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Abstract: Research on organic electrochemical transistor (OECT) based sensors to monitor in vivo
plant traits such as xylem sap concentration is attracting attention for their potential application in
precision agriculture. Fabrication and electronic aspects of OECT have been the subject of extensive
research while its characterization within the plant water relation context deserves further efforts.
This study tested the hypothesis that the response (R) of an OECT (bioristor) implanted in the trunk
of olive trees is inversely proportional to the water flux density flowing through the plant (Jw). This
study also examined the influence on R of vapor pressure deficit (VPD) as coupled/uncoupled with
light. R was hourly recorded in potted olive trees for a 10-day period concomitantly with Jw (weight
loss method). A subgroup of trees was bagged in order to reduce VPD and in turn Jw, and other
trees were located in a walk-in chamber where VPD and light were independently managed. R was
tightly sensitive to diurnal oscillation of Jw and at negligible values of Jw (late afternoon and night)
R increased. The bioristor was not sensitive to the VPD per se unless a light source was coupled
to trigger Jw. This study preliminarily examined the suitability of bioristor to estimate the mean
daily nutrients accumulation rate (Ca, K) in leaves comparing chemical and sensor-based procedures
showing a good agreement between them opening new perspective towards the application of OECT
sensor in precision agricultural cropping systems.

Keywords: bioristor; mineral nutrition; OECT; precision agriculture; PEDOT; sap concentration

1. Introduction

The management of mineral nutrition in agricultural systems contributes to the ade-
quate nutrients availability for biochemical and structural functions in planta. Matching
plant nutrient demand with nutrient soil supply (and availability) at short interval time
(days or even hours) might help to avoid excessive (supply>>demand) or deficient (sup-
ply<<demand) nutrition and in turn contributing to healthy plant and environment. A
number of in-vivo sensors and non-touch image-based technologies are increasingly pro-
posed within innovative agriculture to monitor plant traits including water status, diseases
and minerals content [1–4]. Real time monitoring of nutrient availability in xylem sap is
pivotal for that purpose and to minimize agriculture dependency on mineral fertilization
and/or face nutrition stress.
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A relatively new set of organic electrochemical transistors (OECT) devices is emerg-
ing for the determination of physical and chemical characteristics of liquid samples and
biological system including the ionic content [5–7]. Through mathematical models the
change of the OECT device bulk conductivity allows the detection of the concentration
of ions in solution making them increasingly used for bio-interfacing, bio-sensing, and
electrophysiological recording [7–9]. Due to their ions’ sensitivity and selectivity (e.g., K,
Mg, Na) [10,11], OECT-based biosensors are promising tool within a smart plant nutrition
management context. For example, current open-source application includes leaf nutrient
content (sourced by foliar analysis) for the implementation of the monthly fertigation plan
in olive [12]. Having a real time monitoring of ions carried in the sap as input data would
strength that kind of app.

An OECT sensor (hereafter named bioristor) has been proposed for the in vivo real
time monitoring of some physiological traits (including concentration of ions in the xylem
sap) under variable environmental conditions and drought stress in herbaceous crops
(e.g., tomato) [13–15]. However, due to the differences in the vascular system between
herbaceous and trees [16], testing similar sensors for perennials is highly desirable.

The sensitivity of bioristor to positively charged ions (e.g., Ca, K) [15] led to a close
relationship between the molar concentration of aqueous solutions and the sensor response
(R). Moreover, previous work reported R and VPD and stomatal conductance highly
correlated (R2 = 0.82) in tomato [14,15] under a VPD ranging within 0–0.8 kPa. The VPD
is a well-known driver of transpiration (and in turn of sap flow) which often lags behind
(or occurs in advance) of VPD particularly under high VPD [17,18]. In addition, values
of VPD in cultivated areas (e.g., Mediterranean-type) usually peak at 3–4 KPa [19], hence
testing an OECT sensor in a perennial crop under Mediterranean growing conditions and
in relation to plant transpiration would integrate current knowledge on OECT sensor.

