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iP & OEIP — Cytokinin Micro Application Modulates Root
Development with High Spatial Resolution

Barbora Pafizkovd,* loanna Antoniadi, David J. Poxson, Michal Karady, Daniel T. Simon,
Marek Zatloukal, Miroslav Strnad, Karel DoleZal, Ondrej Novdk, and Karin Ljung*

State-of-the-art technology based on organic electronics can be used as a
flow-free delivery method for organic substances with high spatial resolution.
Such highly targeted drug micro applications can be used in plant research
for the regulation of physiological processes on tissue and cellular levels.
Here, for the first time, an organic electronic ion pump (OEIP) is reported that
can transport an isoprenoid-type cytokinin, Né-isopentenyladenine (iP), to
intact plants. Cytokinins (CKs) are plant hormones involved in many essen-
tial physiological processes, including primary root (PR) and lateral root (LR)
development. Using the Arabidopsis thaliana root as a model system, efficient
iP delivery is demonstrated with a biological output — cytokinin-related PR

and LR growth inhibition. The spatial resolution of iP delivery, defined for the
first time for an organic compound, is shown to be less than 1 mm, exclusively
affecting the OEIP-targeted LR. Results from the application of the high-resolu-
tion OIEP treatment method confirm previously published findings showing
that the influence of CKs may vary at different stages of LR development.
Thus, OEIP-based technologies offer a novel, electronically controlled method
for phytohormone delivery that could contribute to unraveling cytokinin func-
tions during different developmental processes with high specificity.

which potentially allows electronic control
of their local concentrations by precise
hormone delivery. Organic electronic ion
pumps (OEIPs) are a novel technology that
enables the highly controlled transport of
various organic substances with unprec-
edented spatial and temporal resolution.”
Ions are transported from a pump reser-
voir to a target matrix through a delivery
channel carrying ion (cation/anion)
exchange membranes (IEMs) with a high
density of fixed charged groups. Flow-free
and highly selective transport of the ions is
achieved by the application of a controlled
electric current, resulting in a steep con-
centration gradient at the delivery channel
outlet. In addition, simple manipulation of
the electrical parameters (voltage/current)
can precisely fine-tune the amounts of
molecules delivered to the target tissue.!
The OEIP approach was primarily devel-
oped for biomedical applications for pre-
cise delivery of small neurosignaling
inorganic ions, such as K*, Na*, Cl", and

1. Introduction

Plant growth and development are regulated by the precise and
dynamic cooperation of signaling molecules, such as plant hor-
mones. In a cellular environment, phytohormones predomi-
nantly take the form of ions or molecules with a partial charge,

Ca?" 12l and smaller organic compounds, such as paminobutyric
acid (GABA),B4 glutamate (Glu)®! and acetylcholine (ACh).>~]
Further optimization of IEM materials has resulted in the devel-
opment of hyperbranched membranes (dendrolytes) enabling
the transport of larger aromatic substances, such as the plant
hormones indole-3-acetic acid (IAA)®! or abscisic acid (ABA).P!
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In-plant physiology research, chemical biology approaches
are fundamental in the investigation of phytohormone func-
tions during plant development.'”] Various techniques are used
for exogenous application of hormone molecules and other
small synthetic compounds, such as spraying/immersion in
liquid media, growing plants on agarose plates or in soil, and
sophisticated microfluidic systems. However, such methods
lack spatial and temporal resolution of the treatment and do
not allow the dynamic control of compounds or liquid solvent
delivery. In addition to chemical biology approaches, genetic
manipulation can be complementarily carried out to influence
endogenous hormonal concentrations via tissue- or develop-
mental-specific up- or down-regulation of hormone biosynthetic
or degradation enzymes, respectively. However, the generation
of such transgenic lines is time-consuming and genetic trans-
formation is highly challenging in many plant species. Also,
constitutive genetic changes often result in alteration of the
whole plant development. OEIPs overcome the challenges of
standard treatment and genetic methods because they provide
a flow-free and easily tunable technique for hormone delivery
with dynamic electronic control of the applied hormone con-
centrations, enabling modulation of the development of any
plant species at any developmental stage. OEIP-based systems
have been shown to achieve a temporal resolution of delivery
of <50 ms,[® with the capacity to improve delivery speeds up to
10 ms and system turn-on/turn-off ratios of 10.M Moreover,
the miniaturization of OEIP geometric parameters, to generate
capillary-based OEIP (c-OEIP) devices with a 20 um diameter
OEIP delivery channel,l’? could enable treatment with single-
cell resolution.

Cytokinins (CKs) are plant hormones that play a crucial role
in almost all aspects of plant development, from cell division
and differentiation, shoot and root morphogenesis, to regula-
tion of leaf senescence and plant responses to environmental
stimuli.’>* By controlling the balance between cell prolifera-
tion, elongation, and differentiation rates, CKs regulate plant
growth and the generation of new organs, such as lateral roots
(LRs)l. CKs have been shown to have an inhibitory effect in
LR formation, which is critical in the earliest stages of this
developmental process.'®l Significantly, CKs regulate the root
system architecture (RSA) in concert with another key group
of plant hormones, auxins, which, in contrast to CKs, promote
LR formation.>”] Research on the molecular mechanisms
involved in the complex crosstalk between auxins and CKs
controlling root development has revealed their interaction at
several different levels (biosynthesis, perception, signaling, and
transport).[1618]

