemicals (France). Phosphate buffered
saline (PBS, 0.01 M phosphate, pH 7.4) was purchased from Sigma-
Aldrich (USA). The atomic layer deposition precursors, trimethylalu-
minum (TMA), tetrakis(dimethylamido)hafnium (TDMAH(f) and tetra-
kis(dimethylamido)titanium (TDMAT) for Al,O5, HfO, and TiO, re-
spectively, were purchased from SAFC Hitech (UK). Human serum (from

human male AB plasma, USA origin, sterile-filtered ) was purchased
from Sigma-Aldrich (USA).

Fabrication and ALD passivation Figure[6.2]illustrates the process
flow used for the manufacturing of PSi membranes. To start, the silicon
wafers were dipped in a freshly prepared piranha solution (H,04:H,SO,,
2:5), followed by two immersions in continuously flowing deionized (DI)
water during 20 min. The native oxide is removed in an HF 2% solution,
until the surface is hydrophobic. Next, a 90 nm-layer SiO, was grown
using wet thermal oxidation at 1000 °C and a 500 nm-layer of poly-
crystalline silicon (PolySi) was deposited at 620 °C using Low Pressure
Chemical Vapour Deposition (LPCVD). An i-line optical lithography
with positive resist (AZ® MiR™ 701, MicroChemicals GmbH) pro-
vided masking for a RIE step, which was used to open the PolySi layer
and remove it from the rear face. The SiO, at the bottom of these pat-
terns was removed using diluted HF (5% v/v). The patterned double
layer of SiO, and Poly Si then acts as a mask during the electrochem-
ical etching of the silicon [11]. A negative resist (AZ® nLOF™ 5510,
MicroChemicals GmbH) was coated and patterned on the backside of
the wafer, forming a lift-off layer for the evaporation of aluminium. The
metallisation step took place in an e-gun VST and resulted in a 300 nm
thick aluminium layer. This layer has a double purpose: it serves as a
hard mask during the backside etching, but also enables a better con-
tact during the porosification step. This porosification was performed
by anodisation in a custom-built Teflon® single bath etch cell, with a
platinum coil as counter electrode, an aluminium working electrode and
a potentiostat/galvanostat (PGSTAT302N from Metrohm, Belgium) as
current source. The etching was carried out in HF(49%):ethanol (3:1,
in volume) electrolyte and consists of a four-step process: (i) a sacrifi-
cial layer was etched at 200 mA /ecm? for 30 s and removed using a 1 M
solution of KOH until no more reaction is visible; (ii) then a first layer,
forming the sensing layer, was etched at 225 mA /em? for 30 s; (iii) a
second layer, serving both as the contrast layer and the support layer,
was etched at 100 mA /cm? for 4090 s, to ensure a mechanically stable
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membrane. After the anodisation step, the silicon wafer was oxidised in
a Heraeus heating oven under 1.5 L/min O, and 1.2 L /min N, flow at
250 °C for 30 min. The lower temperature was selected to any major
thermal stresses inside the porous matrix. The thus-formed thin oxide
layer protects the porous silicon during the last step of the fabrication
process, namely the DRIE of the backside of the wafer. This DRIE etch-
ing is carried out until the porous silicon was visible from the backside.
The fabricated membranes have two shapes: either 4 mm? squares, or
3.14 mm? circles. This size was selected based on the beam diameter
of the optical set-up. Each membrane is situated on a 1 cm? die, and
a 3-in. wafer contains 32 dies. The total thickness of the membrane
ranged from 65 to 150 pm, depending on the membrane area, position
on the wafer and different batches. Thinner membranes were avoided
as they were easily mechanically deformed and/or cracked during the
further processing steps.

Once fabricated, the membranes were divided in four batches: the first
batch remained as is, while the three other batches were passivated
using Atomic Layer Deposition (ALD) of three different metal oxides,
namely HfO,, Al,O5 and TiO,. The oxide growths were carried out in
a Fiji F200 ALD reactor (Veeco/CNT, MA, USA) in exposure mode,
meaning that the deposition chamber is isolated from the pump during
the precursor pulses to allow a deep penetration of the precursors and a
homogeneous coating throughout the porous matrix. The samples were
lifted onto Si wafer scraps, in order to enable the access from both sides
of the membrane. All depositions were performed in thermal mode, at
200 °C. The first precursors are TMA, TDMAHf and TDMAT for Al,Os,
HfO, and TiO, respectively. The second precursor is water vapour for
all three types of deposition. The ALD parameters for the three metal
oxides are detailed in Table 1. The numbers of cycles for each type of
ALD was adjusted as to obtain layers with similar thicknesses, namely
~3 nm as measured per ellipsometry on flat silicon substrates submitted
to the same deposition process.

Characterisation of ALD-passivated PSiMs The same techniques
as described in Section[4.2.2.2] were used to characterise the ALD-passivated
PSiMs. These techniques include SLIM and SEM observations. The
SEM was also coupled with an Energy Dispersive X-ray Spectroscopy
(EDX) detector, combined with the Esprit Software. These tools were
used to analyse cross-sectional views of the membranes, and characterise
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Figure 6.2: Schematic illustration of the manufacturing process of PSi mem-
branes. Starting from a cleaned 3-in diameter highly doped silicon wafer, the
process goes through the following steps: (1) thermal oxidation, (2) deposition
of a polysilicon layer (PolySi) using Low Pressure Chemical Vapour Deposi-
tion (LPCVD); (3) positive photolithography on the frontside and opening of
the PolySi and SiO, layers using Reactive Ton Etching (RIE) and diluted HF
respectively; (4) negative photolithography on the backside, evaporation of an
aluminium mask and lift off of the resist; (5) formation of the porous silicon
layer by electrochemical etching; (6) low temperature thermal oxidation; and
finally (7) opening of the membrane using Deep Reactive Ion Etching (DRIE).

conformity of the oxide deposition throughout the porous matrix depth.
X-Ray Photoelectron Spectroscopy (XPS) was also performed to verify
the chemistry of the deposited layer (see [E.1.1)).

6.2.1.2 Stability testing

The stability measurements were carried out in a custom-made polycar-
bonate fluidic cell. The cell was connected to a Fluigent LINEUP™
fluidic setup, which injected PBS at a flow speed of ~ 1 pL./ min. Re-
flectivity spectra were recorded with the same equipment as detailed in
Section [£.:2.2.2] The spectra were acquired every 10 s for 4 hours, with
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HfO, AlL,O5 TiO,

Precursor Pulse 1 0.3s 0.5s 0.2s

Wait 120 s 120 120 s

Purge 360 s 360 s 360 s

Precursor Pulse 2 0.1s 0.1s 0.2s

Wait 120 s 120 s 120 s

Purge 360 s 360 s 360 s

Total number of cycles 25 40 50

Deposition temperature | 200 °C 200 °C 200 °C

Table 6.1: Parameters for ALD of different metal oxides in a Fiji F200 ALD
reactor.

an integration time of 2000 ms and an averaging of five scans to reduce
the noise level. The PSi samples were pre-wetted with PBS before their
inclusion to the fluidic cell. The first 30 min of data were discarded to
ensure that both the fluidic and the thermal transient are over.

The optical data was then analysed with a RIFTS routine in order to
compute the relative EOT change overtime. The noise level of each mea-
surement was also evaluated, following the RIFTS data processing. This
was achieved by using the wdenoise routine on MATLAB (MathWorks).
This function denoises the signal using a Symlets 4 wavelet. The mean
and standard deviation of this calculated noise was then computed. A
more detailed noise analysis can be found in Appendix

6.2.2 Bacterial lysate detection on ALD passivated PSiMs

The preparation of the endolysin mix and bacterial suspensions has been
described in Section In this chapter, Bacillus subtilis (Bs168)
was selected to test the specificity of the sensor. In brief, B. subtilis
bacteria were grown overnight (O/N) in Lysogeny Broth (LB) or LB-
agar plates at 30 °C. The cultures were then centrifuged at 10000x g
for 5 min at room temperature and the supernatants were resuspended
in 20 ml of PBS. This washing step was repeated once over and the
resulting suspension was diluted with by a factor 1/100, reaching an
optical density ODgog = 0.2.

The experimental setup for optical measurement was also described in
said section, with two differences: (1) the flow speed was reduced to 1
to 2 pL/min and (2) the bacterial detection is preceded by a 30-min
transitional period in PBS, during which the PSiMs are fully wetted.
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Moreover, the concentration of endolysins in the bacterial suspension
was halved to 50 png/mL, as this concentration showed a similar lytic
activity [263].

For all performed detections, at least three measurements were carried
out. The collected optical data was then processed using a RIFTS rou-
tine, similarly to the first prototype. Some data was also analysed with
the Morlet Wavelet routine [245] [[]

Finally, a complex sample was tested out: B. cereus bacteria grown as
described above were suspended in human serum (pH 8). The concen-
tration was adjusted to 10 CFU/mL. Part of the suspension was then
incubated with PlyB221 endolysins, achieving a final concentration of
100 pg/mL, for 30 min at 30 °C and 120 RPM. Measurements were
carried out for 1 h, after 30 min of pre-wetting in blank human serum.
Controls test with endolysins only and intact bacteria were also carried
out.

6.3 Results

6.3.1 Study of ALD passivated PSi membranes
6.3.1.1 Design of the new PSiM-based sensor

As ALD will deposit a thin layer of material inside the porous structure,
the design of the PSi membranes must be adapted. The main adaptation
relates to the increase of the pore size. In the previous chapter, the PSi
membrane was composed of three layers; for the second prototype, the
sensing layer was etched at a higher current density, and the contrast
layer as well, merging with the support layer. A thinner sensing layer
was also preferred in this new design, as it was observed in Section
that this improves the limit of detection, and because the EOT
peak of a thinner layer was found to be higher in intensity as well. The
fabrication parameters and morphology of both prototypes are listed in
Table [6.2]

'The routine is available at https://my.vanderbilt.edu/vuphotonics/
resources/
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Prototype 1

Pore size [nm| | Thickness [pm] Parameters
Sensing layer 43.9 + 18.24 4.09+0.7 200 mA /cm?, 50 s
Contrast layer | 23.9 + 9.52 22.846.8 50 mA /em?, 1500 s
Support layer 21.8 + 8.05 60 to 100* 100 mA /em?, 2000 s

Prototype 2

Pore size [nm] | Thickness [pm] Parameters
Sensing layer 55.5 + 25.42 2.64 + 0.13 225 mA /cm?, 30s
Contrast layer | 21.8 + 8.05 80 to 140* 100 mA /em?, 4900 s

Table 6.2: Comparison of the fabrication parameters and properties of both
fabricated prototypes (*=depends on the DRIE step at the end of the fabrica-
tion process).

6.3.1.2 Morphology of the ALD-coated porous silicon

As in the previous chapter, the morphology of the porous matrix was
analysed using both SLIM characterisation and SEM observations. Fig-
ure [6.3]illustrates the decrease in pore size for all types of ALD coatings.
It can be observed that the images for ALD-covered PSi layers are less
sharp, which can be linked to a charging effect. For all types of metal
oxides, a layer of ~3 nm was deposited. This expected thickness was
derived from the growth per cycle rate measured on flat silicon sample
using a Sentech SE850 ellipsometer (0.1 nm resolution): growth rates of
1.1 A/cycle, 0.9 A /cycle and 0.7 A /cycle were observed for HfO,, Al,O4
and TiO, layers respectively. With these growth rate, the expected layer
thicknesses are 2.75 nm, 3.6 nm and 3.5 nm for HfO,, Al,O5 and TiO,
respectively. However, based on SEM observations, the ALD layers coat-
ing the top layer of the porous membranes are much thicker than the
expected ~3 nm. The HfO,-coated sensors seem to have experienced
an even higher decrease in pore size, which was verified by running an
ImageJ routine on a set of 15 images to approximate the average pore
size. Results are gathered in Table

In this table, the porosity and sensitivity of each type of ALD coatings
are also reported. It can be observed that the decrease in porosity does
not always follow the decrease in pore size. This might be an artefact
of the SLIM technique, which relies on the penetration of a solvent to
measure porosity: however, the ALD tends to close up the top part
of smaller pores, creating a closed porosity inaccessible to solvents, or
the reduction of pore size just creates too much surface tension for the
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solvent to infiltrate the pores easily |290]. For all types of sensors, a
decrease in sensitivity is also observed.

Figure 6.3: Top view SEM images of PSi membranes; from left to right
: Blank PSiM, Al,O3-coated PSiM, HfO,-coated PSiM and
TiO,-coated PSiM.

and top to bottom

Sample Pore size Porosity Sensitivity
[nm] 7] [Yosor/RIU]
Blank 55.53 + 25.42 81.33 £+ 4.38 64.7 £ 3.68
Al,O3-coated 32.70 + 17.68 48.68 £+ 6.62 37.88 £+ 0.68
HfO,-coated 27.71 £ 12.97 52.06 + 12.89  44.33 + 2.29
TiO,-coated 33.55 + 15.14 55.01 + 14.67 42.82 + 3.64

Table 6.3: Properties of PSi samples coated with different ALD metal ox-
ide layers; these values were extracted from SLIM measurements and SEM

observations.

The optical signal intensity of the interferometric spectra was measured
before and after ALD. The comparisons of the intensity of the Fabry-
Pérot fringes over a wavelength range of 450 to 700 nm are illustrated
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in Figure For all metal-oxide coatings, there is an increase in the
optical signal intensity, as well as a shift in the spectra.

6.3.1.3 Chemical composition of ALD layers

In order to ensure that no porous silicon or silicon oxide comes into con-
tact with the buffer solution during the bacterial detection, and therefore
prevent the degradation of the porous matrix, the ALD coatings must
be uniform over the entire thickness of the membrane. The coverage of
metal oxides through the depth of the membrane was evaluated using
cross-section SEM, coupled with EDX in order to analyse the chemical
composition. Three zones were considered in order to evaluate the uni-
formity of the deposition: the top of the membrane, the middle and the
bottom. The EDX spectra for each type of metal oxide are depicted in
Figure and It must be noted that all three spectra show
traces of aluminium, which can be explained by the Al layer at the back
of the dies, that served as etching mask during the DRIE.