Concentration of xylem sap (Ci, mol m−3) at any instant is satisfactorily approximated
by the ratio of the flux density of solutes (Js, mol m−2 s–1) and that of (volumetric) water
(Jw, m3 m−2 s–1) entering the xylem [20]. Values of Js depend on several factors including
nutrients uptake by roots, xylem tissues loading-unloading, nutrients delivery and utiliza-
tion along the transportation pathway [21]. In addition, roots might passively (diffusion)
and/or actively uptake ions [22]. A mass flow of ions into root also occurs because they are
dragged in by Jw (activated by transpiration flux) and/or because Jw induces a continuous
removal of the ions at membrane interface after they have been released into the xylem
lumen [23,24]. Concerning the flow of water in the xylem (Jw), by recalling the Poiseuille’s
Law and based on the cohesion theory, it depends on plant conductance and is driven
by the hydrostatic soil-plant-atmosphere pressure gradient (∆P) which is generated by
diffusion of water vapor from leaf to the atmosphere in response to the leaf-to-air VPD [20].
Hence, Jw is influential on Ci because it contributes to the load of ions (proportionally to
the soil solution concentration and the reflection coefficient) and because it operates as the
solvent of xylem sap [20].

It appears that while fabrication and electronic aspects of OECT have been the subject
of roughly extensive research, its characterization within a plant water relation and ion
transport mechanisms context deserve further efforts. Therefore, this study tested the
hypothesis that the response of bioristor (R) which is candidate to measure Ci would be
inversely proportional to water flux density (Jw).

Within a mechanistic approach VPD drives the water flux (VPD→ Jw). Water flux is
also triggered by light availability due to its influence on stomatal behavior and in turn on
transpiration [25]. Under outdoor conditions changes of VPD occur simultaneously with
that of other meteorological variables (e.g., light) making their effect(s) on transpiration
(and on R) difficult to separate. To infer new information on the influence of VPD per se on
R, this study examined whether the response of the bioristor to changing environmental
conditions is dominated by VPD per se or by water flux. For this purpose, olive trees
growing in a walk-in chamber were subjected to various combinations of light dark and
VPD cycles.
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In order to progress towards the application of OECT sensor for precision agriculture,
this study also examined the suitability of the bioristor to estimate ion accumulation
rate in leaves. Considering that accumulation of ions in a certain time period would be
proportional to the flux density of water and sap concentration in the same time period (i.e.,
Jw × Ci), that accumulation was calculated in parallel using Ci inferred from the OECT
sensor and from actual analytically determined tissue concentration.

2. Materials and Methods
2.1. Plant Material and Experimental Design

The experiment has been conducted in a greenhouse at the ALSIA-CRMA research
center, Southern Italy (40◦23′31.4” N, 16◦47′10.9” E) using 12 olive trees (Olea europaea L.,
var. Picholine). Trees were 2 years old and grown in a 6.2 L PVC pot and were fertilized
at 15 days interval before the experiment (total of 4 applications) using 3 g/pot of NPK
fertilizer 14.7.14 (Slowenne 212, Valagro Spa, Atessa, Italy). Each pot was covered with
a plastic film and aluminum foil to minimize warming and direct evaporation of water
from the soil. bioristors were installed on the 2nd of April (hereafter 0 day after sensor
installation, DASI). At 6 DASI (7 p.m.) the whole plant canopy of 6 trees was enclosed in a
plastic bag (130 L) to minimize the VPD of the air surrounding the canopy. Bag closure was
ensured by wrapping the bag around the trunk with tight sealing film (Parafilm-M, Sigma
Aldrich, St. Louis, MI, USA). After 9 days (15 DASI, 7 p.m.), bags were removed.

2.2. Determination of Jw

Each potted tree was positioned on a digital scale (5 g resolution) (FieldScale, Phenospex,
Heerlen, Netherlands) programmed to measure and record the weight every 15 min interval.
Irrigation was supplied daily to fully restore water consumption using tap water in order to
maintain soil moisture close to 85% of field capacity. The daily water consumption (g d−1)
was calculated as the difference of weigh recorded at 7 p.m. of two consecutive days.
Plant water consumption (W) (mol H2O h−1) was calculated hourly throughout the 24 h
interval from 00:00 to 23:00 h solar time as the difference between two consecutive weights
measured at 1 h interval. Plant transpiration (E) (mol H2O m−2 h−1) was determined as
W/LA where LA was the plant leaf area (m2).

The initial LA was determined by counting the total number of leaves per plant and
considering a mean area (see below) of 3.53 cm2 per leaf. The number of leaves newly
developed during the experiment was determined by counting at the end of the trial
the leaves standing on the new part of the shoots. For mean leaf area determination,
3 bulk samples (total 200 leaves) were collected from 3 trees not included in the trial,
leaves were then pictured, and the surface area of each single bulk was determined via
image analysis (ImageJ, https://imagej.nih.gov/ij/). Then a linear correlation between
the number of leaves of each bulk and the corresponding leaf area was employed to
satisfactorily (R2 = 0.99) estimate the mean area of a single leaf as the slope value. Leaf area
was assumed to linearly develop during the experimental period.

