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S1. Materials

Acrylamide (AAm) (40%(w/v)), N,N-methylene bisacrylamide (BisAAm, > 98%),
Ammonium Persulfate (APS, > 99.99%), Dichlorodimethylsilane (DCMS, > 99%)
were purchased from Sigma-Aldrich; Tetramethylethylenediamine (TEMED, Elec-
trophoresis grade) was purchased from Fisher Scientific; N-aminopropyl methacry-
lamide (APMA, > 98%) was purchased from Polysciences Inc; Dioctyl Sulfoccinate
Sodium salt (AOT, 96%) and Polyoxyethylene(4)lauryl ether(Brij30) were pur-
chased from ACROS Organics; n-Hexane (95%, HPLC Grade) was purchased from
Millipore Sigma; N,N-Dimethyl formamide (DMF, Anhydrous) was purchased from
Mallinckrodt Inc.; FRET pairs: (i) Alexa Fluor 488 (AF488) and Alexa Fluor
568 (AF568) (used as FRET pair in synthesis of bulk gels (Sec. S3)) and (ii)
Oregon Green 488 N-hydroxysuccinimidyl ester (OG) and N-hydroxy succinimidyl
ester Rhodamine (RH) (used in synthesis of AquaDust (Sec. S4)), were purchased
from Thermo Fisher Scientific; Ethanol (Anhydrous, 100%) and Isopropyl alcohol
(IPA) (99%) were purchased from VWR International; Phosphate-buffered saline
(PBS) 1x tablet (10 mM Phosphate buffer, 137 mM Sodium Chloride and 2.7 mM
Potassium Chloride) was purchased from Amresco; and Low-melting Agarose (LMA,
Grade-Biotech) was purchased from Neta Scientific.

S2. Theory for AquaDust response:

A. Gel swelling behavior.We adopt the following picture of the gel’s interaction
with water (1, 2): Soft polymeric matrices host solvent as a confined solution in
which both molecular scale mixing and mechanical stress contribute to the energetics
of solvation. The Flory-Rehner theory provides a useful, semi-empirical expression
that captures these contributions (3, 4). We use modified Flory-Rehner theory
proposed by Tanaka (2) to describe the free-energy of water molecules inside the
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gel using three terms on the right side of the following equation:

ψ = ∆µ/vw = RT

vw
ln(aw) =

RT

vw

(ln(1− φ) + φ) +
(
θ

2T φ
2
)

+
vwno

( φ
φo

)1/3
− φ

2φo

 ,
[S1]

where R = 8.314 [J/K] is the universal gas constant, T [K] is the temperature, aw

is the imposed vapor activity, φ is the volume fraction of monomer in final state,
φo is the volume fraction of monomer in the polymerization solution, θ is the flory
temperature that accounts for interaction energy between polymer and solvent
(Flory-Chi parameter, χ = θ/(2T )), vw is the molar volume of solvent, (in our case,
water) and no[mol/m3] is the molar concentration of chains, ∆µ [J/mol] is the free
energy of water molecules in the gel relative to the reference state. In Eq. (S1), we
use the definition of water potential, ψ [Pa] as the deviation in chemical potential
from saturation, ∆µ divided by the molar volume, vw [m3/mol]; it can also be
expressed in terms of the activity of the water, aw at given temperature T [K] as
shown in the middle expression in Eq. (S1).
Assumptions: For a given gel with known monomer and cross-linker concentration,

we calculate the change in ratio of volume of gel (= V/Vo ≡ φo/φ) where V and Vo

are volume of gel in final state and initial state during gelation respectively, where,
in the initial state, the volume fraction, φo = (vmon1 × wmon1) + (vmon2 × wmon2),
were vmon1 [m3/kg] and vmon2 [m3/kg] are the specific volume of monomer and co-
monomer respectively, and wmon1 [kg/m3] and wmon2 [kg/m3] are the concentration
of monomer and co-monomer respectively (see Table S1). To calculate no, we
assume that all the monomer and crosslinker introduced in the polymerization
solution contribute in the formation of an homogeneous uniform hydrogel such that
no =

(
wmon1
mwmon1

+ wmon2
mwmon2

)
/ wcl
mwcl

, where mwmon1 [kg/mol], mwmon2 [kg/mol] and mwcl

[kg/mol] are molar weights of monomer, co-monomer and cross-linker respectively
(see Table S1 for gel composition).

B. Models for multi-fluorophore FRET interaction.To design an optical reporter
of the local micro-environment, ψenv, we can couple to the changes in molecular
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conformation implicated by changes in φ: typical distances between polymeric
chains vary as φ−1/3 for isotropic swelling of a gel. In the synthesis of AquaDust, we
covalently linked a Forster Resonance Energy Transfer (FRET) pair (a donor dye
and an acceptor dye) to the polyacrylamide network (Fig. 1C - Main text). FRET
between pairs of fluorescent dyes can provide a spectral signature of such changes in
molecular separation. Specifically, the experimental relative FRET efficiency, ζexp is
a function of the relative intensity of the fluorescence emission by the acceptor dye
and the donor dye.
By design, AquaDust has multiple donors interacting in nonradiative energy

transfer with multiple acceptors randomly distributed in the local environment.
Here, we evaluate the predictions of different models for FRET interaction between
donors and acceptors. We compare the models (Sec. S2 D and Figure S2) for the
multi-fluorophore interaction to the evolution of experimental FRET efficiency from
AquaDust as a function of water potential. Here, we describe the three models we
considered:

B.1. Dipole-dipole FRET model.A single donor-acceptor FRET interaction is modeled
as a single pair of interacting dipoles (5):

ζth(Forster) =
(
Ro
r

)6

1 +
(
Ro
r

)6

=

(
Ro
ri
× ri

r

)6

1 +
(
Ro
ri
× ri

r

)6

= c′(
r
ri

)6
+ c′

[S2]

where c′ = (Ro/ri)6, and ri is the initial distance between fluorophores and Ro[nm] is
the Förster distance. Typical values for Ro range from 6− 10 nm (5), in particular,
here, (i) for the FRET pair used in synthesis of macroscopic gels (Sec. S3, AF488
and AF568), Ro = 6.2 nm (6); (ii) for the FRET pair used in the synthesis of
AquaDust (Sec. S4, OG and RH), Ro = 5.8 nm (7). Because of the normalization
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with respect to ri, we do not use value for Ro explicitly for calculations. By definition,
c′ is only a function of ri; experimentally ri should only depend on the concentration
of dye molecules conjugated to the polymer matrix.
Assuming isotropic strain, we can express the change in distance between the

dyes as function of initial and final volume of gel (Vo, V ) as well as the initial and
final volume fraction of polymer (φo, φ) as follows:

