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Aptasensor optico para la deteccion y cuantificacion
in situ de metilxantinas en llex guayusa

Abstract

the present work pursued the development of a system to detect and quantify
methylxanthines in flex guayusa. The system, called IPMA (In situ Plant Metabolite
Aptasensor), is based on an optical aptasensor that integrates a DNA complex and a
porphyrin (NMM IX). IPMA's ability to detect known amounts of theophylline and caffeine
both in solution and infiltrated into guayusa leaves was evaluated. The detection limits
determined were: 0.25 mM for theophylline in solution, 0.1 mM for caffeine in solution,
and 130 mM for caffeine in I guayusa leaves. These results demonstrate the potential
of IPMA to detect and quantify metabolites of interest directly from biological samples.
Developing this type of tool will provide a wide range of applications such as the in situ
determination of physiological stress in plants and the characterization of plant varieties
with a higher content of compounds of pharmaceutical or food interest.

Keywords: aptasensor, aptamer, methylxanthines, caffeine, theophylline, llex guayusa

Resumen

El presente trabajo buscé el desarrollo de un sistema para detectar y cuantificar
metilxantinas en llex guayusa. El sistema, denominado IPMA por sus siglas en inglés
(Aptasensor de Metabolitos de Plantas In situ), se basa en un aptasensor optico que
integra un complejo de ADN y una porfirina (NMM 1X). Se evalué la capacidad de
IPMA para detectar cantidades conocidas de teofilina y cafefna tanto en solucién
como infiltradas en hojas de guayusa. Los limites de deteccion determinados fueron:
0.25 mM para teofilina en solucién, 0.1 mM para cafeina en solucién y 130 mM para
cafeina en hojas de I. guayusa. Estos resultados demuestran el potencial de IPMA para
detectar y cuantificar metabolitos de interés directamente de muestras bioldgicas. El
desarrollo de este tipo de herramienta ofrece una amplia gama de aplicaciones como la
determinacion in situ de estrés fisioldgico en plantas y la caracterizacién de variedades
vegetales con mayor contenido de compuestos de interés farmacéutico o alimentario.

Palabras clave: aptasensor, aptamero, metilxantinas, cafeina, teofiling, llex guayusa

1 DOI: https://doi.org/10.18272/aci.v14i1.2301


mailto:baleon%40alumni.usfq.edu.ec%20?subject=
DOI: https://doi.org/10.18272/aci.v14i1.2301

Articulo/Article
Seccién B/Section B

Vol. 14, nro. 1
1D: 2301

avances
en ciendias e
ingenierias

Optical aptasensor for in situ detection and quantification of methylxanthines in llex guayusa
Ledn / Mollocana / Calderén / Montero-Oleas / Torres (2022)

INTRODUCTION

Detection and quantification of plant metabolites have generally involved the use of
sophisticated laboratory facilities as well as complex and time-consuming methods.
Conventional techniques include Liquid Chromatography (LC), Mass Spectrometry (MS),
Gas Chromatography (GC), or their combination [1-3]. These techniques have shown fair
accuracy and effectiveness with some limitations as they need sophisticated equipment
and sample preparation steps that can lead to systematic errors [3,4]. In this sense,
developing new techniques for rapid and accurate in situ detection and quantification
of plant metabolites is essential. Biosensors are an excellent option to meet the needs
of accuracy and speed since their advantages in cost, compact size, rapid response, and
precision outweigh conventional techniques [5].

Biosensors are analytical devices that integrate a biological sensing component (enzyme,
antibody, nucleic acid, and others) with a transducer, which generates a detectable
response once an analyte has been detected [6,7]. Among the types of biosensors, optical
ones stand for their capacity to induce a change in the absorption, emission, reflection,
or refraction of light after the target analyte is recognized [8]. Several advantages
come with optical biosensors, including high sensitivity, fast and easy measurements,
and minimal invasion for in situ detection [8]. Optical biosensor design may involve
aptamers, forming the so-called optical aptasensors [9]. Aptamers are single-stranded
nucleic acids capable of binding specific molecules [4,10]. The development of optical
aptasensors has been described for many applications that include agriculture, medical
diagnostics, food, and environmental measurements [4,9,11,12].

