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ABSTRACT

At the intersection of biology, chemistry, and engineering, biosensors are a
multidisciplinary innovation that provide a cost-effective alternative to traditional
laboratory techniques. They have transformed various fields by incorporating innovative
materials, transducing devices, and immobilization techniques. Their simplicity, accuracy,
and portability make them accessible to non-experts and allow them to be used on-site,
eliminating the problems of sample transport and storage. Due to their versatility and
advantages, biosensors are used in medical diagnostics, environmental monitoring, food
safety, wearable technology and in the industrial and pharmaceutical sectors.

The first part of this thesis is concerned with learning the state of the art of paper-based
immunosensors with bioluminescent (BL) and chemiluminescent (CL) detection. The
use of biospecific assays combined with (CL) detection and paper-based technology
offers an optimal approach to creating portable analytical tools for on-site applications,
but the translation of scientific advances into everyday use of such devices is lagging
behind. Therefore, we have focused on the specific areas that are responsible for this
disparity and need to be considered more in order to ensure a future practical
implementation of these methods in routine analyses.

The subsequent part of this thesis addresses the development of a fully autonomous lab
— on — chip platform for performing chemiluminescent — based bioassays in space
environment, exploiting a CubeSat platform for astrobiological investigations. An
origami-inspired microfluidic paper-based analytical device (WPAD) has been developed
to preload all reagents in a dry form onto the paper substrate, simplifying both device
construction and analytical processes. The primary purpose of this device is twofold:
first, to assess its performance in space by integrating it into the AstroBio CubeSat
(ABCS) nanosatellite, and second, to evaluate the device's functionality and the resilience
of the (bio)molecules used in the assays when exposed to a radiation-rich environment.
Subsequently, we designed a paper — based assay to detect traces of ovalbumin (OVA) in

tood samples. To this purpose, we developed an origami paper-based device that



exploits a competitive immunoassay coupled with chemiluminescence detection.
Magnetic microbeads have been used to easily immobilize ovalbumin on paper.
Immobilized ovalbumin competes with the OVA present in the sample for a limited
amount of enzyme (HRP)-labelled anti-OVA antibody. Using the origami design, a
series of analytical steps can be performed using reagents preloaded on different paper
layers, creating a user-friendly and immediately deployable immunosensing platform.

Finally, with the aim of exploring the use of biomimetic materials in biosensors
development, an hydrogel — based chemiluminescence (CL) biosensor for the detection
of H2O» and glucose was developed. A guanosine hydrogel was prepared and loaded
with a CL reagent (luminol) and a catalytic cofactor (hemin), miming a DNAzyme
activity. Subsequently, the hydrogel was modified by incorporating glucose oxidase
(GOD) enzyme to enable glucose biosensing. To enable point-of-care (POC)
applications, the emitted photons were detected using a portable device equipped with a
smartphone's CMOS (complementary metal oxide semiconductor) camera for CL

emission detection.






Introduction to biosensors

Biosensors, at the captivating crossroads of biology, chemistry, and engineering, have
revolutionized diverse fields through their fabrication, materials, transducing devices,
and immobilization techniques, symbolizing the essence of multidisciplinary innovation
[1]. These innovative devices have been developed to meet the need for alternatives to
standard laboratory analytical methods based mainly on instrumental techniques such as
spectrophotometry and chromatography, and are in fact an inexpensive solution for
solving qualitative and quantitative analytical questions without the use of complex
instrumentation [2], [3].

Broadly speaking, a sensor can be described as a device or component that helps to
identify changes in wvarious physical properties, including pressure, temperature,
humidity, motion, strength, and even electrical properties such as current. It does this by
converting these changes into signals that can be detected and analyzed [3], [4]. Sensors
are commonly classified into different groups, as shown in Figure 1, based on the specific
physical attribute or substance they are intended to measure. These categories include
distinctions such as their power source (active and passive sensors), their mode of
physical interaction (contact and non-contact sensors), their comparability of
measurement (absolute and relative sensors), their type of signal output (analogue and
digital sensors), and their method of signal detection [5], [6]. Within this diverse range of
sensors there is a subset known as biological sensors, often referred to as biosensors for

brevity. This term was coined by Cammann [7] and its definition was introduced by
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IUPAC [8], [9]- The roots of biosensors can be traced back to the work of the scientist
Leland C. Clark in the 1960s, who pioneered the development of enzyme electrodes for
the detection of oxygen or hydrogen peroxide, which later became crucial for the
measurement of glucose levels in various samples [10]. In particular, a biosensor is a
concise analytical tool or probe, visually depicted in Figure 2, consisting of three principal
components: a biological recognition element (typically enzymes, antibody or nucleic

acid), a transducer and an electronic system that generates a quantifiable signal.
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The biological recognition element has a specific affinity for the target molecule and

triggers the generation of a measurable signal via the transducer, which is subsequently

converted into a quantifiable output by the electronic component. This operating

sequence enables biosensors to identify extremely small amounts of both chemical and

biological substances, making them indispensable in a wide range of applications [11].

Furthermore, in order to develop highly effective, reliable and high-performance

devices, special requirements are needed, such as:

Selectivity in determine and differentiate a specific target molecule (the analyte) in
a complex sample without interference derived from matrix components [12] .
Sensitivity, which can be defined as the relationship between the intensity of the
transmitted and the analytes concentration. This characteristic is also defined by
upper and lower detection limits, which are the highest and lowest measurable
concentrations within a sample, with acceptable accuracy (the capability of a
sensor to produce a measured value with a degree of closeness as high as possible
to the known true value under established conditions) and precision (the
closeness of agreement among a series of measurements) [8], [13], [14].

Specificity, that is the ability to reveal and differentiate the target molecule from
other analytes, including substances that are structurally similar to the target,
metabolites, isomers, impurities or concomitant medications [14].

Short response time, to ensure quick and easy use especially in the field of
screening analysis.

Reproducibility, defined as the ability to consistently obtain identical results when
an experiment is repeated [14].

The last but not the least property is the stability, that is a measure of the
intactness an analyte in a given matrix under specific storage and use conditions
relative to the starting material for given time intervals [12] . Ensuring stability is
very important especially when continuous monitoring is required, because it is an
indication of how vulnerable the biosensor is to variation in factors external or

internal to the device. In particular, the aspects that affect stability are the affinity
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of the bioreceptor (the extent of binding of the analyte to the bioreceptor) and

the degradation of the bioreceptor over time [11].

One of the main advantages of biosensors is their versatility: thanks to their simplicity,
accuracy and portability, they can also be used by inexperienced personnel or those
without an equipped analytical laboratory, and can be used directly in the field, avoiding
possible inconveniences related to the transport and storage of samples. Given their
considerable advantages, they find applications in various fields, such as medical
diagnostics, environmental monitoring, food safety assessment, wearable technology, but
also in industrial and pharmaceutical sectors [15]. For example, in medical diagnostics,
biosensors have transformed patient care by enabling rapid and accurate detection of
diseases, monitoring of glucose levels for diabetics, and identification of specific
biomarkers indicative of health conditions [16]. This not only enhances the efficiency of
healthcare but also empowers individuals to take charge of their well-being.
Environmental monitoring benefits significantly from biosensors as well. These devices
can detect pollutants, heavy metals, and toxins in air, water, and soil, facilitating timely
intervention to mitigate potential hazards [17]. In the food industry, biosensors play a
crucial role in ensuring food safety by identifying contaminants or spoilage indicators

[18]. This safeguards both consumers and producers from health risks and financial

losses.
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Figure 2. The basic configuration of a biosensor, that is represented by its primary constituents: the

biorecognition element, the transducer, and the output system.



Moreover, the integration of biosensors with smartphones has led to a remarkable
convergence of healthcare and technology, enabling individuals to access quick and
convenient diagnostic information right from their mobile devices. These smartphone-
based biosensors capitalize on the ubiquity and computational power of smartphones to
create portable, affordable, and user-friendly platforms for wvarious diagnostic
applications [19-21], quantifying the signal provided by the transducer element. The

principal advantages of this implementation include [22], [23]:

® accessibility to a larger population;

® portability, allowing users to carry them anywhere, which is especially beneficial
for point-of-care testing and on-the-go monitoring;

= affordability and user-friendly, in fact the interface of smartphones is familiar to
most people, making these biosensors intuitive and easy to use without requiring
specialized training;

® connectivity, enabling data sharing with healthcare professionals or central

databases for remote monitoring and analysis.

1.1 Enzymes in biosensors

1.1.1  An outline of enzyme kinetics

Enzymes, which are proteins found in all tissues and fluids of living organisms, can act
as biocatalysts. Their primary function is to increase the rate of thermodynamically
favoured reactions, by reducing the activation energy required to form the reactants
complex essential for the generation of reaction products. Enzymes exhibit exceptional
stability and specificity and can be conveniently isolated once the reaction is complete.
They can also be easily immobilised on receptor surfaces and re — used after a reaction
[24], [25]. From a structural point of view, all enzymes are characterized by an active or
catalytic site, which is the region in which the catalytic events takes place: the reacting

chemical species called substrates bind in a specific way and are converted into the



product, passing through a transition state [26], according to the scheme shown in Figure

3.

a)
E+S ES ES* EP E+P
b)
Substrate Products
P b Active site ‘<> }
@ @
Enzyme

Figure 3. a) Scheme of the steps that take place during an enzymatic reaction. First of all, an enzyme substrate
(ES) complex must be formed; then, this complex passes to the transition state (ES*); finally, the transition state
complex advances to an enzyme product complex (EP), that dissociates to product and free enzyme. b)

Graphical representation of a classic enzymatic reaction.

Among the first to outline kinetic models to describe these types of reactions were the

biochemists Michaelis and Menten, to whom we owe the following equation:

Vmax * [S]
Ky + [S]

V =
Where V is the reaction rate of an enzyme - catalyzed reaction; Vma 1s the maximum
reaction rate; [S] is the substrate concentration; Ky is the Michaelis — Menten constant,
which is a measure of the affinity between the enzyme active site and its specific
substrate [27]. The purpose of the Michaelis-Menten equation is to provide quantitative

information on the concentration of substrate and/or enzyme starting from the
6



measurement of the reaction rate. Graphing the reaction rate (V) as a function of the
substrate concentration [S], the typical Michaelis - Menten plot is obtained [Figure 4],
trom which it is evident that at the substrate concentration that produces exactly half of
the maximum reaction rate, i.e., 1/2 Vmax, the substrate concentration is numerically
equal to Ky Moreover, it can be noticed that at high concentrations of substrate the rate

of the reaction is almost equal to Vmax.

[S]

Figure 4. Michaelis — Menten plot.

It is also important to consider two areas in the Michaelis-Menten curve. The first zone
refers to the condition in which the substrate concentration falls short of the Michaelis-
Menten constant ([S] << Ku). In this case, the previously described equation can be

rearranged in this way:

- Vmax [5]
Ky

The following equation describes a first order kinetics in which the reaction rate exhibits
a linear correlation from [§], i.e. it varies proportionally as [S] increases. These conditions
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are therefore of interest for the determination of the substrate concentration of an
enzymatic reaction by measuring the reaction rate [28]. Instead in the second zone, the
concentration of the substrate is in excess ([S] >> Ku), causing the saturation of the
enzyme. Therefore the concentration of the enzyme becomes equal to that of the
substrate which has bound and the reaction rate becomes maximum. In conclusion, for
high values of [S], the term Ky in the denominator becomes irrelevant and the

Michaelis-Menten equation is greatly simplified:

V = Vyax

This equation describes a zero-order kinetics in which the reaction rate is independent of
the substrate concentration [S], but is directly proportional to the total enzyme
concentration [E [28]. This area of the curve is therefore interesting to evaluate the

enzymatic activity starting from the measurement of the reaction rate.

1.1.2  Enzyme based biosensors

Enzymes used as biocatalysts are employed in a wide variety of fields to derive analytical
information. They are found in the diagnostic-clinical field as they enable the assessment
of organ function or serve as markers of specific diseases. They can also be used in
forensic science as a method of detecting body fluids or as markers of a subject's genetic
individuality. They are also widely used as biospecific probes with applications in
immunological methods. Still, in the food industry, thanks to enzymes it is possible to
evaluate the proper performance of operations such as pasteurization and sterilization.
Finally, in the field of environmental chemistry enzymes are exploited to monitor the
presence of specific pollutants (e.g., pesticides) or in the pharmaceutical field to assess

the quality of certain formulations [29], [30].



From an analytical point of view, the use of enzymes in biosensing is extremely
advantageous because it allows rapid and accurate chemical analyses, due to their
specificity toward substrates, and with detection limits so low that the use of very small
volumes of sample is sufficient, resulting in reagent savings. The use of enzymes also
makes it possible to increase the selectivity of chemiluminescent (CL) and
electrochemiluminescent (ECL) detection reactions. To broaden the utility of the
enzyme-based biosensors and extend their ability to measure a wider range of molecules,
it is possible to construct a cascade system of coupled enzymes. In this setup, the
primary product resulting from the analyte conversion undergoes subsequent enzymatic
transformations, ultimately yielding a secondary product that can be measured [31], [25].
Oxidase enzymes that generate H2O», such as xanthine oxidase or glucose oxidase, are
most commonly used for this purpose [32].

An enzyme-based biosensor operates on the basis of several factors, including the
catalytic reaction and the binding affinity for the target analyte [33]. The mechanisms

underlying analyte recognition can take several forms:

* the enzyme may metabolize the analyte and this catalytic conversion is used to
measure the concentration of the analyte;

" the analyte can inhibit or activate an enzyme, linking its concentration to a
reduction in the enzyme product formation;

" Monitoring the enzyme characteristics and their variations. [34—37]

Furthermore, it is very important that the biosensor be stable to ensure its safe and
effective long-term use, and this skill is achievable if the stability of the enzyme used to
tabricate it can be guaranteed. For this purpose, many different techniques have been
employed, such as protein engineering [38], the use of enzymes from naturally
thermostable microorganisms [39], [40], immobilized enzymes [41], [42] and by addition
of stabilizing agents to the enzymes [43], [44].

One of the most studied systems, which also led to the development of the first
biosensor, is one that exploits glucose oxidase, whose reaction mechanism is shown in

Figure 5.



OH OH

glucose

0 — 0 Q
H HO + —— = HO + H;0
ﬂo < HoO oH * % oxidase HO 2
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Figure 5. Oxidation reaction of glucose catalyzed by glucose oxidase.

The beginnings of glucose biosensors can be traced back to a pioneering experiment by

Leland C. Clark, shown in Figure 6.

Glucose Gluconic Acid

Glucose Oxidase

0, or H,0, or
Oxidized Reduced
Mediator Mediator

Electrons

Figure 6. Schematization of the Clark’s experiment.

In this experiment, platinum (Pt) electrodes were used to detect oxygen. The enzyme
glucose oxidase (GOD) was strategically positioned in close proximity to the platinum

surface, secured in place by a piece of dialysis membrane. When glucose interacts with
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GOD, it led to the formation of gluconic acid, producing two electrons and two
protons, effectively reducing GOD. The reduced GOD, together with the surrounding
oxygen, electrons, and protons underwent a reaction that results in the production of
hydrogen peroxide and the regeneration of oxidized GOD. This rejuvenated GOD
could then participate in further glucose reactions. Notably, a higher glucose
concentration leads to increased oxygen consumption, while lower glucose levels
produce more hydrogen peroxide. Consequently, the platinum electrodes could detect
either the depletion of oxygen or the generation of hydrogen peroxide, making them a
reliable indicator of glucose concentration [45]. The most common and commercially
available enzymatic biosensors using glucose oxidase are those characterized by
electrochemical transduction. Of these, the most common and commercially available
are the amperometric and potentiometric ones, which are mainly used in clinical settings
to measure blood glucose concentration [46], [47]. The present and future applications
of glucose biosensors are broad, driven primarily by their direct utility in self-monitoring
capillary blood glucose levels in people with diabetes. These monitoring devices
represent one of the most expansive markets for biosensors today, significantly

improving the quality of life for people suffering from diabetes [47], [48].

1.2 Immunosensors

Immunosensors are innovative analytical devices that merge the principles of
immunology with cutting-edge sensor technology to detect and quantify specific
biological molecules, such as proteins, antigens, or antibodies. These biosensors are
designed to provide rapid, precise, and sensitive measurements of target analytes, making
them invaluable tools in a wide range of applications [49].

At the heart of immunosensors lies the strong interaction between antibodies (the
affinity biorecognition elements) and antigens, a fundamental process within the
immune system [50]. Antibodies possess the structure of immunoglobulins (Ig) (Figure 7)

in the form of “Y” shape, which consists of two heavy and two light polypeptidic chains
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connected by disulfide bonds. Five classes of antibodies have been defined based on
differences in heavy chains: IgG, IgM, IgA, IgD, and IgE [51]. They are highly specific
proteins that can bind to specific antigens, and this specificity forms the basis for the
remarkable precision of immunosensors. When an antibody recognizes and binds to its
corresponding antigen, this event can be related to the generation of a measurable

output, typically an electrical or optical signal.

/ﬁ Antigen binding point ﬁ\

A

Variable region \

L]

-

Constant region

Figure 7. Schematic structure of an immunoglobulin. The two short outer components atre called light chains,

while the two longer inner portions are called heavy chains.

Immunosensors offer several advantages:
" They can selectively detect and quantify the target molecule in the presence of
complex mixtures, reducing the likelihood of false-positive results. The specificity
is provided by the binding domains of antibodies, which are located on the arms

of their “Y” conformational shape [52], [53].
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" Thanks to their sensitivity, immunosensors can detect analytes at very low
concentrations, making them suitable for early disease diagnosis and monitoring
trace-level substances.

* They provide rapid results, often in minutes, making them valuable for point-of-
care testing and on-site analysis.

* Many immunosensors are compact and portable, enabling their use in various

settings, including remote or resource-limited areas [54].

In addition, immunosensors can be classified as labelled and non — labelled. The first
case derives from immunoassay technology: a sensitively detectable label is introduced
and the antigen—antibody complex is assessed through label measurement. Conversely,
label — free immunosensors are designed to discern the antigen-antibody complex by

assessing the physical alterations induced as the complex forms [55].

1.21 Labelled — biosensors

In labelled immunosensor methodologies, antibodies are typically conjugated with a
sensitively detectable label, such as fluorophores, nanoparticles, enzymes, or redox
probes. These tagged antibodies then bind to the target antigen, facilitating highly
sensitive detection. The labels employed can encompass enzymes, such as horseradish
peroxidase (HRP) and alkaline phosphatase (ALP), as in enzyme-linked immunosorbent
assays (ELISA) [56], [57], as well as fluorescence probes or chemiluminescent markers
[58], [59]. Furthermore, there is a growing emphasis on the use of nanomaterials as
labels in immunosensors development [60], [61]. Notably, ELISA in its two formats
(sandwich assays and competitive assays) has garnered increased attention due to its
simplicity [62].

The sandwich immunosensing approach stands as the most widely employed analytical
method for detecting and quantifying specific proteins of interest [63]. In this approach,
the antigen is trapped between two antibodies: a primary antibody (capture antibody)

and a labelled secondary antibody, as depicted in Figure 8.
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Figure 8. Schematic of a typical sandwich immunoassay.

Initially, a fixed quantity of primary antibody, tailored to the antigens, is immobilized
onto the sensor surface. Following this immobilization, various dilutions of the antigens
(typically proteins) are introduced and captured by the antibodies affixed to the surface.
Any unbound antigens are then removed through washings. Subsequently, an enzyme-
linked secondary antibody, specific to the antigens, is applied to the sensor. After
another washing step to eliminate any unbound enzyme-labelled secondary antibody, a
substrate solution is introduced into the wells, and the signal increases proportionally to
the quantity of antigen bound to the antibody [64].

Competitive immunosensors in their direct form, as shown in Figure 9, involve the fixing
of a specific antibody onto a sensor surface. In this configuration, both unlabelled
antigen and enzyme-labelled antigen (typically labelled with enzymes such as HRP or
ALP) compete for binding sites on the antibody. Quantification of antibody-bound
labelled antigen is achieved by colorimetric or chemiluminescent means, where the
intensity of the colour or emission is inversely related to the amount of unbound antigen

or unlabelled antigen present in the sample [64].
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Figure 9. Schematic of a typical competitive immunoassay.

1.2.2 Label — free biosensots

In label-free or direct immunosensors, antibodies are attached to the surface of the
sensor, where they form binding interactions with the target antigen. When the capture
antibody specifically recognizes the antigen at the molecular level, it induces alterations
in the interfacial properties, including charge, current, capacitance, impedance, mass, and
thickness at the surface of the immunosensor. These changes directly influence the
electron transfer reaction of the probe at the interface between the immunosensor and
the electrolyte solution. Consequently, the direct electrochemical immunoassay typically
involves the measurement of shifts in impedance, capacitance, current, and potential
resulting from the formation of the immunocomplex [65], [60], [67]. In addition, many
label — free immunosensors make use of optical detection methods, such as surface
plasmon resonance (SPR) e surface — enhanced Raman spectroscopy (SERS). In fact,
antibodies, antigens or oligonucleotides can be labelled with metal nanoparticles (i.e.
AuNPs, AgNPs), which are therefore widely used for biomolecule detection [68]. The
Raman scattering radiation of molecules adsorbed on the nanostructured surface can be

measured and amplified through SERS phenomenon [69]. Moreover, metal
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nanoparticles shows optical properties due to the SPR effect [70], which gives rise to a
well-defined absorption band in the UV-vis spectrum [71].
Label-free measurements of a wide variety of markers are mainly appealing due to their

capability for real-time monitoring [64].

1.3 Paper and hydrogel: ideal materials for bioassays

1.3.1 Paper in biosensing

Paper has attracted considerable attention as a promising material for sensors and
devices in analytical and clinical chemistry due to its versatility, wide availability and cost-
effectiveness [72—74]. These analytical devices can be seamlessly integrated to provide
flexibility, portability, disposability, and ease of use. A variety of techniques and
processes, involving chemical modification and/or physical deposition, can be used to
tailor the properties of paper, making it suitable for subsequent modification or direct
application in a wide range of uses [75]. Numerous methods for confining liquids to
specific regions on paper have been documented in the literature, including
photolithography [706], inkjet printing [77], etching [78], plasma treatment [79], paper
cutting [80], wax printing [81], screen printing [82], and laser treatment [83].

Paper-based sensors represent an emerging technology that offers an innovative
approach to the development of creating simple, cost-effective, portable, and disposable
analytical tools for use in different fields such as clinical diagnostics, food quality
assurance, and environmental monitoring. The key advantages of using paper as a
sensing platform lie in its special properties, which allow passive liquid transport and
compatibility with a wide range of chemicals and biochemicals.

