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Abstract
Aseptic processing has become a popular technology to increase the shelf-life of packaged
products and to provide non-contaminated goods to the consumers. In 2017, the global
aseptic market was evaluated to be about 39.5 billion USD. Many liquid food products, like
juice or milk, are delivered to customers every day by employing aseptic filling machines.
They can operate around 12,000 ready-packaged products per hour (e.g., Pure-Pak® Aseptic
Filling Line E-PS120A). However, they need to be routinely validated to guarantee
contamination-free goods. The state-of-the-art methods to validate such machines are by
means of microbiological analyses, where bacterial spores are used as test organisms
because of their high resistance against several sterilants (e.g., gaseous hydrogen peroxide).
The main disadvantage of the aforementioned tests is time: it takes at least 36-48 hours to
get the results, i.e., the products cannot be delivered to customers without the validation
certificate. Just in this example, in 36 hours, 432,000 products would be on hold for
dispatchment; if more machines are evaluated, this number would linearly grow and at the
end, the costs (only for waiting for the results) would be considerably high. For this reason, it
is very valuable to develop new sensor technologies to overcome this issue. Therefore, the
main focus of this thesis is on the further development of a spore-based biosensor; this sensor
can determine the viability of spores after being sterilized with hydrogen peroxide. However,
the immobilization strategy as well as its implementation on sensing elements and a more
detailed investigation regarding its operating principle are missing.
In this thesis, an immobilization strategy is developed to withstand harsh conditions (high
temperatures, oxidizing environment) for spore-based biosensors applied in aseptic
processing. A systematic investigation of the surface functionalization’s effect (e.g.,
hydroxylation) on sensors (e.g., electrolyte-insulator semiconductor (EIS) chips) is presented.
Later on, organosilanes are analyzed for the immobilization of bacterial spores on different
sensor surfaces. The electrical properties of the immobilization layer are studied as well as its
resistance to a sterilization process with gaseous hydrogen peroxide. In addition, a sensor
array consisting of a calorimetric gas sensor and a spore-based biosensor to measure
hydrogen peroxide concentrations and the spores’ viability at the same time is proposed to
evaluate the efficacy of sterilization processes.
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Abstract (Deutsch)
Die aseptische Prozesstechnik hat sich zu einer beliebten Technologie entwickelt, um die
Haltbarkeit von verpackten Produkten zu verlängern und den Verbrauchern nicht
kontaminierte Waren zur Verfügung zu stellen. Im Jahr 2017 wurde der globale Aseptikmarkt
auf rund 39,5 Mrd. USD geschätzt. Viele flüssige Lebensmittelprodukte, wie Saft oder Milch,
werden täglich mit aseptischen Abfüllmaschinen produziert und an die Kunden geliefert.
Moderne Abfüllanlagen können ungefähr 12.000 fertig verpackte Produkte pro Stunde
befüllen (z. B. Pure-Pak® Aseptic Filling Line E-PS120A). Sie müssen jedoch routinemäßig
validiert werden, um eine kontaminationsfreie Ware zu gewährleisten. Die Verfahren zur
Validierung derartiger Maschinen erfolgen häufig mittels mikrobiologischer Analysen, wobei
bakterielle Sporen als Testorganismen wegen ihrer hohen Beständigkeit gegenüber
verschiedenen Sterilisationsmittels (z.B. gasförmiges Wasserstoffperoxid) verwendet
werden. Der Hauptnachteil der vorgenannten Tests ist deren Läufe: Es dauert mindestens 3648 Stunden, um die Ergebnisse zu erhalten, d.h. die Produkte können nicht ohne das
Validierungszertifikat an den Kunden geliefert werden. Nur in diesem Beispiel würden in 36
Stunden ca. 432.000 Produkte für den Versand zurückgestellt. Beim parallelen Betreib
mehrerer Maschinen würde diese Zahl linear ansteigen und am Ende wären die Kosten (nur
für das Warten auf die Ergebnisse) beträchtlich hoch. Aus diesem Grund ist es sinnvoll, neue
Sensortechnologien zu entwickeln, um dieses Problem zu lösen. Daher liegt der Schwerpunkt
dieser Arbeit auf der Weiterentwicklung eines sporenbasierten Biosensors; dieser Sensor
kann die Lebensfähigkeit von Sporen nach der Sterilisation mit Wasserstoffperoxid
bestimmen. Es fehlen jedoch eine reproduzierbare Immobilisierungsstrategie sowie deren
Implementierung auf Sensorelementen, sowie eine detailliertere Untersuchung hinsichtlich
ihres Funktionsprinzips.
In dieser Arbeit wird eine Immobilisierungsstrategie für sporenbasierte Biosensoren
entwickelt, um rauen Bedingungen (hohe Temperaturen, oxidierende Umgebung)
standzuhalten, wo sie in der aseptischen Verpackung eingesetzt werden. Eine systematische
Untersuchung der Wirkung der Oberflächenfunktionalisierung (z.B. Hydroxylierung) auf
Sensoren (z.B. Elektrolyt-Isolator-Halbleiter- (EIS-) Chips) wird vorgestellt. Im Anschluss
werden Organosilane bezüglich der Immobilisierung von Bakteriensporen auf verschiedenen
Sensoroberflächen
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charakterisiert.

Die

elektrischen

Eigenschaften

der

Immobilisierungsschicht sowie ihre Beständigkeit gegenüber einem Sterilisationsprozess mit
gasförmigem Wasserstoffperoxid werden validiert. Zusätzlich wird ein Sensorarray
bestehend aus einem kalorimetrischen Gassensor und einem sporenbasierten Biosensor zur
gleichzeitigen Messung der Wasserstoffperoxidkonzentration und der Lebensfähigkeit der
Sporen vorgeschlagen, um die Wirksamkeit von Sterilisationsprozessen zu bewerten.
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1 Introduction
1.1 Aseptic processing technology
Aseptic processing technology is broadly employed in biomedical, pharmaceutical and food
industry to provide sterilized (liquid) products. Different modules are integrated in these
machines including the sterilization of the packaging material, the filling and the sealing of
the products. An important element to consider is producing sterile aseptic packaging to
guarantee the shelf life and safety of the goods. Several sterilization methods are available
to fulfill this task such as sterilization by heat, plasma radiation, UV or hydrogen peroxide [1].
Chemical techniques utilizing gases are widely applied, for instance, ethylene oxide,
formalaldehyde, peracetic acid or gaseous hydrogen peroxide (H2O2). Despite of the fact that
all of them have been used to sterilize packaging materials, not all are advisable for aseptic
processing because of health hazards; in case of ethylene oxide and formaldehyde, both of
them are carcinogenic [2]. In addition, it is important that the sterilant is as much as residuefree as it can, since it might otherwise affect the taste of the goods. In regard to peracetic
acid, upon decomposition, it forms acetic acid and water. Because its vapor is very pungent
and irritating, residuals may cause unwanted flavors in some food products [3]. Moreover,
H2O2 has become a popular choice as a sterilant for aseptic filling machines. H2O2 has the best
safety profile in comparison to other sterilization gases [4], mainly because it breaks down
into water and oxygen, leaving virtually no residues and therefore being eco-friendly [5]. In
addition, its strong oxidation properties are capable of killing an extensive number of
microorganisms, for example, viruses, bacteria, spores and fungi [6–9]; the effectiveness of
H2O2 is primarily affected by its exposure time, temperature and concentration.

1.2 State-of-the art methods to validate the H2O2 sterilization
process
Microbiological tests are the state-of-the-art methods to validate the sterilization process
with gaseous hydrogen peroxide, where microorganisms with a high resistance (e.g.,
endospores) against the sterilization process are used as probes. Standardized procedures
are applied in food industry to validate aseptic filling machines, such as those stipulated by
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the Association of German Machinery and Plant Constructors (Verband Deutscher
Maschinen- und Anlagenbau e.V.) and the Industry Association for Food Processing Machines
and Packaging (Fachverband Nahrungsmittelmaschinen und Verpackungsmaschinen) [10].
Two procedures can be performed to evaluate this, namely the count-reduction test and the
end-point test [10][11].

1.2.1 Count-reduction test
In the count-reduction test, the packaging material is artificially infected (inoculated) with
the test organism (endospores, in short form hereafter spores) and passed through the
aseptic plant. Then, the number of viable spores is determined before and after the
sterilization process and the mean logarithmic count reduction (killing rate) is obtained from
the difference of both values. This process is described in detail as follows:
For a single-line aseptic filling machine, at least 25 packing units must be inoculated under
the same conditions; for multiline aseptic filling machines, the number of packages was to be
increased accordingly; each package must contain an initial microorganism count of at least
105 spores. Then, from the 25 packages, 5 of them are taken as a reference and the initial
count (IC) must be determined. To recover the spores from the inner surface of the
containers, the packages are rinsed with a test medium; on sheet packaging, the
microorganisms are recovered by swabs in accordance to DIN 10113-2. Furthermore, the
remaining 20 inoculated packages are submitted to the sterilization process; critical
parameters (e.g., hydrogen peroxide concentration and temperature) should be set prior to
the test run. In addition, if possible, the packaging units should be filled during the test run
(after sterilization) to 25% of the nominal filling with sterile skimmed milk cooled down to
room temperature or a sterile, pipettable or filterable liquid and the packaging units should
be cooled down immediately after filling. If the packages are not filled with a test medium,
the sterilized packages must be taken as quickly as possible after the test run for
microbiological analysis in order to avoid falsification of the results (contamination). Finally,
the mean logarithmic count reduction (kill rate) is determined from the mean survivor count
(SC) of the 20 packages and the mean initial count (IC) of the 5 packages taken as a reference
as it is shown in Equation 1.1. The test yields a positive result when at least a mean logarithmic
count reduction (MLCR) of 4 is achieved, i.e., at least four log cycles of the spores have to be
inactivated during the sterilization process.
2

1.2 State-of-the art methods to validate the H
H2O2
sterilizationprocess
process
2O2 sterilization
𝑀𝐿𝐶𝑅𝐶𝑅 (𝑚𝑒𝑎𝑛 𝑙𝑜𝑔𝑎𝑟𝑖𝑡ℎ𝑚𝑖𝑐 𝑐𝑜𝑢𝑛𝑡 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛) =
1

1

log [(5) × ∑ 𝐼𝐶𝑗 ] − log [(20) × ∑ 𝑆𝐶𝑖 ]

(Equation 1.1)

1

(5) × ∑ 𝐼𝐶𝑗 : 𝑚𝑒𝑎𝑛 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑢𝑛𝑡
1

(20) × ∑ 𝑆𝐶𝑖 : 𝑚𝑒𝑎𝑛 𝑠𝑢𝑟𝑣𝑖𝑣𝑜𝑟 𝑐𝑜𝑢𝑛𝑡
𝑖 = 1, … , 20
𝑗 = 1, … , 5

1.2.2 End-point test
In the end-point test the packaging material is also inoculated in a similar manner as in the
count-reduction test. However, in this case three different, graduated infection stages are
used, each being greater by a power of ten than the one before (e.g., 104, 103 and 102 spores).
The major difference with respect to the count-reduction test is that in the end-point test,
the inoculated packages are filled with a sterile culture medium matched to the test
microorganism. After an incubation phase, only the number of unsterile packaging units is
determined, i.e., in the count-reduction test, the spores are removed from the packages and
evaluated, whereas in the end-point test, they remain inside of them and so they are further
processed. Furthermore, besides the effectiveness of the packaging material sterilization,
the end-point test provides information about the entire process from supplying the product
and filling through recontamination-free sealing of the packages.
A typical end-point procedure is further specified in detail: For the test, 100 packaging units
must be selected for each level of contamination, which must contain an initial
microorganism count of 102, 103, and 104 spores, respectively. The packaging units should be
uniformly distributed over the packing lines in the case of multiline filling machines and
critical sterilization parameters (e.g., hydrogen peroxide concentration and temperature)
should be specified prior the test run. Afterwards, the 300 packaging units (100 packages for
each contamination level: 104, 103 and 102 spores) are passed through the sterilization process
and later, they are filled using a test medium (e.g., sterile skimmed milk or a culture medium
matched to the test microorganism). The enclosed packages are then incubated for at least
one week at 30 °C or 55 °C, depending on the spore strain. At the end, the number of unsterile
3
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packages is determined (unsterile packages have to be investigated in regard to possible
contamination) and the mean logarithmic count reduction for each of the three levels of
contamination can be obtained from Equation 1.2. In a similar case as in the count-reduction
test, the test yields a positive result when at least an MLCR of 4 is achieved for each test
series.
𝑀𝐿𝐶𝑅𝐸𝑃 (𝑚𝑒𝑎𝑛 𝑙𝑜𝑔𝑎𝑟𝑖𝑡ℎ𝑚𝑖𝑐 𝑐𝑜𝑢𝑛𝑡 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛) =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑎𝑐𝑘𝑎𝑔𝑒𝑠 𝑡𝑒𝑠𝑡𝑒𝑑

log(𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑢𝑛𝑡 𝑝𝑒𝑟 𝑝𝑎𝑐𝑘𝑎𝑔𝑒) − log [ln (𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑒𝑟𝑖𝑙𝑒 𝑝𝑎𝑐𝑘𝑎𝑔𝑒𝑠)] (Equation 1.2)
Despite of the fact that these methods (count-reduction test, end-point test) are reliable and
well-standardized, they lack of rapid responses since the results can be obtained at the
earliest of 36-48 hours. These machines deliver around 12,000 ready-packaged products per
hour (e.g., Pure-Pak® Aseptic Filling Line E-PS120A), i.e., around 430,000 packages cannot
be delivered to the customers without a certified verification. Therefore, the validation time
is a decisive parameter besides the trained staff and labor-intensive procedures. As a result,
more sophisticated methods should be developed by the integration of sensor technologies.

1.3 Sensor technologies to monitor gaseous hydrogen peroxide
In recent years, novel sensor technologies have emerged to validate the efficacy of
sterilization processes with gaseous hydrogen peroxide. Several detection mechanisms of
gaseous H2O2 detection have been presented in literature by means of acoustic- [11],
calorimetric- [12], conductometric- [13], colorimetric- [14] or electrochemical measurements
[15]. A few of them are not adequate for online- and inline monitoring in aseptic filling
machines (electrochemical, colorimetric), because of portability deficiency of the measuring
equipment or complicated sample preparation (e.g., solution-based). Other methods have
high response times (>30 s) in comparison to standard industrial H2O2 exposure times (<2 s)
or may not be able to handle high temperatures (up to 300 °C). Moreover, calorimetric gas
sensors have been earlier suggested [12, 16, 17] to overcome these limitations for
applications in aseptic food industry. An exemplary H2O2 sensor is shown in Figure 1.1. It
consists of a differential setup of two temperature-sensitive meander structures, which are
passivated by an inert polymer layer (e.g., perfluoralkoxy). One of them functions as a
reference, whereas the other one is additionally catalytically activated by manganese oxide
(MnO2). When gaseous H2O2 is in contact with the sensor surface, hydrogen peroxide is split
4
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into oxygen and water at the catalytically activated side of the sensor, and the other part of
the sensor remains inert. As a result, an exothermic reaction follows and an increase of
temperature (specifically on the active side of the sensor) can be measured. Finally, the
temperature difference can be quantitatively correlated to the H2O2 concentration. Further
details regarding the principle of the calorimetric sensors can be found in chapter 2.

Figure 1.1 a) Schematic representation of the calorimetric H2O2 gas sensor and b)
photograph of a fabricated H2O2 sensor with two Pt meander structures passivated with
perfluoralkoxy (PFA): the left structure is catalytically activated with MnO2, whereas the right
structure is used as a reference (figure from [12] with permission from Elsevier).
However, the measurement of H2O2 concentrations alone cannot substitute the need of the
microbiological methods by itself. Therefore, it is preferable to incorporate an additional
measurement method of the spore viability by means of cell-based biosensors.
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1.4 Cell-based biosensors
Cell-based biosensors are analytical devices able to detect biochemicals signals directly by
the use of living cells and transform them into readable signals (e.g., electrical) by sensors or
transducers [18]. They include a great number of applications in several fields, for instance,
in the pharmaceutical, environmental, medical, defense or food industry [19, 20]. Eukaryotic
or prokaryotic cells are commonly used as recognition elements since their native receptors
and pathways can respond to specific analytes in a physiological way. These may involve
different types of mammalian cells such as neuronal, endothelial or cancer cells [21–23],
diverse bacterial species, e.g., Escherichia coli, Bacillus subtilis or Clostridium butyricum [24–
26] or fungal cells, like yeasts or molds [27, 28]. Among them, the use of spores as sensing
units offer several advantages in comparison to bacterial cells (or living cells) including
robustness (withstand harsh conditions), ease of production and long-term preservation and
storage [29, 30].

1.4.1 Spore-based biosensors
Certain bacteria, mostly (but not all) Bacillus and Clostridium, undergo under unfavorable
environmental conditions (e.g., pH, temperature, starvation) endospore formation as a
survival strategy; they transform from bacteria to spores. In this form, they are dormant, have
not detectable metabolism, and can endure rough scenarios, for example, high
temperatures, high pH, desiccation, radiation and several oxidizing chemicals [31]. These
extraordinary resistances are mainly due to their unique architecture and components as
shown in Figure 1.2. The most distant layer of the spores are the coats, except for some
Bacillus species (e.g., Bacillus anthracis) that display an exosporium. The coats are the initial
protective layers against chemical and mechanical stresses [32]. The outer membrane
envelops the cortex and could serve as permeability barrier or might remain only as a vestigial
structure [33]. The cortex and the germ cell wall have similar peptidoglycan structures.
However, the cortex possesses particular properties, for example, muramic-δ-lactam (MAL)
seems to be the recognition component for cortex-lytic enzymes (CLEs) that hydrolyze the
cortex but not the germ cell wall during germination [34]. Protecting the core is the inner
membrane, in which lipids are predominantly immobile. It has low permeability to small
molecules (including water) and this may shield the spore core from DNA (deoxyribonucleic
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acid)-damaging chemicals [34]. Finally, the innermost layer of the spore is the core, where its
DNA, ribosomes and enzymes are contained. The core has a low water content (25-50% of
wet weight), great amount (25% of core dry weight) of Ca-dipicolinic acid (DPA) and
saturation of DNA with α/β-type small acid-soluble proteins (SASPs); these properties of the
core contribute to its resistance to wet/dry heat and different oxidizing agents [34, 35]. As a
result, the spores are flexible and tough microorganisms. They are able to stay dormant and
still capable of sensing their environment, which makes them very convenient as sensing
units for spore-based biosensors. For instance, bacterial spores have been used in microbial
cell surface display technologies as biocatalysts, biosorbents and vaccines [36]. In addition,
due to their high resistance, they are employed as biological indicators to validate
sterilization processes [1].

Figure 1.2. Schematic representation of a Bacillus atrophaeus spore. The different layers are
not drawn to scale and some Bacillus species have an extra layer called exosporium. Adapted
from [37] with permission from Elsevier.
Spore-based biosensors can be basically differentiated in two categories: genetically
engineered and non-genetically engineered spores. The principle of the genetically
engineered spore-based biosensors is to modify plasmids from vegetative cells to contain a
sensing and a reporting element. Then, the vegetative cells are sporulated to form spores and
can be stored under nearly any conditions prior to use. As they are needed, the spores are
twice incubated to induce germination and as vegetative cells with the target analyte;
optimally, these two steps may occur simultaneously. At the end, after a proper incubation
period, the signal (e.g., fluorescence) produced by the reporting element (reporter gene) can
be evaluated [38]. Furthermore, non-genetically engineered spore-based biosensors exploit
the innate physiology of spores such as coats, receptors, channels and enzymes that are
sensitive to different analytes or physical conditions. The spores can be immobilized on
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sensor substrates together with transducing elements or be independent to a certain extent
from them. Nevertheless, at the end, the read-out and evaluation of the signal can be
accomplished.

The focus of this work is on non-genetically engineered spore-based

biosensors, and from now on for convenience just called spore-based biosensors. The reader
is referred to [38] for further information regarding the genetically-engineered ones.
Several examples are given in literature for spore-based biosensors. For instance, spores have
been utilized as quantum dots nanocomposites to function as a pH sensor [39]; quantum dots
(CdTe/ZnS) were immobilized on to the surface of decoated spores and as a whole the
fluorescence intensity was measured and correlated to pH changes. In another case, the
spore surface was used as a catalyst for phenol detection [40]. A standard approach to
determine phenols concentrations in water is based on the reaction of 4-Aminoantipyrine (4AAP) with phenols; starting from this, 4-APP was mixed with a solution containing phenol
and then, the spores were added to the solution to catalyze the coupling reaction of 4-APP
with phenol. The spores were subsequently removed to avoid interference and the total
concentration was quantified by a colorimetric method. A further example employs the
hydroscopic properties of the spores to be used as a humidity sensor and an actuator [41];
spores were immobilized on a rubber sheet and submitted to different relative humidities
(RHs). Depending on the RH, the rubber sheet with spores went from a contracted form (low
RH) to an expanded one (high RH) and by this, the mechanical strain was able to be correlated
to the RH. In addition, spores confined onto glass substrates with interdigitated electrodes
have been applied to validate the sterilization with gaseous hydrogen peroxide [42]; as the
concentration of hydrogen peroxide increased an impedimetric change at the sensor surface
was observed. This was then suggested to be due to the change of morphology of the spores.

1.4.2 Sensor technologies for the determination of spore viability
Different methods have been proposed to measure the viability of spores such as with
optical- [43, 44], potentiometric- [45], piezoelectric- [46] or impedimetric sensors [47]. The
determination of the spore viability generally employs additional unique biomarkers from the
spore coat or byproducts from germination, for example, mRNA (messenger ribonucleic acid)
[48], dipicolinic acid (DPA) or calcium ions (Ca2+) [49]. Therefore, specific (bio-) chemical
transducers must be adapted. Nevertheless, most of these methods are solution-based,
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having high response times (>20 min) and are not convenient to perform under a dry gaseous
environment.
Recently, a novel impedimetric sensor was suggested at our institute to monitor the
microbiological efficacy of gaseous H2O2 during sterilization processes [42]. This sensor
(Figure 1.3) measures the variation of the spore morphology by means of impedance changes
in regard to the hydrogen peroxide concentration. It consists of a differential setup of two
interdigitated electrode arrangements: on one part, microbiological spores (i.e., Bacillus
atrophaeus) are immobilized and the other one functions as a reference. The impedance of
the spores is measured before and after the sterilization process and the spore viability can
be determined due to the correlation between the H2O2 concentration and the impedance
change. However, the principle of this sensor is still under ongoing research and is further
addressed in this work (chapter 7).

Figure 1.3 Spore-based biosensor adapted from [42] (with permission from Elsevier)
consisting of interdigitated electrodes (IDEs), where the spores are immobilized within an
SU-8 wall on one part of the setup (left), temperature sensors and contact pads.
Moreover, depending on the measurement setup of the spore-based biosensor, the spores
may need to be immobilized on solid substrates. In this case, the coupling between the spores
and the sensor substrates is an important task to enhance the performance of the sensor in
terms of sensitivity, reproducibility and specificity.

9

1 Introduction

1.5 Spore immobilization
The precise localization of spores onto sensor platforms can be achieved in different forms as
shown in Figure 1.4: only immobilization methods are described in the following sections,
which do not compromise the viability of the spores.

Figure 1.4 Immobilization methods to localize spores on solid substrates.

1.5.1 Physical confinement
The first immobilization method (Figure 1.4 a) is performed by physical confinement. Here,
the spores are mechanically trapped inside a compartment (e.g., polycarbonate membrane).
This can be easily carried out by pipetting a drop of a spore suspension on top of a membrane
and let it dry in air. The spores will eventually fall into the membrane being completely
restricted. The advantages of this method include the ease of use, efficiency, and no harmful
chemicals (that can compromise the spore structure or viability) are needed. However, this
method may not be suitable in some cases, for example, if the membrane affects transducer
elements or the spore surface is needed for further investigations, since the membrane
partially shields the spore.

1.5.2 Gel entrapment
The spores can also be immobilized inside a gel matrix (Figure 1.4 b). The gel consists of a
polymer (e.g., agarose) and when it solidifies, it forms a porous three-dimensional structure;
the melting and gelling temperatures can be tailored depending on the application. The
immobilization is commonly performed by mixing the spore suspension together with the
liquid gel. After this, the spore-gel mixture can be spread out onto a substrate and let it
solidify. This method provides a finely controlled spore localization, since no washing steps
are needed. However, it is limited for applications requiring high temperatures, since the gel
may melt, freeing the spores during the process.
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1.5.3 Hydrophobic forces
Bacterial spores are naturally hydrophobic [50]; as a result, the hydrophobic behavior of the
spores can be exploited to immobilize them onto hydrophobic surfaces (Figure 1.4 c). This
physical adsorption and non-covalent mechanism can be carried out in different ways. Some
of them modify the surface physically, for example, patterning silicon nanowires on it [51], or
chemically, like by the use of self-assembled monolayers (SAMs) [52]. After the substrate has
been turned hydrophobic, it is incubated (e.g., 30 min) with spores. At the end, the substrate
is carefully rinsed to remove loosely attached spores and then dried. This method provides a
native and feasible way for the attachment of spores. However, care has to be taken into
account while choosing the spore strain, since the spore hydrophobicity varies between
different species [53].

1.5.4 Electrostatic interactions
Under physiological conditions, the spore surface is negatively charged [54]. This can be used
to immobilize negatively charged spores onto positively charged surfaces (e.g., amineterminated) by means of electrostatic interactions (Figure 1.4 d); two common approaches
to achieve this are by the use of self-assembled monolayers (SAMs) or polyelectrolytes.
SAMs can be grafted onto a substrate by a liquid-phase- or a gas-phase deposition. One part
of the self-assembled molecule is autonomously and uniformly attached onto the substrate,
whereas the other part is terminated with a positively charged molecule, for instance, an
amine. Later, the spores can be incubated for a certain time (e.g., 30-60 min) with the SAMssubstrate and then carefully washed to discard the weakly-bounded spores. One of the main
advantages of this method is the very high stability of the SAMs: depending on the SAM, they
can be stable at high temperatures (460 °C [55] or up to 720 °C [56]) and stable against several
chemicals [56]. One of the main drawbacks, however, is the difficulty to achieve high-quality
SAMs in terms of uniform monolayer formation and correct orientation of the reactive groups
[57].
Moreover, polyelectrolytes can be utilized as well to reach a positively charged surface. It can
be performed by immersing the substrate into a cationic polyelectrolyte (positively charged
polymer) solution for a certain period and then the substrate is rinsed and dried. Afterwards,
the spores can be incubated and washed in a similar manner as previously described with the
11
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SAMs. One advantage of this technique is that the thickness of the immobilization layer can
be easily adjusted by layering different polyelectrolytes (one cationic and one ionic) with high
resolution (<1 nm) [58]. A main drawback is that the pH may influence drastically the
performance of the polyelectrolyte [59], compromising the coupling between the spores and
the immobilization layer.