The Ka Al peak at 1.486 keV is however most distinguishable on the
PSi/Al,O5 spectra in Figure The other peaks that can be observed
are the carbon, oxygen and silicon Ka peaks at 0.277 keV, 0.525 keV
and 1.739 keV respectively. The presence of carbon is related to the
C,Fg used during the DRIE, which was not fully removed by O, plasma
etching. In terms of peak intensity, it can be noted that the Al peak is
higher at the top of the layer than at the middle and bottom. This means
that more material accumulated at the top of the membrane during the
ALD, but that metal oxide is still present through the entire membrane
depth.

The HfO5-coated PSiM spectrum is represented in Figure Once
again, the carbon, oxygen, aluminium and silicon Ka peaks are situated
at 0.277 keV, 0.525 keV, 1.4486 keV and 1.739 keV respectively. The
M band of hafnium at 1.644 keV is also present, as well as the La Hf
band at 7.898 keV, but which was not represented on the figure. The Hf
M band overlaps partly with the Si Ka band. At the top of the layer,
the peak is more dislocated to the Hf M band. At the bottom, of the
layer, the opposite is observed: the peak is more dislocated to the Si
Ka band. This observation suggests that while the deposition covers
the membrane depth, more metal oxide accumulates at the top of the
membrane. The small peak that can be observed at 1.27 keV can be
attributed to an unknown contaminant, that remains to be identified.



6.3. Results 165
100 ‘ , : ‘
— Before ALD
o b0 8
=
(94}
8
&
0 |
| | | | | | | | | | | | | |

100
o
+=
c
>3
o
L
v 50
O
c
(9]
4+
(9]
o
S=
o2
0
100
7
+=
c
3
o}
SN
v 50
O
c
(o]
=
(9]
)
S=
o2
0

440 460 480 500 520 540 560 580 600 620 640 660 680 700 720
Wavelength [nm]

Before ALD
— HfO, ALD

|
440 460 480 500 520 540 560 580 600 620 640 660 680 700 72
Wavelength [nm]

| — Before ALD
— TiO, ALD

|
440 460 480 500 520 540 560 580 600 620 640 660 680 700 72
Wavelength [nm]

Figure 6.4: Interferometric spectra obtained before and after ALD for all
three types of metal oxide layers, at the same integration time (At=0.5s).
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Figure 6.5: EDX spectra of Al,O4 coated PSiMs; the three traces correspond
to the top, middle and bottom of the porous membrane.
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Figure 6.6: EDX spectra of HfO, coated PSiMs; the three traces correspond
to the top, middle and bottom of the porous membrane.
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Figure 6.7: EDX spectra of TiO, coated PSiMs; the three traces correspond
to the top, middle and bottom of the porous membrane.

Figure [6.7] represents the EDX spectra of a TiOy-coated PSiM. Once
again, the oxygen, aluminium and silicon Ka peaks are visible at 0.525
keV, 1.4486 keV and 1.739 keV respectively. Titanium is also represented
by two peaks: one at 0.452 keV (La band) and one at 4.508 keV (Ko
band). For both peaks, the signal intensity is similar at the top and
middle of the membrane, but no signal comes from the bottom of the
membrane. To further investigated this observation, a line scan was
performed, which is depicted in Figure [6.8]

In the Al,O3-coated PSiM line scan, it can be observed that more alu-
minium is present at the top of the membrane, which was also reported
previously. In the line scan performed on HfO,-coated PSiMs, this effect
is not observed: the presence of hafnium seems constant throughout the
membrane depth. This contradicts the observations made from Figure
[6.6l A possible explanation might be linked to the cutting of the sam-
ples: as the cutting is not perfect, the cross-section fully flat, and the
difference is distance might affect the signal intensity. This explanation
may also be applicable to the TiO, line scan, in which a decrease of Ti
is reported after 50 pm.
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Figure 6.8: EDX line scan showing deposition on the full depth of the mem-
brane for, from top to bottom, Al,O4-coated PSiMs, HfO,-coated PSiMs and
TiO,-coated PSiMs.
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To verify this, X-ray Photoelectron Spectroscopy (XPS) measurements
were also carried both on the top and the bottom of the membranes.
XPS is more surface-sensitive than EDX (1-10 nm for XPS compared
to 0.5-10 pm), but does not enable the cross-section analysis of the PSi
samples. Results are presented in Appendix [E.I} Briefly, this technique
is able to verify the valence state of elements, which indicates that the
deposited materials are indeed the desired oxides. Moreover, the metal
oxides were present both on the top and at the bottom of the mem-
branes, indicating that the lack of Ti at the bottom of the TiOy-coated
membranes observed on the EDX measurement is indeed an artefact
linked to the sample cutting.

6.3.1.4 Stability of passivated PSiM in aqueous media

The optical stability of the ALD-coated membranes was established by
flowing PBS through the membranes for a period of 4 hours, while mon-
itoring their optical spectra. The first 30 min of data were discarded, as
this period is considered as a transitional period, during which the PSiM
gets fully wet. The duration of this period was fixed arbitrarily, but was
observed to be sufficient to remove transient effects for all samples. The
resulting relative EOT shift is presented in Figure
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Figure 6.9: Average relative EOT shift of ALD-passivated membranes as a
function of time, while exposed to a PBS flow (n > 5).
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The blank samples exhibit a linear decrease in relative EOT, of ~0.8
% per hour. This is lower than the drift-rate observed on the previous
prototype, which might be linked to the change in design and the reduced
flow rate. For the HfO,-coated PSiMs, a minute increase in relative
EOT is observed, which remains roughly constant overtime. The reason
behind this increase remains to be investigated, but it might suggest
either a slight pressure effect, or a minor swelling of the ALD coating
when in contact with the buffer.

Both TiO,-coated and Al,Os-coated PSiMs exhibit a decrease in rela-
tive EOT overtime, but not to the same extent as blank PSiMs. For
PSi/TiO, samples, a steeper decrease is first observed, but the relative
EOT seems to stabilise after 2h. For PSi/Al,O4 samples, the opposite
is reported: there is first plateau for approximately 1 h, followed by a
steep decrease.

The relative EOT shift after 3 h is detailed in Table as well as
the noise level (which is here approximated by the standard devia-
tion of the overall noise), the deviation between measurements and a
theoretical optical detection limit DL, which is calculated as DL=3 =
Noise level/Sensitivity [291}292]. HfO,-coated PSiMs are overall the
most stable ones. It can also be noted that the ALD coating reduced
both the noise level of the EOT shift and the deviation between samples,
with TiO,-coated PSiMs exhibiting the lowest noise level and HfO,-
coated PSiMs the lowest deviation. The impact of the ALD coating
on the theoretical limit of detection was limited, with the lowest DL
computed for PSi/TiO, samples. This might be linked to the loss of
sensitivity observed previously.

Sample AEOTi580/EOTo Noise level Deviation Theoretical DL
(7] (%] (%] [RIUJ
Blank -0.237 + 0.003 6.7-1074 0.0214 3.1-107°
Al,O5-coated -0.114 + 0.002 3.9.107% 0.0014 3.1-107°
HfO,-coated +0.006 + 0.001 3.9-107* 0.0008 2.7.107°
TiO,-coated -0.099 + 0.002 3.5:1074 0.0012 2.5:107°

Table 6.4: Stability and performance of the ALD coated PSiM sensors: the
relative EOT shift after 180 min, the noise level of the signal, the average
response deviation between samples and the theoretical detection limit.
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6.3.2 Bacterial detection

To check which type of ALD is best suited for bacterial detection, since
the surface properties of each metal oxide is different (e.g. different zeta
potentials), their performance as biosensor is tested via the detection of
105 CFU/ml of B. cereus lysate. The control test with only PlyB221
endolysins is also performed. Results are reported in Figure
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Figure 6.10: Detection of B. cereus lysate on PSiM-based sensors with differ-
ent ALD coatings (n > 5), compared to the two negative controls tests (Blank
and with endolysins only). The relative EOT shift for each experiment was
measured after 1h.

For all ALD-coatings, the detection of B. cereus lysate induces a signif-
icant increase in relative EOT compared to the PBS baseline signal and
the endolysins only control. It can be observed that while TiO,-coated
PSiMs are not the most stable, they exhibit the highest relative EOT
shift upon penetration of bacterial lysate. In addition, the difference
between the baseline signal in PBS and the bacterial lysate signal is the
highest. This type of ALD passivation is therefore selected for further
characterisation.
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6.3.2.1 Sensitivity

The sensitivity of TiO,-coated sensors is established by decreasing the
initial concentration of B. cereus bacteria, before the lysis. The rela-
tive EOT shift, from which the PBS baseline signal is subtracted, with
increasing B. cereus concentration is plotted in Figure [6.11] For each
concentration, the EOT shift is compared to the 3oppg noise limit, which
is depicted by the grey area on Figure [6.11] This 3oppg limit was based
on the IUPAC definition of the LoD as described in Equation It
can be observed that although 10> CFU/mL induces an average EOT
shift that is above the noise limit, the detection is not always reliable,
as some detected EOT shifts were below the limit.
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Figure 6.11: Detection of B. cereus lysate with increasing concentrations,
on PSiM-based sensors with coated with ALD TiO, (n > 5). The relative
EQOT shift for each experiment was measured after 1h, and the average blank
response was subtracted. The grey area depicts the 3opgs, as defined by the
IUPAC’s LoD definition.

The significance with both the PBS baseline and the endolysin control is
also verified using a Student’s t-test, with a p-value of 5 %. Concentra-
tions in the 102> CFU/mL range do not induce a significant EOT shift,
but higher concentrations do. The detection time can even be reduced,
as even for concentrations of 102> CFU/mL, a significant relative EOT
increase was observed after 15 min.
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When considering how our biosensor will perform bacterial detection
of more complex samples, with an unknown composition, the need for
a final control test arises: the detection using only the analyte, before
lysis. If there is a significant difference between the relative EOT shift
before and after lysis, bacteria are detected. Results, for a bacterial
concentration range of 10% to 10° CFU/mL, are presented in Figure
For all concentrations, the difference of EOT shift before and after
lysis was significant, according to a Student’s t-test (p-value < 0.05).
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Figure 6.12: Detection of both B. cereus live bacteria and B. cereus lysate
with increasing concentrations, on PSiM-based sensors with coated with ALD
TiO, (n > 3). The relative EOT shift for each experiment was measured after
1h, and the average blank response was subtracted.

The collected data was also analysed with the Morlet Wavelet filtering
routine. The results for the sensitivity are gathered in Figure The
significance of each bacterial concentration range was established using
a Student’s t-test with a 0.05 p-value: the lowest concentration range
that induces a statistically significant shift is 10> CFU/mL. This means
that the Morlet Wavelet processing does not reduce the detection limit
in the case of our biosensor.
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Figure 6.13: Morlet Wavelet response of the detection of B. cereus lysate
with increasing concentrations, on PSiM-based sensors with coated with ALD
TiO,.

6.3.2.2 Selectivity

In Section [5.3.4] we demonstrated the selectivity of our first prototype,
using S. epidermidis as a control strain. With our second prototype,
another strain is tested in order to validate its selectivity, namely B.
subtilis. B. subtilis is also a Gram-positive bacterial strain, from the
Bacillus genus, similarly to B. cereus, but is not targeted by the PlyB221
endolysin. Selectivity results are depicted in Figure [6.14]

It can be noted that the mixture of B. subtilis and PlyB221 endolysins
does not create a significant relative EOT shift, meaning that there is
no lysis induced by the PlyB221. When mixing both B. subtilis and
B. cereus with PlyB221 endolysins, a significant relative EOT shift is
observed. The extent of this shift is however reduced (only +0.26%)
compared to the B. cereus lysate on its own (+0.35%). This may be
attributed to the fact that B. subtilis bacteria accumulate on top of the
porous membrane, preventing bacterial lysate to penetrate part of the
pores.
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Figure 6.14: Characteristic relative EOT shifts measured on PSi membranes
after 1 h in PBS, in a PlyB221 endolysin suspension, in a B. subtilis suspension,
in a mixture of B. cereus lysate and B. subtilis and in B. cereus lysate only
(n = 3). The dashed red line represents the 3o level of the signal measured
in PBS. The detection of B. cereus lysate, both with or without B. subtilis
induced a significant shift

6.3.2.3 Versatility

Similarly to the selectivity, the versatility of our first prototype was val-
idated in Section The versatility of the optimised platform is also
demonstrated using S. epidermidis as target strain and lysostaphin as
lytic enzyme. In Figure the detection of 10 CFU/mL of S. epider-
midis lysate is compared to two control tests: one with only lysostaphin,
and one with intact bacteria. The relative EOT shift of S. epidermidis
lysate is significant to both control tests.
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Figure 6.15: Characteristic relative EOT shifts measured on PSi membranes
after 1 h in a Lysostaphin suspension, in a 106 CFU/mL S. epidermidis sus-
pension, in 105 CFU/mL S. epidermidis lysate (n > 3). The dashed red line
represents the 3o level of the signal measured in PBS. Only the detection of S.
epidermidis lysate induced a significant shift

6.3.2.4 Complex sample: detection of bacteria in human serum

To check the performance of our sensing platform with complex sam-
ples, human serum was spiked with B. cereus. Using a similar detection
protocol as for PBS, the bacterial lysate was flown through the PSi
membranes for 1 h; the results, compared to the control test in blank
human serum, in a human serum and PlyB221 mix and in a B. cereus
suspension in human serum, are illustrated in Figure [6.16

The signification of the relative EOT shift of the detection of bacteria
lysate with respect to the control tests was verified using a student t-test:
the bacterial lysate induced a significant shift compared to all controls
(p-value < 0.05).
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Figure 6.16: Characteristic relative EOT shifts measured on PSi membranes
after 1 h in a blank human serum sample, in an endolysin-spiked human sample,
in a 105 CFU/mL B. cereus suspension in human serum and in a 10 CFU/mL
B. cereus lysate, suspended in human serum (n > 3).