Among the many paper based devices, one of the most important examples is the
Lateral Flow Immunoassay (LFIA). LFIA techniques readily find practical use with an
high commercial diffusion primarily because they require minimal modifications to
function as end-user devices [84], but also because they are simple, rapid, cost-effective

and have no requirement of equipment or technical expertise. A typical LFIA device
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(Figure 10) comprises several layers, with a thin porous nitrocellulose membrane adhering
to a plastic backing support, which provides structural stability to the device. At its ends,
there are two cellulose or glass — fiber pads, namely the sample pad and the absorbent

pad [85].

‘ ‘ Conjugate pad
Control Line

Sample pad Absorbent pad

& [ [

FLOW

S /

Backing support

Nitrocellulose membrane
Test line

Figure 10. The structural components of a typical LFIA strip.

The sample pad gradually absorbs the liquid sample, pre-treating it to minimize matrix
effects, while the absorbent pad facilitates capillary flow and acts as a reservoir for the
processed liquid. Another pad, often made of polyester or glass — fiber, is located right
after the sample pad: it is called conjugate pad. It is impregnated with a suitable labelled
immunoreagent solution and is dried. On the nitrocellulose membrane, specific lines are
designated for dispensing solutions containing immunoreagents: these regions are called
Test lines and Control line. The Test lines reveal interactions with the target molecule,
while the Control line ensures the test's proper functioning by binding with the probe,
independent of the presence of the target. The assembled strip is enclosed in a plastic
cassette, which includes a reading window covering the reactive regions on the
nitrocellulose and a sample well for introducing the sample. The cassette features
pressure points to ensure proper contact between the layered components, facilitating

the flow of the sample and labelled conjugate mixture along the strip [86]. To perform
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an LFIA experiment, the liquid sample is deposited on the sample pad, generating a
capillary flow of sample along the membrane. This mechanism allows immunoreaction
to occur along the dedicated lines [85].

As one of the most successful analytical platforms for point-of-need testing, LFIA's
applications range from the determination of biological markers for clinical purposes,

food and feed safety, veterinary medicine, environmental control and even forensic

analysis [85], [87], [88]-

1.3.2 Hydrogels in biosensing

Over the last few years, hydrogels, a class of materials with a high water content and a
three-dimensional network structure, have emerged as a versatile and indispensable tool
in the field of biosensing, thanks to their ability to incorporate alien substances while
preserving a favourable environment for biosensing events. These remarkable materials
offer a unique combination of biocompatibility, tunable physical properties, and the
ability to absorb and release water, making them ideal candidates for a wide range of
biosensing applications [89], [90], [91]. Hydrogels consist of a hydrophilic polymer
network that can retain large amounts of water within their structure, granting them soft
and flexible nature, similar to natural tissues. The latter property makes them suitable for
various biological applications and preserves the native structure of biomolecules, an
essential prerequisite for feasibility, specificity, and sensitivity in biosensing applications
[92]. These polymers can be synthetic or natural, such as alginate [93], collagen [94], or
hyaluronic acid [95], offering researchers a plethora of options to tailor hydrogels for
specific biosensing needs. The fundamental characteristics of hydrogels can be resumed

as follow [96], [97]:

* Hydrogels are biocompatible materials, meaning they are well-tolerated by
living organisms. This property is vital in biosensing applications, as it
minimizes the risk of adverse reactions when hydrogels come into contact

with biological samples or tissues.
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* The high water content in hydrogels mimics the natural environment of cells
and biological fluids, enabling the effective exchange of analytes between the
hydrogel and its surroundings. This is particularly valuable in biosensing,
where precise control of the microenvironment is often required.

* Thanks to their 3D porous structure, hydrogels can be easily functionalized
with various recognition elements, such as antibodies, enzymes, or DNA
probes. This functionalization enables the selective detection of specific

analytes, making hydrogel-based sensors highly specific and sensitive.

In literature it is possible to find numerous applications in which hydrogels are used,
including: hydrogel-based glucose sensors, that use glucose oxidase enzymes embedded
in hydrogels to detect changes in glucose concentration [98]; pH and ion concentration
monitoring in biological fluids, with sensors that finds applications in environmental and
healthcare fields [99]; hydrogel — embedded biosensors, which allow a controlled drug
delivery, releasing drugs in response to specific stimuli, such as changes in pH or
temperature [100]; sensors for the detection of specific proteins or biomarkers in
complex biological samples, realized functionalizing hydrogels with antibodies or
aptamers, for diagnostic and biomedical purposes [101]; hydrogel-based wearable
sensors, which have gained popularity for the continuous monitoring various
physiological parameters, including hydration, lactate levels [102] and many others [103].
In conclusion, hydrogels are excellent functional materials for biosensor development.
However, although they have made significant strides in biosensing applications,
challenges such as stability, long-term performance, and integration into miniaturized
devices remain. Researchers are continually working on improving hydrogel
formulations, exploring new functionalization strategies, and developing innovative

sensor architectures.
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1.4 Chemical Luminescence System

Biosensors can be classified not only by the type of biorecognition element but also by
the different types of transducer system, such as electrochemical, optical, thermal,
electronic, gravimetric, magnetic, and acoustic. In particular, in optical biosensors the
output transduced signal derives from the interaction of matter with an electromagnetic
radiation, that is the product of the biospecific recognition event. The most commonly
used optical-based biosensors are, colorimetric, fluorescence, chemical luminescence,
SPR, and optical fiber-based biosensors [104—107].

Chemical luminescence is a physical phenomenon caused by the production of light via
a chemical reaction, in particular by an excited chemical species called the luminophore.
Depending on the nature of the stimulus able to trigger the reaction, a further
subdivision can be made: chemiluminescence (CL) and bioluminescence (BL) are
referred to the production of light started by mixing the reagents, the latter exploiting
enzymes and photoproteins isolated from living organisms [108]; electrogenerated
chemiluminescence (ECL) is the luminescence generated at the surface of an electrode
by relaxation of exited state molecules produced during an electron-transfer reaction
[109]; thermo-chemiluminescence (T'CL) is the emission of light produced by the
thermally-induced decomposition of a molecule [110].

Certain conditions must be met for a chemical reaction to produce light [111]:

1. the reaction must be exergonic so as to populate an electronically excited state
(singlet). The free energy requirement can be calculated using the following

equation:

hc 28600
= =
Aex Aex

AG

Based on the above, the energy required by a chemiluminescence reaction

producing photons in the visible (400 — 700 nm) range is around 40 — 70 kcal mol

1
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2. the electronically excited state must have accessibility on the reaction coordinates.
3. Photon emission from the excited state has to be energetically favored. So, the
product of the reaction has to be fluorescent or, through an intra/intermolecular

energy transfer, an excited state can be populated.

The chemical luminescence quantum yield, is defined as the number of photons emitted

per reacting molecule and can be calculated as follows:

Dcp, = Pgp - Pgs - D

where @r is the chemical yield of the reaction, ®gs is the fraction of the product
entering the excited state and ®r is the fluorescent quantum yield.

One of the most described and studied CL reactions is certainly that of the oxidation of
luminol, a diprotic acid with pKa values of 6 and 13, respectively. Under alkaline
conditions and in the presence of H>O», luminol is oxidized to the corresponding radical
anion in its excited state, which releases a photon while decaying to the ground state, as
shown in Figure 11. A blue light is emitted at 428 nm with a relatively low quantum yield
of 1% [112]. The reaction is usually catalyzed by the enzyme horseradish peroxidase
(HRP), which is commonly employed as a marker in immunometric assays due to its

ability to amplify signals and its high turnover number [113].

0
- Cco0"
N oH Cc00 ~ |
+ Hy0p —> (42
NH 202 —_— N + hv (428 nm)
HRP CoO m ofe]e
NH, O NH, N, NH,

Figure 11. Chemiluminescent HRP-catalyzed oxidation of luminol.
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Utilizing an enzyme such as HRP as a label offers the potential to enhance the CL signal,
as an abundance of CL substrate leads to the generation of numerous product molecules
from a single enzyme molecule [114]. Furthermore, attaining the steady — state of the CL
emission enables the establishment of standard experimental parameters and the
quantitative measurement of the investigated labeled probe. This is due to the direct
correlation between steady-state light intensity and enzyme activity. The analytical
performance of the HRP-catalyzed CL oxidation of luminol can be improved thorugh
the addition to the CL cocktail of some enhancers like p-iodophenol (PIP), 4- (1-
imidazolyl)phenol [115], and other p-phenol derivatives [116], sodium 3-(100-
phenothiazinyl)propane-1-sulfonate (SPTZ) [117], p-phenylphenol and sodium
tetraphenylborate as synergistic enhancer [58], or KsFe(CN)s as electron mediator [118§],
or . These enhancers enable the amplification and stabilization of the CL signal, thereby
enhancing the sensitivity of the analytical approach [117].

Chemical luminescence detection techniques are of analytical significance primarily due
to their ability to generate photons without requiring photoexcitation, unlike
fluorescence-based methods. This characteristic allows for the mitigation of issues
related to light scattering, background fluorescence, and light source instability.
Therefore, instrumentation for chemical luminescence measurements is very simple,
since no excitation source, nor wavelength selection systems, are required. Furthermore,
when chemical luminescence detection is combined with imaging systems for detection,
such as charge-coupled device (CCD) or complementary metal-oxide semiconductor
(CMOS) cameras, or arrays of thin-film photosensors, adaptable setups for the reading
cell become feasible. This flexibility extends to aspects like the arrangement of
microarray spots on a modified surface, given that measures are taken to manage cross-
talk phenomena. Finally, chemical luminescence detection exhibits extensive dynamic
ranges, simplifying the examination of samples featuring highly disparate analyte
concentrations. Conversely, the primary limit of these detection methods arises from the
possible influence of the sample matrix on the chemical reaction, potentially enhancing
or impeding the light-emitting process. Such impacts are inherently unpredictable and
might result in aberrations or erroneous outcomes. Moreover, owing to the heightened
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detectability of chemical luminescence labels, meticulous management of non-specific
binding is essential to prevent excessive background signals. Consequently, strategies for
functionalizing surfaces play a pivotal role in ensuring the assay's success [119]. An
additional factor requiring consideration, particularly during signal acquisition within a
tlow setup, is the reliance on the kinetics of photon emission dictated by the employed
chemistry (spanning from flash-type to glow-type). Given that the chemical
luminescence signal is temporally unstable, the species emitting light experience

diffusion within the solution, leading to a loss in resolution [120].
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Proposal for the thesis

The theme of this thesis is the development of miniaturized analytical devices based on
biospecific molecular recognition reactions, i.e. enzyme—based and immuno biosensors,
which exploit chemiluminescence (CL) as detection technique. In Chapter 3, an
investigation into paper-based immunosensors based on bioluminescent and
chemiluminescent detection was conducted, to learn about the state of the art and the
importance of this category of devices. The use of biospecific assays combined with
chemiluminescent (CL) detection and paper-based technology offers an optimal
approach to creating portable analytical tools for on-site applications. The distinctive
features of these elements combine to create an exclusive synergy for meeting point of
care (POC) needs. However, the translation of scientific advances into everyday use of
such devices is lagging behind. This chapter attempts to highlight the remaining
challenges responsible for this disparity and to identify the specific areas that require
concentrated and focused research to enable the practical implementation of these
methods in routine analysis. In Chapter 4, the development of a fully autonomous lab—
on—chip platform for performing CL — based bioassays was investigated. A microfluidic
paper-based analytical device (WPAD) designed in an origami-like format was employed,
which offers the advantage of preloading all reagents in a dried form onto the paper
substrate, facilitating both device design and analytical procedures. The intention behind

the device, which was incorporated into the AstroBio CubeSat (ABCS) nanosatellite, is
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twofold: firstly, to validate the technology's performance in space, and secondly, to
assess the functionality of the device and the durability of the (bio)molecules used in the
assays when exposed to a radiation-rich environment. Chapter 5 reports the
development of a novel origami paper-based device for the detection of ovalbumin
(OVA) in food samples. This innovative biosensor uses a competitive immunoassay
coupled with chemiluminescence detection. The use of magnetic microbeads plays a key
role in the device preparation by facilitating the easy and efficient immobilization of
OVA on paper. Immobilized OVA then competes with the naturally occurring OVA in
the sample for a limited amount of enzyme (HRP)-labelled anti-OVA antibody. Using
the origami design, a series of analytical steps can be performed using reagents preloaded
on different paper layers, resulting in a convenient and ready-to-use immunosensing
platform. In Chapter 6 a smartphone-based CL biosensor for the detection of H.O» and
glucose was developed. In particular, a binary guanosine hydrogel was prepared and
loaded with a CL reagent (luminol) and a catalytic cofactor (hemin). Subsequently, the
hydrogel was modified by incorporating glucose oxidase (GOD) enzyme to enable
glucose biosensing. To enable point-of-care (POC) applications, the emitted photons
were detected using a portable device equipped with a smartphone's CMOS

(complementary metal oxide semiconductor) camera for CL emission detection.
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3.1 Introduction

Immunoassays have been routinely used in laboratories equipped with bulky
instrumentation and skilled personnel for the quantification of target analytes for various
applications in healthcare, food safety and environmental monitoring. In recent years,
research has mainly focused on making the immunoassay technique suitable for portable
analytical formats, to perform low-cost tests directly on site [1]. Indeed, thanks to their
selectivity and specificity, immunoassays allow the detection of analytes within complex
matrices without the need for long-processing sample pretreatments. Among portable
formats suitable for the development of point-of-care (POC) immunoassays, the papet-
based approach has attracted strong interest thanks to its advantageous features,
including low cost, straightforward procedures, flexibility of the paper-based support,
short turnaround time and small consumption of samples and reagents. For these
reasons, paper-based POC immunoassays are expected to become a feasible option for
monitoring human healthcare, food safety or water quality in resource-limited settings
and, thanks to the recent improvements in microfluidics and nanotechnologies, they
have developed rapidly in recent years [1]. Among the different varieties of paper-based
format biosensors, those combined most frequently with immunoassays are lateral-flow
immunoassays (LFIA) and microfluidic paper-based devices (WPADs) [2]. LFIA is an
integrated platform in which pre-stored reagents are entrapped on a nitrocellulose strip.
By adding the sample, these reagents are solubilized and, while they are flowing through
the membrane, bioassays take place. On the surface of the nitrocellulose strip, different
areas contain specific probes responsible for the recognition and detection of the target
analyte. It is possible to exploit different bioassay formats, including sandwich,
competitive or multiplex formats. As an alternative, pPADs are characterized by the
presence of hydrophilic and hydrophobic microchannels, which allow to develop
different designs suitable for the desired application. The microfluidic pattern is
generally obtained by exploiting chemical printing and/or cutting and it is possible to
develop 2D or 3D configurations for moving fluids through vertical and horizontal

pathways [2, 3]. The analytical performance of miniaturized analytical devices represents
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the bottleneck when high sensitivity is required, such as for the detection of analytes
present at trace levels in complex matrices [4, 5]. For this reason, one of the most
important aspects in the development of these methods is the selection of the detection
technique since it has to combine high sensitivity with reduced sensing equipment,
providing the possibility of working with portable and low-cost devices and ease of
operation even by non-specialized personnel [5]. Several attempts to avail popular
detection methods. such as UV/Vis absorption spectroscopy [6, 7, 8, 9], have been
reported in literature but the most promising techniques are those based on
electrochemical and luminescence detection. In particular, chemical luminescence is
based on the production of photons triggered by a chemical reaction, as for
chemiluminescence (CL), and, when the reaction occurs within living organisms, the
phenomenon is called bioluminescence (BL). Since BL and CL reactions start in the
dark, photons can be measured with high efficiency ensuring the absence of nonspecific
signals, thus avoiding the background commonly encountered with photoluminescence
measurements. For this reason, CL-based analytical methods can achieve, in principle,
high detectability and can represent an alternative or a complementary approach in the
tield of optical biosensors [10]. Together with their high sensitivity, CL. and BL allow to
work with a wide linear range, no radioactive reagents and simple equipment making
them an ideal detection principle for POC analytical instrumentation [11]. Figure 1
schematizes the advantages in combining paper-based immunosensors with CL. and BL

detection.

Versatility Ease-of-use
Paper-based devices can be CL can be detected using
adapted to different formats, simple technologies like
analytical applications and they CMOS sensors integrated in

can be implemented smartphone’s
with several camera
platforms.

Sensitivity Portability

Paper-based
and CL detection
are suitable for
developing
miniaturized and
compact biosensors.

Antibodies-based
probes are able to
recognize traces
of target antigens even in
complex matrices.
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Figure 1. Scheme of the advantages obtained by combining paper-based immunosensor with CL detection.

The photons produced by CL reactions are due to the returns of a molecule to the
ground state after the excitation to the singlet excited state reached through an

exothermic chemical reaction (Scheme 7).
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Scheme 1. Schematic representation of bio-chemiluminescent reactions.

The wavelengths typical of the CL emission are in the range of the visible and infrared
spectrum [12, 13]. Since it occurs in living organisms, the BL. phenomenon is generally
based on the catalytic activity of enzymes (e.g., luciferases) or photoproteins [14]. BL
and CL detection principles can be used in immunoassays by exploiting an enzymatic-
label conjugate to an immunoreagent and a specific BL. or CL substrate. Using either BL
or CL, a significative amplification of the analytical signal (about 104—105 times) can be
achieved thanks to the characteristic enzymatic turnover [15]. Horseradish peroxidase
(HRP) is probably the most used CL label. HRP is able to catalyze the oxidation of
luminol in the presence of a peroxide which leads to the formation of aminophtalate in a
singlet excited state. The decay of this species to the ground state brings about the
release of photons at a characteristic wavelength (428 nm) [16]. HRP shows good
stability combined with a high enzymatic turnover number, making it an excellent
candidate for CL-based biospecific assays. By adding to the CL cocktails suitable
enhancers acting as electron transfer mediators (e.g., substituted phenols, substituted
boronic acids, indophenols, N-alkyl phenothiazines [17] and 4-dialkylaminopyridine

[18]), it is possible to increase the signal intensity and to stabilize the CL signal over time.
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Firefly luciferase is the most exploited BL protein and it acts by catalyzing the formation
of luciferyl-adenylate (LH2-AMP) from D-luciferin (D-LH2) and ATP. LH2-AMP is
then involved in a multi-step oxidative process that leads to the formation of an excited
product which drives the emission of photons at 550—570 nm. While firefly luciferase
emission can be modulated by changing the environmental conditions (e.g., pH,
temperature, light emissions of BL), reactions involving click beetles and rail-road
worms do not depend on pH and temperature [19]. A significant advantage of using BL.
reactions is the high quantum yield of luciferase-catalyzed reactions (i.e., 44% for
Photinus pyralis luciferase) that provide unbeatable sensitivities [20]. Exploiting genetic
tusion of the luciferase to an antibody fragment and chemical conjugation of luciferases
to monoclonal antibodies, several BL antibodies were used in bioanalytical assay and
imaging techniques [21]. Add-and-read homogeneous immunoassays using the NanoLuc
Binary Technology (NanoBiT), a protein complementation system based on NanolLuc
luciferase, were successfully developed to monitor multiple signaling pathways’
activation [22] and to detect the mycotoxin fumonisin B1 [23]. Currently, the coupling of
these methods with new nanomaterials (e.g., gold nanoparticles, quantum dots and
magnetic materials) promoted a great breakthrough in the effectiveness of these
techniques [24, 25]. From the point of view of signal enhancement, several
improvements made these techniques suitable for the ultrasensitive detection of target
analytes, even in paper-based biosensor formats [4, 20]. Despite this, however, there are
still open issues that need to be further investigated to promote a wider use and
diffusion of CL/BL paper-based immunoassays for POC applications. One of the main
issues is certainly due to the fact that such bioassays rely on bioreagents (e.g., enzymes
and small-molecule substrates) that are not stable and require dedicated shipping and
storage conditions such as dry ice and special packaging. These bioreagents can be
affected by thermal denaturation and/or chemical modification, oxidation ot hydrolysis
processes [27 28]. The requirement of a strict cold chain hampers their use for on-site
applications, especially in remote areas and developing countries [29]. For these
applications, the implementation of BL is critical since luciferases and most of their
substrates are very sensitive to environmental conditions and are often characterized by
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a short shelf-life, thus requiring very precise storage temperatures. For this reason, the
use of BL-immunoassay in the field of paper-based biosensors is quite limited. A
promising approach has been recently reported by Hall et al. who developed a shelf-
stable BL homogenous immunoassay reagent, in which all components were
immobilized in a lyophilized cake, based on a Nanoluc complementation reporter system
[30]. Another limitation to the use of CL and BL detections for paper immunoassays is
connected to the requirement of substrate for triggering the luminescent reaction,
making more complex the design of the analytical device and increasing its cost. The
purpose of this review is to introduce the newest and most significant progress in the
field of biosensors based on immunoassays coupled with paper format and CL-BL
detection principle, evaluating the great improvements in sensitivity thanks to the use of
innovative materials and enhancers and critically highlighting the main hurdles to real-
life applicability in order to promote a targeted research for making these devices ready

for their effective use.

