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Abstract

L-malic acid influences the flavor and aroma of wine, and ultimately its quality. A close monitoring
of this compound is thus of utmost importance to wine makers. The objective of this work was to develop
a colorimetric, wax-printed microfluidic paper-based analytical device (UPAD) to detect L-malic acid in
wine suitable for the winemaking industry. The device relies on the immobilization of L-malate
dehydrogenase (MDH) and aspartate aminotransferase (AST) together with chromogenic reagents
(PMS-MTT system) onto paper, which in the presence of the analyte result in a purple product. The
color intensity increases proportionally with the analyte concentration, and detection can be achieved
by visual read-out or by quantification using a scanner and an image analysis software. The analytical
performance of the uPAD was linear from 5 to 150 mg/L with a limit of detection of 5.8 mg/L. Although
precise and with a good repeatability, after storage at 4 °C devices present a low activity. Furthermore,

color inhomogeneity was present when a lateral-flow design was adopted.

Another goal of this work was to fuse the two analytical enzymes with the carbohydrate binding
module from C. thermocellum (CBM3), in order to achieve an affinity immobilization on cellulose and
overcome some of the previous limitations (stability, color inhomogeneity). AST-CBM3 was cloned,
produced and purified successfully. The analytical performance of the uPAD was not affected by the
use of AST-CBM3, but when in imidazole at pH 7.5, the reaction was faster (10 min) and the shelf-time
of the device increased. Real samples were analyzed and the results obtained were similar to those
obtained with a commercial kit, demonstrating that the uPAD is suitable to determine L-malic acid in

wine.

Keywords: Microfluidic paper-based analytical device, Colorimetric detection, L-malic acid,

Carbohydrate- binding module (CBM), Fusion proteins, Wine



Resumo

O acido malico é um acido organico que influencia as propriedades organoléticas do vinho,
incluindo o sabor e o aroma, afetando a sua qualidade. Assim, é essencial a sua monitorizacdo na
indUstria vinicola. O objetivo deste trabalho é desenvolver um teste colorimétrico em microfluidica de
papel para detetar acido malico em vinhos que seja adequado a inddstria vinicola. O teste baseia-se
na imobilizacdo das enzimas L-malato desidrogenase (L-MDH) e aspartato aminotransferase (AST)
juntamente com substratos colorimétricos em papel, que na presenca do analito ddo origem a um
produto roxo. A intensidade da cor obtida aumenta proporcionalmente com a concentracédo de acido
malico. Esta pode ser detetada visualmente ou para uma quantificacdo precisa é necessario um scaner
e um programa de andlise de imagens. O teste é linear entre 5 e 150 mg/L, com um limite de detecéo
de 5.8 mg/L. Apesar de ser preciso e apresentar uma elevada repetibilidade, apds armazenamento a 4
°C, o dispositivo apresenta uma atividade reduzida e nos dispositivos de fluxo lateral foi observada uma

heterogeneidade na cor obtida.

Para contornar estas limitagcdes, foram criadas duas proteinas de fuséo, entre as enzimas
utilizadas e um médulo de ligacdo a carbohidratos de C. thermocellum (CBM3), para aumentar a
afinidade para a celulose. A AST-CBMS3 foi clonada, produzida e purificada com sucesso, apresentando
uma elevada afinidade para a celulose. O desempenho analitico do dispositivo ndo foi diretamente
afetado pelo uso da AST-CBM3, contudo quando num tampé&o de imidazole a pH 7.5 a reacdo mostrou-
se mais rapida (10 min) e a estabilidade ao longo do tempo mais elevada. Procedeu-se a analise de
amostras reais e os resultados obtidos foram semelhantes aos obtidos com um kit comercial, o que

comprova que este dispositivo em papel é adequado para a detecdo de &cido mélico em vinhos.

Palavras-chave: Microfluidica em papel, Detecdo colorimétrica, Acido malico, Médulo de ligacdo a

carbohidratos, Proteinas de fusédo, Vinho
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Chapter 1. Introduction

Wine is a complex mixture of compounds that define its appearance, aroma, flavor and mouth-
feel properties. While some compounds arise directly from grape, others are formed or modified during
the winemaking process, having a positive or negative impact on the final product. Thus, it is essential
to control the winemaking process to accomplish the desired sensory characteristics. For instance, wine
flavor is one of the key drivers for consumers and it is highly affected by wine pH. Therefore, winemakers
are implementing strategies to produce wine with predetermined properties which ultimately improve its

final quality [1].

1.1 L-Malic acid, an organic acid present in wine

Organic acids are highly present in wine and their nature and concentration have a great impact
on wine organoleptic properties as well in biological stability [1]. L-Tartaric and L-Malic acids are the
main organic acids present in wines, representing 70-90% of its total acidity [2]. Wine acidity directly or
indirectly affects the winemaking process and ultimately the wine’s quality, including its organoleptic

properties and shelf-life [3].

L-Malic acid is a complex organic acid present in wine and is originated directly from grapes during
their development. Its synthesis occurs mainly through catabolism of sugars, more specifically via
glycolysis and citric acid cycle (TCA cycle) [4]. After B-carboxylation of phosphoenolpyruvate pathway,
oxaloacetate is formed and reduced to malate by a cytosolic malate dehydrogenase (Figure 1) and
harvested in grape berry vacuoles [5]. The L-malic acid formed may also enter the TCA cycle to produce
citrate and other metabolites. At the onset of ripening, this organic acid is degraded by mitochondrial
enzymes to be used as a carbon and energy source. Synthesis and catabolism of L-malic acid results

as a response to the metabolic changes occurring during grape development [5].

The balance between L-malic acid synthesis and catabolism is highly affected by temperature.
Actually, mitochondrial malate dehydrogenases which are responsible for malate degradation have
higher activity at higher temperatures, while the synthesis of malic acid by cytosolic isoform enzymes is
heat inactivated [6]. Therefore, grapes in warmer climates have faster rates of L-malic acid degradation
than in cold climate regions. Consequently, the levels of malic acid in grapes are usually lower in warm
viticultural regions. The content of L-malic acid can range between 1 to 10 g/L depending on grape
variety and climate region. In addition, this balance may also be affected by other pathways, such as

the accumulation of potassium [5].
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Figure 1. Schematic representation of L-malic acid metabolic pathway in grapevine. Emphasis is placed
on the synthesis and catabolism by cytosolic and mitochondrial malate dehydrogenases, respectively.
L-malic acid catabolism may occur either by TCA cycle (green arrows) or by gluconeogenesis (blue
arrows), with the final goal of obtaining carbon or energy during grapevine ripening. The remaining
enzymes involved in the process are indicated with numbers: 1- Phosphoenolpyruvate carboxylase, 2-
Cytosolic phosphoenolpyruvate carboxykinase, 3- Cytosolic malic enzyme, 4- Mitochondrial malic

enzyme, 5- Mitochondrial phosphoenolpyruvate carboxykinase. Adapted from [5].

L-malic acid plays an essential role in wine acidity level, which influences not only organoleptic
properties but also biological stability. For instance, when wine pH is higher than 3.5 the risk of microbial
spoilage increases [7]. Therefore, the production of high quality wines depends on the optimal
adjustment of wine acidity during the elaboration process, especially in cool-climate regions. However
artificial manipulation of sugars and flavourants in wine are prohibited in most countries, so when L-
malic acid levels are too high, wine must undergo a process known as Malolatic Fermentation (MLF)

[8]. This process is especially recommendable for most red and many white wines. In this case the



winemaking process includes two main steps: alcoholic fermentation followed by malolatic fermentation.
During this second step, L-malic acid is decarboxylated into a weaker acid, L-lactic acid (or lactate) by
malolatic enzymes characteristic of Lactic acid bacteria (LAB). LAB preferably involved in this process
are isolated from wine and include Oenococcus oeni, Lactobacillus spp. and Pediococcus spp.. Malolatic
fermentation not only induces a wine deacidification by increasing the pH, but also replaces the acidic
flavor of malic acid by the smoother and fruity flavor of lactic acid [9] [10] [11]. In addition, some by-
products of malolatic fermentation contribute positively to the wine properties, such as diacetyl, which

imparts a buttery aroma and flavor [12].

During the winemaking process accurate analytical measurements of organic acids are required
in order to monitor the quality and properties of the final product. In the past years, several analytical
methods were developed to determine L-malic acid in wine such as spectrophotometry and
chromatography, including high performance liquid chromatography (HPLC) and liquid
chromatography—mass spectrometry (LC-MS) [13] [14] [15]. Although very accurate and precise, these
methods require prior sample treatment. On the other hand, Esteves and fellows [16] developed a
capillary electrophoresis method to determine simultaneously different organic acids present in red
Porto wines without requirement of sample preparation. Despite being very accurate, precise and
multiplex, the previous methods are quite complex and require skilled personal, expensive apparatuses

and very often require laborious sample preparation procedures.

According to the International Organization of Vine and Wine (OIV) L-malic acid can be
determined by an enzymatic method that consists on the oxidation of L-malic acid by nicotinamide
adenine dinucleotide (NAD") in the presence of L-malate dehydrogenase (L-MDH). Given that this is an
endergonic reaction, an aspartate aminotransferase (AST) is coupled to convert oxaloacetate, thus
favoring L-malate consumption. Finally, the amount of NADH formed is measured using a
spectrophotometer, which is proportional to the amount of L-malic acid in wine (see Figure 2) [17]. The
main drawback is the requirement for specific equipment (e.g. a spectrophotometer) that most of the
times is not available to the common winemaker. Thus, wine analysis is usually carried out in certified
laboratories. In view of this reality, the development of an alternative system which could be used in site
directly by the winemakers would be highly advantageous. Thus, it would be interesting to develop a
rapid, low-cost and environmental friendly detection test for L-malic acid without the need of significant

sample preparation that would help winemakers to enhance wine final quality.

L-MDH
L-malic acid + NAD~* —_— Oxaloacetate + NADH + H*

Oxaloacetate + L-glutamate AST, L-aspartate + a-ketoglutarate

Figure 2. Reaction scheme for the detection of L-malic acid using an UV method. NADH formed is

measured at 340 nm and is proportional to the amount of L-malic acid in the sample.



1.2 Microfluidic paper-based analytical devices (UPADs)

Paper has been used in analytical and clinical chemistry for centuries, but nowadays there is a
growing trend to use it as substrate for sensors. Since 1960s, it is commercially used as a dipstick assay
format for point-of-care detection of glucose in urine [18]. In the late 1980s, immunorecognition was first
introduced to dipsticks. These are highly engineered and broadly used forms of paper-based diagnostic
assays, which can provide a “yes/no” detection of a wide range of analytes using labeled antibodies
[19]. However, these devices do not allow a quantitative analysis without a reader-based system and
neither a multiplex analysis. The current demand of the market for more sensitive, quantitative, portable

and multiplex devices is leading rapidly to an evolution of the existing assay formats into new platforms.

In 2007, George Whiteside’s group introduced microfluidic paper-based analytical devices
(MPADs) [20], a rising technology that combines some of the capabilities of conventional microfluidic
devices with the simplicity of detection methodologies. Basically, yPADs use hydrophobic microfluidics
channels patterned onto paper, which guides the flow of aqueous solutions on paper in a desired
manner. This provides the opportunity to have multiple tests on the same platform by creating different

reaction zones for different analyte detection.

Microfluidics is an interdisciplinary field that is define as “the study of flows that are simple or
complex, mono- or multiphasic which are circulating in artificial microsystems” [21]. Microfluidic-based
systems are very attractive platforms due to their size-effect. Basically, these portable platforms require
small reagent volume and lower power consumption, and more importantly, allow detections with high
resolution and sensitivity at low cost and much faster time [22]. Moreover, and due to the small scale of
microfluidics devices, the surface phenomena (e.g. capillary forces) become increasingly dominant over
volume phenomena. Thus a fluid can be driven by capillarity without the need for external pumps. Lateral
flow assays and paper-based analytical devices rely on this type of fluid motion, which are only possible

due to the intrinsic nature of its substrate, paper [23] [24].

Paper has become a promising platform because there is a global demand for simple, disposable
and cheap substrates for sensors. Besides that, it also confers some benefits compared to other type
of substrates such as glass. Being made from cellulose, an abundant polymer, paper presents several
advantages, including biodegradability, biocompatibility, three-dimensional fibrous structure, easiness
of production and modification, reasonable price and mechanical properties which allow capillary flow
[25]. These characteristics make paper a first-choice substrate for disposable sensors. In addition, it
may also be modified chemically to incorporate different functional groups that allow the immobilization

of proteins, DNA, or small molecules [26].

MPAD are designed to handle small volumes (e.g. 0.1-1 pL of reagent solution) and the fluid
movement is controlled by capillary action or evaporation, meaning that there’s no need for external
pumping [27]. Moreover, the high surface-to-volume ratio, porous structure, and the small volume of the

paper devices are the reasons for the drastic fall in the time necessary to complete certain analysis [28].



For instance, a portable enzyme-linked immunosorbent assay (ELISA) provides results in around 43

minutes, in comparison with the traditional 3 hours of conventional methods [29].

MPAD is a novel system with impressing properties that is more rapid and more highly multiplexed
than current analyses [27], which makes it suitable for diagnostic applications [30] [31] [32], especially
in areas with low infrastructures and limited trained medical and health professionals. It may also be
applied in developed countries in emergency situations, in emergency rooms, at home or in military
settings [26]. Many other studies are also being directed towards the use of paper-based devices in

other fields such as environmental monitoring [33] [34] and food quality testing [35][36].

1.2.1 Paper structure

Cellulose fibers are typically the building blocks of paper. In nature, they are the principal
structural element of the cell wall of the majority of plants, being considered as the most abundant
molecule in the world and an inexhaustible source of raw material [37]. This macromolecule became an
attractive support matrix for the development of biosensors, due to its chemical and mechanical stability,

surface characteristics, low cost and approval for human and therapeutic use [38].

The primary structure of cellulose is defined as a linear homopolymer with hundreds of D-glucose
units connected by B(1—4) glycosidic linkages (see Figure 3) [37]. It is represented by the formula
(CeH100s)n where n depends on the cellulose source material and extraction treatments [26] [39]. For
instances, cotton, which is the raw source of filter and chromatographic paper, has values of n in the
range of 800 — 10 000, depending on the treatment [40].

OH
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Figure 3. Schematic representation of the primary structure of cellulose. [40]

Usually, cellulose fibers are hollow tubes approximately 1.5 mm long, 20-um width, with a wall
thickness of about 2 um. Cellulose is fibrous, hydrophilic, slightly anionic with a low, negative surface-
charge density, biodegradable and insoluble in water and most organic solvents [38]. Within the
cellulose fibers, cellulose is defined crystalline if highly organized or amorphous if the chains are
disordered [39]. Unlike crystalline domains, amorphous cellulose swells in water and is more susceptible

to chemical reaction. Usually the degree of crystallinity of cellulosic fibers is about 50% [40].

Due to all these features, a new matrix for biosensors was developed and has evolved throughout
the years: paper-based technology. Paper is described by two macroscopic properties: the thickness, 1

(m), and the basis weight, bw (g/m?), which is the mass of dry paper per square meter. The
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corresponding bulk density of paper is given by the ratio between the basis weight and the thickness
(Ppaper = bw/T). Whatman No. 1 filter paper, the most used in uPAD, has a thickness of 180 ym and a
basis weight of 87 g/m?, which corresponds to a density of ppaper = 483 kg/m?3[38]. Since the density of
fibers, priver, is approximately 1540 kg/m? and paper density corresponds to 483 kg/m3, the pore fraction
of Whatman No.1 paper is 0.69 [38]. Some of the paper’s final properties, such as absorptivity, opacity,
strength and ink-paper interactions are influenced by the porosity. Besides that, porosity will also affect

the reagent deposition, sensitivity, specificity and reproducibility of the uPADs.

Paper properties like surface chemistry, contact angle and pore-structure distribution have an
impact both in the rate and in the extent of penetration of water, which in turn influence the capillary flow
[38]. Since paper is anisotropic, the mass distribution in a paper sheet is usually not constant in the z
(thickness) dimension presenting a higher density in the center than near the surface. Actually, it has
more horizontal fibers than vertical, so the lateral spreading of fluids in paper is usually more rapid than
vertical spreading [41]. The wicking speed is a key parameter for assay performance, because it
influences not only the contact time between sample and reagents, changing the reaction time, but also
the distribution of the reagents in the detection spot, which consequently affects the magnitude and

homogeneity of the signal development [42].