6.4 Discussion

The passivation of porous silicon, especially for biosensing applications,
has been a tremendous research question for a long time [285|. Indeed,
the cycles of oxidation and dissolution of the pore walls limit the sen-
sitivity of biosensors. Most passivation techniques rely on the creation
of either Si—O or Si—C bonds [90,285,286|, which can then be further
modified by other chemistries. The most effective stabilisation meth-
ods are high temperature oxidation and thermal carbonisation. Both
methods require a high temperature budget, which is not always ideal
on fragile structures like PSi membranes. As an alternative to these
techniques, atomic layer deposition can be used to deposit a thin layer
of metal oxide inside the porous matrix, which then prevents the aque-
ous media to come in direct contact with the unstable porous silicon
walls [204.[288],289).
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In this chapter, we demonstrated the successful deposition of several
metal-oxide layers inside PSi membranes using ALD. The metal oxides
were deposited on the entire membrane depth, and the surface chemical
composition of each material was verified, both at the top and bottom of
the membrane. Measurements, both of the pore morphology and chem-
ical composition, however suggest that more metal oxide is deposited at
the top of the membrane. Further investigations are needed to under-
stand how the multilayered structure of the porous membranes affects
the ALD process. We can however claim that the adaptation of the ALD
recipe, including longer waiting times to enable the precursor’s diffusion,
and the lifting of the samples in the reaction chamber to allow the access
from both sides of the membranes, was effective to coat the entire porous
matrix. The ALD deposition naturally led to a decrease in pore size and
porosity, but the design of our biosensor was adapted in order to take
this into account. Nonetheless, a decrease in flow-through speed was
observed (of one order of magnitude compared to the first prototype),
which suggests a partial clogging of the porous membrane. It should
also be noted that the fabrication process of the PSi membranes was
also adapted with respect to the process developed in Chapter 5l First,
for the front-side mask, a stack composed of a thin silicon oxide layer
and a 500 nm polysilicon layer was used instead of a silicon nitride layer;
this mask presented a better resistance to HF during the electrochemical
etch. The backside mask was also adapted: an aluminium layer replaced
the thick resist mask. This enabled the processing of multiple wafers in
one step, exhibited a higher resistant to long reactive ion etches, and
improved the electrical contact during the electrochemical etch as well.

After the ALD, the stability of the PSiMs was improved, to different
extents for each metal oxides. HfO, exhibited the least drift when ex-
posed to a buffer flow. This was already observed previously on PSi
layers [204]. The addition of metal oxides also led to an enhancement
of the optical signal: the interferometry spectra increased in intensity
and the noise level was reduced. The signal enhancement is attributed
to the increased relative permittivities (or dielectric constants) of the
ALD coatings, compared to the blank samples. Indeed, the approximate
relative permittivities of the metal oxides are 9, 80 and 25 for Al,Os,
HfO, and TiO, respectively, while the blank samples are covered with
a thin layer of SiO,, which is characterised by a relative permittivity of
3.9 [293].

The biosensing performance of each type of ALD-coated PSiM was next
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established, as the surface properties of each metal oxide are different
and might affect the bacterial detection. This was indeed observed on
PSi layers as well, for a similar principle of detection: PSi/HfO, lay-
ers exhibited the best stability in aqueous media and are characterised
by the highest relative permittivity, but they did not perform well as
biosensors [94]. In this work, it was observed that while TiOy-coated
PSiMs are not the most stable, they experienced the highest relative
EOT shift upon bacterial lysate penetration. Some morphological prop-
erties may explain this observation: TiO,-coated PSiMs were observed
to have both the highest pore size and porosity, parameters which affect
the LoD according to our simulations in Section Moreover, the
noise level of PSi/TiOy membranes in PBS was the lowest amongst all
samples, similarly to the calculated theoretical LoD.

Other properties, such as the zeta potential or the hydrophilicity, may
also affect the biosensing performance of the ALD-coated PSiMs, but re-
main to be further investigated. In terms of zeta potential and possible
electrostatic effects, it can be assumed that the bacterial lysate is mostly
negatively charged, as ribosomes, DNA-protein complexes and cell wall
fragments (containing teichoic and lipoteichoic acids) are mostly nega-
tively charged [268,[294-296|. At physiological pH (~ 7.4, which is the
pH of PBS), HfO, is often characterised by a negative zeta potential
while Al,O5 and TiOy ALD coatings are characterised by positive zeta
potentials [297,298|. Indeed, for ALD coatings on flat Si samples, Xia
et al. measured that Al,O; and TiO, exhibit isoelectric points of 7.4
and 7.9 respectively |298|. This may explain why PSi/TiO, biosensors
perform better than PSi/HfO, ones, as charge effects may enable the re-
tention of more lysate in the porous matrix. Hydrophilicity may also be
part of the explanation of the better performance of TiO,-coated sensors:
ALD-TiO, was observed to be more hydrophilic than ALD-Al,O4 [298];
analyte penetrates more easily in PSi/TiO, biosensors, which may jus-
tify why they perform the best for bacterial detection.

It must however be noted that the relative EOT shift for bacterial con-
centration of 105 CFU/mL was much lower for the passivated prototype,
compared to the first prototype presented in Chapter [5} for the first pro-
totype, a shift of +2.43% was measured, while the optimised prototype
only showed a shift of +0.35%. This may be linked once again to the
decreased flow speed, which went from ~ 15 pL/min to ~ 1 pL/min for
the second prototype. This hypothesis was verified using of theoretical
LoD simulation presented in Section [£.3.4.2} higher flow speeds lead to
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more accumulation of bacterial lysate inside the porous membrane, and
therefore to higher EOT shifts.

The full performance of PSi/TiOy membranes for the indirect detection
of bacteria via their lysate was characterised in terms of sensitivity and
specificity. The LoD of our device was found to be 103 CFU/mL; more
precisely, the lowest bacterial concentration detected reliably was 9-102
CFU/mL. Lower concentrations could be detected, but not without a
risk of false negatives. The significance of the detection was compared to
three negative control tests: the baseline control test in PBS, the control
with only endolysin and the control with intact bacteria. It was observed
that while the addition of endolysins causes a minor increase in relative
EOT, the control test with intact bacteria caused a more notable EOT
shift. This increase was even statistically significant for concentrations
of 10° CFU/mL and 10 CFU/mL. It can possibly be attributed to
the spontaneous cell death of bacteria, as well as the production of by-
products, such as proteins complexes.

We also demonstrated the versatility of our detection platform by switch-
ing the target bacteria and the lytic agent to S. epidermidis and lyso-
staphin, respectively. Once again, the detection of bacterial lysate caused
a significant increase in relative EOT. This experiment also illustrates
the fact that commercial lytic enzymes can be used with our device. It
can however be noted that relative EOT shift induced by the S. epi-
dermidis lysate is lower than the shift induced by B. cereus lysate for
the same concentration range. This might be explained by the smaller
size of the S. epidermidis bacterial cells. The volumetric fraction of the
bacterial lysate inside the PSiM is therefore lower, and the effect on the
relative EOT is diminished.

Next, we performed a bacterial detection assay on a complex sample,
namely human serum. B. cereus is one of the pathogens causing nosoco-
mial bloodstream infections and its detection in blood samples is there-
fore crucial [299]. In the present work, we opted for human serum instead
of blood as the optical detection method and our current fluidic cell does
not enable the detection of opaque matrices. Human serum, while still
turbid, allowed the transmission of enough light to enable optical de-
tection. The blank human serum sample induced a slight increase in
relative EOT of +0.01%, which is to be expected as the proteins, pep-
tides, nutrients and organic waste present in the serum can agglomerate
inside the porous matrix. The assay with human serum containing live
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B. cereus bacteria induced an even larger relative EOT shift, namely
+0.03%. This increase in EOT was also observed in PBS samples, and
can also be attributed to bacterial debris, by-products and proteins com-
plexes. Finally, the detection of bacterial lysate induced a relative EOT
shift of +0.11 %. While this shift was significant compared to all con-
trol tests, it is quite lower than the shift induced in PBS. A possible
explanation for this decrease might be the impact of the human serum
composition on the lytic activity of the PlyB221 endolysins: while the
NaCl content (100-200 mM) and pH (8) of the serum are both within
the ideal conditions for the optimal lytic activity of the endolysins (see
Appendix @, the presence lipids and other proteins may still impact
the lysis. This impact needs to be further investigated. To extrapolate
the LoD in human serum, we scaled the preliminary trend measured in
PBS to the data obtained in serum: the LoD is hence estimated at 10°
CFU/mL. This estimation remains to be verified experimentally.

When comparing our device to traditional methods for bacterial detec-
tion, such as PCR and ELISA, we can say that where we lack in sen-
sitivity, we make up for it in assay time: the total assay time amounts
to 1h30, lysis included. Indeed, the PBS baseline signal can be estab-
lished at the same time as the lysis occurs. Our device however still
requires a lab environment and some additional equipments, but these
could be easily miniaturised to a small bench top instrument. In terms
of the comparison to other PSi-based bacteria sensors, our detection
platform shows a similar LoD and response time to the devices that rely
on RIFTS as detection method [96,[249,253|, 254, 256]. Other methods,
such as SERS, are faster and more sensitive, but require more bulky
equipments if a high precision is required [68]. Electrochemical methods
are also faster and more sensitive, but they are easily impacted by the
nature of the analyte matrix [259]. However, when considering a similar
detection protocol, relying on lytic agents instead of functionalisation,
the use of PSi membranes instead of PSi layers tremendously improved
the LoD, which was estimated at 10 CFU/mL for PSi layers [94].

The strength and the novelty of our device lies not only the optical
gain achieved by ALD, but also in the lack of functionalisation, which
requires specific fabrication, storage and usage conditions. Any drift in
temperature, for example, may cause the functionalisation to lose its
binding power, and impact the sensitivity of the sensor. In the present
detection platform, the lack of functionalisation not only means that
there are limited constraints on the storage and usage conditions, but it
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also makes our device versatile. Any lytic enzyme/bacteria pair could be
detected using our sensor; a cocktail of lytic enzymes could even be used
to target multiple bacteria strains. This opens up a lot of possibilities
in terms of fields of application.

Our device however still faces some challenges. Improvements are yet
possible in terms of stability, for example. This might be achieved by
using different ALD parameters or different layer thicknesses; multilayer
of ALD coatings might also be investigated, combining for example the
passivation capabilities of HfO, and the interesting properties of TiO4 by
depositing a HfO,,TiO, bilayer in the PSi membranes. One important
constraint seems to be the limited flow speed, which affects the limit
of detection. Either by increasing the pore size, or by improving the
mechanical stability of the membranes, a higher pressure may be used,
leading to an increased flow speed. Chemical modification is also worthy
of further investigations, to either improve the stability (e.g. via the
addition of APTES or APDMES), or to modify the surface charges and
the hydrophilicity. Finally, the impact of complex media on the lysis
and sensing of bacteria still needs to be further investigated.

6.5 Conclusion

In this chapter, we demonstrated the successful stabilisation of PSiM
using ALD. Several metal oxides were deposited, and the homogeneity
of the coating was verified. The addition of metal oxides did not only
improve the stability of the sensor, but also enhanced its optical prop-
erties. TiO,-coated PSiMs were found to exhibit the best biosensing
performance, and were therefore used for the indirect detection of bac-
teria via their lysate. The achieved LoD is in the 10®> CFU/mL range
and the total assay time amounts to 1h30. The platform is both specific
and versatile. The detection of bacteria in a complex medium, namely
human serum, is also illustrated.
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Abstract

This chapter takes a step back and analyses the added value and the limitations
of the bacterial detection platform presented in this thesis. It also concentrates
on the performance of porous silicon as a biosensor in general: it is a promising
material, or should other materials be preferred ? The arguments raised to
answer this question are partly adapted from [RV3].
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7.1 The added value and limitations of PSiMs
for the detection of bacterial lysate

The aim of this thesis was to combine the known benefits of PSi-based
optical sensors [8,9,242] and the use of lytic proteins for the indirect de-
tection of bacteria via their lysis or via their lysate [27,52]. The former
was improved by establishing a membrane-based flow thorough opera-
tion, while the latter enabled the development of a versatile biodetection
scheme.

Porous silicon biosensors have been researched for more than two decades
[300]. They have a high surface area (up to 800 m?/g |301]) leading to a
high surface reactivity, a tunable morphology, and are biocompatible as
well as biodegradable, unless their surface is chemically modified by one
of the many techniques available |285]. Most importantly, porous silicon
can exhibit specific optical properties, which are impacted by changes in
the environment surrounding the pores. The PSi optical sensing mech-
anism is based on changes in the average layer refractive index, which
occurs when any substance penetrates into the porous matrix. The ex-
tent of the refractive index change depends on the refractive index of the
substance and level of pore-filling that is achieved. The refractive index
then impacts the optical properties, be it the frequency of the Fabry-
Pérot fringes for porous interferometers, or the shift in special optical
features for photonic layers. One advantage of PSi optical sensors is
therefore the fast response time [8,239.242}262,302].

The amplitude of the response is however limited by the diffusion of
substances through the porous matrix. The hindrance of diffusion can
be attributed to the structural properties of PSi (pore size, porosity, layer
thickness, etc.) and to steric or hydrodynamic interactions between the
diffusing analyte, the pores and molecules already adsorbed on the pore
wall |303]. An illustration of the diffusion hindrance levels is depicted

in Figure

One way to enable a better diffusion is to fabricate porous silicon mem-
branes that enable flow-through operation. This can be achieved us-
ing several techniques, some of which involve standard microfabrication
techniques, all which we detailed in Chapter PSi membranes show
both an increased response time and an improved sensitivity [10,/126,
283|. This was therefore the chosen path for our biosensor: we built
a mutlilayered Fabry-Pérot interferometer, which we then opened from
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Figure 7.1: Schematic illustration of the different diffusion hindrances when
considering PSi layer-based biosensors. Reproduced from [303].

the back using a dry etching technique from the microelectronics indus-
try. We demonstrated that, with our bacterial detection protocol, the
use of PSi membranes improved the sensitivity of the biosensor: com-
pared to PSi layers , the limit of detection decreased by 4 orders of
magnitude, going from 107 CFU/mL to 10> CFU/mL.

Another particular feature of PSi is its surface chemistry: PSi sponta-
neously degrades in aqueous media, and therefore needs to be chem-
ically modified for biosensing application. This is both a weakness
and a strength of PSi biosensors, as many functionalisation methods
have hence been researched, making the PSi surface highly customis-
able ,. For our biosensor, the surface chemistry was mod-
ified via atomic layer deposition, but only to render the sensor stable
when in contact with aqueous media.