1.5.5 Biospecific binding system
The last immobilization method is by binding high-specific biomolecules, ligands or bacterial
viruses between the substrate and the spore surface (Figure 1.5 e). In this fashion, four
different biospecific binding systems can be distinguished, namely antibody-antigen, biotinavidin, peptide ligands and bacteriophages (bacterial viruses) [60–67].
The antibody-antigen binding system consists of a native immune reaction of anti-spore
antibodies immobilized onto a substrate that specifically recognize and bind antigens from
the spore surface. Generally, the substrate is modified with different steps of coupling
reactions to be able to bind the anti-spore antibodies to the surface; for instance, SAMs
formation onto the surface may be needed to facilitate the coupling of other molecules (e.g.,
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide

(EDC)/

N-Hydroxysuccinimide

(NHS)

coupling), which enables a covalent bond between them and the anti-spore antibodies. After
this, the anti-spore antibodies are incubated with the modified substrate for a certain period
of time and then the non-specifically bound antibodies are washed away. Finally, the spores
can be incubated with the anti-spore-antibody-modified substrate and the rest nonspecifically bound spores are removed. This method provides high sensitivity and selectivity
to bind a specific strain of spores, since the anti-spore antibodies can be produced for a
particular strain. Nevertheless, this immobilization technique may not be suitable for harsh
conditions (e.g., high temperatures), since the immune complex may be denatured [63].
In addition, other non-native spore mechanisms can be implemented to localize the spores
onto substrates, for example, by modifying the spore surface with biotin and the substrate
with avidin. Avidin is a protein found in egg whites and it has an extraordinary high affinity to
the vitamin B biotin. Due to its high degree of nonspecific adsorption induced by its basic
isoelectric point (10) and carbohydrates groups [68], streptavidin (homologous protein of
avidin produced from the bacteria species of Streptomyces) is often preferred over avidin. The
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immobilization process can be realized in different manners; the spore surface and the
substrates may need to be modified to attach streptavidin at the substrate and biotin at the
surface of the spore. Here, the spore coat can be modified with antibodies to anchor biotin to
the surface [60] or by the use of biotin-labeling reagents (e.g., Sulfo-NHS-LC-Biotin) [61]. In
both cases, the spore coat is modified to contain a biotin-rich surface. Furthermore, the
substrate is then modified in several steps (with SAMs and other reagents) to immobilize
biotin as well on the surface. Then, the substrate is incubated with streptavidin, resulting in a
streptavidin-modified surface. Streptavidin has four binding sites for biotin [68], two of them
are used to immobilize it to the substrate and the other two are used to attach the biotinmodified spores onto the substrates. The biotin-(strept) avidin complex is considered the
strongest non-covalent and biological interaction known [69], because of this, the
immobilization is quite firm, specific and reliable. The bond is stable under a wide range of
pH and temperatures and under certain circumstances it can be reversible [69]. However, the
main drawback of this technique is that it cannot be implemented in applications where the
spores cannot be chemically modified (e.g., spore recognition).
The spores can also be immobilized by means of ligands, which can naturally recognize and
bind proteins from the spore coat. These ligands can be particularly constructed to match a
certain spore strain. The substrates may need to be modified stepwise by SAMs and other
coupling reagents to attach the ligands to the surface. After that, the attachment of the
spores to the surface can be performed by incubation of the ligand-modified substrate with
the spores for a stipulated time and then removing the nonbound spores. This method allows
a certain degree of high selectivity regarding the binding of a specific spore strain, because,
when different spore strains are simultaneously used, closely related species may also bind
[70]. Nevertheless, it is a reliable and robust method to immobilize spores since the ligands
are more stable than antibodies or proteins (their complex form make them prone to
denaturation [63]).
Lastly, bacteriophages can also be employed as coupling elements for spores. They are
bacterial viruses that can have different forms and dimensions; for example, the phage Ff has
a filamentous architecture, 800-900 nm long with a diameter of 6.5 nm [71]. Their surface can
be modified with phage ligands that precisely bind unique spore strains. The immobilization
process can be fairly simple; for instance, the substrate can be incubated with the phages for
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an interval of time and then washed away. Then, the same process can be performed for the
spores with the phage-modified substrate. This immobilization technique has several
advantages in comparison to antibody-antigen interactions: it can provide several binding
sites, therefore a stronger attachment of the spores is possible; bacteriophages are robust
with a resistance to heat (up to 80 °C), organic solvents, urea, acids, bases and they can be
stored for long periods of time with minimal decrease in binding activity [62]. However, some
drawbacks have been also observed, like partial phage inactivation because of the
immobilization methods and in some cases, the binding efficiency was less than that of
antibodies [72].
In summary, one can conclude that all these immobilization strategies to couple spores onto
sensor substrates (e.g., by physical confinement, gel entrapment, hydrophobic forces,
electrostatic interactions and biospecific binding systems) have advantages and suffer from
drawbacks. The appropriate method has to be chosen according to its application; examples
of the mentioned immobilization techniques are summarized in Table 1.1. In addition, surface
functionalization is often required depending on the immobilization strategy to localize
spores onto sensor substrates. SAMs such as organosilanes for hydroxylated surfaces (e.g.,
glass, Si/SiO2) are widely used as coupling reagents. They can be applied in the liquid or gas
phase, providing reactive moieties onto substrates for further immobilization procedures. It
is worthy to note that functionalization steps (e.g., hydroxylation, cleaning practices) may
also influence the performance of the sensor by themselves, for example, by etching the
sensor surface or damaging the transducer elements. Therefore, it is advisable to review the
chemical and physical limitations of the spore-based biosensor before choosing any
immobilization method.
In the case of the spore-based biosensor in aseptic processing, the immobilization layer has
to withstand high temperatures (up to 240 °C) and an oxidative environment (gaseous
hydrogen peroxide). Therefore, organosilanes were chosen as immobilization strategy
because of their robustness as previously mentioned in section 1.5.4.
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Table 1.1 Immobilization methods of spores for spore-based biosensors.
Immobilization
nature

Physical
confinement

Technique

Spores

Substrate

Reference

Polycarbonate

[73], [74]

Silica, agarose

[75], [76]

Glass, Si

[51], [52]

Bacillus anthracis,
Isopore membrane

Clostridium
tyrobutyricum
Clostridium

Gel entrapment

Gel

acetobutylicum,
Bacillus sphaericus

Hydrophobic
forces
Electrostatic
interactions

SAMs, Si nanowires

SAMs (APTES)

Bacillus mycoides,
Bacillus cereus
Bacillus subtilis,
Geobacillus spores D4

Glass, Si3N4

[77], [78],
[79]

(aminoterminated

Polyelectrolytes

Bacillus subtilis,

surfaces)

(PLL, PAH)

Bacillus anthracis

Antibody-antigen

Bacillus subtilis

Biotin-streptavidin
Biospecific
binding system
Peptide ligands

Bacteriophages

Bacillus thuringiensis,
Bacillus subtilis

Glass, silica

[77], [80],
[81], [82]

Gold

[64], [65]

Glass, PDMS

[60], [61]

Glass, gold

[63], [66]

Gold

[62], [67]

Bacillus subtilis,
Bacillus anthracis
Bacillus anthracis

1.6 Objectives and contents of this contribution
The main focus of this thesis is to develop an immobilization strategy (for the immobilization
of spores on sensor substrates) that can withstand the harsh conditions (high temperatures,
oxidizing environment) of a sterilization process with gaseous hydrogen peroxide. In
addition, as part of the immobilization strategy, the effect of surface modification techniques
(e.g., hydroxylation) on sensor surfaces was studied. Finally, the implementation of a sensor
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array consisting of a calorimetric gas sensor and a spore-based biosensor for online
monitoring and sterility assurance of gaseous hydrogen peroxide in aseptic filling machines
is introduced.
The objectives of each chapter are listed below.
Chapter 3: Effect of O2 plasma on properties of electrolyte-insulator-semiconductor
structures
→ The hydroxylation effect of O2 plasma is investigated on SiO2/Si EIS structures by
means of electrochemical and contact angle measurements.
→ Annealing on EIS chips is studied as well for further improvement of the sensor
performance.
Chapter 4: Optimization of the immobilization of bacterial spores on glass substrates with
organosilanes
→ Two organosilanes, namely (3-(Aminopropyl)triethoxysilane (APTES) and (3(glycidyloxypropyl)trimethoxysilane (GPTMS)) are used to immobilize spores on glass
substrates.
→ Another organosilane (1H,1H,2H,2H-Perfluorodecyltriethoxysilane (PFDTES)) is
applied to hinder the immobilization of spores on glass substrates.
→ Several parameters influencing the silanization process are investigated such as
nature of the solvent used, concentration of the silane, silanization time, silanization
temperature and curing process.
Chapter 5: Surface functionalization for spore-based biosensors with organosilanes
→ APTES-functionalized biosensor substrates (SiO2, Pt) are characterized by means of
atomic force microscopy, contact angle measurements and microbiological
evaluation tests to immobilize spores.
→ The electrical characteristics of the APTES layer are investigated by means of
impedance spectroscopy measurements.
→ The impedance spectroscopy measurements were performed by Jan Oberländer.
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Chapter 6: Toward an immobilization method for spore-based biosensors in oxidative
environment
→ The influence of hydrogen peroxide on APTES-functionalized spore-based biosensors
is studied.
→ Different parameters of the immobilization, like the solvent of APTES (toluene,
ethanol) and the spore suspension (water, ethanol), are investigated and
characterized by impedimetric- and contact angle measurements, microbiological
evaluation tests for the spore immobilization, ellipsometric- and atomic force
microscopic measurements.
Chapter 7: Calorimetric gas- and spore-based biosensor array for online monitoring and
sterility assurance of gaseous hydrogen peroxide in aseptic filling machines
→ A sensor array that can measure simultaneously gaseous hydrogen peroxide
concentrations and the spore viability is presented.
→ The effect of hydrogen peroxide on different spore strain is investigated by
impedimetric-, atomic force microscopic-, scanning electron microscopic- and
microbiological measurements.
Chapter 8: Conclusions and outlook
→ The conclusions and outlook of this thesis are summarized.
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2 Theoretical aspects
In this chapter, theoretical details with regard to measurement methods of resistance
temperature detectors (RTDs) and sensor principles of a H2O2 calorimetric sensor and a
spore-based

biosensor

are

presented.

Additionally,

fundamentals

of

surface

functionalization on sensor substrates and methods to physically and electrochemically
characterize them are introduced.

2.1 Sensing principles
2.1.1 Resistance temperature detectors (RTDs) and wire configurations
Most of calorimetric gas detecting principles are based on measuring the change of
resistance of resistance temperature detectors (RTDs) because of their fairly linear
resistance-temperature behavior. As the temperature of the metal increases, the amplitudes
of the thermodynamic vibrations of its atomic nuclei increase as well. At the same time, the
probability of free collisions increases between its free electrons and bound ions. Therefore,
these interruptions of motion of the free electrons causes the resistance of the metal to
increase [1].
The resistance of an RTD can be calculated from assuming that an RTD with a resistance RT
is measuring temperature nearby of some reference temperature T0, which is normally
considered to be 0 °C. Another assumption is that temperature is the only factor affecting the
resistance of the RTD. As a result, applying Taylor series for T0, gives a resistance RT of the
sensor temperature T °C as shown in Equation 2.1.
1

𝜕𝑅

𝑅𝑇 = 𝑅𝑇0 [1 + 𝑅 ( 𝜕𝑇𝑇 )
𝑇0

1

𝑇=𝑇0

𝜕2𝑅

∆𝑇 + 2!𝑅 ( 𝜕𝑇 2𝑇 )
𝑇0

1

𝑇=𝑇0

𝜕𝑛𝑅

∆𝑇 2 + ⋯ + 𝑛!𝑅 ( 𝜕𝑇 𝑛𝑇 )
𝑇0

𝑇=𝑇0

∆𝑇 𝑛 + ⋯ ]

(Equation 2.1)
Here, RT0 is its resistance at the reference temperature T0 and ΔT ≈ T – T0.
In addition, further assuming a finite increase of temperature, neglecting fourth order terms
and above and introducing the conventional definition for the coefficients A, B, and C of the
resistance change, Equation 2.1 can be written as in Equation 2.2:
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𝑅𝑇 = 𝑅𝑇0 [1 + 𝐴∆𝑇 + 𝐵∆𝑇 2 + 𝐶∆𝑇 3 ]

(Equation 2.2)

The coefficients A, B and C are supposed to be independent of temperature and are defined
as follows:
1

𝜕𝑅

𝐴 = 𝑅 ( 𝜕𝑇𝑇 )
𝑇0

𝑇=𝑇0

𝜕2𝑅

1

𝐵 = 2!𝑅 ( 𝜕𝑇 2𝑇 )
𝑇0

𝑇=𝑇0

𝜕3𝑅

1

𝐶 = 3!𝑅 ( 𝜕𝑇 3𝑇 )
𝑇0

𝑇=𝑇0

(Equation 2.3)

(Equation 2.4)

(Equation 2.5)

Using a linear temperature dependence for temperatures between 0 and 850 °C [2], assuming
that T = 0 °C, this equation can be further simplified into Equation 2.6.
𝑅𝑇 = 𝑅0 (1 + 𝛼𝑇)

(Equation 2.6)

Here, it is worth to note that α is not the coefficient A from Equation 2.3, but the coefficient
of resistance change with temperature, which is mostly expressed as an average value in a
given temperature range. For instance, from a resistance range R0 to R100 at their respective
temperatures 0 °C and 100 °C, α is defined as in Equation 2.7.
1 𝑅100 −𝑅0

𝛼=𝑅

0

100

(Equation 2.7)

Since the resistance is paramount to the proper performance of calorimetric sensors, a
precise and accurate measurement of RTDs has to be carried out. This can be performed by
so-called wire configurations [1, 3]. The simplest of them is by connecting the RTD to a
bridging circuit (Wheatstone bridge) and using a 2-wire configuration (see Figure 2.1). In this
case, the Wheatstone bridge is used to measure the unknown RTD resistance (RT) by
balancing the remaining three resistances (R1, R2 and R3). The RTD is implemented to the
bridging circuit by two wires (RL1 and RL2). The balance condition is described by the Equation
2.8.
𝑅2 (𝑅𝑇 + 𝑅𝐿1 + 𝑅𝐿2 ) = 𝑅1 𝑅3

(Equation 2.8)

This yields the resistance of the RTD (RT) as shown in Equation 2.9
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Figure 2.1. Wheatstone bridge connected to an RTD by a 2-wire configuration circuit.
𝑅𝑇 =

𝑅1 𝑅3
𝑅2

− (𝑅𝐿1 + 𝑅𝐿2 )

(Equation 2.9)

It can be seen from Equation 2.9 that the 2-wire configuration takes into account the
resistance of the connecting wires and in some cases it can be inconvenient. For instance,
during a calorimetric sensor measurement, if the change of resistance is smaller than the
connecting wire resistance, the 2-wire configuration is not precise enough for the
experiment. For this reason, the 3-wire configuration with RL1, RL2 and RL3 can be used to get
a more precise resistance measurement as shown in Figure 2.2.

Figure 2.2. Wheatstone bridge connected to an RTD by a 3-wire configuration circuit.
The balancing condition for the 3-wire configuration is given as Equation 2.10.
𝑅2 (𝑅𝑇 + 𝑅𝐿2 ) = 𝑅3 (𝑅1 + 𝑅𝐿3 )
Usually, with RL2 = RL3 = RL, the RTD resistance is therefore:
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𝑅𝑇 =

𝑅1 𝑅3
𝑅2

+ 𝑅𝐿

(Equation 2.11)

In symmetrical 3-wire bridges R2 = R3, thus Equation 2.11 becomes:
𝑅𝑇 = 𝑅1

(Equation 2.12)

In this case, the measurement of the RTD is not influenced by the resistances of the
connecting leads. However, connecting wires are manufactured with a certain tolerance, so
not all have the same nominal resistance or temperature coefficient. The 3-wire method
reduces the error coming from the wires in comparison to the 2-wire method, but it does not
eliminate it completely. As a result, the 4-wire method is often preferred [4], since it offers
the most precision from all the mentioned methods (see Figure 2.3).
Here, a constant current Is passes through the RTD and its voltage Vo is separately measured;
this eliminates the connecting wire resistances RL1-4 and the RTD resistance RT can be simply
obtained from Equation 2.13.
𝑅𝑇 =

𝑉0
𝐼𝑠

(Equation 2.13)

Figure 2.3. 4-wire configuration circuit for an RTD.

2.1.2 Calorimetric H2O2 sensing principle
Calorimetric sensors rely on determining the presence or concentration of a chemical by
measurement of an enthalpy change produced by the chemical to be detected. Any chemical
reaction or physisorption process releases or absorbs a certain quantity of heat from its
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surroundings [5]. Depending on the transducing principle, they can be catalogued in:
adsorptive-, catalytic- or thermal-conductive gas sensors [6]. Nevertheless, all of them
produce a change of temperature in correlation to the gas to be detected.
In adsorptive gas sensors, the gas molecules get adsorbed onto a chemically sensitive layer
(e.g., polymer) and therefore an increase of heat occurs. This, at the same time, causes a
temperature change of a thermally insulated structure, which is sensed by a temperature
sensor. As a result, a thermovoltage (Seebeck effect) change is obtained [7]. Moreover, in
thermal-conductive gas sensors [8], two passivated resistance temperature detectors (RTDs)
are heated. The gas under investigation is passed through one RTD, whereas the other is
exposed to a reference gas (same gas components and flow, but lacking the investigated
gas). This creates a difference of thermal conductivity between different gases and then, this
is reflected in terms of a change of resistance on the active RTD (the one with the gas under
investigation). In addition, in catalytic gas sensors, a differential setup is often used in a
similar way than in thermal-conductive sensors. The main difference is that the active RTD is
coated with a catalyst layer sensitive to the analyte. As both the catalyst-activated RTD and
the passivated RTD are exposed to the analyte, an increase of temperature occurs only at the
surface of the active RTD creating a temperature difference between them. This temperature
difference can be then correlated to the increase of the analyte concentration.
This kind of catalytic calorimetric gas sensor has been extensively utilized to monitor gaseous
hydrogen peroxide concentrations [9–16]; its principle is illustrated in Figure 2.1. The H2O2
sensor is composed of a differential setup measurement, where one RTD structure acts as a
reference (passive) and the other one as a sensing element (active) for gaseous hydrogen
peroxide. As the sensor is exposed to H2O2, a surface reaction results only at the catalytically
activated (with MnO2) part of the sensor, where hydrogen peroxide is decomposed into O2
and H2O. Several decomposition mechanisms of H2O2 by MnOx have been suggested in
literature [15, 17–19]. Among them, two different pathways may mainly occur: with or
without electron exchange reaction between MnOx and H2O2. For the former, the reaction
takes place either by donating an electron from the surface to the H2O2 or the other way
around [20–22] as shown in Equations 2.14 and 2.15.
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Figure 2.4. Schematic representation of a catalytic H2O2 gas sensor.
𝐻2 𝑂2 + 𝑒 − → 𝑂𝐻 − + 𝑂𝐻 ∙

(Equation 2.14)

𝐻2 𝑂2 → 𝐻 + + 𝐻𝑂2 ∙ + 𝑒 −

(Equation 2.15)

In the latter, the reaction takes place by fission of the O-O bond in H2O2, followed by the
formation of hydroxyl radicals (OH∙) as depicted in Equation 2.16; this is mainly presented on
metal oxides at elevated temperatures [20, 23, 24].
𝐻2 𝑂2 → 2𝑂𝐻 ∙

(Equation 2.16)

In addition, upon formation of OH∙, further reactions arise as shown in Equations 2.17, 2.18
and 2.19.
𝑂𝐻 ∙ + 𝐻2 𝑂2 → 𝐻𝑂2 ∙ + 𝐻2 𝑂
𝐻𝑂2 ∙ + 𝐻2 𝑂2 → 𝐻2 𝑂 + 𝑂2 + 𝑂𝐻 ∙
𝐻𝑂2 ∙ + 𝑂𝐻 ∙ → 𝐻2 𝑂 + 𝑂2

(Equation 2.17)
(Equation 2.18)
(Equation 2.19)

The exothermic decomposition can be expressed as Equation 2.20.
2𝐻2 𝑂2 → 2𝐻2 𝑂 + 𝑂2 + ∆𝐻𝑟

(Equation 2.20)

Here, ΔHr is the change of enthalpy of released heat reaction; in case of H 2O2 evaporated at
240 °C, the enthalpy is ΔHr = - 105.3 kJ mol-1. The release of heat causes a temperature
increase on the active part of the calorimetric sensor, which then can be correlated to the
increase of hydrogen peroxide concentration [9, 12, 16].
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2.1.3 Impedimetric sensing principle
Impedance spectroscopy is a technique to study the electrical properties of materials and
their interfaces by means of electronically conducting electrodes. It can be applied to
characterize dynamics of bound or mobile charges in the bulk or interfacial areas of all sorts
of solid or liquid material, like ionic, semiconducting, mixed electronic-ionic or insulators [25].
The spore-based biosensor introduced in chapter 1 measures the electrical impedance of an
interface (interdigitated electrodes) in alternate current (AC) steady state with constant
direct current (DC) bias conditions. The impedance Z of such system is expressed as the
voltage-time function V(t) divided by the resulting current-time function I(t), as shown in
Equation 2.21.
𝑍=

𝑉(𝑡)
𝐼(𝑡)

=

𝑉0 sin (2𝜋𝑓𝑡)
𝐼0 sin (2𝜋𝑓𝑡+𝜑)

(Equation 2.21)

Here, Vo and Io are the maximum voltage and current, f is the frequency, t is the time, φ is the
phase shift.
The impedance can be described in two different manners: as a Bode- or a Nyquist plot (see
Figure 2.5). The former (Figure 2.5 a) shows the modulus |Z| and the phase shift φ as a function
of the frequency f, whereas the latter (Figure 2.5 b) depicts the real ZR and imaginary ZI parts
of the impedance Z.

Figure 2.5. Bode (a)) and Nyquist (b)) plots of the impedance. In the Bode plot, the impedance
is expressed as the modulus |Z| and the phase shift φ, whereas in the Nyquist plot by its real
ZR and imaginary ZI parts (adapted from [25] with permission from John Wiley & Sons, Inc.).

31

2 Theoretical aspects
The impedance can be expressed as a complex function using Euler´s relationship. The
potential V(t) and the current I(t) are described as follows, where ω = 2πf:
𝑉(𝑡) = 𝑉𝐴 𝑒 𝑗𝜔𝑡

(Equation 2.22)

𝐼(𝑡) = 𝐼𝐴 𝑒 𝑗𝜔𝑡−𝑗𝜑

(Equation 2.23)

𝑍=𝐼

𝑉𝐴 𝑒 𝑗𝜔𝑡
𝐴𝑒

𝑗𝜔𝑡−𝑗𝜑

= 𝑍𝐴 (cos 𝜑 + 𝑗 sin 𝜑) = 𝑍𝑅 + 𝑗𝑍𝐼

(Equation 2.24)

Equivalent circuits are commonly used to illustrate experimental impedance information,
where ideal impedance elements are modeled in series and/or parallel. For instance, if a
complex voltage V(t) (Equation 2.22) is applied to a pure resistor R or capacitor C, the
impedance of a resistor ZR or capacitor ZC can be expressed as:
𝑉

𝑉𝐴 𝑒 𝑗𝜔𝑡

𝑅

𝑉𝐴 𝑒𝑗𝜔𝑡
𝑅

𝑍𝑅 = 𝐼 =
𝑉

𝑉 𝑒 𝑗𝜔𝑡

𝐴
𝑍𝐶 = 𝐼 = 𝑗𝜔𝐶𝑉
𝐶

=𝑅

𝐴𝑒

𝑗𝜔𝑡

(Equation 2.25)

1

= 𝑗𝜔𝐶

(Equation 2.26)

An ideal resistor has no frequency dependence because its phase shift (φ) is 0°. On the
contrary, an ideal capacitor has frequency dependence and its phase shift (φ) is -90°.
However, most real systems possess a mixture of non-ideal impedance elements. Thus,
different impedance- and phase values can be obtained at different frequencies. This can be
exploited to record the impedance and phase to study interface phenomena at sensor
surfaces.
Moreover, interdigitated electrodes (IDEs) can be used for impedimetric measurements to
characterize surface phenomena. This electrode configuration has several benefits such as
miniaturization, low cost, increase of the sensing area and sensitivity of the sensor [26]. IDEs
have been used in combination with microorganisms to detect, for example, bacteriophage
contamination in milk processing or bacteria [27, 28]. A schematic representation of such
IDEs is shown in Figure 2.6. They consist of finger-like structures made out typically of Pt or
Au, with a certain thickness t, width w and interspace between fingers s on an insulating
substrate (e.g., glass, SiO2). As it can be seen from the figure, the electric field (dotted blue
lines) can be measured between the fingers, where the impedance between the substrate
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material and the environment determines the initial impedance of the IDEs; this principle (see
Figure 2.7 a) is applied to the spore-based biosensors introduced in chapter 1.

Figure 2.6. Schematic representation of interdigitated electrodes: the blue dotted lines
represent the electric field between finger structures; t corresponds to the thickness of the
electrodes, w to their width and s to the interspace between them.
In addition, non-conducting samples (e.g., spores) may change the overall capacitive
behavior of the IDEs CIDE (Figure 2.7 b) and this can be expressed [29] as:
1

𝜀0 𝜀𝑟,𝑡

𝐶𝐼𝐷𝐸 = 𝐿(𝑁 − 1) (

2

Κ((1−𝑘 2 )2 )

) + 2𝜀0 𝜀𝑟,𝑚

Κ(𝑘)

𝑡

(Equation2.27)

𝑠

𝜋 𝑤

𝑘 = cos 2 𝑠+𝑤

(Equation 2.28)
b)

a)

c)

Figure 2.7 Equivalent circuit model for a spore-based biosensor; a) reference sensor (no
spores are present), b) IDEs with spores and c) sterilized spores onto IDEs.
L represents the length of the electrode fingers and N the number of unit cells; ε0 is the
vacuum permittivity and εr,t is the total relative permittivity around the electrodes (reference
sensor (Figure 2.7 a): air and glass, spore-based biosensor (Figure 2.7 b and c): glass and
porous spore layer); К(k)describes the complete elliptic integral of the first kind to take into
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consideration the fringing field surrounding the electrodes; the dimensions of the electrodes
are expressed with the modulus k (Equation 2.28), where w and s are the width and interspace
of the electrodes, respectively. The second term from Equation 2.27 represents the
capacitance contribution due to the transverse field in the narrow region between the
electrodes, where εr, m describes the relative permittivity between the electrodes to describe
the capacitance formed due to the transverse field (reference sensor (Figure 2.7 a): air, sporebased biosensor (Figure 2.7 b and c): porous spore layer) and t is the thickness of the
electrodes.
In addition, capacitive (Cspore) and resistive (Rspore) behaviors may also be present from the
porous spore layer as it has been shown in literature for bacterial cells [30]. After spore
immobilization, the capacitance at the sensor surface increases (impedance decreases)
probably due the porous spore layer that may facilitate electron transfer between IDEs.
Furthermore, during sterilization, their morphology changes, provoking a further increase of
capacitance (decrease of impedance) [31].

2.2 Surface functionalization
Functionalization (modification) of the sensor substrate to promote the coupling of spores
onto them is frequently needed; to fulfill this task, SAMs are popularly implemented. SAMs
consist of molecular assemblies that are formed by the adsorption of an active surfactant on
a solid surface [32]. Several types of SAMs are available according to the substrate. These
include organosilanes on hydroxylated surfaces (Si/SiO2, Al/Al2O3, glass, etc.), alkanethiols
on gold, alcohols and amines on platinum, and carboxylic acids on aluminum oxide and silver
[33]. Organosilanes are taken as an example to demonstrate the principle of the SAMs
formation.