Values of water flux density (Jw, mol m−2 h−1) was calculated as W/TA where TA
was the trunk cross sectional area (m2) estimated by measuring the trunk diameter close to
the point where the bioristor was installed.

2.3. OECT Installation

Bioristor (i.e., biological resistor) sensors were installed across trunk at approx. 40 cm
from the ground following the procedure reported in [15]. Briefly, bioristor is composed by
two PEDOT:PSS (poly-3,4-ethylenedioxythiophene polystyrene sulfonate) functionalized
threads: a main channel of the transistor and a gate of the transistor that, subjected to a
positive voltage, generates the electric field that pushes the cations present in the sap in
the polymer deposited on the main wire, changing its conductivity [13]. Sensors were
prepared and inserted in two trunk holes (∅ = 0.8 mm, 5 mm distance) drilled with a
dremel allowing them to fully cross the trunk. The constant voltage on the source-drain

https://imagej.nih.gov/ij/
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channel was of −0.1V while the voltage applied at the gate was 1V. Figure 1 shows the
setup of the bioristor.
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Figure 1. Side view of the olive tree trunk showing the setup of the bioristor with channel and gate
wires which were connected to the multifunction I/O device for supply, record and store of electrical
currents. In the inset: illustrative trunk cross sectional view (at the channel insertion point) showing
the textile fiber functionalized with Pedot:PSS (white arrow).

All bioristors were then connected to a multichannel digital analogic converter I/O
(USB-6343, National Instruments, Austin, TX, USA) to supply voltages controlled by a
home-made software which, measure and store in the PC the values of electrical currents.
Values of the OECT sensor response (R) was determined according to Coppedè et al. [13] as
R = (IdS − IdS0)/IdS0, where Ids0 is the current at gate voltage equal to zero, and IdS was the
resulting current at the voltage equal 1. For data analysis covering successive days, data of
R before plotting were scaled (min–max normalization, (0, 1) range) to ensure comparisons
between days of experiment.

2.4. Walk-in Chamber Experiment

To examine the effect of light and VPD on R, 3 additional trees were located in a
2 × 3 × 2.5 m walk-in chamber (KW Apparecchi Scientifici, Monteriggioni–Siena, Italy).
The chamber was equipped with 6 lamps (mod. APO 6 OrtoLED42-6, INDOORLINE s.r.l.,
Garzigliana, TO, Italy). Each lamp had 90 led ensuring an illumination equivalent to a
light PAR intensity of approx. 1100 µmol m−2 s–1. Inside the chamber the regulation of
parameter (air temperature, humidity) was operated once it deviated ±10% of the target
value. Trees inside the chamber were separately positioned on 3 additional digital scales
and their W, E, and Jw determined as reported above.

2.5. Ions Accumulation Rate
2.5.1. Bioristor Based Estimates

The mean daily accumulation rate (mg day−1) of Ca and K in newly developing leaves
was calculated as follow:

accumulation rate = N_Jw × [R] × N_LA/n (mg day−1)

where N_Jw was the hourly water flux density suppling the new leaf area reported in
volumetric values (m h-1) measured over n (17) days of experiment; [R] was the hourly
nutrient concentration estimted from R values converted in mol m−3 of K and Ca [15];
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N_LA, was the leaf area (m2) of the new developing leaves. The N_Jw and [R] where
reported to daily values by summing the diurnal 24 records collected over the 0:23 h. The
flux Jw (mol m−2 h−1) was partitioned between new developing (N_Jw) and old leaves
according to their leaf area as destructively determined at the end of the experiment under
the assumption they had similar E.

2.5.2. Analytical Determination

Leaves collected for final leaf area determination from 6 plants were dried in a venti-
lated oven (65 ◦C, minimum 48 h till constant weight) to determine the total dry matter
per plant (DM). An aliquot of dry matter was used for mineral element (me) (i.e., Ca e
K) concentration ([me]) determination according to Celano et al. [26]. The mean daily
accumulation rate was determined considering the number of days of the experiment (n)
by means of the formula DM × [me]/n.