In agriculture, optical aptasensors may assess crop quality and plant physiological state
through the measurement of secondary metabolites [13]. These organic compounds
play an essential role in plant interaction with the environment since their synthesis is
a physiological response against biotic or abiotic stress conditions [14,15]. A significant
group of plant secondary metabolites is methylxanthines. This set of compounds
includes substances of particular interest such as caffeine and theophylline [16].
Caffeine is the most studied and used methylxanthine worldwide. The major effect of
methylxanthines is the stimulation of the central nervous, respiratory, and circulatory
systems [17]. At the same time, theophylline is an alkaloid used to treat certain lung
conditions characterized by bronchoconstriction such as asthma [18]. The primary
role of these substances in some plants has been associated with protection against
pathogens and herbivores [19].

llex guayusa Loes. (Aquifoliaceae) is a native plant of the Ecuadorian, Peruvian, and
Colombian Amazon region whose use as an infusion by local communities has
demonstrated its potential over time. Due to its stimulating properties, guayusa has
aroused an interest in the food and pharmacological industries [20]. Guayusa is one of
the most abundant caffeine sources known, with concentrations that can nearly reach
17 milligrams per gram of dry leaf [21,22]. Although the caffeine content of guayusa
has appropriately been described, information about the phytochemical content of
this plant is still limited. More knowledge about the phytochemical content in guayusa
could be helpful in the optimization of new and straightforward techniques that allow
the characterization of guayusa’s cultivars and their possible management and uses.
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In this research, we developed an In situ Plant Metabolite Aptasensor (IPMA) that adopts
the system reported by Rankin et al. [23] and the recognition strategy of Rivera [24] to
quantify caffeine and theophylline directly from guayusa leaves in a fastand easy way. The
system is integrated by a DNA complex and the N-methyl mesoporphyrin IX dye (NMM
IX). The DNA complex consists of a DNA aptamer linked to the C-myc oligonucleotide
by seven complementary bases. The NMM IX acts as a signal transducer as it exhibits
unique optical properties when interacting with quadruplex DNA structures (GQ) [25].
When caffeine or theophylline is present, the DNA complex disassembles, making the
DNA aptamer bind to the methylxanthine. At the same time, the interaction between
GQ C-myc and the dye generates fluorescence (Figure 1).
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Figure 1. IPMA system scheme. A) DNA complex, NMM X, and methylxanthine solutions are infiltrated into the
leaf. B) 30-minute incubation under darkness is performed. C) Fluorescence is observed through a UV lamp. D)
The picture taken is then analyzed through Image J software to measure the fluorescence intensity and determine
the methylxanthine concentration (mM). This graphical scheme was created in BioRender.

We evaluated the efficiency of the IPMA system for detecting and quantifying caffeine
in llex guayusa leaves. Nevertheless, we first validated the system with theophylline and
caffeine in solution assays. This research demonstrates the versatility of the IPMA system
and presents it as a useful, inexpensive, and reliable metabolite quantification method
with the potential to be translated into an agricultural tool.
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MATERIALS AND METHODS
DNA complex assembly

The DNA aptamer (5-GGCGA(dU)ACCAGCCGAAAGGCCC(dU)(dU)GGCAGCG(dU)C-3")
and the C-myc oligonucleotide (5-TGGGGAGGGTTTTTAGGGTGGGGATATCGCC-3") (The
Midland Certified Reagent Co) were resuspended in TE 1X buffer (5 mM Tris-HCl, 0.5 mM
EDTA, pH 7.0) and were quantified in a Nanodrop 2000 (Thermo Scientific). The DNA
complex (DNA aptamer - C-myc) assembly was carried out in an Eppendorf microtube
with 10 umoles of DNA aptamer (200 uM), 10 umoles of oligo C-myc (200 pM), and 100
L of HEPES buffer (50 mM HEPES, 40 mM KCl, 400 mM NaCl, 0.1% (w/v) Triton X-100, 2%
(v/v) DMSO, pH 7.0). The oligonucleotide suspensions were heated using a thermocycler
(TPersonal, Biometra) with an initial temperature of 95°C for 5 minutes; then, two cycles
of 80°C (1 minute), 60°C (1 minute), 40°C (1 minute), 30°C (5 minutes); and a final cooling
at 4°C for 10 minutes. The assembled complex was stored at -20°C.

DNA complex assembly verification

The DNA complex assembly test was based on the NMM IX (Frontier Scientific)
absorption spectra analysis. For this, 2 uL of the DNA complex, previously assembled,
was placed on a spectrophotometer microplate (Multiscan Sky, Thermo Fischer), and the
UV-visible spectrum was collected.