2.2.1 Organosilanes
A silane is a silicon-based molecule containing four constituents (e.g., SiH4); silanes that
contain at least one carbon group are called organosilanes, which can have hydrogen-,
oxygen- or halogen atoms directly attached to the silicon [34]. Figure 2.8 shows a general
structure of an organosilane. It fundamentally consists of the silicon atom between two
parts; the first part (hydrolyzable groups) covalently binds to inorganic substrates (e.g., glass)
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and the second part (reactive group at the end of alkyl chain) facilitates the linkage to organic
molecules.

Figure 2.8 General structure of an organosilane. Adapted from [34] with permission from
Elsevier.
The silanization process (formation course of organosilanes onto hydroxylated surfaces) is
shown in Figure 2.9. In the first step of the silanization process, the alkoxy substituents
(hydrolyzable groups) of the organosilane undergo hydrolysis to produce highly reactive
silanols (Si-OH), which are required for the coupling to the hydroxylated substrate (Figure 2.9
a). These silanols may form hydrogen bonding laterally (between them (Figure 2.9 b) or
vertically (between the hydroxyl groups of the substrate (Figure 2.9 d). A condensation step
of the oligomers follows between them (Figure 2.9 c) proceeding as siloxanes (Si-O-Si) and
another condensation takes place between the oligomers and the substrate; as a result, the
organosilanes are covalently grafted onto the substrate. Although the silanization process is
shown subsequently, these reactions can happen simultaneously after the first hydrolysis
step [35].
The silanization process can be performed in two manners: in liquid or gas phase. During the
gas-phase silanization, the substrates are placed in a closed chamber and the silane
molecules are vaporized by heat or vacuum [34]; the substrates remain inside for a certain
time and at the end, a uniform layer of silanes covalently attached to the substrate can be
obtained. Furthermore, the liquid-phase silanization can be divided in two methods, namely
dip-coating and drop-casting [34, 36]. In the dip-coating method, a substrate is immersed in
a silane solution for a specific interval of time, whereas in the drop-casting method, the silane
solution is drop-casted onto the substrates and incubated in the same fashion. Later on, the
weakly bound silane molecules are removed and finally, a covalent bond can be attained by
curing due to the loss of water (siloxane bonds replace the hydrogen ones between the silanes
and the substrate).
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Figure 2.9 Silanization process: a) Highly reactive silanols are formed in the first step by
hydrolysis of the alkoxysilane groups; for steps b) and d), the silanols undergo hydrogen
bonding with other neighboring silanols and at the surface of the substrate; for steps c) and
e), condensation of the organosilanes occurs between them and on the surface. Adapted
from [34] with permission from Elsevier.
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2.3 Characterization methods for surface functionalization and
spore immobilization
2.3.1 Electrolyte-insulator-semiconductor (EIS) sensors
Capacitive electrolyte-insulator-semiconductor (EIS) sensors are field-effect (bio-)chemical
devices that can be used for label-free monitoring of the adsorption and interaction of
biomolecules [37]; for example, interface phenomena at the sensor surface can be
investigated with this method. They are analogous to metal-insulator-semiconductor (MIS)
structures. In the case, the metallic gate of the MIS structure is replaced by a sensor layer in
contact with the analyte under a bias voltage resulting in an EIS sensor [38] as shown in Figure
2.10 (left).

Figure 2.10 Schematic representation of an EIS structure (left) and its characteristic C-V
(capacitance-voltage) curve (right); different concentrations provoke voltage shifts ΔV1 and
ΔV2. In addition, three distinctive regions, for instance, in p-type semiconductors are
depicted: a) accumulation, b) depletion and c) inversion of the C-V curve. Adapted from [38]
with permission from CRC Press.
A bias voltage is usually applied to the semiconductor (e.g., silicon) between its electrical
contact and a reference electrode. As a result, the charge carrier distribution at the
insulator/semiconductor interface can be controlled by both an external dc voltage (V B) and
an electrochemical interaction between the electrolyte and the sensor surface (ΔV). The
electrical behavior of the EIS structure is given by its small-signal capacitance. Depending on
the applied VB and a super-imposed ac voltage (e.g., 120 Hz, 20 mV), a characteristic C-V
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(capacitance-voltage) curve can be obtained (Figure 2.10, right). For a p-type semiconductor,
a negative bias voltage VB (VB < 0) on the reference electrode accumulates mobile charge
carriers (i.e., positive holes) at the insulator/semiconductor interface (accumulation, Figure
2.10, right a). As VB becomes positive (VB > 0), the holes are displaced from the interface,
generating a space-charge region (depletion, Figure 2.10, right b) at the semiconductor
surface. In addition, when the potential becomes more positive (VB >> 0), an inversion layer
of accumulated electrons at the interface is created (inversion, Figure 2.10, right c). The
integral capacitance C, corresponding to VB is given in Equation 2.29.
1
𝐶

1

1

=𝐶 +𝐶
𝐼

𝑆

(Equation 2.29)

Here, CI and CS are the capacitance values of the sensor insulator and the space-charge
region, respectively, with Equation 2.30.
𝐶=

𝜀0 𝜀𝑟
𝑑

𝐴

(Equation 2.30)

Where, A is the area, d the thickness, r the dielectric permittivity, and 0 the dielectric
constant. Depending on the change of ion concentration in the analyte, a horizontal shift of
the C-V curve is produced due to the electrochemical interaction (ΔV) [38].
Moreover, hydroxylation on sensor substrates is a typical procedure for further surface
functionalization; this was exemplarily applied on EIS structures to study the effect of O 2
plasma on sensor substrates. While the hydroxylation was successful, the C-V curve of the EIS
chip dramatically changed after being treated with oxygen plasma. Since this effect is
unstable (dynamic), no further functionalization steps (e.g., APTES) can be accurately
performed. Therefore, it is desirable to maintain a stable signal as well as a functionalized
surface (hydroxylated); this effect is investigated in chapter 3.

2.3.2 Contact angle measurement
Contact angle measurements are broadly employed to analyze the surface chemistry of
grafted surfaces such as self-assembly monolayers [39]. It is one of the common ways to
measure the wettability of a material; the wetting is obtained by measuring the contact angle
that the liquid forms in contact with solids or other liquids. The solid-liquid contact angle can
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be described from the equilibrium of surface forces in the three-phase intersecting point as
in Equation 2.31 [40] and shown in Figure 2.11.
cos 𝜃 =

(𝛾𝑆𝑉 −𝛾𝑆𝐿 )
𝛾𝐿𝑉

(Equation 2.31)

Here, Θ is the contact angle, γLV is the surface tension of the liquid in equilibrium with vapor,
γSV is the surface tension of the solid surface in equilibrium with vapor and γSL represents the
solid-liquid interfacial tension.

Figure 2.11. Schematic representation of the contact angle equilibrium. Adapted from [40]
with permission from Elsevier.
Furthermore, if the contact angle between a liquid and a solid is less than 90°, the liquid is
said to be hydrophilic: it will wet the surface spreading over it. However, if the contact angle
is more than 90°, the liquid will stay on the surface as a sphere and it is considered as
hydrophobic [41].

2.3.3 Atomic force microscopy (AFM)
In an atomic force microscope (AFM), a flexible cantilever, which is composed of a sharp tip
at the end, is utilized to track sample topographies. This is performed by detecting the forces
between the probe and samples with piconewton sensitivity [42]. AFM can not only be used
to image surface topographies, but also for several applications. For instance, it can be used
for nanoindentation, cell adhesion or biomolecular interactions [43]. Figure 2.12 shows a
schematic representation of the AFM. Here, a laser beam coming from a laser diode (LD) is
calibrated at the center of the position-sensitive photo diode (PSPD), which consists of four
different photo diodes (A-D). As the tip approaches the sample, it experiences an attractive
or repulsive force; as a result, the cantilever is bent toward or away from the sample surface.
In case of bending, the beam path is shifted and this is captured in the PSPD. The bending
angle is further controlled by means of a proportional-integral (PI) controller integrated to a
Z-piezo actuator.
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Different modes are available to scan surfaces with AFM such as contact-, non-contact- and
intermittent (tapping) mode. In contact mode, the cantilever deflection is kept constant
during the scan, i.e., the tip maintains direct contact with the sample. In addition, in noncontact mode and tapping mode, the cantilever vibrates at a certain frequency and this is
measured instead of the deflection of the tip (considered in contact mode). In non-contact
mode, the cantilever oscillates close to the sample surface without being in contact with it.
This mode, however, is rarely used because of the possibility of the tip being attracted to the
sample and therefore making contact with it. For this reason, tapping mode is a popular
choice, since the cantilever oscillates and the tip makes repulsive contact with the sample
surface at the lowest point of oscillation.

Figure 2.12. Schematic representation of the AFM. Adapted from [44] with permission from
IOP Publishing.

2.3.4 Scanning electron microscopy (SEM)
A scanning electron microscope is commonly used for the observation of specimen surfaces
with a much higher resolution (0.5 nm) than that of a light microscope (~200 nm) [45]. Many
applications of SEM have been reported in literature, for instance, to measure thickness of
films and thin coatings, surface morphology, height and lateral dimensions of nanometer-
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sized materials or chemical composition and elemental analysis of nano- and micro-materials
[46].
Moreover, the resolution d in a perfect optical system can be described by Abbe’s equation:
0.612𝜆

𝑑 = 𝑛 sin 𝛼

(Equation 2.32)

Here, λ is the wavelength of imaging radiation, n the index of refraction of medium between
point source and lens (relative to free space), and α is half the angle of the cone of light from
specimen plane accepted by the objective (half aperture angle in radians); the expression n
sin α is often called numerical aperture (NA).

Figure 2.13. Schematic representation of a SEM. Adapted from [47].
A schematic representation of the SEM is shown in Figure 2.13. An electron beam is produced
from an electron optical system consisting of an electron gun, a condenser lens and an
objective lens (both of them are electromagnetic lenses). Additionally, a scanning coil is
applied to scan the electron beam and other components; all these elements are kept at
vacuum. When the sample is irradiated with the fine electron beam, emission of secondary
electrons appears and this is recognized by a secondary electron detector. Finally, as the
electron beam scans (two-dimensional scan) the sample, its topography can be observed and
an image can be acquired from the detected secondary electrons.

41

2 Theoretical aspects

2.3.5 Microbiological methods
Spores have been successfully recovered from different substrates utilizing a recovery
solution consisting of a surfactant mixed in a buffer solution [48–50]. This can be exploited to
measure the spore immobilization efficiency on substrates as shown in Figure 2.14.

Figure 2.14. Example of the spore immobilization a) with organosilanes and its recovery b),
c). Adapted from [51].
The spore recovery is often performed by immersing the immobilized spores on substrates
(Figure 2.14 a) in a solution consisting of a surfactant (e.g., Tween®80) and a buffer solution
(e.g., Ringer solution). Then, it is submerged in an ultrasonic bath for a certain amount of
time to loosen the spores from the surface. At the end, the non-immobilized spores remain
in the solution and they can be serial-diluted and plate-counted (Figure 2.14 c).
The efficiency of the spore immobilization can be determined by visualizing the number of
spores attached to the functionalized substrate (Ns) in comparison to the control substrate
(Nc) as shown in Equation 2.33 or by the ratio r between the recovered spores (Ns) and the
total number of spores from the main suspension (Nt) illustrated in Equation 2.34.
𝑁

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = (1 − 𝑁𝑠 ) × 100
𝑐

𝑁

𝑟 = (𝑁𝑠 ) × 100
𝑡

(Equation 2.33)
(Equation 2.34)
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Abstract
Prior to immobilization of biomolecules or cells onto biosensor surfaces, the surface must be
physically or chemically activated for further functionalization. Organosilanes are a versatile
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option as they facilitate the immobilization through their terminal groups and also display
self-assembly. Incorporating hydroxyl groups is one of the important methods for primary
immobilization. This can be done, for example, with oxygen plasma treatment. However, this
treatment can affect the performance of the biosensors and this effect is not quite well
understood for surface functionalization. In this work, the effect of O 2 plasma treatment on
EIS sensors was investigated by means of electrochemical characterizations: capacitancevoltage- (C-V) and constant capacitance (ConCap) measurements. After O2 plasma
treatment, the potential of the EIS sensor dramatically shifts to a more negative value. This
was successfully reset by using an annealing process.
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3.1 Introduction
The use of organosilanes has been widely applied in biosensors, for instance to immobilize
enzymes, antibodies or microorganisms on top of the transducer structure [1–3]. It is a
popular choice of coupling agents as they facilitate for further attachment of molecules
through their terminal reactive groups (e.g., amines) and also display self-assembly behavior
[4, 5]. The silanization process (formation of organosilanes on the surface) consists of four
steps: hydrolysis, condensation, hydrogen bond formation and curing [6, 7]. In the first step,
the organosilane groups are hydrolyzed to form highly reactive silanols (Si-OH). Then, in the
second step, siloxanes are formed over the surface by means of silanols condensation. In the
third step, the hydrolyzed organosilanes interact with the hydroxyl groups (OH) present on
the transducer surface via hydrogen bonding. Finally, a covalent bond is formed between the
silicon of the surface and the silicon of the organosilane with the associated loss of water
molecules by curing [6, 8].
Prior to functionalizing the sensor surface with organosilanes, the surface must be activated
by incorporating hydroxyl groups (hydroxylation); this can be done by chemical or physical
treatments. Plasma methods have gained considerable popularity as they are easy to use,
take only a few minutes and no special chemicals or waste removal is needed, since gaseous
byproducts are removed under vacuum [9, 10]. However, in literature [3, 11–13] an influence
of plasma treatments on the performance of biosensors has been reported. This
phenomenon has been previously investigated by Szekeres et al. [14], where the effect of O2
plasma on Si-SiO2 systems was studied. They observed radiation damage as a result of the
plasma treatment at different temperatures (from 20 °C to 300 °C). It was concluded that
high temperature annealing is necessary to remove completely the radiation damage
produced at substrate temperatures above 20 °C. Nevertheless, this effect is not completely
well understood for surface functionalization. For instance, what is the hydrophilic behavior
of the Si-SiO2 structures after the annealing process?
Therefore, in this work, the effect of O2 plasma is further investigated by means of
electrolyte-insulator-semiconductor (EIS) sensors and contact angle measurements. An EIS
sensor is very sensitive for the detection of (bio-)chemical reactions leading to chemical or
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electrical changes at its interface; changes in the chemical composition of the analyte will
induce changes in the capacitance of the EIS sensor [15, 16].

3.2 Experimental
3.2.1 Fabrication of the EIS sensor
A total of 30 nm of SiO2 was thermally grown by dry oxidation at 1,000 °C for 30 min on a pSi wafer (ρ = 1-10 Ωcm, <100>). After that, the oxide layer of the rear side was etched with HF
and 300 nm Al were evaporated to function as ohmic contact to the p-Si wafer. Furthermore,
the chips were diced into 10 x 10 mm2 pieces and cleaned for 5 min sequentially in ultrasonic
bath with acetone, isopropanol and deionized (DI) water.

3.2.2 Experimental setup
In Figure 3.1 the schematic cross-section of the measurement setup is shown. The EIS chips
were mounted into an in-house measuring cell and sealed by an O-ring. The front side of the
chip is in direct contact with the electrolyte, whereas the rear side is connected to the
electrochemical workstation (Zennium, Zahner Elektrik, Germany). From the top side, an
Ag/AgCl electrode (3 M KCl, Metrohm, Germany) was mounted as reference electrode. The
contact area of the EIS chip was about 0.5 cm2. All the measurements were performed in a
dark Faraday cage at room temperature.

Figure 3.1 Schematic cross-section of the experimental setup.
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The electrochemical characterization of the EIS chips was performed with capacitancevoltage- (C-V) and constant-capacitance (ConCap) measurements. For the C-V
measurements a direct current polarization voltage from -3 V to 3 V (steps of 100 mV) was
applied to set the working point of the EIS sensor. In order to measure the capacitance of the
sensor, a small alternate current voltage (20 mV) and a frequency of 120 Hz were applied
between the reference electrode and the rear side (Al) of the EIS sensor. All the
measurements were carried out in phosphate buffered saline buffer (~0.33 mM ionic
strength), pH 7.4. All potential values are referred to the reference electrode. For each
treatment, the sensors chips were demounted and mounted again in the measuring cell. In
addition, the buffer solution was disposed and replenished, accordingly. The pH of the buffer
was controlled before and after measurements with a MPC227 pH/conductivity meter
(Mettler-Toledo, Germany). A reference measurement was performed for every chip, which
consisted in measuring the chip with the mentioned buffer and electrical conditions without
any treatment. For the long-term measurements, the chips were stored in the measuring cell
filled with PBS buffer and sealed with a wax film to avoid evaporation.

3.2.3 Hydroxylation
The EIS chips were hydroxylated by oxygen plasma treatment with 100 W (Femto PCCE,
Diener electronic GmbH + Co. KG, Germany) for 2 min at 0.3 mbar. All EIS chips were directly
utilized after being hydroxylated with the oxygen plasma treatment.

3.2.4 Annealing
A hot plate (RTC basic, Werke GmbH & Co. KG, Germany) was used to heat the EIS chips at
300 °C for 10 or 60 min.

3.2.5 Contact angle measurements
Water contact angles were measured on EIS chips before and after O2 plasma treatments and
annealing processes. The measurements were performed at room temperature using an
optical contact angle system OCA (Dataphysics, Germany) and the data were analyzed with
the software SCA 20.
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3.3 Results and discussion
3.3.1 Effect of O2 plasma on the EIS sensor
Figure 3.2 shows a C-V curve of an EIS sensor after it was treated with O2 plasma. A shift of
the C-V curve in the direction of negative voltages can be observed directly after the
treatment, which decreases slowly and oscillates over time. The direction of the potential
shifts depends on the charge of adsorbed molecules [17]. In this case, this may indicate that
more positive charges are generated on the surface of the EIS chip after the plasma
treatment.
Reference
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Figure 3.2 C-V curves of an EIS sensor after O2 plasma treatment.
Oxygen plasma makes the surface of the chip more hydrophilic by removing contaminants
and leaving silanols (Si-OH) groups at the sensor surface [18, 19]. Moreover, SiO2 surfaces are
known to possess a negative surface charge through its point of zero charge in aqueous
solutions at pH = 2.5 [20] and the dissociation of terminal silanols groups [21]. In addition, the
O2 plasma activation (generation of hydroxyl groups) wear off in a scale of ~24 h [19] and it
will probably not be still present after 9 months. Therefore, these positive charges are not
likely to come from the sensor surface, but probably from penetration of excited species (ions
and metastables) [11, 14, 22–24]. In order to verify this assumption, a series of plasma
treatments investigations were performed as shown in Figure 3.3. In Figure 3.3, it can be
observed that after a sequence of O2 plasma treatments, the signal (potential) shifts towards
a more negative voltage, the more plasma treatments are performed. In contrast to the C-V
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operation mode, the ConCap measurement allows monitoring dynamic changes of the
sensor signal. In this case, the drift behavior can be also determined for sensor chips treated
with O2 plasma (270 mV/10 min), which is larger than that of the reference sensor chip without
oxygen plasma treatment (4 mV/10 min). Slow drifts in such electrolyte-SiO2-Si system can
also be related to both ions in-diffusion and buried OH sites [25].
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Figure 3.3 ConCap measurement of an EIS sensor after a series of O2 plasma treatments. a)
reference measurement, b) after the first O2 plasma treatment, c) after the second O2 plasma
treatment, d) after the third O2 plasma treatment.

3.3.2 Annealing effect on the EIS sensor
After the O2 plasma treatment, the surface of the sensor was successfully activated by
incorporating hydroxyl groups. At the same time, however, trapped charges within the
substrate might be generated [14]. As a result, the sensor signal was dramatically changed as
shown in the previous section.
Annealing has been reported to induce structural relaxation of the surface [26] and reduce
the creation of plasma-induced radiation defects [14]. By doing this, the trapped charges
could be released as shown in Figure 3.4. After the O2 plasma treatment, the sensor signal
was changed (-2.01 V). Furthermore, after the annealing process, the signal went nearly
completely back (-0.32 V) to its initial reference value (-0.37 V). After 5 months, the EIS chip
was measured again with a value of -0.35 V. This may indicate that the trapped charges inside
of the substrate after the O2 plasma treatment were released during the annealing process.
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Figure 3.4 ConCap measurement of an EIS sensor. a) reference measurement, b) after O2
plasma treatment, c) after annealing process, d) after 5 months after the annealing process
was conducted.
Furthermore, a series of annealing processes was performed to investigate the isolated effect
of the heat treatment on the EIS structure as shown in Figure 3.5.
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Figure 3.5 ConCap measurement of an EIS sensor after a series of 1 h annealing processes. a)
reference measurement, b) after the first annealing process, c) after the second annealing
process, d) after the third annealing process.
After annealing, a small potential shift of +0.06 V (absolute value: -0.44 V) can be observed in
comparison with the starting reference value of -0.50 V. Later on, further annealing processes
showed no significant changes of the sensor’s signal, since these small changes could also be
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attributed to the mounting and demounting of the EIS chip between treatments. In addition,
during the measurements, a potential fluctuation up to ± 4 mV is expected [27]. A positive
potential shift from the ConCap measurement may imply that more negative, less positive or
trapped charges are present at the sensor’s surface. After annealing it might be that these
defects from the sensor chip are reduced by relaxing the surface into a more stable form. This
positive shift of the signal might be due to this rearrangement and change of stoichiometry
[28] by increasing the oxide quality at the interface region SiO2/analyte significantly [29].
These results may support the suggested underlying mechanism from [14] to explain the
creation of defects due to radiation or thermal treatments. During oxidation and/or
postoxidation annealing, hydrogen can diffuse into the oxide creating Si-H or Si-OH bonds or
can also remain as an interstitial form Hi. However, the Si-H bonds are not very stable and can
be broken down with radiation, heat or charge transfer in a field as shown in the following
reaction:
≡ Si-H ↔ ≡ Si∙ + Hi

(Equation 3.1)

The trivalent radical ≡ Si∙ can be an interface state of acceptor or donor type depending on
its oxidation state. In addition, the hydroxyl groups are metastable as well and may dissociate
according to:
≡ Si-OH ↔ ≡ Si-O∙ + Hi

(Equation 3.2)

The non-bridging oxygen from reaction (3.2) can act as an electron trap and the hydrogen
atoms resulting from (3.1) and (3.2) are mobile and their migration may initiate a reaction
creating additional defects near the interface according to:
≡ Si-O-Si ≡ + Hi ↔ ≡ Si-OH + ≡ Si∙

(Equation 3.3)

This again leads to the creation of a trivalent silicon radical and the replacement of bridging
oxygen by an OH radical in the SiO2 network. Therefore, defects may be generated by:
≡ Si-H + ≡ Si-O-Si ≡ ↔ ≡ Si∙ + ≡ Si+ + ≡ Si-OH

(Equation 3.4)

One condition for the generation of stable defects of a trivalent silicon radical (≡Si∙) and a
trivalent-charged silicon (≡ Si+) is the diffusion away of the hydroxyl group. The Si-OH groups
from (3.3) and (3.4) together with Si-OH groups involved in the SiO2 can participate in (3.2)
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contributing with the creation of electron traps. It is important to note that these reactions
are temperature-dependent: the temperature may assist or impede the creation of plasmainduced radiation defects.
Since in our experiments the annealing temperature was optimized at 300 °C, the rate of the
reactions (3.3) and (3.4) increased and the generation of defects according to (3.4) as well, so
that an intensive creation of electron traps may occur according to (3.2), resulting in a positive
potential shift from Figure 3.5.

3.3.3 Contact angle measurements
Until now, all the annealing treatments were performed for 1 h. Figure 3.6 shows the typical
effect of the O2 plasma treatment and the annealing process on the EIS chips; after O2 plasma
treatment, the sensor’s signal is dramatically changed and after annealing it was reset nearly
to its reference value. Although the annealing process had a positive effect on the EIS sensor
(resetting the sensor’s signal), the hydrophilicity of the surface is as well a critical factor for
surface functionalization. For this reason, water contact angle measurements were
conducted to characterize the hydrophilicity of the EIS chips.
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Figure 3. 6 C-V curves of an EIS sensor after O2 plasma treatment and annealing processes
(10 and 60 min).
As it can be seen in Table 3.1, the contact angle after O2 plasma is nearly 0°, which is desired
for silanization. However, after the annealing process of 60 min, the contact angle was
increased to 60°, indicating the loss of the plasma activation. In order to maintain the
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hydrophilicity of the surface after O2 plasma treatment as well as the reset effect due to the
annealing process, the annealing time and temperature were optimized for 10 min and
300 °C, respectively.
Table 3.1 Contact angle measurements of EIS chips after O2 plasma treatments and
annealing processes.
Treatment

Contact angle (°)

Reference

40

O2 plasma

~1

Annealing (10 min)

6

Annealing (60 min)

60

Below this time and temperature, the signal does not go completely back to its initial value
(results not shown). It can be seen the Table 3.1 (contact angle of 6° after the optimized
annealing process) and from Figure 3.6, that the sensor’s signal is as well reset and even closer

Voltage [V]

to the reference value.
0.0
-0.2 n= 21
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-0.8
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-1.2
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-2.2
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Reference O2 plasma

Annealing

Figure 3.7 Potential shifts (ConCap measurement) after O2 plasma treatment and annealing
on the EIS sensor; n is the number of EIS sensors measured.
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3.4 Conclusions
The potential shift changes after O2 plasma treatment and annealing process are
summarized in Figure 3.7. Note that the chips were first treated with O2 plasma and after that
with the annealing process. The reference potential was -0.41 ± 0.09 V, after O2 plasma -2.12
± 0.18 V and after annealing -0.31 ± 0.09 V. The effect of O2 plasma treatment on EIS chips is
highly reproducible as it can be seen from the 21 chips utilized. After the O2 plasma treatment
the sensor’s signal shifts to a more negative value and after the annealing process goes back
to its initial state. Changing the O2 plasma exposure time from 2 min to 30 s made no
difference at obtaining the same effect. Further parameters might have an additional
influence such as O2 plasma power, cooling rate after annealing and annealing atmosphere
(all annealing processes were conducted at air).