By using lytic enzymes to selectively lyse our target bacteria, we elimi-
nated the need for complex and time-consuming surface chemical func-
tionalisation, that binds biorecognition elements to the sensor surface.
The lack of functionalisation limits the necessity for specific fabrication,
storage and usage conditions. Lytic proteins were selected in this re-
search because they can have different targets as well as various origins:
they can be endolysins, coded by bacteriophages [52|, or enzymes pro-
duced by bacteria (such a lysostaphin for example [304]). Both were
used with our biosensor, in order to demonstrate the versatility of our
detection platform. Indeed, sensors from the same batch can be used to
detect different targets, simply by changing the lytic protein. Lytic pro-
teins can also be combined, in order to create a multi-target biosensor.
Furthermore, by using lytic enzymes, the sensor is able to distinguish
between live and dead bacteria. At this stage, one hindrance is the cost
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of commercial lytic proteins: for example, 1 mg of lysostaphin currently
sells for ~ 140 QH

Via the combination of lytic enzymes and PSiM-based optical sensors,
we were able to detect bacterial concentrations as low as 10> CFU/mL
in less than 2 h. Therefore, our biosensor fits most optimisation criteria
for bacterial detection methods, as defined in Chapter

e Assay time: the total assay time is 1 h 30 min.

e Sensitivity: the limit of detection is 103 CFU/mL, which is suf-
ficient for many food-borne infections |305] or for some common
medical infections, like urinary tract infections for example [18|.

o Selectivity: the selectivity is guaranteed by the endolysins and
can be extended by either adapting the endolysins or using several
endolysins at once.

e Sample volume: the assay uses less than 100 pL of analyte.

e Cost: the current fabrication cost per sensor is just under 4 €; this
is still quite high, but one must keep in mind that these sensors
are fabricated on 3-inch wafers, which can only hold 32 sensors.
Should the fabrication process be upscaled to industry-size wafers,
namely 200 mm or 300 mm, the cost per sensor would be much
reduced. It must however be noted that the price of the endolysins
and eventually an on-chip fluidic integration still has to be added
to the total cost as well.

e Sample preparation: there is only one step of sample preparation,
namely the lysis, which only takes 30 min of the total assay time.

The only criteria that is not fulfilled is portability: our biosensor still
needs external equipments for the optical measurement and fluidic op-
eration. Next steps could include the integration of the biosensor into a
miniaturised signal acquisition platform to ensure its portability.

The biosensor presented in this work is also aimed as a single-use device,
going with the Point-of-Care testing trend. The re-use of the sensor, by
performing a cleaning, has not been explored, but is worthy of investi-
gation.

taccording to https://www.sigmaaldrich.com/BE/en/product/sigma/17386
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7.1.1 Performance as biosensors for bacterial detection

Even if the sensitivity achieved by our biosensor is not comparable to
methods such as PCR and bacterial culture that can both detect down
to one bacterium per mL, we have reached a noteworthy performance
in terms of assay time. Much research and development efforts have
been dedicated to PCR, contributing to its miniaturisation, improved
response time and portability [306,307]. However, the biosensor pre-
sented in this work is still a viable alternative to traditional detection
methods, especially for applications in which the distinction between
live and dead bacteria is crucial.

Our detection limit of 103 CFU/mL is indeed sufficient for many appli-
cations, as can be verified in Table Other biosensors have however
reached lower limits of detection, even as low as a single bacteria cell
per mL [|64]. These ultra-sensitive sensors often rely on electrochemical
detection methods, such as EIS or DPV [308|. Optical biosensors often
read LoDs in the 10 CFU/mL range, but have a response time that
is expressed in tens of minutes [309]. Moreover, optical biosensors can
now rely on smartphones for the optical read-out, which renders them
portable and accessible to all users [309]. It however remains difficult to
compare our device to each and every biosensor for bacterial detection
published in the literature, as there are more than 400 publications on
bacterial biosensors each year.

Nevertheless, we can compare our biosensor to other PSi-based bacte-
rial sensors, as the number of publications on this topic is much more
reduced. In Table[3.4] we listed the PSi-based sensors for bacterial detec-
tion, published from 2013 onward. Our biosensor has a similar LoD and
response time as the most sensitive optical biosensor relying on RIFTS
as detection method [249,253,254]. These sensors are constituted of
porous silicon layers and are based on the capture of bacteria on top of
the porous matrix, instead of inside the pores. Bacteria are indeed too
big to penetrate the pores. In the works of both Yaghoubi et al. [249] and
Massad-Ivanir et al. [253|, bioelements bind the bacteria on top of the
layer, which causes a reduction of the EOT peak intensity; this intensity
change is established after a rinsing step that removes all unbound cells.
On the other hand, Tang et al. developed an indirect detection method
based on an EOT shift: as bacteria bind on top of the porous layer, they
prevent the penetration of a probe molecule inside the pores and hence
inhibit the EOT shift that occurs in the absence of bacteria [254]. These
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three biosensors have thus a different working principle than ours, but
have one common feature: they are all functionalised by capture probes.

Other PSi-based bacterial sensors, not relying on RIFTS, were able to
achieve lower LoDs. By using SERS, Jabbar et al. were able to detect
the presence of a single bacterium [68]. However, SERS often requires
a large measurement equipment; some miniaturised versions are now
available on the market, but remain either lack precision or are rela-
tively expensive. A LoD of 1 CFU/mL was also achieved by Reta et al.,
using DPV to measure the blockage of pores by bacteria [229]. While
electrochemical transducers can easily be integrated in point-of-care de-
vices, the fabrication of the presented PSiM-based devices seems difficult
to upscale to an industrial level, as freestanding PSiMs, which are very
fragile, must be detached from their substrate and transferred to gold
electrodes.

So, while our sensor still bears some limitations in terms of sensitivity
and response time, it has three interesting features: (1) its compatibil-
ity with microfabrication techniques makes it possible for the fabrication
process to be easily upscaled, (2) the improvement of the optical prop-
erties via the addition of ALD metal oxides and (3) the use of lytic
enzymes instead of functionalisation opens the possibility to versatile or
multi-target detectors.

To discuss potential improvements for our sensing platform, one must
however first discuss the limitations of the sensor, but also the limitations
of the measurement equipments. The limitation in terms of the sensitiv-
ity is linked to high noise levels. On the sensor’s scale, this noise can be
attributed to scattering effects due to the surface roughness (both at the
PSi-air interface and at the interface between PSi layers), to thickness
fluctuations that induce incoherent effects or to absorption losses [192].
These effects can be minimised, but not fully eliminated. During the
detection, the accumulation of large bacterial debris on the top of the
PSi membrane can also induce light scattering or cause the blockage of
part of the pores, which impacts the optical response and creates noise.

Not all the noise is however attributed to the sensor itself; some of
the error level is linked to the measurement set-up. The optical set-
up is for example required to be exactly perpendicular to the sensor’s
surface, at the optimal height; small deviations in angle or height induce
errors and sensitivity losses. The fluidic cell also has its limitations:
polycarbonate is characterised by a light absorption peak around 700
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nm, which has to be eliminated by performing a reference measurement;
this reference measurement can be a source of error. Scratches and spots
on the fluidic cell also cause scattering and losses of the optical signal.
When considering complex samples, losses can also be attributed to the
matrix itself, as the light has to pass through the complex sample before
reaching the PSi membrane. With the current fluidic set-up, turbid
matrices cannot be used for the detection of bacteria, as the height of
the fluidic channel above of the PSi membrane is about 3 to 4 mm; a
microfluidic on-chip integration, with micrometric channels, may reduce
the losses induced by the sample matrix and enable the detection of
turbid samples.

Other potential improvements could certainly be envisaged, from differ-
ent points of view:

e Mechanical instability: the flow-through operation of the mem-
brane is pressure driven, but limited by its mechanical stability.
The PSiMs in their current design tend to break when exposed to
pressures higher than 2 bar. The flow speed is inhibited, which
limits the volume of bacterial lysate that can accumulate inside
the porous membrane and therefore impacts the sensitivity, as dis-
cussed in Section Improving the mechanical properties of
the PSiMs is however only a question of technological optimisa-
tion, and it seems unlikely that it will improve the sensitivity by
more than one order of magnitude.

e Filtration: while we aim for the bacterial lysate to accumulate
inside the sensing layer, this has yet to be investigated experimen-
tally. The presence of any binding effect, be it electrostatic or
otherwise, of the bacterial lysate and the pore walls also remains
unknown. The limited knowledge of the actual filtration mecha-
nism of the bacterial lysate may conceal some optimisation routes.

e Optical response: while the optical properties of the bacteria lysate
remain to be investigated, some information can be found in the
literature [310,311]. Most debris of bacterial cell are characterised
by refractive indices that are quite close to the refractive index
of buffer solutions. The nature of the analyte therefore already
challenges the performance of the detection platform.
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7.1.2 Performance as optical sensor

Regardless of the application of bacterial detection, our biosensor has
an optical detection limit of 2.5-107° RIU. By expressing the optical
detection limit, we can compare our sensor’s performance to other op-
tical sensors, no matter the application. It must however be noted that
the LoD can be calculated in multiple manners, as presented in Section
In our case, we expressed the detection limit based on the average
noise level of our blank measurements and on the sensitivity [291].

Most ultra-sensitive optical sensors have a detection limit in the 10~"-
10~® RIU range [312,/313]. Optical sensors based on surface-plasmon
resonance are often the most sensitive, with detection limits as low as
1078 RIU [312]. Interferometers and ring resonators, for example, often
have a slightly higher LoD, in the 1076-10~" RIU range [312]. For porous
silicon-based optical sensors, the LoD is not often expressed in RIU,
which limits the number of comparisons. However, some publications, as
discussed hereafter, report the optical detection limit. It can be observed
that the detection limit is influenced by the nanostructures of the PSi
sensors: PSi photonic crystals are able to reach detection limits in the
10~7-10% RIU range [292,/314], while for PSi interferometers, the LoD
is limited to 10~* RIU [227,[292,1315]. This poorer performance is often
attributed to a higher noise level [292].

The detection limit of our PSiM-based interferometric sensor is therefore
slightly lower than the expected range. Two publications also relate
to optical sensors which based on porous silicon membranes: Martin-
Sanchez et al. reached a resolution of 2:10~* RIU [227], while He et
al. built a lateral PSi membrane with a detection limit of 2-1072 RIU,
which could be lowered to 6:10~* RIU with a higher resolution optical
setup |316]. Compared to both these PSiMs, our sensor is thus more
sensitive to changes in the refractive index, at least by one order of
magnitude.

Similarly to He et al., the sensitivity of our sensor is limited by our
optical setup and fluidic set-up. For example, the resolution of the
spectrometer used in this work is reported as 0.3 to 10 nm; studies have
however demonstrated that by improving the set-up resolution to 0.1
nm, the LoD is nearly decreased by one order of magnitude [316,,317].
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7.2 PSi optical biosensor: is it worth it?

The advantages and drawbacks of porous silicon as a material for the
optical transduction of biomolecules were recently listed by De Stefano
[262], and are gathered in Table

Pros Cons

Low costs and simple (but not Intrinsic limitation of the etching
trivial) fabrication equipment and process

procedures
Easy and fast read-out Spontaneous ageing and chemical
instability
Integrated microelectronics Single device calibration
compatibility

Tunable morphology, dielectric
properties and surface chemistry
Huge specific surface area
Biocompatibility
Extreme flexibility in different
application fields

Table 7.1: The advantages and drawbacks of porous silicon biosensors, repli-
cated from [262]

Based on this table, it would seem that the advantages of PSi largely
outweigh the disadvantages. Indeed, the many benefits of PSi, gathered
in one single material, explain why PSi biosensors have been researched
for more than two decades, in laboratories spread all over the world.
Many of these good features were already discussed above. But to verify
if these merits overcome the main drawbacks of PSi, we must look into
the passivation and integration challenges that PSi biosensors face.

7.2.1 Passivation challenges for aqueous applications

The chemical instability and spontaneous oxidation/dissolution of porous
silicon was already discussed at length in Chapter[6] One thing that was
however not discussed was the impact of the passivation techniques on
the surface contact angle. This impact is however not negligible when
considering biosensing applications, as hydrophobic surface properties
may limit the penetration of analyte inside the porous matrix. Table
gathers some contact angle values for some of the passivation tech-
niques presented in Chapter [6] [90}318].
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Process Surface Species ~ Contact Angle [°]
Native surface Si—H 102 + 3
Ozone oxidation Si—0-Si, Si—OH 11 +1
Thermal oxidation (600 °C, 90 min) Si—0O-Si 20 +1
Hydrosilylation with 1-dodecene Si—(CH,),,;CH4 119 + 2
Electrochemical methylation Si—CHj, 102 £ 3
Thermal acetylation (300 °C, 30 min) Si—C 53+ 3
Thermal acetylation (485 °C, 30 min) Si—C 80 + 3
Thermal acetylation (500 °C, 30 min) Si—C 6+ 7

Table 7.2: Surface chemistries prepared on PSi samples, adapted from [318].

It can be noted, with the exception of hydrosilylation and electrochem-
ical methylation, most surface modification techniques reduce the hy-
drophobicity of the porous layer. The most effective passivation meth-
ods, such as high temperature thermal oxidation and thermal acetyla-
tion, render the native porous silicon surface hydrophilic, but to different
extents.

High temperature thermal oxidation offers the best compromise between
chemical stability and hydrophilicity. However, as silicon oxide is trans-
parent, thermal oxidation tends to deteriorate the sensing performance
of PSi, mainly by increasing the noise level [204]. Moreover, for more
fragile structures, such as PSi membranes, the high temperature budget
of thermal oxidation puts at risk the physical integrity of the porous
layer, often resulting in cracks or bending.

With regard to ALD as passivation method for PSi, not much informa-
tion can be found in the literature regarding the wettability. For our
biosensor, the contact angle of ALD-coated PSiMs could not be mea-
sured, as the membrane area was too small for the measuring tool. It
has however been observed that ALD-deposited metal oxides, such as
the ones tested in Chapter [6 have a hydrophilic nature [298/319]. How
each ALD coating compares to thermally oxidised PSi remains to be
investigated.

7.2.2 Integration challenges

While thermal oxidation is still a very common technique in the micro-
electronics industry, the other passivation techniques are less common,
and often difficult to upscale. This introduces the second challenge of
PSi biosensors: their integration into industrial devices.
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Because PSi is compatible with microfabrication techniques and clean-
room environment, it has the potential to become integrated in micro-
electronics devices. This potential is currently hampered by a series of
obstacles, among which the lack of reliable processes and equipment, the
low reproducibility, the need for high-quality silicon substrates and the
disparate properties. There are still too many unknowns in the field of
PSi and PSiMs that block the transition from research to industry. The
absence of standards in the PSi-research community makes it difficult
to fill the present gaps of knowledge.