All these features influence the maximum quantity of biosensing molecules than can be attached
to cellulose. This can be estimated by multiplying the maximum density of the immobilized sensor
molecules and the specific surface area of the paper structure accessible to the biosensor. According
to Hong and co-workers [43], the accessibility of a biomolecule in a Whatman No. 1 filter papers is 9.8
m2/gcelulose . Considering that Whatman No. 1 filter paper has a maximum density of 1 mgbiomolecule/mM?2,
the capacity of this paper surface to take up biomolecules is 9.8 mg of biomolecule by g of cellulose
[38].

1.2.2 Paper as a component of lateral flow tests

Paper has been used as a platform for bioassays since 1957, when Free and fellows [18]
developed Clinistix, an enzyme-based, simple test for the detection of glucose in urine. It consisted of a
paper strip impregnated with glucose oxidase, peroxidase and a colorimetric agent, orthotolidine, which
in the presence of glucose turns blue. Few years later the test was a commercial product and a turning
point for diabetes diagnostics and management.

In 1982, Hawkes and co-workers [44] took advantage of immunorecognition and immobilized an
antigen to nitrocellulose filters. This was latter adapted to dipsticks and commercialized in point-of-care
(POC) diagnostics (e.g. pregnancy and diabetes tests). These devices are highly specific because they
rely on antibody-antigen interactions and were classified as ASSURED (Affordable, Sensitive, Specific,
User-friendly, Rapid and robust, Equipment-free, and Deliverable to end-users) point-of-care diagnostic
devices [25].



However, a global demand for multiplex and three-dimensional assays platforms emerged
overtime. Recently, Whiteside’s group [20] created a whole new paper-based assay that is based on
lateral flow and has the ability to detect multiple samples in parallel and in a relatively short period of
time onto the same device. It allows the simultaneous, visual detection of glucose and protein in an
artificial urine sample (Figure 4). Glucose assay is based on the enzymatic oxidation of iodide to iodine,
in which the presence of glucose results is a color change to brown. On the other hand, a positive result

in the protein assay is based on a color change of tetrabromophenol blue (TBPB) from yellow to blue.

. {
Glucose = ‘\Protein Sample addition
assay assay 10’ T
reagents w——  rcagent
lcm Artificial urine solution

containing glucose and protein

Figure 4. Paper-based analytical device created by Whiteside’s group. A) Glucose is tested in the
circular region on the left, while protein is tested on the square region on the right. The circular region
on the top was used as a control. B) After addition on the central channel, the sample is guided to the
three reactive chambers by capillary action. Positive results for glucose and protein are presented on
the left and on the right, respectively. Adapted from [20]

These devices are based on lateral flow of a fluid that is introduced onto one end of the device
and moves by the action of capillary forces. Capillary flow rate is a key parameter of uPADs and is
defined as the migration speed of a sample front moving along the length of the test strip [45]. Lateral
flow offers advantages that are unique to paper and similar porous substrates [38]. The time taken for a
fluid front to migrate a certain distance with channel width constant, can be determined using the
following equation [45]:

2
= Swiap = xap @
where V represents the volume of fluid at the time instant t, n and k are the fluid viscosity and the
permeability of the paper, respectively, WH is the area perpendicular to the flow and AP is the pressure
difference along the flow direction over the length L. Therefore, if both permeability and channel width

are constant, the flow time is influenced just by the length L.

In lateral flow, paper can act like a sample filtration, as demonstrated by Whiteside and fellows
[20], where while liquid wicks, large particles are trapped in the paper matrix. It is also possible to create
channels that guide the fluid to different chambers of reaction into the same device [20] [27]. Moreover,

a sample can be exposed consecutively to different binding sites along the eluted surface. Finally, lateral



flow allows the removal of unbound components from a region of paper with surface-capture groups
[38]. Retention of particles such as dirt is an attractive advantage of uUPADSs, since field samples may be
contaminated and the combination of paper and capillary action provides a mechanism for separating
these interfering components. Thus UPAD provides an attractive platform to perform assays in non-

sterile environments.

1.2.3 Fabrication technique of paper-based analytical devices

Patterned paper has provided a new inexpensive platform for portable assays, which is simpler
than the traditional microfluidic devices that are fabricated by etching or molding channels into glass,
silicone, PDMS, or other polymers. This process consists on the patterning of hydrophobic barriers onto
paper that are able to confine a fluid. Moreover, the channel is a matrix of hydrophilic cellulose fibers
that wick fluids along the path defined by the channel [27]. The resulting channels can be left open to

the atmosphere or sealed to thin polymer sheets [46].

Fabrication of paper-based analytical was first proposed in 2007 and consists on patterning
hydrophilic-hydrophobic contrast using a photolithography method to create capillary channels on paper
[20]. The first step of the process consists on the impregnation of the filter paper with a photoresist (SU-
8, SC) and on the application of a transparent film with the desired pattern (i.e. a mask) on top. The
photoresist is then selectively polymerized by exposure to UV light. Finally, the paper is washed with an
organic solvent, propan-2-ol, to remove the photoresist. However this technique is complex, time
consuming and the paper is exposed to organic solvents that influence the capillary flow of the fluids
and ultimately the assays performance [27].

According to the literature a number of techniques for fabricating paper-based microfluidics
devices are now available, such as plotting, which uses a modified desktop plotter to define a pattern
using a hydrophobic polymer, poly(dimethylsiloxane) (PDMS) [47]. Furthermore, an inkjet etching or
plasma oxidation method can be used to remove a hydrophobic coating of polystyrene deposited on a
sheet of paper [48] [49]. In addition, the use of a knife plotter to cut paper into patterns of microfluidic

channels has been described [50].

The techniques for fabricating pPADs are listed in Table 1 as well the different patterning agents
and the advantages and limitations of each. Different methods use different patterning hydrophobic
agents and the patterning process defines the width and length of the channels while the thickness of
the paper defines the height of the channel [27]. The characteristics of the paper influence the rate of
the wicking, which also depends on the characteristics of the environment namely temperature and

relative humidity [51].

Depending on the main goal to be achieved in paper-based sensors, the fabrication method can

be tuned to fulfill the needs of the end-user. The choice of the proper technique has to consider some



factors including material costs, fabrication process simplicity and the intended applications of paper-

based microfluidics devices [52].

Table 1. Fabrication techniques for patterning paper with corresponding advantages and drawbacks.
Adapted from [25] [27] [45] [51].

Fabrication
technique

Patterning
agent

Advantages

Drawbacks

Photolithography Photoresist

High resolution of
microfluidic channels
(channel width of 200 um).

Requires expensive equipment
and an extra washing step to
remove un-crosslinked polymer;

Devices are vulnerable to

bending.

Plotting

PDMS

Hydrophilic channels not
exposed to polymers or
solvents;

Hydrophobic barriers are
flexible and patterning agent

is cheap.

Requires a customized plotter;

Cannot be readily applied to high
throughput production.

Inkjet etching

Polystyrene

Reagents can be inkjet into
the test zones using the

printer.

Requires a customized inkjet
printer and not suitable for mass
fabrication;

Hydrophilic areas exposed to
polymers or solvents.

Plasma
treatment

AKD

Uses inexpensive patterning
agents.

Hydrophilic areas exposed to
polymers or solvents;

Metal masks must be made for
each pattern.

Inkjet printing

AKD

Uses very cheap AKD and
requires only a desktop
printer;

Produces massive devices
fast (<10 min) and simply.

Requires an extra heating step
after AKD deposition;

Requires modified ink jet
printers.

Flexography
printing

Polystyrene

Allows direct roll-to-roll
production in existing printing
houses;

Avoids heat treatment of
printed patterns and requires
low ink levels.

Requires frequent cleaning to
avoid contamination and
different printing plates;

Print quality relies on the paper
surface.




Fabrication Patterning Advantages Drawbacks

technique agent
Screen printing Wax Simple process. Low resolution of microfluidics
channels;
Requires different printing
screens for creating different
patterns.
Laser treatment Depend on  High resolution (minimum Microfluidic channels do not
paper pattern size of about 62 um). allow lateral flow of fluids;
types
Requires extra coating for liquid
flow.
Wax printing Wax Rapid (~5 minutes); The design of the patterns must
account for the spreading of the
Requires only a wax in the paper;
commercially available
printer and hot plate; Unstable at high temperatures.

Hydrophilic channels not
exposed to polymers or
solvents;

Nowadays, wax printing is the best method to produce large lots of prototype uPAD with moderate
resolution. This simple and inexpensive method was introduced by Lu et al. [53] and consists in
patterning hydrophobic barriers of wax on the surface of paper using a commercially available printer
and hot plate. After printing patterns, the paper is heated to re-melt the wax, which spreads vertically
and laterally to generate complete hydrophobic barriers. Wax printing has a lower resolution than
photolithography. The smallest hydrophilic channels are approximately 560 um which is higher
compared with the 200 um that can be achieved with lithography [41].

Nevertheless wax printing has five main advantages [27] [41], namely: i) takes less than 5 minutes
to pattern a sheet of paper; ii) the hydrophilic channels and test zone are never exposed to photoresist
or other solvents that could contaminate them; iii) the cost of production of each device can be
approximately $0.001/cm? (cost of printing a single 8.5 x 11 cm in sheet of Whatman no. 1 filter paper);
iv) sheets of paper patterned by wax printing can be fed directly into an inkjet printer for delivery of
reagents into the test zones of the devices; v) the method has the potential to be upgraded to large scale

processes.

Since paper is an anisotropic material, the lateral wax spreading is faster than the vertical
spreading. This complicates the design of the channels, because the dimensions of the printer pattern

do not correspond to the dimensions of the resulting hydrophobic barriers (see Figure 5A). Considering
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this, Carrilho et al. [41] studied the spreading of molten wax in paper (Whatman No. 1 chromatography
paper) to correlate the width of the final hydrophobic barrier, with the width of the initial pattern in order
to facilitate the production of a paper-based device. They realized that the spreading of molten wax in
paper is a process of capillary flow in porous materials that can be described by Washburn’s equation
[54]:

L = (Y Dt/ 4n)'/? 2)

where L stands for the distance that a liquid of viscosity n and surface tension Y penetrates into a porous

material with an average pore diameter D, in time t.

The viscosity of the wax depends on the temperature, so it is important to ensure the use of a
uniform and well-controlled heat source for reproducible results. Assuming that the rest of the
parameters of the previous equation are kept constant, the final width of the hydrophobic barriers
depends mainly on the width initially printed on paper. This relation is described by the following equation
[41]:

Wg=W,+2L ©)

where Ws represents the width of the barrier, We is the width of the printed line, and L, which can be
determined experimentally, corresponds to the distance that the wax spreads from the edge of the

printed line in a direction perpendicular to the line (see Figure 5B).

Moreover, the width of a hydrophilic channel defined by two parallel hydrophobic barriers can be
determined by [41]:
We= Wg—2L (4)

where W¢ is the width of the hydrophilic channel and W is the space between the two printed lines

(also in micrometers), measured on the edge of the line.

Due to its simplicity and low cost, wax printing is an ideal method to produce pPADs for the

development of a rapid test to detect L-malic acid during winemaking process.
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Figure 5. A) Front view of printed horizontal lines demonstrating the differences of width between the
lines before and after the melting process. B) Schematic representation of the spreading of molten wax
in paper with the variables to take in account for rational design of yPAD. Wep - width of the printed line;
W - separation between the edge of the lines before melting; WB - thickness of the hydrophobic barrier
defined as the middle point between the front and back widths (average width); Wc - width of the
resulting channel after melting of the wax and L is the spreading of the wax in relation to the original
edge of the line. The black rectangles represent the wax before the heating step while the grey area

represents the wax after the heating step. Adapted from [41].

1.2.4 Paper functionalization — Bioactive paper

A biosensor is defined as a device that couples a biological recognition system, often called a
bioreceptor, with a transducer, responsible for reporting a signal [55]. Therefore a bioactive paper can
be defined as a paper-based product bearing active biomolecules [26]. After yPAD production, it is
necessary to add a bioreceptor agent to turn it functional and specific for a given analyte of interest. The
retention of functionality, reaction rate and selectivity of the immobilized biomolecules is a crucial aspect.
For paper-based biosensors, the most used biological probes are enzymes, antibodies, DNA and
aptamers [27] [28] [56] [57]. The main concerns to retain fully or enhance bioreceptor activity should be
the following: i) control the location and density and ii) control the tertiary structure and orientation of

biomolecules [38].

Structure and surface chemistry influence the immobilization of biomolecules onto paper (e.g. the
quantity of bioreceptors attached) [58]. Actually it must facilitate biosensor immobilization, minimize non-
specific adsorption and be compatible with reporting strategies. All these should be taken into account
as well as reproducibility, cost and complexity of the immobilization process. [26] The strategies used
to immobilize bioreceptors on cellulose can be grouped into three categories: physical immobilization,

chemical immobilization and bioaffinity attachment. [26].

Physical immobilization of biomolecules onto cellulose does not require modification of the
biomolecule or surface, and therefore is usually fast, simple and economic. This method has the
advantage of keeping the denaturation process to a minimum [26]. Three physical immobilization
approaches can be used with cellulose: i) direct adsorption; ii) confinement and iii) adsorption of carrier
particles. Direct adsorption occurs via non-covalent interactions such as van der Waals forces, hydrogen

bonding and hydrophobic interactions. Since paper is highly hydrophilic it allows the rapid adsorption of
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the bioreceptor. Besides that, the anionic profile of cellulose contributes to the interaction with cationic
patches on proteins through electrostatic interactions, thus enhancing adsorption [59]. Confinement
consists on the covering of pre-deposited biomolecule with a semi-permeable film. These films can
either be made of polymers or actual membranes. On adsorption of carrier particles, the biomolecule is
immobilized onto or into colloidal particles which are then adsorbed onto the paper matrix. Colloidal
particles coupled with biomolecules are called bioactive ink. The biomolecules can either be added
during the polymerization process or covalently coupled to the carrier that is then printed, coated or
added during the paper making process [38]. Although it is easier to concentrate the colloidal particles
onto exterior surfaces of paper and biomolecules are protected from the external environment, there

could be mass-transfer limitations and pore-clogging which decrease biosensor efficiency [26].

It is important to highlight that the binding capacity of both biomolecules and paper surface are
affected by the pH, ionic strength and specific ion effect, as shown in a study performed by Jones and
is fellows using BSA as protein model and cellulose powder as matrix [59]. Furthermore, Halder and co-
workers [60] also proved that high-molecular-weight DNA adsorbed onto cellulose at pH 4, but not at

pH higher than 6 because of the high hydration of cellulose surface.

In the first yPAD produced by Whiteside and fellows [20], the group adopted direct adsorption as
a method to immobilize horseradish peroxidase and glucose oxidase onto paper to detect glucose. To
date this immobilization methodology is still the most used on uPAD functionalization. In addition, Khan
and co-workers [61] demonstrated that thermal stability of horseradish peroxidase increased 2-3 fold
after direct adsorption, meaning that enzyme deactivation on paper is less temperature sensitive than
in solution. This proves that bioactive paper has exceptional potential for low-cost, high flexibility
diagnostics and industrial application. However, it is also important to notice that proteins are usually
randomly oriented and not strongly adsorbed onto paper, due to lack of functional groups of cellulose
[38]. Thus, adsorbed molecules tend to slowly leach from the surface [58], requiring most of the times a

more aggressive immobilization strategy.

Chemical immobilization relies on covalent binding, providing therefore a strong immobilization of
the bioreceptor. The three more common approaches to chemically immobilize biomolecules onto
cellulose are: crosslinking, direct covalent bonding and bonding to a polymeric primer [26]. Since
cellulose has few functional groups, activation with a polymer or a small molecule to add surface
functional groups suitable for a subsequent bioconjugation reaction is required [26]. Besides, the
bioreceptor has also to be chemically modified and as a consequence the process becomes more
expensive and complex. Garcia and co-workers [62] developed a WPAD using a handheld stamping
process where cellulose surface was oxidized to present aldehyde groups, allowing a covalent coupling
of enzymes. This way they improved color uniformity, but at the same time the immobilized molecules

lost some activity, resulting in a lower sensitivity of the biosensor.

Bioaffinity attachment occurs via bioaffinity interactions between the matrix/ligand and a
biomolecule. In this case the orientation of the immobilized biomolecule is controlled ensuring full

biological activity and stability [26]. There are two types of bioaffinity immobilization. The first consists
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on cellulose pre-coupled with an affinity ligand and then the target biomolecule is added. Innumerous
affinity pairs are known, namely antigen-antibody, protein-ligand, metal ion/ chelator (e.g.
streptavidin/biotin, Ni2*/ His-tag, respectively). However, this requires modifications on both the ligand
and the matrix, for instance His-tagged proteins can be immobilized onto a chelate-modified surface
namely, a nickel complex. As an alternative approach the protein is conjugated, using genetic
engineering techniques, to another molecule that has affinity towards cellulose, for instance a
carbohydrate binding-module (CBM) [26]. CBM is a protein domain found in a wide variety of cellulose
degrading enzymes [63]. CBMs not only adhere spontaneously to cellulose, but they can also be
genetically engineered and fused with proteins, antibodies or cells [64] [65] [66]. This way is possible to
strongly immobilize a bioreceptor and concentrate it onto cellulose. CBM features make them a
promising approach for biomolecules immobilization onto yPAD, as demonstrated by Rosa and fellows

[56]. Their properties and current applications will be explored further on Chapter 1.3.