3.4 Conclusions
In this work, the effect of O2 plasma treatment on EIS chips was investigated by means of
electrochemical characterizations (C-V- and ConCap measurements) and contact angle
measurements. After the plasma treatment, a large potential shift of -2.12 ± 0.18 V was
observed in comparison with the reference potential of -0.41 ± 0.09 V. This can be due to
more negative, less positive or trapped charges within the Si/SiO2 sensor structure.
Furthermore, the potential shift due to the O2 plasma treatment was successfully reset (-0.31
± 0.09 V) by an additional annealing process. This probably releases the mentioned charges
and improves the oxide quality. In addition, the annealing process was optimized (300 °C for
10 min) to obtain a hydrophilic surface as well as to maintain its reset effect of the sensor’s
signal.
In further investigations, the silanization process (e.g., with (3-(Aminopropyl)triethoxysilane)
may be included as well as the effect of different hydroxylation methods.
Furthermore, endospores will be immobilized with silanization on different sensor chips (e.g.,
EIS, interdigitated electrodes). These sensors must be handled under harsh conditions (e.g.,
high temperatures >200 °C and an oxidizing atmosphere). Therefore, the use of this method
may facilitate the reproducibility and sensibility of sensor chips by resetting their signal to the
initial value after hydroxylation.
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Abstract
Spores can be immobilized on biosensors to function as sensitive recognition elements.
However, the immobilization can affect the sensitivity and reproducibility of the sensor
signal. In this work, three different immobilization strategies with organosilanes were
optimized and characterized to immobilize B. atrophaeus spores on glass substrates. Five
different silanization parameters were investigated: nature of the solvent, concentration of
the silane, silanization time, curing process and silanization temperature. The resulting silane
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layers were resistant to a buffer solution (e.g., Ringer solution) with a polysorbate (e.g.,
Tween®80) and sonication.
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4.1 Introduction
Bacterial spores are dormant microorganisms that are highly resistant to a variety of
treatments, including heat, radiation, pressurization and oxidizing agents [1–3]. In the
dormant state the spores undergo no detectable metabolism, but are still capable of
monitoring environmental changes. This robustness and flexibility make them really
convenient to use, for instance, as a biocontrol of pests, probiotics or biological indicators [4–
7].
In addition, spores can be immobilized on biosensor substrates (e.g., glass) to serve as
sensitive or recognition elements [8]. The immobilization of the spores, however, is a critical
factor; it may affect the sensitivity and reproducibility of the sensor signal. In order to
overcome this problem, a robust surface functionalization method is needed. The
functionalization method should maintain the identity and functionality of the sensor
substrate as well as the integrity and viability of the spores. Several surface functionalization
methods have been described in literature. Among them, covalent immobilization using selfassembled monolayers of organosilanes is a promising technique and has numerous
advantages compared to others such as physioadsorption, gel entrapment or physical
confinement [9–11].
Commonly, the silanization process (formation of organosilanes on a surface) consists of four
steps: hydrolysis, condensation, hydrogen bond formation and curing [12, 13]. The first step
involves the hydrolysis of the organosilane groups to form highly reactive silanols (Si-OH). In
the second step, the silanols undergo condensation to form siloxanes (Si-O-Si) over the
surface. In the third step, hydroxyl groups (OH) present on the surface interact with the
hydrolyzed organosilanes via hydrogen bonding. In the last step, a covalent bond is formed
between the silicon of the organosilane and the silicon of the surface with the associated loss
of water molecules by curing. The water molecules present in the solvents used and on the
surface are critical parameters that affect the monolayer formation [12, 14, 15]. Several other
factors also influence the silanization process such as the nature of the solvent used,
humidity, concentration of the silane, silanization time, temperature of the solution and the
curing process [13, 16–18].
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Silanization on glass substrates can be done in liquid or gas phase. In gas-phase silanization,
the silane solution is vaporized on the samples under vacuum or heating [19]. In the case of
liquid-phase silanization, it can be conducted with two different methods: i) by dipping the
samples into the silane solution or ii) by drop-casting the silane solution onto the samples [19,
20]. Among them, silanization in liquid phase is accessible and easy to use. Although
silanization is a very well-known process to functionalize solid surfaces, the field is known for
inconsistent and low-reproducible data [21]. Therefore, a well-developed and optimized
protocol to functionalize glass surfaces with organosilanes is lacking.
The aim of the present study is to immobilize spores on glass substrates, which can be used
as a model system for a spore-based biosensor. One of the main advantages of using glass
compared to semiconductor substrates (e.g., Si) is the lack of light sensitivity. This can be a
major problem for semiconductor substrates when measuring where the light conditions may
vary and it might compromise the reliability of the sensor signal.

Figure 4.1 Spore-based biosensor from [8]. Differential set-up of two chips with temperature
sensors and IDEs.
A spore-based biosensor was recently introduced [8] to evaluate the sterilization process in
aseptic filling machines. Such biosensor can be seen in Figure 4.1. In short, it consists of
temperature sensors and several interdigitated electrodes (IDEs), where the spores can be
precisely confined and immobilized on one of the IDEs (due to walls of SU-8 photoresist) and
the other IDE serves as reference sensor (differential measurement is desirable). The sporebased biosensor is then exposed to a H2O2 gas stream (e.g., 10 m3/h) and heat (e.g., 240 °C);
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as a result, a signal change (e.g., impedance) can be measured. Therefore, the immobilization
of the spores is an important parameter because it might affect the signal change and
reproducibility of the biosensor.
In this work, three different organosilanes are investigated for liquid-phase silanization and
characterized by contact angle measurements, atomic force microscopy and a direct
microbiological approach. Two organosilanes are used to immobilize spores of Bacillus
atrophaeus (DSM 675) on glass substrates, namely (3-(Aminopropyl)triethoxysilane (APTES)
and (3-(glycidyloxypropyl)trimethoxysilane (GPTMS). The third organosilane is applied to
inhibit the attachment of the spores on the functionalized glass substrates, that is
1H,1H,2H,2H-Perfluorodecyltriethoxysilane (PFDTES). Chemical structures of the silanes
studied in this report are summarized in Figure 4.2. In addition, the parameters: nature of the
solvent used, concentration of the silane, silanization time, silanization temperature and
curing process were investigated.
a)

b)

c)

Figure 4.2 Chemical structures of the silanes investigated in this report. a) (3(Aminopropyl)triethoxysilane (APTES), b) (3-(glycidyloxypropyl)trimethoxysilane (GPTMS),
c) 1H,1H,2H,2H-Perfluorodecyltriethoxysilane (PFDTES).

4.2 Experimental
4.2.1 Materials
Borosilicate glass wafers, two-side polished, thickness of 1,000 ± 25 µm and cut into pieces
of 10 x 10 mm2 were purchased from MicroChemicals GmbH (Germany). (3(Aminopropyl)triethoxysilane (APTES 98% v/v), (3-(glycidyloxypropyl)trimethoxysilane
(GPTMS 98% v/v) and 1H,1H,2H,2H-Perfluorodecyltriethoxysilane (PFDTES 97% v/v) as well
as toluene (99% v/v), ethanol (99% v/v), acetone (99% v/v), isopropanol (99% v/v), Tween®80,
malachite green and safranin were obtained from Sigma-Aldrich (Germany). Plate count agar
(PCA), Ringer solution tablets and manganese (II) sulphate monohydrate were obtained from
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Merck Millipore (Germany). Meat extract dry and peptone from meat were purchased from
VWR (Germany).

4.2.2 Surface functionalization
i) The glass substrates were cleaned to remove organic contamination in ultrasonic bath for
5 min for each step in acetone, isopropanol and deionized (DI) water, followed by drying
under a stream of nitrogen gas. Subsequently, the glass substrates were hydrolyzed by
oxygen plasma treatment with 100 W (Femto PCCE, Diener electronic GmbH + Co. KG) for 2
min. All glass substrates were directly used after being hydrolyzed with the oxygen plasma
treatment.
ii) To optimize the liquid-phase silanization, the effect of both methods: a) dipping the
samples in the silane solution or b) drop-casting the silane solution on the samples, was
studied. Therefore, different solutions of 1% APTES, 1% GPTMS and 1% PFDTES in toluene
for 1 h silanization were used. The glass substrates were then washed in ultrasonic bath for 5
min in toluene and ethanol, followed by curing for 1 h at 110 °C. All steps for silanization were
conducted in a nitrogen glove box to reduce the effect of humidity on the silanization process.
iii) To study the effect of the solvent used on APTES, GPTMS and PFDTES, the glass
substrates were cleaned as mentioned in the previous section and then five different solvents
were investigated: DI water, ethanol, isopropanol, acetone, and toluene. A solution of 1% of
each solvent was prepared with APTES, GPTMS and PFDTES, followed by silanization for 1
h. From this section on, the silanization was conducted with the optimal method by dropcasting. After the silanization, the glass substrates were washed and cured as mentioned
earlier.
iv) The optimal solvent for each silane from the previous section was chosen to investigate
the concentration of the silanes. The glass substrates were cleaned as before. For APTES, five
different concentrations were studied, 0.01%, 0.10%, 0.25%, 0.50% and 1% in toluene for 1 h.
In the case of GPTMS, 20%, 40%, 60%, 80% and 100% in isopropanol for 1 h and for PFTDES,
0.01%, 0.10%, 1%, 2.5% and 5% in toluene for 1 h were selected. The same washing and curing
procedures used before were applied after the silanization.
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v) The optimal parameters from the previous sections were chosen to study the silanization
time. After cleaning the glass substrates as before, solutions of 1% APTES in toluene, 60%
GPTMS in isopropanol and 1% PFDTES in toluene were prepared and five different
silanization times were investigated: 30 min, 1 h, 2 h, 4h, and 24 h. After the silanization the
glass substrates were washed and cured as mentioned earlier.
vi) To study the effect of the curing process during the silanization, the optimal parameters
from the previous sections were used. The glass substrates were cleaned as before and
silanized with 1% APTES in toluene for 1 h at room temperature, 60% GPTMS in isopropanol
for 30 min at room temperature and 1% PFDTES in toluene for 1 h at 100 °C. After the
silanization the glass substrates were washed as before and different curing times at 110 °C
were investigated: 15 min, 30 min, 1 h, 2 h, and 4 h.
vii) Until now, all the optimization of the silanization parameters was conducted at room
temperature. To investigate the effect of the silanization temperature, the optimized
parameters were used. The glass substrates were cleaned as in the previous section, followed
by silanization of 1% APTES in toluene for 1 h, 60% GPTMS in isopropanol for 30 min and 1%
PFDTES in toluene for 1 h. The silanization was conducted at different temperature of 40 °C,
60 °C, 80 °C, 100 °C and 110 °C, followed by the same washing steps and cured at 110 °C for
1 h for APTES and PFDTES and 30 min for GPTMS.

4.2.3 Contact angle measurement (CA)
Water contact angles were measured on the glass substrates after the optimization of the
silanization process. The measurements were conducted at room temperature using an
optical contact angle system OCA (Dataphysics, Germany) and the data were analyzed with
the software SCA 20. Reported values are an average of measurements conducted at three
different regions on the samples.

4.2.4 Atomic force microscopy (AFM)
A BioMat Workstation (JPK Instruments, Germany) was used to record AFM images at 512
pixels per line, scanning at 0.2-0.4 Hz. The samples were imaged after the optimization of the
silanization process at ambient conditions in tapping mode, using silicon cantilevers (Arrow
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NCR, NanoWorld AG, Switzerland) with a spring constant of 42 N/m and resonant frequency
of 285 kHz. The scanned areas were 2x2 µm2.

4.2.5 Bacterial culture, sporulation and spore purification
The Bacillus atrophaeus strain (DSM 675) was obtained from IVV Fraunhofer, Germany. All
procedures were conducted aseptically under a laminar flow hood. For culturing, B.
atrophaeus cells were grown at 30 °C in 10 ml of complex medium [22] (3 g/l meat extract dry,
5 g/l peptone) for 24 h. The sporulation was then initiated by inoculation of all the cells in 200
ml of freshly complex medium with 10 mg/l MnSO4 [22] and were incubated at 30 °C for 7
days. After the incubation time, the spores were harvested by centrifugation at 4,000 rpm (A4-81; Centrifuge 5810R, Eppendorf, Germany) at 20 °C and resuspended in Ringer solution
with 0.01% Tween®80. The spores were then washed at least five times in Ringer solution
with 0.01 % Tween®80 and three times in DI water. Subsequently, the spores were
pasteurized in water bath at 80 °C for 20 min, centrifuged and resuspended in 70% (v/v)
ethanol solution. The spore suspension was free of vegetative cells (>95%) as determined by
staining the spores with malachite green and safranin using Schaefer and Fulton's method
[23]. The spore concentration was determined by serial dilutions and plating, resulting in a
final concentration of 108 CFU/ml.

4.2.6 Microbiological evaluation of the immobilization of the spores
The optimization of the silanization process was evaluated using the spore recovery method,
serial dilutions and spread-plate method (Figure 4.3). To evaluate the efficiency of the
immobilization of the spores, after the glass substrates were silanized, 10 µl of the spore
suspension of B. atrophaeus were inoculated onto each of the glass substrates and dried
under a laminar flow hood for 30-120 min. The immobilized spores were recovered by
resuspending the glass substrates in test tubes with 10 ml Ringer solution with 0.01%
Tween®80 and placing them in ultrasonic bath for 10 min. Subsequently, each spore
suspension was diluted by serial dilutions, spread-plated on PCA and cultivated at 30 °C for
24 h. The spores were then counted and the efficiency was defined as the number of spores
remained onto the silanized glass substrates after the spore recovery compared to the control
glass substrates (cleaned as mentioned in the previous section, without silanization); the less
spores in the suspension (more spores on the silanized glass substrates), the better the
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efficiency. The Efficiency (%) was calculated as shown in Equation 4.1, where Ns is the number
of the recovered spores from the silanized glass substrate and Nc is the number of the
recovered spores from the control glass substrate.
N

Efficiency= (1- Ns ) x 100
c

(Equation 4.1)

Figure 4.3 Schematic process of surface functionalization with organosilanes (a, b), spore
immobilization (c) and microbiological evaluation for the immobilization of the spores (e, f).

4.3 Results and discussion
4.3.1 Optimization of the liquid-phase silanization
Dip-coating is one of the most used methods of silanization in liquid phase. However, very
little has been studied about other silanization methods, such as drop-casting [20]. Both of
these methods were investigated for APTES, GPTMS and PFDTES as shown in Figure 4.4.
Silanization by drop-casting (Figure 4.4 b) shows slightly better efficiencies for GPTMS and
PFDTES compared to silanization by dip-coating (Figure 4.4 a). Furthermore, the efficiency
for APTES was notably relevant compared in a similar way to the mentioned methods. It can
be noted that for the evaluation of the immobilization of spores, several factors are
intrinsically involved to create a more robust self-assembled monolayer (SAM) in the
evaluation method per se. For example, in this case the resulting SAM shall be stable in a
buffer solution (Ringer solution) with a polysorbate (0.01% Tween®80) in ultrasonic bath.
This may indicate the SAM formed of APTES for dip-coating and drop-casting methods,
might not be influenced by the evaluation conditions and purely by the effect of both
methods. The higher efficiency for APTES using the drop-casting method might result from
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Figure 4.4 Comparison of two different silanization methods in liquid phase for APTES,
GPTMS and PFDTES. a) dip-coating, b) drop-casting.
the surface tension associated with the APTES droplet and the hydrolyzed surface of the
glass substrate, probably increasing the density of the silane molecules adsorbed onto the
surface. On the other hand, the efficiencies for GPTMS and PFDTES may be influenced by
the evaluation conditions. The unexpected efficiency for GPTMS for both methods might be
due to further reactivity of the SAM during the evaluation conditions, forcing immobilized
spores to detach from the surface. In addition, the efficiency for PFDTES was as expected; it
was negative meaning spore detachment from the glass substrate was observed.

4.3.2 Nature of the solvent
The quality of the SAM depends on the amount of water in solution [12, 14, 15]. Incomplete
monolayers are formed in the absence of water [17, 24], whereas excess of water results in
rapid polymerization in solution and polysiloxane deposition of the surface [25–27]. Different
commonly used solvents for silanization were investigated as shown in Table 4.1. For APTES
toluene showed the best results with an efficiency of 69%, followed by ethanol with 66%. For
GPTMS the best results were obtained using isopropanol with -6%. Although the results are
not as they would have been expected, since a negative efficiency means detachment from
the spores due to the immobilization, at this point the other silanization parameters were not
optimized yet. For PFDTES acetone, DI water and toluene showed similar efficiencies of 85%, -85%, and -81%, respectively. The lower standard deviation of toluene compared to
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acetone and DI water favoured it to be considered as the best solvent for PFDTES in order to
guarantee the detachment of spores (that is required in that case).
Table 4.1 Experimental results of the silanization parameters investigated in this report (n =
4 samples have been investigated for each parameter). Cell number is the total number of
colonies counted from the microbiological experiments with their standard deviation.

Parameter
Nature of the
solvent

APTES *
Cell number
Efficien
(106 CFU/ml)
cy (%)
5.07 ± 1.64
-22
1.40 ± 0.46
66

Subpara
meter
Acetone
Ethanol
DI water

Concentration
of the silane

Silanization
time

Curing
process

Temperature

PFDTES *
Cell number
Efficien
(106 CFU/ml)
cy (%)
7.68 ± 0.64
-85
6.97 ± 0.68
-68

3.54 ± 1.60

15

7.69 ± 0.99

-85

7.70 ± 0.98

-85

6.97 ± 2.17

-68

4.41 ± 0.56

-6

7.05 ± 0.74

-69

1.28 ± 0.51
2.57 ± 0.37

69
38

7.90 ± 0.94
-

-90
-

7.53 ± 0.50
6.36 ± 0.74

-81
-53

0.1%

2.53 ± 0.19

39

-

-

5.44 ± 0.55

-31

0.25%

2.44 ± 0.21

41

-

-

-

-

Isoprop
anol
Toluene
0.01%

0.5%

1.20 ± 0.33

71

-

-

-

-

1%

0.93 ± 0.07

78

-

-

12.2 ± 0.63

-192

2.5%

-

-

-

-

12 ± 1.27

-189

5%

-

-

-

-

10.01 ± 0.55

-143

20%

-

-

2.02 ± 0.35

51

-

-

40%

-

-

2.67 ± 0.21

36

-

-

60%

-

-

1.34 ± 0.57

68

-

-

80%

-

-

3.23 ± 0.48

22

-

-

100%
30 min

3.05 ± 0.21

27

1.62 ± 0.28
1.17 ± 0.56

61
72

5.14 ± 0.71

-24

1h

2.02 ± 0.11

51

2.46 ± 1.64

41

6.01 ± 0.84

-44

2h

2.88 ± 0.6

31

2.07 ± 1.21

50

4.78 ± 0.67

-15

4h
24 h
15 min

3.90 ± 0.31
1.62 ± 0.15
4.50 ± 0.48

6
61
-8

1.96 ± 1.55
2.73 ± 1.10
2.65 ± 0.74

53
34
36

4.29 ± 0.61
4.86 ± 0.68
4.46 ± 0.51

-3
-17
-7

30 min

4.86 ± 0.34

-17

1.31 ± 0.20

69

4.53 ± 0.35

-9

1h

1.96 ± 0.37

53

3.91 ± 0.84

6

5.28 ± 0.96

-27

2h
4h

1.57 ± 0.84
1.09 ± 0.60

62
74

2.92 ± 1.24
3.71 ± 0.38

30
11

4.88 ± 0.56
5.02 ± 0.38

-17
-21

40 °C

4.20 ± 1.1

-1

2.15 ± 0.28

48

5.42 ± 1.33

-30

60 °C

1.10 ± 0.07

97

2.33 ± 0.36

44

3.45 ± 0.15

17

80 °C

3.02 ± 0.15

93

1.57 ± 0.16

62

4.78 ± 0.52

-15

100 °C

4.52 ± 0.25

-9

1.37 ± 0.19

67

7.45 ± 0.93

-79

4.10 ± 0.68

2

2.12 ± 0.20

49

3.30 ± 0.26

21

110 °C
6

* Control: 4.16 ± 0.55 10 CFU/ml and 0% efficiency.
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GPTMS *
Cell number
Efficien
(106 CFU/ml)
cy (%)
5.53 ± 0.39
-33
5.75 ± 0.65
-38

4.3 Results and discussion

4.3.3 Concentration of the silane
Different concentrations of APTES, GPTMS, and PFDTES were investigated as shown in
Table 4.1. For APTES, the efficiency of the immobilization of the spores was increased along
with the concentration of the silane. In this case, 0.5% and 1% showed similar efficiencies of
71% and 78%, respectively. The concentration of 1% for APTES, however, had the lowest
standard deviation and was selected for further optimization. In addition, for GPTMS, much
higher concentrations were taken due to the previous unexpected results. As it can be seen
in Table 4.1, with higher concentrations of GPTMS the efficiency increases (i.e., spores are
immobilized on the glass substrate). The best efficiencies were with a concentration of 60%,
followed by a concentration of 100%. It can be noted that even though the concentration of
100% had better standard deviation compared to that of 60%, a white film could be seen
(data not shown) on the glass substrate, probably meaning excess of polymerization during
the silanization process. This might not be desirable later because it might affect the
performance of the biosensor. For this reason, the concentration of 60% GPTMS was used
for further experiments. Furthermore, the best concentrations for PFDTES were 1% and
2.5%, with the efficiencies of -192% and -189%, respectively. The concentration of 1% was
chosen, since it had the lowest standard deviation compared to that of 2.5%.

4.3.4 Silanization time
Several silanization times were investigated for APTES, GPTMS, and PFDTES as shown in
Table 4.1. For APTES, the best efficiency was 61% for 24 h. This silanization time, however,
was not taken into consideration due to a white film formed (data not shown) on the glass
substrate. Thus, the second best silanization efficiency of 51% for 1 h was selected as the
optimal silanization time for APTES. For GPTMS the best silanization time was 72% for 30
min and for PFTDES -44% for 1 h. Generally, the formation of the SAM depends on the
reaction time during the silanization process, increasing the thickness of the silane layer with
time [20, 28]. In our case, however, no correlation could be seen regarding the silanization
time and efficiencies, probably meaning different stabilities of the SAM depending on the
silanization time due to the evaluation process.
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4.3.5 Curing process
The results of the different curing times investigated for APTES, GPTMS and PFDTES are
shown in Table 4.1. The best efficiency of 74% for 4 h was observed for APTES. It can be seen
that the efficiency increases along with the different curing times investigated. Although the
efficiency of 4 h was the best, the efficiency of 1 h was selected due to its lower standard
deviation compared to the others and shorter time. For GPTMS and PFDTES the best
efficiencies were 69% for 30 min and -27% for 1 h. In both cases, no correlation could be found
between efficiency and curing times. The curing process has been shown to result in crosslinking of organosilane molecules, covalent bond formation to the silica surface, increasing
of the resistant against hydrolysis and increasing of the mechanical stability of the
organosilane layer [17, 29]. The increasing of the efficiency for APTES along the curing
process might be due to the good stability of the silane layer for the evaluation conditions,
whereas for GPTMS and PFDTES, the stability of their silane layers seems to be highly
affected by the evaluation process.

4.3.6 Temperature
Different silanization temperatures were investigated for APTES, GPTMS and PFDTES as
shown in Table 4.1. (please note that all former experiments in sections 4.3.1-4.3.5 have been
performed at room temperature). For APTES, the best two efficiencies were 97% and 93% at
60 °C and 80 °C, respectively. For GPTMS and PFDTES the best efficiencies were obtained at
100 °C with 67% and -79%, accordingly. It was again noticeable a white film formation for
APTES for all the different silanization temperatures investigated and as mentioned earlier
(section 4.3.3) this is not desirable in our case. For this reason, the optimal silanization
temperature for APTES was at room temperature. For GPTMS no significant effect was
observed compared to room temperature and it was selected as well as the optimal
temperature for GPTMS. For PFDTES 100 °C with an efficiency of -79% showed the best
result. The temperature effect on the silanization process may be due the acceleration of the
kinetics of the organosilanes by increasing their mobility in the solvent and increasing the
reaction rate for silanization [30]. For APTES the efficiencies are distinctly increased at 60 °C
and 80 °C, but are quite low for the other investigated temperatures; this probably might be
due to the capillary forces associated in the drying process at different temperatures. The
effect of temperature for GPTMS might be negligible due to the higher evaporation rate of
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isopropanol, probably evaporating too fast already at 40 °C. For PFDTES no correlation could
be found between efficiencies and temperature.

4.3.7 Contact angle measurements
Water contact angle measurements were conducted to characterize the hydrophilicity or
hydrophobicity of the surfaces after silanization. As it can be seen in Figure 4.5 a) and Table
4.2, for APTES the resulting contact angle was 63°, which is consistent with aminoterminated SAMs from the literature [30, 31]. The hydrophilic behavior resulting from the
amino-terminated SAMs can be explained by covalent bonding with the amino groups of the
spore coat, since the spore coat is mainly composed of proteins with minor amounts of
carbohydrates and lipids [32]; another covalent interaction might be between the carboxyl
groups from the spore coat and the amino-terminated SAMs. Furthermore non-covalent
interactions (hydrophobic forces) between the alkyl moieties and the spore coat could be
involved as well due to the SAM orientation. For GPTMS the contact angle was unexpectedly
91° (Table 4.2 and Figure 4.5 b). Generally, reported values from literature for GPTMS are in
the range from 34° to 70° [33–35]. However, the silanization parameters for GPTMS were
optimized taking into account the resistance of GPTMS against the evaluation conditions
(buffer solution with polysorbate). Commonly used parameters for GPTMS were considered
at the beginning of the optimization procedure while studying different methods of
silanization in liquid phase (see section 4.3.1).

Figure 4.5 Contact angle measurements on glass substrates after silanization with a) APTES,
b) GPTMS and c) PFDTES.
A negative effect (negative efficiency) for GPTMS was noticeable probably suggesting that
even though some SAMs for GPTMS reported in literature [33–35] will be successfully formed,
they might not be stable under the evaluation conditions used in this report. Furthermore,
the high contact angle for GPTMS is probably due to the exposure of the alkyl fragments at
the surface [35]. This may indicate not only the binding between some epoxy groups and
spore coat, but also hydrophobic interactions contributing to the stability of the SAM formed.
76

Optimization of
of the
the immobilization
immobilization of
of bacterial
bacterial spores
spores on
on glass
glass substrates
substrates with
with
44 Optimization
organosilanes (Physica Status Solidi (a)organosilanes
– applications and materials science, 213, 6 (2016),
1463-1470)
Moreover, for PFDTES (Table 4.2 and Figure 4.5 c) the resulting contact angle was 110°,
suggesting high hydrophobicity, likely due to the high packing density of the
perfluoroalkylsilanes in the SAMs. In addition, the inertness and lipophobic behavior of the
SAM formed can inhibit the interaction between perfluoroalkyl moieties and the spore coat,
hindering the attachment of spores to the glass substrate silanized with PFDTES.
Table 4.2 Contact angle measurements and roughness of different organosilanes.
Silane

CA (°)

Rq (nm)

Control

≈0

0.32

APTES

63

0.98

GPTMS

91

1.34

PFDTES

110

0.99

4.3.8 Atomic force microscopy
AFM was used for further characterization of the morphology and roughness (Rq) of the
silanized glass substrates. Figure 4.6 shows representative images of the surface topography
for APTES, GPTMS and PFDTES. Figure 4.6 a) was taken as reference; the glass substrate was
cleaned as described in section 4.2.2 without hydroxylation. For APTES (Figure 4.6 b) the
SAM formed was smooth with a roughness of 0.98 nm (Table 4.2), probably indicating high
orderly densities of silane layers on the glass substrate. For GPTMS (Figure 4.6 c) the SAM
was partially smooth with a roughness of 1.34 nm (Table 4.2). However, some domains could
be seen with a height from 5 nm to 10 nm, likely due to the partial lateral aggregation of
terminal groups within the monolayers [35]. Moreover, a similar case can be seen for PFDTES
(Figure 4.6 d), where the height of the domains is less than 8 nm with a roughness of 0.99 nm
(Table 3.2).
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5 nm

0 nm

Figure 4.6 Atomic force microscopy images (height) of the silanization on glass substrates (2x2 µm2)
with different organosilanes. a) Control, b) APTES, c) GPTES, d) PFDTES.