φo

φ
= V

Vo
=
(
r

ri

)3
[S3]

Upon substituting Eq. (S3) in Eq. (S2), we obtain

ζth(Forster) = c′(
φo
φ

)2
+ c′

. [S4]

Combining the Flory-Rehner model (Eq. (S1)) relation between water potential
(ψ) and volume fraction of polymer (φ) with Eq. (S4), we obtain a one parameter
model that relates ζth with ψ:

ζth(Forster) = f(ψ, c′). [S5]

The parameter c′ is calculated by equating ζth(Forster) with the experimental FRET
efficiency, ζexp closest to saturation (ψexp = 0). We plot Eq. (S5) in Figure S2 for
comparison with other models.

B.2. Dipole-plane FRET model.As described in the main text, we have chosen dipole-
plane FRET model to describe the interaction between uniformly dispersed donor
and acceptor fluorophores. This model has been proposed in context of bio-
membrane studies, for example, a donor-containing protein approaching accep-
tors embedded in an associated phospholipid mono/bi-layer (5, 8–11). The non-
dimensional rate of energy transfer, k, between a donor separated by distance r[nm]
from a plane of acceptors is given as:

k = π

2NAR
6
or
−4 [S6]
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where NA[nm−2] is the area concentration of acceptors and Ro[nm] is the Förster
distance. The quantum efficiency for FRET is given by:

ζth = k

1 + k

= (πNAR
6
o/2)

r4 + (πNAR6
o/2)

[S7]

By normalizing the numerator and denominator with respect to initial distance
between fluorophores, ri, we obtain:

ζth =
(πNAR

6
o/2)

r4
i(

r
ri

)4
+ (πNAR6

o/2)
r4

i

= c(
r
ri

)4
+ c

[S8]

where c = πNAR
6
o/(2r4

i ). Because of non-dimensionalization with respect to initial
distance, ri, we do not use explicit values of Ro and NA for calculations. We calculate
c by equating experimental FRET efficiency, ζexp with theoretical fret efficiency, ζth

closest to saturation (ψ = 0) such that r = ri.
Upon substituting the Eq. (S3) in Eq. (S8), we obtain the following relation

between ζth and φ:

ζth = c(
φo
φ

)4/3
+ c

. [S9]

Combining the Flory-Rehner model (Eq. (S1)) relation between water potential
(ψ) and volume fraction of polymer (φ) with Eq. (S9), we obtain a one parameter
model that relates ζth with ψ:

ζth = f(ψ, c). [S10]

The single point calibration needed to generate a curve to predict ζth for the range
of interest of water potential, simplifies the calibration of ζth vs. ψ for each new
batch of AquaDust nanoparticles.
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B.3. Wolber FRET Model (Model for uniform distribution of donor and acceptor fluorophores

in infinite plane).As seen from the distribution of AquaDust on the leaf cell surfaces
(Fig. 2 - main text), fluorophores can be assumed to be randomly distributed and
spaced at ∼nm scale on a plane of the large, µm-scale surfaces of the outer cell walls.
Accordingly, we consider the analytical solution presented by Wolber et al.(12) to
model the FRET for donor and acceptor fluorophores randomly distributed on an
infinite plane:

ζth(Wolber) =
∞∑
j=0

(−πΓ (2/3)R2
on)j Γ (j/3 + 1)
j!


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∞∑
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
(
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ono

(
n
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))j
Γ (j/3 + 1)

j!



=
∞∑
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(
−πΓ (2/3)R2

ono

(
φ
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)2/3)j
Γ (j/3 + 1)

j!



=
∞∑
j=0


(
−πΓ (2/3) c′′
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

[S11]

where c′′ = R2
ono is calculated by equating ζth(Wolber) with the experimental FRET

efficiency, ζexp closest to saturation (ψexp = 0), and Γ(x) is a gamma function
evaluated at x. We consider first 400 terms as an approximation to calculate ζth

from this infinite series.

C. Design optimization for AquaDust response.Our design objective is to maxi-
mize

ζdiff = ζth(ψ = −3 MPa)− ζth(ψ = −0.1 MPa) [S12]

with the following constraints: (i) Percentage monomer concentration %T (w/v)
(= wmon×100) should be greater than 2% (= 0.02 gm monomer/1 cm3 solution×100)
for gelation (13), (ii) Relative cross-linker concentration %CL (= wcl/wmon × 100)
should be greater than 0.5% for gelation for the minimum value of %T (13), (iii)
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%CL should be less than 4% for synthesis of ideal-network gel and to avoid formation
of heterogeneities or a clustered gel network (14). In Eq. (S12), we aim to maximize
the difference in response between near saturation (ψenv = −0.1 MPa) and mild
undersaturation (ψenv = −3 MPa; this range is typical of water potential in leaves.
We solve for ζdiff using Eq. (S10) with the following values for different parameters:

(i) We assume a constant Flory-Chi parameter, χ = 0.48 (15, 16) as reported in lit-
erature for acrylamide gels (values range from 0.46− 0.49) with similar composition.
We also found that we can fit the evolution of the volume of macroscopic polyacry-
lamide gel with constant value of χ = 0.48 (described later in Sec. S3, Fig. S3C).
(ii) We vary %CL from 1% to 3% and %T from 3% to 15% as prescribed by the
constraints. (iii) We use three different values of fit parameter, c = 0.1, 0.2 and 0.3
as shown in Fig. S1. As discussed before, c is a function of the concentration of
conjugated dye.
Fig. S1 shows that ζdiff has a weak/negligible dependence on %CL in the bounded

range of 1% − 3% (ζdiff (%CL = 1%) - ζdiff (%CL = 3%) <0.02). However, ζdiff

is a strong non-monotonic function of %T and attains maxima at different values
of %T for different values of c. We chose a fixed dye concentration for AquaDust
synthesis (correspondingly, fit parameter c = 0.2, see Sec. S4 K, Fig. S11), we
chose %T to be 6.1% and %CL to be 3% for maximum ζdiff . Table S1 provides the
information on the composition of polymer matrix and parameters used in bulk
gel and nanoparticulate AquaDust synthesized as in Sec. S3 A and Sec. S4 A
respectively.