2.6. Meteorological Data

Air temperature (◦C) and relative humidity (%RH) were monitored through digital
probes (mod. CS215, Campbell Scientific Inc., Logan, UT, USA) positioned close to the
canopy (×1 a tree). Probes were connected to a datalogger (CR10X, Campbell Scientific
Inc., UT, Logan, USA) programmed to record a 60s interval and to compute the mean value
every 15 min. Additional probes were used to monitor air temperature and RH inside the
bagged canopy. In order to avoid direct contact between probes and eventual condensed
water, the probes were put in a plastic tube open at the bottom. A total of 6 probes per
treatment were monitored. The VPD was then calculated from air temperature and RH
values [27].

2.7. Data Analysis

The statistical analysis, plotting and fitting were by OriginPro 9.3 (OriginLab Corpora-
tion, Northampton, MA, USA).

3. Results

The response of OECT biosensors fabricated with organic electronic materials are
increasingly tested for sensing ions or molecules within various applications and re-
search (e.g., healthcare, environmental monitoring, healthcare products, water and food
test) [6,28,29]. Nanosized transducers such as OECT based sensors are also relevant for
agriculture mainly because of the role of ions and molecules in plant structure and function
and food quality [30,31]. Here, an OECT based sensor installed in a living trunk has been
examined to test its response to the amount of water flowing through the plant and to
environmental factors (VPD and light) contributing to open up novel avenues for precision
in plant mineral nutrition.

3.1. Sensitivity of the Bioristor to Diurnal Change of Environmental Conditions

The sensor response (R) showed a typical circadian pattern confirming previous
studies employing the bioristor in annual crops [13,14]. In the present study, R trends
have been analyzed against the changes of Jw and transpiration. It was observed that R
quickly declined from early morning (~6:00 h) concomitantly with the beginning of plant
transpiration flux (Figure 2). As soon as plant transpiration rate begun to decline (approx.
1300–1500 h), R trend reversed and continuously increased until approx. 19:00–20:00 h
when the transpiration reached minimum values (Figure 2). Thereafter, while transpiration
continued to sit at the minimum, R further increased and highest values were recorded
around midnight or just before the beginning of the transpiration cycle of the next day
(Figure 2).
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Figure 2. Diurnal variations of R (#) and plant transpiration (E) (continuous line) recorded over two
consecutive days. The vertical dashed line separates the two consecutive days (8 and 9 April).

To explain increasing R values observed at null or very low transpiration (Figure 2)
the main mechanisms of ions and water load into xylem should be evoked. Although
the weight of active and passive loading mechanism(s) of ions (and other solutes) into
the xylem has not yet clearly defined [32], the xylem loading of ions might be uncoupled
from that of water because plant’s membrane is differentially permeable to water and
ions [20,32]. Xylem conduits are non-selective structures, hence water and solutes flow
in the xylem at the same velocity through the mass flow driven by the ∆P independently
by the osmotic pressure, excepting under saturating conditions when transpiration ceases
(e.g., night or at very low VPD), or in case of low-transpiring organs (e.g., fruit,) [20–33].

Under non-limited water condition and according to the constancy of water flow
through the plant [34], almost the whole volumetric water flux density taken up by root
is transpired by leaf and in turn the same volume of water is loaded into xylem. Hence,
variation in the Jw calculated through plant transpiration is a reliable proxy for volumetric
water uptake from soil and loaded into xylem. Values of plant transpiration (E) (Figure 2)
were consistent with those of sap flow (referred per unit of leaf area) measured in potted
olive trees under similar VPD [35].

Variations of R appeared to be proportional to those of plant transpiration particularly
during the first part of the day (from ~6 h to ~13 h, hereafter referred as “morning”)
(Figure 2). Figure 2 also shows a substantial late “afternoon” and “night” variation (in-
crease) of R which was independent of E (and thus of VPD). Considering that E depends
on leaf-to-air VPD and canopy conductance [20], R would correlate with VPD as suggested
by previous reports [15]. Such a correlative link between VPD and R might be influenced
by the eventual hysteretic pattern of R. That is, diurnal R might move in a hysteresis loop
when plotted against VPD with the hysteretic magnitude differing day-by-day depending
on VPD level (Figure 3).