4.4 Conclusions
In the present work, three different organosilanes (APTES, GPTMS, PFDTES) were
investigated for the immobilization of bacterial spores (B. atrophaeus DSM 675) on glass
substrates, which were used as a model system for spore-based biosensors. In addition, the
immobilization of the spores was evaluated by microbiological experiments and the silanized
glass substrates were characterized by contact angle measurements and AFM. Different
silanization parameters were optimized such as nature of the solvent, concentration of the
silane, silanization time, curing time and temperature. The optimized organosilanes were
intrinsically resistant to a buffer solution (e.g., Ringer solution) with a polysorbate (e.g.,
Tween®80) and sonication due to the evaluation process employed in this study. For APTES
and GPTMS the spores were successfully immobilized on the glass substrates, whereas for
PFDTES the attachment of the spores to the glass substrates was inhibited as expected.
Moreover, the contact angle measurements showed higher hydrophobic behavior for GPTMS
in contrast to previous reports, suggesting the exposure of alkyl residues at the surface; this
might help to increase the resistance of the silane layer to the evaluation process. For APTES
and PFDTES the contact angles were in agreement with those expected and reported in
literature. Furthermore, from the AFM data it can be seen a smooth and orderly silane layer
for APTES, whereas the silane layers for GPTMS and PFDTES were only partially smooth
likely due to small domains.
Further investigations may include studying SAM-spore-coat interactions with further silanes
(including carboxyl groups, e.g., EDC/NHS coupling), the silanization process on different
sensor surface materials (e.g., platinum) and to investigate the influence of the silane layer
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on spore-based biosensors, specifically the sensor signal (e.g., by means of impedance
measurements).
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Abstract
In the present work, surface functionalization of different sensor materials was studied.
Organosilanes are well known to serve as coupling agent for biomolecules or cells on
inorganic materials. 3-(Aminopropyl)triethoxysilane (APTES) was used to attach
microbiological spores for the first time to an interdigitated sensor surface. The functionality
and physical properties of APTES were studied on isolated sensor materials, namely silicon
dioxide (SiO2) and platinum (Pt) as well as the combined material on sensor level. A

83

predominant immobilization of spores could be demonstrated on SiO2 surfaces. Additionally,
the impedance signal of APTES-functionalized sensor chips has been investigated.
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5.1 Introduction
Under stressful environments (e.g., nutrient-limiting conditions), a variety of bacteria of

Bacilli and Clostridia genus produce spores: a dormant (i.e., no detectable metabolism) cell
type, that can withstand a wide range of different stresses such as heat, radiation and
oxidizing agents [1–3]. During the dormant state, the spores nonetheless are still able to
monitor changes in their surroundings, making them suitable for use as sensitive or
recognition elements in biosensor systems [4–8].
Recently, a first type of spore-based biosensor was suggested to evaluate sterilization
processes in aseptic filling machines [9]. Such biosensor is illustrated in Figure 5.1. It consists
of a glass substrate with temperature sensors and several interdigitated electrodes (IDEs) as
transducer elements, where the spores can be immobilized on one of the IDEs due to walls of
SU-8 photoresist, whereas the other IDE is utilized as reference sensor (differential setup
measurement).

Figure 5.1 Spore-based biosensor. Differential set-up of two glass chips with temperature
sensors and interdigitated electrodes (IDEs).
The principle of the spore-based biosensor is depicted in Figure 5.2. First, the spores are
chemically immobilized (e.g., via silanization) onto the sensor surface to prevent any
detachment during the sterilization process. Then, the biosensor is exposed to a vaporized
hydrogen peroxide (H2O2) hot gas stream (e.g., 240 °C, 10 m3h-1) and the sensor signal change
(e.g., impedance) before and after sterilization is evaluated. The signal change can be
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correlated to the morphology deformation of the spores due to the H 2O2 concentration. In
general, the H2O2 concentration applied defines the grade of sterilization in aseptic food
processes and the dosed H2O2 concentration can serve as a sensor signal to monitor the
sterilization efficiency [10, 11]. Nonetheless, for industrial standards, additional
microbiological challenge test routines such as end-point test and count-reduction test are
necessary for validation [12]. A reliably functioning spore-based biosensor might enable the
combination of both, the standard microbiological tests and H2O2 monitoring by chemical
gas sensors.

Figure 5.2 Principle of the spore-based biosensor. The spores are chemically immobilized
onto the sensor substrate (a). Then, the spore-based biosensor is sterilized with H2O2 and
heat (b) and finally due to the sterilization process, the morphology of the spores is
compromised and this causes a change on the sensor signal (c).
On the other hand, for developing a spore-based biosensor for sterilization processes the
immobilization of spores is the most challenging aspect in order to ensure its reliability and
reproducibility. Organosilanes have been used previously to functionalize glass substrates to
provide moieties suitable for covalent attachment of spores [13, 14]. They are a versatile
option as they promote the attachment of molecules through their terminal reactive groups
(e.g., amines) and show likewise self-assembly behavior [15, 16]. Generally, the silanization
process (organosilane formation on a surface) involves four phases: hydrolysis, condensation,
hydrogen bond formation and curing [17, 18]. In the first phase, the organosilane groups are
hydrolyzed to form highly reactive silanols (Si-OH). During the second phase, the silanols
undergo condensation to form siloxanes (Si-O-Si) over the surface. In the third phase, the
hydroxyl groups (OH) from the surface interact with the hydrolyzed organosilanes via
hydrogen bonding. In the last phase, the silicon of the organosilane and the silicon of the
surface are covalently bonded with the associated loss of water molecules by curing.
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In the present work, two biosensor substrates (SiO2, Pt) are functionalized with the
organosilane 3-(Aminopropyl)triethoxysilane (APTES) and characterized by means of atomic
force microscopy, contact angle measurement and microbiological evaluation tests for the
immobilization of Bacillus atrophaeus spores (DSM 675). Furthermore, the influence of the
silane layer on the biosensors’ signal is investigated by means of impedance spectroscopy
measurements.

5.2. Experimental
5.2.1 Materials
The following chemicals have been used for the surface functionalization and the
microbiological methods: APTES (98% v/v), toluene (99% v/v), ethanol (99% v/v), acetone
(99% v/v), isopropanol (99% v/v), Tween®80 were obtained from Sigma-Aldrich. Plate count
agar (PCA), Ringer solution tablets and manganese (II) sulphate monohydrate were obtained
from Merck Millipore. Dry meat extract and peptone from meat were purchased from VWR.

5.2.2 Fabrication of the silicon oxide (SiO2), platinum (Pt) substrates and
sensors
5.2.2.1 SiO2 substrates
As initial material a boron-doped silicon wafer (ρ = 1-10 Ωcm, <100>) was chosen with 30 nm
of SiO2 thermally grown by dry oxidation at 1,000 °C for 30 min. For the further
functionalization and characterizations, the wafer was diced into 10 x 10 mm 2 pieces and
cleaned for 5 min sequentially in ultrasonic bath with acetone, isopropanol and deionized (DI)
water, respectively.
5.2.2.2 Pt substrates
The platinum substrates were fabricated (to characterize the sensor electrode material) as
follows: 10 nm of Ti and 100 nm of Pt were deposited on a glass wafer (Borofloat33®, Schott,
Germany) with an e-beam evaporation process (Univex 350, Leybold). In addition, the wafer
was diced into 10 x 10 mm2 pieces and cleaned for 5 min sequentially in ultrasonic bath with
acetone, isopropanol and deionized (DI) water.
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5.2.2.3 Sensor fabrication
For the sensor fabrication conventional photolithography methods were applied. The
fabrication steps are summarized in Figure 5.3. In a first step, titanium and platinum were
deposited on a glass wafer by an e-beam evaporation process. The thicknesses of these metal
layers were chosen as 10 nm and 100 nm, respectively. A negative photoresist AZ 2020 nLOF
was applied as masking layer for the subsequent reactive ion-etching (RIE) process. The
lithography mask applied to pattern the photoresist layer defines the IDE structures with a
finger width and gap of 5 µm. A total number of 614 electrode fingers and a length of 3.25
mm is resulting in a sensing area of about 20 mm². The metal layers were patterned by a
reactive ion-etching process (RIE, Plasmalab 100, Oxford Instruments plc, United Kingdom)
(Figure 5.3 e). Oxygen plasma was applied to remove the photoresist masking layer (Figure
5.3 f)). An SU-8 wall was fabricated to enable a precise immobilization of microbiological
samples on the IDE (Figure 5.3 g). After these fabrication steps the wafer was diced into single
chips size of 5 x 10 mm². The single sensors were cleaned in acetone, isopropanol and DI water
prior to further characterization and functionalization procedures.

Figure 5.3 Schematic view of the sensor fabrication steps: a) cleaned glass wafer, b)
deposition of the electrode materials, c-d) structuring of a photoresist etching mask, e)
transfer of the electrode pattern by reactive ion-etching, f) removal of photoresist mask, g)
SU-8 walls to define the sensor-active regions with immobilized spores onto the
interdigitated electrodes.

5.2.3 Surface functionalization
Pt-, SiO2 substrates and the sensors were silanized with a modified protocol for the
immobilization of bacterial spores developed in [13].
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5.2.3.1 Hydroxylation
The mentioned substrates and sensors were firstly cleaned to remove organic contaminants
in a series of ultrasonic baths for 5 min for each step in acetone, isopropanol and deionized
(DI) water, respectively. Subsequently, their surface was activated with hydroxyl groups
(hydroxylation) by oxygen plasma treatment (Femto PCCE, Diener electronic GmbH + Co.
KG) at 100 W for 2 min.
5.2.3.2 APTES
For the silanization with APTES the drop-casting method was applied for all substrates and
sensors. A solution of 1% APTES in toluene was pipetted onto the surfaces and incubated for
1 h. In order to avoid unwanted reactions (e.g., polymerization) from the organosilane under
atmosphere conditions, the silanization has been performed in a glove box under nitrogen
atmosphere.
The excess of APTES was washed out from the substrates and sensors with a series of
ultrasonic baths in toluene and ethanol for 5 min each step. At the end, a curing process was
performed to increase stability of the organosilanes by cross-linking of the silane molecules.
The substrates and the sensors were cured at 110 °C for 1 h.

5.2.4 Physical characterizations of the SiO2- and Pt substrates
5.2.4.1 Contact angle measurements
Contact angle measurements on all substrates were conducted to demonstrate the
successful surface functionalization. Therefore, the water contact angles were measured
before and after the silanization process. The optical contact angle system OCA
(Dataphysics, Germany) was used for the measurements performed at room temperature
and the data were analyzed with the software SCA 20.
5.2.4.2 Atomic force microscopy
The morphology and topology of the samples were analyzed with a BioMat Workstation (JPK
Instruments, Germany). The surface roughness was chosen to quantify these analyses. The
scans (2 x 2 µm2) were performed in tapping mode at 512 pixels per line, scanning at 0.2-0.4
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Hz under ambient conditions. Silicon cantilevers (Arrow NCR, NanoWorld AG, Switzerland)
with a spring constant of 42 N/m and resonant frequency of 285 kHz were used.
5.2.4.3 Scanning electron microscopy
Surface characterizations of the functionalized sensor surface have been conducted on a Jeol
JSM-7800F (Japan) scanning electron microscope.
5.2.4.4 Ellipsometry
The thickness of the APTES layer was characterized by spectroscopic nulling ellipsometry
(EP3, Accurion GmbH, Germany). The angle of incidence used was 65° over a wavelength
range of 360-1002 nm.

5.2.5 Microbiological methods
5.2.5.1 Bacterial culture, sporulation and spore purification
The strain of Bacillus atrophaeus (DSM 675) was purchased from IVV Fraunhofer, Germany.
All procedures were performed aseptically under a laminar flow hood. Bacterial culture,
sporulation and spore purification were carried out as stated in [13]. B. atrophaeus cells were
grown at 30 °C in 10 ml of complex medium (3 g/l meat extract dry, 5 g/l peptone) for 24 h.
The sporulation was initiated by inoculation of all cells in 200 ml of freshly complex medium
with 10 mg/l MnSO4 and an incubation at 30 °C for 7 days. After the incubation, the spores
were harvested by centrifugation at 4,000 rpm (A-4-81; Centrifuge 5810R, Eppendorf,
Germany) at 20 °C and then resuspended in Ringer solution with 0.01% Tween®80. After this,
the spores were washed at least five times in Ringer solution with 0.01% Tween®80 and three
times in DI water. Subsequently, the spores were pasteurized in a water bath at 80 °C for 20
min, centrifuged and resuspended in DI water. The spore suspension was free of vegetative
cells (>95%). The spore concentration was determined by serial dilutions and plating,
resulting in a final concentration of 108 CFU/ml.
5.2.5.2 Microbiological evaluation
In order to evaluate the efficiency of the silanization process, the spore recovery method,
serial dilutions and spread-plate methods were utilized [13]. For the spore recovery, 10 µl of
the main spore suspension of B. atrophaeus were inoculated onto different silanized and non-

90

5 Surface
functionalization
for spore-based
biosensors
with organosilanes
5 Surface
functionalization
for spore-based
biosensors
with organosilanes
(Electrochimica
Acta, 241 (2017), 237-243)
silanized surfaces and dried under a laminar flow hood for 60 min. The immobilized spores
were recovered from the surfaces by resuspending them in 10 ml of Ringer solution with
0.01% Tween®80 and placing them in ultrasonic bath for 10 min. After that, each spore
suspension was diluted by serial dilutions, spread-plated on PCA and cultivated at 30 °C for
24 h. The colony forming units (CFU) were counted and a final cell concentration (CFU/ml) of
the recovered spores was obtained (Ns). The number of spores of the different solutions was
compared to the total cell concentration (CFU/ml) found in the main spore suspension (Nt).
As a result, the ratio (r) between recovered spores (Ns) and the total number of spores from
the main suspension (Nt) can be determined by:
N

r = (Ns ) × 100
t

(5.1)

In Eq. (5.1), the lower the Ns concentration, the better the silanization process (i.e., more
spores remained on the substrates or sensors).

5.2.6 Electrical characterization of the sensors
In order to characterize the electrical parameters of the silane layer on the sensors,
impedance measurements were performed. All measurements were conducted on a pointprobe station with a precision LCR meter (E4980A, Agilent Technologies, United States). An
excitation voltage of 0.02 V without a DC bias was applied. The impedance characteristics
were monitored over a frequency range between 200 Hz and 200 kHz. In order to avoid
effects of air humidity- and temperature variations the measurements were conducted in a
vacuum chamber.

5.3. Results and discussion
5.3.1 Physical characterizations of APTES on SiO2- and Pt substrates
5.3.1.1 Contact angle measurements
Water contact angle measurements were performed to characterize the hydrophilicity or
hydrophobicity of the SiO2 and Pt substrates after silanization with APTES as shown in Tab.
5.1. Control chips were used as a reference and cleaned in a series of ultrasonic baths for 5 min
for each step in acetone, isopropanol and deionized DI water, respectively. For SiO2, a contact
angle of 73° was obtained with APTES. This value is in good agreement with amino91

5.3. Results and discussion
terminated films from literature [19, 20]. Furthermore, the contact angle of Pt after APTES
was 98°. Water contact angles after silanization on Pt surfaces are similar than that from SiO2
[21]. In our experiment, the contact angle on Pt was more hydrophobic in comparison with
that of SiO2. This difference may come from the lack of oxide species produced after O2
plasma (i.e., the less oxide species, the less OH groups available), since no significant
differences were found between contact angles before and after O2 plasma treatments for Pt
(data not shown). Therefore, the silanization process might be unfavorably affected for Pt,
probably indicating alkyl fragments exposed at the surface [15]. Moreover, the outermost
layer of the spore coat (spore surface) is mainly formed from proteins, including CotB, CotC,
CotG and CotZ [22, 23]. APTES may bind to these proteins by their N- or C-termini producing
a covalent bond by cross-linking due to the nature of the spore deposition (i.e., a droplet of
DI water with spores is let dried at the sensor surface). In addition, non-covalent interactions
(hydrophobic forces) between the alkyl fragments and the spores coat may be involved due
to the orientation of the silane layer.
Table 5.1 Contact angle measurements and roughness of Pt- and SiO2 substrates silanized
with APTES.
Material Silane Contact angle (°) Roughness (Rq) (nm)
Control

47

0.11

APTES

73

0.86

Control

72

2.72

APTES

98

6.57

SiO2

Pt

5.3.1.2 Atomic force microscopy and ellipsometry
The morphology and roughness (Rq) of the silanized SiO2 and Pt was further characterized
with AFM and ellipsometry. Representative images of their surface topography for APTES
are shown in Figure 5.4. Figure 5.4 a) and 5.4 c) were taken as a reference and were cleaned
as described in section 5.2.3.1. The increase of roughness (Rq) for SiO2 (0.11 nm compared to
0.86 nm) and Pt (2.72 nm compared to 6.57 nm) silanized with APTES suggest the presence
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of an organic layer as it can be also seen from Tab. 5.1. In addition, the increases of roughness
can be attributed to domains or agglomeration of APTES molecules on the surface of SiO 2
(Figure 5.4 b) and Pt (Figure 5.4 d). These domain diameters for SiO2 are in the range from 5
nm to 10 nm and for Pt from 5 nm to 30 nm. Furthermore, the APTES thickness obtained with
ellipsometry was 6.1 ± 1.15 nm.

Figure 5.4 Atomic force microscopy images 2 x 2 µm2 (height) of the silanization on SiO2- and
Pt substrates with APTES. a) control SiO2, b) SiO2 with APTES, c) control Pt, d) Pt with APTES.

5.3.2 Microbiological evaluation of the SiO2-, Pt substrates and sensors
The results of the immobilization study of spores with APTES on SiO2-, Pt substrates and
interdigitated sensor chips are depicted in Figure 5.5. The control substrates were cleaned as
mentioned in section 5.2.3.1 without further silanization. For SiO2 and Pt no significant
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Figure 5.5 Microbiological evaluation of the immobilization of the spores with APTES on
SiO2, Pt and interdigitated sensor chips. The error bars indicate the standard deviations of
four samples for each group.
difference could be observed between substrates with a spore recovery of 32% and 33%,
respectively. The opposite case was found for the sensor with a spore recovery of 78%. There
are several factors that can affect the adhesion strength between the spores and the
substrates such as hydrophobic interactions, surface topography or spore’s surface [24]. In
this case, no difference could be observed between a relatively smooth (SiO 2) and a rough
(Pt) surface. However, a combination of both surfaces and a change from a 2D surface to a
3D surface (sensor) showed a substantial decrease of the spore adhesion. Since both
materials alone remained almost the same, this may suggest that the decrease of the spore
adhesion may be affected by the 3D geometry of the IDEs. Future studies should address this
influence in more detail. Moreover, the results exhibit that the best immobilization of spores
could be achieved on APTES-functionalized SiO2 surfaces, as only 2% of the spores could be
recovered. In comparison to that of the Pt substrate, 23% of the spores were found in the
solution. A reason for the reduced or lower adhesion could be the higher hydrophobicity and
roughness of the surface (sections 5.3.1, 5.3.2) compared to that of the SiO2 substrates. In
combination with the applied method to evaluate the immobilization, the bonding between
APTES layer and the Pt surface might be less stable in the buffer solution as for the SiO 2
substrate [25]. As a result, the silane molecules probably detach from the Pt surface at the
mentioned conditions. Furthermore, for the sensors, 36% of the spores were decoupled.
Since the sensor consists mainly of a combination of both materials (glass (SiO2) and Pt), it is
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probably expected that the percentage of detached spores would be between those values.
However, the geometry of the IDE structures may play as well an important role in the
immobilization of spores due to the spore recovery method. This may be illustrated in Figure
5.6; Figure 5.6 a-c) shows SiO2, Pt and the biosensor substrates, respectively.

Figure 5.6 Scanning electron microscope images of the spore recovery method. APTESfunctionalized surfaces for: a) SiO2, b) Pt and c) biosensor chips with interdigitated
electrodes. Immobilized spores on their respective surfaces (d-f). Remaining spores on the
sensor surface after the spore recovery method (g-i).
In addition, in Figure 5.6 d-f) spores immobilized on their respective surfaces can be observed.
Finally, after the spore recovery method, the spores are detached (Figure 5.6 g-i) so they can
be found in their respective spore suspension. One of the main differences between the
substrates and the sensors is the 3D structure obtained from the IDEs. The spores seem to
attach better to the planar surfaces (substrates) compared to their 3D counterparts on the
sensor structure. This result can be observed for all the surfaces from the control groups
(Figure 5.5). Therefore, future investigations will explicitly study the influence of the 3D
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geometry of the IDEs (e.g., thickness of Pt electrodes) with respect to the B. atrophaeus
attachment on the sensor surface. Nevertheless, APTES has been shown to enhance the
attachment of spores for all the investigated substrates distinctly.

5.3.3 Impedance measurements of the sensors with APTES
To study the influence of APTES on the sensor signal, impedance characterizations were
performed before and after the sensor functionalization. As a base line the newly produced
and cleaned sensor structures were investigated under vacuum conditions to exclude
external disturbing factors such as variations of air humidity and temperature.
Impedance Z []

100M

Blank IDE structure
APTES-functionalized IDE

10M
1M
100k
10k
1k

Phase  [°]

-100
-80
-60
-40
-20
0
1k

10k
Frequency [Hz]

100k

Figure 5.7 Bode plots of interdigitated electrodes before (black line) and after
functionalization with APTES (red-dashed line). Lines represent the mean values of three
independent sensors and the error bars indicate the standard deviations.
The resulting impedance signal depicts a capacitive sensor behavior, negative slope of the
impedance plot and a phase of about -90° (Figure 5.7 (black plots) in impedance (top) and
phase diagram (bottom)). The Bode diagram shows the mean and standard deviation of three
independent IDE structures. After functionalization of the sensor surface with APTES the
impedance signal was recorded again (Figure 5.7). In comparison to the impedance plot of a
non-functionalized sensor, it can be observed that the sensor impedance decreased, and a
resistive characteristic is present (phase of about -20°). This increase in electrical conductivity
can be interpreted by different hypotheses. For instance, the APTES molecules can serve as
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electron donor on the surface to be functionalized and enhance thereby the electrical
conductivity [26–29]. Another possible assumption is that the permittivity between the
electrode structure changes due to the adsorbed APTES monolayer as investigated in [30],
whereby the capacitive characteristics are changing at frequencies above 10 kHz.
Furthermore, the improved conductivity could also be related to electron tunneling effects
occurring in the self-assembled monolayer, as discussed by [31, 32]. The change of electrical
properties of the APTES functionalization combined with the microbiological spores at the
sensor surface is subject of the ongoing research. Succeeding experiments will focus on signal
changes of the immobilized spores as well as in combination with the sterilization process at
various process conditions such as different H2O2 concentrations.

5.4. Conclusions
In this work, the surface functionalization of transducer chips for biosensors with the
organosilane APTES has been investigated. The immobilization of bacterial spores was
studied on different materials to be applied in sensor fabrication, namely silicon dioxide
(SiO2), platinum (Pt) and the combination on sensor level consisting of glass (SiO2) and
platinum. In a first attempt, the silanization has been proven by analyzing the wettability by
means of contact angle measurements. These measurements have demonstrated successful
surface modifications. Furthermore, AFM- and ellipsometric analyses have been conducted
to study the surface morphology as well as the resulting change in surface roughness (R q)
supporting the successful coupling of APTES.
Moreover, a microbiological evaluation of the immobilization of spores on the substrates
(SiO2, Pt) and sensors with APTES was performed. SiO2 showed the best immobilization of
the spores. In addition, the immobilization of spores on Pt was negatively affected by the
high hydrophobicity and roughness of the silane layer. Furthermore, the detachment of the
spores was influenced by the geometry of the IDEs as well as by the silanization on the
mixture of both investigated materials.
Additionally, electrochemical studies of the sensors have been realized under vacuum
conditions. The electrochemical measurements have revealed a change in the impedance
spectrum after silanization with APTES. The functionalized sensors demonstrated resistive
behavior at low frequencies (200 Hz-10 kHz). In future, electrochemical characterizations
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combining the APTES functionalization together with the microbiological spores on the
sensor surface need to be performed.
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Abstract
Microbiological investigations are the state-of-the-art method to evaluate aseptic
sterilization machines. Recently, different sensors have been introduced to overcome these
time-consuming and lab-intensive procedures, for example, calorimetric sensors or sporebased biosensors. The former are developed from microbiological spores, which have to be
properly immobilized on the sensor’s surface to provide a reliable and consistent sensor signal
in order to evaluate sterilization processes with gaseous hydrogen peroxide. Still, no stable,
oxidation-resistant and harmless immobilization technique exists for the immobilization of
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bacterial spores. The aim of this work is, therefore, to elaborate an oxidation-resistant
functionalization method to immobilize B. atrophaeus spores for spore-based biosensors.
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6.1 Introduction
Gaseous hydrogen peroxide (H2O2) is one of the most used sterilants for packaging in the
aseptic food industry [1]. It is also a strong oxidant and effective against a wide range of
microorganisms such as bacteria, spores, fungi, and viruses [2–5] as it provides hydroxyl-free
radicals, which disrupt essential cell components, including lipids, proteins, and DNA [6]. The
state-of-the-art method utilized to validate such a sterilization process is via microbiological
analyses. Despite the fact that these methods are well-standardized and reliable, they are
still slow and labor-intensive. As a result, novel electrochemical sensor methods have been
recently developed to overcome these issues. For instance, H2O2 concentrations in aseptic
filling machines have been measured by means of calorimetric sensors [7, 8] and the
microbicidal efficacy of sterilization processes has been evaluated using spore-based
biosensors [9]. This type of spore-based biosensor (Figure 6.1) consists of a glass substrate
with a meander-type structure as temperature sensor and several interdigitated electrodes
(IDEs) as transducer elements, where the spores can be immobilized on one of the IDEs and
the other one acts as a reference sensor (differential measurement setup).

Figure 6.1 Spore-based biosensor. Glass sensor chip consisting of temperature sensors and
interdigitated electrodes (IDEs). Inlets show the IDE area with spores (upper right) and
connection between IDE and conducting line (exemplary, bottom left).
The spore-based biosensor is consequently exposed to an oxidative environment (H2O2
concentration up to 7.6% v/v and temperature up to 300 °C) for a short time (< 2 s) and finally,
the sensor’s signal change (e.g., impedance) can be evaluated. This change is then correlated
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to the grade of morphological deformation of the spores depending on the H2O2
concentration.

The additional temperature sensor allows controlling of the overall

temperature of the spore-based biosensor and then, can deliver an additional parameter
describing the process conditions during industrial sterilization cycles.
The functionalization strategy to immobilize the spores is a crucial aspect because it will
substantially influence the reproducibility, sensitivity and overall performance of the
biosensor. Organosilanes have been earlier employed for spore immobilization [10–12] as
they support the attachment of organic molecules to an inorganic surface. Specifically, 3(Aminopropyl)triethoxysilane (APTES) is a popular choice because it can form an aminereactive film that exhibits self-assembly behavior. The reaction (silanization) involves four
stages: hydrolysis, condensation, hydrogen bond formation and curing [13, 14]. First, the
alkoxysilane groups are hydrolyzed to form extremely reactive silanols. In the second stage,
these silanols condensate to form siloxanes. Hydrogen bond formation is followed in the third
stage between the hydrolyzed alkosysilanes and the OH groups of the sensor substrate. At
the end, a covalent bond is developed from the silane’s silicon and the surface’s silicon
resulting in a loss of water by curing. The whole silanization process can, however, take place
simultaneously after hydrolysis. Several parameters affect the silanization process, for
instance: solvent, humidity, silane concentration, silanization time, temperature of the
solution and the curing process [14–17]. Since the working environment of the sensor is
oxidative, the immobilization layer is desired to be stable against hydrogen peroxide at high
temperatures and should not affect the sensor’s signal during the sterilization process. A
schematic of the functionalization and sterilization process is shown in Figure 6.2. First, the
sensor chips are hydroxylated to provide OH groups for further silanization (Figure 6.2 a).
Then, the chips are silanized with APTES (Figure 6.2 b) as mentioned in section 6.2.3.2. After
that, the spores are immobilized from a water- or ethanol-based suspension onto the sensor’s
surface (Figure 6.2 c). Finally, the APTES-modified spore-based biosensors are sterilized
(Figure 6.2 d).
Until now, to the best of our knowledge, no stable, oxidation-resistant and harmless
immobilization layer has been developed for the immobilization of bacterial spores.
Therefore, the aim of this study is to investigate the influence of gaseous hydrogen peroxide
on APTES-functionalized spore-based biosensors for the immobilization of Bacillus
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atrophaeus spores (DSM 675). Here, different parameters such as the solvent of APTES
(toluene, ethanol) and of the spore suspension (water, ethanol) were investigated and
characterized by means of impedimetric- and contact angle measurements, microbiological
evaluation tests for the immobilization of spores, ellipsometric- and atomic force microscopic
measurements.