D. Comparing alternative models for FRET interaction.We compared the theo-
retical prediction from the dipole-dipole, dipole-plane and Wolber FRET model
(as described in Sec. S2 B) against the experimental values of water potential
measured using AquaDust (Fig. 3 - main text) in Figure S2. These models each
has one adjustable parameter (variable labeled as c in Eq. (S9), c′ in Eq. (S5) and
c′′ in Eq. (S11)) which is a function of initial dye separation. The best fit values of
these parameters is obtained by forcing ζth = ζexp to the experimental data closest
to saturation (here, ψleaf

PC = −0.08 MPa). In physical terms, the resulting value
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of c = c′ = 0.217 corresponds to ri = 1.3Ro. It is clear from Fig. S2 that the
dipole-plane FRET model captures the AquaDust response in leaves well, while the
Wolber FRET model under-predicts the FRET efficiency and dipole-dipole FRET
model over-predicts the FRET efficiency.
Since AquaDust contains randomly distributed fluorophores, it is unlikely that the

donor interacts with a single acceptor fluorophore, as assumed by the dipole-dipole
model. In dipole-dipole model, the FRET efficiency is more sensitive than the dipole-
plane model to the distance between the fluorophores; this sensitivity possibly causes
the over-prediction of FRET efficiency with decreasing water potential observed
in Fig. S2 (pink-dashed curve). On the other hand, the Wolber FRET model
is associated with multi-fluorophore interaction among dyes confined in a plane;
potential 3D interactions are not taken into account in this model, resulting in
possible under-prediction of FRET efficiency observed in Fig. S2 (blue-dashed
curve). The dipole-plane FRET model incorporates the single donor-multi acceptor
interaction in different planes. This scenario appears to be most descriptive of the
distribution of fluorophores and their interaction in the AquaDust.

S3. Synthesis and characterization of the macroscopic gels

We synthesized macroscopic bulk gels to characterize gel swelling and FRET as a
function of the water potential of its local environment, ψenv, guided by theoretical
consideration (Sec. S2, Fig. S1). As presented in Sec. S2 C, we considered
composition of monomer and cross-linker to maximize the measurement sensitivity
and resolution between saturation (water potential, ψenv = 0, water activity, aw = 1)
to mild undersaturation (ψenv = −3 MPa, aw ≈ 0.98 at temperature, T = 25oC );
this range is typical of water potential in leaves, and the choice of the monomers
was also guided towards minimizing the response of the gels to pH and temperature
(Fig. S3C, Table S1).

A. Bulk gel synthesis.We synthesized bulk gels corresponding to the composition
adopted for the studies presented in this paper (designed for 0 < ψ < −3 MPa,
Table S1, Fig. S3 C). Fig. S4 shows the chemical constituents of the gel matrix
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used for bulk gel synthesis here (same for AquaDust synthesis described later (Sec.
S4)). Note: All handling, measuring, mixing, and transferring of the AAm and
APMA monomers were done in a chemical fume hood while wearing latex gloves
and appropriate PPE. Bulk cylindrical polyacrylamide gels were synthesized as
follows: 5.5%(w/v) AAm (275 mg), 0.18%(w/v) BisAAm (9 mg), 0.6%(w/v) APMA
(30 mg) in 5 ml were stirred and sonicated in 100 mM phosphate-buffered saline
(PBS) (pH 7.4) buffered solution (all PBS is in water); this solution was degassed in
vacuum for 20 minutes to remove dissolved oxygen; 0.5 mg donor dye AF488 and 1
mg acceptor dye AF568 were added to the solution and stirred for 1 minute (Note:
different FRET pair is used for synthesizing AquaDust, later in Sec. S4, compared
to the macroscopic gel here due to cost considerations); polymerization reaction
was triggered by adding initiator, 10 mg APS, and accelerator, 50 µl TEMED; the
solution was transferred prior to gelation (in <3 minutes after adding the initiator
and accelerator) into 3 mm inner diameter glass tubes using a syringe (Hamilton
Gastight Syringe, 5ml). The tube served as a mold to define a cylindrical gel. The
solutions were allowed to polymerize for 24 hours at room temperature. Intact gel
was removed from the tube by blowing air from one side of the tube. It was then
placed in MilliQ water and stirred for 1 day to remove the unreacted components
and allowed it to come to saturated equilibrium.

B. Instrumentation for ex-situ bulk gel fluorescence measurement.The swollen
gel was transferred in a temperature controlled vacuum chamber (Fig. S3A) on
a dichlorodimethylsilane coated silicon wafer (to minimize adhesion of gel with
the substrate) with a control on water vapor activity, aw within ±0.1% (we have
described this vacuum stage previously (17)). The gel was allowed to come to
equilibrium at a set vapor activity. The color images (Fig. S3B) were captured
using CanonShot Power G6 7MP camera attached to the Leica MZ FLIII stereo-
microscope using a GFP Plus longpass filter (Excitation: 480± 20 nm, Emission:
> 510 nm). A mercury lamp light source (Leica EL6000) was used as source
for illumination, with a narrow-band optical filter (470 nm-500 nm) to select the
excitation light wavelength. The reflected light captured by the central fiber (QR600-
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7-UV-125F, Premium 600 micron Reflection Probe, Ocean Optics Inc.) was passed
through a long-pass cutoff filter (> 510 nm) and sent to the spectrometer (Ocean
Optics Inc., ST2000); the collection filter helped avoid the saturation of detector
with excitation light. The spectra (Fig. S3B) were saved using OceanView software
operating with an integration time of 0.1 sec averaged 3 times.