1.2.5 Detection methods used in uPADs

Paper-based analytical devices offer the possibility to simple produce, mass-scalable devices at
an affordable price, but it is also necessary to create an analytical device with suitable transduction
methods. Currently, a variety of detection methods can be applied to yPADs that are compatible with
their simplicity, affordability and portability, such as electrochemical detection, chemiluminescence

detection, fluorescence detection and colorimetric detection.

Electrochemical detection requires a system with three-electrodes - a working electrode, a
counter electrode and a reference electrode - that are printed onto paper using conductive inks [25].
Dungchai and fellows were the first to adapt this method to paper-based microfluidics to simultaneous
detect glucose, lactate and uric acid in urine [67]. The sample was deposited on the center of the paper
and flowed to the reaction-sites that contained the electrodes. Oxidase enzymes in contact with the
substrates produce H202, which is then used to quantify the analytes. Screen-printing technology was
used to fabricate the electrodes and cyclic-voltammetry for signal read-out. In comparison with optical
detection, electrochemical detection is insensitive to light, dust and insoluble compounds [68], and
shows high sensitivity in the order of nM [45]. Still some assays are susceptible to interferences from
electrochemically active substances and to temperature. Moreover, this method requires one additional

fabrication step to deposit the conductive inks and it also involves reading instrumentation.

Chemiluminescence detection consists on the measuring of light emitted by certain chemical
reactions [69]. This is a simple, low cost and high sensitive method which measurement may be
performed in the dark [25]. Wang and co-workers [70] were the first to adapt a chemiluminescence
ELISA (CL-ELISA) to paper-based devices to detect tumor markers in real human serum samples, such
as a-fetoprotein (AFP), cancer antigen 125 (CA125) and carcinoembryonic antigen (CEA). Paper was
first treated with chitosan to covalently immobilize antibodies and then after surface blocking, antigens
bind to antibodies. Finally horseradish peroxidase labeled with cancer tumors antibodies formed a

sandwich assay and trigged the chemiluminescence reaction using a typical luminol-H202 system. The
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emitted light was correlated with the concentration of the analyte and the sensitivity achieved allows the

use of this method for clinical applications.

Fluorescence detection is highly sensitive, but requires instrumentation for signal detection. In
addition, the use of optical brightening agents to turn commercial paper white confers paper a slight
fluorescence, resulting in high background signal [38]. Finally, a wide implementation of this detection
method to uPADs requires a reduction in the cost and advances in miniaturization of fluorescence
readers [45]. Ali and co-workers [71], developed a method to detect DNA, by DNA amplification.
Microgels coupled to an oligonucleotide that is complementary to the target DNA were used. DNA
detection occured in three steps: i) target DNA promoted ligation of a DNA primer to the microgel-bound
DNA, ii) rolling circle amplification (RCA) between the primer and a circle DNA, and iii) hybridization of

the RCA products and a fluorescent DNA probe.

The previous methods require instrumentation to read the signal, which could result in a
disadvantage, especially when using these devices in developing regions with low-resources or even in
developed countries in emergency situations, in military settings or at home. So it is important to highlight

colorimetric detection from the previous detection methods described.

Colorimetric detection is typically related to enzymatic or chemical color-change reactions [51]
with the advantage that the results can be visually assessed by the unaided eye. This method is simple
and one of the most applied to yPAD to detect a variety of analytes such as glucose, protein, particular
metals and biomarkers [32] [27] [33] [72] [30]. It allows not only a yes/no result but also a semi-
quantitative detection by visual comparison with a colored calibration chart, so it does not require specific
instrumentation [42]. Whiteside and fellows were pioneers in this technology and demonstrated that this
detection method is ideal for 2D [4,6] and 3D yPADs [73], for instance to detect glucose and protein in
artificial urine. Glucose assay was based on the enzymatic oxidation of a chromogenic agent, iodide, to
iodine, which in the presence of glucose results in a color shift to brown. On the other hand, the positive
result in protein assay results in a color change of tetrabromophenol blue from yellow to blue. Recently,
they also proved that this could be used for clinical testing of drug-related hepatotoxicity, developing a
multiplexed microfluidic assay designed for rapid, semi-quantitative measurement of aspartate
aminotransferase (AST) and alkaline phosphatase (ALT) in a fingerstick specimen [30]. Another study
reports on the development of a yPAD for the detection of foodborne pathogens in food samples as a
screening system [35]. Detection is achieved by measuring the color change when an enzyme

associated with a certain pathogen of interest reacts with a chromogenic substrate.

One disadvantage of the colorimetric detection that has been pointed out is that in lateral-flow
and flow through platforms the color distribution is heterogeneous, making it difficult to perform a visual
detection. Recently, Carrilho and co-workers [62], chemically modified paper surface by oxidation to
promote the conversion of hydroxyl groups into aldehyde groups, which were then chemically activated
for covalent coupling of enzymes. This approach clearly enhanced colorimetric detection and increased

the homogeneity of the signal obtained.
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Gold nanoparticles (AuNP) are also a promising colorimetric reporting system that has already
been used in dipsticks and lateral flow tests coupled with antibodies. Particles with a size range between
10-50 nm have an intense red color when they are separated by a distance equivalent to a few particle
diameters. When gold nanoparticles aggregate, the color changes to purple. Zao and fellows [74]
developed an endonuclease (DNase I) enzyme assay, and an aptamer-based adenosine detection
assay on a paper-based device using AuNPs. In the first case, DNA-modified AUNP and cDNA were
mixed, originating particle aggregation and a blue color. Upon addition of DNase |, double stranded DNA
is cleaved and AuNP aggregates dissociate into disperse red AuNP. In the second assay, AUNP are
bound with an adenosine aptamer. After addition of adenosine, the aptamer dissociates from AuNPs to
bind to the target molecule, causing dispersion of the particles and bringing forth a red color. Another
study also used AuNPs to amplify an immunoassay signal using a dissolvable sugar applied to paper to

create programmable flow delays [72].

Quantitative colorimetric detection of analytes is possible by reflectance detection when the
intensity of the color that develops in the detection zone is a function of the concentration of the analyte
[75]. Reflectance detection is based on the measurement of the light reflected off of the surface of the
test zone. An ideal reader platform must address low-cost, simple operation, mobility, and connectivity
(e.g. desktop scanners or digital cameras) [45]. By using common imaging software, for example as
ImageJ or Adobe Photoshop, it is possible to measure the arithmetic mean of the pixel intensity within
the detection zone after subtraction of the mean intensity for the control region [75].

Calibration curves will typically follow nonlinear functions of the form y = aIn(bx) [76]. The
nonlinearity at high concentrations of analytes is due to color saturation. Although reflectance detection
is easy to analyze and requires simple equipment, the drawback is that the results are dependent on
the quality of the image and lighting conditions [27]. This problem can be solved by a white balance
correction, subtraction of the background color, or comparison with a calibration curve of standards of

known color and intensity [75].

Paper-based analytical devices represent a simple and user-friendly platform for diagnostic in
developing world. However they still require a trained healthcare provider to interpret the data they
provide and to prescribe any necessary treatment. For this reason, telemedicine is an attractive
alternative system for developing countries [75]. Using this approach, the result obtained can be
photographed by a camera on a mobile phone and then sent to a remote location where an expert
analyzes the image and prescribes an appropriate treatment. This revolutionary and promising approach
can be applied in other fields besides health diagnostic, such as environmental monitoring and food

quality control.

16



1.3 Carbohydrate-binding modules

Cellulose is the major polysaccharide component of plant cell walls and is degraded in nature into
simple soluble sugars by the concerted action of a number of bacterial and fungal enzymes. Cellulose
degradation became a theme of interest for researchers due to the insoluble nature and inherent stability

of this natural polymer, which constitutes a challenge for enzymatic hydrolysis [77].

In nature, the degradation of polysaccharides by glycoside hydrolases is relatively inefficient
because the glycosidic bonds of the insoluble substrates are inaccessible to the active site of these
enzymes. To overcome this, many glycoside hydrolases are modular, comprising catalytic and non-
catalytic sugar binding modules, which includes carbohydrate binding modules (CBMs) [78]. A CBM is
defined as a contiguous amino acid sequence within a carbohydrate-active enzyme with carbohydrate
binding activity, which facilitates the binding of hydrolytic enzymes to cellulose, enhancing its
degradation [79]. CBMs were initially defined as CBDs (cellulose-binding domains), because crystalline
cellulose was identified as their primary ligand. However, throughout the years it has been reported that
these modules have a diverse ligand specificity, so the term CBM (carbohydrate-binding module) was
proposed as a more inclusive term to describe all of the non-catalytic sugar-binding modules derived

from glycoside hydrolases [78].

Many organisms produce different CBMs. Depending on specific characteristics such as the
amino acid sequence, binding specificity and structure, CBMs can be classified into 71 different families
[80]. They range in size from only about 40 to approximately 200 amino acid residues [81]. It have been
reported CBMs that recognize a variety of substrates such as, xylan, chitin, a variety of glucans with
different linkages, and both crystalline and non-crystaline cellulose [82]. Depending on the family, CBMs

can be either ligand specific or non-specific (i.e. able to bind to a range of different carbohydrates) [78].

The carbohydrate binding capacity of CBMs can be attributed, in part, to the presence of several
aromatic amino acids in the binding sites which form a hydrophobic surface. Nevertheless, cellulose
surfaces are negatively charged, so the resulting interactions are dominated by double-layer repulsive
forces. However, following CBM binding, interfacial force profiles are less repulsive, which allow other
molecules to interact with cellulose surfaces. Although the orientation and positioning of the aromatic
residues have a strong influence in the specificity and affinity of these modules, other interactions such
as hydrogen bonds and calcium-mediated coordination are also relevant for CBM ligand recognition [83]
[84].

Considering the structural and functional similarities, CBMs families have been grouped in three
types (Figure 6). Type A CBMs interact with the flat surfaces of crystalline polysaccharides, primarily
cellulose (e.g. families CBM 1, 2, 3 and 10). Their bind sites comprise a planar hydrophobic platform
rich in aromatic amino acids residues. On the other hand, type B modules can bind to the internal regions
of single glycan chains (e.g. families CBM 6 and 36). Lastly, type C CBMs recognize small saccharides
containing from one to three monosaccharide units or, in the context of complex polysaccharides, the

termini of these polymers (e.g. families CBM 9, 13 and 66) [63].
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Figure 6. Scheme illustrating CBM type A, B and C and the respective binding to with different regions

of a polysaccharide substrate. Adapted from [85].

Attractive commercial applications have been suggested to explore high stability binding of CBMs
to cellulosic surfaces. By using fusion technology, CBMs can be recombined with other biomolecules
such as proteins, antibodies and even cells [64] [65] [66]. The first commercial application was the use
of CBMs in fusion proteins as tags for affinity purification or immobilization. Since CBMs adsorb
spontaneously to cellulose, no pretreatment of the samples is required prior to the immobilization [84]
[86]. Thus, CBMs fusions offer the opportunity to immobilize biomolecules onto a cellulose matrix, but
also may be used in protein purification, to enhance bioprocessing enzymes and for bacterial adhesion
[84] [86] [65] [87] [88].

1.3.1 Carbohydrate binding module family 3

Cellulosomes are high-activity, multi-enzyme complexes, which act synergistically with various
enzymes in order to hydrolyze the crystalline cellulose and polysaccharides in plant cell walls. In nature,
these complexes have been identified in certain anaerobes including strain of the Clostridium bacterium,
such as Clostridium thermocellum. This gram-positive thermophilic bacterium is highly efficient in the
production of a multienzyme cellulolytic system, and consequently in the degradation of cellulose into
utilizable simple sugar [89].

C. thermocellum cellulosome has a structural multidomain protein called CipA (cellulosome-
integrating protein A), which consists of a single large polypeptide chain with 197 kDa that includes

different subunits with different functions (Figure 7) [90] [91]. CipA includes nine enzyme-binding cohesin
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modules, which interact with high affinity with dockerin modules present in the catalytic subunits, in order
to promote the integration and assembly of the hydrolytic enzymes into a complex cellulosome structure
[63][92]. Furthermore, a C-terminal divergent dockerin present in the scaffoldins targets the cellulosome
to the bacterial cell envelope. Finally, the entire complex is anchored to cellulose via a CBM3 that is also
present in the scaffoldins (Figure 7) [89]. CBM3 is located between cohesin 2 and cohesion 3 and is
flanked by two linker regions rich in threonine and proline residues, in which the full-length linker from
Coh2 and Coh3 to CBM3 is 46 and 39 residues in length, respectively. The linker segments of peptide
have sufficient length and flexibility to allow the efficient orientation and operation of the catalytic site

making polysaccharide degradation more efficient [93].

Cellulosome

Cellulose

Figure 7. Schematic representation of the C. thermocellum cellulosome. The multi-domain structural
protein CipA comprises nine homologous receptor known as cohesins (Coh), which have affinity to
dockerins (Doc) modules that are coupled with catalytic subunits. CBM3 is responsible for the
attachment of the whole complex to cellulose. Adapted from [89].

The Carbohydrate-Binding Module 3 (CBM3) has 155 residues and is classified as a type A CBM,
which binds tightly to the surface of crystalline cellulose. Actually, CBM3 has a higher affinity to cellulosic
structures in plant cell walls compared with other type A CBMs, having an affinity constant of the order
of 10 M1 [94] [95].

The 3D crystal structure of CBM3 from the C. thermocellum CipA scaffoldin was firstly proposed
by Tormo et al. [96]. It is manly based on nine 3 strands arranged in two antiparallel sheets and
connecting loops (Figure 8). A planar face without topographic obstacles provides closeness between
the CBM and cellulose [89]. In addition, CBM3 also contains a Ca?* ion to stabilize the folding [91].
CBM3 has two defined surfaces located in opposite sites of the molecule. The bottom site is
characterized by a linear and strikingly planar array of polar and aromatic residues, such as His57 and
Tyr67. This site is responsible for establishing hydrogen bonding interactions with oxygen atoms and

hydroxyl groups of glucose moieties on adjacent chains of the cellulose microcrystal. On the other hand,
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the top site is strictly conserved among all the members of the CBM3 family and presents mainly

residues of tyrosines and polar side chain, whose function is currently unknown [96].

\

TYR 67

HIS 57 ASP 56 ARG 112

Figure 8. Overall secondary structure of carbohydrate-binding module family 3 from Clostridium
thermocellum (PDB entry 1NBC). The cellulose-binding amino-acid residues of the planar strip are
highlight in green (Asp 56, His 57, Tyr 67, Arg 112 and Trp 118) while the anchor residues from chain
2 and 3 are labelled in orange (GIn 110, Asn 10 and Asn 16) and purple (Ser 12 and Ser 133),
respectively. In addition, N- and C-termini are labelled as well the calcium ion, which is represented by

a grey sphere. The figure was generated by UCSF Chimera program.

Fusion-protein technology allows the conjugation of CBM3 with other biomolecules resulting in a
molecule with a bioactive domain and a binding domain with a high affinity to cellulose. This method has
been used in important studies to characterize CBM3 and has also allowed their application into different
biotechnological fields. For instance, the location of the binding site of CBM3 in crystalline cellulose was
studied by Lehtié and co-workers [97] using CBM-ZZ fusion proteins labelled with gold-conjugated
antibodies and transmission electron microscopy (TEM). They suggested that CBM3 binds preferably
to the hydrophobic 110 face of cellulose crystals. Cellulose accessibility has also aroused a particular
interest in order to better understand enzymatic cellulose hydrolysis mechanisms. Hong and colleagues
[43] fused a CBM3 and a green fluorescent protein (GFP), in order to quantify the cellulose accessibility

to cellulose, reaching a value of accessibility of a biomolecule of 9.8 m2/gceiuose for Whatman No.1 filter.