Figure 6.2 Schematic of the functionalization and sterilization on the spore-based biosensor.
The sensor chip is hydroxylated (a), followed by silanization with APTES (b). The spores
contained in a water- or ethanol-based solution are then immobilized on the sensor surface
(c), and at the end, the APTES-funtionalized spore-based biosensor is sterilized with gaseous
hydrogen peroxide (d).

6.2 Materials and methods
The objectives and experimental methods performed in the present work are depicted in
Figure 6.3. The main objective (as mentioned before) is to develop a stable APTES layer
against gaseous hydrogen peroxide. Because of the nature of the spore immobilization (liquid
phase), a sub-objective is also investigated regarding the stability of the APTES layer with
water- or ethanol-based solutions.
Si/SiO2 substrates were used as a model system for spore-based biosensors due to technical
limitations from glass substrates with transducer structures for contact angle-, ellipsometricand atomic force microscopic measurements. Therefore, the presence of the APTES layer,
the wettability of the substrate and the APTES thickness and roughness after water- or
ethanol aliquots deposited on Si/SiO2 substrates and sterilization, were investigated by these
methods.
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Furthermore, the efficiency of APTES for the immobilization of spores and the evaluation of
the APTES stability were conducted by means of microbiological approaches and
impedimetric measurements on spore-based biosensors, respectively.

Figure 6.3 Objectives and methodology of the experimental investigations.

6.2.1 Materials
3-(Aminopropyl)triethoxysilane (APTES, 98% v/v), acetone (99% v/v), ethanol (99% v/v),
isopropanol (99% v/v), toluene (99% v/v) and Tween®80 were obtained from Sigma-Aldrich
(Germany). Manganese (II) sulphate monohydrate and Ringer solution pellets were
purchased from Merck Millipore (Germany). Plate count agar (PCA), dry meat extract and
peptone from meat were purchased from VWR International (Germany). The adhesion
promoter Ti prime, the photoresist AZ®5214E, the developer AZ®326 MIF and
TechniStrip®Micro D350 (DMSO) were obtained from Microchemicals GmbH (Germany).
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6.2.2 Sensor fabrication
6.2.2.1 Si/SiO2 substrates
80 nm of SiO2 was thermally grown by dry oxidation at 1,000 °C for 30 min on a boron-doped
silicon wafer (ρ = 1-10 Ωcm, <100>). The wafer was then diced into 10 x 10 mm 2 pieces and
cleaned sequentially for 5 min in ultrasonic bath with acetone, isopropanol and deionized (DI)
water.
6.2.2.2 Spore-based biosensor
Conventional photolithography methods were used for the sensor fabrication. Here,
borosilicate glass wafers were dehydrated by heating up to 180 °C for at least 10 min. Then,
the adhesion promoter Ti prime was spin-coated at 4,000 rpm for 30 s and prebaked at 120
°C for 2 min. Afterwards, in a similar way, the positive photoresist AZ®5214E was also spincoated and prebaked at 95 °C for 5 min. The desired structures were transferred to the
photoresist by a mask aligner (Süss MicroTec AG, Germany) with a UV light source of 365 nm.
The wafer was then developed with AZ®326 MIF for 50 s. In addition, 10 nm titanium and 100
nm platinum were deposited by e-beam evaporation process and the final structures were
obtained by a lift-off process with TechniStrip®Micro D350 (DMSO). Finally, the wafer was
diced into chips with dimensions of 5 x 10 mm2. The finger width and gap of the interdigitated
structures was 5 µm with a total number of 614 electrodes, a length of 3.25 mm and a sensing
area of 20 mm2. The chips were cleaned in acetone, isopropanol and DI water for further
experiments.
For the inoculation of spores onto the sensors, 10 µl of the spore suspension (water- or
ethanol-based) with a final spore concentration of least 106 CFU/ml (colony forming unit per
milliliter) were pipetted, distributed along the sensor and air-dried under sterile conditions.

6.2.3 Silanization
Si/SiO2 substrates and spore-based sensors were silanized with an optimized protocol for the
immobilization of bacterial spores introduced in [10].
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6.2.3.1 Hydroxylation
The surface of the Si/SiO2 substrates and the sensors was activated with hydroxyl groups
(hydroxylation) by oxygen plasma treatment (Femto PCCE, Diener electronic GmbH + Co.
KG, Germany) at 100 W for 2 min.
6.2.3.2 APTES
The silanization process was carried out under nitrogen atmosphere in a glove box to avoid
unwanted reactions due to atmospheric conditions (e.g., humidity). The drop-casting
method was used for all substrates and sensors. An aliquot of 1% APTES contained in toluene
or ethanol was pipetted onto the surfaces and incubated for 1 h. Later on, the surfaces were
washed with a series of baths in toluene or ethanol and ethanol for 5 min each step to remove
the excess of APTES. Lastly, the substrates and the sensors were cured at 110 °C for 1 h in an
air circulation oven (Heraeus UT 6P, Kendro Laboratory Products GmbH, Germany) to
increase the stability of the APTES by cross-linking.

6.2.4 Physical and impedimetric characterizations
6.2.4.1 Contact angle measurements (CA)
Water contact angle measurements were performed to validate the surface
functionalization, to study the wettability on APTES-modified Si/SiO2 substrates after airdrying aliquots of water and ethanol for approximately 30 minutes and to analyze the effect
of gaseous hydrogen peroxide on them. For this reason, the measurements were taken
before and after the sterilization process with an optical contact angle system OCA
(Dataphysics, Germany) at room temperature and the data were processed with the software
SCA 20.
6.2.4.2 Ellipsometry
Spectroscopic nulling ellipsometry (EP3, Accurion GmbH, Germany) was used to determine
the thickness of the APTES layers on Si/SiO2 substrates. The angle of incidence (AOI) utilized
was 70° over a wavelength range of λ = 360-1002 nm. The thickness and refractive index n of
the APTES layer was obtained using the Cauchy dispersion function (APTES: An = 1.413, Bn =
6265 nm2 [18]):
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n = An +

Bn

(Equation 6.1)

λ2

APTES-modified Si/SiO2 substrates without any further treatment were used as reference for
the ellipsometric measurements; they were exposed to the same laminar air flow as the rest
of the chips during the drying process of the water or ethanol droplets.
6.2.4.3 Atomic force microscopy (AFM)
The BioMat Workstation (JPK Instruments, Germany) was used to scan and study the
topography by quantification of the surface roughness from the APTES-modified surfaces
(Si/SiO2) after sterilization. Silicon cantilevers (Arrow NCR, NanoWorld AG, Switzerland)
were used, having a spring constant of 42 N/m and a resonance frequency of 285 kHz. All the
scans (2 x 2 µm2) were conducted under ambient conditions in tapping mode at 512 pixels per
line with a scanning frequency of 0.6 Hz.
6.2.4.4 Impedimetric characterization
The influence of water and ethanol droplets (with or without spores) as well as the effect of
gaseous hydrogen peroxide on APTES layers were investigated by means of impedimetric
measurements. Therefore, a point-probe station with a precision LCR meter (E4980A,
Agilent Technologies, United States) was used with an excitation voltage of 20 mV with a DC
(direct current) voltage bias of 0 V with a fixed frequency of 3 kHz. The chips were measured
at the end of each step from Figure 6.2.
At least three sensors were used for each experiment. The sensor’s signal was normalized
with:
Procedure

Normalized impedance(%) = (Blank sensor) × (100)

(Equation 6.2)

Here, Blank sensor denotes the first measurement of the sensor after being cleaned (section
6.2.2.2) and Procedure, the sensor’s signal after APTES, droplet casting or sterilization,
respectively.
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6.2.5 Microbiological approaches
6.2.5.1 Bacterial culture, sporulation and spore purification
The strain of Bacillus atrophaeus (DSM 675) was purchased from the Leibniz Institute DSMZ
– German Collection of Microorganisms and Cell cultures (Germany). All methods were
carried out under sterile conditions (laminar flow hood) and the spore suspensions were
obtained as mentioned in [10]. The spore suspensions were free of vegetative cells (>99%).
To prepare the water- and ethanol-based spore suspensions, an aliquot of 1 ml of the main
suspension was centrifuged at 20,000 rpm for 5 min for each suspension. The solvent was
changed to water or ethanol and this was done 3 times. After that, the spore concentrations
were evaluated by serial dilutions and plating with a final concentration of 108 CFU/ml.
6.2.5.2 Microbiological method for the evaluation of the APTES efficiency
The APTES efficiency to immobilize spores was determined by the spore recovery method as
stated in [11]. In short, after spore immobilization on APTES-modified surfaces, the spores
are detached from the surface using an ultrasonic bath and a surfactant. Then, the recovered
spores in the suspension are counted and compared to the total cell concentration from the
main suspension (highest possible countable cells). The ratio between them is calculated and
showed as percentage of the detached spores for the APTES efficiency: the lower the
percentage, the better the attachment of the spores (i.e., more spores remained on the
surface after the spore recovery method and less in the suspension).
Interdigitated structures were functionalized with APTES in toluene or ethanol. After that, 10
µl from a water- or ethanol-based spore suspension were pipetted onto the sensor chips and
air-dried under sterile conditions. Then, the sensors were immersed in a 10 ml surfactant
solution and treated with ultrasonic bath for 10 min. Finally, these suspensions were serially
diluted, plated and cultivated at 30 °C. Cleaned sensors (section 6.2.2.2) without APTES were
used as a control.

6.2.6 Sterilization process
The sterilization process was performed in a sterilization test rig, previously described in [8].
This test rig mimics the sterilization module of industrial aseptic filling machines. Pressurized
air is used as a carrier gas to provide a H2O2 gas stream of 10 m3/h. The air-H2O2 mixture is
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heated in a vaporizer up to 240 °C. Then, the gaseous hydrogen peroxide stream is divided
into four outlet nozzles. The concentration of hydrogen peroxide can be adjusted from 0 to
7.6% v/v.
The Si/SiO2 substrates and the spore-based biosensors were exposed to a concentration of
7.6% v/v H2O2 for 200 ms at 240 °C.

6.3. Results and discussion
6.3.1 Physical characterization of the APTES layer on Si/SiO2 substrates after
sterilization
6.3.1.1 Contact angle measurements (CA)
Water contact angle measurements (Figure 6.4) were conducted to validate the presence of
the APTES layer and to study the effect of the wettability on APTES-modified Si/SiO2
substrates before and after being sterilized following the air-drying process of water or
ethanol droplets. As reference, hydroxylated blank Si/SiO2 chips and Si/SiO2 surfaces
functionalized with APTES in toluene or ethanol (without any further treatment) were used.
After sterilization, the hydroxylated blank Si/SiO2 chips suffered an increase of its contact
angle from nearly 0° to 48° ± 0.5°, indicating the reduction of hydroxyl groups [19]. After the
air-drying process of the water droplet on the Si/SiO2 surface modified with APTES in
toluene, the contact angle was increased from 50° ± 0.3° to 53° ± 1°, while the one of its
control decreased. A similar, but opposite case from 60° ± 0.1° to 57° ± 1° was found for the
Si/SiO2 surface functionalized with APTES in ethanol for the water droplet and its control.
Furthermore, the ethanol droplet showed the same behavior of the controls after
sterilization. The initial contact angle of both Si/SiO2 surfaces functionalized with APTES in
toluene and ethanol correspond to literature values [20, 21] from amino-terminated layers.
The increase of contact angle after sterilization might be due to the modification of the
APTES layer, as a result more alkyl groups are exposed at the surface. However, it also can be
the case that hydrogen peroxide catalysts the oxidation of silanes into silanols [22],
decreasing their contact angle. Nevertheless, these results assist a successful APTES grafting
on Si/SiO2 substrates and suggest that the sterilization does not significantly affect the
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wettability of APTES layers functionalized in ethanol and toluene, which underwent the airdrying process of water and ethanol droplets in comparison to the hydroxylated Si/SiO2 chip.
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Figure 6.4 Contact angle measurements of functionalized Si/SiO2 substrates with APTES
dissolved in toluene and ethanol and treated with water and ethanol droplets before and after
sterilization with gaseous hydrogen peroxide.
6.3.1.2 Ellipsometry
Since morphological changes from the microbiological spores are expected after
sterilization, controlling the thickness of the APTES layer is a crucial aspect for the reliability
of the sensor’s signal after sterilization. For this reason, it was investigated by means of
ellipsometry using the same conditions as in the previous section. The results are overviewed
in Table 6.1. The thickness of the APTES layer in ethanol was extremely abundant in
comparison to that of the APTES layer in toluene. This can be because of the relatively long
silanization time in comparison to the short evaporation time of the ethanol since complete
evaporation of the solvent was observed. Nevertheless, after water- and ethanol droplets
were dried on the Si/SiO2 substrates modified with APTES in toluene, an increase of the layer
thickness was seen, probably due to further polymerization of formed pentacoordinate
intermediates produced as a result of hydrolysis of siloxane bonds catalyzed by the amino
functionality of APTES [23]. After sterilization, for both cases the thickness of APTES
decreased. For the Si/SiO2 substrates modified with APTES in ethanol, the thickness of its
control group was affected by a laminar air flow with a thickness increase of almost 10 nm.
However, after sterilization its thickness decreased. In the case of the water droplet, the
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thickness increased slightly after the droplet was dried and hardly decreased after being
sterilized. On the other hand, the thickness decreased after the ethanol droplet was dried and
increased after the sterilization process. These results indicate that the water droplet on
Si/SiO2 surfaces functionalized with APTES in ethanol showed the least thickness layer
change before and after being sterilized with H2O2 and therefore, it might be suitable to be
used in spore-based biosensors during sterilization.
Table 6.1 APTES thickness on Si/SiO2 substrates.
Thickness (nm)

APTES

Droplet

Sterilization

APTES in toluene (AT)

2.7 ± 0.2

2.6 ± 0.2*

2.2 ± 0.2

Water droplet on AT

2.2 ± 0.3

3.6 ± 0.2

2.8 ± 0.2

Ethanol droplet on AT

1.8 ± 0.3

3.5 ± 0.2

2.4 ± 0.1

APTES in ethanol (AE)

828.9 ± 3.1

841.2 ± 6.0*

835 ± 3.0

Water droplet on AE

775.5 ± 3.7

778.0 ± 5.2

776.0 ± 5.7

Ethanol droplet on AE

771.0 ± 2.3

756.9 ± 3.1

775.9 ± 3.1

*The control groups were exposed to the same conditions as the others without droplets.

6.3.1.3 Atomic force microscopy (AFM)
AFM was used to further characterize the morphology and roughness (Rq) of Si/SiO2 surfaces
functionalized with APTES in toluene and ethanol before and after the sterilization.
Characteristic scans of their surface topography are illustrated in Figure 6.5. A decrease of
roughness after sterilization for APTES in toluene from 0.46 nm to 0.37 nm could be observed,
as well as a domain reduction from APTES agglomeration. Moreover, for APTES in ethanol,
a thick layer can be seen as previously shown in section 6.3.1.2. After sterilization, the surface
roughness in this case increased from 1.6 nm to 3.7 nm. These results are in good agreement
with the previously observed during ellipsometry.
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Figure 6.5 AFM 2x2 µm2 scans of Si/SiO2 substrates functionalized with APTES in toluene (a,
b) and ethanol (c, d), before (a, c) and after (b, d) sterilization with gaseous hydrogen
peroxide.

6.3.2 APTES efficiency for the immobilization of spores on sensors
The reproducible immobilization of spores on the sensor is a critical aspect to assure its
reliability. For this reason, the adhesion of the spores on the sensors (in this case, measuring
how many spores detach from the sensor surface) was determined (APTES efficiency) as
mentioned in section 6.2.5.2. Variations of this method are widely used [5, 24] to recover
spores after being immobilized on different surfaces. Therefore, it is a convenient approach
to directly quantify the remaining spores on the sensor substrate after spore recovery. The
results are summarized in Figure 6.6. Non-functionalized sensors with immobilized spores
from a water- or an ethanol-based suspension were used as a reference and the solvents of
the suspensions did not affect the spore viability [25].
In the diagram, the blue dotted line describes the original number of spores in the main
suspension, i.e. 100% (equal to 5 x 106 CFU/ml). The first three bars represent the
immobilization of the spores from a water-based suspension with three variations, whereas
the second three bars correspond to the three experiments for spore immobilization from an
ethanol-based suspension. In general, the immobilization of spores from a water-based
suspension was better in comparison to that from ethanol. The best APTES efficiency of 2%
± 1% was obtained for the sensors functionalized with APTES in toluene and spores
immobilized from a water-based suspension, followed by the APTES functionalization in
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ethanol and the same suspension with an efficiency of 5% ± 1%. For the spores from an
ethanol-based suspension immobilized with APTES in toluene and in ethanol, the efficiencies
were 17% ± 1% and 15% ± 1%, respectively. In addition, as a reference, the spores stored in an
ethanol solution showed less adhesion efficiency (35% ± 5%) in comparison to those of a
water solution (22% ± 2%). One of the mechanisms of binding to the positive amino groups
of APTES is through the negative N-Acetylmuramic acid (NAM) residues on the spore coat
[26, 27]. It can be the case, that the NAMs from the spore coat in the ethanol suspension are
hindered, resulting in less binding sites for the APTES molecules. For this reason, a waterbased spore suspension may suggest to be more effective for the immobilization of spores
on spore-based biosensors than an ethanol-based one.
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Figure 6.6 APTES efficiency (see section 6.2.5.2) for the individual immobilization of B.
atrophaeus spores on sensor chips. The first three bars show the attachment of spores from
a water suspension on spore-based biosensors modified with APTES in ethanol and in
toluene. The second set of the next three bars show a similar case, but from spores from an
ethanol suspension. The error bars show the standard deviations of three samples for each
group.

6.3.3 Effect of gaseous hydrogen peroxide on APTES-funtionalized sporebased biosensors
The stability of the functionalized sensor after sterilization with H2O2 shall be taken into
consideration to guarantee its performance. Therefore, a minimal (or absent) impedance
change from the APTES layer treated with H2O2 is desired. In this case, the sensor’s signal
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was monitored after each process step from Figure 6.3 by means of impedimetric
measurements on spore-based biosensors functionalized with APTES in toluene and ethanol
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Figure 6.7 Impedimetric measurements of the spore-based biosensor after being
functionalized with APTES in toluene. The sensors were measured after each process step as
shown in Figure 6.3. First, the sensor was measured after being hydroxylated and taken as
reference (Figure 6.7 a). Subsequently, the spore-based biosensor was modified with APTES
in toluene (Figure 6.7 b). The effect of different droplets on the modified APTES surface
grafted in toluene was studied in Figure 6.7 c); as a reference from this step, the sensors were
left air-dried like the others, but without any droplet deposition. At the end, the spore-based
biosensors modified with APTES in toluene and with different droplets air-dried (except for
the reference) were submitted to the sterilization process with gaseous hydrogen peroxide
(Fig.6. 7 d)).
For these experiments, the blank sensor (IDE structures without APTES layer and spores)
served as normalized reference value (impedance at 100%). The impedance of the sensor
decreased dramatically from 100% (Figure 6.7 a) to 2.5% ± 1% (Figure 6.7 b) after being
functionalized with APTES in toluene. However, after a water droplet or an aliquot (water) of
spores were air-dried on the sensor’s surface, its impedance went nearly (83% ± 6%) to its
original value (Figure 6.7 c). In addition, after sterilization a further drop up to 60% ± 18%
could be seen (Figure 6.7 d). Moreover, for the ethanol droplet as well as for the aliquot
(ethanol) of spores and after sterilization, no significant changes were observed (Figure 6.7 c
and d): both of them showed a similar impedance change after sterilization (~ 0.3%).
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Previously [11], it was assumed that the amine groups from APTES may increase the electrical
conductivity because of its electron-donating nature [28].
Furthermore, it can be the case that because of toluene (nonpolar), extremely reduced
amount of water was present during silanization and not all the ethoxy groups of APTES were
completely hydrolyzed [29]. Therefore, after water was dried on the surface, the APTES
molecules might be further hydrolyzed changing their structure and orientation [30] and
decreasing the overall electrical conductivity at the sensor’s surface. Then, after sterilization,
the APTES layer might be oxidized by hydrogen peroxide, changing again its structure and
orientation, resulting as well in a decrease of impedance. As a result, in this case, toluene as
a solvent for the silanization of APTES on spore-based biosensors is not advisable for
sterilization with gaseous hydrogen peroxide as water deposited on such layer reacts with the
sterilant, compromising their reliability. On the other hand, for the ethanol droplet it was not
the same situation, probably because of its low surface tension and high evaporation rate in
comparison to water. It might not let in enough water within the short drying time to
hydrolyze and change the APTES layer. Nevertheless, it could not be distinguished between
a pure ethanol solution and spores in an ethanol suspension.
In a second set of experiments, further investigations were performed for the silanization of
APTES in ethanol as shown in Figure 6.8. A slight decrease of impedance from 100% to 95%
± 1% can be observed after the surface is functionalized with APTES in ethanol (see change
from Figure 6.8 a to b), much less in comparison to that of APTES in toluene from Figure 6.7.
When a water droplet and spores from a water suspension were air-dried, the impedance of
the sensor decreased by sterilization from 92.5% ± 2% to 89.5% ± 5% and from 87% ± 3% to
85% ± 4%, correspondingly (see Figure 6.8 c and d). However, for the spores suspended in
water, this change of the impedance after sterilization was less pronounced in comparison to
the droplet of pure water, as well as the one resulting because of the sterilization process, 3%
for the water droplet and 2% for the spores in water. Furthermore, the ethanol droplet after
being air-dried showed a similar valued compared to the reference (APTES-modified sensor
without any further treatment) and decreased after sterilization (91% ± 3%), see Figure 6.8
d). However, for the spores in ethanol, the impedance value is decreased after being
immobilized (93% ± 1.5%) and it further slightly decreased after being sterilized (92% ± 2%).
The change of impedance after sterilization for water and ethanol-based spore suspensions
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for sensors functionalized with APTES in ethanol were more pronounced than the ones
prepared in toluene (Figure 6.7), except for the case of water (Figure 6.7 c and d), where it
dramatically affected the sensor signal after deposition. However, it also showed the highest
standard deviation as well as the highest dynamic impedance change within 24 h, i.e. the
impedance nearly went back to its reference value during the deposition step (results not
shown). In conclusion, taking into account the experimental results discussed in Figures 6.6
to 6.8, a sensor modified with APTES in ethanol in combination with a water- or ethanolbased suspension would give the best results in terms of monitoring the sterilization effect
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Figure 6.8 Impedimetric measurements of the spore-based biosensor after being
functionalized with APTES in ethanol. The sensors were measured after each process step as
shown in Figure 6.3. First, the sensor was measured after being hydroxylated and taken as
reference (Figure 6.8 a). Subsequently, the spore-based biosensor was modified with APTES
in ethanol (Figure 6.8 b). The effect of different droplets on the modified APTES surface
grafted in ethanol was studied in Figure 6.8 c); as a reference from this step, the sensors were
left air-dried like the others, but without any droplet deposition. At the end, the spore-based
biosensors modified with APTES in ethanol and with different droplets air-dried (except for
the reference) were submitted to the sterilization process with gaseous hydrogen peroxide
(Figure 6.8 d).
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6.4 Conclusions
In the present work, the effects of water- and ethanol-based spore suspensions as well as of
gaseous hydrogen peroxide on Si/SiO2 substrates and APTES-functionalized spore-based
biosensors were studied. APTES-modified Si/SiO2 substrates with air-dried droplets of water
and ethanol after sterilization were physically characterized by means of contact angle- and
ellipsometric measurements. Contact angle measurements demonstrated the successful
surface functionalization of APTES prepared in toluene and ethanol and that the wettability
of the functionalized Si/SiO2 substrates is not significantly affected after sterilization with
gaseous hydrogen peroxide. In addition, ellipsometry measurements were performed to
determine the thickness of the APTES layer after air-drying aliquots of water and ethanol,
following sterilization with gaseous hydrogen peroxide. The layer thickness from APTES
prepared in ethanol was extremely thick (~800 nm) in comparison to that prepared in toluene
(~2 nm). Nevertheless, a water droplet on an APTES layer prepared in ethanol and sterilized
showed the best stability in means of marginal changes of the layer thickness. Furthermore,
the surface topography as well as the surface roughness (Rq) were studied with AFM.
Characteristic domains were seen supporting the successful coupling of APTES. After
sterilization, the roughness of the APTES layer developed in toluene decreased. The opposite
was for the APTES layer in ethanol being in good agreement as shown in the ellipsometric
measurements.
Moreover, electrochemical measurements suggested a higher sensor’s signal stability
against hydrogen peroxide and water or ethanol aliquots when using ethanol as solvent for
APTES instead of toluene. In addition, the spore adhesion on spore-based biosensors was
studied via microbiological investigations. It could be observed that a water-based
suspension was better for the spore adhesion than an ethanol-based one in means of
measuring the efficiency of APTES on APTES-functionalized sensors.
Additional investigations will address the use of this immobilization technique on sporebased biosensors for different hydrogen peroxide concentrations in sterilization processes as
well as its application on gas- or cell-based sensors.
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Abstract
A combined calorimetric gas- and spore-based biosensor array is presented in this work to
monitor and evaluate the sterilization efficacy of gaseous hydrogen peroxide in aseptic filling
machines. H2O2 has been successfully measured under industrial conditions. Furthermore,
the effect of H2O2 on three different spore strains, namely Bacillus atrophaeus, Bacillus subtilis
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Abstract
and Geobacillus stearothermophilus, has been investigated by means of SEM, AFM and
impedimetric measurements. In addition, the sterilization efficacy of a spore-based
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biosensor and the functioning principle are addressed and discussed: the sensor array is
convenient to be used in aseptic food industry to guarantee sterile packages.
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7.1 Introduction
Aseptic filling machines are broadly employed in biomedical and food industry to provide
sterilized liquid products. In these machines, the entire aseptic processing is performed,
including the sterilization of the packing material, filling and sealing of the product.
Maintaining sterile aseptic packaging is a crucial aspect to assure the shelf life and safety of
the goods. A wide range of sterilization methods is available for this purpose, for instance
heat, hydrogen peroxide and UV or plasma radiation [1]. Among them, chemical methods in
form of gases are extensively used such as ethylene oxide, formalaldehyde, peracetic acid or
gaseous hydrogen peroxide (H2O2). Although all of them have been employed to sterilize
packaging materials, not all are optimal for aseptic processing; ethylene oxide and
formaldehyde are carcinogenic [2]. Peracetic acid is a mixture formed from acetic acid and
hydrogen peroxide; upon decomposition, it forms acetic acid and water. Since, its vapor is
very pungent and irritating, residuals may cause unwanted flavors in some food products [3].
As a result, H2O2 has become a popular choice as a sterilant for aseptic filling machines. H2O2
has the best safety profile in comparison to other sterilization gases [4], mainly because it
breaks down into water and oxygen, leaving virtually no residues and therefore being ecofriendly. In addition, its strong oxidation properties are capable of killing an extensive amount
of microorganisms, for example, viruses, bacteria, spores and fungi [5–8]. The effectiveness
of H2O2 is primarily affected by its exposure time, temperature and concentration.
Microbiological methods are the standard approach to evaluate the efficacy of sterilization
systems with gaseous hydrogen peroxide. Here, the packaging is artificially inoculated with
microbiological spores, which are extremely resistant to the sterilization agent.
Subsequently, the inoculated packing is exposed to the sterilant and finally incubated for a
certain amount of time. After that, the viability of the spores is determined either by counting
the surviving spores before and after sterilization (count-reduction test) or by determining
the relationship between the number of non-sterile and sterile packages (end-point test) [9].
Although these methods are reliable and widespread, they lack rapid output responses (4872 h) and they are cumbersome.
Over the last few years, more sophisticated methods have been developed by the integration
of sensor technologies to determine, for instance, hydrogen peroxide concentrations or the
viability of spores. Gaseous H2O2 detection has been broadly reported in literature by means
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of electrochemical [10], acoustic [11], conductometric [12], colorimetric [13] or calorimetric
measurements [14]. Some of them are not suitable for online- and inline monitoring in aseptic
filling machines (electrochemical, colorimetric), because of the lack of portability of the
measuring equipment or sophisticated sample preparation (solution-based). Other methods
have high response times (>30 s) in comparison to standard industrial H 2O2 exposure times
(<2 s) or may not be able to handle high temperatures (up to 300 °C). Moreover, calorimetric
gas sensors have been previously introduced [14–16] to overcome these limitations for
applications in aseptic food industry. They incorporate a differential setup of two
temperature-sensitive structures: one of them is passivated by an inert polymer layer and
functions as a reference, whereas the other one is catalytically activated by manganese oxide
(MnO2). When gaseous H2O2 is in contact with the sensor surface, only where the catalyst is
located, hydrogen peroxide is split into oxygen and water, and the other part of the sensor
remains inert. As a result, an exothermic reaction and therefore an increase of temperature
particularly on the active side of the sensor occurs. At the end, the temperature difference
can be correlated quantitatively to the H2O2 concentration.
However, the measurement of H2O2 concentrations alone cannot substitute the need of the
microbiological methods by itself. Therefore, it is preferable to incorporate an additional
measurement method of the spores’ viability. Different methods have been proposed to
measure this, such as with optical [17, 18], potentiometric [19], piezoelectric [20] or
impedimetric sensors [21]. The determination of the spores’ viability generally employs
additional unique biomarkers from the spore coat or byproducts from germination, for
example, mRNA (messenger ribonucleic acid) [22], dipicolinic acid (DPA) or calcium ions
(Ca2+) [23]. Therefore, specific (bio-)chemical transducers must be adapted. Nevertheless,
most of these methods are solution-based, having high response times (>20 min) and are not
convenient to perform under a dry gaseous environment. Recently, a novel impedimetric
sensor was suggested to monitor the microbiological efficacy of gaseous H 2O2 during
sterilization processes [24]. This sensor measures the spore morphology by means of
impedance changes in regard to the hydrogen peroxide concentration. It consists in a
differential setup of two interdigitated electrode arrangements. On one arrangement,
microbiological spores (e.g., Bacillus atrophaeus) are immobilized and the other one
functions as a reference. The impedance of the spores is measured before and after the
sterilization process and the spores’ viability can be determined due to the correlation
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between the H2O2 concentration and the impedance change. However, the principle of this
sensor is still under ongoing research.
So far, to the extent of our knowledge, no sensor that can measure at the same time gaseous
H2O2 concentrations and can additionally evaluate the spores’ viability under industrial
conditions has been presented. In addition, the effect of H2O2 on the morphology of spores
has not been either investigated in detail. For these reasons, the purpose of this contribution
is to develop a sensor array constructed of a calorimetric gas sensor, which can determine
H2O2 concentrations together with a spore-based biosensor, which can evaluate the spores’
viability, and as a whole is able to evaluate the efficacy of the sterilization process with
gaseous H2O2 for industrial applications. Furthermore, three different spore strains, namely
Bacillus atrophaeus DSM 675, Bacillus subtilis DSM 402 and Geobacillus stearothermophilus
DSM 5934 are characterized regarding the effect of H2O2 on them by means of
impedimetric-, AFM-, SEM- and microbiological measurements.

