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Abstract
The increase in temperature due to greenhouse gases influences the development of pathogens and abiotic stresses
with important consequences in agricultural production. The routine retrievals that are sent for testing to identify the
infection or abiotic stress tend to be costly and time-consuming. So, there is a need to develop a point-of-use microfluidic
analytical device for a fast (30 minutes), in-the-field detection. These devices are an attractive solution due to its low
cost of fabrication, low volumes of reagents (5 µL) used and when allied with an immunoassay, high sensitivity can be
achieved. In this dissertation I present a competitive immunoassay using a microbeads-based microfluidic biosensing
device for detection ot three phytohormones that signal the presence of stresses, Jasmonic Acid (JA) and Azelaic Acid
(AZA) for biotic stresses, and Abscisic Acid (ABA) for abiotic stress.
I succeeded in detecting the three acids in buffer in the following range of values: 2×10-2 to 9×10-6 mg/mL, 9×10-3 to
9×10-6 mg/mL and 2×10-2 to 9×10-5 mg/mL, for JA, AZA and ABA, respectively.
I was also able to detect a variation in signal when spiking with JA in red wine grape samples, but there is another
method, such as HPLC, is necessary to validate and quantify this analyte in the real sample.
This work demonstrates that it is possible to detect these molecules in buffer and with the development of a sample
treatment protocol, detect in real samples in the future.
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1 Introduction
Global warming plays an important role in the majority of
challenges that plants encounter, due to the rise of the aver-
age annual temperature and extreme weather conditions,
grapevines are no exception. These plants are susceptible to
changes in the weather. Since grapevines need a specific set
of climate variables in order to develop fully. Considering
this plant has a relevant role in our society due to its culti-
vation both as a food crop, as well as for wine production, it
is important know when the grapevines are under stresses,
whether these are abiotic or biotic, since the increase in
global temperature is favourable to the development of
pathogens [1].
Pytohormones are important agents to the regulation of

growth, plant development, survival and reproduction [2].
Jasmonic Acid (JA), Azelaic Acid (AZA) and Abscisic Acid
(ABA) where the phytohomones studied in this dissertation.
JA is involved in plant growth development and also in its
defense mechanisms against infections [3]. AZA plays an
important role in a defence mechanism against infections
of the planted called Systemic Acquired Resistance (SAR)
by involving the gene AZELAIC ACID INDUCED 1 (AZI1) [4]
[5]. ABA regulates the plant water balance and osmotic
stress tolerance [6]. From Feng et al. it was possible to
extrapolate an interval of concentration values for these
phytohormones. To ABA the typical relevant levels were
0.1 µM to 800 µM. They also provided a range of values
for another phytohormone, Salicylic Acid, that I used as
baseline values for AZA and JA, which are 0.1 µM to 26
mM [7].
There are several factors that can negatively influence

the growth, development and yield of the grapevine. If
the plant suffers a stress, like drought or a pest attack, it
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leads to changes in its metabolism, in order to protect itself
and adapt to the new environment. If the stress is more
severe and the plant can not be restored, it can result in the
plant’s death. These stress factors are divided into abiotic
and biotic stresses [8].
Abiotic stress is any chemical and physical change to the

environment that results in a response for the plant, for
instance, drought, heat, nutrient availability, changes in
the salinity of the soil.
Biotic stress is any interaction between living organisms

and the plant, such as insects that feed on them and dis-
eases from virus, bacteria and fungus. [8] [9]. Pathogens
can be branched into two different categories: necrotrophs,
when they kill the host cells in order to feed; and biotrophs,
if they feed on live cells.
Microfluidics and immunoassays were the chosen ap-

proach to address this problem. Microfluidics have sev-
eral advantages: they are low-cost, use a small amount of
reagents, are portable and easy to use allowing for a faster
analysis and detection [10]. Immunoassays allow for a high
sensitivity and specificity when used in assays.
The leading principle of an immunoassay is that bind-

ing an analyte with a specific binding molecule, in this
experimental work an antibody, generates a significant sig-
nal that allows the distinction of bound analyte and free
analyte [11].
Antibodies have three important attributes that play a

role in immunoassays: they have an ability to bind to an
ample variety of natural andman-mademolecules, through
the process mentioned above; they have a high specificity
for the antigen to which each antibody binds; and the
strength of the non-covalent bindings such as electrostatic
(van der Waals) forces, hydrophobic forces, coulombic
(ionic) forces or a combination of all [12] are strong enough
to resist steps in the experiments, for example the wash-