Many other researchers have taken advantage of the stability and tenacious affinity that CBM3
presents towards cellulose and applied it in different fields of biotechnology. Recent applications of
CBM3 include protein immobilization onto cellulosic supports. For instance, Ofir et al. [98] described a
non-DNA microarray in which recombinant CBM3-containing fusion proteins are used for ligand
immobilization onto cellulose-coated glass slides, overcoming the major obstacles faced with protein

microarrays construction. This technology has the advantage of maintaining protein functionality after
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immobilization, higher signal noise ratio, extended stability of the printed microarray and does not require
a purification step to print test proteins. Additionally, Guerreiro and fellows [99] fused four antimicrobial
peptides (AMPs) to CBM3 in order to immobilize them into cellulosic supports. These fusion proteins
were expressed at high levels in Escherichia coli and both AMPs and CBM3 retained their intrinsic

biological activity.

Recently, Rosa et al. [56] described the use of a CBM3 fused with a ZZ fragment of the
staphylococcal protein A as an affinity immobilization technique to develop a wax printed uPAD for
molecular diagnostics of infectious diseases. Antibodies immobilized through biochemical coupling were
able to capture labeled-DNA strands and hybridized DNA using an FITC-labeled-DNA probe more
efficiently than the ones immobilized by physical adsorption. This strategy increased substantially the
efficiency of the uPAD, since it minimized the loss of antibodies during the preparation steps, which

resulted in a higher intensity and spatial confinement of signals.

Fusion-protein technology allows the conjugation of both affinity immobilization and CBM3-fusion
proteins without loss of activity of the target molecule which offers an attractive alternative for bioactive
paper fabrication. Thus, it would be of great interest to construct two fusion proteins, namely L-malate
dehydrogenase from E. coli with CBM3 and aspartate aminotransferase from E. coli with CBM3, which
are involved in the detection of L-malic acid in wines using an UV detection method, as described
previously in section 1.1. L-malate dehydrogenase (EC 1.1.1.37) is an enzyme that catalyzes the
conversion of malate into oxaloacetate using NAD/NADH coenzyme system [100]. In eukaryotes, it can
be within mitochondria and in the cytosol. On the other hand, aspartate aminotransferase (EC 2.6.1.1)
is a pyridoxal phosphate-dependent enzyme present in hepatocytes and myocytes that catalyzes the
reversible transfer of an amine group from glutamic acid to oxaloacetic acid, forming a-ketoglutaric acid
and aspatrtic acid. It is involved in amino acid metabolism and is commonly measured clinically as a
marker for live rand heart health [101]. These enzymes fused with CBM3 could be an add value to a

wax printed WPAD for quality control in winemaking process.
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Chapter 2. Objectives

This thesis is performed within the frame of the project CBM sensor paper- Development of new
platforms for biomolecules immobilization onto cellulose (Agéncia de Inovacéo, project 30270), which
involves a partnership between the Portuguese company NZYTech, Lda (https://www.nzytech.com) and
Instituto Superior Técnico. The main goal of the work presented here is to develop a new and rapid
colorimetric detection method for L-malic acid that is suitable for the winemaking industry. Since L-malic
acid is responsible for wine’s organoleptic properties and ultimately for the wine’s quality, the availability
of a simple method that could be used without additional instrumentation would be valuable for

winemakers.

The specific goal is to develop and optimize a pPAD with immobilized L-malate dehydrogenase
(MDH), aspartate aminotransferase (AST) and chromogenic reagents to detect L-malic acid in wines.
The L-malic acid UV method commercialized by NZYTech is first modified to allow colorimetric detection
and then transferred to paper strips. A wax printing method is implemented to design microfluidic
structures (channels or closed chambers) on paper best suited to the bioassay developed. The analytical
performance of the uPAD is assessed, procedures and parameters like reagent deposition, drying time,
storage conditions and shelf-life are optimized. Additionally, the analytical performance and shelf-life of
the yPADs are compared using two biomolecule immobilization strategies, physical adsorption and
bioaffinity. In bioaffinity immobilization, two fusion proteins are constructed by combining the analytical
enzymes L-malate dehydrogenase and aspartate aminotransferase from E. coli with CBM3 from C.
thermocellum CipA scaffoldin. Calibration charts that correlate a given concentration of analyte with a
specific color are constructed, in order to allow a rapid and simple semi-quantitative quantification.
Finally, the paper devices developed are used to determine L-malic acid in real samples (white and red

wine) and the results obtained will be compared with the ones obtained with kits commercially available.
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Chapter 3. Methods and Materials

3.1 Chemicals and Materials

L-malic acid, D-(+)-trehalose dehydrate, phenazine methosulphate, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide, imidazole, NaHepes, NaCl, polyvinyl alcohol 98 -99% hydrolyzed and
L-glutamic acid monosodium salt monohydrate were all purchased from Sigma-Aldrich (St. Louis, MO).
Tris (Eurobio, Madrid, Spain), CaCl: (Panreac Quimica S.L.U., Barcelona Spain), activated carbon
(Merck, Darmstadt, Germany). MDH, ASP and NAD* were kindly provided by NZYTech. 1% (v/v)
polyvinyl alcohol was prepared in pre-heated water at 80 °C and dissolved for 8 hours. Then, 4 drops of

Triton X-100 (Merck, Darmstadt, Germany) were added.

3.2 Microfluidic paper analytical device (UPAD) fabrication

All assays involving paper were performed using Whatman No.1 chromatography paper (catalog
number: 3001-878; Whatman™, GE Healthcare©, Buckinghamshire, UK). This paper is made out of
pure cellulose, is hydrophilic, homogeneous, pure, biocompatible and relatively inexpensive [41]. It has
a thickness of 0.18 mm and is available in sheets of 25 x 25 cm. Device designs were developed with

the drawing software Inkscape® in a 148 mm x 210 mm sheets.

Hydrophobic barriers were patterned onto Whatman No.1 chromatography paper using the wax
printing method. A Xerox ColorQube 8570 color printer designed to print wax-based inks was used. The
sheets of Whatman No.1 chromatography paper were directly fed into the printer. The print head
dispenses ink (melted wax) on the surface of the paper, where it cools and solidifies instantaneously
without further spreading. The ink is made of a mixture of hydrophobic compounds including
carbamates, hydrocarbons and dyes that melts around 120 °C. The default printer settings were used
for image-quality printing. In this work, arrays of 6 mm and 4 mm diameter circles or compartments
(hereafter referred to as “spots”, see Figure 9A) drawn with 0.4 mm line thickness were printed and
compared. A lateral flow device with 38.7 mm x 6 mm and three 6 mm circular compartments and with
0.4 mm barriers was also tested as shown in Figure 9B. Once printed, the paper devices are heated to
150 °C on a heat plate with temperature sensor (MR Hei-Standard, Heidolph Instruments®, Schwabach,
Germany) for 2 min. In this critical step it is important to use a flat, uniformly heated surface for heating
the paper in order to create a uniform three-dimensional hydrophobic barrier. On the reverse side of the
paper, adhesive tape was used as a support to enhance control over fluid flow as well as to prevent

leakage during the assay, while the printed side was used for application of reagents and sample [102].
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Figure 9. Design of the uPADs used in this work. A) 6 mm-diameter “spot”. B) Lateral-flow uPAD with
38.7 mm x 6 mm and circular compartments for sample (compartment 1) and reagent (compartments 2
and 3) addition. The thickness of the printed wax lines in both structures is 0.4 mm. After melting and

diffusion of the wax, the width of the wax barriers increases to 1 mm.

3.3 Colorimetric detection of L-malic acid using a puPAD

A colorimetric method for the detection of L-malic acid in wines using paper devices was
developed by adapting the NZYTech kit L-malic acid, UV method [103] and a colorimetric enzymatic

procedure for the determination of L-malic acid described in the literature [104].

3.3.1 Physical immobilization of L-MDH and AST on paper

In a first approach, 2 pL of L-malate dehydrogenase (2 mg/mL with 3960 U/mL) and 2 uL of
aspartate aminotransferase (2 mg/mL with 536 U/mL) were physically adsorbed onto the 6 mm spots
(Fig. 9A) and allowed to air dry for 1 hour. Then, 5 pL of a mixture containing 11 % (v/v) NAD*, 22 %
(VIV) MTT (7.4 mM), 8.9 % (v/v) PMS (100 pM), 4.4 % (v/v) Tris (1M) plus L- glutamate (1 M) and 53.3
% (v/v) Millipore-purified water were added followed by the addition of 5 pL of a standard solution of 600
mg/L of L-malic acid in water. After 40 minutes of drying at room temperature the colored signal was
recorded with a scanner (HP scanjet 4400c) or with a photographic camera (Olympus E-PM1). In order
to optimize this assay on paper, the possibility of spotting the individual reagents together with the

enzymes in the first step was assessed by maintaining the volume of the mixture constant.

3.3.2 Physical immobilization of L-MDH and AST with chromogenic reagents on

paper — Optimized protocol

Preliminary experiments with the paper devices prepared above showed that the addition of an
enzyme stabilizer such as trehalose (0.3 M) and of surfactants like polyvinyl alcohol and triton X-100
was required to improve the performance of the bioassay. The protocol for the preparation of the 6 mm-
diameter spots was thus modified, involving the sequential addition of the following reagents: i) 1 pL of
a solution of 10% (w/v) trehalose in water; ii) 0.7 pL of a solution containing 1% (w/v) polyvinyl alcohol

and triton X-100 (4 drops) in water (25 mL); iii) 5 pL of a reagent solution containing 2% (v/v) aspartate
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aminotransferase (2 mg/mL with 536 U/mL), 2% (v/v) L-malate dehydrogenase (2 mg/mL with 3960
U/mL), 9.5% (v/v) PMS (100 pM), 24% (v/iv) MTT (7.4 mM), 4.8% (v/v) Tris (1M) plus L- glutamate (1 M)
and 57 % (v/v) Millipore-purified water. This last mixture is referred to as “mix” in the thesis. Then the

spots were allowed to air dry at room temperature for 1 hour.

Preliminary experiments further showed that both the Tris plus L-glutamate buffer and NAD* had
to be mixed with the sample at the time of the assay to avoid degradation on paper. Thus, in order to
perform an assay, 7 pL of a sample solution containing 51% (v/v) L-malic acid (standard with the desired
concentration or test solution), 20.4% (v/v) Tris plus L-glutamate (1M) and 28.6% (v/v) NAD* (95.5 mM)

were added to each spot.

A negative control solution was used in all assays by replacing L-malic acid for Millipore-purified
water. After sample uptake, all the spots and lateral flow devices were allowed to dry for 40 minutes.
Then, images for further analysis were captured using a HP scanjet 4400c scanner under optimized
brightness and contrast settings.

3.4 uPAD optimization

Spot size was optimized in order to determine the smallest size that would still allow a reasonable
visual read out. Spots with 4 and 6 mm-diameter were fabricated and the reagent volumes used were
establish by a direct relation between the circle area used. Thus, in 4 mm-diameter spots, 2.2 pL of mix
were added, while in 6 mm-diameter spots, 5 puL of mix were used. Upon addition of 4.5 pL in 4 mm-
diameter spot and 7 pL in 6 mm-diameter spot of a sample solution (prepared with a standard solution
of 600 mg/L of L-malic acid as described in section 3.3) the reaction occurred for 40 minutes and the
results were recorded using a HP scanjet 4400c scanner under optimized brightness and contrast
settings. Moreover, the minimum volume of mix that could be applied on the 6-mm-diameter spot to wet
the whole surface and originate the highest signal was also evaluated by adding 0.5, 1, 2.5 or 5 pL of

mix in each spot and air-drying for 1 hour. The bioassay was performed as described above.

After determining the ideal mix volume, signal homogeneity was also evaluated by adding the mix
volume to spots in single or multiple steps. Each spot was allowed to air dry at room temperature for 1
hour. Samples with 0, 300 or 600 mg/L of L-malic acid where then added and the reaction was allowed
to proceed for 40 minutes at room temperature. Spots were imaged using a HP scanjet 4400c scanner
under optimized brightness and contrast settings. These images were converted into an 8-bit grey scale
and inverted using ImageJ® software. After selection of the reaction zone, the surface plot was traced
and analyzed.
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3.5 MWPAD analytical performance

The ability of the bioactive paper strips to quantify different amounts of L-malic acid using the
colorimetric bioassay was tested. Paper strips with spots containing physically adsorbed enzymes were
prepared and tested using the optimized protocol described in section 3.3. Standard solutions with
different concentrations of L-malic acid (0, 5, 10, 20, 50, 100, 150, 200, 300, 600 mg/L) were
supplemented with 20.4 %(v/v) Tris plus L-glutamate (1M) and 28.6 %(v/v) NAD* (95.5 mM) and
deposited in the center of the spots. After 40 minutes of drying at room temperature, the results were

recorded using a HP scanjet 4400c scanner and a Olympus E-PM1 camera.

It is possible to perform a quantitative analysis using an image processing program. All spots
were analyzed by measuring the mean grey intensity using ImageJ® software as exemplified in Figure
10 and as described by Jokerst [35]. Using this software, the original digital image is first converted to
an 8-bit grey scale image (Figure 10B), which is then inverted (Figure 10C), so that the grey intensity
measured increases with the decreasing grey color developed. Then the reaction zone is selected and
the mean grey intensity is measured. The size of the circumferences used to select the reaction zone
was kept constant during this work. Moreover, the average mean grey intensity was calculated by

discounting the mean grey intensity of the negative control.
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Figure 10. Protocol for ImageJ analysis of spots. A) A digital image of the paper spots used to detect L-
malic acid is obtained using a scanner. B) The image in A is converted to 8-bit grey scale digital image.
C) The image in B is inverted to produce a negative image and areas corresponding to the reaction

zones are selected in individual spots.

Shelf stability of the bioactive paper spots was evaluated by preparing devices with trehalose,
polyvinyl alcohol, triton X-100 and reagent mix using the optimized protocol as described in section 3.3.
Subsequently, the devices were stored at 4 °C or room temperature for a time period of 18 days. During
storage, devices were protected from direct light exposure, since both MTT and PMS are light sensitive
compounds. Spots were tested over a period of several days using 7 pL of a solution containing the
analyte (0 or 150 mg/L of L-malic acid), Tris plus glutamate and NAD*. Analysis were performed in
triplicate on each testing day and the mean grey intensity of spots was determined using ImageJ (see

section 3.3)
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3.7 Detection of L-malic acid using a lateral-flow puPAD

The colorimetric assay developed to detect L-malic acid in bioactive paper was adapted to a
lateral flow assay using the 38.7 mm x 6 mm devices shown in Figure 9B. In a first approach the volumes
that could be applied in each compartment were evaluated using an orange food dye. For both the
middle spot and the reaction zone spot, volumes of 0.5, 1, 1.5 and 2 pL were tested in order to verify

the maximum volume that could be applied without leakage from the channels.

For a lateral-flow uPAD the following protocol was established: i) 1 puL of a solution of 10%
trehalose in water and ii) 0.7 pL of a solution containing 1% polyvinyl alcohol and triton X-100 (4 drop)
in water (25 mL) were added to the middle and reaction spots. Then, 1.5 pL of mix were added to the
reaction spot, while 2 x 1 uL of NAD* were added to the middle spot. Analysis were performed by adding
28 pL of a solution containing 71 % (v/v) of an L-malic acid standard or test sample and 29 % (v/v) Tris
plus L-glutamate (1M) to the first compartment. After air-drying for 40 minutes the uPADs were scanned

as described above.

3.8 Construction of pET21a_AST-CBM3 and pET21a_MDH-CBM3

3.8.1 Plasmids

Plasmids pET21a_AST and pET21a_MDH (see Figure 11A and B) were kindly provided by
NZYTech, Lda and used to transform E. coli DH5a (Invitrogen, Carlsbad, CA) by electroporation.
Plasmid pET21a_ZZ-CBM3 (see Figure 11C), which was available in the lab, was genetically modified
to introduce one upstream restriction site for Xhol restriction enzyme and to remove the stop codon.
This plasmid was subsequently used to provide the cbm3 gene together with a linker region. This linker
segment has sufficient length and flexibility to allow the efficient orientation and operation of both

proteins that will be engineered.
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Figure 11. Maps of plasmids A) pET21a_AST, B) pET21a_MDH and C) pET21a_ZZ-CBM3 used to
clone CBM3-fusion proteins with Xhol restriction sites. All plasmids carry an ampicillin resistant marker
and contain a his-tag region. pET21a_ZZ-CBM3 was used as the source of the cbm3 gene and linker
that were cloned into pET21a_AST and pET21a_MDH.

3.8.2 Construction of pET21a_AST-CBM3 and pET21a_MDH-CBMS3

Cells containing pET21a_AST, pET21a_MDH and pET21_ZZ-CBMS3 were grown in falcon tubes
containing 5 mL of LB medium supplemented with 100 pg/mL ampicillin by incubating overnight at 37
°C with a shaking rate of 250 rpm. Subsequently, cells were harvested by centrifugation at 4 000 rpm
and 4 °C, for 10 minutes. Plasmids were purified using a High pure plasmid isolation kit (Roche)
according to the manufacturer recommended protocol. Plasmid concentration was determined using
Nanodrop spectrophotometer (Nanovue Plus, GE) and solutions were concentrated using a DNA

speedVac concentrator.