3.2 Nanomaterials for Signal Enhancement of

Chemiluminescence

The main limitations of CL-based detection are linked to the weakness of the light
signals and short luminescence time [31]. Conventionally, for increasing the intensity of
the signals and the stability of light emission over time, enhancers have been used to
increase the sensitivity for CL-based immunoassays [32]. The aim is to achieve similar
analytical performance of standard laboratory-based immunoassays which are able to
detect target analytes even at the apto- zepto-molar levels with wide dynamic ranges (up
to six orders of magnitude) [33]. In addition to the continuous progress made regarding
enhancers development, different nanomaterials have recently been proposed as
catalysts or chemicals carriers for enhancing CL signals [34, 35]. In Table 1 the main
strategies for enhancing the CL signal exploiting nanomaterials are reported. Metal

nanoparticles (MNPs)-based enhanced CL have been extensively studied thanks to the

45



strong catalytic properties of MNPs, such as silver (Ag), gold (Au) and platinum (Pt),
that allow to increase the surface area and surface electron density in CL reactions [30].
Furthermore, the MNPs are very frequently used for the development of paper-based
devices as they are easy to immobilize by absorption and they are effectively re-
solubilized with the flowing of a liquid phase. AuNPs have been widely employed since
they combine the catalysis of the CL reaction and the easiness of conjugation with
different kinds of chemicals and biomolecules (e.g., luminol, enzymes, antibodies,
DNAzymes, etc.). Recently, Han et al. [37] developed a CL-LFIA biosensing platform
incorporating AuNPs into a polymer-networked HRP with an antibody (Au-polyHRP-
AB) as a new scheme for enhanced enzyme conjugation. This approach involved a mass-
producible and time-programmable amplification process based on a water-swellable
polymer that allows to automate sequential reactions (immunoassay and signal
amplification). The authors developed a specific part of the analytical device
(amplification part) using the water-swellable polymer as a fluid switch and integrated it
into the platform for triggering automated sequential reactions. The amplification part
was produced using fabrication methods (lamination, cutting and assembly) that are
widespread and well known in the LFIA industry. The test strip and amplification part
were then integrated into a single device through a comprehensive housing assembly.
The developed platform was used to quantitatively evaluate cardiac troponin I (cTnl) in
serum samples, within 20 min obtaining a detection range of six orders of magnitude
and a detection limit of 0.84 pg mL™' when compared to the standard laboratory
equipment, making it suitable for clinical use. Hua Cui’s group proposed the
simultaneous determination of three acute myocardial infarction (AMI) biomarkers by a
three-dimensional (3D) uPAD exploiting a time-resolved CL emission approach [38].
They immobilized on the test zone a primary antibody functionalized with AuNPs (Ab1-
AuNPs), and a secondary antibody labeled with both Co(Il) catalyst luminol and AuNPs
(Co(1I)-Ab2-luminol-AuNPs). The CL activity of Co(II)-Ab2-luminol-GNPs was due to
the simultaneous catalytic effect of Co(Il) and GNPs. Indeed, Co(Il) catalyzed the
decomposition of H2O», generating the hydroxyl radical ‘OH and a luminol radical
which further reacted with Oz to produce an O,— radical. The catalytic effect of Co(Il)
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was enhanced by the coordination of Co(ll) to the surface of luminol-GNPs. The
reaction between the luminol radical and O»— radical was responsible for the strong CL
emission. Another effect promoting a further amplification was the presence of COO-
groups in Ab2 and BSA that could also react with the O,— radical, forming reactive
—CO4* radicals. Moreover, GNPs could also bind a large number of luminol molecules
and Co(Il) catalyst, resulting in further enhanced CL signal. CL. immunoreactions were
performed at three detection zones by assembling Ab1-AuNPs, antigen and Co(1I)-Ab2-
luminol-AuNPs. Thanks to the flow of H>O: to different detection zones at different
times, CL signals were temporally resolved allowing a multiplexing analysis format.
Another example of MNPs-enhanced CL was reported by Zong et al. [39] who
developed an immunoassay for the detection of C-reactive protein (CRP) exploiting two
AgNP probes, i.c., probe A, composed of DNA-hemin/DNA-A/biotin-DNA modified
with AgNPs, and probe B, consisting in DNA-hemin/DNA-B modified with AgNPs.
By DNA-A and DNA-B hybridization, a CL signal was generated. Thanks to the high
content of hemin molecules, the AgNP hybrid probes showed excellent CL signal

amplification, allowing a detection limit for CRP down to 0.05 ng'mIL.~" (Figure 2a).
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Figure 2. Nanomaterials for CL signal enhancement: (a) a novel silver nanoparticle hybrid probe designed for
ultrasensitive metal-enhanced CL immunoassay of the marker of cerebrovascular disease. Reprinted with
permission from ref. [39]. Copyright 2019 Elsevier.; (b) a sandwich-type CL immunoassay using the as-prepared
CuONPs—Ab conjugate and a sandwich-type CL immunoassay using the as-prepared Ab-MWCNT/CuONPs
conjugate. Reprinted with permission from ref. [49]. Copyright 2017 Elsevier.

In addition to MNPs, quantum dots (QDs), have gained great attraction as catalysts of
CL reactions [40]. In particular, they act in two different steps: firstly, they take part in
the decomposition of H2O» to generate free radicals, and secondly, they promote CL by
energy transfer and electron transfer annihilation effects. Since QDs enhance the CL
signal by serving as the direct CL emitters/catalyzer of redox CL reactions, they are
usually employed for the development of electrochemiluminescent (ECL)-based
biosensors. In this case, the light is produced as a result of a chemical reaction triggered
by either direct oxidation of CL reagents or indirect enhancing/inhibitory effects of
certain luminescent compounds [41]. For this reason, several QD-ECL-based biosensors
have been reported in literature for the detection of proteins [42, 43], small molecules
[44] and cells [45]. As an alternative to conventional QDs, carbon nanomaterials
(CNMs) have emerged to improve CL systems, thanks to their low toxicity,
environmental friendliness, low cost and simple synthetic routes [46]. In particular,
carbon nanoparticles (CNPs), graphene, graphene oxide (GO) and carbon nanotubes
(CNTs), possess unique optical, catalytic and biocompatible properties. A paper-based
CL immunodevice was described for sensitive determination of the carcinoembryonic
antigen by Chen et al. [47]. Capture antibody was immobilized on the paper-based chip
following a plasma treatment of the paper surface. A detection antibody was obtained by
its labeling with carbon nanospheres functionalized with HRP (multi-HRP-HCS-Ab2).
The authors exploited highly carbonized nanospheres (HCS), which showed abundant
carboxyl groups on their surface, functioning as an ideal carrier for signal molecule
loading. Multiple enzymes can be immobilized on HCS through carboxyl groups leading
to signal enhancement. In this case, the detection antibody, multi-HRP-HCS-Ab2, was

not pre-stored on the paper-surface but it was added by the operator after the sample
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incubation during the detection step. TiO> nanoparticles coated multiwalled carbon
nanotubes (TiO2/MWCNTSs) were synthesized as an amplification catalyst label by Li et
al. [48]. A capture antibody was immobilized on modified-chitosan paper membrane
and, after the recognition reaction, the TiO2/MWCNTs were used as catalysts for the
luminol-p-iodophenol-H2O2 CL system, producing an enhanced CL emission. They
applied the developed bioassay to detect prostate-specific antigen demonstrating a good
linear response range from 0.001 to 20 ng/ml. with a detection limit of 0.8 pg/ml.
Another study reported the comparison of CuO nanoparticles and CuO/MWCNT
nanocomposites as enhancers for CL immunoassays for detection of the hepatitis B
surface antigen [49]. CuO nanoparticles and CuO/MWCNT nanocomposites
significantly enhanced the luminol CL intensity, and the detection limits (1.8 and 0.85
ng-mL™", respectively) wete comparable with those obtained with a clinical routine CL
immunoassay (Figure 2b). Currently, the combination of nanomaterials-based enhanced
CL-immunoassays with paper platform is still at the proof-of-concept stage, but the
interesting results reported in literature show that it is a promising strategy for

developing a great variety of sensitive analytical methods and further in-depth studies

will be required to identify the best approaches.

Enhancement Mechanism

Nanomaterial Exploiting Luminol/H,0; CL Features Ref.
System
MNPs catalyze the decomposition
of H20; leading to the formation
of a hydroxyl radical, which reacts . chemical
with a luminol anion and HO,. reactivity
Metal nanoparticles Thdese .specii-s alre ipvollvej.inlthed . . catalytic
roduction of a luminol radical an properties
(AgNPs, AuNPs, PENPs, F; superoxide anion leading to light . surface properties 150
etc) emission. The radical generation . biocompatibility
and electron transfer processes take . ease of self-
place on the surface of the MNPs, assembly
which are therefore responsible for
the facilitation of these processes.
Quantum dots act first by o catalytic
decomposing H>O to generate free properties for redox
Quantum dots radicals and then promoting CL by reactions (41]
energy transfer and electron o size-dependent

transfer annihilation effects.

catalytic action
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Enhancement Mechanism

Nanomaterial Exploiting Luminol/H,0, CL Features Ref.
System
. controllable
charge-electron-transfer
events,
J biocompatibility

A possible mechanism involves the

. . . low toxicity,
reaction between carbon matetials . . .
Carbon . . . environmental friendliness
. with n-rich electronic structures
nanomaterials(carbon . . . J low cost

. and luminol allowing the formation . .

nanoparticles (CNPs), . . J simple synthetic
. of the activated transition complex. [51]
graphene, graphene oxide : routes

This complex may accelerate .

(GO) and carbon . tunable catalytic

electron-transfer processes during
the luminol-dissolved oxygen CL
reaction.

nanotubes (CNTs)) activities depending on

surface functionalization

Table 1. Nanomaterials and related mechanism proposed for CL enhancement.

3.3 Fluid Control and Fluid Handling

Microfluidic paper-based (WPADs) analytical devices provide an alternative platform for
liquid transport via capillary forces without the need for external pumps [52] and they
can be easily implemented for multiplexed analysis by simply adding channels [3].
Moreover, hydrophobic patterning can be employed to spatially confine the flow of
hydrophilic solvent including biofluids [53]. Fabrication techniques include
photolithography, wax printing, screen printing, inkjet printing and plasma oxidation
[54]. The use of wax as the blocking material to construct microfluidic platforms (Figure
3a) has become a major trend; indeed it guarantees simplicity, rapidity, low-cost,
suitability for producing prototypal pPADs on a large scale [55]. Among the different
methods for wax patterning (including use of wax pens, screen printing and direct
printing by wax printers), painting with a wax pen is the simplest method since
hydrophobic barriers (Figure 3b) are easily obtained and characterized by high flexibility
[56].
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Figure 3. Fluid control and fluid handling: (a) schematic illustration of processes to fabricate paper-based
microfluidics in an NC membrane by wax printing. It includes mainly two steps: step 1 is to print the wax
pattern onto the surface of the NC membrane with a wax printer; step 2 is to bake the wax-printed NC
membrane in an oven at 125 °C for 5 min to let the wax melt and penetrate through the membrane fully.
Reprinted with permission from [55]. Copyright (2010) American Chemical Society. (b) Design of ”pen-writing”
technique. (A) When writing biosensors on paper, the sensing elements are directly written to form patterned
paper biosensors and would be expected to function at the initial location after introduction of samples leading
to the fact that the colored product may not stick in the area where these biomolecules are written. (B) The
proposed approach is not dependent on hydrophobic barriers to define the patterning of paper substrates,
providing an alternative for sensor fabrication. Paper substrates are directly employed for the collection and
transportation of samples, and then the reagent ink pen is used for sample analysis Reprinted with permission

from [56]. Copyright 2019 Elsevier.

Yang et al. used a crayon and a pencil to construct a hand-drawn and written pen-on-
paper electrochemiluminescence immunodevice for POCT [57]. Using wax printing
technology, Wang et al, developed a portable analytical device based on CL
immunoassay integrated into a low-cost u-PAD by covalently immobilizing capture
antibody on a chitosan membrane [58]. Exploiting tumor markers as target analytes and
paper microzone plate as platform, the application of the proposed system was
successfully optimized achieving a linear range of 0.1-35.0 ng mL™" for a-fetoprotein,
0.5-80.0 U mIL™! for cancer antigen 125 and 0.1-70.0 ng mL.™" for carcinoembryonic
antigen. The combination of chitosan modification and wax-screen-printing
methodology for uPADs can be applied to other signal reporting approaches and other

receptors for detecting different target analytes (such as DNA, proteins and small
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molecules) fitting the POCT purposes. Another covalent fabrication strategy focused on
the activation of pPADs by periodate oxidation, which can form covalent bonds
between polysaccharides and proteins, was exploited by the same group [59]. This
strategy was used to covalently immobilize antibodies on paper while the wax-printing
technology was employed for defining the reactive area of the pPAD. Another protein
immobilization method was proposed by Zhao et al. [60] based on plasma treatment of
paper for the development of a low-cost immunosensor. The antibody was immobilized
on the paper surface after 4 min oxygen plasma treatment. Plasma treatment allowed to
produce an aldehyde group which was necessary for the direct immobilization of the
antibody without any additional pretreatment. A sandwich CL immunoassay method was
developed for carcinoembryonic antigen (CEA) detection in human serum obtaining a
linear range of 0.1-80.0 ng/mlL. and a detection limit of 0.03 ng/ml.. Liu et al. proposed
a CL immunoassay-based device developed by a craft-cutter to define flow channels,
followed by lamination [61]. This approach for fabricating uPAD by cutting/lamination
shares great similarities with the procedures employed for making an identification card.
The procedure is very simple and offers a valid alternative to conventional methods
employed for patterning paper using wax. They also proposed a protocol based on
localized incision and paper-folding to separate the detection zone from flow channels.
This trick eliminated possible reagent diffusion and flow during antibody immobilization
steps and the requirement for washing steps. By incorporating luminol-based CL for
detecting  HRP-conjugated cotinine, they detected cotinine in mouse serum using
competitive immunoassay. Thanks to the peculiarities of the proposed device, a 2D or
3D structure was obtained enabling both vertical and horizontal liquid flow. This feature
allows tuning according to diagnostic requirements and simplifies multiplexed analyses
[2]. Ge et al. [62] exploited the origami-based approach in order to combine on the same
platform a system for blood plasma separation from whole blood, the automation of
rinse steps and multiplexed CL detections. A 3D origami-based device was developed
composed of a test pad surrounded by four folding tabs that could be patterned and
tabricated by wax-printing on paper. In the proposed work, a sandwich-type CL
immunoassay was developed, allowing to separate the operational procedures into
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several steps triggered by folding the pad and the addition of reagents/buffer. The
developed 3D origami-based CL immunodevice was combined with a luminol-H.O, CL
system catalyzed by Ag nanoparticles and it was demonstrated that the excellent
analytical performances allowed the simultaneous detection of four tumor markers. The
same origami-based approach exploiting wax printing technology was recently proposed
tfor the development of a multienzyme CL foldable paper-based biosensor for on-site
detection of acetylcholinesterase (AChE) inhibitors [63]. To summarize, considerable
progress has been achieved in the adaptation of existing batch and flow analysis
methods to uPAD format in the field of CL-based assays. It is possible to imagine that
this trend will continue unabated and soon a wide variety of pPADs will be developed
for the detection of different biomarkers. As it concerns fabrication methods, they
should be as simple and cheap as possible and suitable for scaling up device production.
In this context, the most employed methods for developing uPADs are based on wax
printing and paper cutting which are low-cost and easily applicable on a large scale. The
widespread adoption of these devices requires some advances in some crucial issues
such as a proper validation and adequate long-term storage stability. The use of mobile
phones and tablets for signal detection and real-time processing of data could
significantly strengthen the portability and user-friendliness of uPADs, making them

accessible to both chemists and non-chemists.

3.4 Progress in Reagents Storage and Self-Contained Devices

for POC Application

Conventional microfluidic devices rely on multiple-steps procedures for completing an
analysis, posing a limit in their use for untrained personnel. The possibility to pre-store
all the necessary reagents in “self-contained” POC devices is an emerging subject of
study since it should bypass current limitations of BL. and CL sensors [64]. The reagents
related to POC testing comprise different chemical and biochemical species, including

antibodies, enzymes, substrates and buffer solutions [65]. Different reagents require
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different storage and manipulation conditions. An ideal self-contained POC device can
store all the reagents stably and release them easily and controllably. Paper can provide a
low-cost platform for diagnostics, but the instability of biological molecules, such as
proteins and enzymes immobilized on this support, can severely limit its commercial
development. Indeed, the low stability of such biomolecules impedes the obtainment of
biosensors that are stable during storage and shipping, as required by the market. CL-
based immunoassays are based on the use of labile enzymes and substrates that need
special care, challenging their routine employment for POC or field applications. For
such assays, maintaining the long-term stability of enzymes and signal-generating small
molecules remains a significant challenge, since reagents should work in extreme
conditions far away from the well-controlled lab environments [66]. Antibodies play a
crucial role in current bioactive paper-based diagnostics [58, 67, 68]. In particular they
are widely employed in LFIA where they are immobilized in specific areas of the
nitrocellulose membrane called test and control lines. The interaction between proteins
and the nitrocellulose membrane is initially based on electrostatic interactions. Then, a
combination of hydrophobic and hydrogen bonds allows the establishment of long-term
bonding. There are several factors that can affect the binding process, such as reagent
choices (the presence of non-specific proteins, materials that interfere with hydrogen
bonds, materials that interfere with hydrophobic interactions, etc.), environment (e.g.,
humidity, temperature), processing methods (e.g., dispensing methods, drying methods)
[69]. There is an extensive literature on methods for improving the stability of antibodies
immobilized on different paper-based materials, including covalent binding [70],
addition of preservatives for stabilizing the protein [71], plasma treatment of paper [60],
leading to increased shelf life of the immunoreagents with unaltered immunological
activity. Despite recent advances in immobilizing proteinaceous biomolecules on paper
through different strategies, the implementation of a CL-immunoassay, comprising
antibodies, enzyme-labeled reagents and CL substrate into a unique paper platform, is
still little explored. Deng et al. developed a self-contained and easily processable CL-
LFIA comprised of three parts: the LFIA strip, the substrate pad and a polycarbonate
(PC) holder [72]. In this case, the label employed for the immunoassay was composed of
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AuNPs immobilized on the conjugate pad labeled with antibody and HRP,
simultaneously (Figure 4a). In this work, H.O, was replaced by sodium perborate as
oxidant of CL reaction and the CL substrate was lyophilized on the glass fiber for the
assembly of the CL-LFIA. After performing the test, substrate was dissolved with
deionized water and the substrate pad covered the LFIA for a short time to transfer the
substrate to the NC membrane. The substrate mixture reacted under the catalysis of
HRP and generated a CL signal for quantitative detection. In this case, the user must add
to the biosensor only the sample and, during the detection step, water to dissolve the

lyophilized CL substrate.
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Figure 4. Self-contained devices for POC application: (a) a self-contained and easily processable CL lateral flow
assay for POC testing. Reprinted with permission from ref. [64]. Copyright 2019 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim; (b) CL lateral flow immunoassay portable device to simultaneously detect two proteins
(collagen and ovalbumin) for diagnostic campaigns on paintings: (A) Layout and (B) image of the disposable
analytical cartridge; (C) CCD camera with 3D-printed mini dark box. Scale checkerboard is 2 X 2 cm. Reprinted

with permission from ref. [76]. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

55



Alternatively, it is possible to build “self-contained” devices which integrate all the
reagents necessary for performing the test in a microfluidic chip. On-chip reagents
storage replaces manual reagents introduction, simplifying the detection process and
reducing potential contamination risks. Recently, we [73] reported self-contained CL-
LFIA for salivary cortisol quantification composed of a disposable 3D-printed plastic
cartridge (which contains a fluidic element with the LFIA strip, reagents reservoirs and
valves manually activated), and a CL reader based on an ultrasensitive cooled CCD
camera employed in a “contact imaging” configuration [74, 75]. The analysis protocol
was based on a simple manual procedure, started by operating valves and buttons to
activate flow of sample and reagents which is then sustained by capillary forces. This
biosensor was successfully used by the Italian astronaut Paolo Nespoli during the VITA
mission (July-December 2017), thus demonstrating the possibility of performing
sensitive CL-LFIA analyses directly onboard the International Space Station even in
microgravity conditions [73]. CL-LFIA portable devices were also developed to
simultaneously detect two proteins (collagen and ovalbumin) for diagnostic campaigns
on paintings [76]. Since the immunological method required a multistep analytical
protocol with sequential additions of sample and reagents, a disposable analytical
cartridge was developed to streamline the procedure. In particular, the developed
cartridge was ad hoc designed to contain the LFIA strip and all necessary reagents; thus,

the analysis only required sample addition (Fzgure 45).

3.5 Light Detection Technologies Integrated with CL Paper-

Based Immunoassay Devices

Together with the enhanced CL system based on the use of innovative nanomaterials,
the technologies related to the ultra-sensitive detection of photons have also improved
considerably in the last decade. Indeed, the main requisite of CL. measurements is the
ability to collect as much light as possible to achieve the highest detectability and there

are no limitations posed by specific optics geometry [14]. Several portable and easy-to-
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use detectors were proposed for the integration with paper-based compact analytical

devices [77, 78]. The main technologies for CL detectors implemented into portable

immunosensors paper-based are reported in Table 2.

Detector for CLL
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Detector for CL

Paper-Based Detection Principle Pros Cons
Immunosensor
absorbed photons make to develop
electron—hole pairs in the disposable platforms
depletion region. based on thin-film

photosensors
o Custom
geometries can be
developed

Table 2. Technologies for CL detectors implemented into papet-based portable immunosensors.

A conventional detector for CL. measurements is the photomultiplier tube (PMT), which
provides the highest sensitivity and, due to its size and cost, is typically used as benchtop
laboratory equipment. However, recent technological advances allowed the use of
portable and compact PMT-based detectors, as reported by Alahmad et al. [79]. They
developed a miniaturized detection system for CL reaction, generated on pPAD using
optical fibers. Wax printing technology was employed for developing the pPAD which
comprised six separate parallel channels. Each channel was composed of three different
zones (Injection, reaction and waste, respectively). The CL signal was acquired by placing
the uPAD on a plastic holder equipped with six optical fibers connected to a small PMT
module (Figure 5a).
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Figure 2. Light detection technologies integrated with CL paper-based immunoassay devices: (a) a miniaturized
chemiluminescence detection system for a microfluidic paper-based analytical device and its application to the
determination of chromium (III) (A): (a) injection zone, (b) reaction zone, and (c) waste zone. (B) holder: upper,
holder of the uPAD. The optical fibers are located at the positions of the reaction zone. Lower, the cover of the
holder. The CL reagents were introduced from the injection holes located at the uPAD injection zones.
Reproduced from Ref. [79] with permission from The Royal Society of Chemistry. (b) Scheme of the integrated
thermochemiluminescent vertical flow immunoassay device: (a) Scheme of the integrated TCL-VFIA device; (b)
inside view of the mini-dark box (left), mini-dark box with VFIA device inserted (center), configuration for TCL
signal acquisition (right). Reproduced with permissione from Ref [84]. Copyright 2018 Elsevier; (c) scheme of
the CL-LFIA strip showing the assay principle, the position of the photosensors below the strip, and a picture of
the complete device, comprising the PDMS microfluidic cartridge with integrated a-Si:H photosensors and the
custom readout electronics: (a) Scheme of the CL-LFIA strip showing the assay principle (top) and the position
of the photosensors below the strip (bottom). (b) Picture of the complete device, comprising the PDMS
microfluidic cartridge with integrated a-Si:H photosensors and the custom readout electronics. Reproduced with

permission from Ref [95]. Copyright 2016, Springer-Verlag Berlin Heidelberg.