7.2. Materials and methods
7.2.1 Sensor fabrication: calorimetric gas- and spore-based biosensor array
The fabrication process of the sensor array was introduced in [25]. This is schematically
shown in the supplementary information in Figure 7.S1. An adhesion promoter (Ti prime,
Microchemicals GmbH, Germany) was spin-coated onto a dehydrated borosilicate glass
wafer. Likewise, a positive photoresist (AZ®5214E, Microchemicals GmbH, Germany) was
deposited as well. Then, a mask aligner was used to photolithographically pattern the
selected design to the photoresist (Süss MicroTec AG, Germany). Subsequently, the wafer
was developed and the metals (10 nm titanium and 100 nm platinum) were deposited by
means of an e-beam evaporation process. A lift-off process (TechniStrip®Micro D350,
Microchemicals GmbH, Germany) was then employed to obtain the final structures.
Moreover, the calorimetric H2O2 sensor was fabricated according to previous investigations
as shown in [14, 26, 27]. Briefly, the meander structures were passivated with a photoresist
(SU-8, Microchemicals GmbH, Germany) to protect Pt from vaporized hydrogen peroxide.
Afterwards, on the active side of the sensor, MnO2 as a catalyst was deposited.
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In addition, for the spore-based biosensor, a 10 µl aliquot of the spore suspension (stock
solution of at least 108 CFU/ml, see section 7.2.2 for further details) was pipetted only onto
the active side of the sensor and air-dried under sterile conditions. A final spore concentration
on the chip of least 106 CFU/ml (colony forming units per milliliter) was obtained; this
preparation was done in accordance to industrial requirements [9]. The spore concentration
of 106 CFU/ml on the chip was assured during all experiments since all cleaning procedures
(washing steps) were performed before spore immobilization. Both the schematic (left) and
the photograph (right) of the combined sensor array can be observed in Figure 7.1 a).

Figure 7.1 a) The sensor array has a differential setup: on one sensor (active) the spores are
immobilized on interdigitated electrodes and a catalyst is deposited on the meander
structures, the other sensor (passive) serves as a reference. b) calorimetric gas sensor
response to different concentrations of gaseous hydrogen peroxide. The upper curves
correspond to the temperature of the catallytically active sensor and the passive one. The
temperature difference and by this, the actual H2O2 concentration is shown in the lower part
curve.
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7.2.2 Spore production
The spore suspensions were produced according to a modified method of [28] and performed
under sterile conditions. The strains of Bacillus subtilis DSM 402 and Geobacillus
stearothermphilus DSM 5934 were kindly provided from Prof. Dr. J. Bongaerts (Aachen
University of Applied Sciences). The Bacillus atrophaeus DSM 675 strain was purchased from
the Leibniz Institute DSMZ – German Collection of Microorganisms and Cell Cultures
(Germany). All strains were cultivated with a complex medium consisting of meat extract dry
(3 g/l) and peptone (5 g/l) for 24 h at 30 °C for B. subtilis and B. atrophaeus, and at 55 °C for G.
stearothermophilus. Afterwards, the sporulation was induced by inoculation of cells on
nutrient agar plates enriched with MnSO4 (10 g/l) and incubated for 7 days with the above
mentioned temperatures for each microorganism. Then, the spores were collected from the
plates with an inoculation loop and deposited into a 15 ml centrifuge tube containing 5 ml of
distilled water. The tubes were subsequently mixed by a vortex mixer and centrifuged at
4,000 rpm (A-4-81; Centrifuge 5810R, Eppendorf, Germany) for 20 min at 20 °C. The
vegetative cells and debris were removed from the suspension and the spores were washed
with distilled water and then centrifuged again. This process was repeated at least eight
times, until a spore suspension of at least 99% bacteria/debris-free was reached. Finally, to
guarantee the inactivation of any remaining bacteria, the suspension was pasteurized at
80 °C for 20 min. A final concentration of 108 CFU/ml was obtained by means of serial
dilutions and plating.

7.2.3 Sterilization with vaporized H2O2
All sterilization procedures were carried out in a test rig presented in [14, 27] analog to those
sterilization modules used in industrial aseptic filling machines. Here, a H2O2 gas stream of 10
m3/h is provided by pressurized air used as a carrier. This air-H2O2 combination is heated in a
vaporizer up to 240 °C. Hydrogen peroxide concentrations can be set in the range from 0 to
7.6% v/v.
The sensor arrays were submitted to H2O2 sterilization for different concentrations, namely,
0% v/v, 2.2% v/v, 4.1% v/v, 5.7% v/v, 7.1% v/v and 7.6% v/v at 240 °C for 2 s. The exposure
time, the temperature and the highest H2O2 concentration used in this study resemble
standard parameters applied in the industry.
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7.2.4 Physical and electrical characterizations
7.2.4.1 Calorimetric H2O2 sensor
Two passivated platinum meander structures were used as resistance temperature resistors
(RTDs): a change of resistance linearly varies with a change of temperature. One meander
structure serves as a reference (passive sensor), whereas the other one as a sensing element
(active sensor); the passive sensor remains inert to H2O2 while on the active sensor, MnO2
catalyzes H2O2. As a result, an increase of temperature occurs on the active sensor and a
temperature difference between both sensors can be correlated to the hydrogen peroxide
concentration. Furthermore, a water-bath thermostat (Omnicool, LAUDA Scientific GmbH,
Germany) was used to temperature-calibrate them from 0 to 80 °C in 10 °C steps. In addition,
the four-point probe method was used to measure the resistance of the sensors and it was
recorded using a data acquisition card (USB-9219, National Instruments Corpotation, United
States) and a built-in LabView program. At least four sensors were used for each hydrogen
peroxide concentration and spore strain.
7.2.4.2 Spore-based biosensor
The viability of the spores was measured by means of impedimetric measurements. For this,
a precision LCR meter (E4980A, Agilent Technologies, United States) was utilized with a fixed
frequency of 3 kHz and an excitation voltage of 20 mV with a direct current voltage bias of 0
V. The direct current bias of 0 V was carefully chosen according to typically used literature
values for similar impedance spectroscopy measurements with interdigitated electrodes in
combination with microorganisms [29, 30]. Furthermore, the OCP was not measured, since
we do not use any external reference electrode or measure in solution during our
experiments. Nevertheless, stability investigations of the interdigitated structures have been
made showing no effect from gaseous hydrogen peroxide on them or any other described
process steps [31]. In addition, to assure a reliable sensor signal, we implement a differential
setup, where one sensor serves as a reference and the other as sensing element (e.g.,
catalytically activated or with spores).
Moreover, to be able to analyze between different sensors, the sensor impedance was
normalized by the following equation (Equation 7.1):
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𝑃𝑟𝑜𝑐𝑒𝑑𝑢𝑟𝑒
𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑖𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒 (%) = (𝐵𝑙𝑎𝑛𝑘 𝑠𝑒𝑛𝑠𝑜𝑟) × 100
(Equation 7.1)
Blank sensor connotes the measurement of the sensor without spores and Procedure, the
impedance change after the spores were confined onto the IDEs, and sterilized with different
hydrogen peroxide concentrations (see section 7.2.3). At least four sensors were used for each
H2O2 concentration.
7.2.4.3 Scanning electron microscopy (SEM)
A scanning electron microscope (JSM-7800F, JEOL Ltd., Japan) was employed to study the
morphology of the spores after sterilization with H2O2. For these measurements, the samples
were prepared by sputtering a 10 nm layer of Pt/Pd (80:20) on them.
Moreover, qualitative evaluations were performed by classifying the spores in different types,
namely “normal”, “deformed” and “flattened”. For each hydrogen peroxide concentration,
the ratio of the particular spore type was determined by counting them manually; this was
performed at least three times. 1551 to 3440 spores were counted and evaluated for each
spore strain.
7.2.4.4 Atomic force microscopy (AFM)
A more quantitative investigation (height measurements) to study the morphology of spores
after being treated with H2O2 was conducted utilizing an atomic force microscope (BioMat
Workstation, JPK Instruments, Germany). Here, silicon probes (Arrow NCR, NanoWorld AG,
Switzerland) were operated with a force constant of 42 N/m and a resonance frequency of
285 kHz. All the recordings (20 x 20 µm2) were carried out in tapping mode at 512 pixels per
line with a scanning frequency of 0.6 Hz under environmental conditions. Moreover, an opensource software (Gwyddion, http://gwyddion.net/) was used to visualize and analyze the
height measurement of the spores; this was obtained by measuring the average height of
each spore, i.e. no cross-section tool was used, but a mask for the whole spore.
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7.3. Results and discussion
7.3.1 Calorimetric H2O2 sensor
H2O2 concentrations between 0 and 7.6% v/v were determined within 2 s by means of a
calorimetric H2O2 sensor as shown in Figure 7.1 b). On the upper part of the graph, the
temperatures of both active and passive sensors can be observed. Furthermore, their
temperature difference and the hydrogen peroxide concentration are shown on the bottom
part. Taken 0% v/v H2O2 as a reference, no distinguishable temperature difference was
observed during the resting phase (no exposure). However, for all other concentrations, as
the H2O2 concentration rises, a higher exothermic reaction takes place on the active sensor
part than the passive one and the temperature difference between them increases. As a
result, a sensor sensitivity of 0.97 °C/(% v/v) was obtained. This sensitivity is lower than that
found in literature by polyimide sensors (2.06 °C/(% v/v), [32]). The reason for that is due to
the fact that polyimide films have a lower thermal conductivity (0.16 W/mK) than borosilicate
glass substrates (1.2 W/mk). Thus, it may reduce thermal flow [33] generated on the active
sensor and hence increase the temperature difference between sensors, i.e., enhancing the
sensitivity. Additionally, three characteristic peaks [32] can be seen along all H 2O2
concentrations, which correspond to the 2 s response time of the sensor; the precise
measurement of H2O2 concentrations up to 7.6% v/v (a typical concentration in industrial
applications) within 2 s was successfully demonstrated. Further magnification of the peaks
and the calibration curve of the sensor can be found in Figure 7.S2 a) and b) from the
supplementary section.

7.3.2 Effect of gaseous H2O2 on the morphology of spores
7.3.2.1 SEM measurements
Different spore suspensions of B. subtilis, B. atrophaeus and G. stearothermophilus were
physically characterized by SEM measurements after exposure to various H 2O2
concentrations to analyze morphological changes of spores. Several morphology conditions
of spores could be differentiated for each strain: depending on the spore status the spores
were labeled as “normal”, “deformed” or “flattened” as shown in Figure 7.2. The normal and
deformed conditions were encountered in a specific ratio, which varies, depending on the
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applied H2O2 gas concentration. In contrast, the flattened condition was only found after
treating the spores with gaseous hydrogen peroxide.

Figure 7.2 SEM pictures of representative morphology types of Bacillus atrophaeus DSM 675,
Bacillus subtilis DSM 402 and Geobacillus stearothermophilus DSM 5934 spores commonly
encountered as: “normal”, “deformed” and “flattened”. The flattened type was found only
after H2O2 sterilization.
The ratio of such conditions was evaluated by SEM in Figure 7.3 a), b) and c), as stated in
section 7.2.4.3. For the evaluation of the data between 1551 and 3440 spore samples have
been investigated each, to guarantee statistically relevant data. As it can be seen for B.
atrophaeus (Figure 7.3 a), at the beginning of the sterilization process (0% v/v H 2O2)
77.76% ± 2.04% were normal spores and 22.23% ± 2.04% deformed spores; no flattened
spores were found at this stage. As the H2O2 concentration was increased, the amount of
normal spores decreased (the only exception was 5.7% v/v H2O2), and that of the deformed
and flattened spores increased. During the maximum concentration of 7.6% v/v H2O2, 38.97%
± 2.49% of normal-, 27.77% ± 3.48% deformed- and 33.25% ± 0.98% flattened spores were
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found. Moreover, for B. subtilis (Figure 7.3 b), without H2O2 exposure the flattened spore type
was practically absent with a value of 0.97% ± 0.41%, following by 30.94% ± 5.59% of
deformed and 68.07% ± 5.57% of normal spores. For concentrations higher than 5.7% v/v
H2O2 no significant further decrease of the flattened spores was observed. However, a

Figure 7.3 Comparison of SEM- (a, b and c) vs. AFM measurements (d, e and f) regarding the
distribution of different spore conditions (“normal”, “deformed”, “flattened”) from Bacillus
atrophaeus DSM 675 (top), Bacillus subtilis DSM 402 (middle) and Geobacillus
stearothermophilus DSM 5934 (bottom) after being treated with gaseous hydrogen peroxide.
For each presented graph “n” spores were investigated for all shown concentrations.
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decrease of the normal spores as well as an increase of the deformed spores can be seen for
the last two concentrations of 7.1% v/v and 7.6% v/v H2O2. As an example, the distributions
at 7.6% v/v for normal, deformed and flattened spores were 47.46% ± 5.98%, 36.97% ± 0.74%
and 15.56% ± 5.23%, accordingly. Furthermore, in the case of G. stearothermophilus (Figure
7.3 c), it can be noted that the proportion of the spore types along the H2O2 concentrations
changed significantly after the first dosage (2.2% v/v H2O2), where the presence of normal
spores decreased and the deformed- and flattened spores dramatically increased. Further
concentrations

from

4.1% v/v H2O2 onwards did not notably influence the spore condition distribution, except for
the last concentration of 7.6% v/v, where the flattened spores increased and the deformedand normal spores decreased with final values of 35.50% ± 8.86%, 13.52% ± 4.63% and
50.97% ± 5.93%, respectively.
Besides the morphology change of spores due to hydrogen peroxide, other parameters may
also intervene in the structure modification of the spores such as the sample preparation
(sputtering of metal on spores) or vacuum during the SEM measurement. For this reason, the
spores were further evaluated by means of AFM.
7.3.2.2 AFM measurements
The effect of hydrogen peroxide on different spores was additionally quantitatively evaluated
by means of AFM. Firstly, the height of each spore category (“normal”, “deformed” and
“flattened”) was determined (Table 7.1), even though the spore size values vary depending
on the preparation and measurement techniques of the spores [34]. To each value 520 spores
have been investigated, in our case, under normal conditions, G. stearothermophilus
possesses the highest height of all of them. Meanwhile B. atrophaeus and B. subtilis retain
similar values. During the deformed condition, B. subtilis and G. stearothermophilus share
similar heights, whereas B. atrophaeus displays the lowest height in this form. Lastly, similar
heights of all spores can be seen in the flattened case. It is also worthy to note that those
height values do not significantly change along H2O2 concentrations, but the ratio of the
different spore conditions does. For example, a normal spore encountered at 0% v/v H2O2 has
a comparable height value as a normal spore encountered at 7.6% v/v H 2O2; the same is also
true for the other spore conditions.
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Table 7.1 Height measurements (nm) of B. atrophaeus, B. subtilis and G. stearothermophilus
spores (to each value in the table 520 spores have been investigated).
Spore

G.

B. atrophaeus

B. subtilis

“Normal”

530.05 ± 120.31

540.35 ± 96.97

671.19 ± 119.15

“Deformed”

375.00 ± 85.30

437.00 ± 83.09

441.36 ± 122.98

“Flattened”

241.36 ± 68.38

239.67 ± 77.68

242.57 ± 81.49

condition

stearothermophilus

Moreover, to corroborate the SEMs measurements from the last section, the spores were
treated with the same conditions as before: they were exposed to different hydrogen
peroxide concentrations. Later, they were qualitatively (spore distribution) and
quantitatively (spore height) assessed. From Figure 7.3 d), e) and f) similar results can be
observed after sterilization with H2O2. Without hydrogen peroxide, both SEM and AFM are in
a good agreement, probably suggesting no additional effect from the SEM measurements to
the morphology of the spores at this stage. Furthermore, from the H 2O2 concentration of
2.2% v/v onwards, differences are appreciable; particularly, this has been found for the last
two concentrations (7.1% v/v and 7.6% v/v H2O2) of B. subtilis and B. atrophaeus, where the
amount of normal and deformed spores deviates from than that of the SEM. Nonetheless,
both characterization methods show similar tendency.
Besides the different conditions, the respective averaged spore height of all three types of
factors (average of all conditions weighted by the distribution of different spore conditions
from Figure 7.3 d), e) and f)) was determined (Figure 7.4) and evaluated (Figure 7.5 a) for each
H2O2 concentration. As it can be seen for B. atrophaeus, at the beginning of the sterilization
test series (0% v/v H2O2) the average height of all spore categories was 463.4 nm ± 129.05
nm. During the maximum concentration of 7.6% v/v H2O2, the average spore height was
288.99 nm ± 134.96 nm. Moreover, for B. subtilis after 2.2% v/v H2O2 concentration, no further
significant decrease of the average height of the spores was observed. At the end of the
sterilization process, the average height was 409.68 nm ± 162.66 nm. As comparison, for the
0% v/v H2O2 concentration, the spores’ height was 460.29 nm ± 168.35 nm. Furthermore, for
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G. stearothermophilus no significant average height change was observed; it was nearly
constant for all H2O2 concentrations.

Figure 7.4 AFM measurements (20 x 20 µm2) of Bacillus atrophaeus DSM 675 (left), Bacillus
subtilis DSM 402 (middle) and Geobacillus stearothermophilus DSM 5934 (right) spores
sterilized with different concentrations of H2O2 (0% v/v to 7.6% v/v from top to bottom).
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In summary, H2O2 influences in a different manner each spore strain. The decreases of height
and of the spore conditions of B. atrophaeus spores have a relatively linear relationship to the
increase of H2O2 concentration. In addition, the height of spores of B. subtilis after being
exposed to the minimal concentration (in our case 2.2% v/v H2O2) remains practically
constant, whereas the normal and deformed spores linearly decrease, but the flattened
spores prevail in a steady behavior. For G. stearothermophilus, the spores’ height is fairly
maintained during all hydrogen peroxide concentrations. Moreover, after the first exposure
to H2O2, the normal proportion of spores decreased and the deformed spores notably
increased. From this step on until the penultimate concentration (7.1% v/v H2O2), the spores’
height as well as the different spore types stayed at a constant state.
The relationship between H2O2 concentration and the spore morphology (different spore
conditions and spore height) is a decisive parameter to shed light on further development on
this novel type of spore-based biosensors applied in industrial processes. For example, from
the AFM- and SEM measurements, it has been realized that not all spore strains may be
optimal candidates for a spore-based biosensor used to assure a proper functioning of aseptic
machines, since the spore coat sensitivity to gaseous hydrogen peroxide of each varies.
So far, the impact of H2O2 on spores by means of morphological changes has been
investigated. One step further is to examine the relationship between these morphologicaland sensor signal changes (impedance) from spore-based biosensors (see section 7.3.3).

7.3.3 Spore-based biosensor
The different spore types, namely B. atrophaeus, B. subtilis and G. stearothermophilus (see
section 7.2.2), were simultaneously characterized by means of impedimetric measurements.
Fig. 7.5 b) depicts the respective normalized sensor signal at different stages of the
measurement process, including a reference step (blank sensor), the electrical properties of
the spores after immobilization onto the sensor surface (spores) and the effect of different
concentrations of H2O2 peroxide (2.2-7.6% v/v) on the spores, measured at the same time
with the H2O2 calorimetric sensor from section 7.3.1. As it is noticeable from the graph, after
immobilizing the spores on the sensor surface, G. stearothermophilus has the highest sensor
signal change (impedance) to 79.84% ± 2.5% from the starting value of 100% compared to
the other Bacillus species, particularly 96.12% ± 0.8% for B. subtilis and 94.03% ± 1.31% for B.
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Figure 7.5 a) Averaged spore height measurements of Bacillus atrophaeus DSM 675, Bacillus
subtilis DSM 402 and Geobacillus stearothermophilus DSM 5934 spores for different
concentrations of hydrogen peroxide; b) signal response (impedance) of spore-based
biosensors. The sensors were measured at different stages (at least four sensors were used
for each step). In the first stage, the sensors were measured after being cleaned. In the second
step, Bacillus atrophaeus DSM 675, Bacillus subtilis DSM 402 and Geobacillus
stearothermophilus DSM 5934 spores were immobilized on them. Subsequently, in the
following stages, the spore-bases biosensors were submitted to several concentrations of
gaseous hydrogen peroxide.
atrophaeus. Furthermore, most of them do not show a linear behavior to the increment of
H2O2 concentrations (except for B. atrophaeus). B. subtilis and G. stearothermophilus exhibit
an irregular flat performance; however, for all the cases the impedance change at the highest
concentration (7.6% v/v) could underline a measurable impedance change for typical
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concentrations applied in industrial processes. The highest impedance change at this
concentration for B. atrophaeus was 7.05%, followed by B. subtilis with 2.02% and finally, G.
stearothermophilus with 1.05%. In case of B. atrophaeus as a test organism, the spore-based
biosensor is able to distinguish between all investigated concentrations. For B. subtilis and G.
stearothermophilus this is still true but limited only to the highest hydrogen peroxide
concentration (7.6% v/v).
Moreover, it has been suggested in literature [24] that the change of impedance after
sterilization with gaseous H2O2 can be related to a morphological change of the spores. This
correlation of the morphological change has been similarly reported for other sterilization
techniques, such as spores treated with metal-oxide nanoparticles [35], surfactants [36] or
plasma treatment [37]. However, the opposite has been discussed in literature as well: no
morphological change after a sterilization process, for example, by treating the spores with
electrical discharges [38]. In our case, as reviewed in the previous section, H2O2 indeed
induced a morphology change on all investigated spores. Therefore, the impedance change
from the spore-based biosensor is likely to occur due to the transition to different spores
conditions. As the spores change from the deformed to flattened condition, they may start
leaking cell constituents, making the sensor surface more conductive and thus reducing its
overall impedance [24]. As a result, the morphology change of the spores is suitable as a
physical parameter to determine the spores’ viability.