CKs are derivatives of adenine substituted with an isopre-
noid or aromatic side chain at the N position, with isoprenoid
Nb-isopentenyladenine (iP) being one of the most bioactive CK
molecules.¥] Intracellular levels of the bioactive CK molecules,
the CK bases, are modulated by precise regulation of CK bio-
synthesis and metabolic inactivation. To reduce the concentra-
tion of active forms, CK bases are typically glycosylated, pre-
dominantly to respective CK O-, N7, and N9-CK glucosides,
conjugated with ribose to N9-ribosides, phosphoribosylated to
CK ribotides, or irreversibly degraded by CK dehydrogenases
(CKXs).¥] CKs are signaling molecules perceived by plasma
membrane-localized and endoplasmic reticulum-localized
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hybrid histidine kinase (AHKs) receptors.’l CK perception
triggers a multistep phosphorylation cascade, resulting in acti-
vation of B-type Arabidopsis response regulator (ARR-Bs) tran-
scription factors and consequent expression of CK-responsive
genes.”) Coupling of the synthetic CK-inducible Two-Compo-
nent signaling Sensor (TCS) promoter with a green fluorescent
protein (GFP) generates a TCSn::GFP reporter line that is com-
monly used to monitor global CK responses in vivo as a green
fluorescent read-out.?"!

In order to gain a deeper understanding of how plant devel-
opment is regulated, it is important to understand dynamic
physiological processes at both the tissue and cellular level.
Therefore, there is increasing demand for the development
of miniaturization techniques that allow the highly targeted
delivery of chemical substances. Here, we present the c-OEIP
delivery method, which, for the first time, was optimized for
transport of the plant hormone iP in vivo to intact seedlings
of the model plant species Arabidopsis thaliana. To monitor
changes in hormonal distribution as a response to the iP treat-
ment, a unique double reporter line of Arabidopsis was gener-
ated, allowing the simultaneous visualization of both auxin and
CKs in planta. Using the double reporter line, we showed that
OEIP-delivered iP was taken up and metabolized in Arabidopsis
roots and successfully induced changes in CK and auxin mole-
cular and physiological responses. In addition, the spatial reso-
lution of the transport was defined for iP, the first nucleobase
substance delivered by OEIP. Precisely regulated iP treatments
led to developmental changes in the RSA, including inhibition
of PRs and LRs. Thus, OEIP represents a novel tool for highly
effective in vivo CK treatment at an unprecedented spatial
resolution.

2. Results and Discussion

2.1. Optimizing Parameters for iP Delivery In Vitro

To regulate plant growth by OEIP-delivered iP efficiently, the
experimental design and parameters for iP transport were initially
optimized in vitro (Figure 1). As a general setup, a pump loaded
with iP solution in the reservoir was submerged into 100 uL
of the target solution, ¥2 MS medium. Electrodes made from
the conducting polymer poly(3,4-ethylenedioxythiophene) poly-
styrene sulfonate (PEDOT: PSS) on a poly-ethylene terephtha-
late (PET) substrate were immersed in both the reservoir and
target solution to apply an electric field, as previously described
by Poxson et al.®l The positive electrode was always placed in
the reservoir iP solution and the negative electrode was placed
in the target medium (Figure 1a). It is important to note that
in this experimental setup, the role of the distance between the
OEIP tip and target tissue was not reflected. In in vivo appli-
cations (Figure 2), the physical parameters of the delivered
compound and target matrix, which affect the diffusion coeffi-
cient depending on the hydration state of the compound in the
media, significantly influence the efficiency of the delivery pro-
cess. To achieve the best iP delivery efficiency, the parameters
a) OEIP type, b) working concentrations of iP solution, and
¢) constant electrical current (Figure 1b) were tested by delivering
iP into the liquid medium. Liquid chromatography coupled to
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Figure 1. Optimization of iP delivery conditions in vitro. a) Schematic of the experimental setup for iP delivery by an OEIP into microtubes followed
by relative iP quantification using LC-MS and arrangement of an OEIP device carrying a negatively charged sorbent to transport iP after electric field
application. b) Optimal delivery conditions were selected based on MS detection of iP in the target medium shown in a) after 2.5 h of transport.
Experimental settings providing the highest MS peak areas of iP detected in the target medium (considered as the highest transport efficiency) that
were reproducible between technical replicates were selected as optimal transport conditions (red rectangles). White and gray rows represent technical
replicates applying the same delivery conditions. c) Representative record of operational electrical parameters during iP delivery. Additional optimiza-
tion of supplied current resulted in lower and more stable voltage supply during iP transport. d) Summary of optimized experimental conditions for
OEIP delivery of iP. e) The average delivery rate of iP by an OEIP operated at the optimized conditions listed in d) was calculated as 0.89 + 0.32 pmol h™!
using the LC-MS/MS quantification method. Values represent means + SD, n = 2.

Adv. Mater. Technol. 2022, 7, 2101664 2101664 (3 of 12) © 2022 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

85UB017 SUOWILIOD SATES1D) 8|l [dde 8u Aq psuRA0B 8.2 S9o1e O ‘88N JO S9INI 10} AR1G1T BUIIUQ AB|IA LD (SUONIPUOD-PUE-SLIBY WD A | 1M Aleq Ul |UO//SANL) SUORIPUOD PuUe SWB | 84} 89S *[£202/T0/£0] UO AIqITaUIIUO A8|IM 'S90us1S faninoLiBy JO AISIBAIN UsIpemS AQ ¥99T0TZ0Z IWPe/Z00T OT/I0p/Wod A8 Akeaq 1 puljuo//sdny woly pepeojumod ‘0T ‘2202 'X60.59€C