To fully benefit from the properties of PSi and introduce innovative
PSi-based products to the market, PSiMs must be combined with other
microelectronics devices, such as integrated light sources, communica-
tions systems or electronic interfaces. This is only possible if the access
to cleanrooms and microfabrication techniques is guaranteed. Yet, when
the access to CMOS technologies is assured, the introduction of PSi hin-
ders further microfabrication process steps. The mechanical stability of
the substrate is indeed compromised and some process steps such as
high temperature annealing are incompatible with PSi since they cause
cracking and bending. This makes the integration of PSiMs at a wafer
level into a full CMOS process difficult, but not impossible. Indeed, PSi
was already integrated in a CMOS process over a decade ago, namely
in Bosch’s Advanced Porous Silicon Membrane process, which is used in
the fabrication of pressure sensors for automotive applications [320-323)|.
More recent advances and challenges in the integration of PSi at the in-
dustrial level are presented by Gautier et al. [324]. Despite their limited
reproducibility and homogeneity, the various attempts at industrialisa-
tion discussed by the authors show great promise. Two examples of
prototypes worth mentioning are Barillaro et al.’s gas sensor [325]326|
and Capelle et al.’s RF devices 327,328, both produced in Si processing
environments and integrated with CMOS electronics. Moreover, novel
work from Scheen et al. [103] presented a step towards large-scale indus-
trial production. They demonstrated the integration of porous silicon in
a post-process anodisation: porosification occurs as the last step of the
process and only involves the backside of the wafer, leaving the front-
side circuitry intact. This progress in the integration of PSi and PSiMs
paves the way for the development of new applications and for future
industrialisation attempts.
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7.2.3 The future of porous silicon

Recently, a European Cooperation in Science and Technology (COST)
initiative was launched with the aim of creating a network for research,
innovation and product development on porous semiconductors and ox-
ides. This action, named Netpore, seeks to bridge the gap between
fundamental developments and practical applications of technologies,
focusing on the fields of health, energy and environment. PSi sensors
and biosensors will be part of both the health and the environment work
group. The goal is to bring PSi (bio)sensors to higher levels of sensitivity,
while developing affordable, low maintenance portable systems [329].

Despite this action, the most interesting prospect in the field of porous
silicon application is not that of PSi devices but that of porous silicon
nanoparticles. These silicon nanostructured powders show the greatest
marketing possibilities and do not face the same challenges as the PSi
devices. For example, they take advantage of the lack of chemical sta-
bility of PSi by making self-degrading drug delivery carriers. Moreover,
PSi nanoparticles are able to combine diagnostics and therapeutics, ex-
tending their prospects even further [262].

In conclusion, PSi biosensors are promising from a scientific point of
view, despite the challenges they face. With more effort focused on
their development and their integration, they could become successful
industrial devices in the near future [242,262]. Whether future efforts
in PSi technology will focus on biosensors or on more promising fields
remains to be seen, as economic and financial factors will determine the
future industrial initiatives.



CHAPTER 8

CONCLUSIONS AND PERSPECTIVES

Thesis conclusions

In this thesis, we investigated the design and the fabrication of a single-
use biosensor based on porous silicon membranes, for the indirect detec-
tion of bacteria via their lysate. Four key aspects have been investigated:

1. The bacterial lysate morphology and its impact on the porous
silicon transducer’s design and performance (Chapter [4)).

2. The added value of PSi membranes compared to PSi layers for the
indirect detection of bacteria via their lysate (Chapter [5).

3. The chemical stabilisation of PSi membranes with atomic layer
deposition for their use in aqueous media and its impact on the
biosensors’ sensitivity (Chapter @

4. The versatility of the bioassay, via the detection of both B. cereus,
targeted by the phage-coded PlyB221 endolysins, and S. epider-
midis, lysed by the commercial lysostaphin (Chapters [5 and [6]).

Each studied aspect led to innovations, answering known challenges in
the field of biosensing and porous silicon technologies. The main contri-
butions are listed below:

e Avoiding functionalisation and complex sample pre-treatments by
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using lytic enzymes for the selectivity of the biosensor; this method
has already proven its worth on capacitive CMOS sensors [27].

e Understanding and optimising porous silicon optical transducers
by studying the effect of the fabrication parameters on the PSi
properties, modelling the filtration of analyte through the porous
membranes and reproducing the optical response of PSi sensors
via simulations; a simple analytical model of the theoretical limit
of detection qualifies the impact of key system parameters on the
sensitivity of the detection platform.

e Fabricating PSi membranes via a robust and repeatable full wafer
process, combining electrochemical etching and standard micro-
fabrication techniques; the fabrication process is developed such
that the addition of porous silicon does not hinder later fabrica-
tion steps.

e Passivating PSi membranes using atomic layer deposition to enable
their use in aqueous media; the developed deposition technique
enables a homogeneous deposition of metal oxides throughout the
full membrane depth and the resulting porous structure not only
exhibits an improved chemical stability, but also enhanced optical
properties.

e Detecting bacteria via our novel detection scheme, reaching a limit
of detection of 103> CFU/mL for a total assay time of 1 h 30 min;
our indirect detection method relies on a rapid and simple pre-
treatment of the analyte with selective lytic enzymes, during which
target bacteria are destroyed. The target of the detection can
easily be adapted by changing the lytic enzyme, as is demonstrated
by the detection of both B. cereus using the PlyB221 endolysins
and S. epidermidis using lysostaphin. The bacterial detection is
also possible in complex media, as illustrated by the detection of
B. cereus in human serum.

These findings illustrate some of the steps that need to be taken when
developing a sensing platform, here with the specific application of bac-
terial detection. Biosensing being a multidisciplinary subject, the work
involved in this research went from material characterisation, to fluid
mechanics simulations, optical modeling, standard microfabrication and
biological samples preparation. The outcome of this research is a stable
and permanent, versatile platform that can still deliver more promising
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achievements. We hope that our small contribution to the field of porous
silicon biosensors will drive the field to new possibilities and challenges.

The sensitivity of the detection platform can still reach better perfor-
mances. The first challenge for our biosensor intrinsically lies within its
application: the lack of optical contrast between bacterial lysate and
buffer solutions. Especially for low bacterial concentrations, the change
in refractive index is very small. This means only ultra-sensitive optical
transducers can detect a single bacterial cell. To further improve the
sensitivity of our sensor, the intensity of the optical response needs to
be addressed. Indeed, the incident light tends to get transmitted rather
than reflected. The ALD coatings have contributed to the reflectivity
and increased the signal intensity, but further research efforts are needed
to improve the reduction in noise levels even further. The measurement
set-up must also be optimised, opting for a higher resolution optical in-
strumentation, as well as a fluidic integration that induces less optical
losses.

A second aspect that is raising more and more interest in the porous
silicon community is the mechanical stability of these layers. Porous sil-
icon membranes could greatly benefit from such studies because of their
sensitivity to pressure variations, which can impact the optical output.
Moreover, the tendency to crack nucleation and propagation in these
substrates needs to be further investigated to ensure the robustness and
reliability of PSiMs based biosensors. In this research, the mechani-
cal stability challenge has been the target of many reflections and some
suggestions based on design optimisations are formulated afterwards.

Finally, our current detection protocol requires comparing our detection
to a control test, using the analyte without pre-treatment. An alter-
native detection protocol would be to flow the analyte through the PSi
membrane, hence accumulating the bacteria on top of it, then adding
the lytic enzymes and measuring the optical response. The effect of
this adapted protocol on the response time and the sensitivity has been
quickly investigated in Appendix The response time was increased
by 1 h 30 min, totalling to 3 h including the PBS pre-wetting. The
sensitivity was also decreased, which might be linked to the unideal con-
ditions for the lysis on chip. Another protocol would consist in carrying
both detections out in parallel. By using two sensors, two detections can
be carried in parallel and a control group can be easily established, but
the deviation between sensors should be taken into account. An alterna-
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tive protocol that might also be investigated is the sequential detection
of the control and lysate test on a single sensor, with a PBS rinse in
between both assays: the response time would be increased, but both
tests would be performed on the same sensor.

In conclusion, we have demonstrated the added value of porous silicon
membranes for biosensing. We have chosen bacterial detection as our
target application, but this sensor is not only limited to this field and
might present an even better performance when applied to other types
of analytes. We also illustrated the use of lytic enzymes as bioelement
in biosensors, which enables the fabrication of versatile and multi-target
detection platforms.

Perspectives

Based on the improvement suggestions discussed above, some paths can
be followed to enhance the presented bacterial detection platform. With
these developments, it might be possible to decrease the limit of detec-
tion by one or two orders of magnitude.

e Design optimisation: as mentioned earlier, the mechanical aspect
of the porous membrane impacts the sensitivity. By adapting the
membrane design and, for example, adding supporting structures
beneath the membrane, more robust sensors could be built. Thin-
ner membranes could hence be fabricated, allowing increased flow
speeds. Lateral PSi membranes [208,209,219,[316] may also prove
to be a viable solution, facilitating any possible further on-chip
integration.

e Porosification: while most publications use ethanol as wetting
agent for the electrolyte used during porosification, it has been ob-
served that by switching to 1-butanol instead, larger pores could
be obtained without reaching the electropolishing range. These
pores are more stable as well [330,331|. By adapting the elec-
trolyte for the porosification, the pore size of the sensing layer
could be increased, without impacting the mechanical stability of
the PSi membrane. This increase in pore size would enable more
bacterial lysate to penetrate the sensing layer and hence increase
the sensitivity.

o Fluidic integration: Arshavsky-Graham et al. recently demon-
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strated that the integration of a PSi biosensor into a microchannel
setup, instead of using a re-usable fluidic cell similar to the one
used in this work, increases the sensitivity of the biosensor [246].
While a PDMS microchannel fluidic integration was briefly tested
out in the course of this research, the high pressure needed to push
the analyte through the membrane requires more robust fluidic in-
tegration techniques, such as anodic glass bonding, for example.
The advantage of microelectronic bonding techniques is that they
can once again easily be upscaled to industrial levels. A microflu-
idic integration would also enable to detection of turbid matrices.
Moreover, with a microfluidic integration enabling both a flow-
through and a flow-over operation, it may be possible to quickly
rinse away the debris accumulated on the top of the PSi membrane
and hence permit the use of the same sensor for both the control
and lysate detection assay.

e Capture probe: the inner surface of the sensor could be modi-
fied with simple non-specific capture probes, in order to increase
the amount of bound bacterial lysate. A possible candidate is
dopamine, which was reported to efficiently bind biomolecules |332].
Dopamine can be deposited by immersing the transducer in dopa-
mine hydrochloride [27],333].

e Lytic agent blending: by combining different lytic agents, the assay
time and/or the detection limit may be reduced. Several studies
have indeed observed that endolysins that target different bonds in
the peptidoglycan often cooperate against the same target bacteria
when combined [334-336].

o Multiplexing: by combining multiple PSi membranes on a single
chip, the multiplexing of measurements could be made possible.
Either to perform the control test and the detection at the same
time, or to test for different targets, the multiplexing either re-
quires multiple optical setups, or a programmable moving stage.
Indeed, as the optical spectra of the PSi sensors does not need to
be recorded every second, a movable stage could be used to move
each PSi membrane underneath the light spot for the recording of
its optical spectra, at given intervals of time. Such a setup could
be implemented with the aid of a precise movement interface and
an adapted data collection software.
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Other outlooks

PSi membranes have proven their added value compared to PSi layers for
the indirect detection of bacteria via their lysate. When compared with
the literature, the obtained limit of detection is similar to PSi biosensors
that use complex analyte-binding routines. Here, by improving design
features and using lytic enzymes, we have developed a scalable, clean-
room compatible and versatile device. The current method can however
still be improved to decrease the limit of detection and response time.

This does not mean that the research on PSiM-based bacterial biosensors
must stop here. While we listed many routes for the optimisation of the
presented sensor, we also believe that PSiMs have many other areas
of applications, as we briefly illustrated in Section The added
value of PSiMs may, for example, be more highlighted in the detection
of smaller biomolecules [10,[228,234] or even in gas sensing applications
like the detection of air contaminants [134,194].

The detection protocol, which is based on the selective lysis of target
bacteria, is also a scheme that is worth researching to a further extent.
The lysis might be induced by lytic enzymes, endolysins or even bac-
teriophages. The combination of the detection protocol with another
transducer has already shown its promise [27]. Most biosensors in the
literature focus on the detection of a very specific target, but this is not
always the desired application by the industry. Some industries would
benefit from a rapid sterility test, that would screen for the presence of
any type of pathogens in just one test, regardless of the bacterial strain.
The use of lytic enzyme mixes enables this type of applications.

In short, the combination of selective lytic agents and optical sensors
based on PSi-membranes shows encouraging results. Both technologies,
either combined or separated, are worthy of further research efforts and
promise to deliver more achievements and challenges.



APPENDIX A

g MEMBRANE FILTRATION: CONCEPTS

In the membrane filtration modelling, two Comsol Multiphysics inter-
faces are combined: a single face creeping flow and the particles tracing
interface.

A.1 Theoretical concepts

A.1.1 The creeping flow

To study the flow of bacterial lysate through the membrane, we have
modelled it as a single phase flow of PBS containing dispersed particles.
The following properties were used in the model

The PBS flow follows the Naviers-Stokes equations, which is a set of
three equations that respectively represent the conservation of mass, of
momentum and of energy:

Property PBS Particles
Density p [kg/m® ] 1060 2000
Viscosity u [Pa-s] 9.04E~* /

Table A.1: Properties of the PBS flow and the particles.
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where
e pis the density (SI unit: kg/m? )

e u is the velocity vector (SI unit: m/s )

p is the pressure (SI unit: Pa )

7 is the viscous stress tensor (SI unit: Pa )

F is the volume force vector (SI unit: N/m? )

C), is the specific heat capacity at constant pressure (SI unit: J/(kg-
K) )

T is the absolute temperature (SI unit: K)

q is the heat flux vector (SI unit: W/m? )
e () contains the heat sources (SI unit: W/m? )
e S is the strain-rate tensor: S = % (Vu+ (Vu)T)

We assumed a Newtonian and incompressible flow. For a Newtonian
flow, there is a linear relationship between stress and strain, dependent
on the viscosity p (SI units: Pa-s):

= oS — %M(v )l (A4)

For an incompressible flow, p is constant or nearly constant, which re-

duces Equations and to

pV-u=20 (A.5)
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ou
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A fundamental number in fluid mechanics is the Reynolds number, which
is expressed in terms of the velocity scale U and the representative length
L:

_pUL

W

Re (A7)

In the case of this simulation, U is in the pm/s range and L is expressed in
nm, the Reynolds number is very low. This means that we can simulate
the flow using a creeping flow, also called Stokes flow, for which the
inertial terms are neglected and Equation becomes.

p% =V [-pI+ (Vu+ (Vu) " )I] + F (A.8)
Inlet conditions An inlet of fluid requires velocity components. An
alternative to prescribing the complete velocity field is to define the
pressure and all but one velocity component. It this simulation, the
flow was set as normal to the inlet boundary. The pressure boundary
condition is described as:

IAIT [=pl+ p (Vu+ (Vu)T)] n= —po (A.9)
Po = Po

in which pg is the prescribed pressure. The py = pg condition trans-
lates the "Suppress Backflow" option. This condition means that the
prescribed pressure is pg if u-n > 0, but bigger where u-n < 0.