Theophylline and caffeine stocks preparation and quantification

The caffeine stock solution was prepared by dissolving 5 mg of anhydrous caffeine
powder (Refaquim) in 1 mL of ultra-pure water. The solution was homogenized on a
shaker at room temperature and then stored at 4°C. The theophylline stock solution was
prepared by grinding up 250 mg of theophylline tablets (Genfar) into a fine powder.
Then, 100 mL of phosphate buffer (66.72 mM KH_PO,, 80.87 mM Na,HPO,, pH 7.4) was
added. The solution was incubated at 37°C under constant stirring for 24 hours and
then stored at 4°C. The solutions were quantified by spectrophotometry (Multiscan
Sky, Thermo Fischer) using the Lambert Beer-Bouguer law. For theophylline, the molar
extinction coefficient was 10200 cm™ M at 277 nm [27], and for caffeine, 9900 cm™ M
at272 nm [26].

Plant material

Guayusa leaves were obtained from plants maintained at the greenhouse of the Plant
Biotechnology Laboratory (USFQ). We collected equal-sized leaves from the same
branch of the plant.

IPMA system validation and optimization

A solution test was performed to validate the effectiveness of the IPMA system to detect
methylxanthines. For this purpose, two solutions were prepared: a) 25 pL solution

containing the DNA complex (50 pM), NMM IX (50 uM), and theophylline (7 mM) and b)
25 L solution with the DNA complex (50 uM), NMM [X (50 uM), and PCR-grade water.
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For the IPMA system optimization, several factors were considered, including the DNA
complex — NMM IX concentration, the operating temperature, and the fluorescence
analysis.

DNA complex — NMM IX concentration

Several solution tests were carried out to determine the optimal DNA complex - NMM
IX concentration. Five ratios were evaluated (2:1,4:1, 10:1, 20:1, and 40:1). 20 pL solutions
containing the DNA complex (4 uM), NMM IX (2 uM, 1 uM, 0.4 uM, 0.2 uM, 0.1 uM), and
theophylline (7000 uM) were prepared. In parallel, 20 pL solutions containing the DNA
complex (4 pM), NMM IX (2 uM, 1 uM, 0.4 uM, 0.2 uM, 0.1 pM), and PCR-grade water were
elaborated. Each solution was prepared in duplicate and incubated under darkness and
at room temperature for 25 minutes approximately.

The selection criteria for the optimal DNA complex — NMM IX concentration were: i)
the solution containing the DNA complex — NMM IX and the methylxanthine should
exhibit high fluorescence signal easily identifiable to the naked eye, and ii) the solution
containing the DNA-NMM IX complex in the absence of methylxanthine should have a
low fluorescence signal.

Temperature

To identify the aptasensor optimal operating temperature, the absorption spectra of the
DNA complex - NMM IX at different temperatures were analyzed. 500 plL of a solution
containing 20 uM of the assembled DNA complex and 2 uM of NMM IX was prepared. 2
L of the solution were placed on the spectrophotometer microplate reader (Multiscan
Sky, Thermo Fischer), and the temperature was increased from 21°C to 43°C. The UV-
visible spectra were collected each time the temperature increased by one-degree
centigrade.

Fluorescence analysis

To identify the best way to capture the fluorescent signal, two different lighting systems
were used. The first was the Bio-Imaging lamp (HK-01-DNR) that emits light with a
wavelength between 380 and 420 nm. The second lighting system was a blue LED box
(Maviju 1L070206) which is a wooden box with a blue LED light bulb inside that emits
light with a wavelength between 440 and 460 nm.

In both cases, photographs of the leaves exposed to the lighting systems were taken
with a mobile camera (Samsung S20+). The angle of capture and the distance from the
camera to the sample were controlled and kept constant in all shots (Figure 2C). All the
photos were analyzed with Image J 1.52v. The intensity of the fluorescent solutions was
calculated by measuring the integrated density of the image previously split in RGB
channels. The measurements were done in Eppendorf tubes for the solution tests and
in areas that visibly fluoresced on the guayusa leaves. In the Image J software 1.52v, only
the red channel was used for the corresponding analysis.