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

www.advmattechnol.de

-

uonesuoj3 )

e
o g 3
i im0

uoising

)~

Collumela
J

Figure 2. Experimental setup for high-resolution iP delivery by OEIP. a) Schematic of a vertical macroconfocal microscope with objective facing a
humidifying chamber containing a vertically positioned agar plate. b) Expanded view of an agar plate with vertically grown intact Arabidopsis seedlings
targeted with an OEIP outlet tip. c) Detailed view of an image acquired using the vertical macroconfocal microscope and OEIP outlet targeting the
primary root (PR) tip of Arabidopsis labeled with molecular mechanisms involved in the PR CK-induced auxin response. Red spots represent auxin accu-
mulation in the quiescent center (QC). AHK4, HYBRID HISTIDINE KINASE 4; AAR1, ARABIDOPSIS RESPONSE REGULATOR 1; PINT, PIN-FORMED
1; SHY2/IAA3, SHORT HYPOCOTYL 2/INDOLE-3-ACETIC ACID INDUCIBLE 3; GH3.17, GRETCHEN HAGEN3.17. See also Figure S1, Supporting

Information for actual images of the experimental setup.

tandem mass spectrometry (LC-MS/MS) was used to quantify
the levels of iP delivered into the target medium. Based on the
area of the chromatographic peaks, OEIP pumps 4 and 6, loaded
with 107° M iP and operated at a constant current of 0.5 WA, pro-
vided the optimal delivery conditions, showing both the highest
and most reproducible iP concentrations delivered in the target
media after 2.5 h of pumping (Figure 1b). iP transported by
OEIP device ALLF 17 displayed the largest MS peak area in one
run but non-detectable levels of iP in another technical repli-
cate (Figure 1b), making this device unsuitable for repeatable
efficient iP delivery. However, it was previously suggested that
higher operational currents can result in a great reduction of
transport efficiency (ratio of the number of ions measured to
leave the OEIP compared to the total electric current applied)
due to the backflow of co-ions from the target to source solu-
tion.”! To avoid this, the current was decreased from 0.5 pHA
to 25 nA. Applying a current of 25 nA helped to achieve both a
lower and more stable voltage supply over time (Figure 1c), as
previously shown for OEIP-delivered ABA,°! and was thus used
as the optimal current for further experiments. Using the opti-
mized delivery conditions (Figure 1d), we calculated the flow
rate of iP delivery in vitro to be 0.89 £ 0.32 pmol h™! (Figure 1e).
Such a transport rate was significantly lower than the electric cur-
rent charge equivalent rate (25 nA is equivalent to 933 pmol h™)
and lower than OEIP-delivered IAA using a different design
and polyelectrolyte channel material.®l The OEIP transport effi-
ciency and conditions affecting the correspondence between
the applied electric current and the number of transported
ions is an area of an ongoing investigation that has been dem-
onstrated to be dependent on several factors, including the
OEIP device geometry, operating conditions, and charge state
of the source ions.'>?122l The porosity of the PE membranes
is also likely to be important in determining the transport effi-
ciency but is currently poorly understood. While further inves-
tigations were not conducted in the present study, additional
experiments are necessary to better understand the causes for
differences in the transport efficiency of OEIPs, particularly
in the case of larger and more rigid molecules. For example,
adenine — the core aromatic structure of iP — can undergo
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electrochemical oxidation in solution, where the extent of oxi-
dation is strongly dependent on the electrode used.?3-°! There-
fore, electrochemical oxidation of iP may represent a potential
mechanism for loss of transport efficiency, where a portion of
the electric current is used for oxidation instead of ion migra-
tion. Also, in a cellular environment, IAA is a weak acid with
a predominant form of IAA~ ions,?®! whereas iP is a molecule
with a partial positive charge, making it less suitable for cur-
rent-mediated transport. In addition, the higher molecular
mass of iP compared to IAA may also be a factor as the size
of the molecule has been shown to have a significant impact
on delivery rates.!!l However, levels of CKs in plant tissues have
been shown to be two orders of magnitude lower than those of
IAA.17) Indeed, cell-type-specific analyses of CKs in Arabidopsis
root tip revealed that the concentrations of CKs ranged from
0.3 to 10 fmol per 100 000 root cells.l?®l Thus, despite the lower
transport efficiency of iP delivered by OEIPs, targeting only one
or a few cells with a constant pmol-range delivery rate achieved
using OEIP was considered to be biologically relevant and suf-
ficient to trigger CK-related plant responses.