October 2021 Page 1 of 9

mailto:rui.meirinho@tecnico.ulisboa.pt


Extended Abstract • MSc Thesis on Biological Engineering • Rui Pedro Esteves Meirinho

ing step, even though they are weaker than a covalent
bound [13].
In this experimental work, the size of the molecules in

study are small when compared to proteins, therefore a
competitive immunoassay approach was chosen.
By choosing this approach, only one antibody is used. In

a competitive immunoassay the antibody is immobilised on
a solid phase, such as agarose beads. Next the analyte and
labelled analyte are added at the same time, competing to
bind to the antibody. In the end, the unbound material is
washed away.
The value of the signal generated depends on the ana-

lyte concentration and is at its maximum when the assay is
performed without the presence of analyte. By carrying out
experiments with the addition of different concentrations
of analyte, the values of the signal generated decrease. If a
logarithmic scale is used for the x-axis, concentration on
analyte, the curve resembles an "inverted" S-shape where
there is a top plateau for the maximum fluorescence in-
tensity for lower concentrations and a bottom plateau for
higher concentrations of analytes,
The need for miniaturisation and microelectro-

mechanical systems (MEMS) contributed to the rise of the
Microfluidics discipline in the 90’s [10]. More recently,
Microfluidics led to the appearance of a new area called
BioMEMS, these are used in solving complex biological
problems, such as drug development [14], biosensing [15],
in vitro organs [16], disease diagnostics [17], among
others.
In BioMEMS, the polymer polydimrthylsiloxane (PDMS),

whose formula is (-SI(CH3)2O)-, plays an important role
in a diverse arrays of experiments, due to its character-
istics. When mixed with a reticulate, curing agent in a
given ratio and exposed to a temperature superior to its
polymerization one, it forms an elastomer. PDMS is very
useful to obtain a series of structures, such as channels
to flow liquids, for different assays with a submicrometric
precision. However, since it is an elastomer, the dimension
of the channel should be between 5 to 500 µm, and the
ratio width/height should be taken into account, since a
high value for the ratio could lead to a collapse of the
channel [10].
The most commonmethods to detect and measure phyto-

hormones involve complex machinery and protocols, such
as HPLC, and sample treatment, for example the use of
liquid nitrogen [18] [19].

Grossmann et al. used a microfluidic chip platform, Root
Chip, for root cultivation and imaging. They used Ara-
bidopsis as the sample, but their device can be adapted
to other species, by altering the geometry of microfluidic
structure [20].
The main objective is to detect the phytohormones JA,

ABA and AZA, signals of stress in plants in buffer and in
real samples.

2 Materials and Methods
2.1 Reagents
Stock solutions of JA (50 mg/mL), AZA (50 mg/mL) and ABA
(50 mg/mL) were prepared in Methanol. These components were

purchased from Sigma-Aldrich. Anti-Azelaic Acid Polyclonal anti-
body, Azelaic Acid BSA-conjugated, Abscisic Acid BSA-conjugated
and Anti-Abscisic Acid Polyclonal antibody were purchased from
Creative Diagnostics. The blocker agent 1% Casein and phosphate
buffered saline (PBS) were aquired from Thermo Fisher Scientific.
The Agarose Protein A beads were bought from Cytiva.