Recently, several detectors combining adequate sensitivity with portability have been
proposed in order to overcome the main limitation of the relatively weak CL signal and
to allow the development of ultrasensitive POCT assays [33]. For example, CL-based
biosensors were implemented with a new generation of (thermally cooled) back-
lluminated (BI) CCD integrated with LFIA technologies [73, 75, 76, 80]. In these
examples, the CLL measures were conducted in the “contact imaging” approach which
consists in placing the LFIA strip directly in contact with CCD sensors through a fiber
optic faceplate in order to maximize the photon collection efficiency [81]. As a low cost,
easy-to-use and compact alternative, the smartphone complementary metal-oxide
semiconductor (CMOS) camera has been reported as a CL detector for different POC
applications. Indeed, smartphone-based biosensors have great potential since their
connectivity and data processing capabilities can be exploited to perform on site and
POC analyses [78, 82]. Several examples have been reported in literature coupling CL-
LFIA with this innovative sensing platforms (Figure 5b) [83, 84]. All the mentioned
biosensors showed performances that are comparable to those obtained with reference
methods. A digital camera was used by Xue et al. [85] for the development of a portable

and low-cost diagnostic biosensor based on BL detection. In particular, the authors
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proposed a method that can be adapted to different applications for transforming
antibodies into ratiometric, bioluminescent sensor proteins for the quantitative detection
of target analytes. The approach is based on the genetic fusion of antibody fragments to
NanoLuc luciferase and SNAP-tag. SNAP-tag was labeled with a synthetic fluorescent
competitor of the antigen. According to the competitive immunoassay method, when
the antigen binds to the antibody, the displacement of the tethered fluorescent
competitor occurs. This phenomenon brings about the disruption of the bioluminescent
resonance energy transfer (BRET) between the luciferase and fluorophore. The
semisynthetic sensor offers the possibility to tune the response range (submicromolar to
submillimolar) and to obtain a large dynamic range. Moreover, it allows to quantify
analytes simply by spotting the samples on a paper support and exploiting a digital
camera for signal acquisition. Generally, a robust BRET sensor is characterized by the
ability to control ligand-induced switching between a high BRET-state and a low BRET-
state, in which luciferase and the FL acceptor are in close proximity or are well
separated, respectively. Ni et al. introduced a new class of ratiometric BL sensor proteins
based on the competitive intramolecular complementation of split NanoLuc luciferase as
an alternative to the classical BRET sensor design. As proof of concept the authors
developed a blue-red light emitting sensor protein for the detection of anti-HIV-pl7
antibodies. In particular, the sensor format (NB-LUMABS) is designed with a single
copy of the large fragment (LLB) fused to two copies of the small fragment (SB) yielding
a protein switch that can exist in two conformations, where either the N- or the C-
terminal SB binds to the LB and reconstitutes luciferase activity. The red-emitting
fluorophore, coupled to one of the SBs, allows an efficient BRET with a consequently
emission of red light in only one of the two conformations, while the intramolecular
interaction of the fluorescently labeled SB is disrupted by the bivalent binding of the
antibody. This allows for the reconstitution of Nanol.uc by the nonfluorescently labeled
SB, resulting in a color transition from red to blue [86]. As an alternative, the integration
of relatively inexpensive thin-film photosensors in the analytical device was also
investigated since this approach could reduce costs, electrical power consumption and
memory storage space. Among the different reported technologies, amorphous silicon
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thin-film photodiodes [87, 88], organic photodiodes [89, 90], carbon nanotubes coated
with photovoltaic polymers [91] and metal-semiconductor—metal photodetectors [92]
have gained great interest. By optimizing chip design, sensor architecture and readout
electronics, photon collection efficiency can be increased to achieve analytical
performances comparable with CCDs [93, 94]. Recently we developed a disposable
cartridge for CL-LFIA with integrated amorphous silicon (a-Si:H) photosensors array
for detecting human serum albumin (HSA) in urine samples [95]. The proposed
approach is based on an indirect competitive immunoassay in which HRP acts as a
tracer that is detected upon the addition of the luminol/enhancer/hydrogen peroxide
CL cocktail. A PDMS cartridge that housed the LFIA strip and the reagents necessary
tor the CL immunoassay was optically coupled to the array of a-Si:H photosensors
which were deposited on a glass substrate. This configuration ensures to obtain an
integrated analytical device controlled by a portable read-out electronics. The analytical
performances of this biosensor demonstrate that implementing the CL-LFIA technique
with the a-Si:H photosensors array allows to obtain a compact, sensitive and low-cost
system for CL-based bioassays with a wide range of applications for in-field and point-
of-care bioanalyses. Furthermore, multiplexed bioassays can be easily developed by

exploiting arrayed photosensors with custom geometries (Figure 5¢).

3.6 Conclusions

The combination of immunoassays with CL detection and paper-based technology
represents an ideal solution for the realization of last generation analytical devices for
POC applications. Indeed, it is possible to obtain high selectivity and specificity even in
complex and untreated matrices typical of the biospecific molecular recognition
methods, together with the simplicity of the instrumentation necessary to measure the
light signal. Furthermore, paper-based devices add great versatility, ease of use and
compactness of the entire system. Even though significant progresses are continuously
appearing in literature, some limitations are still hindering their spread in the market.

Due to the limited stability over time of the bioreagents and the need to add reagents
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manually while performing the analytical protocol, the number of commercial paper-
based CL-immunoassays remains low, having difficulties meeting the end-users’ needs.
This issue is even more relevant for BL immunosensors, explaining why very few
examples have been reported in the literature. The approach of Hall et al, who
developed a stable lyophilized cake integrating all reagents and substrates required for
the BL reaction, surely represents one of the most promising strategies that could solve
the issues related to scarce shelf-life of BL sensors and boost their implementation in the
market [30]. Researchers are now focusing their efforts on improving these systems for
tulfilling the ideal POC biosensors requirement for the transition of this technology
trom laboratory to the market. Innovative materials and solutions are proposed in order
to make these devices manageable by end-users, enabling the development of several
analytical devices for a wide variety of applications. The expected diffusion of these
bioanalytic tools in commerce and everyday life will pave the way for a great change in
the field of analytical chemistry, making POC devices more accessible to everyone,
significantly reducing time and costs for analysis, thus allowing the widespread

availability of these kind of tools.
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4.1 Introduction

Human space exploration is facing a new era. The planned missions to the orbit and the
surface of the Moon and of Mars, as indicated in the Global Exploration Roadmap [1],
and the entry in the space economy of private companies offering commercial
spaceflights to non-professional travelers will lead to an exponential growth in number
and duration of manned missions. This scenario will prompt the development and in-
flight validation of technologies suitable for sustaining life and protecting the health of
humans in space. Manned missions, especially beyond Low Earth Orbit (LEO), will
expose astronauts to the spaceflight environment (altered gravity, high levels of ionising
radiation, isolation, altered diet and circadian rhythms, etc.) for long periods of time,
with possible negative outcomes on their health and performance. Biosensors can play
an important role in monitoring astronauts' health [2, 3]. Portable and wearable
biosensors could be used for quantitative detection of biomarkers of clinical interest in
biological fluids. Biosensing devices would represent valuable tools for environmental
and food safety monitoring, both whilst on board the spacecraft and during human
permanence on the Moon or Mars [4]. Biosensors could also be employed to assess the
impact of deep space conditions on biological systems (e.g., microbial, fungal, and plant
communities) that would be used to sustain the life of the crew in artificial habitats on
the Moon and Mars and for In-Situ Resource Utilisation (ISRU), ie., for
obtaining/producing onsite materials that would otherwise be brought from Earth [5].
Finally, biosensors would help in investigating the traces of past or present life in extra-
terrestrial environments, thus evaluating their potential habitability. It is widely accepted
that unambiguous life detection in planetary exploration requires a suite of techniques
providing complementary information [6] and various wet chemistry analytical suites
were proposed for the search of extant or extinct life markers [6, 7, 8]. As of today,
bioanalytical and biomonitoring capabilities in space are limited [1], thus significant
technological advancements in this field are required in a relatively short time frame.
Analytical devices suitable for spaceflight must be small and lightweight, use little

resources (e.g., power, reagents and other consumables, data bandwidth) and operate in
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harsh conditions (e.g., reduced or null gravity, high radiation levels) with the highest
possible autonomy [1, 2, 3]. Such requirements could be addressed by exploiting L.ab-on-
Chip (LoC) technologies, which enable the miniaturisation of analytical devices while
still maintaining good analytical performance. This would also improve the efficiency of
the analytical process in terms of sample size, reagents consumption, response time,
analytical productivity, integration, and automation [6, 9, 10, 11, 8, 3]. Microfluidic
analytical devices relying on capillary flow are particularly promising for space
applications, as they are remarkably simple and their operation is unaffected by altered
gravity [9, 10, 12, 13]. We recently developed PLEIADES;, a chemiluminescence (CL) -
based integrated analytical platform for the detection of biomarkers suitable for
astrobiological applications [8]. Such analytical platform employed a capillary force-
driven microfluidic network and an array of photosensors to perform CL bioassays for
the highly sensitive detection of life biomarkers in a simple and compact LoC
configuration. Since space conditions cannot be completely reproduced on ground,
validation of analytical devices in space is pivotal to their successful application [14].
Altered gravity conditions influence many physical phenomena, including fluid
dynamics, which can jeopardize the correct operation of fluidic devices and negatively
affect their performance [3, 12]. Additionally, space radiations can damage both
hardware components and chemical and biochemical reagents [15]. This aspect is
particularly relevant for missions beyond LEO, where payloads would be exposed to
constant low-flux, and high-energy ionising radiations, such as those from galactic
cosmic rays and solar particle events [2]. The International Space Station (ISS) is a
unique opportunity for testing analytical devices in real space conditions and their
usability by astronauts. However, the crew time available for scientific experiments
onboard the ISS is limited and, since its orbit lies within the Farth's magnetosphere, the
ISS is still shielded from radiations. At present, technologies can be validated in the deep
space radiation environment only in unmanned missions. Besides conventional, large-
sized satellites, small satellites such as CubeSats are nowadays increasingly used as fast
and low-cost platforms for conducting experiments in space. CubeSats were first
developed in 1999 by Stanford and California Polytechnic State Universities for
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educational purposes. They have a modular configuration, in which the base unit (U) is a
10 cm — cube with a mass up to 1.33 kg. Larger spacecrafts have a form factor
corresponding to the given number of 1U CubeSats that were combined. Thanks to the
standardised format, engineering and production costs of CubeSats are consistently
reduced. Launch and deployment of CubeSats are also cheaper, since CubeSats are often
launched as secondary payloads of other missions, employing a common deployment
system that is independent of the CubeSat manufacturer [16]. However, the
development of payloads for CubeSats is constrained by the limited size, mass, and
power. Moreover, the experiments must be performed automatically without any human
supervision, and no sample-return is possible [17]. Despite these constraints, CubeSats
are broadly used, and the scientific community has been advancing the development of
miniaturized instruments able to operate on CubeSats [18]. In this paper, we report the
development of a fully autonomous LoC platform for conducting chemiluminescence
(CL)-based bioassays in space, built as heritage of the PLEIADES project [8]. CL
detection is particularly advantageous for implementation in miniaturized, integrated
analytical devices [19, 20] and its performance in real space conditions has already been
shown [13]. We employed the origami-like microfluidic paper-based analytical device
(WPAD) format [21, 22|, which allowed preloading of all the reagents in the dried form
on the paper substrate. This simplified analytical protocols, as the assays were initiated
by injecting a buffer solution in the pPAD, and facilitated autonomous assay execution.
The device to be hosted in the AstroBio CubeSat (ABCS) nanosatellite has the aim of
validating the technology in space, as well as to test the device operation and the stability
of (bio)molecules employed in the assays in a radiation environment. This project
constitutes the first step to develop a mature technology to conduct research in space,
e.g., evaluating the effect of deep space conditions on living organisms or searching
molecular evidence of life, at lower cost and with greater frequency than previously

possible.
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4.2 Materials and methods

4.2.1 Chemicals

Peroxidase from horseradish (HRP, EC 1.11.1.7, Type VI, specific activity 2250 U mg™!
solid), microbial xanthine oxidase (XO, EC 1.17.3.2, specific activity 27 U mg™" solid),
glucose oxidase (GOD, EC 1.1.3.4, from Aspergillus niger, specific activity = 250 U
mg~ ' solid), luminol sodium salt, glucose, xanthine, bovine hemin, potassium
hexacyanoferrate (III), sodium perborate, pullulan from Aureobasidium pullulans, and
poly (allylamine) hydrochloride (average Mw = 50,000 Da) were purchased from Sigma
Aldrich (St Louis, MO). Whatman CHR 1 chromatographic paper (20 X 20 cm? sheets)
was also bought from Sigma-Aldrich. Buffer loading pads were cut from cellulose fibre

pads purchased from Millipore (Billerica, MA). All the other chemicals were of the
highest analytical grade.

4.2.2  Fabrication of the origami device

To produce the origami pPAD device the pattern of the hydrophobic areas drawn in
PowerPoint (Fig. 7a) was printed on chromatographic paper using a commercial solid
ink Phaser 8560DN printer (Xerox Co., Norwalk, CT). The uPAD was cut from the
paper sheet (Fig. 1¢, leff) and heated at 110 °C for 10 min in an oven to melt the wax-
based ink and generate the hydrophobic areas. Then, the reagents were loaded into the
uPAD by dispensing their solutions into the hydrophilic channels in layer B, and the
hydrophilic areas in layers A and C (the reagents deposited in the puPAD for the different
experiments are reported in Table 7). Finally, after air drying at room temperature in the
dark for 1 h, the pPAD was folded as shown in Fig. 75 to its final configuration (Fig. 7¢
righ?). The separation lines between the sections corresponding to the layers of the device
aided folding since after heat treatment they remained more flexible than the wax-
printed areas. During the installation of the origami uPAD six 3 X 9 mm? buffer loading
pads were applied over the hydrophilic areas of layer A to avoid the spreading of the
buffer. Pads were kept in place by the assembly holder, which also applied pressure to

the pPAD to guarantee a tight contact between the layers.
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Figure 1. The ABCS uPAD. (a) Layout of the uPAD with hydrophobic areas printed in black. (b) Folding of
the pPAD for insertion in the assembly holder. (c) Photo of the uPAD, before (left) and after (right) heating,
preloading of reagents and folding (the yellow colour of some “wells” in layer C is due to the potassium

hexacyanoferrate (III) CL catalyst).

Table 1. Reagents employed for the experiments developed for the origami pPAD.

Experiment  Reagent Origami pPADP
reservoir?
Layer A Layer B Layer C (for each “well”)
#1 ca. 0.6 pmol 2.0 pmol luminol in 40 pLL. PB 0.8 pmol K;Fe(CN)g in
200 uL PBe  NaBOsin 4.0 uL PB
20 uL. PB
H#2 ca. 0.6 pmol 2.0 pmol luminol in 40 pLL. PB 0.2 umol hemin in
200 pL PB NaBOj in 4.0 uL. PB
20 uL. PB
#3 ca. 0.6 pmol 2.0 pmol luminol in 40 pL. PB 0.1 U HRP in 4.0 uL. PB
200 uL. PB NaBO:s in with 1 mg mL~" pullulan
20 uL PB
#H4 ca. 0.2 pmol 12 U GOD and 2.0 pmol luminol 0.5 U HRP in 4.0 uL. PB
200 uL. PB glucose in in 40 pL. PB with with 1 mg mL~" pullulan
20 pL. PB 1 mg mL~! pullulan
#5 ca. 0.1 pmol 8 U XO and 2.0 pmol luminol in 0.5 U HRP in 4.0 pL. PB
200 uL. PB xanthine in 40 pL PB with with 1 mg mL~! pullulan
20 uL. PB 1 mg mL~"! pullulan
#6 (blank)  ca. 0.6 pmol 2.0 pmol luminol in 40 pL. PB 4.0 pL PB
200 uL. PB NaBO; in
20 pL. PB

a) This reagent (in excess to the amount used in the experiments) was loaded in the reagent reservoirs.
b) The reagents in the origami pPAD were dispensed in the hydrophilic areas of the layers, then air-dried.

¢) PB: 0.1 M phosphate buffer, pH 7.5.
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4.2.3  Optimization of the experimental conditions

The optimization of the experimental conditions was carried out using a ground model
of the ABCS CL measurement subsystem. The system was equipped with a removable
origami pPAD assembly holder to allow for the rapid replacements of the pPAD. The
CL measurement subsystem was shielded from the ambient light and connected via an
USB cable to a laptop that powered the photocurrent readout board and recorded the
CL signals measured by the photosensors. To perform an experiment, the PB buffer was
injected in the pPAD using a fluid transfer line connected to a miniature peristaltic
pump (modified as those installed in ABCS) and inserted in the desired fluid inlet of the
assembly holder. The kinetic profile of the CL emission of each “well” was recorded by
plotting the photocurrent (in pA) measured by the corresponding photodiode against
time. The analytical CL signal was obtained by integrating the area under the curve
(AUC). CL imaging experiments were performed to assess the spatial distribution of the
CL emission, employing an ATIK 11000 Charge-Coupled Device (CCD) camera (ATIK
Cameras, New Road, Norwich). The camera was equipped with a large format, high
resolution Kodak KAI 11002 monochrome sensor cooled by a two — stage Peltier

element to reduce thermal noise.
4.2.4  Mission scenario and protocol of experiments

The AstroBio CubeSat (Fzg. 24) is a 3U (100 X 100 X 340 mm°) nanosatellite that has
been launched with the Vega — C qualification maiden flight on July 13th, 2022, as a
“piggy — back” of the Italian Space Agency (ASI) LARES — 2 main satellite. It was
deployed in a circular orbit at about 5850 km of altitude and 70° of inclination, thus
spending a significant amount of its orbital period within the internal Van Allen belt,
very close to its radiation peak zone. The ABCS ground operations were mainly
performed by the School of Aerospace Engineering of the Sapienza - University of
Rome (SIA Ground Station). A network of radio amateurs and third part ground

stations was also involved for collection of telemetry and science data packages.
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Figure 2. The ABCS and its subsystems for bioanalytical experiments. (a) Scheme of the ABCS nanosatellite.
(b) Scheme of the ABCS subsystems used for bioanalytical experiments. The red dotted lines represent the

buffer transfer lines.

For the in-flight experiment, three CL-based reactions were chosen, namely those
reported as experiments #1, #3, and #4 in Table 1. Since each channel of the uPAD can
be independently activated, each experiment will be carried out in duplicate. The general

experimental procedure can be summarised as follows.

a) Injection of buffer solution (40 pL) from the reservoir to the fluid inlet of the
assembly holder and uPAD. The wetness sensor is used to confirm the delivery of
the buffer solution and to control the volume dispensed (after detection of the
arrival of the buffer to the fluid inlet the pump, providing a 120 pL. min™" flow, is
maintained active for further 20 s).

b) Dissolution of reagents and transport to the reaction sites of the uPAD by
capillary action.

¢) Activation of the CL reactions.

d) Detection of photons emission and acquisition of CL signal readout.

The recorded photon emission data is transmitted to ground and then analysed to

investigate both the intensity of the CL emission and the kinetics of the CL reactions, as
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compared with parallel experiments performed on ground. To consider the effect of
temperature on the stability of reagents and, more importantly, on the kinetics of the
reactions, thus on the intensity of the CL emission, reference ground experiments will be
conducted reproducing the temperature profile of the payload monitored during in —

flight operation.

4.3 Results and discussion

4.3.1 Rationale of experiment design

The main aim of ABCS is the in-flight test of an integrated multi-parametric analytical
platform for the implementation of CL — based bioassays. Both the proper functioning
of the device (e.g., delivery of buftfer, transportation and mixing of reactants, detection
of CL emission, electronics, data storage and transmission) and the stability in space
conditions of the chemicals and the biomolecules required to perform the bioassays will
be evaluated. The ability to autonomously handle various adverse events (low power,
low temperature, system resets) will be also assessed. A significant challenge for the
proper function of ABCS is represented by the high radiation environment (i.e., within
the internal Van Allen belt) in which it will operate. It has been estimated that ABCS will
be exposed to a radiation dose of more than 16 Gy for 24 h [23]. For reference, the
typical daily dose inside the ISS ranges from 0.0002 to 0.0005 Gy [24]. Additional
transient, non-predictable off-nominal sources of charged particle radiation would be
solar particle events, where particles are ejected from the sun in prompt and short-lived
bursts of energy. As in ABCS all reagents are deposited in dried form onto a paper
substrate, the main events causing their degradation would be the primary ionisation
occurring directly in the hit molecules. As concerns proteins, it has been reported that
every molecule that suffered a direct ionisation is destroyed [25]. Furthermore, there is a
limited possibility for controlling the payload temperature during the phase of
integration of ABCS into the launcher as well as during the time between integration and
experiment execution in orbit, which can be days to months long. This can pose a
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serious threat to biological experiments’ success, thus requiring careful optimization of
reagents' stability [26]. We studied for implementation in ABCS a range of CL reactions
in which light emission is derived from the oxidation of luminol by reactive oxygen
species (ROS). The luminol/H>O» reaction catalysed by HRP was chosen as a model,
being a well-established and widely studied CL system, easily implemented in
miniaturized analytical devices. In addition, it provides intense and long-lasting CL
signals, which facilitates signal measurement in extreme environments. Furthermore,
employment of coupled enzyme reactions could represent a promising approach for the
detection of those life markers of astrobiological interest which are not easily recognized
by antibodies, such as sugars or enzyme cofactors. The selected reactions (Table 2)
tollow an “evolutionary” approach, aimed at reproducing a model for the development
of catalytic activity in iron-containing catabolic enzymes, which can be extended in
principle to other metal-porphyrin prosthetic groups. It was indeed reported that the
catalytic ability of ferric iron progressively increases when combined with
protoporphyrin, and when the iron-porphyrin group is further combined with a protein
moiety [27]. It is also worth noting that it is commonly recognized that life on Earth
evolved in the presence of hydrogen peroxide, and other peroxides also emerged before

and with the rise of aerobic metabolism [27].

Table 2. CL reactions implemented in the ABCS origami uPAD.

Experiment Oxidant-producing reaction Oxidant Catalyst CL reactant
#1 NaBO3# KsFe(CN)s (inorganic) Luminol
H#2 NaBO; Hemin (organic) Luminol
#3 NaBO; HRP (enzyme) Luminol
H4 Oxidation of glucose by GOD (H202)b HRP (enzyme) Luminol
#5 Oxidation of xanthine by XO (H202) HRP (enzyme) Luminol

a) NaBOj releases hydrogen peroxide by reacting with water.

b) The oxidant H>O» is produced by the enzyme reactions catalysed by GOD and XO.
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It should be also noted that experiments #4 and #5 simulated analytical devices for
detecting model astrobiological markers: glucose, used as a representative example of
biomolecules such as carbohydrates (but also a routine physiological marker in view of
possible diagnostic applications of the technology), and xanthine, an intermediate in

nucleobases metabolism [28].