2.2. OIEP-Delivered iP Results in Tissue-Specific CK and Auxin
Responses In Vivo

Next, we investigated whether the parameters optimized
under in vitro conditions were suitable for iP delivery in
Arabidopsis roots and the consequent molecular changes of
CK and auxin responses in vivo (Figure 2 and Figure S1, Sup-
porting Information). To monitor the hormonal transcrip-
tional output, the transgenic Arabidopsis double reporter line
pTCSn::GFP x pDR5v2:ntdTomato was generated as a tool for
sensitive and simultaneous monitoring of both CK and auxin
responses after OEIP-mediated iP application. Expression of
pTCSn::GFP is driven by a CK-responsive promoter that is
upregulated in the presence of CKs.[% Similarly, the expression
of pDR5v2:ntdTomato red fluorescence is driven by an auxin-
sensing reporter.”) The OEIP-targeted iP supply on the PR
tip significantly induced pTCSn::GFP expression compared to
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Figure 3. OEIP-delivered iP triggers CK-related responses in the pri-
mary root (PR). a) Representative confocal images of Arabidopsis seed-
lings displaying the cytokinin response as green fluorescence and auxin
response as red fluorescence in the PR of control (non-treated) plants
and iP-treated plants by OEIP at 0 h and after 8 h of treatment. Scale
bar: 200 um. b) Relative quantification of the green and red fluorescent
signals in a) expressed as corrected total cell fluorescence (CTCF). Data
are presented as the ratio of signal intensities before (0 h) and after (8 h)
iP treatment. Values represent means £ SD, n =4, one OEIP-treated root,
and one control root/independent biological replicate. Statistical analysis
was carried out using the two-tailed two-sided independent Student’s
t-test to compare iP-treated roots with non-treated controls (p-values:
*p < 0.01; **p < 0.001). TM — transmitted light.
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control roots after 8 h of iP delivery (Figure 3a,b). Importantly,
the TCSn expression pattern, showing a significantly enhanced
GFP signal in the root apical meristem and vascular tissue of
the meristematic and elongation zones (Figure S2a, Supporting
Information), corresponded with the fluorescent pattern
observed after iP treatment by the standard immersion method
in liquid mediumB% displayed by the single pTCSn:GFP
reporter line.2% On the other hand, the overall red fluorescent
quantification revealed a reduced pDR5v2:ntdTomato signal
in the PR tip (Figure 3a,b), as also observed after treatment
with another CK representative, N°benzyladenine (BA).3!
This decrease in pDR5v2 expression was restricted to cells of
the columella and quiescent center (Figure S2b, Supporting
Information) where auxin response maxima are typically estab-
lished as a result of local auxin biosynthesis, degradation, and
auxin transport, as evidenced by various detection methods.l*!
Notably, CKs were shown to reduce the auxin response by
affecting all of the aforementioned molecular aspects, contrib-
uting to auxin accumulation in the root apex3¥ (Figure 2c).
Among others, CKs were shown to inhibit auxin signaling by
activating the transcription of auxin signaling inhibitor SHORT
HYPOCOTYL 2 (SHY2),2¥ promoting the expression of auxin
degradation enzyme GRETCHEN HAGEN3.17 (GH3.17)B
and downregulating the expression of PIN-FORMED (PIN)
auxin transporters that regulate rootward auxin transport,i3:34
all of which may have contributed to the observed reduction of
auxin response. The opposite effects of iP on the CK and auxin
responses in the root tip are in accordance with previously
described antagonist interactions of the two phytohormones
during root development.!'®!

2.3. OEIP-Delivered iP is Taken Up and Metabolized In Vivo

To confirm that the induced pTCSn expression pattern was a
result of efficiently delivered iP taken up by the root, we car-
ried out LC-MS/MS quantification of iP in 1 cm root segments
of OEIP-treated and control roots (Figure 4a). The analysis
indicated that the observed induced CK response in OEIP-
pumped root segments was caused by the elevated levels of
iP and its metabolites (Figure 4b). To investigate further how
OEIP-transported iP was taken up and metabolized by the
plant, we performed an OEIP delivery experiment with the
same experimental design (Figure 4a) using isotopically labeled
[’N,-purine]iP. Such feeding experiments, using synthetic CK
derivatives that do not naturally occur in nature but undergo
the same metabolic conversions as native CKs, are powerful
tools to investigate CK metabolism in planta.’% The labeled iP
and its corresponding N,-labeled metabolites were detected in
the root segments after OEIP delivery, with [°’N,]-isopenteny-
ladenine-7-glucoside ([®N,JiP7G) being the predominant spe-
cies formed by [°N4JiP metabolism (Figure 4c), as previously
shown in Arabidopsis.’”3¥ The expected rapid turnover of active
iP into the respective N-glucosides was consistent with the fact
that endogenous iP levels are strictly regulated by homeostatic
mechanisms; N-glucosylation has been shown to be the main
pathway for irreversible iP inactivation.?”! Importantly, no [°N,]
iP derivatives were detected in the control plants (Figure 4a).
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Figure 4. OEIP-delivered iP is taken up and metabolized in planta. a) Schematic of the experimental design. Intact Arabidopsis seedlings were treated
for 24 h by OEIP-delivered iP or [°NJiP. The roots of OEIP-treated plants at the site of iP micro application (1 cm segments) were collected after treat-
ment as well as non-treated control roots, and LC-MS quantification of iP/[*N,]iP and their metabolites was carried out. LC-MS/MS chromatogram
of [*N,4JiP7G (green) is shown as a representative analyte identified in OEIP treated roots, whereas no ['°N,]iP7G was detected in control roots (grey).
b) Ratios of CK concentrations determined in fmol per root segment between iP-treated root segments with OEIP and non-treated control segments
after 24 h treatment. Values represent means + SD, n = 3, one independent replicate represents five pooled root segments. c) Relative abundance of
[*N4JiP and its metabolites in ['*N,]iP-treated root segments after 24 h of treatment.

These data provided clear evidence that OEIP-delivered iP was
taken up and metabolized in vivo, and thus potentially capable
of triggering physiological responses.

2.4. Regulating Plant Responses with High-Resolution
iP Delivery

When considering the use of OEIPs as a tool for the micro
application of diverse chemical substances, delivery with high
spatial resolution is regarded as a fundamental aspect.!) The
resolution is mainly governed by the radius of the concentra-
tion gradient generated at the OEIP outlet (Figure 2b and
Figure S1, Supporting Information). This is highly dependent
on different variables, such as the geometric parameters of the
pump channel outlet, applied current/voltage,"?!l chemical-
physical properties of the delivered compound, its diffusion
coefficient, and concentration of the compound in the pump
reservoir solution.®) All these aspects can be easily adjusted,
making the OEIP-facilitated treatment method ideal for fine-
tuning desired concentrations. The shape of the concentration
gradients can be simulated using computational models that
include the compound delivery rate, its diffusion coefficient,
and transport properties in the target matrix, which can help to
estimate the resolution of the delivery.P!