B.1. Calculating experimental FRET efficiency.We determined the relative contributions
of the donor and acceptor emissions (x and y) by spectrally decomposing the
emission spectra, Emexp:

[
EmDonor EmAcceptor

] x
y

 = Emexp [S13]

where EmDonor and EmAcceptor are the normalized emission spectra of donor and
acceptor as supplied by the chemical vendor. We performed this decomposition
using ‘lsqnonneg’ solver in the MATLAB software.
Experimental relative FRET efficiency was calculated as the following ratio:

ζexp = y

x+ y
[S14]

C. Bulk gel behavior with decreasing water potential and comparison with the-

oretical model.At fixed temperature and gel composition, Eq. (S1) provides a
one-to-one monotonic inverse relationship between matrix concentration, φ, and
ψmatric,gel. In turn, if we allow the gel to come to equilibrium with an environment
at ψenv such that ψmatric,gel = ψenv, we expect φ to vary with ψenv (Eq. (S1)). As
ψenv decreases, water leaves the matrix such that it shrinks (decreasing volume)
and the concentration of polymer, φ, increases. In Fig. S3 B-C, we see a ∼ 13 fold
decrease in volume (Vo/V decreases) and increase in φ as ψenv goes from 0 MPa to -4
MPa. We note good agreement with Eq. (S1) with no and φo set by the parameters
of the synthesis (Sec. S2, Table S1) and a constant value of Flory temperature,
θ = 277K at T = 288.2K (equivalently, interaction parameter, χ = θ/2T = 0.48);
these values of θ and χ are similar to the interaction parameters reported for gels
with similar composition (16). We here consider fresh gels (curing time < 24 hours
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and experimentation in less than 2 days). Anomalies in the interaction parameter
have been reported for bulk gels allowed to cure for more than 6 days (18). We did
not observe such anomalies with our work with AquaDust (nanogels) as we used
each batch of AquaDust for ∼ 30 days after synthesis.
We saw a qualitative change in the fluorescence spectrum of the gel with the

swelling in the color change in Fig. S3B with the rise in the relative intensity of Alexa
Fluor 568 at ∼ 605 nm in Fig. S3B. We captured the fluorescence emission spectra
of these gels (Fig. S3B) and extracted the value of experimental FRET efficiency
(ζexp) using spectral decomposition (Sec. S3B.1) of the fluorescence emission spectra
(Fig. S3D). Upon choosing dipole-plane model for FRET interaction, Eq. (S1) and
Eq. (S8) combined has one free parameter, c to fit the experimental data. We find
that the theoretical FRET efficiency, ζth using a constant value of c (c = 0.028 in
Eq. (S8)) combined with the model for the volume change of the gel (Eq. (S1)) is
consistent with the evolution of ζexp with ψenv as shown in Fig. S3D. See Sec. S2B,D
for discussion of the choice of FRET model. We obtained the water potential as
measured by AquaDust (ψAQD) from the range of AquaDust FRET efficiency (ζexp)
using the theoretical prediction curve as shown in Figure S3D. In Fig. S3E, we
plotted the corresponding residual (difference between ψAQD and ψenv). Averaged
over all the readings, the absolute mean residual was 0.02 MPa with a standard
deviation of 0.06 MPa.
We extend this understanding to develop nanogels with the same gel composition

(AquaDust) as a tool for point-wise measurement of the water potential in leaves.

S4. Synthesis and characterization of AquaDust

A. Nanoparticle synthesis.Nanoparticles were synthesized using inverse micro-
emulsion procedure as described in literature (19, 20). Briefly, the aqueous poly-
merization solution contained 5.5%(w/v) AAm (110 mg), 0.18%(w/v) BisAAm (3.6
mg), 0.6%(w/v) APMA (12 mg) in 2 ml, 100 mM phosphate-buffered saline (PBS)
(pH 7.4) buffer and was sonicated prior to use. Dyes were incorporated after particle
synthesis (see next subsection). Hexane was deoxygenated by purging it with
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nitrogen for 15 minutes. 42 ml of deoxygenated hexane, 1.4 gm AOT and 2.88 ml
Brij30 were stirred using a magnetic stirrer in a 100 ml round-bottom flask under a
nitrogen atmosphere at room temperature, to which 2 ml of polymerization solution
was added. The emulsion was sonicated for 4 minutes and stirred at 400 rpm for 4
minutes to form the microemulsion. To the microemulsion, 10 mg (dissolved in 50
µl water) APS and 25 µl TEMED was added to initiate free-radical polymerization
and the solution was stirred at 400 rpm for 2 hours. After 2 hours, hexane was
removed using rotary evaporation at a pressure of 300 mbar at 40oC . The resulting
suspension of particles was washed five times by suspending particles in 40 ml 100%
ethanol (acts as anti-solvent) and precipitating using centrifugation (8000 RPM ≡
7500 RCF, 20oC , 5 minutes). After centrifugation, excess supernatant was pipetted
away and the pellet of particles was dried in vacuum for ∼ 1 hour.

B. Dye functionalization.Dried nanoparticles (∼ 50 mg) were re-suspended in 5 ml
0.1M Sodium bicarbonate/Sodium Carbonate buffer (pH 8.5) by ultra-sonicating it
for 10 minutes. To the suspension, 5 mg of NHS-Ester functionalized Oregon Green
488 was dissolved in 500 µl of anhydrous DMF and 10 mg of NHS-Rhodamine was
dissolved in 1000 µl of anhydrous DMF. The NHS-Ester reacts with the amines
present in the cross-linked gel due to the inclusion of APMA in the synthesis. The
solution was stirred at room temperature using a magnetic stirrer at 500 rpm for
3 hours. The conjugated nanoparticles were purified using MWCO 10000 Slide-A-
Lyzer Dialysis kit against Milli-Q water for 3 days; the buffer was exchanged six
times during the process. Once purified, the nanoparticles were characterized for
size and concentration. The chemical composition of AquaDust is shown in Figure
S4.

C. AquaDust Size and Concentration.To assess the size distribution of AquaDust,
0.7 mg of dry AquaDust nanoparticles were re-suspended in 2 ml Milli-Q water
by sonicating it for 10 minutes. Particle size distribution was measured using a
Malvern Nano ZS Zetasizer in 173o back-scatter configuration. Figure S5 shows the
size distribution of a typical sample of AquaDust: Size distribution with respect to
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scattering intensity had a mean diameter of 80 nm with standard deviation of 30
nm; the distribution with respect to volume had a mean diameter of 56 nm with a
standard deviation of 23 nm; and the distribution with respect to number had a
mean diameter of 42 nm with a standard deviation of 13 nm, with a polydispersity
index of 0.18.
To assess the concentration of particles in the suspension infiltrated into leaves,

AquaDust suspension was diluted 10 fold in MilliQ water (i.e., 0.7 mg AquaDust
nanoparticles in 20 ml Milli-Q water) and the concentration was evaluated using
Malvern NS300 NanoSight. Concentration of particles in AquaDust suspension
was found to be 6.6 × 108 ± 1.9 × 108 (Mean ± Std. Error) particles/ml. This
concentration, with integration time of 1.2 sec (see next section for details on
instrumentation), allowed AquaDust fluorescent intensity to be at least 10 fold
larger than leaf autofluorescence.