2.2 Microfabrication
The structures are fabricated using standard soft-lithography
techniques described elsewhere [14]. Briefly, two different alu-
minium hard masks were fabricated, for each different heights.
A 200 nm aluminium (Al) layer was deposited over the clean
substrate by magnetron sputtering using the Nordiko 7000 equip-
ment (Nordiko Technical Services Ltd), followed by the deposi-
tion of a 1.5 µm thick layer of positive photoresist (PFR 7790G)
coating, which is performed onto the deposited Al layer using
an SVG resist coater (Silicon Valley Group Inc.). The design of
the microchannel was patterned onto the photoresist through
photolythography. The exposed regions of the Al layer are re-
moved through a wet chemical etching process with aluminium
etchant (Microchemicals). The hard masks was used to create
SU-8 moulds, which is a negative photoresist. For the height of 20
µm, SU-8 2015 (Microchem Corp.) was spin coated onto a silicon
substrate and exposed to a UV light through the appropriate hard
mask followed by baking for 5 minutes at 95°C. This stack was
then submerged in a solution of propylene glycol monomethyl
ether acetate (PGMEA) (Sigma-Aldrich) for 2 minutes with man-
ual orbital agitation, then rinsed with IPA (LabChem Inc.) and
dried with compressed air [21]. For the second layer with 100
µm, the negative photoresist (SU-8 50, Microchem Corp.) was
spin-coated on top of the silicon substrate and then baked before
exposure. The stack was then exposed to UV light (UV-LED MASK-
ING SYSTEM:UV-KUB 2, KLOÉ) followed by post-exposure bake.
The silicon substrate was left to cool down and then developed
with PGMEA. The silicon substrate was then hard baked at 150°C
for 45 minutes and left to cool down on top of a hot plate until it
reached 50°C. The finished SU-8 moulds were then used to do
PDMS structures. The PDMS elastomer (Sylgard 184 PDMS, Dow
Corning) was prepared by mixing PDMS and curing agent (Syl-
gard 184 Curing Agent, Dow Corning) in a 10:1 ratio, respectively.
This mixture was then degassed for 45 minutes and then poured
onto the substrate mould. This mould was then left in the oven
for 90 min. Inlet and outlet holes were mechanically punched
using a blunt needle (18 Gauge, Instech Laboratories, Inc.) to
allow the connection of the designed chambers to the outside. In
order to seal the PDMS structure, the patterned surface and a
cut piece of PDMS membrane (500 µm thick) are oxidised using
an oxygen plasma cleaner (Expanded Oxygen plasma cleaner
PDC-002-CE, Harrick Plasma) at high power setting for 1 minute.
Both oxidised surfaces are put in contact and a slight pressure is
applied to promote a covalently bound structure [21].

2.3 Immunoassay
2.3.1 Protein Labelling

In order to label the conjugated phytohormone, the following
protocol was used. 5 µL of Alexa430 was added to 50 µL of the
target protein, diluted in 0.1 M of sodium bicarbonate buffer,
dissolved in DMSO. The mixture was left to incubate in the dark
under agitation at room temperature for an hour. Using 10kDA
Amicon Tube, the excess dye was washed using 500 µL of plain
PBS 1x for 10 minutes at 14000 G until the permeate was no
longer fluorescent.
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2.3.2 Antibody Immobilisation

Agarose beads of Protein A, stored in 20% ethanol, were incubated
with a chosen concentration of antibody in 19 µL on PBS plus
3 µL of beads, and then left in orbital agitation for one hour at
room temperature [22].

2.4 Microfluidic methodology
The experiments were carried out in PDMS channels, as presented
in Figure 1 and the general immunoassay is illustrated in Figure
3. Each experiment was carried out in one channel. Two syringes
of 1 mL (Syringe 1 mL U-100 Luer-Lock) filled with 40 µL of PBS
(pH 7.4), with a polyethylene tube (Instech Laboratories, Inc.) on
the stub and an adapter (Instech Laboratories, Inc.) to connect
the syringe to the channel through the tube, were placed in the
syringe pump (New Era Pump Systems, Inc). The adapters were
inserted in the Inlet1 and outlet of the channel, with a gap of air
between the channel and the PBS in the tube. A tip with PBS was
placed in the Inlet2 in order to humidify the channel through
negative pressure. After the channel was humidified, the tip with
PBS was carefully replaced with another with a suspension of
Protein A beads functionalised with antibody. The beads were
inserted into the channel at a lower flow rate, between 5 and 9
µL/min, until the channel was overfilled. Then, the beads were
washed with PBS again through Inlet1. A closed adapter was used
to block the Inlet2. The adapters from Inlet1 and Outlet were
carefully removed again and tips with PBS were placed in the
holes. The packed structure was then stored in a container filled
with DI water in the fridge overnight.