Results show that in a warm day with VPD peaking at approx. 3 KPa, data of R
collected a.m. had different slope compared to that measured p.m. (Figure 3C–D). While in
a mild day (max VPD at ~1.5 KPa) the slopes of R data measured a.m. and p.m. were more
comparable (Figure 3A–B). This might be explained considering the possible time lag effect
of VPD on diurnal pattern of certain traits (e.g., sap flow, transpiration) [17,36,37] related to
sap ionic concentration and in turn to R. It appears that disentangling the diurnal pattern
of R in relation to Jw (which is triggered by VPD), would contribute to expand previous
knowledge on the response of OECT sensors to the surrounding environment (see below).
The VPD-R linear correlations and the evidence that VPD triggers the xylem stream [20]
suggest that the OECT would monitor the xylem tissue although it was in contact with
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xylem and phloem as per installation procedure, however a specific experiment is needed
to test it.
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Figure 3. Example of diurnal variation of R in tree #5 (A,C) and #10 (B,D) plotted against VPD
recorded during days with maximum high VPD (C,D) and low (A,B) highlighting the hysteresis of
R between a.m. (#) and p.m. (•) data. Note that a.m. and p.m. values in each panel were pooled
before fitting (continuous mild line) and R2 determination. For panel (C,D) additional fittings were
performed separately for a.m. (bold continuous line) and p.m. (bold dashed line) data. The numbers
close to the symbol indicate the day hour when data have been recorded. Arrows indicate the time
course of the day from 0 to 23 h.

Values of xylem sap concentration depend on the ratio between the solutes flux density
(Js) and that of water (Jw) [38], hence factors affecting Js and Jw would be influential on
output of any device measuring xylem sap concentration. This study was undertaken to
test whether the bioristor response R (which is an OECT-based proxy for xylem sap con-
centration) changes according to Jw. Particularly, considering that in the xylem there is no
membrane selectivity and that at high Jw it dominates upon other parameters influencing
the xylem ions load (e.g., temperature, carriers) [20,24], it is expected that R would change
(decline) with increasing Jw.

Accounting for the diurnal variation of R (Figure 2), the “morning” and the “afternoon–
night” daytime parts were identified. The “morning” was characterized by a fast increase
of Jw from negligible values early morning (~6 a.m.) to maximum ones recoded at around
midday which induced a consistent decay of R (Figure 4). Incidentally, Figure 4 shows again
the hysteretic behavior of R between a.m. and p.m. data. The Jw values detected during the
“afternoon–night” stage were in general lowest than that measured “morning” and follow
an exponential pattern, however the highest and often sharp increase of R was detected
late in the afternoon (e.g., after 18:00 h) when Jw < 0.5 mol m−2 s–1 (Figure 4). This result
is difficult to discuss due to very limited data existing on this specific issue, however it is
line with the non-linear correlation between Jw and xylem sap concentration reported in
the literature for soybean plant [39]. Under increasing transpiration (as during “morning”)
the load of solutes into the stele of xylem at root region is dominated by ions dragged
in by the water flux density Jw [21,24] Hence, the increasing Jw during the “morning”
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(Figure 4) induced a consistent reduction of R because of a conceivably “dilution” of the
sap concentration dependent on water moving with increasing transpiration stream [24].
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Figure 4. Example of the influence of Jw on the diurnal variation of R recorded during (#) “morn-
ing” and (•) “afternoon–night”. Labels indicate the hour of the day, note that 1–5 h refer to the
following day.

By contrast, when Jw is null or negligible (because of low ∆P) (e.g., during night)
solutes are loaded mainly by passive diffusion or even active transport [32]. However,
active transport requires availability of newly synthesized sugars/carbohydrates which
are poorly available during night (White et al., 2012). Hence, the increase of R observed
when transpiration is negligible (i.e., approx. from 18–19 p.m. to 4–5 a.m. of the the next
day) (Figure 4) might reflect the increase of xylem sap concentration due to osmotic root
pressure and unload of nutrients from saturated xylem tissues [23].