7.4. Conclusions
In this work, a combined sensor array consisting of a calorimetric gas- and a spore-based
biosensor for online monitoring of sterilization processes with gaseous H2O2 under industrial
conditions was introduced for the first time. H2O2 concentrations up to 7.6% v/v were
determined with a sensor sensitivity of 0.97 °C/(% v/v). Furthermore, the effect of H 2O2 on
different spore strains, namely Bacillus atrophaeus DSM 675, Bacillus subtilis DSM 402 and
Geobacillus stearothermophilus DSM 5934, were meticulously investigated by means
of SEM-, AFM- and impedimetric measurements. Every spore strain was differently affected
by H2O2. Three spores categories were identified during the sterilization process and
eventually transited from one to the next condition: “normal”, “deformed” and “flattened”.
The average spores’ height of B. atrophaeus showed a fairly linear correlation to the H2O2
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concentration. Meanwhile, B. subtilis spores showed a rapid decrement of their height after
2.2 % v/v H2O2, whereas G. stearothermophilus showed a steady height along all H2O2
concentrations. In addition, the efficacy of a sterilization process with gaseous H 2O2 was
carried out with a spore-based biosensor. Sensors fabricated with B. atrophaeus were able to
successfully distinguish between all investigated H2O2 concentrations. Spores from B.
subtilis, and G. stearothermophilus were still able to evaluate qualitatively the sterilization
process but limited to the H2O2 concentration of 7.6% v/v. Nevertheless, it was shown as well
that the sensor’s signal is likely due to the morphology change of the spores; specifically, the
transition to the different spores’ conditions and this parameter is convenient to determine
the viability of the spores.
The presented combined sensor array consisting of a gaseous hydrogen peroxide sensor that
benefits from a quick response time (2 s) and a spore-based biosensor, which enables
measuring impedance changes due to morphological variation of spore size, opens unique
approaches regarding evaluation and monitoring of sterilization processes with H2O2 in
aseptic food industry. Hydrogen peroxide concentrations can be precisely measured within
industrial operation conditions. This provides several advantages such as online- and inline
monitoring, ease of portability (miniaturized system) and no further sample preparation is
needed. Additionally, the efficacy of the sterilization process can be effectively determined
by the embedded spore-based biosensor. This work demonstrated that Bacillus atrophaeus
spores can be used for quantitative determination and the other investigated strains (B.
subtilis and G. stearothermophilus) showed restricted correlation between morphologicaland impedance changes while being exposed to hydrogen peroxide. The synergy of the two
sensor types as one combined sensor array allows a considerably more specific multiparameter experience in aseptic filling machines in comparison to isolated microbiological
state-of-the-art- or hydrogen peroxide methods.
Further investigations will focus on the increase of the sensor’s sensitivity of the calorimetric
gas- and spore-based biosensors by employing substrates with lower thermal coefficients
(e.g., polyimide films) or optimizing the spore number and immobilization techniques on the
biosensor array.
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Supplementary information
7. S1 Sensor fabrication: calorimetric gas- and spore-based
biosensor array
The fabrication process of the sensor array was introduced in [1] and is shortly summarized
in Figure 7.S1.

Figure 7.S1 Fabrication process of the calorimetric gas- and spore-based biosensor array. An
adhesion promoter and a photoresist are spin-coated onto a glass substrate. Then, the
desired design is patterned by photolitography. After that, the structures are developed to
remove the remaining photoresist and 20 nm of Ti and 200 nm of Pt are deposited by
evaporation, respectively. At the end, the final structures are obtained by a lift-off process.

7.S1.1 H2O2 response time and calibration curve
The response time of the calorimetric H2O2 sensor as well as its calibration curve for H2O2
concentrations from 0% v/v to 7.6% v/v are shown in Figure 7.S2 a) and b), respectively.
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Figure 7.S2 a) Response time (2 s) from the calorimetric H2O2 sensor, exemplarily depicted
at 5.7% v/v; b) calibration curve of the calorimetric gas sensor.
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Throughout this thesis, several aspects were examined regarding the functionalization of
sensor substrates for the immobilization of bacterial spores. Here, a systematic approach to
establish an immobilization strategy resistant against harsh conditions (high temperature,
oxidizing environment) for spore-based biosensors in aseptic processing was presented. In
addition, a sensor array capable of simultaneously measuring hydrogen peroxide
concentrations as well as the spores´ viability to evaluate the efficacy of sterilization
processes was introduced.
The global aseptic market was evaluated to be about 39.5 billion USD in 2017 with a forecast
of 79.5 billion USD by 2024 [1]. Lots of liquid food products are packaged every day utilizing
aseptic filling machines. For instance, these machines can dispense approximately 12,000
ready-packaged products per hour (e.g., Pure-Pak® Aseptic Filling Line E-PS120A). However,
a validation of such machines has to be performed to assure contamination-free products.
The cutting-edge methods to validate such machines are by means of microbiological tests,
where endospores (shortly spores) are used as probes because of their high resistance against
several sterilants (e.g., gaseous hydrogen peroxide). The main disadvantage of the
aforementioned tests is time: it takes at least 36-48 hours to obtain the results, i.e., the
products cannot be delivered to customers without the validation certificate. Just in this
example, in 36 hours, 432,000 products would be on hold for dispatchment; if more machines
are evaluated, this number would linearly grow and at the end, the cost (only for waiting for
the results) would be considerably high. For this reason, the development of new sensor
technologies is very valuable to overcome this challenge. Therefore, the main focus of this
thesis was on the further development of a spore-based biosensor; this sensor can determine
the viability of spores after being sterilized with hydrogen peroxide (see sections 1.4 and 2.1).
However, the immobilization strategy as well as its implementation on sensing elements and
a more detailed investigation regarding its operating principle were missing.
Firstly, the immobilization strategy was selected according to the sensor application: it is
needed that the immobilization layer attaching the spores onto the sensor surface is strong
against an oxidative environment and heat (gaseous hydrogen peroxide). For this reason,
organosilanes were chosen as discussed in section 1.5. One of the first steps to functionalize
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the spore-based biosensor was hydroxylation (creation of OH groups at the sensor surface);
this was performed by treating the sensor surface with an O2 plasma. However, the sensor
signal was not stable anymore (it changed over time). Therefore, this effect was meticulously
studied in chapter 3.
At the beginning, the spore-based biosensors used Si/SiO2 as a substrate material, where the
SiO2 surface represents a good approximation for a glass surface in general. Therefore,
analogous to them, EIS chips were chosen to study the effect of O2 plasma radiation on them
because of their availability and sufficient amount of published literature. Here, physical
(contact angle measurements) and electrochemical characterizations (C-V- and ConCap
measurements) were performed on EIS structures to study the nature of the sensor signal
change after being treated with O2 plasma, namely by measuring the wettability of the
sensor surface and the sensor signal. Two different effects were found: hydroxylation at the
sensor surface and trapped charges in the Si/SiO2 interface. The contact angle measurements
provided a rapid tool to diagnose the surface wettability of the sensor, i.e., if hydroxyl groups
are present at the surface (the more hydrophilic, the more OH groups), whereas the C-V- and
ConCap measurements provided evidence of this effect in the Si/SiO2 interface. Further steps
were realized to achieve a relatively high hydroxylated (~6°) surface and to reset the effect of
the O2 plasma on the EIS chips by an annealing process. This resetting was probably possible
since trapped charges might be generated by the O2 plasma and by applying an annealing
process, they might be released, improving the oxide quality of the sensor. Considering that
the implementation of sensor technologies is growing at a rapid speed, the functionalization
of such sensors to immobilize cells or biomolecules would also be needed. Furthermore, O2
plasma is not only used for hydroxylation, but also to clean chip surfaces. As a result, the
aforementioned established method opens the possibility for further employing of O2 plasma
on Si/SiO2 structures without compromising their reliability.
In addition, in chapter 4, an immobilization strategy was optimized to localize spores on glass
substrates with organosilanes. Specifically, three different organosilanes (APTES, GPTMS
and PFDTES) were grafted on glass substrates for the immobilization of spores; glass was
used as a model system for spore-based biosensors. Characterizations were performed by
microbiological experiments, contact angle measurements and AFM. Numerous silanization
(process of organosilane grafting) parameters were optimized for such immobilization such
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as the nature of the solvent, concentration of the silane, silanization time, curing time and
temperature. Additionally, the organosilanes were resistant to a buffer solution (e.g., Ringer
solution), surfactants and sonication. At the end, the spores were successfully immobilized
with APTES and GPTMS, whereas PFTDES was applied to hinder the attachment of the
spores.
Abundant immobilization strategies have been introduced in literature regarding
immobilization of microorganisms and biomolecules with organosilanes. However, the
silanization process is hard to control because it happens automatically, i.e., the silane
molecules assemble themselves on the surface autonomously. Therefore, depending on the
application, the silanization process has to be optimized specifically for each case. This part
of the thesis provides a systematic and robust immobilization protocol with organosilanes for
spores on glass surfaces, where APTES has been chosen as the organosilane suitable for
spore-based biosensors since it shows the best immobilization efficiency; this was later
investigated in chapter 5.
In Chapter 5, the functionalization of spore-based biosensors was performed with APTES. In
addition, the immobilization of spores was studied on different substrate materials for
biosensors (SiO2, Pt and a glass substrate with transducer elements made out of platinum).
Characterization investigations were performed by contact angle-, AFM-, SEM-,
microbiological- and impedimetric measurements. In this case, APTES on SiO2 was the best
combination for the immobilization of spores. Furthermore, impedimetric measurements
showed a resistive behavior of the APTES at low frequencies (200 Hz-10 kHz) and a decrease
of the sensor impedance. This section of the thesis contributes with a reproducible sensor
functionalization with APTES as well as insights on the substrate material to be chosen for
spore immobilization.
Moreover, in chapter 6, the APTES functionalization was further optimized to withstand
gaseous hydrogen peroxide and the nature of the spore suspension was analyzed on sensors.
Particularly, APTES-functionalized spore-based biosensors and Si/SiO2 substrates were
studied to investigate the effects of water- and ethanol-based spore suspensions and
gaseous hydrogen peroxide. Furthermore, the substrates were characterized by contact
angle-, ellipsometric-, AFM- and impedimetric measurements. The layer thickness from
APTES prepared in ethanol was extremely thick (~800 nm) in comparison to that of toluene
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(~2 nm). Despite of this, a water droplet on an APTES surface prepared in ethanol and
sterilized showed the best stability against gaseous hydrogen peroxide. A higher stability of
the sensor signal against hydrogen peroxide can be reached by using ethanol as a solvent for
APTES instead of toluene. In addition, nowadays, with the increasing demand of sensor
methods in aseptic processing, more robust immobilization strategies are needed that can
withstand harsh conditions (e.g., oxidative environment). Here, for the first time, a protocol
for the immobilization of spores without affecting the sensor signal (stability) and being
resistant to gaseous hydrogen peroxide was established.
In the last part of this thesis (chapter 7), a sensor array consisting of a calorimetric gas- and a
spore-based biosensor for online monitoring of sterilization processes with gaseous H 2O2
under industrial conditions was introduced. In addition, the effect of hydrogen peroxide on
different spore strains was investigated. Characterizations were carried out by means of
impedimetric-, AFM-, SEM-, and microbiological measurements. H2O2 concentrations up to
7.6% v/v within 2 s were determined with a sensor sensitivity of 0.97 °C/(% v/v). Bacillus
atrophaeus spores were able to successfully evaluate (by change of morphology) all
investigated

H2O2

concentrations,

whereas

Bacillus

subtilis-

and

Geobacillus

stearothermophilus spores were able to favorably evaluate the concentration of
7.6 % H2O2 v/v. As it could be seen from this study, each spore strain possesses its own
response by means of morphological changes to gaseous hydrogen peroxide and should be
optimized accordingly to its own sterilization conditions. Nevertheless, this sensor
arrangement opens unique approaches regarding evaluation and monitoring of sterilization
processes with H2O2 in aseptic food industry. The synergy of the two sensor types as one
combined sensor array enables a considerably more specific multiparameter experience in
aseptic filling machines in comparison to isolated microbiological state-of-the-art- or
hydrogen peroxide methods.
In Figure 8.1 the main investigations of this thesis are summarized. In short, it starts with the
optimization of a method to obtain a hydroxylated surface and a stable sensor signal (chapter
3), which served as a basis for the immobilization of spores with organosilanes (chapter 4).
Furthermore, this method was implemented for different sensor substrates (SiO2, Pt and
glass substrates with Pt structures) and the influence of APTES immobilization on the sensor
signal was characterized by impedimetric measurements (chapter 5). In chapter 6, the APTES
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protocol was further optimized to withstand an oxidative environment (e.g., H2O2) and
different spore suspensions were characterized. Finally, in chapter 7, a sensor array consisting
of a calorimetric gas sensor and a spore-based biosensor was developed to monitor gaseous
hydrogen peroxide concentrations and to determine the viability of spores simultaneously.

Figure 8.1 Main investigations of the presented thesis.
Concerning the immobilization of spores, in most standardized tests, they can be
immobilized on spore strips, spore discs, plastic rods or glass bulbs [2]. However, none of
these methods deal with chemical immobilization, since the spores have to be recovered
after the test for further analysis. Furthermore, several chemical immobilization methods for
spores have been presented in literature as it was shown in chapter 1. Still, most of them are
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not convenient for the use in aseptic processing. In Table 8.1, different methods to
immobilize spores are compared with regard to their possible suitability in aseptic food
industry: here, user-friendly means the difficulty of the spore immobilization, type is the
nature of the immobilization (physical or chemical), heat and H2O2 stability stand if they are
stable to high temperatures (>240 °C) and to gaseous hydrogen peroxide; standardized
means if the immobilization is already regulated by a standardized institute. As it can be seen
from the table, the spore strips and disk foils excell in most of the comparable parameters.
However, the type of immobilization plays an important role in sensor applications. In
addition, gel entrapment and biospecific binding system are less suitable immobilization
techniques because of their lack of stability against heat and H2O2. Finally, APTES
immobilization (via electrostatic interactions) is relatively time-consuming, but with
optimized parameters can withstand both heat and H2O2.
Table 8.1 Comparison of immobilization of spores and their possible application in aseptic
food industry.
Spore

User-

Type of

Heat

H2O2

immobilization

friendly

immobilization

stability

stability

Spore strips

++

Physical

+

+

Yes

Spore discs

++

Physical

++

+

Yes

+

Chemical

-

-

No

-

Chemical

-

-

No

*

Chemical

++

++

No

Gel
entrapment
Biospecific
binding system
APTES

Standardized

Note: ++ very good, + good, * fair, - bad.
Moreover, in terms of sensor-based methods to monitor (low) H2O2 concentrations, some are
indeed available on the market. For instance, Dräger Polytron® 7000 (from Drägerwerk AG &
Co. KgaA) can electrochemically measure H2O2 concentrations from 0.1 up to 7,000 ppm, or
the PI2114 gas concentration analyzer (from Picarro, Inc.) can detect H2O2 concentrations
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from 3 up to 100 ppm. However, both devices are not adapted for in-line monitoring. In
addition, the measured H2O2 concentrations in aseptic filling machines can reach up to 10%
H2O2 v/v (1 x 105 ppm) that is about 100 times higher above the detection limit of these
sensors. As a result, non-sensor-based methods are commonly used to measure H2O2
concentrations in aseptic filling machines by disposable colorimetric techniques, which,
however, can only give a qualitative “yes/no” answer and no quantitative correlation. For this
reason, extensive work has been done in previous years to develop a H 2O2 sensor for aseptic
filling machines [3–6] as described in chapter 1. This sensor is tailored specifically for this
purpose. However, microbiological tests are still needed to validate such machines.
The typical standardized procedures to evaluate aseptic filling machines using gaseous
hydrogen peroxide as sterilizer were introduced in Chapter 1 (count-reduction test and endpoint test). In this case, the packaging material is contaminated with spores that are strong
against the sterilization process. Subsequently, the contaminated package is exposed to the
sterilant and finally incubated for a certain amount of time. After that, the viability of the
spores is determined either by counting the surviving spores before and after sterilization
(count-reduction test) or by determining the relationship between the number of non-sterile
and sterile packages (end-point test). In general, commercially available sensor-based
methods to impedimetrically diagnose bacterial growth can also be used. For example,
BacTrac®4300 (from SY-LAB Geräte GmbH ) is a device that performs impedance analysis in
a microbial culture process. In this case, the nutrient media and the liquified product are
incubated in a measuring cell and the impedance change of the fluid is monitoring by means
of pin electrodes. Its principle is based on metabolic products created when microorganisms
grow, changing the impedance of the medium. Additionally, Rapid Automated Bacterial
Impedance Technique (RABIT) (from Don Whitley Scientific Limited) is another device for
impedimetric measurements of bacterial growth. Similarly, as with the BacTrac®4300, the
impedance of the medium can be also measured, but another method that detects the
metabolic CO2 production is combined, having more flexibility for detecting microorganisms
that do not produce highly charged molecules. Despite of this, both of them are, however,
not suitable for online monitoring the spore viability in aseptic filling machines mainly
because of the size and sample preparation. Thus, this was the motivation for the
development of a new kind of spore-based biosensor to measure the viability of spores, which
was recently introduced also in previous works [7, 8]. While the impedance change of such
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sensor was in correlation with the increase of H2O2 concentration, its operating principle was
still on ongoing research. The assumption was that morphological changes of the spores
during H2O2 sterilization were responsible for the sensor signal; several hints (SEM
measurements) were provided pointing in that direction. This was further investigated (as
shown in chapter 7), where more evidence was given and indeed, gaseous H2O2 changed the
structure of the spores, and this could be also correlated to the impedance change of the
sensor. Various morphology conditions of spores were able to be characterized for each
strain: depending on the spore status the spores were labeled as “normal”, “deformed” or
“flattened”. The normal and deformed conditions were encountered in a specific ratio, which
changes, depending on the applied H2O2 gas concentration. In contrast, the flattened
condition was only found after treating the spores with gaseous hydrogen peroxide.
However, not all spore strains (B. subtilis and G. stearothermophilus) followed the same
behavior. This may increase the importance of B. atrophaeus in the development of sporebased biosensors for aseptic processing.
Due to the previous works already mentioned, the possibility of combining a calorimetric gas
sensor together with a spore-based biosensor was realized. And as previously discussed,
besides of offering simultaneous online parameters such as H2O2 concentration or spore
status, this sensor array may open new possibilities in regard to standardized regulations,
since the microbiological aspect is also covered. In Table 8.2, the discussed sensors are
summarized and assessed in terms of their suitability for aseptic processing.
In this work, several protocols were established for the immobilization of spores on sporebased biosensors. Specially, an immobilization layer strong against sterilization conditions
(high temperatures and gaseous hydrogen peroxide) was optimized by means of
organosilanes. Furthermore, a combined calorimetric gas sensor/spore-based biosensor was
developed to simultaneously monitor H2O2 concentrations and the viability of spores.
Future work might consolidate the further optimization of the APTES layer to facilitate the
silanization process (e.g., using gas-phase silanization instead of liquid-phase silanization), as
well as decreasing the size of the interdigitated electrodes to also increase the sensitivity of
the spore-based biosensor. In addition, the sensor array could be also upgraded by
integrating other sensor structures to monitor, for instance, humidity or gas flow. In another
case, the sensor array as well as the spore strains (B. atrophaeus, B. subtilis and G.
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stearothermophilus) can be also investigated for other sterilization methods such as radiation
Table 8.2 Comparison of commercially available sensor methods with previously developed
calorimetric gas- and spore-based biosensors.
Sensor method

Operating principle

Sensing parameter

Suitable for aseptic
processing

Dräger Polytron®
7000

Electrochemical

H2O2

No

PI2114

Optical

H2O2

No

Calorimetric-gas
sensor (CGS)

Calorimetric

H2O2

Yes

BacTrac®4300

Impedimetric

Culture medium
impedance

No

RABIT

Impedimetric

Culture medium
impedance

No

Spore-based
biosensor (SBB)

Impedimetric

Spores’ impedance

Yes

Sensor array (CGS +
SBB)

Calorimetric and
impedimetric

H2O2 and spores’
impedance

Yes

or pressure with saturated steam (autoclave). Further spore-based biosensors could be
developed by functionalizing the spore surface. As it can be seen in Chapter 7, the impedance
of the spores is measured and it can be correlated to the viability of spores. However, their
impedance also depends on the electrical properties of the spore coat. Thus, by modifying
the spore coat in such a way (e.g., with amino-charged groups) that more electrical charge
carriers can flow along the spore surface, the conductivity of the spores may increase and
with this, the capabilities of the impedimetric sensor may be further extended (e.g.,
sensitivity). Out of the scope of aseptic processing, spore-based biosensors may also be used
as a model to further investigate essential parameters such as “live” or “dead”
microorganisms, since the spores are in a dormant state and their status is normally known
until they find the right conditions to outgrow.
Moreover, due to the extraordinary properties of spores to withstand harsh conditions and to
have an “unlimited” shelf-life (i.e., they can be dormant for long time till needed), the
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popularity of spore-based biosensors may increase and become a state-of-the-art method to
be utilized in challenging environments. For instance, in medicine, on-site sterilization
methods may be applied to the medical equipment needed and at the same time, the sterility
efficacy could be evaluated by means of spore-based biosensors. In addition, in pharmacy,
for drug-delivery systems, photo-functionalized spore-based biosensors may be used. In this
case, the spore coat could be functionalized with photo-sensitive materials (similar like
contrast agents used in medicine) for tracking them inside the body. As the spores reached
the desired destination, they could be light-activated to germinate and by this, they may
release a specific pharmaceutical compound. Furthermore, in astrobiology, spore-based
biosensors might enable the search of favorable conditions for the growth of microorganisms
and plants in different planets (e.g., Mars), i.e., the spore-based biosensor could be used as
an indicator of deadly or non-deadly atmosphere/conditions. Nonetheless, further
committed research in the area of spore-based biosensors and functionalization of spores
may be advisable, on the one hand, to get an upgrade on the actual microbiological state-ofthe-art methods, and on the other, to additionally explore new scientific fields.
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Zusammenfassung
Im Rahmen dieser Arbeit wurden verschiedene Verfahren bezüglich der Funktionalisierung
von Sensorsubstraten für die Immobilisierung von bakteriellen Sporen untersucht. Es wurde
ein systematischer Ansatz für die Entwicklung einer Immobilisierungstrategie für Sporenbasierte Biosensoren in aseptischen Prozessen, welche bei hohen Temperaturen oder
oxidativer Atmosphäre resistent sind, vorgestellt. Außerdem wurde ein Sensor-Array
präsentiert, das Wasserstoffperoxidkonzentrationen sowie die Lebensfähigkeit der Sporen
simultan messen kann. Die Zusammenfassung der vorgestellten Kapitel ist nachfolgend
aufgelistet.
Kapitel 3: Effekt des O2-Plasmas auf die Eigenschaften von Elektrolyt-Isolator-HalbleiterStrukturen
✓ Die Funktionalisierung (Hydroxylierung) mit O2-Plasma auf EIS-Chips wurde mittels
elektrochemischer

Charakterisierung

(C-V-

and

ConCap-Messungen)

und

Kontaktwinkelmessungen untersucht.
✓ Das O2-Plasma verursachte eine Verschiebung im Flachband-Potential des EISSensors. Dies lässt sich anhand von Strahlungsschäden durch das Plasma und
„trapped charges“ am Si/SiO2-Interface erklären.
✓ Es wurde erfolgreich ein Temperprozess angewendet, um diesen Effekt des O 2Plasmas auf die EIS-Sensoren zurückzusetzen.
✓ Es konnte eine stabile (ohne Beeinfluss des O2-Plasmas) und hydroxylierte Si/SiO2Oberfläche mit einer gleichzeitigen Optimierung der Wärmebehandlung (300 °C für
10 min) realisiert werden.
Kapitel 4: Optimierung der Immobilisierung von bakteriellen Sporen auf Glassubstraten mit
Organosilanen
✓ Drei verschiedene Organosilane, nämlich APTES, GPTMS und PFDTES, wurden für
die Immobilisierung von Sporen auf Glassubstrate untersucht. Glas wurde als
Modellsystem

für

die

Sporen-basierten

Biosensoren

benutzt.

Die

Charakterisierungen wurden mittels mikrobiologischer Experimente, KontaktwinkelUntersuchungen und AFM durchgeführt.
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✓ Zahlreiche Silanisierungparameter wurden für eine solche Immobilisierung optimiert,
wie z.B. die Zusammensetzung des Lösungsmittels, die Silankonzentration, die
Silanisierungszeit, die Aushärtungszeit und die Temperatur. Die resultierenden
Organosilane waren resistent gegenüber Pufferlösung (z.B. Ringer-Lösung),
Tensidlösungen und Ultraschallbehandlung.
✓ Die Sporen wurden erfolgreich mit APTES und GPTMS immobilisiert. Gleichzeitig
wurde das Protokoll für PFTDES optimiert, um die Kopplung von Sporen zu
verhindern.
Kapitel 5: Oberflächenfunktionalisierung für sporenbasierte Biosensoren mit Organosilanen
✓ Sporenbasierte Biosensoren wurden mit APTES funktionalisiert. Des Weiteren wurde
die Immobilisierung von Sporen auf unterschiedlichen Trägermaterialien für
Biosensoren (SiO2, Pt und Glassubstrate mit Pt-Strukturen) untersucht. Die
Charakterisierungen wurden mit Kontaktwinkel-, AFM-, REM- und mikrobiologischen
Messungen durchgeführt. APTES auf SiO2 war die beste Kombination für die
Immobilisierung der Sporen.
✓ Impedimetrische Messungen zeigten ein resistives Verhalten des APTES bei niedrigen
Frequenzen (200 Hz-10 kHz).
Kapitel 6: Entwicklung einer Immobilisierungsmethode für sporenbasierte Biosensoren in
einer oxidativen Atmosphäre
✓ APTES-funktionalisierte, sporenbasierte Biosensoren mit Si/SiO2-Substraten wurden
untersucht, um die Effekte von Wasser- und Ethanol-basierten Sporensuspensionen
und Wasserstoffperoxid zu analysieren. Ferner wurden die Substrate mittels
Kontaktwinkel-, ellipsometrischen, AFM- und impedimetischen Messungen
charakterisiert.
✓ Die Abscheidung von APTES-Schichten in Ethanol resultierte in sehr dicken Schichten
(~800 nm) im Vergleich zu Toluol als Lösungsmittel (~ 2 nm). Gleichzeitig zeigte die
APTES-Oberfläche, die in Ethanol vorbereitet und darüber hinaus sterilisiert wurde,
die beste Stabilität gegenüber gasförmigem Wasserstoffperoxid.
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✓ Eine ebenfalls höhere Sensorsignalstabilität gegenüber Wasserstoffperoxid kann
erreicht werden, wenn Ethanol als Lösungsmittel für die Abscheidung von APTES
benutzt wird (statt Toluol).
Kapitel 7: Kalorimetrisches Gas- und sporenbasiertes Biosensor-Array für die OnlineÜberwachung und Sterilitätssicherung mittels gasförmigem Wasserstoffperoxid in
aseptischen Auffüllanlagen
✓ Es wurde ein Sensor-Array, bestehend aus einem kalorimetrischen Gas-Sensor und
einem

sporenbasierten

Biosensor,

für

die

Online-Überwachung

von

Sterilisationsprozessen mit gasförmigem H2O2 eingeführt und unter industriellen
Bedingungen getestet. Außerdem wurde der Effekt von H2O2 auf verschiedene
Sporenstämme

untersucht.

Charakterisierungen

wurden

anhand

von

impedimetrischen, AFM-, SEM- und mikrobiologischen Messungen durchgeführt.
✓ Es konnten H2O2-Konzentrationen von bis zu 7,6% v/v innerhalb von 2 s mit einer
Sensitivität von 0,97 °C/(% v/v) erfasst werden.
✓ Bacillus atrophaeus-Sporen konnten mit allen untersuchten H2O2-Konzentrationen
erfolgreich

evaluiert

werden,

während

Bacillus

subtilis-

and

Geobacillus

stearothermophilus-Sporen nur eine quantitative Abhängigkeit des Sensorsignals bei
einer Konzentration von 7,6 % H2O2 v/v zeigten.
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