D. Microscopy for AquaDust distribution.

D.1. Top-view imaging (Fig. 2 B,C - main text).Maize leaf was infiltrated with AquaDust
a day prior to imaging. A cut-out of the maize leaf (∼ 2 cm × ∼ 5 cm (x × y),
Fig. 2A - main text) infiltrated with AquaDust was mounted on a glass slide using
a double-sided tape, placed on Zeiss LSM880 Confocal Upright Microscope, and
imaged using W Plan-Apochromat 20x/1.0 water immersion objective.

D.2. Cross-section imaging, (Fig. S6).A cut-out of a maize leaf infiltrated with AquaDust
was placed in 20% (w/v) Agarose (Neta Scientific Inc., Garde-Biotech) (heated
to 60oC ) in a rectangular mold and allowed to solidify. The embedded tissue
was sectioned along the xz-pane using KD-400 vibrating blade microtome into 200
µm-thick slices (Fig. S6). The tissue sections were imaged using Zeiss LSM710
confocal microscope with Plan-Apochromat lens 63x/1.40 Water mode with tissue
placed between two cover slips.

E. Photosynthesis and gas exchange parameters in region with and without

AquaDust.To test if the process of using AquaDust to measure leaf water potential
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would affect leaf physiological functions, we compared gas exchange rates between
maize leaf area with and without infiltration of AquaDust. The gas exchange
processes tracked were transpiration rate (E), water vapor conductance (GH2O) and
assimilation rate (A). Five B97 maize plants at V9 to V10 leaf growth stages were
used in the experiment. These plants were grown in a Cornell University Guterman
lab growth chamber at 14 h light and 10 h dark. We infiltrated the middle part of
Leaf 7 with AquaDust one side of the mid-rib. After 24 hours of infiltration, the
portable gas exchange fluorescence system GFS-3000, the standard measuring head
3010-S, and light source of LED-Array/PAM-Fluorometer 3055-FL (Walz, Effeltrich,
Germany) were used to measure these physiological parameters on the infiltrated
leaf area and non-infiltrated leaf area that was on the other side of the mid rib in the
same leaf. The measurements were performed with a chamber CO2 concentration
of 400 ppm, photosynthetic quantum flux density of 500 µmol/(m2.s), chamber
relative humidity at 50%, air flow rate of 750 µmol/s, and cuvette temperature of
25oC . Paired sample two-tailed t-test was performed to test if there were significant
differences of physiological traits between infiltrated (AquaDust, Table S2) and
non-infiltrated (Control, Table S2) leaf area of the same leaf.

A second experiment was conducted to test if AquaDust, as a chemical per se,
could influence leaf physiological parameters. Four B97 maize plants at V9 to V10
stages were used. AquaDust was infiltrated in middle part of leaf 6 on one side of
the mid rib, while water was infiltrated on the other side. We also used GFS-3000 to
measure the gas exchange rates of the maize leaf area infiltrated with AquaDust and
water. Paired sample two-tailed t-test was performed to test if there are significant
differences between AquaDust and water infiltrated areas in the same leaf for the
measured physiological parameters.

For both experiments, the p-value of paired sample two-tailed t-tests for E,
GH2O and A were larger than 0.05. We conclude that the infiltration of AquaDust
caused no significant difference in these processes relative to non-infiltrated or
water-infiltrated leaf areas.
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F. Instrumentation for in-planta measurement.Fig. 3A (main text) shows the
sketch of the setup used for in-situ measurement. Briefly, a mercury lamp light
source (Leica EL6000) was used as source for illumination, with a narrow-band
optical filter (470 nm-500 nm) to select the excitation light wavelength used to
excite AquaDust at the site of interrogation in leaf. The excitation light is directed
using a reflection probe (QR600-7-UV-125F, Premium 600 micron Reflection Probe,
Ocean Optics Inc.) fitted in a collimator (74 VIS Fiber Optic Collimator, Ocean
Optics Inc.) and positioned on the leaf using a leaf clamp (Fig. S7). This clamp
serves to minimize scattered/stray light on measurement. Direct contact of fiber
bundles does not occur, for example, in fully shaded (no stray light) environment,
the fiber bundle could be used to collect fluorescence signal from a distance of
several mm. The reflected light captured by the reflection probe was passed through
long-pass cutoff filter (> 510 nm) and sent to a spectrometer (Ocean optics Inc.,
ST2000). The spectra were saved using OceanView software operating with an
integration time of 1.2 sec averaged 3 times. The integration time was chosen such
that the intensity of fluorescence collected from AquaDust was less than 70% of
the saturation limit of the spectrometer. The fluorescence spectra from the leaf
not infiltrated with AquaDust was saved as background signal and subtracted from
the spectra collected from AquaDust infiltrated leaf. Depending on the length
of the infiltration of AquaDust, a minimum of 3 spectra and a maximum of 6
spectra were recorded from the same infiltration site by moving the optical probe
across the infiltration zone. No distinction was made in the data collected from the
upstream/downstream of the AquaDust-infiltration site. Spectra from locations
within < 1 cm of site of infiltration were not used (see Sec. S4 L). Experimental
relative FRET efficiency, ζexp, were calculated as described previously in Sec. S3
B.1. Mean FRET efficiency was calculated by averaging all the recorded 3 to 6
spectra. Table S3 contains the numerical values of data in Fig. 3C (main text).

G. In planta calibration, Fig. 3 (main text).A total of 36 maize plants (inbred line
B97) at the V4 to V6 stages were used in the experiment presented in Fig. 3 (main
text) with 18 plants under a water-limited treatment (no water applied) and 18
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plants under a well-watered (control) treatment. These 36 plants were grown in a
greenhouse under long-day lighting conditions (16h light/8h dark cycle) provided
by 400 watt high pressure sodium lamps. Each maize plant was grown in 15 cm
pot (1L of volume) and filled with an artificial soil mix (Cornell mix: 2 bales (0.11
m3) peat, 2 bags (0.22 m3) vermiculite, 1 bag (0.11 m3) perlite, 1.8 kg calcium
sulfate, 0.11 kg Aquagrow 2000 (wetting agent), 1.8 kg 10-5-10 Media Mix, 2.3 kg
limestone).