Figure 1: (A) - Microfluidic structure, overnight experiments,
used on the detection of phytohormones using functionalised
Agarose Protein A beads. The beads were inserted into the mi-
crochannel using Inlet2. The solutions used in the assays were
injected through Inlet1. The mixture solution was pulled through
the channel using the polyethylene tub coupled to an open metal-
lic adapter with a syringe filled with PBS controlled by a syringe
pump, applying a negative pressure at the Outlet. (B) - Bead
trapping feature in the microchannel.

The next day, a syringe in the same conditions as mentioned
before, was placed in the syringe pump. The packed structure was
retrieved from the fridge and left to warm to room temperature.
The metal adapter of was placed, carefully, in the Outlet of the
channel and a tip with PBS placed carefully in Inlet1. The beads
were washed for 10 minutes with a flow of 17 µL/min, using
negative pressure. The tip with PBS was carefully replaced with
a tip filled with casein. This casein solution was injected with a
flow of 1 µL/min for 10 minutes, and then a solution with the
analytes in study was injected into the channel at a flow rate
of 1 µL/min for 5 minutes. The channel was washed with plain
PBS for 10 minutes at a flow rate of 5 µL/min. The fluorescence
signal was measured at the end of the experiment using the

fluorescence microscope, Leica DMLM using the blue filter and
the digital colour camera DFC300FX, with an exposure time of
2 seconds and a gain of 1x. The blue filter used has a band pass
illumination pass at wavelengths between 450 and 490 and a
long pass observation above 515. The light was sourced using a
mercury vapour arc lamp (100 W).

2.4.1 Sample Treatment
The grape berries were frozen at -20°C in a freezer. To macerate
them, the samples were weighed and a solution of 10% Methanol
in PBS was added in a ratio of 1 g of sample to 1 mL of solution.
The juice obtained was filtrated and the permeate diluted to
obtain a solution with 1% Methanol in PBS.

2.4.2 Image Analysis
The micrographs of conjugated phytohormones or antibody la-
belled with Alexa430 were analysed using ImageJ software from
National Institute of Health, USA [23]. These images are split
into three channels, Red, Blue and Green. Due to the chosen
fluorescent dye, only the green channel was considered. In the
software, an inner and outer area of the channel were considered
and measured. The final value results from the subtraction of the
outer value from the inner value.

Figure 2: Image Analysis: (A) Source Image (B) The value mea-
sured form the outer area is subtracted to the value measured
from the inner area.

3 Results and Discussion
The starting point for this work consisted of adapting proto-
cols from previous and on going work performed at INESC
MN [14] [22]. The competitive immunoassay was the cho-
sen approach. This section is divided in the experiments
leading to the optimal conditions in the detection of the
three phytohormones, ABA, JA and AZA, in buffer and ini-
tial experiments using real samples of grapes. Throughout
this section, the results obtained will be presented and ex-
plained. For an ease of language: the denomination "With
Analyte" refers to the presence of a phytohormone, the
competitor and the antibody in the experiment; "Without
Analyte" involves the presence of competitor and antibody.

3.1 Initial Experiments

The goal with these first experiments was to understand
if by immobilising the antibody I could detect the fluo-
rescence signal, since the presence of beads increases the
functional surface in microchannel. To ensure the detection
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of a fluorescence signal, the concentrations of α-JA and BSA-
JA-Alexa430 were 1 mg/mL and 0.25 mg/mL, respectively.
The blocking agent used here was casein 1%.
Three experiments were performed: "Without analyte",

where I expected the detection of a fluorescence signal;
"With Analyte", where I expected the detection of a lower
value of fluorescence than the assay "Without Analyte"; and
a control assay. To carry out this control, the beads that
were packed into the microchannel were not functionalised
with the antibody. The objective was to observe if there was
a non-specific interaction between BSA-JA-Alexa430 and
Protein A. The results obtained from these experiments
are in Figure 4.

Figure 3: Schematic of the microchannel and the trapping of the
beads and assay; I - Packing functionalised beads in microchan-
nel; II - Injection of blocking using casein 1%; III - Injection of
the conjugate plus analyte (A - With Analyte) or conjugate (B -
Without Analyte) ; IV - Washing with plain PBS 1x and detection
with a microscope.