A no-tangential-stress condition must also be defined:

u-t=0 (A.10)

Outlet conditions The outlet condition is also pressure driven. Sim-
ilarly to the inlet conditions, the pressure pg is prescribed using the
following equations:

[-pl+ 4 (Vu+ (Vu)")|n = —pon

A (A.11)
Po < Po
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Boundary conditions When the "No Slip" condition is selected for
a boundary, it is assumed that the fluid velocity tends to zero at the
wall interface:

u=10 (A.12)

A.1.2 Particle tracing in fluid flow

In order to trace the motion of a particle in a fluid flow, Newton’s second
law is applied:

d(mpv)

dt

in which m,, is the particle’s mass, v is its velocity and F} is the sum
of all forces acting on the particle. In a fluid, these forces can be drag
forces, buoyancy forces or gravity forces. To model this motion, several
assumptions were made:

= F, (A.13)

e The flow is one-way coupled, meaning that the flow impacts the
particles, but there is no reverse effect.

e The flow is undisturbed, meaning that the pressure and shear
stress in the flow is undisturbed by the presence of particles.

Drag force

Fp — (1> (1 — v) (A.14)

Tp
where

e m,, is the particle mass (SI unit: kg )

7p is the particle velocity response time (SI unit: s )

v is the velocity of the particle (SI unit: m/s )

u is the fluid velocity (SI unit: m/s )

F, is the gravitational force vector (SI unit: N )
e Fo is any other external force (SI unit: N ).

For creeping flow, the Stokes drag is applied, which defines the response
time of spherical particles such as:

- de;%
P18

(A.15)
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where p is the fluid viscosity (SI unit: Pa-s ), p, is the particle density
(SI unit: kg/m? ), and d,, is the particle diameter (SI unit: m ). This is
frequently known as Stokes drag law. The Stokes drag law is applicable
for creeping flows, Re, > 1.

Gravity force The gravity force is given by:

(pp — p)

F,=m,g
I P Pp

(A.16)

where p is the density of the surrounding fluid and g is the gravity vector.






APPENDIX B

TRANSFER MATRIX

In this section, we present the mathematical study and design of the
multi-layered porous structure that composes our biosensor. Several
methods enable the simulation of this type of structures, the most used
ones being the transfer matrix and scattering matrix methods [?,337-
340]. In these methods, the device is presented as a stack of layers
of infinite dimensions in the transverse plane. Typically, the z and y
directions represent the transverse plane, while the z axis is the lon-
gitudinal direction, in which the waves propagate. While the transfer
matrix method is faster, the scattering matrix method is not only more
memory efficient, it is also the most direct and clear way to describe
wave propagation in a multi-layered structure as the parameters gave
physical meaning [341].

Indeed, the wave propagation in each layer can be characterised by a
scattering matrix S, whose parameters as well as their physical inter-
pretation are illustrated in Figure The S1; and Sy parameters
correspond to the reflection of the wave from Port 1 and Port 2 respec-
tively. The Si2 and So; represent the transmission from one port to the
other. The global scattering matrix for a device can be expressed in
terms of the mode coefficients of the incident, reflected and transmitted
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left 521 Cirn,
cinc
Port 1 > S11 Sao < Port 2
Cre f 5’12 Cright

inc

" J

Figure B.1: Conventional definition of the scattering parameters.

waves, such that

lobal lobal le
[Crefj| _ [S%O ) Sggzo ¢ )] [Cm};t] (B.1)
(global) (global) c'rzght : :

Cirn S51 S3o inc

Assuming that there is no wave incident from the transmission region,

ight . .
(9™ =0, and the expression can be rewritten as

Cref = SggllObal) Cinc (B.2)
B (global)
Ctrn = 821 Cinc (B,S)

To correlate the scattering matrix method to the computation of the
transmitted and reflected fields, one must start with the normalised
Maxwell’s equation, in which we eliminate the longitudinal field com-
ponents F, and H, by substitution. The four remaining equations are
discredited in the z-y plane and take the following PQ matrix form:

i) =l o
i) = oz =

in which P and Q depend on the effective permeability u, and effective
permittivity €., both derived from the effective refractive index, as well
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as on the normalised wave vectors which are characterised by the k
terms, such that

1 kok r€ — k2

P = —|. "M Tt B.6
€ [k:; — Ur€r —kyky ] (B.6)
1 z:xl;: r€p — k2

Q - L|L"h - (B.7)
Hr kg — Hr€r _kzky

The solutions for the magnetic and electric fields from P and Q become

[gzg;] = We Mt + Weeo (B.8)
[%g;] = Vet —ve Mo (B.9)

where ¢t and ¢ are the amplitude coefficients of the forward and back-
ward wave respectively, W = I is the eigen-vector matrix, which is

equal to the identity matrix, A is the diagonal eigen-value matrix and
V=QW) 1l

The combined solution describes the total field inside one layer of the
device and is written as

(")
() = @y(( l,g - R,V X] [ei:’ eoM] [Zi] (B.10)
(")

Based on this equation, the scattering parameters for a layer i of thick-
ness L; such as illustrated in Figure can be formulated by defining
the boundary condition at each interface, which are

Wl Wl Cl+ B Wl Wl C;r (B 11)

V1 —V1 Cl_ N VZ' —Vi Cz'_ )
WZ' Wi 6)‘k0Li 0 Cj_ _ W2 W2 C; B 12)
Vi, -V, 0 e olif|e | | Ve —Vao|er |

For computational reasons, Port 1 and Port 2 are considered as gaps
composed of free space, of zero thickness. This enables to separate the
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effect of the materials on either side of the layer, with no effect on
the performance of the device. The scattering matrices of each layer
can therefore be arbitrarily interchanged. We can therefore rewrite the
eigen-modes W1 = Wy = Wy and V1 = V3 = V. The parameters of
the scattering matrix for layer ¢ are expressed as

(2

~

st — 8l — (A; — XiB;A;'X;B;) ) (XiBiA; ' X;A; — BB.13)
st — sl — (A; — XiBiA;'X;B;) 1) Xi(A; — BiA;'B;) (B.14)
A, = W{'Wo+ Vv (B.15)
B, = W;'W,-V;'V, (B.16)
X; = e Nkl (B.17)

In case of a multi-layered device, the combined scattering matrix can
be computed using the Redheffer star product for each layer [341]. This
combined scattering matrix can then be connected to the reflection re-
gion and transmission region, via scattering matrices S"¢f) and St
respectively, resulting in the global scattering matrix of the device

gltebal) _ g(ref) @ sV @8? @ ... @ s @ sl (B.18)

The scattering parameters for S('¢f) can be derived by fixing L = 0,
Wi = W; = Wiy, Vi = V; = Vigp, Wo = Wy and Vo = V.
Likewise, the parameters for S can be derived by letting L = 0,
Wo=W,;=W,r, Vo=V; =V,.y, Wi = Wy and V; = V.

Now that we have expressed the global scattering matrix, we take ex-
pressions and again and derive the reflected and transmitted
fields.

E;ef (global)

Eref Wrefcref = Wrefsll Cinc (Blg)
)

Et"’n lobal

[Efrn] = Wtrnctrn = Wtrnsgi o )Cinc (B'20)
Yy

(B.21)

In linear, homogeneous and isotropic media, the mode coefficient can be
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written as

Einc
Y

We then solve the longitudinal field components E5* and E'™ in order
to calculate the total reflectance of the wave

7 ref7. pref
Egef - _M (B.23)
k.
trn trn
Bl = —M (B.24)
k-
= 2
R - ‘Eref (B.25)
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apPENDIX C

MATLAB CODES

C.1 MATLAB image processing for pore mor-
phology analysis

The following MATLAB code corresponds to the routine used for the
Transfer Matrix Simulation of the optical response of a PSi membrane.
This simulation was performed to select the fabrication parameters that
result in the best optical signal. The principal code, tmm_double_layer
was adapted in order to simulate the response using different input
porosity or refractive indices for a double layer. It was also adapted
to simulate a single layer or a triple layer, but as those codes are very
similar, they will not be added here. The tmm_double_layer script calls
to two other functions: tmmiD which performs the TMM calculation []
and FFT_REF, which applies a Fourier transform to the optical spectrum,
similarly to the RIFTS method.

C.1.1 tmm_double_layer.m

$ TRANSFER MATRIX METHODS using SCATTERING MATRICES %%
by R. Vercauteren

oo oo

'based on the code found here https://github.com/cm403/cem/blob/master/
tmmld.m


https://github.com/cm403/cem/blob/master/tmm1d.m
https://github.com/cm403/cem/blob/master/tmm1d.m
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close all;
clear all;

% UNITS
degrees = pi/180;

% SOURCE PARAMETERS

lam=(400:2:900) x1e-9; $free space wavelength

k0= (2*pi) ./lam;

SRC.theta = 0 x degrees; ¢elevation angle

SRC.phi = 0 * degrees; %azimuthal angle

SRC.pte 1/sqgrt (2); %amplitude of TE polarization
SRC.ptm = 1i%SRC.pte; %amplitude of TM polarization

% EXTERNAL MATERIALS

DEV.url = 1.0; % permeability in the reflection region
DEV.erl = 1.0; % permittivity in the reflection region

s DEV.ur2 = 1.0; % permeability in the transmission region
DEV.er2 = 1.0; % permittivity in the transmission region

%% LOOP THROUGH THE POROSITY (OR LENGTH)

L1=5; %Thickness of first layer
L2=100; % Thickness of second layer
p=[20, 40, 60 ,80]; % porosity range
Lp = length(p);

sensitivity = zeros(1l,Lp);
int=zeros (5, Lp);

noise=zeros (5, Lp);

for i=1:Lp

%% LOOP THROUGH refractive index

por=p(i); $porosity layer 1

nfill=1:0.1:1.4; S$refractive index of filling media
nl=zeros (l,length(nfill));

n_s=3.1; % refractive index of skeleton

s por2=0.656; S$Sporosity layer 2

n2=zeros(l,length(nfill));
$Bruggeman effective meadium approximation
for r=1l:1length(nfill)

nl(r)=1/2+sqrt (2+n_s"2-nfill (r) "2-3*por+n_s"2
+3*por+nfill (r) "2+sqrt (8+n_s"2#nfill (r) "2+ (nfill (r) "2
=24%n_s"2+3*por*n_s"*2-3+por*nfill(r)"2)"2));

oo oo oo oo
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n2(r)=1/2+sqrt (2+n_s"2-nfill (r) "2-3*por2+n_s"2

53 &

54 $+3+por2+«nfill (r) "2+sqrt (8+n_s"2+nfill(r) "2+ (nfill(r) "2
55 $—2#n_S"2+3+por2+n_s"2-3*por2+nfill (r)"2)"2));

56 ¢ end

57

58 $Looyenga effective meadium approximation

50 for r=1:length(nfill)

60 nl(r)=((l-por)*n_s”(2/3)+por*nfill (r)"~(2/3))"(3/2);
61 n2 (r)=((l-por2)*n_s” (2/3)+por2xnfill (r) "~ (2/3))"(3/2);
62 end

64 Lnl = length(nl);
65 peakInt = zeros(l,Lnl);
66 peakPos = zeros(l,Lnl);

68 for m=1:Lnl

69

70 %% DEFINE LAYERS

71 DEV.n = [nl(m) n2(m)];% array of the refractive indices

72 % array of the thickness of each layer
73 DEV.L = [L1 L2];

75 %% LOOP THROUGH THE WAVELENGTH

76

77 for g=1:length (lam)

78 SRC.lam0 = lam(q);

79 DAT = tmmld(DEV, SRC);
80 REF (gq) = DAT.REF;

81 TRN (q)= DAT.TRN;

82 end

84  EOT=2%nl (m) *x5e-6
figure (1)
plot (lam*1e9,REF, 'r', "linewidth', 2)
%axis ([100e-9 900e-9 —-0.05 1.05])
xlabel ('"\lambda', '"fontsize',14)
ylabel ('T (in blue) or R (in red)', 'fontsize',14)
title('Transmittance (T) and Reflectance(R)', 'fontsize',14)
fh = figure(1);
set (fh, 'color', 'white');

85

90

do oo oo oo op oo oo oo

94 %% RIFTS
95 [Lv, FFT]=FFT_REF (lam, REF, 3);
96 9% [pks,idx] = findpeaks (abs (FFTref (Iv))*2);

=

98 EOTcalc=2%DEV.n (1) +*DEV.L(1);

99 insiderange=find(Lv > 0.95xEOTcalc & Lv < 1.05%xEOTcalc);
100 Lvrange=Lv (insiderange) ;

101 [maxpeaks, idmax]=max (FFT (insiderange)) ;
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102 peakInt (m) = maxpeaks;
peakPos (m)= Lvrange (idmax) ;

noise(m,1)=std(FFT);

103
104
105
106 figure, hold on;

107 plot (Lv, abs(FFT/length(FFT))=*2,'r',"linewidth',2)
108 $x1im ([0 120]);

109 xlabel ('2nL', 'fontsize', 14)

110 ylabel ('Intensity', 'fontsize',14)

111 title('', 'fontsize', 14)

112 end

113

oo oo oo oo

114
115 peakPosrel=(peakPos—-peakPos (1)) /peakPos (1)*100;
116 [P S]=polyfit (nl, peakPosrel,l);

117 sensitivity(i)= P(1);

118 int (:,1)=peakInt;

119

120

121 end

C.1.2 tmmiD.m
1 function DAT = tmmld(DEV, SRC)
TMM1D One-Dimensional Transfer Matrix Method
DAT = tmmld (DEV, SRC) ;

INPUT ARGUMENTS

DEV Device Parameters

.erl relative permittivity in reflection region

.url relative permeability in reflection region

.er2 relative permittivity in transmission region
.ur2 relative permeability in transmission region