After demonstrating that it was possible to transport iP into
plant roots (Figure 4a,c), we aimed to determine the spatial
resolution through biological relevance rather than computa-
tional modeling. Thus, the RSA of the Arabidopsis pTCSn::GFP
expressing line was chosen as a model system. The resolution
of the iP delivery was represented by pTCSn expression in LRs
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adjacent to the OEIP-treated root as a function of distance from
the OEIP (Figure 5a). Whereas the GFP signal was greatly
enhanced in the root targeted by OEIP (Figure 5a,b), pTCSn
in the neighboring LRs was not affected regardless of the dis-
tance from the pump (Figure 5a,c), confirming the high spa-
tial resolution of OEIP delivery of less than 1 mm (Figure 5c).
Although iP is known to be translocated by long-distance trans-
port, primarily by the phloem from shoots to roots,*" our data
suggested that the long-distance transport of iP from the site
of application, in the timeframe of our experiments, did not
influence the CK response near to the OEIP. In addition, the
relative size of the OEIP delivery channel (25 pm) compared
to that of fully elongated root cells (up to 150 pm)“! means
single-cell resolution for delivery is potentially achievable. We
believe that OEIPs could be a convenient tool to complement
genetic approaches to enable endogenous modulation of local
tissue-specific hormonal levels. As shown in the following sec-
tions, OEIPs can precisely deliver plant hormones into specific
tissues® at precise developmental stages, thus combining the
high spatial and temporal resolution of delivery whilst elegantly
overcoming some of the limitations of genetic methods.

2.5. Application of an OEIP Device for the Modulation
of CK-Related Developmental Processes

2.5.1. PR Growth Inhibition
Since CKs play a central role in various developmental events,

we further examined whether it was possible to modulate CK-
related processes with targeted OEIP application of iP. Among
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Figure 5. Spatial resolution of iP delivery. a) Cytokinin responses rep-
resented as a green fluorescent signal (yellow rectangles) in control
non-treated (upper and bottom panel) and iP-treated (middle panel)
Arabidopsis lateral roots (LRs) before (0 h) and after 8 h of iP treatment.
Red arrows represent the distance of control LRs (non-treated) from
the OEIP-treated root. Scale bars represent 300 im in the transmitted
light microscope image and 100 um in the confocal images. b) Relative
quantification of the green fluorescent signal (in %) expressed as the
ratio of fluorescent intensity before (0 h) and after (8 h) iP treatment in
OEIP-targeted lateral root (LR). The signal intensity ratio at 0 h represents
100%. Values represent means of CTCF + SD, n =7, every biological rep-
licate derived from an independent experiment. Statistical analysis was
carried out using the two-tailed two-sided independent Student’s t-test to
compare fluorescence intensity before (0 h) and after (8 h) iP treatment
(p-value: **p < 0.007). c) Relative quantification of the green fluorescent
signal in control LRs adjacent to the OEIP-treated root as a function of
the root distance from the OEIP. Data are presented as the ratio of signal
intensities before (0 h) and after (8 h) iP treatment of the OEIP-targeted
LR. The signal intensity ratio at 0 h represents 100%. Values represent
means + SD, n = 2 (one control root above and one below the OEIP-
treated root) in seven independent biological replicates. Statistical anal-
ysis was carried out using the two-tailed two-sided independent Student’s
t-test to compare the fluorescence intensity in control LRs before (0 h)
and after (8 h) iP treatment of the OEIP-targeted LR.
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others, CKs play a crucial role in PR growth, specifically con-
trolling root meristem size, by fine-tuning the balance between
root cell proliferation, elongation, and differentiation."® Main-
tenance of the meristem relies on establishing a rate of cell divi-
sion that it is equal to the rate of cells exiting the meristem and
entering the differentiation-elongation zonel*! (Figure 2). Exog-
enous application of CKs impairs this balance, resulting in a
shorter meristem and consequent retardation of PR growth.[
To evaluate the effect of OEIP-delivered iP on the growth of the
PR tip (Figure 6a), we reconstructed the root tip growth by cal-
culating the difference in X and Y coordinates acquired using
confocal microscopy software before (t0) and at different time-
points (t) up to 8 h of iP delivery by OEIP as AX [X, — X}, AY
Y, — Yy). The root tips of Arabidopsis seedlings targeted with
OEIP-delivered iP displayed reduced growth rates compared to
control roots (Figure 6b,c), in agreement with the previously
shown inhibition effect of exogenous CKs on PR growth.*3-4]

2.5.2. Stage-Specific Inhibition of LR Development

Apart from regulating PR growth, CKs are also crucial for regu-
lating the formation and development of LRs, thus controlling
the RSA.Il LRs undergo eight well-defined stages of develop-
ment: from the first founder cells’ division, LR morphogen-
esis, and formation of LR primordia to LR emergence from the
parental root!”] (Figure 7a). In the early stages of LR initiation,
CKs block the first division of LR founder cells, and thus sup-
press the consequent LR development.[*6:47]

We investigated whether LR development could be stage-
specifically modulated by OEIP-delivered iP using the Arabi-
dopsis Cyclin B (CYCB) CYCBI;1::GFP¥ marker line. CYCB,
a small protein expressed during a cell cycle to regulate cycle
progression, is widely used as a marker to visualize cell divi-
sion, and thus determine sites of LR initiation.*! LR primordia
targeted with OEIP-transported iP displayed a complete loss
of the CYCBL1::GFP signal and inhibition of LR development
after overnight treatment (Figure 7b). These results were in
agreement with previous findings where the expression of
CYCB1 was shown to be disturbed by exogenous CK applica-
tion.*#! Another aspect of the CK inhibitory role in LR for-
mation is antagonization of auxin signaling by degradation
of PIN proteins and redistribution of auxin from the LR ini-
tiation site.” CKs inhibit the transcription of PIN genes and
decrease the plasma membrane PIN1-GFP signal through an
AHK-based signaling machinery during LR organogenesis.!"®!
Downregulation of the pDR5v2:ntdTomato signal and inhibi-
tion of the growth of OEIP-targeted LR primordia (Figure S3,
Supporting Information) additionally confirmed the efficient
modulation of LR development by OEIP-delivered iP. Impor-
tantly, the LR primordia developing on the same seedling, and
in close proximity to the pumped LR primordia, remained
unaffected and resulted in LR emergence after 8 h (Figure 7b).
These findings confirmed the precise and highly targeted regu-
lation of LR growth in roots treated by the OEIP. It should be
noted that 24% of the OEIP-treated LRs exhibited normal LR
stage progression despite iP micro application (Figure S4a,b).
This can be explained by a LR stage-selective inhibitory effect
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Figure 6. OEIP-delivered iP inhibits primary root (PR) growth. a) Schematic of Arabidopsis seedling showing the PR tip targeted by OEIP. The root zone
assessed in b) and c) is highlighted in the red rectangle. b) Schematic light microscopy images showing iP-related inhibition of Arabidopsis PR growth.
Orange circles indicate root positions at time 0 h and after 8 h of OEIP treatment. Scale bars represent 200 im. c) Reconstruction of Arabidopsis PR
growth of four roots in independent biological replicates (experiment shown in Figure 3) based on the coordinates marking the root positions at dif-
ferent time points during the confocal imaging. Each point of the chart represents a difference between X and Y coordinates at a particular time-point