Figure 4: Graphical representation of the first experiments using
Agarose Protein A beads, with fluorescence signal measured in
function of time. As we can see, the fluorescence signal on the
beads functionalised with 1 mg/mL of α-JA and the control in-
creased for the first 5 minutes, and decreases when the washing
step starts after the 5 minutes mark. The values for the control
were zero and for the functionalised beads were over 10000 A.U..
The difference in the first 5 minutes was due to the focus of the
lens. The conditions of acquisition for the Leica DMLM micro-
scope were: exposure time 2s; gain of 1x; and objective 10x.

Figure 4 has the graphical representation of these exper-
iments with the Fluorescence signal values (A.U.) vs time
after the injection of BSA-JA-Alexa430. The washing step

corresponds to the injection of PBS 1x at the five minutes
mark. The fluorescence signal values for the "Control" as-
say are near zero at the end of the experiment, leading
me to conclude the absence of non-specific interactions.
Conversely, the fluorescence signal values for the assay
"Without Analyte" (1 mg/mL α-JA) decrease from around
50000 A.U. to around 15000 A.U. by the end of the ex-
periment. . The values measured for the assay with 0.05
mg/mL of JA, "With Analyte", throughout the times of the
experiment were lower than the ones obtained in the assay
"Without analyte", which was expected since there is com-
petition between JA and BSA-JA-Alexa430. These results
lead me to conclude that the binding between Protein A in
the agarose beads and α-JA, and also the one between α-JA
and BSA-JA-Alexa430, were successful, but also that when
the solution is injected with BSA-JA-Alexa430 and JA there
is competition between them for the binding spots in α-JA.

3.2 Different Concentrations of Antibody
After deciding to use Agarose beads with Protein A to
continue the experiments, I decided to tackle the α-JA
parameter. I started by packing microchannels with beads
functionalised with different concentrations of α-JA, 0.5, 1,
2 and 4 mg/mL. I then flowed the blocking agent, casein
1%, followed by a solution with a known concentration of
BSA-JA-Alexa430 0.5 mg/mL, that is the same for all the
assays performed. I expected the fluorescence signal would
increase with the rise of α-JA concentration. The objective
with these experiments was to obtain a baseline and choose
a concentration of α-JA to determine the other parameter.

Figure 5: Graphical representation of the α-JA concentrations
study using 0.5 mg/mL of BSA-JA-Alexa430. The fluorescence sig-
nal values are for 11, 12, 13, 14 and 15 minutes time indices. 0
is the time when the solution with BSA-JA-Alexa430 is injected
into the microchannel. The conditions of acquisition for the Leica
DMLM microscope were: exposure time 2s; gain of 1x; and ob-
jective 10x.

In Figure 5, I represented the values of fluorescence
signal obtained for the different concentrations of α-JA
at 11, 12, 13, 14 and 15 minutes. The reason for this
representation was to analyse the behaviour of these values
to see if they reach a saturation stage. It was expected
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the fluorescence signal values would reach a plateau at
higher concentrations, but as seen in Figure 5, this does
not happen, meaning the saturation stage was not reached
and it is possible to use higher concentrations of α-JA for
the same concentration of BSA-JA-Alexa430.

3.3 Different Concentrations of BSA-JA-
Alexa430

Once I chose a concentration of α-JA, the next step was to
determine the concentration of BSA-JA-Alexa430. In order
to diminish the presence of air bubbles in the microfluidic
system, I started packing the beads into the microchan-
nels the day before, using a different structure, following
the protocol described in section 2.4. I chose to vary the
concentrations of BSA-JA-Alexa430 by one order of magni-
tude from the stock solution. This means that the concen-
trations of BSA-JA-Alexa430 that I used were 7.4 mg/mL,
7.4×10-1 mg/mL, 7.4×10-2 mg/mL and 7.4×10-3 mg/mL.
The results from these experiments are represented in Fig-
ure 6. As seen in Figure 6 the fluorescence signal values
rise with the increase of concentration of BSA-JA-Alexa430.
0.5 mg/mL of BSA-JA-Alexa430 was, therefore, the chosen
concentration to continue with the experiments. The con-
centration of 1.5 mg/mL α-JA was higher than that were
used in similar past works carried out at INESC MN, so for
the next experiments the concentration was reduced to 0.5
mg/mL.