.n array containing refractive indices of each layer
.L array containing thickness of each layer

SRC Source Parameters

.lam0 free space wavelength

.theta elevation angle of incidence (degrees)
.phi azimuthal angle of incidence (degrees)
.ate amplitude of TE polarisation

.atm amplitude of TM polarisation

OUTPUT ARGUMENTS

DAT Output Data

-
w
o0 oo oo oo oo oo oo oo oo oo oo oo oo oo oo oe oo oo oo oo oo oo oo oo
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C.1. MATLAB image processing for pore morphology analysis

.REF Reflectance

.TRN Transmittance

.S11 GLOBAL (DEVICE)

.S12 GLOBAL (DEVICE)

.S21 GLOBAL (DEVICE)

.S522 GLOBAL (DEVICE)

This MATLAB program implements the transfer matrix <«
method.

oo oo oo oo oo oo op

% SOURCE PARAMETEOQS

lam0 = SRC.lam0; $%free space wavelength
theta = SRC.theta * degrees; %elevation angle; convert <=

from deg to rad

phi = SRC.phi * degrees; ¢azimuthal angle; convert from <=

deg to rad
pte = SRC.pte; %amplitude of TE polarisation
ptm = SRC.ptm; S$amplitude of TM polarisation
% EXTERNAL MATERIALS

url = DEV.url; $permeability in the reflection region
erl = DEV.erl; $%permittivity in the reflection region
ur2 = DEV.ur2; 2%permeability in the transmission region
er2 = DEV.er2; $%$permittivity in the transmission region
% DEFINE LAYERS

n = DEV.n; %array of refractive indices in each layer

L = DEV.L; %array of the thickness of each layer

I = eye(2);
O = zeros(2);
% LHI SIMPLE CASE
nincl = sqgrt(erl % url);
kxt = sqgrt(urlxerl) = sin(theta) * cos(phi);
kyt = sqgrt(urlxerl) * sin(theta) * sin(phi);
0G = [ kxt x kyt 1 + kyt"2;
- (1+kxt"2) -kxt * kyt;];
VG = -1i * QG;

k0 2 * pi / lam0;

$ INITIALIZE S GLOBAL

S11G = O; S12G = I; S22G = O; S21G = I;
$ CALCULATE # OF LAYERS FROM ER INPUT
N_layer = length(n);

219
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%% LOOP THROUGH LAYERS
kzti = nan(size(n));
i =1;
for i = 1:N_layer
% CALCULATE PARAMETERS FOR LAYER T
kzti(i) = sgrt(n(i)”"2 - kxt"2 - kyt"2);
Qi = [kxt = kyt n(i)”"2 - kxt"2;
kyt"2 - n(i)"2 -kxt * kyt;]; % <«
only valid for non magnetic <«
materials
OMEGA1 = 1i * kzti(i) * eye(size(Qi));
Vi = Qi * inv(OMEGAi);
% CALCULATE SCATTERING MATRIX FOR LAYER I
Al = eye(size(Vi)) + inv (Vi) =* VG;
Bi = eye(size(Vi)) - inv (Vi) * VG;
Xi = expm (OMEGAi * kO x L(i) ) ;
D = Ai - Xi * Bi xinv(Ai) * Xi * Bi;
S11 = inv (D) * (Xi % Bi * inv(Ai) * Xi « Ai - Bi);
S12 = inv(D)* Xi * (A1 - Bi % inv(Ai) = Bi);
S21 = S12;
S22 = S11;
% UPDATE GLOABAL SCATTERING MATRIX
DG = S12G * inv (I - S11 % S22G);
FG = S21 » inv (I - S22G = S11);
S11G = S11G + DG *= S11 * S21G;
S12G = DG * S12;
S21G = FG * S21G;
S22G = S22 4+ FG x S22G * S12;
end
%% EXTERNAL REGIONS
$ CALCULATE SCATTERING MATRIX FOR REFLECTION REGION
kztR = sqgrt(erl = url - kxt"2 - kyt"2);
QR = 1 / url x [kxt = kyt, url x erl - kxt"2;
kyt*2 - url » erl, -kxt x kyt;];
OMEGAR = 1i x kztR * eye(size(QR));
VR = QR * inv (OMEGAR) ;
AR = eye(size(VR)) + inv(VG) x VR;
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119 BR = eye(size(VR)) - inv(VG) =* VR;

o

@]

i

—

o]
|

= — inv (AR) =* BR;
2 x inv (AR);

o
N
[0}
i
N
o)
I

123 S21R = 0.5 » ( AR - BR * inv(AR) * BR);

124 S22R = BR * inv (AR);

125 5

126 % CALCULATE SCATTERING MATRIX FOR TRANSMISSION REGION
127 kztT = sgrt(er2 x ur2 - kxt"2 - kyt"2);

128 QT = 1 / ur2 * [kxt * kyt ur2 x er2 - kxt"2;
129 kyt"2 - ur2  er2 -—kxt * kyt;];
130 OMEGAT = 1i x kztT x eye(size(QT));

131 VT = QT * inv (OMEGAT) ;

132 AT = eye(size(VT)) + inv(VG) x VT;

133 BT = eye(size(VT)) - inv(VG) = VT;

134

135 S11T = BT * inv (AT);

136 S12T = 0.5 » ( AT - BT x= inv (AT) * BT);

137 S21T = 2 * inv (AT);

138 S22T = —-inv (AT) = BT;

139

140 2555555522 %222555555%%%32225555555%%2%2%2%3%%%%
141 %% CONNECT TO EXTERNAL REGION.

142 332%555%%5555%222555%%555%8%%22555%%%%5%8%%%¢%
143 $ SG = SR (X) SG

144 DR = S12R x inv (I - S11G = S22R);

145 FR = S21G » inv (I - S22R = S11G);

146

147 S22G = S22G + FR % S22R * S12G;

148 S21G = FR * S21R;

149 S12G = DR * S12G;

150 S11G = S11R + DR * S11G % S21R;

151

152 % SG = SG (X) ST

153 DG = S12G x inv (I - S11T = S22G);

154 FG = S21T » inv (I - S22G = S11T);

155

156 S11G = S11G + DG = S11T * S21G;

157 S12G = DG * S12T;

158 S21G = FG * S21G;

159 S22G = S22T + FG * S22G * S12T;

160

161 23%%2%%5%3%%525%%23%%%9%%525%%235%%2%%%3%%%2%%%%%
162 %% SOLVE SCATTERING PROBLEM

163 332%5555%5555%22255555555%8%%225555%%55%%%%¢%
164

165 n = [0; 0; 1;1;

166 kinc = k0O » nincl =

167 [sin(theta) =* cos(phi); sin(theta)x*sin(phi); <«
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cos (theta) ];

168

169 % Check if theta = 0

170 if theta ==

171 ate = [0 1 0];

172 else

173 ate = cross(n, kinc) ./ norm(cross(n, kinc));

174 end

175 atm = cross(ate, kinc) ./ norm(cross(ate, kinc));

176

177 P = pte x ate + ptm * atm;

178

179 Esrc = [P(1l); P(2)];

180 Eref = [S11G * Esrc; nan];

181 Etrn = [S21G * Esrc; nan];

182

183 Eref (3) = —(kxt * Eref(l) + kyt % Eref(2)) / kztR;

184 Etrn(3) = —-(kxt » Etrn(l) + kyt » Etrn(2)) / kztT;

185

186 DAT.REF = norm(Eref) ."2;

187 DAT.TRN = norm(Etrn) .”2 * real (kztT = kO / ur2) / <«
real (kinc(3) / url);

188 DAT.Eref = Eref;

189 DAT.Etrn = Etrn * real (kztT x kO / ur2) / real(kinc(3) <«
/ url);

190 DAT.S11 = S11G;

191 DAT.S12 = S12G;

192 DAT.S21 = S21G;

193 DAT.S22 = S22G;

194 end

C.1.3 FFT_REF.m

1 function [Lv, FFT]=FFT_REF (lam, REF, res)

N

freg=fliplr(l./lam);

REFflip=fliplr (REF);

L=length (REF) ;

6 fregsort=linspace (freq(l), freg(end), L);

7 Fs=1/ (mean (diff (fregsort))); %sampling interval

wt

REFfit=spline (freq, REFflip, fregsort);

11 lpad=L*2"res; % lenght of the padding with 0 (to increase <«
the resolution of the FFT)

12 FFTref=fft (REFfit, lpad)/L; %/ ((2"res) *«L); %normalized fft

13

14 Lv=0:Fs/lpad:Fs/2;
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FFT=abs (FFTref (1:1pad/2+1)) ;

end

C.2 MATLAB theoretical limit of detection

This code relates to the calculation of the theoretical limit of detection.
It computes the shift in EOT by first determining the refractive index
shift caused by the penetration of bacteria lysate.

C.2.1 TheoreticallOD.m

% by R. Vercauteren

close all;
clear all;

%% Define the porous membrane

por=0.8; %porosity of the 1st layer

tl= 5e-6; $%2.655e-6; %microns thickness of 1lst layer
n_s=1.7; % refractive index of skeleton
IL=1e-3;%1.3348e-3; $%size of the membrane

voltot=pi* (L/2)"2%tl*por; $round
Ssvoltot=LxL*tl*por; %square

%% Define the lysate

bact= 0.9e-18; %volume of B. subtilus according to
$https://bionumbers.hms.harvard.edu/bionumber.aspx?s=n&v=1&1d=115203
$bact= 1.1e-18; $%$volume of E Coli
$https://bionumbers.hms.harvard.edu/bionumber.aspx?id=100004&ver=19

N=100000; ¢%number of particle per cell
CFU=[1e0 lel le2 1le3 1led le5 1le6]; ¢CFU/ml

nlys=1.390; ¢ Refractive index bacterial cystoplasm with <«
proteins from doi: 10.1128/7jb.160.3.1151-1157.1984

nPBS=1.3348; $ Refractive index PBS from 1145; <«
doi:10.3390/app9061145

fraction=0.5; ¢ fraction of the particles inside the 1st layer
n=zeros (1, length (CFU));
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o9
00

for

end
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Calculate EOT shift based on number of particles
i=1:length (CFU)

R=normrnd(15,10,N,1);

volume=sum (4/3*pi* (abs (R) x1le-9) ."3)xfraction*CFU (1) ;
vollys=volume/voltot;

volPBS=1-vollys;

nfill=(vollysx (nlys—1)+volPBS«* (nPBS-1))+1l; % <«

Gladstone-Dale equation
%a=(vollys+(nlys*2-1)/(nlys"2+2)+volPBS* (nPBS"2-1)/ (nPBS"2+2) ) ;
$nfill=sqrt ((2+a+1)./(1-a)); %Lorentz-Lorenz equation

n(i)=((l-por)*n_s~(2/3)+por*nfill~(2/3))"(3/2); <«
$Looyenga effective meadium approximation

ategorical ({'1074','10"5','10%6"', '10~7', '1078', '10"9', <
'107{10}"});
=2xn+*tl;
shift=(EOT-EOT (1)) /EOT (1) 100
igure, hold on;
bar (C, EOTshift)
xlabel ('Number of particles', 'fontsize',14)
ylabel ('EOT shift [%]','fontsize',14)
%set (gca, 'XScale', "1og")
set (gca, 'YScale', 'log")

Calculate EOT shift based on volumetric fraction
lume=0.3xbact+«fraction*CFU;

llys=volume/voltot;

1PBS=1-vollys;

ill=(vollys+* (nlys-1)+volPBS* (nPBS-1))+1;
((1-por)*n_s”(2/3)+por*nfill.”(2/3)).7(3/2);

categorical({'1','10','10%2"', '1073', '1074', '10"5', <«
'10%6'});
2=2*xnx*tl;
shift2=(EOT2-EOT2 (1)) /EQOT2(1)*100
igure, hold on;
bar (C, EOTshift)
xlabel ('Number of particles', 'fontsize',14)
ylabel ('EOT shift [%]', 'fontsize',6 14)
$set (gca, 'XScale', "1og")
set (gca, 'YScale', 'log")



APPENDIX D

CHARACTERISATION OF PLYB221

This section relates to results published by Leprince et al. in |263|.

Endolysins are enzymes coded by bacteriophages that mediate bacterial
lysis via the degradation of peptidoglycan. They accumulate inside the
cytoplasm during bacteriophage replication and cooperate with another
protein, the holin, in order to induce the cell lysis.

PlyB221 is an endolysin encoded by Deep-Blue, a phage targeting the
Bacillus cereus group. This group is a cluster of closely related species,
with the most commonly recognised members being B. cereus sensu
stricto (s.s), Bacillus thuringiensis, Bacillus anthracis, Bacillus weihen-
stephanensis, Bacillus mycoides, Bacillus pseudomycoides, and Bacillus
cytotozicus.

The activity of PlyB221 was tested against several members of the B.
cereus group, as well as some Bacillus spp. A broad range of pH, salt tol-
erance and temperature were also tested in order to establish if PlyB221
is suitable for food industry applications.

Lytic activity assessment The lytic activity was studied in a turbid-
ity reduction experiment, using B. cereus ATTC 10987 as model strain.
The PlyB221 was diluted from 100 to 3 pg/mL and incubated with bac-
teria resuspended in Tris-HCI buffer with pH fixed at 8. The assay was
performed at 30 °C and the ODsg5 was monitored for 30 min. Figure
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[D-1) shows that the at the highest PlyB221 concentration, only 4 min of
incubation are needed for a 50 % reduction of the ODsg5, which reaches
a plateau after 12 min. Reducing the concentration to 50 pg/mL does
not overly affect the observed lytic activity. For 6 png/mL of PlyB221,
the 50 % reduction mark is reached after 50 min.

A. PlyB221

0OD595

0o 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Time [min]

[Endolysin] pg/ml —@= 100 == 50 == 25 == 12.5 ~st= 6 3 —e— buffer

Figure D.1: Bacteriolytic activity of PlyB221 assessed by OD monitoring.
The activity test was performed on exponentially growing B. cereus ATCC
10,987 at 30 °C in the optimal buffer and using enzyme concentrations ranging
from 3 to 100 pg/mL. Reproduced from [263].