DOI: https://doi.org/10.18272/aci.v14i1.2301


https://doi.org/10.18272/aci.v14i1.2301

Articulo/Article
Seccién B/Section B

Vol. 14, nro. 1
1D: 2301

avances
en ciendias e
ingenierias

6

Optical aptasensor for in situ detection and quantification of methylxanthines in llex guayusa
Ledn / Mollocana / Calderén / Montero-Oleas / Torres (2022)

(=

- 4

Figure 2. Two lighting systems for fluorescence signal. A) Bio-Imaging lamp (380 to 420 nm). B) Blue LED (440 to
460 nm). () Lighting systems capturing images scheme.

IPMA validation for quantification of theophylline and caffeine in solution

The assembled DNA complex and the NMM IX were placed in four Eppendorf (1.5 mL)
tubesina 10:1 proportion (5 uM and 0.5 uM, respectively). Next, a known concentration
of theophylline (7 mM, 1.5 mM, 0.4 mM, and 0 mM) or caffeine (6 MM, 3 mM, 0.2 mM, and
0 mM) was added in each tube. Ultra-pure water was added in a fifth tube instead of the
methylxanthines as a blank. The solutions were homogenized and incubated in the dark
and at room temperature for 60 minutes approximately.

IPMA validation for quantification of caffeine in guayusa leaves

l. guayusa young leaves were immersed in Agrex-F 0.1% (Tekquimik) solution for
60 minutes. Then, known concentrations of caffeine (0 mM, 150 mM, and 300 mM)
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solutions were syringe-infiltrated into specific areas of the leaves. The assembled DNA
complex (5 uM) and the NMM X (0.5 uM) were infiltrated near the spot where the
caffeine solution was injected. The leaves were immediately incubated in the dark and
at room temperature for 20 minutes. All assays were run in duplicate.

RESULTS
DNA complex assembly verification

The DNA complex assembly test was based on the dye (NMM IX) absorption spectra analysis.
The absorption spectrum of the NMM X incubated with the assembled DNA complex
showed maximum absorption at 378 nm. On the other hand, the maximum absorption
of the dye incubated with the unassembled DNA complex occurred at 399 nm (Figure 3).
These results demonstrate that the assembled DNA complex does not induce any change
in NMM IX's optical properties, indicating that the assembly process was successful.

Absorbance (a.u.)

Unassembled complex \

275 300 325 350 375 400 425 450
Wavelength (nm)

Figure 3. Absorption spectrum of NMM IX incubated with the assembled DNA complex; a maximum absorption
of NMM IX at 399 nm is observed when the DNA complex is properly assembled.

IPMA System validation and optimization
In the validation test, an almost 20-fold fluorescence increase was identified in the
presence of 7 mM theophylline, which could be observed at first glance (Figure 4).

This fluorescence increase is due to the presence of theophylline in the solution, which
demonstrates IPMA's ability to detect a methylxanthine.
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Figure 4. IPMA validation in solution. A) DNA complex and NMM IX solution. B) DNA complex and NMM IX
incubated with theophylline (7 mM). A 20-fold increase in fluorescence was measured in the theophylline-
containing solution.

Regarding IPMA's optimization, the results are described below:

DNA complex and NMM IX concentration

Three of the five DNA complex — NMM [X ratios tested (10:1, 20:1, and 40:1) met the two
criteria (see Methods) for the proper functioning of the aptasensor. None of the ratios
showed significant differences regarding their fluorescence intensity (p > 0.05 for the
one-way ANOVA). However, since the lowest concentration of reagents is desirable, the
10:1 ratio was selected for IPMA as the optimal DNA complex - NMM IX (Figure 5).

- mm \Vith Theophylline I \Without Theophylline
= 90
% 90
R
B
0 21 41 10:1 2011 4011

DNA Complex: NMM IX

Figure 5. DNA complex — NMM IX concentration optimization. The fluorescence intensity on a theophylline-
containing solution and on a theophylline-non-containing solution was analyzed in five different ratios. There
were no significant differences (p >0.05 for the one-way ANOVA).
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Temperature

To determine the temperature at which the DNA complex assembly is no longer stable,
we analyzed the DNA complex - NMM IX absorption spectra at different temperatures.
A gradual movement of the NMM IX's maximum absorption peak towards 399 nm
was observed when the temperature was around 29 - 33°C (Figure 6). The maximum
absorbance at 399 nm indicates that the complex has disassembled. In this case, the
disassembly occurs due to the temperature only (since there is no methylxanthine
present in the solution). This means that the biosensor works properly at temperatures
lower than 29°C; above this temperature, non-specificities could be observed.