Figure 6: Graphical representation of the fluorescence signal val-
ues in function of different concentrations of BSA-JA-Alexa430 for
a concentration of 1.5 mg/mL α-JA. The conditions of acquisition
for the Leica DMLM microscope were: exposure time 2s; gain of
1x; and objective 10x.

3.4 JA detection Assay

Upon deciding on the concentrations for α-JA, 0.5 mg/mL,
and BSA-JA-Alexa430, 0.5 mg/mL, the next step was the
addition of different concentrations of JA to the assay. I
also wanted to study the effect on fluorescence signal by
increasing the time of the washing step to 35 minutes for
the assay with 0 and 0.1 mg/mL of JA, and to 40 minutes
for the remaining assays. The "Control" experiment was
terminated at 15 minutes since its value was zero. The
solutions of JA were prepared from the stock solution by
diluting it in PBS 1x. The results obtained are in Figure 7 .

Figure 7 contains the fluorescence signal values over
time for the different assays. In these experiments, I tried
to evaluate the influence of time in the final washing step.
As I concluded from the graphic, there is a gradual decrease
in fluorescence signals values, and it is constant. This de-
crease can be due to a photobleaching phenomenon, where
the fluorescent dye loses activity with the increased expo-
sure to light. This means that the assays can end at 15
minutes after the injection of the solution with BSA-JA-
Alexa430. The lowest concentration that we were able to
distinguish was 0.5 mg/mL of α-JA. As mentioned above
the baseline interval concentration values for JA were be-
tween 2.10×10-5 mg/mL to 5.47 mg/mL. So there was a
need to make further optimisations to the process, such as
changing the concentrations of α-JA and BSA-JA-Alexa430.

Figure 7: Graphical representation of the assays for different
concentrations of the analyte JA. For these assays the following
concentrations were used: 0.5 mg/mL of BSA-JA-Alexa430 and 0.5
mg/mL of α-JA. The concentrations of JA used were: 0.1 mg/mL,
0.5 mg/mL and 2.5 mg/mL. The assay with 0 mg/mL JA is the
experiment "Without Analyte". It was not possible to distinguish
the signal between the assay with 0 mg/mL of JA (Without Ana-
lyte) and 0.1 mg/mL of JA. The conditions of acquisition for the
Leica DMLM microscope were: exposure time 2s; gain of 1x; and
objective 10x.

3.5 Study on the influence of the blocking
agent

I carried out an experiment "Without Analyte" with new
parameters, 0.05 mg/mL of α-JA and 0.074 mg/mL of
BSA-JA-Alexa430 and obtained a low fluorescence value, of
around 300 A.U.. This led me to question whether it was
possible to increase the fluorescence signal by lowering
the concentration of blocking agent without increasing the
non-specific interactions, following the protocol described
in section 2.4.
The solution of 1% (w/v) casein was diluted to other

concentrations using PBS 1x. On the graph present in Fig-
ure 8, I could see the fluorescence signal values obtained
for the distinct assays with different concentrations of the
blocking agent using 0.05 mg/mL α-JA and 0.074 mg/mL
BSA-JA-Alexa430. I could observe there was a significant
increase in the signal when the concentration of the block-
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ing agent was lowered. The assay with more relevance was
0.1% casein, since it provided a fluorescence signal more
than 3 times greater than the assay using 1% casein, with
no non-specific interactions. Between 0.1% and 0.05%
(w/v) of casein, there was no significant change in the
value obtained with antibody, but there were non-specific
interactions in the 0.05% casein assay. So from then on
the concentration of blocking agent used was 0.1% (w/v)
casein.

Figure 8: Graphical representation for the various casein concen-
tration experiments. The stock solution of 1% (w/v) casein was
diluted in PBS 1x to the various concentrations used in the ex-
periments. The concentration of α-JA and BSA-JA-Alexa430 were
0.05 mg/mL and of 0.074 mg/mL, respectively. The assays were
the type "Without Analyte". The conditions of acquisition for the
Leica DMLM microscope were: exposure time 2s; gain of 1x; and
objective 10x.