We define the tip of the leaf as one-third of the total leaf length from the tip
end of the leaf. For leaf 4/5, the tip region is approximately 25 cm, while for leaf
6/7, the tip region is approximately 30 cm. AquaDust was infiltrated in the tip
region of the attached leaves 4/5 and 6/7 in 3 well-watered and 3 water-limited
plants at 10 am on Day 0. (Note: For our experiments, each batch of AquaDust was
synthesized with the quantities as described in Sec. S4A, and it allowed for ∼ 200
ψleaf measurements.) Depending on the length of the infiltration of AquaDust, a
minimum of 3 spectra and a maximum of 6 spectra were recorded from each replicate
on Day 1 at pre-dawn (5.00 A.M. - 6.00 A.M. EST) and mid-day (11.00 A.M. - 2.00
P.M. EST). Mean FRET efficiency is calculated by averaging all the recorded 3
to 6 spectra and the range for FRET efficiency correspond to the minimum and
maximum values of FRET efficiency of all the spectra. Each AquaDust measurement
takes < 30 seconds. Table S3 contains the numerical values of minimum, mean, and
maximum value of FRET efficiency from each replicate (plant) and is plotted in
Fig. 3C (main text).

Right after the AquaDust spectra were recorded for all three replicates (plants),
pressure chamber measurements of water potential (ψleaf

PC ) were taken from the tip
region of leaf 4/5 and leaf 6/7. The uninfiltrated side across the midrib of tip region
of the maize leaf was severed (not including the midrib) and then immediately
wrapped with a plastic bag. The wrapped leaf section was quickly inserted into the
pressure chamber (Model 615, PMS Instrument Company, Albany, Oregon, USA)
with the cut end protruding through the chamber seal. Chamber pressure was slowly
increased until the endpoint defined by water just appearing at the cut surface. ψleaf

PC
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was considered to be equal to the negative value of the pressure applied when water
appeared. The pressure bomb measurement from a particular plant from which
AquaDust measurements were taken served as the mean ψleaf

PC for that particular
plant; the range was calculated from the pressure chamber measurements of three
replicates (plotted in Fig. 3C - main text). This process was repeated each day
for the next set of 3 well-watered and 3 water-limited plants for a 7 day period
with no water applied to the water-limited plants. Table S3 contains the numerical
values of minimum, mean, and maximum value of pressure chamber water potential
measurements using from all three replicates (plotted in Fig. 3C - main text).

H. Characterization of leaf absorbance as function of leaf water potential.Here,
we use the leaf absorbance spectra to document the effect of decreasing water
potential on the concentration of different pigments in the leaf such as chlorophyll,
anthocyanin, etc. which can interfere with AquaDust fluorescence measurement.
Since we use native leaf fluorescence as background signal to be subtracted from
the AquaDust fluorescence, the changes, if any, in native fluorescence signal as a
function of water potential is accounted for in AquaDust measurements. However,
changes in native absorbance of the leaf could become a source of error in AquaDust
measurements if absorbance varies as a function of ψleaf .
A total of six maize plants (inbred line B97) were grown in greenhouse with the

same conditions as used for in planta calibration described in Sec. S4 G. Plants
were subjected to varying degree of water stress by withholding water supply to the
soil. Leaf water potential of three leaves (Leaf 4, 6, 7) from each plant was measured
as described in Sec. S4 G. A cut-out of the leaf (∼ 2 cm × 5 cm) was placed
in a cuvette and sealed such that the entire leaf thickness acts as an absorbing
medium. The absorbance spectra of the leaf was measured using Cary 300 UV-Vis
Spectrophotometer. We plot the average of three absorbance spectra from three
leaves from the same plant and the corresponding mean water potential as shown
in the legend in Fig. S8. As seen in Fig. S8, we observed no distinguishable trend
or variation in the absorbance spectra as a function of ψleaf . This observation also
suggests that there is negligible change in the concentration of different pigments in
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the leaf with varying ψleaf in the range of interest.

I. Calibration in Coffee (Coffeea Arabica L.) and Phytolacca (Phytolacca Amer-

icana L.) leaves.Here, we report AquaDust response as measured in Coffee (Coffea
Arabica L.) and Phytolacca (Phytolacca Americana L.) leaves as a function of leaf
water potential measured using pressure chamber. The Coffee plants were grown in
growth chamber (16h light/8h dark cycle, PAR: 250µmol/m2/s, Relative Humid-
ity: ∼ 50%) and Phytolacca were grown in natural field habitat. We infiltrated
AquaDust in the leaves of these species at least 24 hours prior to the measurement,
similar to the protocol described for maize leaves (Sec. S4 G). We followed the
same instrumentation protocol for collecting AquaDust fluorescence as described
for maize in Sec. S4 F.

Fig. S9 shows evolution of relative FRET efficiency as a function of ψleaf
PC . We

use Flory-Rehner model coupled with dipole-plane model (Eq. (S10)) to obtain the
theoretical prediction, where fitting parameter c is calculated by forcing ζth = ζexp

closest to saturation (here, ψleaf
PC = −0.2 MPa). We find that relative FRET efficiency

measured in coffee leaves (ζCoffee
exp ) and Phytolacca leaves (ζPhytolacca

exp ) is in favorable
agreement with the theoretical prediction as a function of ψleaf

PC .