Data collected in this study allow to generalize the partitioning of R to Jw according
to the daytime. Correlative information collected over an 8-day period reported in Figure 5
confirms a non-linear decay of R with increasing Jw during the “morning” (Figure 4; [38]).
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Figure 5. Correlation between R and Jw over a time series (8 consecutive days) recorded in tree
#5 during the (A) “morning” and (B) “afternoon” and “night” stages. The “morning” stage begin
early when transpiration start (approx. 6:00 h) and end at time n (approx. 13–15 h), when the
difference between transpiration measured at time n + 1 and that measured at time n is <0. The
“afternoon–night” span from hour n + 1 till the 4:00–5:00 h of the next day before the beginning of the
new transpiration cycle.
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The analysis of the “afternoon–night” data confirms the approx. 10% increase of R
at negligible Jw (Figure 5) mainly because of the lack of the “dilution” effect which is
reasonably expected to be caused by a sustained Jw. To allow comparisons across days
and trees, values of R have been normalized (min–max, 0:1 range) in analogy to a study
that compared daily fruit transpiration throughout the growing season [39]. Normalized R
responded to Jw according to the part of the day considered (i.e., morning, afternoon–night)
(Figure 6). It is confirmed also that the pattern of the “morning” dataset (increasing Jw)
was substantially similar to that of the “afternoon–night” but without the vertical harm
generated when Jw was stably negligible (Figures 5 and 6).
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Figure 6. Correlation between R signal and the water flux density (Jw) hourly measured in olive
trees during (top panel) “morning” (#) and (bottom panel) “afternoon” (•, grey filled) and “night”
(•, black filled). The n + 1 h indicates the time of the day (between 13 and 15 h) corresponding to
that when Jw become lower than that measured at time n. Note that scatters have been fitted using
the model y = a + b/x consistent with that of the ions’ concentration expected in the xylem, lines are
illustrative only.

3.2. Response of Bioristor to Water Flux Density

The main driving force of the flux density of water (Jw) is the VPD, hence it is expected
a reduction of Jw upon a reduction of VPD. To test the influence of Jw on R, a group of
trees was bagged to bring the air surrounding the canopy close to the saturation point and
in turn the VPD close to zero. The bagging method has been documented to effectively
reduce VPD at plant or branch and fruit scale by reducing RH with negligible impact on
air temperature [30,34,40].

The VPD promptly responded to the bag application (19 h, 5 DASI) and removal (19 h,
15 DASI) mainly through variation of relative humidity which approximated 90% RH (not
shown). On average, the daily VPD of the air surrounding the bagged olive canopy was
reduced by 80% compared to that of control trees (Figure 7). This induced a consistent
reduction of daily water consumption in bagged trees compared to control ones (Figure 8).

Throughout the 10-day bagging experiment an 80% reduction of the VPD was recorded
which induced a 60% reduction in Jw (Figure 7).

Under no stomatal limitation, the causal chain VPD→ Jw→ R anticipates the indirect
influence of the VPD on R as mediated by Jw because Jw is proportional to ∆P (hydro-
static soil-plant-atmosphere pressure gradient) generated by the leaf-to-air VPD. Figure 9
shows diurnal oscillations of R recorded in some succeeding days with different VPD
and consequently different Jw. It is confirmed that reducing VPD reduced Jw and in turn
increased R. In addition, R increased by 8–12% during the time when Jw was negligible
(from late afternoon until early morning of the following day). The increasing R signal at
negligible Jw conceivably reflects the absence of sap dilution induced by water flux and
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the increasing root pressure usually occurring overnight when plants have almost null
transpiration [22,23,41].
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Figure 7. Values of VPD and Jw (at trunk level) measured throughout the experiment in olive
trees under control and low VPD (grid gray filled). The dashed line refers to the tree enclosed in a
transparent plastic bag to induce the low VPD. Time of bag on and off were indicated by ↑ and ↓
arrows, respectively.
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Figure 8. Cumulated diurnal plant transpiration measured in trees under control (•) and reduced
VPD (#) by means of bag application. Each point is the average of 6 trees, bars (± SE) are visible
when larger than symbol. Data relates to day 8th of experiment.
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Figure 9. Oscillation of diurnal bioristor signal R (continuous line), water flux density Jw (blue filled
area) and VPD (grid filled area) recorded over 4 consecutive days separated by vertical dashed lines.
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Figure 9 shows also the general correspondence of R and Jw patterns during the
morning daytime and the alignment between maximum pick of Jw and the minimum one
of R. The plot highlights that the Jw lags in advance to VPD (Figure 9) confirming a known
aspect of water relations [18,42,43] suggesting that Jw would be a robust parameter to
consider for OECT-based sensors analysis.