104
— 3%
08 —
‘.‘ ----- 29°C
— 2%
CE
S 04 |
=2 '.‘
02
0.0 \ \ \ \ \ \ =
275 300 325 350 375 400 425 450
Wavelength (nm)

Figure 6. Absorption spectra of NMM IX incubated with the assembled DNA complex. The spectra collected at
different temperatures are shown. A gradual movement of 21 nm of the maximum absorption peak is observed.

Fluorescence analysis system

The Bio-Imaging lamp was the best lighting system to capture fluorescence from
the solution tests. Nevertheless, when guayusa leaves were illuminated with the Bio-
Imaging lamp, it was impossible to identify fluorescence attributable to NMM IX, as
the entire leaf surface fluoresced (Figure 2A). However, when the guayusa leaves were
illuminated with the blue LED box, NMM IX’s fluorescence was easily detectable (Figure
2B). The best fluorescent signal using this lamp was observed when the sample was
placed at an angle of 90° and 20 cm from the detector.

IPMA for quantification of theophylline and caffeine in solution

The fluorescent signal in the solution tests showed a direct proportional relationship
to the methylxanthine concentration (theophylline or caffeine) (Figures 7 and 8). The
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trend line generated with fluorescence shows the same trend as that obtained with UV-

vis spectrophotometry. A high correlation was determined when this fluorescence was
avances  analyzed through Image J (R? = 0.90 for theophylline; R? = 0.986 for caffeine). The limits
Ingenierias . . .

of detection (LOD) were calculated following the equation:

LOD = Blank + 36

where § is one standard deviation [28].

140
“ y=5,3455x + 91,437
R2=09021

130

120

110

Fluorescence intensity (a.u.)

0 2 4 6
Theophylline concentration (mM)

Figure 7. Fluorescence intensity as a function of theophylline content in solution. A) The fluorescence intensity

detected through Image J is shown for four theophylline concentrations incubated with IPMA. B) Fluorescence

visualization of the four theophylline concentrations (B1=0mM; B2 = 0.4 mM; B3 = 1.5 mM; B4 =7 mM)
under the Bio-Imaging lamp and Multiscan Sky, respectively.
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150 “
y = 6,7204x + 92,468

=0,9861

Fluorescence intensity (a.u.)

(affeine concentration (mM)

Figure 8. Fluorescence intensity as a function of caffeine content in solution. The fluorescence intensity detected
through Image J is shown for four caffeine concentrations incubated with IPMA. B) Fluorescence visualization of
the four caffeine concentrations (B1 =0 mM; B2 = 0.2 mM; B3 = 3 mM; B4 = 6 mM) using the Bio-Imaging
lamp and Multiscan Sky, respectively.

The obtained LOD values were 0.1 mM for caffeine and 0.25 mM for theophylline,
respectively. Fluorescence intensity changes due to methylxanthine concentration were
more evident for caffeine than for theophylline.

IPMA for quantification of known concentrations
of caffeine in /lex guayusa leaves

In I. guayusa leaves, the fluorescent signal showed a proportional behavior with respect
to the syringe-infiltrated caffeine concentration (Figure 9A). A high correlation was also
determined when this fluorescence was analyzed through Image J (R?=0.99). A limit of
detection (LOD) of 130 mM was calculated.

As shown in Figure 9B, the fluorescence increment is detectable to the naked eye, but it
is less evident compared to the solution treatments.
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Figure 9. Fluorescence intensity as a function of caffeine content in guayusa leaves. A) Fluorescence intensity

detected through Image J is shown for three different caffeine concentrations infiltrated into guayusa leaves.

B) Fluorescence visualization of the three caffeine concentrations (B1 =0 mM; B2 =150 mM; B3 =300 mM)
using a Blue LED box.

DISCUSSION
IPMA quantification strategy

In this study, we present an efficient, fast, and cost-effective tool for plant metabolites
quantification. We propose a specific mechanism of function of the IPMA systems
based on the disassembly of the DNA complex when a methylxanthine is present.
As the hydrogen bonds break, the DNA aptamer separates from the C-myc oligo and
changes its structure to bind the methylxanthine. The C-myc oligo adopts its natural
G-quadruplex (GQ) structure and is free to interact with the dye (NMM IX). It has been
reported that the binding of NMM IX and GQ-DNA allows NMM IX to fluoresce with
great intensity [29,30] (Figure 1).