4.3.2 The AstroBio CubeSat and the subsystems for bioanalytical
experiments
4.3.2.1 Bioanalytical payload requirements and implementation

solutions

To meet the requirements arising from the mission scenario, several innovative
solutions, ranging from peculiar system-level arrangements to optimized experimental
protocol, have been implemented. In this process, the design choices have been driven
by system requirements and by the binding constraints of CubeSat missions. The
subsystems for performing the bioanalytical were contained in an aluminium payload
box (106 X 160 X 71 mm?) together with all the satellite-bus electronics (i.e., electrical
power system, batteries, on-board computer, and radio). The box was hermetically
sealed with an indium wire gasket and pressurized with air (1 bar) at room temperature
to ensure an ambient pressure environment suitable for bioassays once in orbit. Apart
from avoiding evaporation of fluids, the sealed box design provided additional
advantages. The most obvious advantage of the aluminum box is its partial radiation
shielding effect thanks to the 3 — 6 mm thick aluminum walls [29]. In addition, the
pressurized environment facilitates the thermal control of the payload since it improves
temperature uniformity inside the box and provides for heat exchange by air conduction
(no natural convection can take place in the weightlessness environment). Indeed, in
accordance with the mission scenario, in absence of any control the expected satellite
internal temperature range would have been between —40 °C and —20 °C. To maintain

the payload temperature within an acceptable range (the target temperature is from 12
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°C to 16 °C, while the maximum acceptable temperature excursion is between +4 °C
and +28 °C) the power dissipation of the satellite-bus electronics and communication
system has been exploited in an active thermal control approach. Since the radio
represents the main contribution of the dissipated power, the beacon repetition time is
dynamically modulated according to the box internal temperature: the lower the
temperature the shorter the beacon interval. To make this temperature control strategy
more effective, the payload box is thermally decoupled from the CubeSat structure
through Teflon elements. To comply with the need to preserve the chemicals from
degradation, the board stack-up has been designed to allow the late integration of the
uPAD and the liquid reagents just right before the box sealing procedure. In addition,
the whole satellite structure features a modular design that enables the assembly of the
sealed box in a later stage and stowage of the sealed box in a controlled temperature

environment (i.e., in the range 4 — 9 °C), until the satellite is due for final integration.
4.3.2.2 ABCS subsystems for bioanalytical experiments

The AstroBio CubeSat has been developed using commercial off-the-shelf (COTS) as
well as in-house designed parts to deliver a highly integrated analytical platform for
autonomous execution of bioanalytical experiments in space. Special attention has been
given to the on-board software design to ensure a high level of fault tolerance. The
firmware of the on-board computer includes a scheduler that starts each experiment at a
defined time, and a finite state machine that controls all the steps required for the
execution of an experiment, considering system feedbacks, such as the reading of the
wetness sensor. Data is automatically transmitted to the ground and can also be
downloaded via telecommand from the ground. Reliable software design techniques
have been used to ensure correct experiment execution, even in the event of system
reboots or power cycles, low battery voltage, or anomalous temperature situations. In
the case of anomalies, the recovery action taken depends on the current step of the
experiment (for example, if the fluid has already been delivered to the origami uPAD,

data acquisition will proceed also in case of low battery by saving power from other
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subsystems). The technology subsystems of ABCS designed to perform the experiments

(Fig. 2b) include the following components.

)

b)

9

pPAD. The pPAD (Fjg 7) has been designed exploiting the origami approach
and contains all the reagents and CL catalysts in a dried form to reduce their
possible degradation due to exposure to a high radiation environment. The uPAD
is composed of three layers: A (buffer injection/reagent storage), B (fluid
transport/reagent storage), and C (CL catalyst storage/CL signal production).
During the experiment, the buffer is dispensed on the buffer dispensing pads
applied to layer A, then, the buffer migrates by capillarity into the pPAD and
dissolves the reagents, transporting them to the hydrophilic “wells” of layer C, in
which the CL reactions take place. For each channel of the uPAD there are five
hydrophilic “wells” in layer C, thus in the pPAD there are a total of 30
hydrophilic “wells”, each of them coupled with a photosensor for measuring its
CL emission.

Wetness sensor. This element is a printed circuit board containing two sensors,
each of them consisting of two interdigitated, gold-finished conductive traces in
contact with the buffer dispensing pads. The sensors confirm the correct delivery
of the phosphate buffer to the uPAD through monitoring the increase of the
electrical conductivity of the buffer dispensing pads: each sensor measures the
overall conductivity of three dispensing pads, and the geometry of the
interdigitated traces has been optimized to have a constant relative drop of the
measured electrical resistance every time a new pad has been wetted.

Assembly holder. This 3D — printed element holds the pPAD, the buffer
dispensing pads and the wetness sensor. This element attaches to the
photocurrent readout board and guarantees the close contact between the buffer
dispensing pads, the pPAD and the glass chip with the photosensors (since the
CL detection system does not use optics, a tight contact between the pPAD and
the glass chip with the photosensors is critical to improve light detection

efficiency and minimise the cross-talks between adjacent photosensors). The
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assembly holder also accepts the fluid transfer lines for injection of the phosphate
buffer in the uPAD.

d) Photosensors and photocurrent readout board. The CL emission is detected
by a 6 X 5 array of 2 X 2 mm? high sensitivity and low dark current noise a-Si:H
photosensors deposited on a 50 X 50 mm?* borosilicate glass chip inserted in the
photocurrent readout board [30, 31, 32, 8, 33]. The readout board (MARIE,
Multichannel Array Readout Integrated Environment) is an extended and
improved version of a previously developed one and employs a custom low noise
electronics for the biasing of the photodiodes and the measurement of the
photocurrents generated by the incident light [34].

e) Fluid delivery board. The fluid delivery board contains six miniature peristaltic
pumps (RP-Q1, Aquatec International Inc., Irvine, CA), each of them connected
to a reagent reservoir. When activated, the pumps deliver the phosphate buffer to
the buffer dispensing pads of the pPAD. The pumps have been modified by
installing a 3D — printed pump head to accommodate a 0.5 mm i. d. silicone

1

tubing. This decreased the flow rate from the nominal value of 450 pLL min™" to

120 pL. min~', thus allowing an easier control of the volume of buffer transferred
to the uPAD.

f) Reagent reservoirs. Six 200 pLL — volume reagent reservoirs enclosed in a 3D —
printed dedicated holder contain the phosphate buffer. Each reservoir is a small
polyethylene bag (length 35 mm, width 12 mm) obtained by a polyethylene foil by
thermal sealing and it is mounted on a 3D — printed support for easy connection

to the fluid transfer line.

The fluid transfer lines of ABCS are made of flexible silicone rubber tubing (0.5 mm i.
d., 1.0 mm o. d.). A commercial bicomponent epoxy glue has been used to seal all fluidic

connections.
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4.3.3 Optimization of origami pPAD and experimental protocols

As stated before, one of the aims of the ABCS mission is to evaluate the stability in
space conditions of the reagents used to perform the CL — based assays. We focused our
investigation on the stability of CL catalysts (potassium hexacyanoferrate (III), hemin,
and HRP) and of the enzymes (GOD and XO) employed in the coupled enzyme
systems. Therefore, a large excess of CL reactant (luminol), oxidant (NaBOs), and
enzyme substrates (glucose and xanthine) was used, while the amounts of CL catalysts
and enzymes were selected within the dynamic range of the assays to observe a decrease
of the CL signal due to the possible degradation of such species. The amount of oxidant
(NaBOs) was optimized considering experiment #3 as a model, in which HRP is
employed as the CL catalyst (this experiment gave the highest CL signals, thus the
highest consumption rate of oxidant). Fig. 3a shows the CL signals measured for
different amounts of NaBOs; loaded in the hydrophilic areas of layer A of the uPAD.
According to the experimental results, 0.6 pmol has been selected as the amount of
NaBO; for the preparation of the uPAD. In the case of luminol, which has a relatively
low solubility (about 0.2 M) in phosphate buffer at pH 7.5, we used a saturated solution
further diluted 1:4 (v/v) with PB to guarantee its dissolution during the expetiments. It
must be noted that luminol solubility increases with pH, but pH 7.5 was selected as a
common value for all assays. Indeed, the overall performance of the CL system depend
on both the influence of pH on the enzyme activity and the effect of pH on the
generated CL signal. While the luminol CL reaction is more favoured under alkaline
conditions, the optimal pH values for the used enzymes are lower, i.e., between pH 6.0
and 6.5 for HRP [35] and between pH 6.0 and 6.5 for GOD from A. niger [36]. The
working pH was therefore chosen as a compromised optimum due to the combination

of elements with different pH optimal values.
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Figure 3. Optimization of amount of NaBOj oxidant and of experimental conditions of the experiments
involving KsFe(CN)g, hemin and HRP as CL catalysts. (a) CL signals obtained for experiment #3 performed in
uPADs prepared with different amounts of NaBOs and for (b) experiment #1, (c) experiment #2, and (d)
experiment #3 performed in uPADs prepared with different amounts of CL catalyst (potassium
hexacyanoferrate (I11), hemin, and HRP, respectively). All the other reagents were used at their optimal amounts.
Each data is the mean * SD of CL signals measured in the “wells” of three uPAD channels. The amounts of

reactants selected for the preparation of the uPAD are highlighted in red.

For experiments #1, #2, and #3 the highest amounts of CL catalysts comprised in the
dynamic range of the assays were selected, in order to obtain a high CL signal still
maintaining, as stated before, the ability to detect a possible degradation of the catalyst.
Fig. 3 shows the CL signals measured for different amounts of CL catalysts, i.e.,
potassium hexacyanoferrate (II) (Fig. 3b), hemin (Fig. 3¢), and HRP (Fig. 3d), loaded in
the “wells” of layer C of the pPAD. According to the results, the optimal amounts
selected for the preparation of the pPAD were 0.8, umol well ™, 0.2 pmol well ™!, and 0.1

U well™ for potassium hexacyanoferrate (II), hemin, and HRP, respectively. A similar
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approach was used to optimize the amounts of the enzymes GOD and XO involved in
the coupled enzyme reactions exploited in experiments #4 and #5 (these reactions also
involved HRP, which was used in excess with respect to the amount individuated for
experiment #3). Fig. 4 showed the CL signals measured for different amounts of GOD
(Fig. 4a) and XO (Fig. 4b) loaded in the layer B of the uPAD. According to the results,
the amounts selected for the preparation of the pPAD were 12 U and 8 U for GOD and

XO, respectively.
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Figure 4. Optimization of experimental conditions of the experiment involving the GOD/HRP system. Panels
(a) and (b) show the CL signals obtained for experiment #4 and experiment #5, respectively, performed in
uPADs prepared with different amounts of GOD and XO. The amounts of enzymes selected for the
preparation of the pPAD are highlighted in red. Panels (c) and (d) show the calibration curves generated for
experiment #4 and experiment #5, respectively, by analysing pPADs prepared with different amounts of
enzyme substrates. All the other reagents were used at their optimal amounts. The equations of the linear
calibration curves were Y = (18.5 £ 2.5)X + (20.2 £ 70.2) (R2 = 0.989) and Y = (6.66 = 1.14)X + (0.67 + 22.52)
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(R2 = 0.991) for glucose and xanthine, respectively. Each data is the mean £ SD of CL signals measured in the

“wells” of three pPAD channels.
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Figure 5. Study of the spatial distribution of the CL signal. (a) Images of the uPAD and (b) of the CL emission
obtained when PB was injected in one of the channels containing potassium hexacyanoferrate (III) as the CL
catalyst (i.e., the third channel from the left). To allow localization of the CL emission, both images were
acquired using the same CCD camera. (c) 3D profiles of the distribution of the CL signal along the active
channel of the pPAD.

We also investigated in detail the correlation between the CL signal and the amount of
enzyme substrates (glucose and xanthine) used in experiments #4 and #5. Indeed,
besides the selection of the amount of glucose and xanthine for the preparation of the
ABCS pPAD, we were also interested in the possibility to quantify these substrates in
view of possible applications of this technology for the search of astrobiological markers
or in diagnostics. Fig. 4 also shows the calibration curves generated by analysing pPADs
prepared with different amounts of glucose (Fig. 4¢) and xanthine (Fig. 4d) loaded in the
hydrophilic areas of layer A. For both substrates linear calibration curves were obtained
extending up to 50 nmol for glucose and 30 nmol for xanthine, indicating the possibility
to quantify these substances. The limits of detection (LODs), calculated as the amount
of substrate giving a signal corresponding to the mean of blank plus 3 standard
deviations, were about 4 nmol and 2 nmol for glucose and xanthine, respectively. For
the preparation of the pPAD for ABCS, amounts of glucose and xanthine well above
the upper limits of the calibration curves (t.e., 200 nmol for glucose and 100 nmol for
xanthine) were used. Besides the intensity of the CL signals, we also evaluated their
distribution on the uPAD. Indeed, the photosensors measure the intensity of the CL

signal but do not give any information about their actual spatial distribution in each
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“well” nor on the presence of CL emissions in other areas of the uPAD, e.g., due to
fluid leaks towards the hydrophobic areas. To investigate these aspects, we performed
CL imaging measurements of the uPAD by using a high sensitivity CCD camera. Fig. 5
shows the results of a CL. imaging experiment performed by injecting the buffer in the
channel of the pPAD containing potassium hexacyanoferrate (III) as the CL catalyst.
Comparison of the images of the uPAD (Fig. 54) and of the CL emission (Fig. 55) clearly
indicated that CL is generated only in the hydrophilic “wells” of the active pPAD
channel. Furthermore, a detailed investigation of the spatial distribution of the CL signal
(Fig. 5¢) showed a homogeneous distribution of the CL signal in each “well” and a good

reproducibility (the variation of the CL signals of the different “wells” is less than 5%).

4.3.4  Stability requirements and testing

To prevent science loss, it was agreed with ESA that the payload would be conserved at
4°C before integration, allowing a maximum 2 — week period at ambient temperature
during integration and pre-launch activities (nevertheless, it was not possible to exclude a
longer integration-to-launch waiting time). We thus used protective agents to reduce the
thermal degradation of the enzymes (HRP, GOD, and XO) deposited in the pPAD. We
tested either poly (allylamine) hydrochloride, a polyelectrolyte polymer used in layer — by
— layer (LBL) enzyme immobilisation and as coating agent to preserve enzymes
deposited on solid supports [37], and pullulan, a natural polysaccharide that has already
proved capable to increase the stability of enzymes in the dried state (e.g., in tablets) [38]
or immobilised on paper [39]. To assess the effect of protective agents we compared the
CL signals of uPADs prepared with and without the protective agents and stored for
various times at temperatures ranging between 4 °C and 37 °C. Fig. 6 reports the CL
signals obtained for experiment #3, in which HRP was used as the CL catalyst. The
results clearly show that pullulan significantly increased the stability of the enzyme, since
it reduced the decrease in enzyme activity to approximately 10% even after 4 weeks of

storage at 37 °C. A similar improvement in enzyme stability has been obtained also for
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experiments #4 and #5 employing the enzyme coupled systems GOD/HRP and
XO/HRP, respectively (data not shown).
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Figure 6. Study of stability of the pPAD upon storage. The CL signals obtained for experiment #3 performed

in pPADs prepared with and without protective agents (the concentration of both protective agents in the
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enzyme solutions deposited in the pPAD was 1.0 mg mL~?!) and stored for various times at (a) 4 °C, (b) 25 °C,
and (c) 37 °C are reported. Each data is the mean = SD of the values obtained in the “wells” of three pPAD
channels (in all graphs the signal intensity was normalised to that measured immediately after preparation of the

uPAD).

4.3.5 Test experiments performed on the ground model of ABCS

As a final test, the experiments selected for ABCS were performed in the ground model
of the nanosatellite according to the experimental protocol outlined in Section 2.4.
Representative CL kinetic profiles obtained for such experiments are shown in Fig 7.
The blank experiment (experiment #6 in Table 7) displayed no significant CL emission
(data not shown). All the experiments were correctly executed, and it was possible to
tollow the time course of the CL emission, therefore possible changes in emission
intensity and/or kinetics during in — flight experiments could be observed. Since each
experiment was independently optimized, the comparison of CL emission intensities is
not so straightforward. Nevertheless, the nature of the CL system remarkably affected
the emission kinetics. It can be observed that the CL emissions of the systems
employing either potassium hexacyanoferrate (III) or HRP as catalysts suddenly reached
the peak intensity, while the onset of the CL emission for the experiment based on the
GOD/HRP system was slower. This can be easily explained considering that the
peroxide oxidant required for CL emission was immediately available for the first two
systems, while it was gradually produced by the GOD - catalysed reaction in the
GOD/HRP system. In addition, the decay of the CL signal was faster for the reaction
catalysed by potassium hexacyanoferrate (III) with respect to that catalysed by HRP.
This can be ascribed to a more rapid substrate consumption, as indicated by the higher
CL emission intensity reached by the first CL system (this is not in contrast with the
highest catalytic activity expected for HRP with respect to potassium hexacyanoferrate
(III), since the molar amount of the inorganic catalyst deposited on the pPAD was much

higher than that of HRP).
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Figure 7. Measurements performed using the ground model of ABCS. The figure shows representative CL
kinetic profiles obtained for (a) experiment #1, (b) experiment #3, and (c) experiment #4. The CL signal
acquisition started 10 s before the activation of the pump, while buffer delivering was continued for 20 s after

the wetness sensor indicated the arrival of the buffer to the uPAD.
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4.4 Conclusions

In conclusion, the ABCS payload demonstrated able to autonomously perform different
CL-based bioassays involving systems with increasing chemical complexity, from a single
inorganic catalyst to coupled enzymes. The selected CL systems provided intense, easily
detectable CL emissions, whose intensities depended on the amounts of reagents and
catalysts loaded into the pPAD. This will allow the monitoring of the CL reactions in in-
flight experiments as well as (thanks to the comparison with parallel ground
experiments) the assessment of a possible degradation of reagents due to the space
radiation environment. Assessment of enzymes’ stability will be of particular interest, as
coupling of enzyme reactions would be a promising approach for the biodetection of
astrobiological life markers that are not easily recognized by antibodies. Finally, the
paper-based origami-like analytical format allowed to simplify the architecture of the
analytical platform, since all the reagents were preloaded on the paper substrate and
triggering of the CL reactions only required injection of phosphate buffer with a
miniaturized peristaltic pump. Upon in — flight validation, this approach should
constitute the first step to implement a mature technology with the aim to conduct life

science research in space more easily and at lower cost than previously possible.
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5.1 Introduction

Adverse reactions to food can be classified as food allergies and intolerances. According
to the Expert Panel Report sponsored by the National Institute of Allergy and
Infectious Diseases (NIAID), food allergy is defined as “an adverse health effect arising
from a specific immune response that occurs reproducibly on exposure to a given food”,
while food intolerance consists of “nonimmune reactions that include metabolic, toxic,
pharmacologic, and undefined mechanisms”. In contrast to food intolerance, allergy is
dose independent; thus, even the presence of traces of allergens can cause serious
consequences [1]. As an effective treatment for food allergies is not yet available,
allergen-suspicious food avoidance by sensitive consumers is the only possible strategy
to avoid negative outcomes. Presently, no regulatory threshold exists for allergenic
contents in food samples; therefore, highly sensitive analytical methods are required [2].
Egg allergy is one of the most common allergies, especially among infants and children,
and can cause symptoms involving the respiratory system, or even potentially fatal
anaphylaxis [3]. The egg white proteins ovalbumin, lysozyme, ovomucoid and
ovotransferrin are the major egg allergens. Ovalbumin (OVA) is the most abundant,
making up approximately 54% of the total albumen proteins [4], and is, therefore,
considered as the best detection target for the search of egg allergens [5]. OVA is a
phospho-glycoprotein of about 45 kDa, composed of 385 amino acids. OVA is not only
present in food products that contain eggs, but it can be found in other food
commodities. For example, it is used in the wine clarification process to eliminate the
excess suspended matter, without altering the character of the drink. Ovalbumin is also
used in many food products as an emulsifying agent or to bind ingredients together,
thanks to its ability to thermally coagulate. Furthermore, the widespread use of OVA
poses significant risks of unintended food contamination during food processing
procedures. All these considerations call for the development of analytical tools that are
able to rapidly detect OVA in a variety of products for human use. The detection of
allergens in food products can be pursued through different analytical approaches, the

main being immunoanalytical, mass-spectrometry, nucleic — acid — based methods, and
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biosensors [0, 7]. Laboratory methods are generally very sensitive and accurate; however,
they are often laborious, time — consuming, expensive, and require experienced
personnel and well — equipped laboratories. To enable fast and convenient point — of —
use analyses, in recent decades, many efforts have been directed towards the
development of simple — to — use devices for on — site analysis, thus allowing real — time
measurement of allergens [2, 8, 9]. The conventional enzyme — linked immunosorbent
assays (ELISAs), which employ antibodies for the highly specific analyte recognition and
enzyme catalysts for sensitive detection, provide good analytical performance, especially
when coupled with chemiluminescence (CL) detection [10]. However, they are not
suited for point — of — use applications, as they need a large volume of reagents, time —
consuming  manipulations, and  tedious  washing  steps. Lateral flow
immunochromatographic assays (LFIAs) are routinely used for the on — site detection of
allergen traces in finished products, due to their ease of use and competitive prices.
However, most of them rely on colorimetric detection, exploiting colloidal gold as a
tracer; thus, they only provide qualitative yes/no results [11, 12]. Microfluidic paper —
based analytical devices (WPADs) have recently attracted much attention due to their
ease of use, low consumption of reagents, low cost, rapidity, portability, and
disposability [13, 14, 15, 16]. These devices use paper as a substrate to create
microfluidic structures (e.g., channels, reagent mixers, reaction chambers) by patterning
hydrophobic materials on hydrophilic paper. The use of origami (paper folding) and
kirigami (paper cutting) techniques in the fabrication of uPADs has given researchers
the opportunity to fabricate 3D paper — based devices, which provide high flexibility of
application and allow us to conduct complex multistep analytical procedures, such as full
immunoassays, on paper [17, 18, 19, 20]. Indeed, in contrast to the simplest puPADs,
such as LFIAs, in which fluids are only drawn horizontally through the device, 3D
devices sustain the flow both horizontally and vertically. In addition to higher versatility,
these devices often possess superior analytical performance, since the vertical flow
provides higher assay rapidity and sensitivity [21]. Coupling this format with CL
detection also takes advantage of CL’s specific features [22], such as amenability to
miniaturization as well as high sensitivity and specificity of detection, even though only a
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tew examples have been published up to now [23, 24, 25, 26]. Furthermore, pPAD —
based assays enable the immobilization of biospecific recognition molecules (such as
enzymes, antigens, antibodies, aptamers, or nucleic acids) on paper. Bioprobes can be
directly immobilized onto paper surfaces; however, this has the limitations of providing
a limited surface area for the subsequent reactions and poor coating efficiency, and
requiring complex procedures for substrate modification and surface functionalization
[21]. On the contrary, particle — modified pPADs allow easy and efficient biomolecule
immobilization in defined device areas, therefore improving the overall assay
performance [27, 28, 29]. However, previously published particle — modified pPADs
involve complex analytical protocols and in most cases, only the final signal detection is
performed in the uPAD, thus compromising their amenability for point — of — use
application. Herein, we report an origami paper — based device, which employs magnetic
microbeads (MBs) for paper substrate functionalization and is used to perform a
competitive CL immunoassay for OVA in food samples. In this assay, OVA in the
sample competes with OVA immobilized on MBs for a limited amount of HRP —
labelled anti — OVA antibody (anti — OVA — HRP). The use of MBs enables easy and
efficient OVA immobilization, as well as the production of a device in which the MBs
are contained in well — defined reaction areas on paper, providing an increased surface
area for immunoreaction. By exploiting the origami approach, all the steps of the
immunoassay procedure (i.e., immunoreaction, washing, detection) were carried out by
appropriately folding/unfolding the device. All the reagents required for assay execution
are preloaded in dried form in the pPAD, so that only sample and buffer applications
were required to complete the assay, with no need for handling chemicals or conducting
complex procedures. Finally, as the washing step is critical for obtaining accurate analyte
detection in immunoassays and because effective washing is quite challenging in uPAD-
based formats, we designed and implemented multiple washing layers in the uPAD to

solve this issue.
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5.2 Materials and methods