Three pg of pET21a_AST and pET21a_MDH were linearized with Xhol (Thermo scientific) for 2
hours at 37 °C. An agarose gel electrophoresis (agarose 1% in TAE buffer 1X) was performed and the
linearized vectors were extracted and purified using a purification kit (NZYTech) according to the
manufacturer instructions. Plasmids concentration were determined using Nanodrop
spectrophotometer. Since the linearized plasmids have blunt ends, a treatment with alkaline
phosphatase was performed to remove 5 end phosphates to prevent recircularization of the vectors.
Thus, 1 pL of alkaline phosphatase (Roche, Basel, Switzerland) was added to a solution containing 30

UL of previously digested DNA, 5 uL of buffer and water for 50 uL of total volume.

The cbm3 gene from pET21la_zZZ-CBM3 was amplified by PCR using the forward primer 5'-
ggggtaaagaaccgctcgagcaccacca-3' and the reverse primer 5'-tggtggtgctcgagceggttctttaccce-3'. The PCR
reaction was carried out based on KOD (Novagen) protocol: 50 pL reaction containing KOD Taq
polymerase (1 uL), 10 ng of pET21a_2ZZ-CBM3 (1 pL), 10 uM of forward and reverse primers (1.5 pL),
200 pM dNTPs (5 pL), MgSOa4 (3 pL), ddH20 (32 pL) and KOD buffer (5 pL). Cycling conditions

comprised 4 steps. The first step was performed at 95 °C for 2 minutes to activate the polymerase. The
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second step was at 95 °C for 20 sec to denature the DNA and the next step was at 67.1 °C for 10 sec
which is the lowest primer melting temperature. The final step was at 70°C for 2.4 minutes. Forty cycles
of steps 2, 3 and 4 were performed. Then, the PCR product was digested for 2 hours at 37 °C using the
restriction enzyme Xhol (Thermo scientific) and subjected to agarose electrophoresis (agarose 1% in
TAE buffer 1X). The cbm3 gene from pET21la_ZZ-CBM3 was finally purified from the gel using a
purification kit (NZYTech). Fragment concentration was determined using the Nanodrop

spectrophotometer.

Ligation between the vector (pET21a_AST and pET21a_MDH) and the fragment (cbm3 gene)
was performed using a 3:1 insert/vector ratio. The mass of insert used (ng of insert) was determined

according to the following equation:

ng of vectorxkb insert

ng of insert = X3 (5)

kb vector

where kb of insert and vector corresponds to the kilobase pairs of com3 (0.516 kb) and pET21a_AST
(6.561) pET21a_MDH (6.309), respectively. Ligation was carried out with 2 pL of T4 ligase (Promega),
2 uL T4 ligase buffer and ddHz0 in a final volume of 20 pL for 3 hours at room temperature and overnight
at 4 °C. Subsequently, E. coli DH5a cells (Invitrogen, Carlsbad, CA) were transformed by electroporation
(2500 V) with 1 pL of ligation mixtures and ressuspended in 1 mL of LB medium for 1 hour, at 37 °C and
250 rpm. After that, cells were harvested by centrifugation at 4000 rpm for 1 minute. Cells were then
ressuspended in 100 pL of supernatant, plated on LB agar supplemented with 100 yg/mL ampicillin and

incubated overnight at 37 °C.

Several colonies were picked from LB plates and grown in LB liquid medium supplemented with
100 pg/mL ampicillin, at 37 °C, 250 rpm overnight. Cells banks were prepared with 20 pL of glycerol
(99%) and 80 pL of cells suspension and stored at -80 °C. To confirm if the cloning was successful, cells
were harvested by centrifugation at 4 000 rpm, 4 °C, for 10 minutes and pET21la_AST-CBM3 and
pET21a_MDH-CBM3 were purified using a High pure plasmid isolation kit (Roche) according with
manufacture recommended protocol. Plasmid concentration was determined using Nanodrop
spectrophotometer and a digestion with Xhol was performed at 37 °C for 2 hours. Finally, the result was

confirmed by agarose electrophoresis and by sequence.

3.9 Expression and purification of AST protein and fused protein AST-
CBMS3

AST-CBM3 is a fusion protein that combines an aspartate aminotransferase from E.coli with a
CBM3 module from C. thermocellum CipA. The primary structure of this protein is represented in Figure
12. According to the ExPASYs Compute pl/Mw software, AST-CBM3 has a molecular weight of 63.5
kDa.
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MASFENITAAPADPILGLADLFRADERPGKINLGIGVYKDETGKTPVLTSVKKAEQYLLENETTKNYLGIDGIPEFGRCTQEL
LFGKGSALINDKRARTAQTPGGTGALRVAADFLAKNTSVKRVWVSNPSWPNHKSVFNSAGLEVREYAYYDAENHTLDF
DALINSLNEAQAGDVVLFHGCCHNPTGIDPTLEQWQTLAQLSVEKGWLPLFDFAYQGFARGLEEDAEGLRAFAAMHKE
LIVASSYSKNFGLYNERVGACTLVAADSETVDRAFSQOMKAAIRANYSNPPAHGASVVATILSNDALRAIWEQELTDMRQR
IQRMRQOLFVNTLOEKGANRDFSFIIKONGMFSFSGLTKEQVLRLREEFGVYAVASGRVNVAGMTPDNMAPLCEAIVAVL
LESSGLVPRGSTPVSGNLKVEFYNSNPSDTTNSINPQFKVTNTGSSAIDLSKLTLRYYYTVDGQKDQTFWCDHAAIIGSNG
SYNGITSNVKGTFVKMSSSTNNADTYLEISFTGGTLEPGAHVQIQGRFAKNDWSNYTQSNDYSFKSASQFVEWDQVTAY
LNGVLVWGKEPLEHHHHHH |

AST Linker CBM3 His-tag

Figure 12. AST-CBM3 fusion protein amino acid sequence (577 residues).

Plasmids pET21la_AST and pET2la_AST-CBMS3 were used to transform E. coli BL21 (DE3)
(Novagen), a strain which is suitable for protein production, because it does not express some
proteases. Transformed cells were then used to inoculate 5 mL of LB supplemented with 100 ug/mL
ampicillin and incubated overnight at 37 oC with a shaking rate of 250 rpm. Subsequently, cells were
diluted down to an ODeoo of 0.1 and used to inoculate 500 mL of LB media supplemented with 100 pg/mL
ampicillin. Growth was carried out at 37 °C with a shaking rate of 250 rpm. At an ODsoo between 0.4 and
0.6, protein expression was induced with 1M of isopropyl B- D-1-thiogalactopyranoside (IPTG) for 16
hours at 37 oC (250 rpm). Cells were harvested by centrifugation (Eppendorf centrifuge 5810R) at 4 000
rom, 4 °C, for 10 minutes and the pellet was resuspended in 30 mL of load buffer (10 mM imidazole, 50
mM NaHepes, 1 M NaCl, 5 mM CacCl;, pH 7.5). Cells were then disrupted by sonication (Branson
Sonifier 250) for 6 x 30 seconds on ice with interruptions of 30 seconds. Centrifugation at 15 000 g, 4
°C, for 15 minutes was used to separate the supernatant containing the proteins of interest from cell
debris (Eppendorf centrifuge 5810R). The resulting supernatant was filtered using a 0.22 ym syringe
filter (Milipore, Milex®- GV).

Purification of his-tagged proteins AST-CBM3 and AST was performed by immobilized metal ion
affinity chromatography (IMAC) using 4 mL of a Ni sepharose™ 6 fast flow (GE Healthcare) resin. After
packing in an appropriate column (Agilent Bond Elut Reservoir, Agilent Technology, Santa Clara, CA),
5 column volumes of Millipore-purified water was added to wash the resin with a peristaltic pump at a
speed rate of 1 mL/min (Qlabo). Then, the column was equilibrated with 10 column volumes of binding
buffer (10 mM imidazole, 50 mM NaHepes, 1 M NaCl and 5 mM CaCl;, pH 7.5). Upon sample dilution
0.75 times in the binding buffer, 20 mL were loaded on the column. At the same time, aliquots of 1 mL
of eluate were collected and the absorbance at 280 nm was measured using a spectrophotometer
(Spectra max Plus 384). Binding buffer was loaded into the column until the absorbance of the collected
aliquots equaled the absorbance of the binding buffer, which means that all the unbound proteins were
eluted. After that, elution buffer (300 mM imidazole, 50 mM NaHepes, 1 M NaCl and 5 mM CaClz, pH
7.5) was added to elute the protein of interest. Aliquots with eluted protein were selected by measuring

absorbance at 280 nm and pooled. The protein was kept on the elution buffer and stored at 4 °C.
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Purity and molecular weight of the purified proteins were evaluated by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS—PAGE). AST from NZYTech and CBM3 previously purified in
our lab were used as standards. Then, 25 pL of Bio-Rad (Hercules, CA, USA) loading buffer and 5 uL
of dithiothreitol (DTT) were added to 20 pL of sample at 100°C for 10 min. A volume of 20 pL of these
samples was then applied in a pre-cast gel prepared using a 40% acrylamide/bis-acrylamide solution
(Bio-Rad, Hercules, CA). A molecular weight marker from Bio-Rad (Precision Plus Protein Dual-color
standard) was used. The electrophoresis was performed at 90V for 2 h using a running buffer containing
25 mM Tris-HCI, 192 mM glycine and 0.1% (w/v) SDS at pH 8.3. Finally, gels were stained using
Coomassie method for 1 hour and de-stained by washing three times during 30 min with 30% (v/v)
ethanol and 10% (v/v) acetic acid, until background color disappeared. Images of SDS-PAGE were

obtained using an Olympus E-PM1 camera.

The purified AST and AST-CBM3 concentration was determined using the Pierce® BCA Protein

Assay kit (microplate procedure), according to the manufacturer’s instructions [105].

3.10 Binding activity of AST-CBMS3 fusion protein to cellulose

The ability of AST-CBM3 to bind to cellulose was studied and compared with AST and CBM3.
Two circles of Whatman No.1 chromatography paper with 0.009 g each were cut and introduced into
the wells of MultiScreen-HV 96-well plates equipped with a Durapore 0.45 microns hydrophilic
membrane (Milipore). Then, 100 uL of a solution containing 5 % Tris (1 M) plus glutamate (1 M) pH 10
and 95 % of Millipore-purified water were added per well and incubated for 30 minutes at room
temperature and with a shaking rate of 300 rpm in order to equilibrate the paper. After removing the
solution by filtration, 100 pL of AST-CBMa3 fusion protein (3 uM) diluted in the previous buffer was added
to each well and incubated for 30 minutes (room temperature, 300 rpm). The same protocol was
performed with the AST and CBM3 controls. The concentration of proteins before and after filtration was
measured using the Pierce® BCA Protein Assay kit (microplate procedure), according to the
manufacturer’s instructions[105]. The binding activity was calculated as the amount (pmol) of protein

adsorbed per gram of paper used in the assay.

3.11 Activity of AST-CBMS3 fusion protein on paper

The catalytic activity of AST-CBM3 immobilized on 6 mm-diameter spots wax-printed on paper
(Figure 9A) was assessed in an indirect way by using the bioassay developed to detect L-malic acid.
Spot preparation was performed as described previously on section 3.3. Briefly, a solution containing
10 % of trehalose was first added to the spot followed by a solution containing 1% polyvinyl alcohol and
triton X-100. Then, 5 pL of a reagent solution containing 2 % (v/v) AST-CBM3 (2.69 mg/mL), 2 % (v/v)
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L-MDH, 9.5% (v/v) PMS (100 pM), 24% (v/v) MTT (7.4 mM), 4.8% (v/v) Tris (1M) plus L- glutamate (1
M) and 57% (v/v) Millipore-purified water were added. The activity of AST-CBM3 was compared with
the activity of AST from NZYtech (solubilized in 3.2 M of ammonium sulfate) and of AST produced in
the lab (solubilized in 300 mM of Imidazole) by performing a similar protocol. The molar concentration
of enzymes in the reagent solution was kept constant. Moreover, a control test without AST enzyme
was also performed. After addition of the reagents the spots were allowed to air dry at room temperature
for 1 hour. Next, 7 pL of a sample solution containing 51% (v/v) L-malic acid, 20.4% (v/v) Tris plus L-
glutamate (1M) and 28.6% (v/v) NAD* (95.5 mM) were added to each spot. Standard solutions with O,
5, 10, 20, 50, 100, 150, 200, 300, 600 mg/L were tested. After 5 minutes of reaction the signal was
recorded using a camera (Olympus E-PM1) and after 40 minutes of completely air drying at room
temperature the signal was recorded using a scanner (HP scanjet 4400c) under optimized brightness
and contrast settings. The average mean grey intensity of each spot was evaluated using ImageJ® as
described in detail in section 3.5. Calibration curves, linearity and limits of detection were evaluated and
compared with those obtained using AST. In addition, a calibration chart was designed using Inkscape®
to associate a concentration or a range of concentrations to a color. This allows to the final user to
perform a semi-quantitative analysis by comparing the color obtained with the colors in the calibrating

chart.

The shelf stability of pPADs prepared with AST-CBM3 and AST in imidazole buffer were
compared. Spots with 6 mm-diameter were wax-printed on paper and prepared with trehalose, polyvinyl
alcohol, triton X-100 and 5 pL of a reagent solution containing all the reagents required for the assay as
described in section 3.3. As described in section 3.5, uPADs were stored at 4 °C and room temperature
for a time period of 18 days in order to determine their lifetime. Spots were tested over a period of
several days with 7 pL of a solution containing the analyte (0 or 150 mg/L of L-malic acid), Tris plus
glutamate and NAD". Triplicates were performed on each testing day with both solutions and the mean

grey intensity of the spots generated was analyzed using ImageJ (see section 3.5).

In addition, to study if AST-CBM3 had any impact on color uniformity on lateral-flow pPADs,
bioactive paper was prepared as described in section 3.7. Briefly, 1.5 pL of mix was added to the
reaction zone, while 2 x 1 pL of NAD* was added to the middle compartment. After 1 hour of air—drying,
28 pL of a sample solution containing 71 % (v/v) L-malic acid (standard solution with 0 and 150 mg/L),
29 % (v/v) Tris plus L-glutamate (1M) were added in the sample compartment. After air-drying for 40

minutes the channels were scanned.
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3.12 Detection of L-malic acid in wine

3.12.1 Wines tested

White and red wines commercially available were tested. Each wine was identified with the
following numbers: 1. Porta da Ravessa white wine, 2. Vinho Regional Alentejano — Pingo Doce white
wine, 3. Leziria white wine, 4. Porta da Ravessa red wine, 5. Vinho Regional Alentejano — Pingo Doce

red wine, 6. Leziria red wine.

3.12.2 Colorimetric detection

As proof of concept, the L-malic acid content of white and red wines was tested using the
colorimetric uPAD developed. While white wine samples only required sample dilution prior to analysis,
red wines were pre-treated with activated carbon in order to remove colored compounds. Thus, 0.025 g
of activated carbon were added to 500 pL of red wine and centrifuged for 3 minutes at 14 000 rpm.
Then, samples were filtered using a 0.22 um seringe filter (Milipore, Milex®- GV). In order to confirm that
0.025 g of activated carbon are sufficient to remove the majority of the color, 200-750 hm UV-vis spectra
were recorded before and after a 40 times-diluted sample of red wine number 4 was treated. Water was

used as a blank for the UV-vis spectrum.

Wines without dilution and diluted 5, 10 and 50 times were analyzed for L-malic acid using paper
devices with 6-mm diameter spots. Both the spot and the samples were prepared as described in section
3.3. After 40 minutes of air-drying, spots were scanned and analyzed using ImageJ® as described in

section 3.5.