J. Comparison between FRET efficiency calculated using intensity and life-

time imaging.Relative FRET efficiency calculated from fluorescence spectra can
differ from the relative FRET efficiency calculated using other methods. FRET
efficiency based on florescence lifetime is considered the most robust technique
such as fluorescence lifetime measurement. This difference can arise due to dif-
ferential photo-bleaching of the fluorophores, low levels of fluorescence, or low
signal-to-background ratio. (21)

Here, we compare the FRET efficiency of AquaDust infiltrated in maize leaves
assessed using the spectral method and the lifetime measurement. Relative FRET
efficiency from the spectral method was calculated as described earlier (Eq. (S13)
and Eq. (S14)). FRET efficiency from lifetime measurements was calculated using
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the following equation (21):

ζlifetime = 1− τexp

τdonor
[S15]

where τdonor is the donor lifetime in absence of acceptor. For the donor dye used for
AquaDust (OG), τdonor = 4.1 ns.(6)
We infiltrated zones of Leaf 4 with AquaDust (similar to Fig. 2A, Main text)

in six maize plants and subjected the plants to different degrees of drought stress
by withholding water supply to the plants (two replicates per treatment). We
refer to these treatments as low, medium, and high stress; based on spectra-based
FRET efficiency and the calibration curve in Fig. S9, these states corresponded to
-0.16,-0.7,-1.7 MPa, respectively. Sections of leaves, which included both infiltrated
and uninfiltrated zones, were then cut and placed inside a sealed chamber (10 cm
x 6 cm copper plates) with a cut-out on one copper plate, sealed with a glass
coverslip (No. 1.5, 0.17 mm) that allowed optical access to the leaf for fluorescence
spectral measurement and lifetime imaging. We placed a wet paper towel inside
the cuvette to minimize the loss of water from the leaf tissue. We then collected
spectra-based FRET with the instrumentation described in Sec. S4F and analyzed
them with the same method (Eq. (S13) and Eq. (S14)) as used for all the other
measurements reported in this article. Background measurements were taken from
the uninfiltrated zones of the same leaf tissue.
After spectral measurements, fluorescence lifetime imaging microscopy was carried

out using time-correlated single photon counting (TCSPC). Images were acquired
using 880 nm femtosecond excitation (∼ 120 fs width at the sample) delivered at
an 80 MHz repetition rate from a Spectra-Physics Mai-Tai Ti:S laser equipped
with DeepSee dispersion compensation. The Ti:S laser was coupled to a Zeiss
880 laser scanning microscope that was used to locate and focus on the sample.
Two-photon generated fluorescence was separated from the excitation using a 670
nm long pass dichroic filter (ZT670RDC, Chroma Technology Corp, VT), which
directed the emission to a GaAsP photomultiplier tube after passing through a
band-pass filter (ET530/30m-2P, Chroma Technology Corp, VT). The laser power
was attenuated using a near infrared (NIR) Acousto Optic Modulator (AOM) to
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keep the photon detection rate to less than 0.2% of the repetition rate to avoid
photon pile-up. Time-correlated photon counts were acquired using a TCSPC card
(SPC-830, Becker & Hickl GmbH). 256x256 pixel FLIM images were acquired by
synchronizing frame, line, and pixel clock signals from the Zeiss 880 scanhead with
the TCSPC card. TCSPC data were fit to a single exponential decay curve using
the SPCImage software package (Becker & Hickl GmbH). The built-in Becker &
Hickl instrument response function (IRF) was used for fitting of decays. FLIM
image data were exported from SPCImage and regions of interest (ROIs) analyzed
using a lab-written macro for ImageJ/Fiji.

Fig. S10A shows the lifetime image of an uninfiltrated zone of a maize leaf (depth
of focal plane, z = 22µm, medium stress treatment). Fig. S10B shows the decay
curve of a pixel that had the mean lifetime across all pixels of the uninfiltrated zone,
collected for one leaf at each state of water stress (low stress - blue; medium stress -
red; high stress - green). We infer from this figure that lifetime of the background
pixels corresponding to the uninfiltrated zones of the leaf tissue show relatively
small difference in mean lifetime (<0.1 ns) across the different water statuses of
the leaves measured. Fig. S10C shows the lifetime image (depth of focal plane,
z = 22 µm) of a region infiltrated with AquaDust (medium-stress treatment). Pixels
corresponding to AquaDust were extracted by thresholding the image based on the
fluorescence emission of the acceptor dye; these pixels defined regions of interest
(ROIs) as indicated by the white outlines. Fig. S10D presents decay curves for
pixels that had the mean lifetime of all of the pixels in the AquaDust ROIs as in
Fig. S10C from one leaf at each state of stress (low stress - blue; medium stress -
red; high stress - green). In Fig. S10E, we plot the spectral FRET efficiency versus
the mean lifetime-based FRET efficiency assessed across all pixels in the AquaDust
ROIs for three leaves at each water status.

We performed t-test for the FRET efficiency calculated using these two methods
for three different treatments and P values of the t-test for each case are listed
in Table S4. We find no significant difference (P > 0.05) between the relative
FRET efficiency calculated from these two different techniques. We also fit the data
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into a simple linear regression using the means for the data shown in Fig. S10F,
with the intercept forced to 0. We obtain the best fit to be given by y = 1.011x
using the ’fit’ solver in the ’MATLAB’ software with coefficient of determination,
R2 = 0.9952, where y is spectra-based FRET efficiency and x is the lifetime-based
FRET efficiency. This result indicates FRET efficiencies measured by using these
two methods are highly correlated. This correlation indicates that, for the purpose
of measurement shown in this paper, FRET efficiency calculated using spectra
(Eq. (S13) and Eq. (S14)) provides reliable measure of relative FRET efficiency.

K. Calculation of uncertainties from AquaDust results.Here, we elaborate on
the methods used to calculate uncertainties on the calibration fit (Fig. S11A) and
the confidence interval on ψleaf

AQD.
Goodness of model with fitting parameter c: As described in Sec. S2B, we used a

single-point calibration to predict ζth(ψ) using Eq. (S10) (Flory-Rehner theory for
gel swelling and dipole-plane FRET model for fluorophore interactions), where we
found the value of c by equating the water potential (ψleaf

AQD) calculated from the mean
relative fret efficiency (ζexp, Fig. 3C - main text) with that of the water potential
from the pressure chamber (ψleaf

PC ) closest to saturation (here, at ψleaf
PC = −0.08 MPa).