5.2.1 Chemicals

SPHEROTM Carboxyl magnetic particles (MBs, 2.5% w/v, 3.90 um diameter) were
obtained from Spherotech Inc (Lake Forest, IL, USA). Ovalbumin from chicken egg
white (Iyophilized powder, = 98%), bovine serum albumin (lyophilized powder, = 96%),
rabbit serum albumin (lyophilized power, = 99%), lysozyme from chicken egg white
(Iyophilized powder, protein = 90%), horseradish peroxidase (HRP, lyophilized powder,
> 250 U mg ™), casein from bovine milk (purified powder), N-hydroxysulfosuccinimide
sodium salt (sulfo-NHS, = 98%), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC, = 98%), sorbitol (= 99%), 2-(IN-morpholino)ethanesulfonic acid
(MES, = 99%), tris(thydroxymethyl)aminomethane (TRIS, = 99.8%) and Tween 20 were
purchased from Sigma — Aldrich (St Louis, MO, USA). HRP — labelled anti — ovalbumin
polyclonal rabbit antibody (anti — OVA — HRP) and SuperSignalTM ELISA Femto
Maximum Sensitivity Substrate (a two — component luminol — based CL cocktail,
composed of a luminol/enhancer solution and a stable peroxide solution) wete obtained
trom Thermo-Fisher Scientific (Fair Lawn, NJ, USA). All the other chemicals were of
the highest purity available. The Whatman CHR 1 chromatographic paper (200 X 200
mm sheets) was bought from Sigma — Aldrich. The following buffers were used in the
functionalization of MBs and in the assay procedure: PBS (10 mmol L' phosphate
buffer, pH 7.4, containing 137 mmol L™ NaCl), PBST (PBS containing 0.05% v/v
Tween 20), MES (25 mmol L™! MES, pH 5.0), and TRIS (25 mmol L.™! TRIS, pH 7.0,
containing 250 mmol L™ NaCl). For assay validation, a commercial colorimetric
microtiter plate — based ELISA kit for the quantitative detection of OVA in food
samples (AgraQuant® Ovalbumin, Romer Labs Division Holding GmbH, Getzersdorf,
Austria) has been used. Samples have been extracted following the procedure described

in Section 2.6 and assayed according to the manufacturer’s instructions.
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5.2.2 Fabrication of the origami pPAD device

The origami uPAD was produced by drawing the layout of the hydrophobic areas on
PowerPoint (Figure 14) and printing the areas on a 200 X 200 mm Whatman CHR 1
chromatography paper sheet using a commercial solid ink Phaser 8560DN printer
(Xerox Co., Norwalk, CN, USA). The folding lines were created by a manual rotary
perforating blade and the uPAD was cut from the paper sheet and heated at 120 °C for
10 min in an oven to melt the wax-based solid ink, which diffused into the paper,
generating the hydrophobic barriers. Then, the reagents were loaded into the origami
uPAD by dispensing the solutions onto the four hydrophilic areas of levels A (first 10
ul. of 3.5 mg mL.™" OVA — MBs suspension in PBS was added in each area and then,
after drying, 15 pL. of 1% w/v casein solution in PBS was added to saturate the paper
surface), C (5 uL of 1 ug mL™" anti — OVA — HRP conjugate solution in PBS containing
1 mg mL™" sorbitol in each area), E1 (20 ul. of the luminol/enhancer solution of the
SuperSignal TM substrate in each atea), and E2 (20 uL. of 10 mmol L. sodium perborate
solution in PBS in each area); the solutions in layers E1 and E2 were loaded through
four successive 5 - uL. additions, each after complete evaporation of the liquid. After air
— drying at room temperature in the dark for 1 h, the biosensor was vacuum sealed in a

plastic bag and stored at 4 °C and in the dark until use (Figure 15).

Figure 1. (a) Design of the hydrophobic areas of the origami pPAD. Black and red dashed lines represent
folding lines (created by a manual rotary perforating blade) and cutting lines, respectively. A: base layer; B: anti-

leaching layer; C: immunoreaction layer; D: washing layers; E: CL detection layers. (b) Images of the origami
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UPAD just after cutting of excess paper (left) and upon loading and air — drying of reagents and OVA-MBs
(right). (c) Images of the spring — loaded 3D — printed holding clips one equipped with magnets and used for
loading of OVA — MBs in the uPAD (left) and one without magnets and employed in the assay procedure

(right). The scale bars represent 1 cm.

To facilitate the preparation of the biosensor and the assay procedure, we used two
spring — loaded holding clips (Figure 1¢). The clips were designed and produced in clear
resin by stereolithography (SLA) 3D — printing with a Form 2 desktop 3D printer
(Formlabs Inc, Somerville, MA, USA). One clip, equipped with four small NdFeB
magnets (N45 grade, 8 mm diameter, 3 mm height) located in the bottom half in the
correspondence of the four hydrophilic areas of the uPAD, was used during the loading
of OVA — MBs to avoid their excessive dispersion over the hydrophilic area. The second
one had four holes in both halves and was used in the assay procedure to guarantee the
contact between the layers in the folded origami uPAD, still permitting the addition of

buffers and imaging of the CL signal.
5.2.3 Assay procedure

The overall assay procedure is outlined in Figure 2 and shown in the Supplementary
Materials (Video S1: Assay procedure). The origami pPAD was removed from the sealed
plastic bag. To configure the origami for the first assay step, layer C was folded over
layer A and layer B was folded under layer A. The folded origami was inserted in the
holding clip with layer C upwards, then 10 uL. of the solutions to be assayed, namely
OVA — free solution (PBS), low (0.003 pg mI.™") and high (1 pg mL.™") OVA standard
solutions in PBS, and the sample, was deposited on each hydrophilic area of layer C to
solubilize the anti-OVA — HRP conjugate and start the immunological reaction. Upon
20 min of incubation at room temperature, the origami was unfolded, then the stack of
layers D1 — D3 was folded over layer A. The folded origami was inserted in the holding
clip with layer A upwards and three 15 uL. — aliquots of washing buffer were deposited at
5 min — time intervals on each hydrophilic area of layer A to remove all unbound species
from the MBs in this layer. Finally, after 20 min, the origami was unfolded and the stack

of layers E1 — E2 was folded over layer A. The folded origami was inserted in the
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holding clip with layer E2 upwards and 10 uL. of PBS was added on each hydrophilic
area of layer E2, to dissolve the components of the luminol — based CL cocktail required
to perform CL detection of the anti — OVA — HRP conjugate bound to the MBs. The
CL emission produced by the MBs in layer A was then measured, employing a portable,
battery — operated, two — stage Peltier cooled charge coupled device (CCD) camera
(ATIK 11000, ATIK Cameras, New Road, Norwich) adapted to perform contact

imaging detection, as previously described [30].

Washing layers

Immunoreaction layer

Iltopll
Anti-OVA-HRP
conjugate

Anti-leaching layer

CL detection layers

Step 1: immunoreaction

e Fold layer B below layer A

e Fold layer C over layer A

e Insert the folded origami in the clip

o Dispense OVA standard solutions
or samples on layer C (10 pL for
each hydrophilic area)

e Wait 20 min

e Unfold the origami

Step 2: washing

e Fold the stack of layers D1 - D3
over layer A

e Reverse the folded origami

e Insert the folded origami in the clip

e Dispense washing buffer on layer
A (3 x 15 pL for each hydrophilic
area at 5-min time intervals)

e Wait 20 min

¢ Unfold the origami

Step 3: CL detection

e Fold the stack of layers E1 - E2
over layer A
e Insert the folded origami in the clip
¢ Dispense buffer on layer E2
(10 pL for each hydrophilic area)
o Measure the CL emission
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Figure 2. Scheme of the analytical procedure for the determination of OVA using the origami uPAD. In each

assay step, upon folding, the origami nPAD was inserted into the 3D — printed holding clip (not shown).

A sequence of 100 consecutive images with exposure time of 15 s was acquired, starting
immediately after the addition of the buffer. The CL images were analyzed using the
freeware Image] v.1.53h software (National Institutes of Health, Bethesda, MD).
Regions of interest (ROIs) corresponding to the four OVA — MBs deposition areas of
layer A were defined and for each image, the CL emission intensities were evaluated by
integrating the CL emissions on the ROI areas. Finally, the analytical CL signals were
obtained by reconstructing the CL emission intensity kinetic profiles and evaluating the
total CL emission as the area under the curve. The ratios between the CL signals of the
OVA standards or of the sample and the CL signal of the OVA-free solution were
calculated. Finally, the logit of the CL signal ratios of the two OVA standards was
plotted against the logarithm of OVA concentration to obtain a two-point linear
calibration curve and the amount of OVA in the unknown sample was evaluated by

interpolation of its CL signal ratio logit on the calibration curve.
5.2.4 Data elaboration and statistics

All measurements were performed at least in three replicates. All data analysis and
statistical data elaboration were performed using GraphPad Prism, version 8.0
(GraphPad Software, Inc., La Jolla, CA, USA). The program was also used to obtain
immunoassay calibration curves by fitting experimental data with both a four-parameter

logistic equation (sigmoidal curve) and a logit-log function (linear curve).
5.2.5 Real sample processing

The method applicability for the analysis of real samples was assessed by analyzing
chocolate chip cookies from different market brands bought in local stores. Sample
preparation was carried out according to a previously published procedure [31, 32].
Briefly, about 10 g of cookies were grounded with a cooking blender and 1 g of powder

was extracted with 10 mL of TRIS buffer. After homogenization by manual shaking, the
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suspension was shaken for 30 min, then let settle for 5 min. Any upper fat layer was
discarded, and the clear supernatant was collected, diluted 1:10 (v/v) with TRIS buffer

and stored at 4 °C in the dark until analyzed.

5.2.6 In silico simulations

The molecular modelling of the anti — OVA antibody was based on homology modelling
that exploits abYsis, a web-based antibody research system [33, 34|, and Abymod, an
antibody model building tool [35]. In silico binding affinities of proteins with the anti-
OVA antibody were calculated by protein — protein molecular docking using HDOCK
[36, 37] and PRODIGY webservers [38, 39]. GROMACS [35, 40] was used for
structural refinement based on molecular dynamics and energy minimization, while
templates for modelling anti — OV A antibody target sequences were obtained from the
RCSB Protein Data Bank [41]. The PRODIGY online tool [38] was employed to
calculate the thermodynamic binding parameters of complexes between anti — OVA and

proteins. The images of complexes were generated by the pyMOL tool [42].

5.3 Results
5.3.1 Synthesis of OVA-MBs

The bioconjugation between MBs and OVA was performed following a previously
reported synthetic protocol [43], with slight modifications. Briefly, the surface carboxyl
groups of the MBs were activated by a reaction with EDC/sulfo — NHS to produce
primary amine — reactive sulfo — NHS esters, which then reacted with OVA to obtain
OVA — MBs. The synthetic procedure was optimized to maximize the amount of OVA
bound to the MBs, which translated to higher CL signals in the assay. First, the
concentration of sulfo — NHS and EDC for the activation of the MBs’ carboxyl groups
was selected. Different EDC/sulfo — NHS mixtures (1:1 weight ratio) were used to
activate the carboxyl groups of MBs. Then, the activated MBs were reacted with a large

excess of HRP used as a model protein to verify the efficiency of the activation reaction
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(HRP was selected as a model, since the amount of HRP bound to the MBs can be easily
measured by CL, due to its enzymatic activity). As shown in Figure 3a, the EDC/sulfo —
NHS concentration that provided the most efficient activation of carboxyl groups was
0.1 mg mL™" (i.e., 0.1 mg mL.™" of EDC and 0.1 mg mL™" of sulfo — NHS). As expected,
weaker CL signals, showing an incomplete activation of carboxyl groups, were obtained
at lower EDC/sulfo — NHS concentrations. The recorded CL signals were lower also at
the highest EDC/sulfo — NHS concentrations, which could be ascribed to the onset of
parallel secondary reactions that yielded undesired products, as previously reported by
Yan et al. [44]. Then, the best concentration of OVA for the bioconjugation reaction
was assessed. Activated MBs were reacted with different concentrations of OVA and the
amount of OVA bound to the MBs was measured by CL after incubation of OVA —
MBs, with an excess of anti — OVA — HRP.
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Figure 3. (a) CL signals obtained by employing different EDC/sulfo — NHS concentrations for the activation
of the surface carboxyl groups of the MBs. Activated carboxyl groups were quantified by reaction with an excess
of HRP, followed by CL detection of the bound enzyme. (b) CL signals obtained by employing different OVA
concentrations in the coating of activated MBs to obtain OVA — MBs. Ovalbumin bound to MBs was quantified
by reaction with an excess of anti — OVA — HRP, followed by CL detection of the conjugate. The optimal

experimental conditions are highlighted in red. Each of the data are the mean + SD of three measurements.

As shown in Figure 3b, which reported the CL signal as a function of the OVA
concentration used in the coating of MBs, 10 pg mI.™' OVA allowed us to achieve the

highest CL signals (i.e., the highest amount of OVA bound to MBs and recognized by
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anti — OVA — HRP). In the absence of OVA, no detectable CL signal was obtained,
which confirmed the efficacy of the saturation procedures in avoiding any non-specific
binding of immunoreagents to MBs. As can be also observed in Figure 3b, a slight
decrease in the CL signal was also observed for the highest OVA concentrations, which
should correspond to the greatest OVA loadings. This effect can be attributed to the
worse recognition of OVA by the anti — OVA — HRP antibody due to steric hindrance,
when a large amount of OVA is immobilized on the MBs surface [45, 46].

5.3.2 Design of the origami pPAD

The origami uPAD consisted of a chromatographic paper sheet in which hydrophilic
areas are delimited by wax-printed hydrophobic barriers (the layout of the pPAD
allowed four different analyses to be carried out simultaneously). It included the
tollowing five functional layers (L.e., A, B, C, D1-D3, E1-E2), each one with a specific

function in the assay procedure:

e A: base layer containing OVA — MBs (all (bio)chemical reactions took place in
this layer);

e B: anti — leaching layer (a wax — coated sheet that reduced evaporation and
prevented solution leaching during incubation);

e C:immunoreaction layer containing the anti — OVA — HRP immunoreagent;

e D1 — D3: washing layers (collected the buffer in the washing step);

e E1 — E2: CL detection layers containing the luminol/enhancer and sodium

perborate CL detection reagents, respectively.

Layers B — E are arranged in a cross shape around the base layer A, thus facilitating their
sequential folding during the execution of the steps of the immunoassay protocol
(except the first one, each step required folding of only one layer on the base layer). To
simplify the assay protocol and eliminate the need for the user to prepare and handle
chemicals, all the reagents were preloaded in a dried form on the proper layer. By adding

buffers (the only chemicals required for the assay), the dried reagents were dissolved and
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transported in the base layer, where the (bio)chemical reactions took place. To guarantee
tast and uniform migration of solutions between different layers, a holding clip was
produced by 3D-printing and used to keep the origami uPAD folded, ensuring close
contact between the adjacent layers (a second clip equipped with magnets was used
during the loading of OVA — MBs in the origami to avoid their excessive dispersion
over the hydrophilic areas). Incubation and washing steps are more challenging in
uPADs as compared with conventional (e.g., microtiter plate — based) immunoassay
tormats, thus requiring specific design and optimization of the device. The assay relies
on binding equilibria that involve both species in solution (i.e., OVA and anti — OVA —
HRP) and bound to MBs (OVA) and the incubation step is crucial for obtaining
accurate quantitative results. Due to small amounts of reagents and the quite long
incubation time, evaporation could significantly reduce the volume of solution during
incubation, thus altering the concentration of chemicals and affecting the binding
equilibria. The stacking of layers C, A and B (from top to bottom) of the origami pPAD
during the incubation created a well-like structure, in which the hydrophilic areas of
layers A and C constituted the “well” volume, and the hydrophobic layer B acted as the
“well” bottom. This accommodated the solution, avoiding leaking and reducing
evaporation, which could only take place at the surface of layer C. Effective washing is
also critical in immunoassays because incomplete removal of excess reagents and of non
— specifically bound species greatly atfects assay sensitivity and reproducibility. The latter
phenomenon is particularly important in pPAD — based formats, since the interaction
between biomolecules and cellulose fiber can lead to nonspecific adsorption
phenomena, especially for polar or charged molecules [21]. Furthermore, due to
capillarity effects of paper, the complete removal of the washing solution is difficult;
thus, for efficient washing, a high and sustained flow of liquid across paper is needed. It
has been previously shown that this can be obtained in a pPAD geometry that would
provide a steady increase in the available wettable volume. This approach, which was
described for a 2D planar configuration [47], was adapted in this work to a 3D geometry
by designing a device in which three paper layers (D1 — D3) provided, once folded over
layer A, circular hydrophilic crowns with increasing diameter (from 6 to 9 mm). With
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this configuration, the washing buffer flows both vertically across the different folded
layers and radially towards the boundary hydrophilic zone [48, 49, 50]. In addition, the
layers D1 — D3 had a central hole (4 mm diameter) to avoid any mechanical loss of
OVA — MBs when unfolding the origami due to the contact with the layer DI.
Theoretical approaches for modelling flow in the paper substrate have been proposed to
accelerate development of uPADs [51]. The most applied ones rely on the Lucas —
Washburn equation [52] or the Darcy’s law [53]. However, they only are suited for neatly
bidimensional paper-based systems (e.g., single — layer paper devices) and simple
geometries [54, 55]. Fluid dynamics in a 3D paper — based device is of greater
complexity and its theoretical treatment requires understanding of the physics that
regulates microfluidics, as well as of the influence of several variables, in addition to the
fluidics geometry, such as the characteristics of porous material and the type, ionic
strength, and viscosity of the fluid [56, 57]. In this paper, we adopted a simple approach
to investigate the effect of D1 — D3 layers’ geometry on the fluid motion. We used a
mathematical model that described the trajectory of the liquid flow from the detection
zone in layer A towards the washing layers as a function of their geometry, considering
only the direction of the contours of each layer. This model is based on the following
hypotheses, which described an ideal behaviour [58, 59]: (a) the fluid is assumed to be
non — viscous, neglecting internal friction; (b) the fluid is incompressible; (c) the motion
of the flow is stationary (i.e., its velocity at each point does not change); (d) the flow is
irrotational (i.e., the angular momentum of the fluid is zero at any point). The three —
dimensional trajectory of the liquid was described according to a system of parametric
equations in polar coordinates of the general form h = f(u,t) (h = i-th component of the

position vector; u, t = polar coordinates).

x(t,u) = (ny +nt®")cos(2u)
y(t,u) = (n; + nt®")sin(2u) n>0;,0<t<2m;0<u<m 1)
z (u) = —n, sin (ngt)
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The results reported in Figure 4 showed that the flow of the liquid passing from layer A
to the washing layers D1 — D3 followed a bell-shaped trajectory, assuming the shape of
crowns with rays of increasing size for the successive layers. Therefore, the design of the
uPAD with an increasing radius of the hydrophilic zones of layers D1 — D3, which made
available a larger wettable volume for the fluid when it moved vertically through the
layers, eased the flow of liquid (thus the removal of unbound species) from the

hydrophilic areas of layer A.

Figure 4. Simulation of 3D trajectory of fluid across the washing layers D1 — D3 at various times (to > t1 > t2 >
t3 > t4). The fluid trajectory was described according to a system of parametric equations in polar coordinates
(Equation (1)), considering only the direction of the contours of the fluid in each layer. A bell — shaped trajectory
is obtained for the fluid front moving across the D layers, characterized by the increasing diameter of the
hydrophilic area. This can be ascribed to the combination of a radial movement towards the boundary of the

hydrophilic zone of a given D layer and a vertical movement between the adjacent D layers.

5.3.3 Optimization of the origami pyPAD and assay procedure

While the CL detection reagents should be present in large excess, the amount of anti —
OVA — HRP conjugate loaded in the origami uPAD is crucial for assay performance.
Indeed, to achieve the best assay performance in terms of limit of detection (LOD), the
anti — OVA — HRP should be just sufficient to saturate the binding sites on MBs (an
excess of anti — OVA — HRP shifted the assay calibration curve towards higher
concentrations, thus increasing the LOD). To determine the best amount of anti — OVA
— HRP, we analyzed OVA — free solutions (PBS) in origami uPADs, prepared by loading

anti — OVA — HRP solutions at different concentrations, and measured the resulting CL
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signals. Figure 5 showed that the CL signal (thus the amount of anti — OVA — HRP
bound to the MBs) increased for anti — OVA — HRP solution concentrations up to 1 ug
mlL"!) then remained nearly constant. Based on this result, this concentration was

selected for the preparation of the pPADs.
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Figure 5. CL signals obtained by analyzing OVA — free solutions (PBS) in origami uPADs prepared using anti —
OVA — HRP solutions at different concentrations. The optimal anti — OVA — HRP concentration is highlighted

in red. Each of the data are the mean * SD of three measurements.

Figure 6 shows the calibration curve generated in the optimized experimental conditions,
obtained by plotting the ratios between the CL signals measured for different OVA
standard solutions and the signal measured in the absence of OVA (ie., the
immunoassay B/Bo parameter) against the logarithm of OVA concentration. Since the
number of samples that can be analyzed in an origami is limited, the calibration curve
has been obtained by combining the results of several biosensors (three OVA standard
solutions were assayed in each uPAD, together with an OVA — free sample, then the
B/Bo parameter for each standard solution was calculated and the data from different
uPADs were joined). A four — parameter logistic equation was used to fit the
experimental data and obtain the calibration curve parameters. According to the

equation of the calibration curve, the LOD of the assay (calculated as the concentration
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of OVA corresponding to the CL signal of the OVA — free sample, minus three times its
standard deviation) was 1 ng mL™!, while the assay working range (estimated as the range
of OVA concentrations that correspond to the 10 — to — 90% change in the CL signal

ratio) was from 0.003 to 1 pg mL.™" of OVA.
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Figure 6. Calibration curve generated by combining the results obtained by analysing OVA standard solutions
with different biosensors. A four — parameter logistic equation was used to fit the experimental data and the
equation of the resulting calibration curve was Y = 0.925/(1 + 10(0.932(1.257 + X))) + 0.057 (R2 = 0.994),
where Y and X were the CL signal ratio and the logarithm of concentration of OVA standard solutions. The

dashed lines show the assay range (see text). Each of the data are the mean + SD of three measurements.