3.12.3 UV detection of L-malic acid

To validate the results of L-malic acid concentration determined with the uPADs developed, wine
samples were also analyzed using the L-malic acid, UV detection kit kindly provided by NZYTech, Lda
[103]. All the wines tested were used without sample pretreatment except for a dilution of 5 and 10
times. The detection was performed in 96-well microplates. Before the addition of MDH, the absorbance
at 340 nm at room temperature was measured using a microplate reader (SPECTRAmax PLUS 384).
Upon enzyme addition and after 3 minutes of reaction, the absorbance was measured at 340 nm at
room temperature, using the same microplate reader. Standard solutions of L-malic acid in water with
concentrations between 5 and 300 mg/L were used on the day of preparation to obtain the calibration
curve. Moreover the blank contain all the constituents of the reaction, except the substrate, L-malic acid,
which was replaced by water. The assay was performed using triplicates of both samples and standard

solutions.
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3.12.4 Spiking

Accuracy of the WPAD developed to quantify L-malic acid was assessed by adding known
concentrations of L-malic acid to white wine number 3 and red wine number 4. The white wine was
diluted 50 times and then both white and red wine (50 mL) were spiked with 1.3, 2.5 and 5.0 mg of L-
malic acid. Subsequently, 500 L of red wine spiked was pre-treated with 0.025 g of activated carbon,
centrifuged for 3 minutes at 14 000 rpm and filtered using a 0.22 um seringe filter (Milipore, Milex®- GV).
7 uL of a solution containing 51% (v/v) of wine spiked, 20.4% (v/v) Tris plus L-glutamate (1M) and 28.6%
(v/iv) NAD* (95.5 mM) were added to each spot. Upon air-dried and scanned, each spot was analyzed
by measuring the mean grey intensity using ImageJ® as described in section 3.5. L-malic acid content

was calculated and compared with the theoretical value expected.
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Chapter 4. Results and Discussion

4.1 Colorimetric detection of L-malic acid using a uPAD

One of the goals of this work was to develop a rapid colorimetric detection method for L-malic acid
using a WPAD. The underlying method is based on two enzymatic reactions, involving L-malate
dehydrogenase (MDH) and aspartate aminotransferase (AST), and one non-enzymatic reaction (see
Figure 13). In the first reaction, L-malate dehydrogenase (L- MDH) catalyzes the conversion of L-malic
acid plus NAD" to oxaloacetate plus NADH. In turn, this NADH molecule transfers its hydrogen to the
phenazine methosulphate (PMS) and 3-(4.5-dimethylthiazol-2-yl)-2.5- diphenyltetrazolium bromide
(MTT) system, reducing MTT and producing a water-insoluble, purple-colored MTT formazan. In the
second enzymatic reaction, aspartate aminotransferase catalyzes the conversion of oxaloacetate plus
L-glutamate to L-aspartate and 2-oxoglutarate. This reaction is essential in the detection method,
because the dehydrogenation of L-malic acid into oxaloacetate by L-malate dehydrogenase is a highly
endergonic reaction (AG°=+29.7 kJ/mol) [106], i.e. the equilibrium reaction strongly favors the reactants
over the products. Thus, the addition of AST favors the consumption of oxaloacetate, which pulls the
MDH reaction towards the formation of oxaloacetate and consequently favors the formation of the purple

formazan.

L-Malate + NAD* —LEMDH__~ 1 - loacetate + NADH + H *

NADH + H*+ MTT + PMS ——— Formazan
Oxaloacetate + L-glutamate % L-aspartate + 2-oxoglutarate

Figure 13. Reaction scheme of the colorimetric system developed to detect L-malic acid. Two enzymatic
reactions are coupled with a non-enzymatic reaction, where the NADH produced reacts with the

chromogenic substrates MTT and PMS, originating a final purple product in the presence of the analyte.

As a first approach, both enzymes were physically adsorbed onto a 6 mm-diameter paper spot
and allowed to air dry for 1 hour. Then, the remaining reagents (5 pL of NAD*, MTT, PMS, Tris + L-
glutamate and water) were added to the spot together with the analyte (5 pL of 600 mg/L of L-malic
acid). After 20 minutes, it is possible to see a color change from yellow to purple due to the presence of
L-malic acid (Figure 14A). Although this shows that the reaction occurs with the enzymes adsorbed to
paper, the goal is to have all the reagents required for the assay spotted and dried on paper a priori,
and then still be able to detect the presence of L-malic acid. The results obtained when each of the
individual reagents (PMS, MTT, Tris plus glutamate and NAD*) were spotted together with the enzymes
are presented in Figure 14B-E. According to Figure 14 B, C and E, when MTT, PMS, NAD* are spotted
together with the enzymes and allowed to dry, the reaction still occurs after the addition of the remaining

reagents and of the analyte. Interestingly, when Tris plus glutamate buffer is spotted with the enzymes
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and allowed to dry, the addition of L-malic acid and of the other compounds does not result in a color
change, i.e. the reaction does not occur. This highlights the importance of the presence of the buffer for
preservation of enzyme activity. In the case of NAD*, and although a positive signal is obtained in the
presence of L-malic acid when it is spotted together with the enzymes, several experiments (not shown)
indicated that a brown color starts to develop with time even in the absence of the analyte. This indicates
that NAD* is unstable when dried, a result that is consistent with the cleavage of the pyrophosphate
linkage in the NAD* molecule when it is subjected to a prolonged exposure to alkali environments.
According to the literature [107], for a Tris buffer with pH between 7 and 9, the rate of NAD* hydrolysis
increases with the increased hydroxyl ion concentration. Still, slightly lower hydrolysis rates are obtained
with this buffer when compared with glycine, glycylglycine and phosphate buffers. In view of these
observations, it was determined that all the reagents (MDH, AST, PMS, MTT) could be spotted
simultaneously onto paper and dried, except for Tris plus glutamate buffer and NAD*, which should be

added together with the L-malic acid-containing samples at the time of testing.

A - + B - + C - +
+ AST and MDH Enzymes + AST and MDH Enzymes + AST and MDH Enzymes
+ Water +PMS +MTT
+ Water + Water
D - + E - +
+ AST and MDH Enzymes + AST and MDH Enzymes
+ Trls plus Glutamate + NAD*
+ Water + Water

Figure 14. Evaluation of the reagents that can be spotted with the enzymes and allowed to dry at RT
without affecting the enzymatic reaction and consequently the color development. The system
components that were pre-added and dried are indicated below each pair of spots. The remaining
components were added alongside with L-malic acid or water in the test (+) and control spots (-),

respectively.

4.2 UPAD optimization

After development of a colorimetric detection method for L-malic acid that is suitable to be applied
to a UPAD, some optimizations were performed to improve the device and to guarantee that the
structural integrity, activity and stability of the enzymes adsorbed onto paper is retained. Biosensors
stability based on enzymatic reactions depends on enzyme stability, so non-reducing sugars should be

use to stabilize dried enzymes during storage. Trehalose is a naturally occurring osmolyte and a known
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universal protein stabilizer [108]. Upon testing that trehalose does not affect L-malic acid detection, 0.3
M of trehalose was added to each spot during device preparation to promote retention of enzyme

activity, as proposed by Whiteside’s group [75].

After spotting and drying the reagent mixture on paper, a hydrophobic layer is formed and upon
sample addition the drop to not spread all over the surface, as shown in Figure 15A, which decreased
the homogeneity of the signal developed. To overcome this issue, two surfactants namely, polyvinyl
alcohol and Triton X-100 were added to all spots after trehalose addition as suggested in a protocol
reported on the literature [109]. These surfactants increase the hydrophilicity of the surface upon reagent
addition, allows sample drops to spread easily across the spots and results in a higher color

homogeneity (Figure 15B).

A B
=0 O~

Figure 15. Polyvinyl alcohol and Triton X-100 effect on the signal obtain. A) When no surfactants are
added, sample drops do not spread easily through the surface, affecting signal homogeneity. B) In the
presence of surfactants, spot surface became more hydrophilic, so drop spreading was facilitated and

a higher signal homogeneity was achieved.

In uPAD development the major cost comes from the reagents [45], so it is important to minimize
the reagent volume used. Therefore, the reaction zone size was evaluated in order to make it as small
as possible, while still allowing a good visual read-out. Spots with 4 and 6 mm-diameter were tested as
shown in Figure 16. Although the smaller spots require less reagent volumes, it is more difficult for the
user to observe the result, due to the reduced size of the device which becomes even smaller after wax
melting. As mentioned previously, paper is an anisotropic material, so the dimensions of the printed
features do not translate directly to the dimensions of the hydrophobic patterns in paper [41]. On the
other hand, 6-mm-diameter spots still require a small reagent volume and are large enough to allow a

good visual readout. Consequently, spots with this diameter were used throughout this work.

o @ O

Comtral  Lmafic Acid
Contral Ll Al

Figure 16. Physical immobilization of L-MDH and AST enzymes onto a paper-based microspot and after
drying during 1 hour, a mixture with the chromogenic reagents and sample were added. For the control,
L-malic acid was substitute by water. The assay was performed on a paper-based microspots with A)

4-mm-diameter spot and B) 6-mm-diameter spot.
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Moreover, the minimum volume of reagent mixture that could be applied on the 6-mm-diameter
spot to wet the whole surface and developing a higher signal was also evaluated. Different volumes of
mix were applied onto each spot namely, 0.5, 1, 2.5 and 5 pL and after drying for 1 hour, 7 uL of a
solution containing L-malic acid, Tris plus glutamate and NAD* was added. Dispensing volumes smaller
than 0.5 pL is not advisable, because liquid do not spread all over the reaction zone. According to Figure
17, 5 pL is the minimum volume of mix that presents a high visual signal and homogeneity. Volumes
higher than 5 pL take more time to dry and the signal obtained is similar. Hence 5 pL of mix was

established as the volume to be used further on in all the assays.

O O 0 O

0.5 pL 1 pL 2.5 uL 5puL

Figure 17. Evaluation of the minimum volume required to obtain an adequate visual read-out.
Different volumes of mix were spotted and dried. Tests were made with a solution of 600 mg/L of L-

malic acid supplemented with NAD* and Tris plus glutamate.

Analyzing the spot that has 5 pL of mix in Figure 17 is possible to notice that the color developed
tends to accumulate close to the walls of the spot. This phenomenon is known as the coffee ring effect.
It occurs because a drop tends to spread by capillary flow from the center to the edge, bringing
suspended particles to the spot walls [110]. Consequently, after evaporation the particle concentration
is higher in the edges of the spots than in the center. A study to evaluate whether surface saturation
overcomes this effect was conducted by adding the 5 uL of mix all at once or stepwise as 1 or 2.5 uL
fractions. Each spot was analyzed after addition of a standard solution with 300 and 600 mg/L of L-malic
acid supplemented with Tris plus glutamate buffer and NAD*, using surface plot from ImageJ®. These
concentrations were chosen because they have a higher average mean grey intensity, so it is easier to
study the surface homogeneity. According with Table 2 the differences in surface homogeneity obtained
when the 5 pL mix is added in fractions of 1 pL or at once are evident. Signal homogeneity is clearly
higher when adding 5 L of mix in fractions of 1 pL. This occurs because 1 pL is sufficient to cover all
spot surface and dries faster, so the molecules do not spread as much as adding 5 L at once, resulting
in a smaller coffee ring effect. However it is important to highlight that enzymes are not strongly
immobilized onto paper, so upon sample addition, biomolecules may tend to slightly spread to the edges
of the spots. Although signal homogeneity is improved, adding 5 times 1 pL to each spot is time
consuming. Furthermore, the mean grey intensity values of spots obtained when using ImageJ® do not
differ that much. This is because the software measures the mean grey value within the selected area,
which corresponds to the sum of the grey values of all the pixels in the selection divided by the number
of pixels. Consequently, a single 5 pL addition was adopted as the reagent spotting procedure used

throughout this work.
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Table 2. Signal homogeneity obtained, when spots prepared by adding the 5 pL of reagent mix all at
once or stepwise, as 1 or 2.5 L fractions, where used to analyses samples containing 300 and 600
mg/L of L-malic acid. Images were obtained using surface plot of ImageJ®

Concentration

(mg/L)

300

600

Considering the previous results, the protocol used to prepare the WPAD and run the L-malic acid
bioassay was established as shown in Figure 18.

AN

1pL 0.3 M Trealose
0.7 pL 1 % Polyvinyl alcohol and Triton X-100

ﬂ 5 pl. Mix with enzymes, chromogenic

reagents, Iris plus gutamate

Air-drying, Th at RT
7 pl of a solution with L-malic acid, Tris

e plus glutamate and NAD*

N . ®
. S <l Sk

SIGNAL

( 20
MDH (@) and AST (@)
enzymes physically adsorbed

Figure 18. Schematic representation of the bioassay developed to detect L-malic acid using bioactive
paper.
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4.3 pPAD analytical performance

The ability of the uPAD to detect different amounts of L-malic acid was tested, as well the linearity,
repeatability, sensitivity and detection limit of the method. Therefore, various concentration of substrate
were added to each spot while the mix volume was held constant. Then, all paper spots were digitalized
after drying. The colors developed with the increasing concentration of substrate are represented in
Figure 19A. This experiment shows that in the absence of L-malic acid, no signal is obtained, while with
the increase in the concentration of L-malic acid, a color change occurs from light yellow to purple.
Therefore, it is possible to perform a semi-quantitative analysis by visual read-out. However, this is only
reliable for concentrations higher than 20 mg/L of L-malic acid, where the differences between
concentrations become more evident. In addition, the mean grey intensity of each spot was measured
as described in Section 3.5. A plot with the mean grey intensity as a function of the L-malic acid
concentration in the sample deposited is each spot is shown in Figure 19A. The average mean grey
intensity increases with the increasing concentration of substrate, reaching a saturation point at around
200 mg/L of L-malic acid. Assay linearity was also assessed by plotting the average mean grey intensity
as a function of the logarithm of the concentration of L-malic acid (see Figure 19B). The assay is linear
from 5 to 150 mg/L with a correlation coefficient of 0.984. In addition, the relative standard deviation
calculated for all concentrations was in the range of 0.9 — 3.5 mg/L (n = 5), representing a notorious
precision of the method. Thus, when used in conjunction with image analysis, the method is suitable for

a quantitative analyze of samples with L-malic acid concentrations within the range of 5 to 150 mg/L.

In addition, assay repeatability was also assessed by performing independent measurements
under the same conditions. Solutions of L-malic acid with concentrations of 0, 50 and 150 mg/L were
tested on four separate days and the mean grey intensity was determined using ImageJ®. Then, the
repeatability was calculated as the standard deviation of the average of the average mean grey intensity
determined each day. The results obtained for 50 mg/L and 150 mg/L of L-malic acid were 25.9 + 5.1
mg/L and 38.5 + 4.8 mg/L, respectively. Consequently, for these concentrations the method reveals a

good repeatability.
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Figure 19. Analytical performance of the bioassay developed to detect L-malic acid using enzymes
physically adsorbed onto a WPAD. A) Colors developed with increasing amounts of L-malic acid in the
0 to 600 mg/L range. The calibration curve was obtained by plotting the average mean grey intensity of
each spot as a function of the corresponding concentration (n = 5). B) Assay linearity between
concentrations of 5 and 150 mg/L of L-malic acid with an equation of y = 18.547 log1o [L-malic acid] —

10.849. Error bars were always determined from the standard deviation of n = 5 measurements.

The L-malic acid limit of detection (LOD) is defined as the lowest concentration of substrate that
can be detected. On the other hand, the limit of quantification (LOQ) is defined as the lowest amount of
L-malic acid that can be quantified. The LOD was determined as three times the standard deviation of
the blank, while the LOQ was calculated as ten times the standard deviation of the blank, according with

the following equations [111]:
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LOD = 3.SD LOQ = 10.SD (6)

A LOD value of 5.8 mg/L was obtained, which is higher to the value reported when using the L-
malic acid, UV method protocol from NZYTech (0.25 mg/L), which relies on a spectrometry detection
method [103]. Still, this commercial kit is only linear between 5 and 300 mg/L of L-malic acid. In addition,

a LOQ value of 19.8 mg/L was determined.

The determination of the shelf-life of the uPAD developed is essential to prove the usefulness of
the bioassay. Thus, the lifetime of the paper devices were evaluated during storage at room temperature
and 4 °C. pPADs with 6-mm spots were pre-prepared with 5 pL of mix, dried at ambient conditions and
incubated at the test temperatures. The devices were protected from direct light exposition, because
both MTT and PMS are light sensitive compounds. Devices were tested with water (control sample) and
150 mg/L (test sample) of L-malic acid supplemented with Tris plus glutamate and NAD", over a period
of several days, by measuring the mean grey intensity of spots using ImageJ. Through time, control
spots started developing a brown color regardless of the presence of L-malic acid, indicating that the
devices were losing stability and authenticity. Thus, to monitor if the control still had a similar average

mean grey intensity as the day 1, a relation between the signal intensity obtained for the control on day
1 (Ico) and for the control on day x (Icx) was established: ICO/IC . Whenever this ratio was found to be
X

higher than 1, the bioassay was considered as no longer viable. On the other hand, when the ratio was
similar to 1, time course stability for the detection of 150 mg/L was analyzed by using the following
parameter:
Ix_ ICx
I=—4== 7
Io—1I¢o (")
where Ixand lo represent the average mean grey intensity determined for the analyte on day x and day
1, respectively. Figure 20 shows the time course stability of the devices when stored at 4 °C and room
temperature. After 4 days at room temperature, pPADs lost 88 % of activity and after 7 days were no
longer viable. On the other hand, when stored at 4 °C the uPADs remained functional for 18 days but

with 26 % of their initial activity. Therefore, none of the temperatures tested guaranteed the time course

stability of the device.
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Figure 20. Time course stability of the uPADs developed to detect L-malic acid. Each spot in a device
(n = 3) was prepared with 5 puL of mix, dried and incubated at 4 °C and room temperature, protected
from direct light exposition. Time course stability was determined taking into account the average mean
grey intensity determined for control (0 mg/L L-malic acid) and test spots (150 mg/L L-malic acid) on
day x and day 1, as described by equation 7. Error bars were determined from the standard deviations

of 3 measurements for each condition.