(t) and coordinates at time 0 h (t0), expressed as AX (X; — Xjo) and AY (Y; —

of CKs during LR, being restricted to only the early stages
(I-V) of LR organogenesis (Figure S4c, Supporting Informa-
tion).’">2 Even exogenous CK application was unable to impair
the development of LR primordia after stage VB! (Figure S4a,
Supporting Information). Nevertheless, the quantification of
developed/inhibited roots during OEIP treatment revealed 76%
and 73% of positive events (inhibition of OEIP-treated roots
and standard growth of control roots, respectively, Figure S4b,
Supporting Information), suggesting that modulation of LR
development could be regulated by OEIP-delivered iP. Taken
together, by employing OEIP we could recreate the reported LR
stage-specific inhibitory effect of CKs on LR development but
with a greater spatial resolution of the treatment, affecting only
the targeted LR primordia.

3. Conclusion

In this study, we demonstrated the OEIP mediated delivery of
CK iP, an important plant signaling molecule, to living plant
root tissue at a spatial resolution of less than 1 mm. Using opti-
mized conditions developed in vitro for iP delivery by OEIP,
we achieved a stable and reproducible transfer rate of iP to the
target tissue at biologically relevant concentrations. The results
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showed the potential of OEIPs to obtain high spatial and tem-
poral resolution for the delivery of different signaling mole-
cules. Importantly, the intact Arabidopsis seedlings supplied
with OEIP-delivered iP exhibited active uptake and metabolism
of the delivered molecule. When applied at the root tip of the
novel double reporter line pTCSn::GFP x pDR5v2:ntdTomato,
iP triggered a CK response, whereas its effect was opposite for
the auxin reporter. From a physiological point of view, OEIP-
delivered iP treatment led to the inhibition of both PR growth
and LR stage-specific development. We showed that the devel-
opmental effects of OEIP-transported iP were in accordance
with previously described roles for CKs during plant develop-
ment. In addition, the novel Arabidopsis double reporter line,
enabling the simultaneous visualization of both auxin and CK
responses in vivo, could serve as a valuable tool for plant physi-
ology research.

By combining the OEIP delivery approach with the novel
Arabidopsis double reporter line and confocal imaging during
specific developmental processes, we developed an interdis-
ciplinary technique that utilizes the strengths of both mate-
rials science and plant biology. Our results may contribute to
a better understanding and improvement of the delivery effi-
ciency of different types of organic molecules and to the devel-
oping novel devices that enable the transport of compounds in
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Figure 7. OEIP-targeted iP treatment inhibits the development of a single lateral root (LR). a) Schematic of LR development in the eight defined
developmental stages. The schematic was adapted and reproduced with permission.[”] Copyright 2009, Elsevier. The red rectangle indicates the LR
initiation site that is not visible to the naked eye. Green coloring indicates green fluorescent dividing cells in pCYCBT;1::GFP Arabidopsis seedlings,
marking developing LR primordia. b) Confocal image-based real-time analysis of pCYCBT;1::GFP developing LR primordia in control (non-treated) and
iP-treated sites of LR initiations (red arrows). The close proximity (average distance of 2.17 mm) of the control and treated LR primordia is shown by
the red rectangles on the root of the Arabidopsis seedling scheme. Scale bars represents 200 um.

various ambient natural matrices, such as soil. OEIPs can be
used as a tool that bridges electronics and biological systems,
enabling dynamic modulation of physiological processes by
electronic dose control and precise delivery of various sign-
aling molecules. This compound delivery method can over-
come the drawbacks of conventional treatment techniques,
namely, low spatial resolution, burst or uncontrolled com-
pound release, and solvent delivery effects on local pres-
sure and native ionic concentration gradients. Further, the
dynamic and precise aspects of OEIP compound delivery can
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complement plant genetic engineering approaches, which
suffer from issues such as long generation times for construct-
carrying lines, problematic transformation of some plant spe-
cies or genetic modifications affecting proper plant develop-
ment. Alone or in concert with other research techniques, we
anticipate that with continued development, OEIP-based tech-
nology could provide a valuable and efficient tool for unrave-
ling a wide spectrum of dynamic biological processes in any
plant species with high spatiotemporal resolution at the tissue
and cellular level.
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4. Experimental Section

Generation of Cation-Delivery OEIPs: Silica capillaries (25/125 um
inner/outer diameter, Molex TSP025150) were used and fabricated by
a protocol previously reported.’*>4 The 12.5 um protective polyimide
coating of the capillaries was removed by immersion in a hot bath
(120 °C) of concentrated sulfuric acid, and the resulting capillaries were
thoroughly rinsed in Di water. Subsequently, 20 cm sections of each
capillary were cut and flushed with H,O by using dry nitrogen (5 bar).
Next, the inner capillary wall was surface-treated to improve adhesion
to acrylates.’> A solution of KOH (2 M, aqg) was flushed through the
capillary sections for 2 h and purged using dry nitrogen for 5 min.
Immediately afterward, a 10 wt% solution of 3-(trimethoxysilyl)propyl
acrylate in toluene was flushed through the capillary sections for 2 h and
subsequently purged with dry nitrogen for 5 min.