3.3. Disentangling Bioristor Response to Environmental Conditions

Under outdoor conditions the changes of VPD occur simultaneously with that of
other meteorological variables (e.g., light, wind) making their effect(s) on transpiration
very difficult to separate. However, the present study aimed at supporting that Jw is the
main driver of R, because it is a proxy of xylem sap concentration which depends on the
Js/Jw ratio. Hence, trees were exposed to combinations between stable/variable VPD and
on/off light. Figure 10 reports the values of R and Jw recorded in a tree standing in the
walk-in chamber during 3 consecutive days. Results show that R responded to change of
Jw induced by light-on period while the increase of VPD per se was not influential when it
was uncoupled from light (i.e., during dark). This result is in line with the response of sap
flow to variations of VPD and radiation observed in Populus spp. [43].

Appl. Sci. 2021, 11, x FOR PEER REVIEW 12 of 16 
 

 

3.3. Disentangling Bioristor Response to Environmental Conditions  
Under outdoor conditions the changes of VPD occur simultaneously with that of 

other meteorological variables (e.g., light, wind) making their effect(s) on transpiration 
very difficult to separate. However, the present study aimed at supporting that Jw is the 
main driver of R, because it is a proxy of xylem sap concentration which depends on the 
Js/Jw ratio. Hence, trees were exposed to combinations between stable/variable VPD and 
on/off light. Figure 10 reports the values of R and Jw recorded in a tree standing in the 
walk-in chamber during 3 consecutive days. Results show that R responded to change of 
Jw induced by light-on period while the increase of VPD per se was not influential when 
it was uncoupled from light (i.e., during dark). This result is in line with the response of 
sap flow to variations of VPD and radiation observed in Populus spp. [43]. 

Notably, as for the second day, also in the third day the superimposed increasing 
VPD during dark was not influential on E and in turn on R. This might be explained con-
sidering that stomata were conceivably closed during the light-off period due to the direct 
effect of light on stomatal opening [44]. 

On the third day R slightly increased (Figure 10) likely because (i) of the lack of the 
“dilution” effect of Jw and (ii) of the conceivable increased root pressure due to increased 
sap concentration determined by passive and active components of Js, moreover, increas-
ing R might be related to reduced ions load by xylem tissues which likely saturated [21,23]. 

 
Figure 10. Diurnal pattern of bioristor signal R (circle), transpiration (E, continuous line) and VPD 
(dashed line) recorded over 3 consecutive days inside a walk-in chamber with variable light/dark 
and VPD conditions. The grey filled area indicates the dark period. Here below a detailed descrip-
tion of variations occurring during the 3 days analyzed. 

First day, light-on was set for 10 h (from 5 a.m. to 3 p.m.) and was off (dark) for the re-
maining time of the day. The VPD was set to increase concurrently to the light-on period 
miming its behavior under outdoor condition. In that first day, R oscillations were in line 
with data collected outside the chamber identifying the “morning” and “afternoon–night” 
stages during the light-on and light-off time, respectively. 
Second day, the light-on period was restricted to just 4 h (from 5 a.m. to 9 a.m.) while the 
VPD was set to progressively increase also during the dark period until 8 p.m. As ex-
pected, R responded to change of Jw induced by light period while the increase of VPD 
was not influential when it was uncoupled with light.  
Third day, light was kept off for 24 h, while the VPD was set to cycle from approx. 10:00 
to 20:00 h. Values of transpiration sited close to negligible values during the whole 24 h 
period, and consequently values of R remained roughly stable (at highest value) without 
showing neither the “morning” nor the “afternoon–night” oscillations. 

0 6 12 18 24 30 36 42 48 54 60 66 72
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.11
0.12
0.13

Day 3Day 2

R

Time inside the walk-in chamber (h)

Day 1

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4dark darkdark

VP
D

 (K
Pa

)

0

1

2

3

4

5

6

7

8

9

10
light light 

R

E

E 
(g

 H
2O

 h
-1
)

VPD

Figure 10. Diurnal pattern of bioristor signal R (circle), transpiration (E, continuous line) and VPD
(dashed line) recorded over 3 consecutive days inside a walk-in chamber with variable light/dark
and VPD conditions. The grey filled area indicates the dark period. Here below a detailed description
of variations occurring during the 3 days analyzed.

Notably, as for the second day, also in the third day the superimposed increasing VPD
during dark was not influential on E and in turn on R. This might be explained considering
that stomata were conceivably closed during the light-off period due to the direct effect of
light on stomatal opening [44].

On the third day R slightly increased (Figure 10) likely because (i) of the lack of the
“dilution” effect of Jw and (ii) of the conceivable increased root pressure due to increased
sap concentration determined by passive and active components of Js, moreover, increasing
R might be related to reduced ions load by xylem tissues which likely saturated [21,23].