The lytic activity range was then tested using strains from the B. cereus
group and other Gram-positive bacteria, via a turbidity reduction assay.
The PlyB221 concentration was fixed at 100 pg/mL. In parallel to this
test, the susceptibility of each strain to the Deep-Blue phage was also
assessed via spot-on-plate. This assay resulted in 3 different bacterial
responses: sensitive strains (i.e., formation of phage plaques), insensitive
strains and those affected by the process of’ “lysis from without” [342].
Results are gathered in Table [D.I] All the strains tested within the
B. cereus group are sensitive to PlyB221, but to different extents: the
turbidity reduction ranges from 47 % to 76 %. Surprisingly, the Deep-
Blue phage host spectrum was narrower, as three strains were insensitive
to the phage. For other Gram-positive bacteria, PlyB221 is able to
lyse Bacillus licheniformis and Bacillus pumilus in a reduced way, and
Bacillus megaterium in a highly active way.

PlyB221 has an intermediate activity spectrum, as they are active against
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Strain Species ¢ PlyB221 CBD
Strains of the B. cereus group
VD021 B. cereus S 749 £+ 3.9 +
ATCC 10987 B. cereus I 726+ 23 +
F4810/72 B. cereus* L 67.8 +£10.7 +
H3081.97 B. cereus* L 573+59 +
WSBC10202  B. weihenstephanensis S 61.1 + 3.4 +
WSBC10204  B. weihenstephanensis L 76.4 + 9.1 +
Si0239 B. weihenstephanensis®* S 66.6 + 4 +
LH002 B. weihenstephanensis* 1 69.3 + 10.5 +
GBJ001 B. thuringiensis L 76.2 + 3 +
HD4 B. thuringiensis L 381+09 +
NVH 391-98 B. cytotoxicus L 742+ 6 +
BcA20 086 B. cytotozxicus L 466 £ 11 +
KBS 2-12 B. mycoides L 621427 +
NC2-18 B. mycoides I 66+ 233 +
Other Gram-positive bacteria

Bs168 B. subtilis I 02404 -
ATCC 10716 B. licheniformis 1 232 +1 -
S10279 B. pumilus I 68+0.9 -
10A-B5 B. pumilus I 283+%15 -
S10003 B. megaterium L 739+ 27 +
10A-B3 B. megaterium I 799 +05 +
Liv001 L. iwanovii 1 0.5+ 0.9 -
ATCC 12228 S. epidermidis I 01402 -

Table D.1: Activity and binding spectra of PlyB221 endolysins and their cell
wall binding domain (CBD) compared to Deep-Blue phage host spectra. The
phage host spectra were established via spot-on-plate. The lytic activity was
assessed in triplicate by a turbidity reduction assay on exponentially growing
cells using 100 pg/mL of endolysin. The binding spectra were established in a
cell wall binding as assay using exponentially growing cells and the GFP fused
CBD. Stars indicate emetic strains. Reproduced from [263].

®: phage host spectrum; S: Sensitive/plaque forming strain; I: Insensitive strain; L:
Strain affected by “lysis from without”

members of the B. cereus group but also a select number of other Gram-
positive bacteria. It could be assumed that PlyB221 is active against
most, if not all, pathogenic strains of the B. cereus group, including B.
anthracis; indeed, although this strain could not be tested, PlyB221 has
close relationships to PlyP56 and PlyB, which have demonstrated their
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activity against this strain [343,344].

Biochemical characterisation The variation of lytic activity with
different pH values and NaCl concentrations was assessed via a turbidity
reduction assay using B. cereus ATCC 10987 as model strain. PlyB221
was active in a wide pH range (5 to 9) but the highest activity was
observed at pH 7 and 8 (Figure A). This is consistent with the
predicted p.I, namely 7.67. In terms of salt concentration, the lytic
activity decreased for concentration higher than 300 mM (Figure
C). The thermal stability of PlyB221 was assessed in Figure E and
it can be observed that the endolysins retain their activity up to 45 °C,
with a 25 % decrease in activity at 50 °C, but a major loss in activity
after 60 °C. Overall, PlyB221 remains active in a wide range of pH
and NaCl conditions and exhibits a thermal stability that is consistent
with other endolysins encoded by the phages targeting the B. cereus
group [345}346].
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Deep-Blue PlyB221

100

80

60

40

20

Relative inhibition percentage(%)

80

60

40

20

Relative inhibition percentage(%)
2

(=}

[ 50 100 200 300 500
NaCl (mM)

100

60

40

Relative inhibition percentage(%)
Z

=]

4 30 37 45 50 60
T(©)

Figure D.2: Biochemical characterization of PlyB221. Exponentially growing
B. cereus ATCC 10,987 cells were resuspended in buffer of various pH (A) and
NaCl concentration (C) and challenged with 50 pg/mL of protein during 30
min to assess the endolysins optimal activity. PlyB221 stability to temperature
(E) was tested by incubating the proteins (50 pg/mL) at given temperatures
during 30 min and transferred for 5 min on ice. The experiments were done
in triplicate. Stars indicate significant differences (Student’s t-test, p < 0.05).
Reproduced from [263].






APPENDIX E

LSTUDY OF ALD COATING INSIDE PSIMS

E.1 Chemical characterisation: XPS

This section is issued from [RV1].

In order to determine the chemical composition of the coatings inside the
membrane, XPS measurements were performed. Both the front- and the
backside of the membranes were analysed. It must however be pointed
out that these ALD deposition were carried out at lower temperatures
(100 °C for HfO, and Al,O5, and 150 °C for TiO,).

E.1.1 Methods

X-Ray Photoelectron Spectroscopy (XPS) analyses were performed to
determine the chemical composition of the ALD films deposited on the
pore surface. Therefore, XPS measurements were carried out on the top
and back sides of the PSi membranes with an SSX 100/206 photoelectron
spectrometer from Surface Science Instruments (USA) equipped with a
monochromatised micro focused Al X-ray source (powered at 20 mA
and 10 kV). The chamber pressure was fixed at 10-6 Pa and the data
was collected at a 55 © angle. The spot size was approximately 300
pm and the pass energy was set at 150 eV. In these conditions, the
full width measured at half maximum (FWHM) of the Au 4{7/2 peak
for a clean gold standard sample was about 1.6 eV. A flood gun set at
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8 eV and a Ni grid placed 3 mm above the sample surface were used
for charge stabilisation. The C—(Cy) component of the Cls peak has
been fixed to 284.8 eV to set the binding energy scale. Data treatment
was performed with CasaXPS program (Casa Software Ltd, UK), some
spectra were decomposed with the least squares fitting routine provided
by the software with a Gaussian/Lorentzian (85/15) product function
and after subtraction of a non-linear baseline. Molar fractions were
calculated using peak areas normalised based on acquisition parameters
and sensitivity factors provided by the manufacturer.

E.1.2 Results

The full spectra for each type of ALD are available in Figures
and [E.3

The XPS survey spectra PSiO, HfO, presented mainly Hf, O and C but
also Si, F and P. The presence of fluorine, especially at the backside,
can be explained by contamination due to the SFg gas used during the
DRIE step, but the origin of the phosphorous signal remains unknown.
Figure a,b show the Hf 4f spectra for the front and the back of the
membrane. After curve fitting, two peaks are observed at 17 eV and
19 eV on both the front- and back side of the membrane, attributed to
the binding energies of Hf 4f7/2 and Hf 4f5/2, respectively. These peaks
indicate a valence state of 44 for hafnium and validate that the product
of the ALD process is indeed HfO,.

For the PSiO,,TiO,, peaks for Ti, O and C but also Si, and F can be
observed in the XPS survey spectra. The presence of fluorine can once
again be attributed to the DRIE step. Figure 7c,d reveal two peaks at
459 eV and 464 eV, both on front and back, which correspond to Ti
2p3/2 and Ti 2pl/2, respectively. These peaks also indicating a valence
state of +4 for titanium and corroborate the deposition of TiO,.

In the XPS survey spectra of PSiO,,Al; O3, the presence of mainly Al
O and C but also F contamination can be observed. In Figure 7ef, a
peak at 74.5 eV can be observed on both front and back. This peak
corresponds to the Al 2p binding energy and indicated a +3 valence,
validated that Al,O5 is indeed the deposited product.
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Figure E.1: XPS survey spectra of the PSiO, HfO, membrane front (black)
and back (red). The main core levels are labelled. The data are normalised to
each C-(C,H) component of the C 1s peak and separated vertically.
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Figure E.2: XPS survey spectra of the PSiO,,TiO, membrane front (black)
and back (red). The main core levels are labelled. The data are normalised to
each C-(C,H) component of the C 1s peak and separated vertically.
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Figure E.4: High resolution XPS core level spectra: Hf 4f on PSiO, HfO,
membrane (a) front, and (b) back; Ti 2p on PSiO,,TiO, membrane (c) front,
and (d) back; Al 2p on PSiO,,Al,0; membrane (c) front, and (d) back.

E.2 Noise analysis

E.2.1 Methods

The noise level of each measurement was also evaluated, both before
and after the RIFTS data processing. This was achieved by using the
wdenoise on MATLAB (MathWorks). This function denoises the signal
using a Symlets 4 wavelet. The mean and standard deviation of this
calculated noise was then computed. The signal-to-noise ratio was also
computed using the snr function on Matlab and expressed in dB.

E.2.2 Results

Noise is unavoidable when taking optical measurements. They are linked
to, among others, the dark noise, the baseline noise and the thermal noise
of the read-out equipment. While noise can be minimised by taking a
background reference and subtracting it from the optical signal, some
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contributions are still present. In the case of PSiMs, the signal intensity
is reduced because of the slight transparency of the porous matrix, re-
ducing the reflected light. The noise level and the signal-to-noise ratio
were therefore analysed to study the impact of the ALD coatings on the
optical spectra. Values averaged for all spectra and samples are listed
in Table [E]]

Sample SNR Noise level
[dB]  [Relative intensity]
Blank 349  -0.0026 + 0.0007

Al,O3-coated 37.9 -0.0013 + 0.0004
HfO,-coated 38.1 -0.0015 + 0.0004
TiO,-coated 39.3 -0.0008 + 0.0005

Table E.1: signal-to-noise ratio and noise level of the optical signal of ALD
coated PSiM sensors.

The addition of ALD inside the porous matrix increases the SNR of the
optical signal, which can be explained by the increased optical signal
presented in The noise level was also decreased after ALD coating.
A possible explanation might be linked to the decrease in pore size,
which reduced the overall roughness of the layer surface and affect the
scattering of the light.

The same routine was applied to the signal after the application of a
RIFTS routine to the optical spectra. Values averaged for all samples
are listed in Table

Sample SNR Noise level
[dB] [%]
Blank 12.3  -8.6E-07 + 0.0007

Al,O3-coated 13.5 1.9E-06 + 0.0004
HfO5-coated 12.5 1.3E-06 + 0.0004
TiO,-coated 15.1  1.1E-07 + 0.0003

Table E.2: signal-to-noise ratio and noise level of the RIFTS processed optical
signal of ALD coated PSiM sensors.

After RIFTS data processing, the effect of ALD is less noticeable. SNR
is similar for most samples, except for TiO, coated sensors, which exhibit
a higher ratio. This increase may be explained by the minute reduction
in noise level for TiO, coated sensors.
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E.3 Lysis on chip

E.3.1 Methods

As part of the biosensing performance characterisation, the detection
protocol was adapted by performing the lysis on the porous silicon mem-
brane, instead of as a pre-treatment. This enables to perform both the
control test and the detection at once. In short, after a pre-wetting of
the PSi membrane in PBS for 30 min, a bacterial suspension (as pre-
pared in Section was flown through the membrane for 1 h. Next,
a PlyB221 endolysin suspension in PBS (100 mg/mL) was added to the
fluidic set-up for 30 min. The detection was then finished completed by
rinsing the PSi membrane with PBS for 30 min. The RIFTS routine
was applied to the measured optical spectra, as described previously.
The relative EOT value was then averaged before the introduction of
lytic agents, over the 40 to 60 min range (control relative EOT value)
as well as after the rinsing step, namely over the 100 to 120 min range.
The difference between these average EOT values expressed the relative
EOT shift.

E.3.2 Results

When considering more complex matrices, the need for a control test
of the sample before lysis arises, as mentioned at the end of Section
6.3.2.1] Previously, we performed this control test on a second sensor,
in parallel to the bacterial lysate detection. An alternative protocol
is investigated here, which performs the lysis of the target bacteria on
the PSi membranes themselves. In short, the bacterial suspension is
flown through the porous membrane for 1 h, after which the lytic agents
are introduced to the fluidic setup for 30 min. A final rinsing step
is performed, as indicated in Figure The relative EOT shift is
measured by averaging the relative EOT before the lysis and after the
rinsing step, as illustrated again in Figure

To verify if this relative EOT shift is significant, it must be compared to
the noise level and a control test with endolysins only. This comparison
is illustrated in Figure the average relative EOT shift for an initial
concentration of 105 CFU/mL of B. cereus amounts to 0.12 + 0.01
%, which is significant compared to both noise level and the endolysin
control test.
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Figure E.5: Characteristic relative EOT shift overtime when performing the
lysis on the PSi membrane chip, for 1h in a 105 CFU/mL B. cereus suspension,
followed by 30 min during which the PlyB221 endolysins are added and finally
a 30 min PBS rinse.

By performing the lysis on the PSi membranes, we eliminated the need
for additional control tests. The relative EOT shift of +0.12 % before
and after lysis on chip is however lower than the relative EOT shift
between the bacterial suspension control and the bacterial lysate detec-
tion performed on two separate sensors (which amounts to +0.22 %).
This decrease suggests that the LoD of this alternative protocol is higher
than the LoD of the original detection scheme. While the reasons be-
hind this decreased EOT shift remains to be investigated, some possible
explanations may be linked to the conditions in which the lysis on chip
occurs. Indeed, the lysis as pre-treatment occurs at a controlled tem-
perature, under motion to favour the interactions between bacteria and
lytic agents; on chip, the lysis occurs at room temperature, in a static
fluidic cell. It must also be noted that the lysis-on-chip protocol is also
longer than the original protocol: the total duration of the detection
amounts to nearly 3 h, including the pre-wetting of the PSi membranes
in PBS.



E.3. Lysis on chip 239

0.15 i
S
2 0.1 -
@]
L
~
o
W 005 F-----cm oo -
<
0
Y 2
& &
e\)
ce(
%.

Figure E.6: Relative EOT shifts measured on PSi membranes when per-
forming the lysis on chip: control test with only PlyB221 endolysins and shift
measured when lysing a 10 CFU/mL B. cereus suspension on chip (n=3). The
dashed red line represents the 3o level of the signal measured in PBS.
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