After surface modification, the capillary sections were filled with
a solution of the polyelectrolyte (5 bar, approximately 20 min),
2-acrylamido-2-methylpropane sulfonic acid (4 mL AMPS, 50 wt%
in Di), poly(ethylene glycol diacrylate) (109 pL; crosslinker, M.W.
700 g mol™) and 2-hydroxy-4-(2-hydroxyethoxy)-2-methylpropiophenone
(10 mg; photoinitiator). After filling, the capillary sections were exposed
to ultraviolet light (254 nm) for 10 min. Individual capillary pieces
(15 mm) were cleaved with a manual fiber cleaver (Fujikura CT-02) and
were immediately mounted inside an adhesive-lined plastic shrink tube
(15 mm). One side of the shrink tube (4 mm) was heated with a hot air
gun and a 7 mm long capillary piece was inserted into the tube. The heat
tube opening was quickly clamped shut around the capillary before the
glue had time to cool.

Optimized Conditions for OEIP Storage and Operation: When not in
use, the OEIP devices were stored in 10% MeOH at 22 °C. Before each
experiment, the OIEP reservoir was loaded with a fresh solution of iP
(105 M) dissolved in 10% MeOH. A positive electrode was placed in
the pump reservoir containing iP stock solution, whereas a negative
electrode was placed in J4 Murashige and Skoog (MS) medium: a) liquid
medium in 1.5 ml microtubes with no added agar was used for method
optimization and determination of delivery flow rate by LC-MS, b) solid
medium covering square Petri dishes was used for confocal imaging (see
particular sections below). Poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) material on a PET substrate (cut from Orgacon
F-350 film; AGFA — Gevaert) was used as an electrode extension in
both the OEIP reservoir and target 2 MS medium. A Keithley 2612b
SourceMeter operated with LabVIEW software (National Instruments
Corp.) was used to provide the OEIP with a constant current of 25 nA.

Plant Material and Growth Conditions: Surface-sterilized seeds of
Arabidopsis thaliana in Col-0 WT background were sown on 12 X 12 cm
square Petri dishes with 4 MS containing MS medium (2.2 g.L™';
Duchefa Biochemie, M0222), sucrose (1%), plant agar (0.7%; Duchefa),
2-(N-morpholino)ethanesulfonic acid (MES) (0.5 g L™'; Sigma Aldrich),
pH 5.6 (adjusted with T M KOH). The seeds were stratified for 2 days
in the dark at 4 °C and then transferred to a growth chamber. Seedlings
were grown vertically under standard light conditions (22 °C, 16 h
light/8 h dark) for 11 days. The pCYCBT;1::GFP line has been described
elsewhere.[*®l

Generation of A. thaliana pTCSn:GFP x pDR5v2:ntdTomato
Double  Reporter Line: A plasmid containing the molecular
cassette  DR5v2:ntdTomatol?®l  with  kanamycin  resistance
(pGIIKDR5V2ntdTomato-tNOS_ntdTomato plasmid) was kindly provided
by C. Liao and D. Weijers. The plasmid was amplified and transformed
into competent Agrobacterium tumefaciens cells with triple antibiotic
resistance (rifampicin, tetracycline, and gentamycin). Successful
transformants were selected, sequenced, and used to transform the
Arabidopsis transgenic line TCSn:GFP? as described in Zhang et al.®l
The primers used were FI_DR5v2: GACCCTTCCTCTATATAAGG,
R1_ntdT GCCCTCGATCTCGAACTCG (271 bp). Three independent
transformations were carried out, i.e., three plants were dipped separately
in the same Agrobacterium tube. Three plants from each kanamycin
(50 ug mL™) selection plate that displayed double fluorescence (TCSn:GFP
and DR5v2:ntdTomato) with the previously described expression
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patterns?02%l were transferred into soil. The presence of fluorescence
was assessed in 5-day-old transformant roots using an epifluorescence
microscope Leica DMi8. Homozygous lines for both reporter constructs
were selected and used in further experiments.

Confocal Imaging: An AZ-C2 Nikon vertical macroconfocal system
with a horizontally arranged AZ100 macroscope was used to evaluate
the real-time effect of OEIP-delivered iP on root development. To
minimize drying of the sample, plates with A. thaliana seedlings were
vertically mounted in a dark humidifying chamber equipped with
an XYZ motorized stage (Prior Scientific fitted by Bergman-Labora)
and diascopic white light and episcopic fluorescence light (Nikon).
Each experiment began by setting up the optimized conditions for
OEIP operation with a positive electrode placed in the OEIP reservoir
with iP or [°N,JiP solution and a negative electrode in solid 5 MS
medium in a Petri dish. The OEIP device was positioned precisely
close to the root tip, LR, or LR primordia by employing a motor-
drive micromanipulator MM-89 (Narishige, Japan). The first images
of the control and OEIP-treated roots were acquired before applying
the current (time 0 min). Confocal images were recorded with 2x AZ
Plan Fluor 0.2 WD 45 mm or 5x AZ Plan Fluor 0.5 WD 15 mm DIC
macro-objectives. The GFP signal was obtained by excitation at
488 nm, whereas the ntdTomato signal was acquired at 561 nm using
the lasers of a C2+ confocal laser scanning system (Nikon). Images
were recorded in Z-stack layers to capture the whole diameter of the
root segment or LR. After taking the first image, a current of 25 nA
was supplied to the electrodes to induce iP delivery. The roots were
then imaged at different time-points for 8 h (root tips and LRs) or
after an overnight treatment (LR primordia).