5.3.4 Measurement of OVA with the origami pyPAD

Since the number of samples that can be analyzed in a single origami uPAD is limited,
an analytical procedure that relies on a multiple-point calibration curve could be only
performed using several origami devices, which would complicate assay execution. To
perform the assay in a single uPAD, we developed a procedure that requires the analysis
of the sample and of three standards, i.e., an OVA-free solution (PBS) and two OVA
standards in PBS at concentrations that correspond to the upper (1 ug mL™") and lower
(0.003 pg mI.™") limits of the assay working range. After evaluation of the ratios between

the CL signals of the OVA standards and of the OVA — free solution, a two — point
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linear calibration curve was obtained by plotting the logit of the CL signal ratios of the
OVA standards against the logarithm of OVA concentrations (such a procedure is often
used to linearize the central portion of the sigmoidal calibration curves of competitive
immunoassays) and the amount of OVA in the unknown sample was evaluated by
interpolation of its CL signal ratio logit on the linear calibration curve. No blank was
needed for this procedure, since the non-specific binding of anti — OVA — HRP was
negligible (we verified this in origami uPADs prepared with MBs conjugated with BSA,
instead of OVA). In case many samples need to be analyzed, the assay could be also
conducted by using an origami to produce the calibration curve and then employing
other origami pPADs to analyze four samples at the same time (the inter — origami
variability in the CL signals measured in origami uPADs from the same production lot
was less than 5%). Figure 7a,b show, respectively, a representative CL image of the
origami WPAD and the CL emission intensity kinetic profiles, obtained by the
quantitative analysis of the sequence of CL images acquired during the assay. To
demonstrate the feasibility of the two — standard calibration approach, we applied such
an approach to the data of the calibration curve of Figure 6. Figure 7¢ shows the two —
point linear calibration curve obtained from the points at the upper and lower limits of
the assay working range, while the other points within the working range were simply
plotted on the graph. All the intermediate calibration points are on the calibration curve;
therefore, this approach can be used to calculate the OVA concentration of unknown

samples within the assay working range.
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Figure 7. (a) CL image of the origami pPAD acquired during the assay. The scale bar represents 1 cm. (b) CL
emission intensity kinetic profiles obtained by the analysis of the CL images acquired during the assay. (c)
Application of the two — standard calibration approach to the calibration data of Figure 6. The readings obtained
for concentrations that correspond to the upper and lower limits of the assay working range (dark points) were

used to obtain the two-point calibration curve, while the other readings (light points) were simply plotted on the

graph.

5.3.5 Assay specificity

To evaluate assay specificity, standard solutions of other proteins commonly found in
food, such as bovine serum albumin (BSA), rabbit serum albumin (RSA), and lysozyme
trom chicken egg white (Lys), were analyzed with origami uPADs. Figure § shows the
comparison between the CL signals measured for 10 pg mL ™" standard solutions of the
potentially interfering proteins and an OV A-free standard solution (i.e., PBS), for which
the largest amount of anti — OVA — HRP was bound to the OVA — MBs. The results
showed that, even at such relatively high concentrations, Lys, RSA, and BSA did not
significantly interfere with the binding of anti — OVA — HRP to OVA — MBs (for
comparison, a 10 pg mI.™" OVA standard solution displaced about 95% of the anti —
OVA — HRP conjugate from the OVA — MBs).

I s e
a? 100 i 3= 25
w 804
c
o
[42] ]
A 60
O
2 40
©
o 204
" _—
0 | | |

T 1
PBS OVA RSA BSA Lys

Figure 8. CL signals measured in the origami uPAD for an OVA — free standard solution (PBS) and 10 pg mL!

standard solutions of the potentially interfering proteins RSA, BSA, and Lys. For comparison, the CL signal
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measured for a 10 pug ml.-! OVA standard solution is reported. Each of the data are the mean * SD of three

measurements.

For a better comprehension of assay specificity, an in — silico model was used to
compare the experimental results with computational data. Computational modelling
methods for the in — silico construction of the 3D structure of monoclonal antibodies
(mAbs) have been already developed and applied in drug discovery [60, 61], while their
exploitation to support immunosensor development is not yet widespread. Furthermore,
many immunosensors employ polyclonal antibodies (pAbs) rather than mAbs, taking
advantage of their higher binding avidity and affinity [62, 63]. However, pAbs are
heterogeneous mixtures; thus, developing a theoretical model of antigen — antibody
interaction in the case of pAbs would require high computational effort. To overcome
this limitation, the in — silico model proposed in this manuscript used complementary
computational techniques to simulate approximate models of antibody — antigen
complexes. In our opinion, the use of an approximate model that is capable of
simulating, in a simple manner, an ideal case in which the interaction between biological
macromolecules is optimal does not represent a limitation. In fact, theoretical models
based on mathematical approximations are commonly employed in other fields of
chemistry, such as investigation of reaction mechanisms [64, 65, 66] or simulation of
spectroscopy experiments [67]. In detail, the model was used to calculate the
thermodynamic stability parameters of the antibody — antigen complexes formed
between the anti — OVA antibody and either OVA or the tested interfering proteins.
Due to the absence of a crystallographic structure for the anti — OVA antibody, its
modelling was performed starting from sequences obtained from the abYsis webserver
[33, 68]. In particular, the sequences of the variable regions in the heavy (VH) and light
(VL) chains of the Fab fragment of anti — OVA mAbs produced by a hybridoma were
employed. The chosen sequences were subjected to homology modelling in the
AbYmod webserver, which automatically selected the most suitable PDB templates
from the Protein Data Bank for modelling the target sequence. Structural refinement

based on molecular dynamics and energy minimization were performed in GROMACS,
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which provided the 3D molecular structure of the Fab fragment of anti — OVA. The
tinal model was employed in ab initio protein-protein molecular docking simulations in
the presence of either the target protein (1IOVA.pdb) or interfering proteins [36, 69] to
generate the most plausible, lower — energy complexes, based on topological and
electrostatic complementarity (Figure 9). Finally, the binding stability of the complexes
anti — OVA — OVA, anti — OVA — Lys, and anti — OVA — BSA was evaluated using the
PRODIGY online tool to obtain the corresponding value of AGbind. The results of the
molecular docking simulations (Table 7) showed that, in agreement with the experimental
results, the antibody has a higher affinity for OVA. The stability of the anti — OVA —
Lys complex is much lower and the anti — OVA — BSA complex is even less stable, thus
confirming the antibody specificity. We suggest that in — silico modelling of biomolecule
interaction can be a useful tool for supporting biosensor development and, when
needed, aid in the optimization of experimental parameters, such as buffer, pH, and

ionic strength, to improve assay analytical performance.
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Figure 9. Most probable 3D structures obtained by molecular docking simulations for the complexes of (a)

OVA, (b) Lys, and (c) BSA with anti — OVA. The scale bars represent 50 A.

Table 1. Predicted binding affinities and dissociation constants of complexes between anti — OVA and

target proteins 1.

Target Protein Binding Affinity (AGpind) (kcal mol=1) Dissociation Constant (Kq) (mol L)
OVA -12.3 8.9 X 10-10
Lys —-10.9 1.1 X 108
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Target Protein Binding Affinity (AGpina) (kcal mol=7) Dissociation Constant (Kg) (mol L)

BSA -9.1 2.1 X107

' RSA was highly similar (> 90%) in sequence with BSA; thus, its binding affinity to anti — OVA was not
evaluated.

5.3.6 Accuracy and quantification of Ovalbumin in real samples

The accuracy of the origami pPAD biosensor for OVA was evaluated by comparison of
measurements obtained for real samples (chocolate chip cookies from different market
brands bought in local stores). All samples were analyzed both with the origami pPAD
and with a colorimetric ELISA kit reference method, based on a non-competitive
sandwich immunoassay using anti — OVA — HRP. The results reported in Figure 10

showed a good cortelation between the two methods (R* > 0.98).
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Figure 10. Comparison between OVA concentrations measured in real samples by using the origami pPAD and

the colorimetric ELISA kit reference method. The equation of the linear regression curve is Y = 1.087 X — 0.018
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(R?=0.992), where Y and X are the OVA concentrations measured with the origami pPAD and the colorimetric

ELISA kit reference method, respectively. Each of the data are the mean * SD of three measurements.

We also investigated the potential interference of a real sample matrix by performing a
recovery study. An extract of chocolate chip cookies (obtained as described in Section
2.6) with OVA content below the LOD of the assay was spiked with known amounts of
OVA and analyzed using the origami uPAD. A previously reported procedure for
sample extraction was employed, in which a 0.025 M TRIS buffered solution was
employed to ensure analyte recovery from the matrix at controlled pH. In case of highly
acidic food samples, a TRIS buffer with higher buffering capacity might be employed for
sample extraction. As shown in Tuble 2, we obtained good correspondence between the
OVA concentrations measured in spiked extracts and the added OVA. Recovery ranged
tfrom 83 to 133%, which can be considered adequate for a point — of — use
immunosensor, as compared with the 80 — 120% recovery commonly accepted for
laboratory immunoassays [70]. The assay precision for the real samples was also found
to be satisfactory for a point — of — use assay, with a coefficient of variation below 15%.
Overall, these results proved the effectiveness of the origami pPAD for the analysis of

OVA in the real samples tested.

Table 2. Results of the recovery study of the origami uPAD biosensor performed on a blank extract of

biscuit sample spiked with known amounts of OVA.

Concentration of OVA Spiked (ng Concentration of OVA Measured (ug Recovery

mL-1) mL-1) (%)
Sample 1 0.003 0.004 133
Sample 2 0.010 0.009 89.2
Sample 3 0.020 0.025 124
Sample 4 0.100 0.083 82.6
Sample 5 0.400 0.383 95.8
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5.3.7 Stability of the origami pnPAD

The stability over time of the reagents (OVA — MBs, anti — OVA — HRP,
luminol/enhancer, and sodium perborate) loaded in the origami wPAD has been
investigated. A series of origami uPADs loaded only with the reagent under study was
sealed under a vacuum in plastic bags and stored at 4 °C. After a given storage time (up
to 6 weeks), the remaining reagents were loaded in the pPAD, then the CL signals
obtained for the analysis of an OVA — free standard were measured. The comparison of
the CL signals with that obtained in a freshly prepared uPAD allowed us to assess the
degradation over time of the investigated reagent.

As shown in Figure 11, OVA — MBs, luminol/enhancer, and sodium perborate displayed
good stability, with a CL signal decrease of less than 10% after 6 weeks of storage. On
the other hand, the anti — OVA — HRP conjugate markedly decreased its bioactivity (up
to 40% after only 3 weeks of storage, data not shown). To improve the stability of the
conjugate, we added the low molecular weight polyol sorbitol to the anti — OVA — HRP
solution loaded in the pPAD [71]. This significantly increased the stability of the
conjugate and made it possible to use the ready — to — use uPAD after up to 4 weeks of
storage. We also investigated the use of other protein protecting agents, such as pullulan,
a polysaccharide that ensures high protein stability upon drying [72]. Unfortunately,
pullulan negatively affected the re — solubilization of anti — OVA — HRP upon addition

of the buffer, thus making the assay unfeasible.
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Figure 11. Decrease in the CL signal measured upon storage at 4 °C for origami uPADs containing the reagents
(a) OVA — MBs, (b) anti — OVA — HRP, and (c) luminol/enhancer and sodium perborate. The remaining
reagents were loaded in the uPADs just before the measurement. Each of the data are the mean * SD of three

measurements.
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5.4 Conclusions

This article describes an origami pPAD for the quantitative determination of OVA in
food samples that displayed improved performance and were suitable for on — site
application. The assay relied on a competitive immunoassay, followed by CL detection
by a luminol/hydrogen peroxide system. The use of magnetic microbeads allowed easy
and efficient immobilization of immunoreagents in the WPAD. Due to the origami
approach, it was possible to fully implement on paper a multi — step analytical procedure
and to avoid chemical handling by the operator, as all the reagents were preloaded in the
uPAD. The assay proved to be suitable for the detection of OVA traces in real samples
in a relatively short period of time (i.e., approximately 1 h). The same approach could be
used for other allergens or clinical protein markers. Future work is foreseen to evaluate
the use of a smartphone’s camera and a detector in the substitution of the portable CCD
and dedicated application for data elaboration, to further improve assay portability and

widespread applicability [73].
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6.1 Introduction

The monitoring of health — related biomarkers at the point of care (POC) by means of
simple, cost-effective, and easy — to — use diagnostic tests could revolutionize screening
procedures, reducing the incidence of chronic pathologies, and improve patient survival
rates and people’s life quality. In particular, the availability of instrument — free and rapid
diagnostic devices is considered a fundamental step to reduce healthcare costs and to
enlarge the screening scale, thus providing a real breakthrough in the diagnostic field [1].
A recent major development for the decentralization and democratization of clinical
laboratory tests has been the combination of smartphones and (bio)sensors [2]. To this
end, optical biosensors are particularly advantageous because their interfacing with
smartphones can be quite simple and straightforward, while electrochemical ones require
dedicated equipment and a power supply for signal generation and measurement at the
electrodes [2, 3]. Hydrogen peroxide is involved in many physiological processes, such as
metabolic processes, apoptosis, and immune — cell activation [4, 5, 6, 7]. Owing to its
roles as an oxidative stress marker, defense agent, and aging promoter [8], it is
recognized as a crucial biomarker of various diseases including diabetes [9], cancer [10],
Parkinson’s, cardiovascular, Alzheimer’s, and neurodegenerative disorders [11].
Moreover, H2Oz is produced by oxidase enzymes (e.g., glucose oxidase, alcohol oxidase,
cholesterol oxidase, lactate oxidase, and glutamate oxidase). This allows us to develop
bioassays relying on H>O» detection for the quantification of such enzymes, as well as of
their substrates [12]. Therefore, the development of (bio)sensors for H.O, based on
peroxidase activity is an active research field, finding applications in medical diagnostics,
clinical research, food chemistry, environmental investigations, and industrial process
monitoring [13, 14, 15, 16, 17, 18, 19, 20, 21]. The use of natural enzymes in biosensor
technology has some drawbacks, such as their limited stability and high cost, especially
when multiple enzymes are required [1]. However, advances in materials science and
nanotechnology have led to several strategies for obtaining synthetic enzymes as
substitutes for natural ones [22, 23]. Even though synthetic enzymes sometimes show

reduced catalytic activity with respect to their natural counterparts, they offer high
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stability in the surrounding environment, low cost, simple synthesis, easy chemical
modification, long — term storage without a decrease in catalytic activity, and the
possibility to recover the enzyme after reaction. All these properties make them
promising candidates as non — biological recognition elements in electrochemical and
optical biosensors [24, 25, 26, 27]. In recent years, hydrogels have gained great interest in
the development of biosensors. Taking advantage of their ability to incorporate foreign
substances while preserving a benign environment for biosensing events, hydrogels have
been exploited as functional materials in biosensing [28, 29, 30, 31]. Their 3D porous
structure implies a wide surface area of the material, allowing the loading of large
amounts of recognition elements (ranging from small molecules to proteins and even
cells), which remain easily accessible to substrates or analytes. Furthermore, hydrogels
provide a biocompatible environment thanks to their flexible and highly water —
swellable nature. Indeed, the preservation of the native structure of biomolecules is a
crucial requirement for feasibility, specificity, and sensitivity in biosensing applications.
DNA represents an ideal candidate for supramolecular gelation because of its reversible
hybridization reaction via non — covalent interactions [32, 33]. However, the large
amount of material required for their preparation makes DNA — based hydrogels
expensive, and the utilization of nucleosides and their analogs as alternative starting
materials becomes an effective solution [34]. Recently, the self — assembly reactions of
guanosine (G) and its derivatives served as an inspirational approach for the design of
tunctional soft materials displaying enzyme — like catalytic activity [35]. In this approach,
the G — quartets (G4) formed by the self — assembly of four guanosine bases via
Hoogsteen — type hydrogen bond networks produced nanofibrous G — quadruplex
structures in the presence of metal ions, such as K™ (Figure 7). The ability of guanosine
derivatives to form stable supramolecular architectures has been widely studied by some
of us [36 37]. In particular, the assembly of the G4 subunits offers unique possibilities
for generating functional materials such as gels, cross — linked polymers, and synthetic
ion channels [35, 36, 37, 38, 39, 40, 41]. In addition, the incorporation of hemin into G4

columnar structures gives rise to a synthetic enzyme showing peroxidase — like activity
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and good biocompatibility [35, 41]. Consequently, G4 — based enzyme — like hydrogels

are excellent functional materials for biosensor development.
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Figure 1. Scheme of the formation of the guanosine/hemin CL hydrogel, by supramolecular self — assembly of

guanosine and guanosine 5-monophosphate in the presence of K+, hemin, and luminol.

Herein, we propose a smartphone — based chemiluminescence (CL) biosensor for the
detection of H2O: and glucose. Glucose is an important source of carbon and energy
and a biomarker of many diseases. Glucose monitoring in blood is of great significance
in clinical practice, particularly in the diagnosis and management of diabetes. To this
end, the development of improved biosensors for measuring blood glucose levels at the
POC is an active research field, aiming at providing a significant improvement in the
management of diabetes [42, 43, 44, 45]. In this paper, a binary guanosine hydrogel
prepared using a mixture of guanosine and guanosine 5'-monophosphate in the presence
of K" ions [46, 47] is loaded with a CL reagent (luminol) and a catalytic cofactor
(hemin), to produce a functional material showing peroxidase — like activity to the CL
reaction of luminol with H2O». The hydrogel is then functionalized with glucose oxidase
(GOD) enzyme to enable glucose biosensing: the hydrogen peroxide produced by GOD
(ot, in principle, by any other oxidase enzyme) reacts, in the presence of the self —

assembled guanosine/hemin gel mixture, with luminol to produce photon emission
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(Figure 7). The biosensor takes advantage of both the features of CL detection, offering
high detectability and amenability to miniaturization [15, 17, 21, 48], and of the 3D
porous structure of hydrogel, as providing increased stability to incorporated enzymes
[42, 49]. To provide assay POC applicability, photon emission was detected by means of
a portable device employing a smartphone’s CMOS (complementary metal oxide

semiconductor) camera for the detection of the CL emission.

6.2 Materials and methods

6.2.1 Reagents

Hemin, luminol sodium salt, glucose oxidase (GOD) enzyme from Aspergillus niger,
human serum albumin (HSA), glucose, glucose-6-phosphate, sucrose, galactose,
trehalose, mannose, hydrogen peroxide, and guanosine 5'-monophosphate disodium salt
hydrate were purchased from Merck KGaA (Darmstadt, Germany). Guanosine was
purchased from TCI (Portland, OR). The following buffers, prepared in Milli — QQ Plus
ultra — pure water, were used in the preparation of the hydrogel and in the enzymatic
assays: carbonate buffer (0.1 mol L™ carbonate buffer, pH 10.8), phosphate buffered
saline (PBS, 0.01 mol ™! phosphate buffer containing 137 mmol L.™! NaCl and 2.7
mmol L' KCl, pH 7.4), Ttis buffer (50 mmol L' Ttis buffer containing 100 mmol L™
NaCl and 2.7 mmol L™! KCl, pH 7.4). The single — stranded DNA (ssDNA) designed
DNAzyme  was  obtained by mixing a  ssDNA  sequence  (5-
TTTTGGGTGGGTTGGGTGGGT-3")  purchased  from  Integrated  DNA
Technologies (Coralville, IA, USA) with hemin in Tris buffer to reach a final 200 mmol
L™ concentration for both species and incubating the mixture for 30 min at room
temperature. The CL measurements in microplates were performed in black 96 — well
microtiter plates using a Varioskan LUX microtiter plate luminometer (Thermo
Scientific, Waltham, MA, USA). The enzymatic glucose colorimetric assay (Glucose

Colorimetric Detection Kit) in the 96 — well microplate format used as a reference
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method for assessing glucose concentration of real samples was bought from Life

Technologies Corporation (Thermo Fisher Scientific, Frederick, MD, USA).
6.2.2 Preparation of the Guanosine/Hemin CL hydrogel

A binary 100 mmol L™ guanosine hydrogel was prepared by following a previously
published procedure with modifications [46]. Guanosine (0.25 mmol) and guanosine 5'-
monophosphate disodium salt (0.25 mmol) were added with 5 mI of 50 mM aqueous
KCl in a glass tube. The vial was heated at 95 °C in a water bath for 10 min. The
resulting clear solution was then left to cool down at room temperature in the dark and a
transparent gel formed in 15-20 min. After 1h, the gel phase was heated again at 95 °C
for 5 min, then 200 pL. of hemin (100 pmol L7! in carbonate buffer) and 500 pL of
luminol (10 mmol L™ in 0.1 M NaOH) were sequentially added to the hot isotropic
solution [50]. The thus-obtained guanosine/hemin CL hydrogel (Figure 1) was stored for
one night at room temperature in the dark before further use. A pH of 9.2 was detected

in the final gel phase.

6.2.3 Measurement of H,0, and Glucose in the Microtiter Plate

Format

For the measurement of H,Oz in the microtiter plate format, the guanosine/hemin CL
hydrogel was heated to 80 °C on a heating plate to be converted to the liquid state, then
dispensed into the wells of a microplate (80 L. for each well) and allowed to cool to
room temperature. To generate a H2O» calibration curve, 100 pL. of H2O» solutions in
PBS buffer at different concentrations (ranging from 0.1 umol L™! to 1.0 mmol L™!) or
PBS buffer for the blank were added to each well and the CL. emission was immediately
measured by the microtiter plate luminometer. The emission was recorded for 1h to
obtain the CL kinetic profiles for each well, then the analytical CL signals were
calculated as the area under the curves. For measuring glucose, the GOD enzyme —
loaded CL hydrogel was prepared as follows. The guanosine/hemin CL hydrogel was

heated to about 90 °C, then, upon letting it cool down to about 60 °C, a 5 mg mL.~" (500
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U mL™") GOD enzyme solution in PBS was added in a hydrogel: enzyme solution in a
8:1 (v/v) ratio. Following this, the mixture was immediately dispensed into the wells of a
black 96 — well microtiter plate (90 pL for each well) and allowed to cool to room

temperature. The calibration curve was generated using glucose standard solutions in

PBS buffer (0.1 umol L™ — 1.0 mmol L™ concentration range) or PBS buffer as blank.
6.2.4 Smartphone — based CL detection with 3D printed device

To enable POC applicability of the hydrogel — based biosensor, a portable analytical
device was developed allowing the measurement of the CL signal using a Samsung
Galaxy S20 Plus smartphone (Samsung Group, Seoul, Republic of Korea). The analytical
device consisted of two 3D printed components: a disposable analytical cartridge and a
dark box. Both components were designed using Fusion 360 CAD software (Autodesk
Inc., San Rafael, CA, USA) and produced in black resin employing a commercial Form 2
stereolithography (SLA) 3D printer (Formlabs Inc., Somerville, MA, USA). The
analytical cartridge contained four wells (diameter 8 mm, volume 250 uL), thus
providing a convenient portable assay format for a limited number of standard solutions
and/or samples. To perform the CL measurement, the cartridge was inserted into the
dark box that, after being connected to the smartphone, eliminated the interference of
the ambient light in the measurement, also assuring the reproducible positioning of the
analytical cartridge in front of the smartphone’s CMOS camera and the correct focal
distance for acquisition of CL images. To produce the analytical cartridges, the GOD
enzyme — loaded CL hydrogel, prepared as described in Section 5.2.3, was dispensed into
the wells of the cartridge (90 pL for each well) and allowed to cool to room temperature.
Analytical cartridges could be prepared in advance, sealed in plastic bags, and stored in
the dark at +4 °C for up to four weeks. To perform the measurement, the bag
containing the analytical cartridge was retrieved from cold stowage and allowed to reach
room temperature. Following this, the cartridge was removed from the bag and 100 uL
of three glucose standard solutions in PBS (0.5 mmol L', 1.5 mmol L™, and 2.5 mmol
L") and the sample were dispensed in the wells. The cartridge was inserted into the dark

box, and after a 30 — min incubation the CL emission was measured. The CL image of
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the cartridge was acquired with the following parameters: sensitivity ISO (International
Organization for Standardization) 3200 and integration time 60 s. The Android Camera
FV — 5 app, available on Google Play, was employed (other camera apps enabling long

exposure times and automated acquisition of image sequences could be also employed).