Aptasensors using NMM IX and a GQ-DNA structure have been widely reported for
environmental monitoring [30,31]. The uniqgue NMM IX chemical properties have made
it useful in medical sciences for the localization of non-canonical DNA structures, such
as those involved in genomic stability and cancer [32]. Other applications of these
kinds of biosensors include detecting simple and complex molecules such as proteins
[33], toxins [34], or pesticides [35]. Precisely, one of the most remarkable examples in
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terms of agricultural applications is an NMM-GQ sensor to detect organophosphates
in agricultural products [36]. However, to the best of our knowledge, no biosensor
prototype based on GQ-DNA and NMM IX has been reported for in situ plant
metabolite detection and quantification. In this sense, our IPMA system constitutes
an innovative alternative to detect a target molecule directly from plant leaves quickly
and efficiently.

IPMA System Optimization

Once it was verified that the IPMA strategy worked and allowed the detection of
methylxanthines, it was necessary to optimize some factors to achieve a good enough
fluorescence signal to quantify the target molecule accurately.

The first optimized factor was the concentration of the DNA complex and the dye (NMM
IX). Three ratios were observed to work well. However, since the 10:1 ratio uses the lowest
reagent concentration, it was selected for the IPMA subsequent tests. The use of a molar
excess of 10 DNA molecules for each NMM molecule has been previously reported as a
good ratio to obtain enhanced fluorescence signals [31]. Evaluating the DNA complex
- NMM IX concentration is a crucial factor to avoid erroneous quantifications since an
excess or lack of DNA could affect the interpretation of the fluorescence signal [37].

Another optimized factor was the temperature. DNA complex kept assembled in
the absence of the target and disassembled in its presence. Therefore, the aptamer
recognition of its caffeine or theophylline target depends on breaking the hydrogen
bonds that join DNA molecules. It is known that the hydrogen bonds that generate the
complementarity of bases can be broken easily as a function of temperature [38,39].
For instance, it is necessary to establish the temperature at which the DNA complex
assembly remains stable. The absorption spectrum of NMM IX was studied to identify
the optimal assembly temperature of the DNA complex. NMM [X has two unique optical
properties in the presence of a GQ structure like C-myc. First, it presents a 60-fold increase
in fluorescence compared to its basal state when the emission spectrum is analyzed.
Second, it exhibits a 21 nm red shift in the absorption spectrum. This means that when
NMM IXis in solution, it has a maximum light absorption at 378 nm, but in the presence
of a GQ structure, the maximum absorption is at 399 nm [33, 40]. To verify that the DNA
complex assembly was no longer stable, it was necessary to identify the temperature at
which the 21 nm red shift phenomena occurred. As can be seen in Figure 5, the red shift
occurred gradually between 29°C and 33°C. This proves that the complex assembles
well below 29°C. At higher temperatures, the fluorescence observed might be increased
by the spontaneous disassembly of the DNA complex.

A third optimized factor was fluorescence visualization. For the solution tests,
fluorescence differences with theophylline were less noticeable to the naked eye than
with caffeine when analyzed with Image J. Such observations were made considering
that the perception of color depends on several factors, mainly light source, detection
mode, and the detector [41]. In humans, color perception is difficult to control since
it depends on the interaction of signals generated by photoreceptors sensitive to the
visible electromagnetic spectrum [42]. For leaf assays, when the guayusa leaves were
placed on different light sources, there were differences in the fluorescence visualization
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(Figure 6). A variety of fluorescent molecules can be found in biological samples [21].
One of the main components of plants is chlorophylls, which can absorb and emit light
at different wavelengths [44]. It has been reported that plants of the /lex genus have
chlorophyll A and B, but there is no information about their content in I. guayusa leaves
[45]. The maximum absorption for chlorophyll A occurs at 372 nm, and for chlorophyll B
at 392 nm [44,45]. On these premises, it can be assumed that the observed fluorescence
when the leaf was exposed to a Bio-imaging lamp is in part due to the emission of
chlorophyll and not to IPMA.

IPMA for the quantification of theophylline and caffeine

It was determined that as the methylxanthine (theophylline or caffeine) concentration
increases, the emitted fluorescent signal increases as well. This is a particular fact of
systems based on GQ — NMM X complexes, in which the fluorescence emitted is directly
proportional to the analyte concentration [25].