LC-MS/MS Quantification: To optimize the iP delivery conditions,
different cation delivery pumps, iP working concentrations and values
of constant electrical current were tested by delivering iP into the liquid
medium. The target media were collected after 2.5 h of iP delivery, then
diluted 100x using 10% MeOH and analyzed with an LC-MS/MS system
(1290 Infinity Binary LC System coupled to 6490 Triple Quad System with
Jet Stream and Dual lon Funnel technologies (Agilent Technologies)).
10 pl of diluted media was injected onto a reversed-phase column
(Acquity UPLC CSH C18, 130A, 50x2.1 mm, 1.7 um; Waters, Milford, MA,
USA), iP was eluted during a 10 min linear gradient of 90:10 to 10:90
A:B, where ammonium formate (15 mM, pH 3.95) (A) and MeOH (B)
served as the mobile phases, at a flow rate of 0.4 ml min~". After every
gradient run, the column was washed with 1009 methanol (1.5 min) and
equilibrated to the initial conditions (2.5 min). iP was introduced into
the MS/MS system with the following settings: source gas temperature
200 °C; gas flow 16 L min™'; sheath gas temperature 375°C; sheath gas
flow 12 L min™, nebulizer gas flow 35 psi; capillary voltage 2.7 kV. iP was
detected using the multiple reaction monitoring (MRM) transition in
the positive electrospray mode (ESI+) with MRM transition 204.1 > 136.1
when applying a collision energy of 13 eV. Chromatograms of detected iP
were analyzed using MassHunter software (Agilent Technologies). The
efficiency of iP transport was evaluated based on the size of MS peak
areas after iP delivery under different delivery conditions. Conditions
providing the highest peak area (i.e., highest transport efficiency) and
adequate reproducibility of iP transport between technical replicates
were selected as optimal.

To determine the OEIP-mediated delivery rate of iP under optimized
conditions, the OEIP transport of iP was carried out in plastic
microtubes filled with liquid J4 MS medium (100 pL). A constant
current of 25 nA was applied to induce transport of iP into the media
for 8 h. Every hour, the medium sample was collected and replaced
by a microtube with a fresh medium. The collected medium samples
were evaporated to dryness. Prior to purification, the samples were
dissolved in formic acid (1 ml, 1 M). Isotopically labeled [*N4-purine]iP
(0.25 pmol) synthesized as described in Buéek et al.’! was added as
an internal standard to each sample and the samples were incubated
for 30 min at 4°C while shaking. Sample purification was achieved by
solid-phase extraction using mixed-mode (strong cation exchange
and reversed-phase) columns (Oasis MCX, 30 mg/1 ml; Waters), as
described in Pla¢kové et al.l’®]
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For iP and [NJiP quantification in OEIP-treated roots, a 1 cm
root segment from the proximity of the OEIP tip and corresponding
1 cm root segment of the control plant were collected after overnight
treatment of LR primordia. The root segments were immediately
frozen in liquid nitrogen and stored at —80 °C before analysis. Five root
segments from different experiments were pooled and represented
one biological sample for LC-MS/MS quantification. To quantify the
endogenous levels of iP and [PN,JiP together with their metabolites in
the root segments, microextraction and StageTip purification methods
published in Sva&inové et al.l’® were used in slightly modified versions.
Before purification, a mixture of internal deuterium (dg)-labeled CK
standards (0.25 pmol of CK free bases, ribosides and N-glucoside forms;
0.5 pmol of CK ribotides and O-glucosides; Olchemim Ltd) was added
to each sample. After the sample purification, elution of the analytes
from the StageTip microcolumns was achieved by adding ammonium
hydroxide in 60% MeOH (50 uL, 0.5 m). The samples were evaporated
to dryness and redissolved by adding 5% MeOH (40 pL) before LC/MS/
MS analysis.[>!

Image Processing and Statistical Analysis: Quantification of the GFP
and ntdTomato fluorescent signals in the PR tip and LRs was carried
out using Fiji 2.1.1 softwarel® and expressed as the corrected total cell
fluorescence (CTCF) using the formula: CTCF = integrated density — (area
of selected cell x mean fluorescence of three background readings). All
post-acquisition adjustments of images were carried out with the same
settings for each experimental dataset using Fiji 2.1.1 software, Adobe
Illustrator or Photoshop. Drawings were prepared with Adobe Illustrator.
The fluorescent signal from the macroconfocal images was represented
as a maximal intensity value of the Z-project from different focal plans.
For quantification and statistics, GFP expression was examined in the
stele of the PRs and LRs and the fluorescent signal of ntdTomato was
assessed in both stele and columella. Data were presented as means of
CTCF £ SD for n = 4 (Figure 3, Figure S2), n =7 (Figure 5b) and n =14
(Figure 5c). Statistical analysis of the confocal data was achieved using
two-tailed two-sided independent Student’s t-tests in Excel (Microsoft
Office) at o= 5%, *P < 0.01; **P < 0.01; ***P < 0.001, to compare the
control treatments with iP application by OEIP. Further details of data
normalization are given in each figure legend.

To investigate the effect of OEIP-delivered iP on PR tip development,
the growth of treated and control root tips was reconstructed using X
and Y coordinates acquired using the confocal microscopy software
(NIS-Elements AR) as a difference in the coordinates at different time-
points during 8 h of pumping and time 0 h (AX [X; — Xg], AY [Y; — Yi)-
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