4.4 Adaptation to a lateral flow test

One of major features of UPADs is their simplicity and user friendliness. Usually, all the reagents
need to perform the assay are deposited onto paper and the final user just needs to add the test sample.
In the bioassay developed, NAD* was found to be unstable when mixed with the other components in
the test. For this reason, NAD* has to be added together with the test sample to each spot at the time
of the assay. To overcome this limitation, a lateral flow pPAD was developed as presented in Figure 21.
The pPAD contains a compartment for NAD* that is separate from the reaction zone where the other
reagents necessary for the bioassay are present. The device has 38.7 mm x 6 mm and both
compartments have 6-mm-diameter, as the previous spots used. After sample addition, liquid flows via
capillary forces towards the reaction zone, dragging NAD* alongside. The maximum volume of NAD*
and mix were optimized using 0.5, 1, 1.5 and 2 L of an orange food dye (data not shown). The results
showed that 1 pL is the maximum volume that can be pipetted as a single addition in the middle
compartment without fluid spreading into the adjacent channels. On the basis of these results, ideal
volumes of 1.5 pL of mix and 2 x 1 puL of NAD* were established for the reaction and middle spots,

respectively.
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Figure 21. Schematic representation of a lateral-flow pPAD that allows the pre-deposition of all the
reagents needed for the assay. When a sample is added, fluid flows by capillarity dragging NAD*

alongside and ultimately reaching the reaction zone. The arrow represents flow direction.

This design of the lateral-flow uPAD was tested by adding 28 uL of standard solutions with 0, 10,
50, 100, 300 and 600 mg/L of L-malic acid in the sample input spot. The uPADs were incubated at
ambient conditions in petri dishes. As demonstrated in Table 3, a color change occurs in the presence
of L-malic acid. However, a gradient in the color developed with the increasing concentration of L-malic
acid added is not clearly visible. Moreover, inhomogeneity of the color distribution with accumulation in
the edges of the reaction zone is also noticed, an outcome which is typical of lateral-flow tests. This
makes it difficult to have a reliable visual read-out and ultimately to perform semi-quantitative and

guantitative analysis.

Table 3. Signal detected using a lateral-flow pPAD for the detection of standard solutions of L-malic

acid with concentrations that range between 0 and 600 mg/L.

Concentration of L-malic acid
(mg/L)

Signal recorded

=
=D
m
—
=)

This phenomenon occurs because when fluids spread by capillary flow through the channel,

10
50

100
300

600

solubilized, non-adsorbed molecules are dragged along and accumulate on the far edge. Furthermore,

the pre-added enzymes are adsorbed to the porous structure of paper by electrostatic interactions,
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which are weak when compared to covalent or affinity bonds. Thus, upon sample addition, enzymes
and other components may desorb back into the fluid, migrating further to the edges of the reaction
zone. This means that most of the enzymatic reaction will take place here and consequently, that the
color developed only appears on the edges of reaction zone, leading to a coffee ring effect. According
to the literature, a way to overcome this disadvantage of lateral-flow UPADSs, is to find a balance between
the dimensions of the uPAD, the type of paper selected, and the volume of reagents spotted [42].
Thinner papers such as the one used here (Whatman No.1 chromatography paper) have a better
analytical performance. Recently, it was also demonstrated that chemical immobilization of enzymes
enhances color uniformity [62]. Therefore, one of the goals of this work is to immobilize both AST and
MDH onto paper using CBM3 module, in order to prevent enzyme desorption upon sample addition and

thus confine the color development not only to the edges of the devices but to the whole reaction zone.

In addition, the stability of deposited NAD* overtime was also assessed by preparing lateral flow
MPADSs, as described above and storing them at 4 °C, protected from direct light exposition. Each uPAD
was tested with 0 and 150 mg/L of L-malic acid over a period of two weeks just by visual comparison
with a uPADs prepared on the day of test. Throughout 2 weeks, pPADs produced signals similar to the
ones obtained in the first day, confirming that the proposed design is able to guarantee the stability of

pre-deposited NAD* onto paper during that time.

45 AST-CBMS3 fusion protein — Cloning, expression and purification

Fusion technology allows the combination of CBMs with enzymes of interest, in this case L-malate
dehydrogenase and aspartate aminotransferase. MDH is directly involved in the conversion of L-malic
acid, while AST favors the equilibrium reaction in the direction of L-malic acid consumption. Therefore,
AST not only reduces the reaction time, but also increases the signal obtained. CBM3 is an ideal
candidate for a fusion protein, because as demonstrated previously in our lab it enhances the
immobilization of proteins on paper [56]. After several attempts to engineer pET21a_MDH-CBM3, the
cloning method was not successfully achieved. On the other hand, the engineered pET21a_AST-CBM3
was obtained by cloning a cbm3 gene from pET21a_ZZ-CBM3 into pET21a_AST with a final size of
7074 bp, as demonstrated in Figure 22A. To confirm the cloning, a digestion with Xhol enzyme was
performed and analyzed by agarose gel electrophoresis. In Figure 22B, lane 3, it is possible to notice
the presence of a 6561 bp fragment, which corresponds to pET21a_AST, and of a smaller 513 pb
fragment, which corresponds to the cbm3 gene. This proved the insertion of cbm3 gene onto
pET21a_AST-CBM3. The construction was also confirmed by sequencing. Two positive colonies were
grown in LB medium supplemented with ampicillin and seed banks were stored at -80 °C. Furthermore
pET21a_AST-CBM3 was transformed into E. coli BL21 (DE3), a strain which is suitable for the

production of fusion-proteins.
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Figure 22. A) Maps of the pET21a_AST-CBM3 constructed. The vector contains an ampicillin resistance
marker and the fusion incorporates a his-tag region to facilitate protein purification. B) Agarose gel
analysis of pET2la_AST-CBM3 cloning. 1) NZYDNA Ladder Ill; 2) pET2la_AST-CBMS3; 3)
pET21la_AST-CBMS3 previously digested with Xhol.

After expression, cell lysis by sonication and purification by Ni-affinity chromatography, an SDS-
PAGE was performed to evaluate the expression and purification of the AST-CBM3 fusion protein. AST
was also expressed and purified as a control. Lanes 6 and 9 in the SDS-PAGE gel of Figure 23
correspond to AST and AST-CBM3 purified fractions, respectively. The molecular weight of the AST
and CBM3 (lane 3) are 45 kDa and 17.6 kDa, respectively. AST-CBM3 fusion protein is well expressed
in E. coli BL21 strains with the expected protein weight of approximately 63.5 kDa (predicted using
ExPASYs Compute pl/Mw). Moreover, comparing the samples loaded in the Ni-column with the flow-
through and elution fractions obtained in both cases (lanes 4, 5 and 6 for AST, lanes 7, 8 and 9 for AST-
CBMB3) it is clear that the target proteins are absent from the flow through (lanes 5 and 8) and present
essentially on the elution fractions (lanes 6 and 9). Purified AST protein presents a final concentration
of 9 uM, while AST-CBM3 has a final concentration of 42 uM.
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Figure 23. Coomassie Blue stained SDS-PAGE gel of fractions collected during the purification of AST
and AST-CBM3. 1) Precision Plus Protein™ Dual Color Standard; 2) AST from NZYTech; 3) CBM3
previously purified in our lab; 4) Feed sample for AST purification; 5) Flow-through fraction of AST
purification; 6) Elution fraction of AST; 7) Feed sample for AST-CBM3 purification; 8) Flow-through
fraction of AST-CBMS3 purification; 9) Elution fraction of AST-CBM3.

4.6 Binding activity of AST-CBMS3 fusion protein to cellulose

CBM3 from C. thermocellum is known for its high affinity to cellulose [96] and as described
previously, it may constitute an added value to immobilized biomolecules onto pPADs [56]. To
investigate whether the fusion of AST with CBM3 has any effect on the affinity to cellulose, the capacity
of the recombinant protein to bind to Whatman No. 1 filter paper was evaluated and compared with AST
and CBM3. Two circles of Whatman No.1 filter paper with 6 mm diameter (~0.009 g/circle) were placed
in the well of a filtration microplate equipped with hydrophilic membranes and impregnated with a Tris
plus glutamate buffer at pH 10, in order to equilibrate the paper. After buffer filtration, 100 pL of a solution
containing 3 uM of AST-CBMS3 was added to the wells and incubated for 30 minutes. The same protocol
was performed with CBM3 and AST as controls. Subsequently, the amount of protein in the solution
before and after adsorption to paper was measured using the BCA method and the amount of enzyme
adsorbed per gram of paper was calculated by mass balance (Figure 24). The ability of AST-CBMS3 to
bind cellulose is approximately 1.9-fold higher when compared with AST, but 29 % lower when
compared with CBM3. The binding capacity of the fusion-protein is not equal to CBM3 alone, most likely
due to the tertiary structure adopted by the fusion-protein. Cellulose-binding amino-acid residues of the
planar strip of CBM3 may not all be on the surface of the protein and available to establish interactions
with cellulose. Still, these results show that the CBM3 domain of the fusion protein is active and with a

high cellulose binding capacity.
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Figure 24. Capacity of AST-CBM3, AST and CBM3 proteins to bind to cellulose at pH 10. 3 uM of each
protein was added to the wells of a microfiltration plate containing 2 paper circles with 0.009 g each.
The concentration of proteins after and before incubation with paper was measured using a BCA kit (n
= 3) and the mass of protein adsorbed was calculated by mass balance. Errors were determined from

the standard deviation of triplicates.

4.7 Activity of AST-CBM3 fusion protein on paper

The catalytic activity of AST-CBM3 was also assessed and compared with the activity of AST
using the uPAD with 6-mm spots developed to detect L-malic acid. To find out whether AST-CBM3 has
any effect on the bioassay, 2 % (v/v) of enzyme with 2.69 mg/mL was used on the mix (prepared as
described in section 3.11) to be added onto each spot. Both AST produced by NZYTech and AST
produced in the lab were introduced in the experiment with the same concentration to be used as
controls. Moreover, a reaction without AST was also performed. Table 4 presents the color developed
10 minutes after adding samples with 0, 50 and 150 mg/L of L-malic acid. On spots without AST, it is
possible to notice that for 150 mg/L of L-malic acid there is a poor color development. This confirms the
importance of AST in the colorimetric assay. On the other hand, when comparing AST in 3.2 M of
ammonium sulfate (provided by NZYTech) and AST in 300 mM of imidazole, there is a clear difference
between the colors developed just after 10 minutes of reaction. AST in imidazole produced a higher
color change for the two concentrations tested. However, it is important to highlight that when using AST
in ammonium sulfate, after 20 minutes of reaction, a purple color it also visible, as demonstrated in
section 4.3. In addition, the result obtained with AST-CBM3 is similar to the one obtained with AST in

imidazole, indicating that AST-CBM3 fusion-protein is active.
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Table 4. Comparison between the signals recorded in a pPAD after 10 minutes of reaction, when using
AST in ammonium sulfate, AST in imidazole or AST-CBM3 in imidazole. Standard solutions of L-malic
acid of 0, 50 and 150 mg/L were used.

Signal recorded
Enzyme
0 mg/L 50 mg/L 150 mg/L
-

Without AST

AST in Ammonium
sulfate

AST in Imidazole

AST-CBM3

Considering the previous results the average mean grey intensity of the spots was determined
after 40 minutes of reaction to assess if AST in both buffers and AST-CBM3 have any impact on the
final signal (Figure 25). Results show that the average mean grey intensity obtained in the absence of
AST is lower when compared with a situation where AST is present. This was expected, since AST
promotes L-malic acid consumption by MDH and consequently the signal recorded is higher. On the
other hand, pPADs prepared with AST in imidazole or in ammonium sulfate, and AST-CBM3 shows a

similar average mean grey intensity. However, when enzymes are in imidazole, the reaction is much

faster, so this buffer is preferable over ammonium sulfate.
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Figure 25. Comparison of the average mean grey intensity of the signals recorded in pPADs prepared
without AST, with AST in ammonium sulfate, AST in imidazole and AST-CBM3. Each condition was

tested in triplicates and the error bars correspond to the standard deviation.
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Once proven that AST-CBM3 maintains the ability to catalyze the conversion of oxaloacetate and
L-glutamate and thus enhance the L-malate consumption, the analytical performance of the fusion
protein on paper was evaluated by studying linearity, repeatability, sensitivity and detection limit of the
MPADs. Various concentration of L-malic acid (0, 5, 10, 20, 50, 100, 150, 200, 300 and 600 mg/L) were
added together with Tris plus glutamate and NAD* to each spot, while the mix volume was held constant.
Then, all spots were digitalized after 40 minutes of air drying. The colors developed with the increasing
concentration of substrate and the correspondent calibration curve are represented in Figure 26A. The
bioassay behavior using the fusion protein is similar to the one obtained with AST in ammonium sulfate,
with an increase in concentration of L-malic acid resulting in an increased purple color. Still, it was
noticed that the colors developed are more intense. Once again, the mean grey intensity of each spot
was determined as described in section 3.5. A plot with the mean grey intensity determined as a function
of L-malic acid concentration in the samples assayed is shown in Figure 26A. The average mean grey
intensity increases with the increasing concentration of substrate reaching the same saturation point
than when using AST (~200 mg/L of L-malic acid). A difference in assay linearity was noticed, since in
this case the average mean grey intensity increases linearly with the concentration of L-malic acid,
instead of logarithmically (see Figure 26B). The assay was linear from 5 to 150 mg/L with a correlation
coefficient of 0.987. Moreover, the relative standard deviation calculated across all sample
concentrations was in the range of 2 — 5.5 mg/L (n = 5), which is slightly higher than the one observed
when using AST (0.9 — 3.5 mg/L). Thus, the method was found suitable for a quantitative analyze of

samples with concentrations within the range of 5 to 150 mg/L and its precision was retained.

The assay repeatability was studied by performing independent measurements under the same
conditions on four separate days, using solutions of L-malic acid with concentrations of 0, 50 and 150
mg/L. Mean grey intensity of each spot was determined using ImageJ® and repeatability was calculated
as standard deviation of the average of the average mean grey intensity across the four days. The
results obtained for 50 mg/L and 150 mg/L of L-malic acid were 23.5 = 1.8 mg/L and 43.0 £ 8.7 mg/L,
respectively. Thus, for these concentrations the method maintains repeatability as good as when using

AST enzyme.

In addition, the L-malic acid limit of detection (LOD) calculated according to equation 6 was equal
to 9.2 mg/L. This value is slightly higher than the value reported before for AST (5.8 mg/L of L-malic
acid), but also to the value described for L-malic acid, UV method protocol from NZYTech (0.25 mg/L)
[103]. On the other hand, the LOQ calculated was 30.7 mg/L, which is higher than the value for AST.
Taken together, the previous results show that the use of AST-CBM3 instead of AST does not affect the
bioassay analytical performance, i.e. the AST domain in the fusion protein retains its intrinsic biological

activity.
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Figure 26. Analytical performance of the bioassay developed to detect L-malic acid using AST-CBM3
and MDH enzymes immobilized onto a pPAD. A) Colors developed with increasing amounts of L-malic
acid in the 0 to 600 mg/L range and calibration curve obtained by plotting the average mean grey
intensity of each spot as a function of the corresponding concentration (n = 5). B) Assay linearity
between concentrations of 5 and 150 mg/L of I-malic acid with an equation of y = 0.2426 [L-malic acid]

+ 13.2. Errors were always determined from the standard deviation of n = 5 measurements.