When evaluating the performance of an aptasensor, it is essential to analyze the
detection limit (LOD). The LOD corresponds to the minimum concentration of a
substance whose detection signal is significantly different from the blank (background)
[46]. For theophylline in solution, the LOD was 0.25 mM, a value that, although in the
range previously described for aptamer-based biosensors (50 nM — 600 puM) [47], is
much higher than the values reported in Rankin et al. [23] for RNA aptamers. In the
case of caffeine in solution, the LOD was 90.01 uM, a lower value than that reported for
theophylline but which is still higher than the LOD described by McKeague & DeRosa
[48] for xanthines (<10 uM).

In the guayusa leaves, the calculated LOD was 130 mM of caffeine. This LOD does
not correspond to the natural caffeine content in the leaf but to the injected caffeine
solution. This is a limitation of the IPMA system that should be overcome through a
standardization. To achieve this, it will be necessary to validate the IPMA measurements
using another quantification method. Methods for quantifying methylxanthine in leaves
often require more sophisticated equipment or extractions that involve manipulations
with solvents that are not readily available [49]. However, the results obtained with the
caffeine solution injected into the leaf are proof of the concept that IPMA is efficient for
quantifying caffeine in a matrix such as the guayusa leaf.

Although the diversity of optical biosensors for detecting compounds of interest in
plants is quite large, an aptasensor like this one has not been developed before. The
most similar development has been nanosensors for detecting metabolites in animal
and fungal cells, both in vivo and in vitro conditions [50].

Theophylline and caffeine are metabolites of great interest for which several types of
sensors have been proposed, either electrochemical [51] or through fluorescent probes
using chemical compounds [52]. Since 2007 there have been reports of amperometric
biosensors with the capacity to detect from 0.1 to Tmg/mL of caffeine in solution, but
with a complex structure that restricts the possibility of performing in situ quantifications
[53]. Although IPMA's LOD does not reach the level of sensitivity offered by other
alternatives, a feature that can be optimized, it requires only a DNA complex - NMM IX
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and a blue light lamp, which can be easily adapted as a portable tool for detection of the
methylxanthine content in guayusa and other plants.

Towards an agricultural analysis tool

Part of the agriculture transition involves the adoption of new, easy-to-use, and affordable
innovations [54]. Several optical aptasensors have been described as a potential tool
for food safety and food fraud indicators, as well as sustainable agriculture supporters
[55,56]. In fact, detecting and quantifying a secondary metabolite could help farmers
to make corrective actions or infer the quality of a crop. As an example, it is known that
theobromine is a secondary metabolite of Theobroma cacao that is associated with the
cacao’s quality due to the bitterness that this substance might give to the chocolate
[57,58].In this sense, a system such as IPMA could allow the selection of T. cacao cultivars
according to the amount of theobromine present.

Further applications of aptasensors could be selecting cultivars with higher contents
of methylxanthines or even other types of molecules. Such selection could facilitate
the production of more naturally stimulating products, especially for the hot tea
beverage industry. Also, physiological studies applied to crops could allow growers to
infer possible stress mitigation strategies at the irrigation, nutrition, or even pathogen
control approaches. For example, naringenin is a metabolite produced by citrus trees in
response to attacks by certain insects [59]. If the amount of naringenin is quantified in
the plant tissues, the magnitude of a pest could be assessed and appropriate corrective
treatments (insecticide) could be applied [60]. In guayusa, very little is known about the
physiological function of caffeine; therefore, detecting and quantifying this substance
from its leaves under different environmental stimuli could contribute to learning more
about the importance of this compound for the physiology and adaptation of this
fascinating Amazonian plant.

CONCLUSION

IPMA constitutes a compelling attempt to detect and quantify plant metabolites,
which would support agricultural practices. Moreover, the simplicity, portability, and
adaptability of the IPMA technology make it suitable as an in situ application. The
cost advantage is another aspect that must be considered as IPMA does not need
sophisticated facilities for the analysis. The results obtained in this study suggest that the
IPMA strategy corresponds to a turn-on, enzyme-free, GQ — NMM IX optical biosensor
with a great potential to detect and quantify plant metabolites both in solution and in
plant tissues. Our system could detect theophylline (0.25 mM as LOD) and caffeine (0.1
mM as LOD in solution and 130 mM as LOD in the guayusa leaf).

Even though the IPMA system is specific to caffeine and theophylline, optical biosensors
based on DNA aptamers are versatile and can be applied to detect and quantify several
molecules of interest. In I. guayusa, the in situ quantification of caffeine content could be
interesting for evaluating the metabolite content of different cultivars.
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