Figure 9: Graphical representation of the Fluorescence Signal
values detected assays for different concentrations of BSA-JA-
Alexa430 using Casein 0.1% (w/v) as a blocking agent and con-
trols for each experiment. The green arrow indicates the chosen
concentration for the next experiments. The conditions of acqui-
sition for the Leica DMLM microscope were: exposure time 2s;
gain of 1x; and objective 10x.

3.6 Role of Methanol in the Fluorescence
Signal

Considering the stock solutions of phytohormones are in
99.8% Methanol, I decided to carry out experiments "With-
out Analyte" where I would vary the concentration (%(v/v))
of methanol in the assay. The concentrations of methanol
were: 1%, 5% and 10% (v/v). I carried out experiments for
both of the sets of parameters that I had considered, to see
if the variation in signal would have the same behaviour:
0.5 mg/mL of α-JA and 0.5 mg/mL of BSA-JA-Alexa430; and
0.05 mg/mL of α-JA and 0.074 mg/mL of BSA-JA-Alexa430.
In Figure 10 its presented the results from these experi-
ments. For both sets of parameters, I could see that with
the increase of concentration of Methanol %(v/v) in the
solution injected with BSA-JA-Alexa430, the fluorescence
signal values decreases. This can explain some of the re-
sults obtained in earlier experiments, since the percentage
of methanol in the solutions was not a factor I took into
consideration when carrying them out.

Figure 10: Graphical representation for the 2 distinct sets of
assays: one with 0.5 mg/mL of α-JA and 0.5 mg/mL of BSA-
JA-Alexa430 (Blue squares); and 0.05 mg/mL of α-JA and 0.074
mg/mL of BSA-JA-Alexa430 (Green triangles). In this experiments
the concentration of methanol was varied in the following values:
0%, 1%, 5% 10% (v/v). The conditions of acquisition for the
Leica DMLM microscope were: exposure time 2s; gain of 1x; and
objective 10x.

3.7 Different concentrations of JA

After all the optimisations with the concentration of α-JA,
BSA-JA-Alexa430, blocking agent and methanol influence,
I started to carry out experiments using the analyte JA in
buffer for the 2 distinct assays: 0.5 mg/mL of α-JA and 0.5
mg/mL of BSA-JA-Alexa430; and 0.05 mg/mL of α-JA and
0.074 mg/mL of BSA-JA-Alexa430.
This led to the results presented in Figure 11 regarding

the two different concentrations of antibody and conju-
gated molecule. It is possible to see the fluorescence signal
values for both concentrations of antibody are very close to
the assays "Without Analyte". In order to achieve a higher
distinction between the concentrations of JA, I decided to
change the concentration of α-JA to 0.1 mg/mL and main-
tained the concentration of BSA-JA-Alexa430 equal to 0.074
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Figure 11: Graphical representation for the 2 distinct sets of
assays: one with 0.5 mg/mL of α-JA and 0.5 mg/mL of BSA-JA-
Alexa430; and 0.05 mg/mL of α-JA and 0.074 mg/mL of BSA-JA-
Alexa430. It presents the fluorescence signal values in function
of time for different concentrations of JA. It presents the fluores-
cence signal values in function of time for different concentrations
of analyte. The conditions of acquisition for the Leica DMLM mi-
croscope were: exposure time 2s; gain of 1x; and objective 10x.

mg/mL. Figure 12 presents the graphical representation
for these results.
There was a clear distinction of values for the differ-

ent concentrations of JA in mg/mL, which were in our
goal of detection, as we have seen before in the Introduc-
tion: 1×10-7 mol/dm3 (2.10×10-5 mg/mL) to 2.6×10-2
mol/dm3 (5.47 mg/mL) [7].

Figure 12: Graphical representation of the first detection curve for
the analyte JA, with the fluorescence signal values in function of
the concentration of the analyte JA. The conditions of acquisition
for the Leica DMLM microscope were: exposure time 2s; gain of
1x; and objective 10x.

The solubility of JA is around 3 mg/mL. To avoid the
formation of precipitates that would interfere with the de-
tection of fluorescence signal, the concentration of analyte
used was always below this value. If need be, the solution
of a sample can always be diluted to be in line with the
interval of detection.