Although pPADs allow a quantitative analysis, for the final user sometimes a semi-quantitative
analysis is enough for most purposes. This type of semi-quantification detection of L-malic acid is
possible by visual comparison of the color developed with a colored chart like the one represented in
Figure 27. This calibration chart was designed taking into account the concentrations whose color
development is sufficiently different to make an accurate interpretation of the results. Thus, a semi-
quantitative analysis is possible from 20 mg/L of L-malic acid. Semi-quantitative analysis has the

advantage that it does not require the use of specific instrumentation.
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Figure 27. Calibration chart designed for the semi-quantitative detection of L-malic acid using puPADs
with AST-CBM3 fusion protein.

CBM3 in fusion-proteins is known for conferring proteins a higher stability [98]. Thus, the shelf-
life of UPADs prepared with AST-CBM3 and AST in imidazole buffer stored at room temperature and 4
°C was evaluated and compared. pWPADs with 6-mm spots were pre-prepared with 5 pL of mix, dried at
ambient conditions and incubated at the test temperatures in the dark. Devices were tested with water
(control sample) and 150 mg/L (test sample) of L-malic acid supplemented with buffer and NAD* over a
period of several days, by measuring the mean grey intensity of spots using ImageJ. Time course
stability was determined as described previously in section 4.3. Figure 28A shows the time course
stability when the device is stored at room temperature for 14 days. After 4 days of storage, both uPADs
with AST-CBM3 or AST displayed 50 % of the initial activity. The devices were active up to 14 days.
However, at this point the control spots started to develop a brown color after control sample addition.
Enzymes in imidazole are more stable at room temperature than AST in ammonium sulfate (compared
with Figure 20, section 4.3). Figure 28B presents the time course stability when the devices are stored
at 4°C. Once again, no significant differences between AST and AST-CBM3 are visible. Devices were
active for 18 days, conserving ~60 % of the initial activity, which contrasts with the 26 % activity of AST

in ammonium sulfate (compared with Figure 20, section 4.3).

52



>

1.7
1.5
1.3
1.1
0.9
0.7
0.5
0.3
0.1
-0.1

Time coursestability, |

1 3 5 7 9 11 13 15
Time (days)

—@&— AST-CBM3 —e— AST

1.4
1.2
1.0
0.8
0.6 ﬁ
0.4
0.2

0.0
1 3 5 7 9 11 13 15 17 19

Time coursestability, |

Time (days)
—&— AST-CBM3 —@— AST

Figure 28. Time course stability of uPAD containing AST or AST-CBM3. Each spot in a device (n = 3)
was prepared with 5 pL of mix, dried and incubated in the dark at room temperature (A) and 4 °C (B).
Time course stability was determined taking into account the average mean grey intensity determine for
the analyte on the day x and day 1 as described by equation 6. Error bars were determined from the

standard deviations of 3 measurements for each condition.

The effect of AST-CBM3 on a lateral flow pWPAD was evaluated. In this case, while MDH is
physically adsorbed on paper, AST-CBM3 is immobilized with a defined orientation. uPADs were
prepared with 2 x 1 uL of NAD* and 1.5 pL of mix volume (with 65 nM of each enzyme), and 28 pL of a
sample with 0 and 150 mg/L of L-malic acid were used to check the activity. The channels were
incubated into a petri dish and the reaction occurred at ambient conditions. Table 5 shows the signals
recorded for each concentration. As expected, a color change occurred. However, it is evident that AST-
CBM3 has no impact on the inhomogeneity of the color distribution typical in lateral flow tests which
used AST (see Table 3). Nevertheless it is important to highlight that this bioassay is based on two
enzymatic reactions and AST-CBMa3 is not directly involved on the conversion of the analyte of interest,
and consequently on the colorimetric reaction. Thus, it is believed that the use of MDH fused with CBM3

will contribute to overcome this limitation and redistribute the color development across the whole

reaction zone.
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Table 5. Signal detected using a lateral-flow pPAD using AST-CBM3 for the detection of two standard

solutions of L-malic acid with concentrations of 0 and 150 mg/L.

L-malic acid concentration (mg/L)

150 e

4.8 L-malic acid detection in wine

L-Malic acid is one of the major organic acids present in wines and directly affects wine’s quality,
including the organoleptic properties and also shelf-life [3]. Proof of concept experiments were
performed using a yPAD functionalized with MDH and AST-CBM3 for the colorimetric detection of L-
malic acid in commercial white and red wines. Since the pPADs rely on a colorimetric detection, a
sample pre-treatment was performed to remove colored compounds from red wine. Red wine color is
mainly due to polyphenols, namely non-flavonoids and flavonoids, which are 5 times more abundant
than in white wines [112]. One method to remove phenols from wine during winemaking process is the
use of activated carbon [113]. Upon addition of activated carbon to red wine number four diluted 40
times a centrifugation step was performed followed by filtration. To access whether activated carbon
removes the majority of colored compounds in wine, an UV-vis spectrum across the 200-700 nm
wavelength range was recorded for a sample with and without pre-treatment (Figure 29). For the sample
before pre-treatment it is possible to notice the presence of two characteristic peaks of polyphenols,
namely at 270 - 280 nm, specific for phenolic acids and flavonoids, and at 520 nm, specific for
anthocyanins [114]. Anthocyanins are responsible for the initial purple-red color of young red wines, but
during wine aging more stable pigments are responsible for wine color stabilization such as pigmented
polymers and pyranoanthocyanins, which result in a shift of 20 — 40 nm in an UV-vis spectrum. Both
arise from the interactions between anthocyanins and other phenolic compounds especially flavan-3-
ols including catechins and procyanidin. After removing color from red wine at pH 3.5 by pre-treatment
with activated carbon, a flat spectrum with no peaks is obtained, indicating that both polyphenols and

anthocyanins are extracted from the wine.
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Figure 29. Pre-treatment of red wine with activated carbon. Photographs and UV-vis spectrum are

shown before and after pre-treatment.

After activated carbon pre-treatment of red wines, the L-malic acid content in white and red wines
was assessed using HPADs with 6-mm diameter spots. To perform the bioassay it is important to take
into account that L-malic acid content is highly dependent on climate and ripe type, so some samples
were diluted. Upon addition of NAD* and buffer to the samples, 7 puL were spotted onto the uPAD and
allowed to dry. After 10 minutes, it is already possible to see a color change and compare the result with
the calibration chart to perform a semi-quantitative analyze. In addition, a quantitative analyze using
ImageJ® was also performed after 40 min of drying. The amount of L-malic acid in each wine was
determined from the mean grey intensity using the equation Average mean grey intensity= 0.2426 [L-
malic acid] + 13.2. The results obtained are shown in Table 6. White wines tested have a higher content
of L-malic acid compared with red wines. In addition, sample 5 has an average mean grey intensity that
is slightly lower than the average mean grey intensity of the control so it was not detected L-malic acid
into its composition. This proves that it is possible to determine L-malic acid in real samples such as
wine using this rapid test. Thus, this detection test could be applied in winemaking industry to monitor

L-malic acid throughout wine processing.
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Table 6. Concentration of L-malic acid detected in commercial white and red wines using the pyPAD
developed. A quantitative analyze was performed by measuring the mean grey intensity of three different
paper-based devices for the same sample (n = 3 spots + standard deviation). The concentration shown

takes into account the dilution factor applied to each sample.

Sample Dilution Semi-quantitative MPAD signal £ UPAD [L-malic
(vol:vol) EREWATS SD acid] (mg/L + SD)
1 1:10 459+24 1352.0 + 100.1
=
S
(O]
= 2 1:10 43.3+0.5 12445 +22.7
=
3 1:50 176+ 14 2097.3 £292.8
o 4 11 18.8+25 23.3+10.3
=
=
5 5 11 - -
[0}
@
6 15 29.5+0.2 336.8+4.9

Currently in the market there is a variety of commercial kits to detect and quantify L-malic acid,
including NZYTech’s L-malic acid, UV detection kit [103], which was used to validate the amount of L-
malic acid detected in the selected wines using the puPADs. The method is based on the coupling of two
enzymes, L-malate dehydrogenase (L- MDH), which catalyzes the interconversion of malate plus NAD+
to oxaloacetate plus NADH, and aspartate aminotransferase (AST), which catalyzes the conversion
oxaloacetate plus L-glutamate to L-aspartate and 2-oxoglutarate. Then the amount of NADH consumed
is measured and is stoichiometrically related with the amount of L-malic acid present in a sample. The
method was adapted to 96-well microplates and a calibration curve for 3 minutes of reaction was
constructed in the range of 0 — 300 mg/L of L-malic acid. AAbSL-maiic acid Was calculated from the following

equation:

Abs t — Abs t
AADbS|—matic acia = Abs - - Absx0
xtg Xoto

©)

which relates the ratio of the absorption difference between sample and blank after 3 minutes of reaction
(Absx and Absx., respectively) with the absorbance difference between sample and blank before the
reaction starts (Absx, and Absxq, respectively). The average of triplicate values were used to obtain the
values of AAbsL-maiic acid for different malic acid concentrations and construct the calibration curve shown

in Figure 30.
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Figure 30. Calibration curve obtained for 5 to 300 mg/L of L-malic acid after 3 minutes of reaction using
NZYTech, L-malic acid UV detection kit. Each point represents the average of three determinations and

the errors were obtained from the standard deviation.

Thus, the equation AAbsL maiic acida = 0.0008[L-malic acid concentration] +0.0088 with a correlation
coefficient of 0.9917 was used to confirmed the content of L-malic acid in the wines tested. In addition,
the effect of activated carbon in L-malic acid content was evaluated by performing the pretreatment
previously described and comparing the L-malic content with and without treatment. It was noticed that
the treatment with activated carbon does not affect the content of L-malic acid that is detected.

Consequently, the pre-treatment protocol implemented for red wines using activated carbon to remove

phenols is adequate.

Moreover the commercial kit was use to confirm the L-malic acid content in the previous wines
tested. The results obtained are present in Table 7. Comparing the concentrations of L-malic acid
determined using both methods, it is possible to notice a good correlation between the UV method and
the uPAD developed. This demonstrates that this uPAD is a suitable platform to determine L-malic acid

in wine.
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Table 7. Concentration of L-malic acid determined in white whites and red wines using uPAD and the

NZYTech L-malic acid, UV detection kit. The standard deviation (SD) corresponds to triplicates.

MPAD [L-malic acid] UV [L-malic acid]
(mg/L £ SD) (mg/L + SD)
1 1352.0 £ 100.1 1658.3 £ 64.7
(8
£
2 2 12445 +22.7 1147.2 + 146.5
()
§ 3 2097.3£292.8 3120.0 £ 62.5
4 23.3+10.3 13.1+71
()
[
s 5 0 0
3
ad 6 336.8+4.9 218.1+41.1

The accuracy of uPAD using AST-CMB3 was also evaluated by spiking analysis. Therefore, know
amounts of L-malic acid were added to white wine number three and red wine number four. Since the
white wine has a higher content of L-malic acid, it was diluted 50 times and then spiked with the analyte.
To 50 mL of white and red wine solution, 1.3, 2.5 and 5.0 mg of L-malic acid were added in order to
spike the sample with a low, medium and high concentration. After that, red wine was pre-treated with
activated carbon. Finally, the concentration was determined by measuring the mean grey intensity using
ImageJ® and finally compared with the theoretical value expected. Table 8 shows the results obtained
both for a white and red wine. The results show that the concentration determined in the spiked samples
is higher than in the non-spiked samples, as expected. In addition, comparing the expected values with
the experimental data, a slight decrease in the L-malic acid content is observed. Thus, the recovery

percentage was calculated according to the equation suggested by IPAC (Instituto de acreditacdo) [115]:

__ [Concentration of spiked sample]—[Concentration of non—spiked sample]

% R

x100%  (9)

[Spiked concentration]

Both wines show a high recovery percentage in the detection of spiking samples using a uPAD.
Regarding the low recovery percentage for a spiking of 25 mg/L of the red wine, it could result due to
errors in the weighting process once the amount added is too small. Still, the uyPAD shows a great
accuracy, indicating that this device have a great potential for the quantitative determination in
winemaking process. Moreover this also indicates that this method is not susceptible to interferences

present in wine.
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Table 8. Analytical performance of the uPAD when white and red wine are spiked with known

concentrations of L-malic acid. Each concentration was evaluated in triplicates and the respective

standard deviation is present.

White wine Red wine
Know Found Know Found
: : % R : : % R
concentration concentration concentration concentration
No
. 18.3 - 21.4 -
spike

o5 44.3 36.8+138 /41% 47.4 275+16 24.3%
50 68.3 61.0+17  854% 71.4 85.4+41  127.9%
100 118.3 771+53  S88% 121.4 106.3+35  848%
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Chapter 5. Conclusions and Future work

Throughout the years pPADs emerged has a promising platform for the development of expedite
and inexpensive analytical solutions in developing and developed nations. This work represents the first

steps towards the development of an innovating uPAD to detect L-malic acid in wines.

An enzymatic assay based on two enzymes and a non-enzymatic reaction was optimized and
adapted to a pPAD designed with 6 mm circular reaction chambers confined by hydrophobic waxes,
which produces a purple final product when in the presence of L-malic acid. The bioassay was
demonstrated to be viable when malate dehydrogenase and aspartate aminotransferase are physically
immobilized together with chromogenic reagents. Moreover, the pre-addition of trehalose, polyvinyl
alcohol and triton X-100 to paper, enhanced the signal obtained. Upon sample addition supplemented
with NAD* and Tris plus glutamate, the color produced was demonstrated to be proportional to the
amount of L-malic acid used. This indicates that the protocol established is suitable for the detection of

the analyte of interest.

The pPAD developed combines a good analytical performance between 5 -150 mg/L of L-malic
acid with reliability and sensitivity. Although the device has a low limit of detection, the storage stability
is relatively low. The colorimetric system was successfully adapted to a lateral-flow uPAD that allows
the deposition of NAD* onto paper with the remaining reagents required for the assay. Even though the
reaction occurred, a color inhomogeneity was observed most likely due to the weak enzyme

immobilization strategy adopt.

To enhance the affinity of both enzymes involved in the assay to cellulose, the possibility to fuse
them with a CBM3 from C. thermocellum, a protein domain known for its high affinity towards cellulose,
was evaluated. While AST-CBM3 was successfully cloned, problems with the MDH-CBM3 fusion were

recurrent, indicating that the cloning strategy needs to be redesigned.

This was the first time that an AST-CBM3 fused protein was cloned and expressed. This protein
has a molecular weight of 63.5 kDa and the affinity to Whatman No. 1 filter paper was evaluated and
compared with AST and CBMS. It was demonstrated that AST-CBM3 has an affinity towards paper 2
times higher than AST and approximately 1.5 times lower than CBM3. This means that the CBM3
domain in the fusion protein remained active and conserved part of its biological activity. Moreover it
was demonstrated that the analytical performance of the uPAD when using AST-CBM3 fusion protein
was not affected. Additionally, it was observed that when AST and AST-CBM3 are in imidazole buffer
at pH 7.5, the reaction is much faster, allowing a visual read-out just after 10 minutes of sample addition,
and the time course stability increases. However, when AST-CBM3 was used on a lateral-flow pPAD
no significant differences were achieved. So far, AST-CBM3 seems to have no positive or either
negative impact on the pPAD developed, but it is important to highlight that this enzyme is not directly

involved on the conversion of L-malic acid. Thus, it is believed that only when using both enzymes fused
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with CBM3, it will be possible to conclude about the real impact of carbohydrate binding module fusions

on the assay.

Even so, this work represents a significant achievement for the field of wine quality industry. To
allow a semi-quantitative analysis without external equipment, a calibration chart was designed which
correlates a given concentration of L-malic acid with a specific color (light yellow, light red and deep
purple). Still, if a quantitative analysis is required, a scanner and an image analysis software can be
used to convert the colored signal into an L-malic acid titer. Therefore, this device serves as a cost-

effective, rapid and simple detection method that could be utilized by non-trained personnel.

As a proof of concept, the uPAD with AST-CBM3 fusion protein was used to detect L-malic acid
in a range of white and red wines. The amount detected was found to be similar to the values obtain
using a commercial UV detection method. In addition, wine samples were spiked with known amount of
L-malic acid, to evaluate if there was any compound present in wine that interferes with the detection.
The values detected were similar to the expected and the recovery percentages were high. This not only
indicates that the method is accurate, but also that there are no interfering compounds in the wines

tested.

This thesis presents a novel application of paper-based analytical devices with great potential for
the winemaking industry. Therefore, to accomplish the ultimate goal of this work, a MDH-CBM3 fusion
protein should be successfully cloned and expressed. Then, the effect of both fusion proteins with CBM3
on the uPAD analytical performance, shelf-life and color uniformity should be evaluated. Ultimately, it
would be interesting to develop a 3D-uPAD that could incorporate the pre-treatment of red wines with

activated carbon to minimize the number of steps performed by the end-user.
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