First day, light-on was set for 10 h (from 5 a.m. to 3 p.m.) and was off (dark) for the
remaining time of the day. The VPD was set to increase concurrently to the light-on period
miming its behavior under outdoor condition. In that first day, R oscillations were in line
with data collected outside the chamber identifying the “morning” and “afternoon–night”
stages during the light-on and light-off time, respectively.

Second day, the light-on period was restricted to just 4 h (from 5 a.m. to 9 a.m.) while
the VPD was set to progressively increase also during the dark period until 8 p.m. As
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expected, R responded to change of Jw induced by light period while the increase of VPD
was not influential when it was uncoupled with light.

Third day, light was kept off for 24 h, while the VPD was set to cycle from approx.
10:00 to 20:00 h. Values of transpiration sited close to negligible values during the whole
24 h period, and consequently values of R remained roughly stable (at highest value)
without showing neither the “morning” nor the “afternoon–night” oscillations.

3.4. Perspective on the Use of Bioristor to Monitor Leaf Mineral Accumulation

This study also examined whether the OECT sensor might be potentially used for
estimation of nutrients (i.e., Ca and K) accumulation in newly growing leaves. Considering
that Jw might causes the non-diffusive xylem load of ions at root scale and their solubi-
lization in the sap (as discussed above), the sensitivity of the bioristor to changes of Jw
(Figures 9 and 10) anticipates the promising capability of the bioristor to precisely estimate
ions accumulation in plant organs. Apart from concentration of nutrients in the feeding
xylem sap, nutrients accumulation depends on several factors including xylem-phloem
mobility of the nutrient, growth of the organ, use of nutrients along the transportation
path [24]. Within the experimental period (17 days) leaf area significantly increased by
approx. 30% and 15% of the initial value in trees with regular (control) and reduced Jw,
respectively (Figure 11A). That increment of leaf area corresponded to approx. 21 g dry
matter per tree of new leaves (control) while it was significantly 50% lower (Student’s t-test,
p = 0.05) in trees under reduced Jw. The Ca and K nutrient content in that dry matter was
determined destructively (dry matter analysis) and through the OECT based estimates
(Figure 11B) showing a good agreement between the two methods. The non-linearity
between the two methods might be explained considering that the nutrient accumulation
depends on several factors (see above), while OECT-based method here adopted employed
only the ion sap concentration and water flux density carrying the nutrients. Coefficients
used to convert R values in Ca an K molar concentrations were retrieved from [15] who
measured under lab condition the values of R in response to salt solutions of known con-
centrations, of course these coefficients need to be validated in in vivo systems. Improved
version of the bioristor accounting for in vivo condition would refine the sensor output,
however, it might be preliminarily stated that the bioristor could be a promising tool for
monitoring of nutrients accumulation within a precision agriculture domain.
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Figure 11. (A) Average leaf area per plant (± SE) measured at beginning and at the end of the experiment in trees under
regular (control) and reduced Jw. The increment of leaf area has been determined as the difference between initial and
final values. Comparing the increment of leaf area between treatments, * indicates statistically significant differences.
(B) Accumulation rate (mg day 1) of Ca (•) and K (#) as determined through the OECT values of sap concentration and
through the chemical analysis of the dry mater of new developed leaves with a 2 weeks’ period. Note that dash circled
values have been sampled from trees under reduced Jw.
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4. Conclusions

This paper demonstrated that the signal response of an OECT sensor (a candidate
proxy of sap ionic concentration) installed in the trunk of a perennial tree is inversely
proportional to the water flux density (Jw) flowing-through the transpiring tree. Under
negligible plant transpiration, the signal increased likely reflecting the putative increase
of sap concentration due to increased osmotic pressure and lack of the “dilution” effect
operated by Jw. The diurnal response of an OECT based sensor should be partitioned
according to the part of the day (i.e., “morning”, “afternoon”, “night”) also to account
for possible hysteresis of its pattern due to changing interaction between Jw and VPD.
Based on results gained in the walk-in chamber it could also be concluded that the VPD
per se is not influential on the OECT signal unless a light source is coupled to trigger plant
transpiration. Experimental results on the suitability of the sensor-based data to estimate
ion accumulation in leaves open new perspectives for its application in mineral nutrition
in agriculture.
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