3.8 Detection Curve
Using the optimizations performed for the analyte JA, I
carried out similar experiments for the other two analytes,
ABA and AZA. I carried out experiments to do a detection
curve of the three phytohormones. The fluorescence signal
values are present in Figure 14. As demonstrated above,
a higher concentration of analyte leads to a decrease in
the fluorescence signal values, which was what I measured.
Knowing the curve would present an inverted "S" shape,
with a linear area between the bottom and top plateau, I
did an interpolation with the graphic points that presented
a linear behaviour in the logarithmic scale for the different
analytes. The detection ranges in buffer are 2×10-2 to
9×10-6 mg/mL, 9×10-3 to 9×10-6 mg/mL and 2×10-2 to
9×10-5 mg/mL, for JA, AZA and ABA, respectively.

Figure 14: Graphical representation of the detection of JA, ABA
and AZA in buffer with 1% methanol using the competitive im-
munoassay. The interpolations are present in the graphic with
the equation used, slopes and R2.The conditions of acquisition
for the Leica DMLM microscope were: exposure time 2s; gain of
1x; and objective 10x.

3.9 Real Sample

One of the main objectives of this dissertation is the mea-
surement of the different phytohormones in real samples.
Due to the constriction of the concentration (% (v/v)) of
methanol, we needed to take into account the preparation
of the sample. I read different articles where they used a
solution of 80% (v/v) methanol in PBS to macerate the
samples, which was not feasible [18]. Therefore the white
and red, wine and table, grape samples from different cul-
tivars were prepared according to the protocol in section
2.4.1. The results obtained from the assays are present in
Figure 13.

3.9.1 Spike Detection

In Figure 13, as exemplified with the buffer, the spike of
0.006 mg/mL of JA should decrease the value of the fluo-
rescence signal. However this does not happen in the case
of white wine grape. There is no discernable decrease since
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Figure 13: Graphical representation of the fluorescence signal values obtained in buffer "Without Analyte", and the value for the
presence of the analyte JA (0.006 mg/mL) and with white wine and table grapes and red wine and table grapes, with and without
the spike of 0.006 mg/mL of JA. The conditions of acquisition for the Leica DMLM microscope were: exposure time 2s; gain of 1x;
and objective 10x.

the fluorescence signal values measured are very similar.
Regarding the white table grapes there was a decrease in
fluorescence signal when adding the spike of 0.006 mg/mL
of JA. In the case of red wine grapes, we can see that adding
the spike of 0.006 mg/mL of JA lowered the fluorescence
signal value. The red table grapes had similar fluorescence
signal values, with a slight decrease when adding 0.006
mg/mL of JA.
It is important to note these results suggest the inter-

ference of the cellular matrix in the assay and also the
presence of other components that may increase the flu-
orescence and interact with the α-JA. As I have proved
above, there are also cross-contaminations between the
different analytes and α-JA that will influence the detection
of fluorescence signal values.

4 Conclusions and Future Work
This work demonstrated the detection of phytohormones
using an immunoassay-based microfluidic device. In order
to accomplish this objective, a protocol was required to be
developed and optimised, in order to identify the various
molecules.
The objectives set out for this dissertation were achieved

since it was possible to:

• Develop a protocol to detect various concentrations of
the analytes JA, AZA and ABA;

• Optimise the protocol, namely the effect of methanol’s
presence in the assay, maintaining it at 1% and the
reduction of casein’s concentration from 1% to 0.1%,
raising the fluorescence signal without increasing the
non-specific interactions;

• Demonstrate the viability of the protocol by obtaining
curves of detection for the three phytohormones.

Another approach was tested by using positively charged
beads, but the results were not satisfactory. This experiment

could be further reworked using another fluorophore with
a neutral charge, for instance Bodypy.
Regarding future work, this project is in its early stages,

with the main goal being the detection of abiotic and bi-
otic stresses in grapevines using a single-step device. This
equipment should have a sample treatment and a detection
module. The next steps should be:

• Calculation of limit of detection;
• The design of a microfluidic structure for the simulta-
neous detection;

• Increase the panel of phytohormones with other
molecules, such as salicylic acid and resveratrol, which
are known infection signals;

• Optimisation of the sample treatment protocol, to
eliminate the influence of cellular matrix, for instance
Aqueous Two-Phase System (ATPS) [24];

• Perform experiments in healthy and stressed samples,
for both abiotic and biotic stress factors.
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