6.2.5 Real sample analysis

The applicability of the smartphone — based biosensor for the analysis of real samples
was assessed by analyzing glucose — spiked artificial serum samples. Artificial serum
(containing NaCl 6.8 mg mL ™", CaCl, 0.2 mg mL™", KCI 0.4 mg mL™", MgSO,4 0.1 mg
mlL™, NaHCOs5 2.2 mg mL™", Na;HPO4 0.126 mg mL™!, NaH2PO4 0.026 mg mI.™!, and
HSA 35 ¢ L™!) was prepared following a published procedure with slight modifications
[51, 52] and spiked with known amounts of glucose (in the range 0.5 — 10.0 mmol L"),
The samples were diluted 1:4 (v/v) with PBS buffer prior to the analysis with both the

biosensing device and the reference enzymatic glucose colorimetric assay.

6.2.6 Data analysis

The freeware Image] software (v.1.53 h, National Institutes of Health, Bethesda, MD,
USA) was employed for the quantitative analysis of the CL images. First, regions of
interest (ROIs) corresponding to the well areas of the disposable cartridge of the
biosensor were defined, then for each image the CL signals were evaluated by integrating

the CL emissions over the ROI areas. Data graphing and analysis were performed using

GraphPad Prism (version 8.0, GraphPad Software, Inc., La Jolla, CA, USA).

6.3 Results and discussion

6.3.1 Design of the G-quadruplex hydrogel — based biosensor

In this work, a self — assembled nanofibrous G4-based hydrogel was exploited for
developing a smartphone — based CL biosensor for detecting H2O. and glucose

(through its GOD — catalyzed oxidation reaction) at the POC. The supramolecular gel
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phase, exhibiting thermal reversible sol — gel transition, consisted of K* stabilized G —
quadruplex structures [46, 53] and showed, upon hemin incorporation, peroxidase — like
activity to the oxidation of luminol by H2O.. Owing to its nanofibrous entangled
structure, the hydrogel constituted an optimal matrix for loading enzymes, providing
increased enzyme stability and catalytic activity even in highly alkaline and oxidizing
conditions [49, 52]. Indeed, the alkaline pH of the hydrogel used in the biosensor (pH ~
9) was optimal for obtaining intense CL emission by the luminol - H2O» system, but it
was far from the pH value providing the maximum activity of GOD from Aspergillus
niger (pH 5.5) [54]. The ability of hydrogel to preserve enzyme activity even in an
alkaline environment was very advantageous, as it enabled us to simplify the analytical
protocol by carrying out all the reactions in a single compartment and at a basic pH. As
previously reported, the compatibility of the different reaction environments is a
common drawback encountered in the use of coupled enzyme reactions, for which, in
most cases, the two enzyme — catalyzed reactions must be performed in sequence, each
in its optimal milieu [17, 21]. The proposed hydrogel displayed additional positive
teatures, such as simple, low — cost, and rapid synthesis [46], thermos — reversible
gelation, environmental friendliness [50], good biocompatibility [55], and inertness
towards the analyte and the reagents. In addition, it was highly transparent in the visible
range [50] and permeable to hydrogen peroxide and glucose by diffusion, thus providing

a uniform and reproducible light emission in the whole hydrogel volume.

6.3.2 G-quadruplex hydrogel performance for H,O, quantitative

detection

To ensure the optimal analytical conditions, the CL response of the hydrogel in the
presence of different concentrations of H2O; (from 0.5 pmol L™! to 1.0 mmol L.!) was
evaluated in the 96 — well microtiter plate format (Figure 2a). The calibration curve (Figure
2b) showed a CL signal increase with the amount of H2O,. A good linear correlation
between the CL signal and the concentration of HoO» (R* = 0.98) was found in the 5 —
250 umol L' concentration range and the limit of detection (calculated as the H2O:

concentration corresponding to the blank signal plus three times its standard deviation)
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was 7.0 umol L™ (corresponding to 700 pmol of H»O»). The working range of the
calibration curve appears to be adequate for distinguishing between physiological and
pathological H>O: levels in plasma. Indeed, while reference values are still under debate
in the scientific community, a recent literature survey [56] suggested physiological ranges
below 10 uM and higher levels (30 — 50 uM) in certain pathological conditions, such as
inflammatory diseases. Overall, these results confirmed the enzyme — like activity of the

guanosine/hemin CL hydrogel towards the oxidation of luminol by H2O..

(a) DI C) B
— 1.0mmolL 1.5%1094 6x107
= = 0.75 mmol L™’ .
s ~— 05mmol L~ 12¢100 10 }
Zz - 0.25 mmol L™’ 3 . 2x107
[ w -
g 0.1 mmol L™ g 2xi10 0
= 0.05 mmol L™ 5 65105 00 01 02 03
2 0.01 mmol L~ §
£ 0.005 mmol L~ %1054
o — Blank %
0 : r \ \ — (S S T T T T
0 600 1200 1800 2400 3000 3600 0.0 02 0.4 0.6 0.8 1.0
Time (s) H,O, concentration (mmol L")

Figure 2. (a) CL kinetic profiles obtained for different concentrations of H2O»; (b) CL calibration curve for the
quantification of H>O> obtained from the quantitative analysis of the CL kinetic profiles. The inset of (b) shows
the linear part of the calibration curve (i.e., between 5 and 250 umol L=! of H>O»). The equation of the linear
calibration curve is Y = (2.2 X 108 £ 4 X 107)X + (6 X 105 £ 5.4 X 106), Rz = 0.98, where Y is the CL signal
and X is the concentration of H»O, in mmol L-!. Each datum is the mean * SD of three independent

experiments; a.u.: arbitrary units.

To further investigate the CL response of the hydrogel to H2O,, we compared its CL
kinetic profile to that of a ssDNA designed hemin/G — quadruplex DNAzyme. Indeed,
hemin/DNA — based G — quadruplex structures prepared employing guanine — rich
ssDNA sequences are widely used as peroxidase — like DNAzymes in CL biosensors
[57]. As shown in Figure 3, upon addition of a CL cocktail containing 10 mmol L™
luminol and 1.0 mmol L™ H>O in catbonate buffer, the ssDNA designed DNAzyme
displayed a fast photon emission kinetics, in which the CL emission reached its
maximum intensity in few seconds, then decayed to background signal in about ten
minutes. Therefore, the measurement of its CL emission would require automatic
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sample injection, which complicates the design of a portable analytical device.
Conversely, the guanosine/hemin CL hydrogel provided glow — type, long — lasting
photon — emission kinetics and the maximum CL was observed several minutes after the
addition of the H>O: solution. The ability to stabilize the CL signal over time by means
of slow diffusion — controlled penetration of H.O: into the gel facilitated the design of
simple and cheap smartphone — based biosensing devices. In addition, the overall
photon emission obsetved with the guanosine/hemin CL hydrogel was at least one
order of magnitude higher with respect to that of the ssSDNA designed DNAzyme, when
tested with the same amounts of luminol and H>O», thus suggesting a higher efficiency
for the luminol/H>O, CL reaction. It must be also noted that an increased structural
stability was expected for the guanosine — based hydrogel due to the absence of lateral
loops composed of one or more nucleotides that have been reported to modify its
topology upon conformational changes [58]. Deeper investigation of these aspects will

be the subject of future studies.

— Luminol-loaded G-quadruplex hydrogel
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Figure 3. Comparison between the kinetic profiles of the CL emissions obtained with the luminol — loaded G —
quadruplex hydrogel (upon addition of hydrogen peroxide) and a reference ssDNA designed DNAzyme (upon
addition of luminol and hydrogen peroxide). To facilitate the comparison of the kinetic profiles, each profile has

been normalized to its maximum intensity.
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6.3.3 G-quadruplex hydrogel performance for glucose quantitative

detection

The 3D porous structure of the guanosine/hemin CL hydrogel was exploited to
incorporate GOD enzyme, thus enabling the quantitative detection of glucose. Upon
sample addition, glucose diffuses into the hydrogel and is oxidized by the enzyme with
production of H>Os, which then triggers photon emission. Figure 4a shows the CL
kinetic profiles recorded upon addition of standard glucose solutions in PBS in the range
0.1 to 5.0 mmol L™". The kinetics are slower than those obtained in the presence of
H20O», which is consistent with the two-step nature of the CL production process (i.e.,
the intensity of CL emission now also depends on the rate of glucose oxidation to
H20O3). A linear calibration curve was obtained over the whole calibration concentration
range (Figure 4b) with an estimated limit of detection of 50 pmol L™! (corresponding to 5

nmol of glucose).
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Figure 4. (a) CL kinetic profiles obtained for different concentrations of glucose and (b) calibration curve for
the quantification of glucose obtained from the quantitative analysis of the CL kinetic profiles. The equation of
the linear calibration curve is Y = (1.19 X 108 = 8 X 106)X + (=4 x 106 £ 2.0 X 107), R?2 = 0.99, where Y is the
blank — subtracted CL signal and X is the glucose concentration in mmol L=!. Each datum is the mean = SD of

three independent experiments; a.u.: arbitrary units.
6.3.4 Smartphone — based glucose biosensing device

The hydrogel — based glucose bioassay was integrated into a portable device, taking

advantage of the peculiar characteristics of CL. measurements, such as high sensitivity
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(i.e., high signal — to — noise ratio) and simplicity of instrumental requirements (no light
sources, wavelength selection systems, specific geometry of the sample container are
required). Moreover, thanks to the intense and long — lasting photon emission, the CL
measurement could be successtully performed by the built — in CMOS camera of a
commercial smartphone. Stereolithography (SLA) 3D printing was exploited to produce
device components with a complex shape, which includes an analytical cartridge with
tour wells to be loaded with the GOD enzyme — loaded CL hydrogel (90 pL per well)
and a mini dark box (Figure 5). In the assembled device, the dark box has the role of
positioning the cartridge at the correct distance from the smartphone CMOS camera
and, upon being connected to the smartphone, to prevent interference from ambient
light during the measurement. A critical issue in the design of smartphone — based
optical biosensors is the distance between the smartphone’s built — in camera and the
detection zone. Modern smartphones’ built — in camera technology enables focusing at
as close as a 4 — 5 cm distance, or even less if the smartphone is equipped with a macro
camera. Exploiting this feature, very compact devices can be designed without the need
to add focusing lenses [17, 59]. The app used for image acquisition should also be
considered, since in addition to the app provided by the producer, many others (either
free or commercial) are available. The selection should be mainly based on the
maximum image exposure time allowed by the software. Indeed, to acquire the weak CL
emission, the sensitivity of the camera should be improved either by lengthening image
exposure time, or by increasing sensor sensitivity (i.e., using higher ISO numbers) [17,
59]. Nevertheless, longer exposure time (e.g., up to 60 s) should be preferred to higher

sensor sensitivity because the latter also increases the noise in the acquired CL image.
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Figure 5. (a) Scheme of the 3D — printed cartridge and the dark box used for the glucose bioassay employing
smartphone — based CL detection; (b,c) Images taken during the measurement of the CL emission in a cartridge

containing three glucose standards and an unknown sample.

Figure 6a shows representative CL images of the wells of the analytical cartridge acquired
upon addition of glucose standard solutions in PBS in the range 0.1 — 2.5 mmol L' of
glucose. The corresponding calibration curve (Figure 6b) was linear in the whole
concentration range and the estimated limit of detection was 120 umol L™" of glucose

(i.e., about 2.5 times the value found in the 96 — well microtiter analytical format).
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Figure 6. (a) CL images obtained for the analysis of solutions containing different concentrations of glucose
using the smartphone — based assay device and (b) calibration curve for the quantification of glucose obtained

from the quantitative analysis of the CL images. The equation of the linear calibration curve is Y = (21.4 + 1.7)X
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+ (0.3 £ 1.4), R2=0.99, where Y is the blank — subtracted CL signal and X is the glucose concentration in mmol
L~'. Each datum is the mean * SD of three independent experiments. (c) CL image of a cartridge with the three
glucose standard solutions and a sample acquired during the assay. (d) Set of ten three — point calibration curves
for the quantification of glucose obtained from the quantitative analysis of the CL images of different cartridges
(the curves have been shifted along the Y axis to avoid overlapping). The slopes of the curves were in the range
20.2-23.5 (mean value 21.8 £ 1.0), while the Y — intercepts ranged from —2.3 to 1.5 (mean value —0.3 £ 1.2);

a.u.: arbitrary units.

Since the number of samples that can be analyzed in a single cartridge is limited, an
analytical procedure that relies on a calibration curve obtained by analyzing several
standards in replicate could be only performed using many analytical cartridges. To
perform the assay in a single cartridge, we evaluated a simpler procedure that requires
the analysis in the same cartridge of the sample and of three glucose standards, i.e.,
corresponding to low (0.5 mmol L"), intermediate (1.5 mmol L), and high (2.5 mmol
L™ glucose concentrations (a blank measurement was not performed, thus avoiding the
requirement of an additional blank well in the cartridge). A three — point linear
calibration curve was obtained using the standards’ CL signals, then the sample’s
concentration of glucose was evaluated by interpolation of its CL signal on the
calibration curve. To prove the feasibility of the three — standard calibration approach,
we used analysis of covariance (ANCOVA) [60, 61] to compare a set of ten three — point
calibration curves obtained in different cartridges (Figure 6d) with the calibration curve of
Figure 6b (Figure 6¢ shows the CL image of a cartridge acquired during the assay). The
comparison test showed that, for each three — point curve, both slope and intercept
were not significantly different (p > 0.05) from those of the reference calibration curve.
This demonstrated that reliable calibration curves can be generated in the analytical
cartridge using a limited number of standards. In addition, as shown in Section 3.6, using
the three — point calibration curve a good accuracy was obtained in the analysis of real

samples.
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6.3.5 Assay selectivity

The selectivity of the hydrogel — based CL glucose biosensor was verified by comparing
the response to glucose to those obtained for interferents such as glucose 6-phosphate,
sucrose, galactose, trehalose, and mannose (glucose and interferents were assayed at a
concentration of 1.25 mmol L™"). As shown in Fuure 7, there is no significant
interference by the other sugars considered. The highest cross — reactivity (with a CL
signal corresponding to about 0.9% of that of glucose) was observed for galactose, while
tfor the other interferents the CL signals were almost negligible, thus demonstrating the

high specificity of the biosensor for glucose.
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Figure 7. Comparison of the CL signals obtained by analyzing 1.25 mmol L~! solutions in PBS of glucose and
potentially interferent sugars (the CL signals obtained for the interferents have been normalized to that of

glucose). Bach datum is the mean * SD of three independent experiments.

6.3.6 Application to real samples

To evaluate the assay accuracy of the smartphone — based biosensor on real samples,

recovery experiments were performed by analyzing artificial serum samples spiked with
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known amounts of glucose. The samples, spiked with glucose concentrations ranging
from 0.5 to 10.0 mmol L., wete analyzed in 1:4 (v/v) dilution with PBS to comprise the
assay calibration range (in addition, the samples’ dilution with PBS allowed us to reduce
a possible matrix effect). The spiked concentrations were selected to comply with the
physiological levels of glucose in blood, also including hypoglycemic and hyperglycemic
samples (blood glucose levels in fasting healthy subjects are in the range 70 — 130 mg
dL7!, corresponding to 3.9 — 7.1 mmol ™! [62]). The assay results were compared to
those obtained with a commercial enzymatic glucose colorimetric assay in the standard
96 — well microtiter plate format (Table 7). The recovery values (in the range 92 — 110%)
and the good correlation observed between the results of both methods demonstrates
the ability of the assay to provide accurate quantification of glucose in serum samples,
either at physiological or hypo- and hyperglycemic levels.

Table 1. Glucose concentrations measured in glucose — spiked artificial serum samples using the
smartphone — based glucose biosensor and the reference enzymatic glucose colorimetric assay. '

Glucose Conce_ntration Smartphone — Based CL Biosensor 2 Colorimetric Reference Method 2
(mmol L)
Found Recovery RSD Found Recovery RSD
(mmol L7) (%) (%) (mmol L-7) (%) (%)
0.5 0.55 £ 0.05 110 9.1 0.45 £ 0.10 90 22.2
3.0 3.25%0.15 108 4.6 2.90 £0.15 97 5.2
5.0 4.80 £ 0.30 96 6.3 525+ 0.40 105 7.6
6.5 6.00 £ 0.50 92 8.3 6.50 £ 0.50 100 7.7
8.0 8.20 £ 1.00 103 12.2 7.40 £ 0.65 93 8.8
10.0 10.7 £ 0.80 107 7.4 9.45 £ 0.55 95 5.8

! Samples were analyzed after 1:4 (v/) dilution with PBS.

2 Hach datum represents the mean * SD of three replicates.

6.3.7 Stability of the glucose biosensor

The guanosine/hemin CL hydrogel was macroscopically stable for at least one yeat, as

confirmed by a tube — inversion test and CL emission intensity, when stored at 4 °C in
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the dark and in a sealed container to avoid water evaporation. The stability of the
cartridges containing the GOD enzyme — loaded CL hydrogel was evaluated by
measuring the CL signal obtained upon addition of glucose standard solutions using
cartridges stored for various times in sealed plastic bags at +4 °C and in the dark. The
response of the biosensor was maintained for at least four weeks (i.e., after a four — week
storage, the CL signal decreased not more than 10%), showing, as previously reported

[52], the ability of the guanosine — based hydrogel to preserve enzyme activity.

6.3.8 Hydrogel 3D printing

Guanosine — derived hydrogels have been shown to possess good thixotropic properties
[41, 55] and consequently they can be used as injectable materials [34, 41, 46, 55]. In a
typical injection 3D printing experiment, the guanosine/hemin CL hydrogel (“ink’) was
extruded from a medical syringe (“pen”) to write 3D — shaped patterns on a glass
substrate (Figure 84). Upon addition of a H>O: solution, the CL emission of the 3D
printed biosensor could be imaged employing a smartphone’s camera coupled with a
custom dark box (Figure 8b). Therefore, the guanosine/hemin CIL hydrogel has been
demonstrated to be a promising candidate for syringe — injectable, flexible, and

patternable biosensors and bioelectronics.
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Figure 8. (a) 3D printing of the guanosine/hemin CL hydrogel with a syringe by exploiting its thixotropic
property. (b) CL image of the 3D — printed hydrogel upon addition of H>O..

6.4 Conclusions

In this work, a simple and instrument — free biosensor for glucose measurement in
serum has been developed exploiting a smartphone’s CMOS camera technology. The
system is ideally suited for widespread POC applicability, as it employs a ready — to — use
analytical cartridge that only requires the addition of a sample. Furthermore, unlike
electrochemical glucose biosensors, no electronics, power supply, or dedicated
equipment is required, other than the smartphone’s built — in camera. To this end, a CL
self — assembled guanosine — derived hydrogel was prepared in the presence of hemin
and luminol. Thanks to its good biocompatibility, biodegradability, optical transparency,
and injectability, the guanosine/hemin CL hydrogel is ideally suited for the development
of biosensors based on HxO: detection. Upon addition of the GOD enzyme, the
hydrogel could be used as responsive biomaterial for the detection of glucose. Indeed,
the sol — gel interconversion of the biomaterial allowed the encapsulation of the enzyme
inside the structure of the hydrogel, enhancing its stability and catalytic activity even in
non — optimal conditions (i.e., in an alkaline pH environment) and generating an intense,
long — lasting CL emission, which could be conveniently detected employing a
smartphone’s built — in CMOS camera. An analytical cartridge and a mini dark box
produced by 3D printing technology provided an easy — to — use, rapid, and sensitive
analytical device that can be applied at the POC for the measurement of glucose serum
levels. The analysis of glucose — spiked artificial serum samples demonstrated the
selectivity and accuracy of the biosensor, which allowed measurement of both hyper-
and hypoglycemic samples. This approach could be applied to other oxidases, thus
enabling the development of other specific bioassays to quantify several biomarkers of

clinical interest, such as cholesterol, ethanol, cortisol, and bilirubin.
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Conclusions and future perspectives

In an effort to advance knowledge in the field of biosensors, this doctoral research has
delved deep into the intricacies of immunosensors and enzyme — based biosensors.
These remarkable analytical tools have shown tremendous potential in various
applications, ranging from clinical diagnostics to food monitoring. Indeed, the research
in the field of biosensors requires an interdisciplinary approach, in which chemists,
engineers, biologists and physicists work together to tackle important problems [1].
Since the 1980s, the remarkable achievements in biosensing, exemplified by the
development of glucose sensors and lateral flow devices such as pregnancy test kits, led
to a shift in research focus towards the development of portable devices for non-
specialist use [2]. Through a comprehensive exploration of the principles, development
strategies, and practical implementations, this thesis has aimed to contribute to the ever-
evolving landscape of biosensor technology. Primarily, it has provided a comprehensive
overview of immunosensors and enzyme-based biosensors, elucidating their undetlying
mechanisms and highlighting their strengths and limitations. In addition, this research
has focused on the design and optimisation of new biosensing devices. The
development of novel sensing platforms, the integration of advanced materials such as
paper and hydrogel, and exploration of cutting-edge signal transduction techniques (i.c.
chemiluminescence) have been key to improving the sensitivity, selectivity, and overall

performance of the developed devices. The insights gained from these endeavors
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contribute to the ongoing efforts to improve the capabilities of biosensors for real —
wortld applications.

Despite the many steps forward in this field, there are still many avenues for future
research. The ever-evolving landscape of nanotechnology, materials science, and
biotechnology opens up exciting opportunities to further enhance the performance of
biosensors [3, 4]. Moreover, the integration of biosensors into emerging fields such as
the Internet of Things (IoT) [5] and wearable technology [6] offers new opportunities
for real — time, continuous monitoring in various applications. In addition, the
translation of biosensor technologies from the laboratory to the market requires
overcoming practical challenges related to miniaturisation, reproducibility, and cost-
effectiveness [7, 8]. Future research should focus on bridging this gap to ensure that
promising innovations get into the hands of end users and have a meaningful impact on
society. As we move forward, let us remember that biosensors are not just scientific
tools but instruments of progress and positive change for a healthier, safer, and more

sustainable future.
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