We obtained c = 0.217 and plotted the corresponding ζth as shown in Fig. S11A.
We plotted the corresponding residual (difference between ψAQD and ψPC) in Figure
S11B. First, we note that there is no obvious trend in the residuals; this lack of a
trend in the deviation of the data from the model supports the appropriateness of
the model. From Figure S11B, we found that averaged over all the readings, the
absolute mean difference between the water potential obtained from AquaDust and
pressure chamber was 0.018 MPa with a standard deviation of 0.067 MPa.
Confidence interval on the fit parameter c: We explain the process used to find

the uncertainty associated with the parameter c. We obtained the experimental
range of water potential (ψAQD) from the range of AquaDust FRET efficiency using
the theoretical prediction curve as shown in Figure S11A (red-dashed lines). The
value of this range divided by 2 is plotted as uncertainty in Figure S11C. We found
the value of c (Eq. (S10)) such that the absolute sum of the difference between the
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minimum experimental ψAQD (left end of the red dashed line in Figure S11A) and
the water potential from the pressure chamber (ψPC) is minimized. Consequently,
we obtained c = 0.199 and plotted the theoretical value of FRET efficiency ζth from
Eq. (S10) as shown in Figure S11A. Similarly, we found the value of c (Eq. (S10))
such that the absolute sum of the difference between the maximum experimental
ψAQD (right end of the red dashed line in Figure S11A) and the water potential from
the pressure chamber (ψPC) is minimized. Consequently, we obtained c = 0.231
and plotted the theoretical prediction from Eq. (S10) as shown in Figure S11A. We
found that the value of fitting parameter, c, can range from 0.199-0.231.
Inferences from model: From Figure S11C, the average of range of uncertainty

was ±0.08 MPa and a standard deviation of ±0.03 MPa; we can resolve the water
potential from AquaDust with 95% confidence interval (= mean of the range added
to 1.96 times the standard deviation) of ±0.14 MPa.

L. Characterization of mechanical damage during infiltration.To evaluate the
effect of mechanical damage to the cuticle caused during infiltration on the local
water potential, we measured AquaDust spectra as function of distance from spot of
infiltration (Fig. S12). We calculated the relative FRET efficiency and corresponding
water potential, and observed that the effect on FRET efficiency was limited to ±3
mm from the injection site. The FRET efficiency was uniform beyond this spatial
effect. Accordingly, we ensured that the AquaDust measurement was taken at least
1 cm away from the site of infiltration.

M. AquaDust response to temperature.We calibrated response of AquaDust to
temperature (from 5 − 50°C) by controlling the temperature of the AquaDust
suspension in a cuvette using a circulating water bath and measured the emission
spectra of AquaDust using a spectrofluorometer (Flame UV-VIS Spectrometer,
Ocean Optics Inc.) with an integration time of 3 s averaged over 5 readings. A
mercury lamp light source (Leica EL6000) was used as source for illumination,
with a narrow-band optical filter (470 nm-500 nm) to select the excitation light
wavelength used to excite AquaDust at the site of interrogation in leaf. The
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excitation light is directed using a reflection probe (QR600-7-UV-125F, Premium
600 micron Reflection Probe, Ocean Optics Inc.) We estimated the uncertainty
on the temperature to be < 0.1oC from the measured fluctuations of T during the
experiments using a thermocouple in contact with the cuvette. Fig. S13A shows
the fluorescence spectra from AquaDust with changing temperature as indicated in
Fig. S13B. We used theoretical calibration (Eq. (S10)) such that lowest value of
experimental FRET efficiency, ζexp = ζth at ψAQD = 0, we calculated the value of
water potential based on theoretical calibration model as plotted in Fig. S13B.
The swelling response of polyacrylamide gel to temperature is usually small

compared to other homopolymers (22, 23). The changes in FRET efficiency with
temperature is most likely due to changing emission properties of the donor and
acceptor dyes as function of temperature. The inferred variations in water potential
with changes in temperature (∼ 0.015 MPa; Fig. S13B) were small compared to
the uncertainty associated with AquaDust measurement of ±0.14 MPa (refer Sec.
S4 K).

N. AquaDust response to pH.AquaDust was suspended in 0.1 M sodium acetate
buffers (pH 5-7) and 0.1 M sodium carbonate/bicarbonate buffers (pH 8-10) and pH
was monitored using pH strip (BDH pH test strip, VWR Inc., with a resolution of
0.5 difference in pH) with fixed concentration of AquaDust (as used for AquaDust
infiltration in leaves, Sec. S4 C) and measured the emission spectra of AquaDust
using the spectrofluorometer (PTI Quantamaster 8000) with an integration time of
50 ms averaged over 5 readings. Buffer solutions without AquaDust provided the
emission spectra associated with background and was subtracted from the emission
spectra of the AquaDust solutions. Fig. S14A shows the averaged fluorescence
spectra from AquaDust as a function of pH.
Fig. S14A shows the fluorescence spectra normalized with respect to emission

peak of donor and Fig. S14B shows corresponding values of FRET efficiency as
calculated from these spectra. FRET efficiency remains constant for pH ranging
from 6-10 with slight increase in pH below pH 6. As seen from Fig. S14B, the
corresponding water potential as calculated from ζexp and the theoretical model
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(Eq. (S10)) is reasonably within the AquaDust resolution of ±0.14 MPa (refer Sec.
S4 K), yet, could be one of the sources of error in measurement of FRET efficiency.
This source of error could be minimized by choosing dyes that are insensitive to
pH such as Alexa Fluor 488 and Alexa Fluor 555 as donor dye and acceptor dye
respectively.

O. Response time to step change in water potential using a pressure chamber.

We evaluate the response time of AquaDust for step change in water potential
by forcing a transpiring maize leaf to saturation using a pressure chamber (Fig.
S15). Briefly, we sever a maize leaf infiltrated with AquaDust from one side of the
mid- vein. We place the exposed side in a water-filled Bitran bag (Fisher Scientific
Inc.) with the rest of the leaf sticking out of the rubber gasket. The gasket is
allowed to seal the chamber and pressurized to 0.2 MPa. The leaf gets saturated
instantaneously as water exudes from the leaf sticking out of the chamber. Spectra
measurements were taken and corresponding theoretical water-potential (ψleaf

AQD) was
calculated from the calibration curve (Eq. (S10)). We observed that ψleaf

AQD returned
to saturation in ∼ 1 minute. This suggests AquaDust responds to changes in water
potential in order of minutes.

P. Calibration in the field.We performed in-planta comparison of water potential
measurement from AquaDust and Scholander pressure chamber in field-planted
maize (Musgrave Research Farm, Location: 42°43′N, 76°39′W). For the Day 1
measurement (20 July 2018, 3.00 P.M. - 5.00 P.M. EST), AquaDust was infiltrated
1 day before (19 July 2018, 10.00 A.M - 12.00 P.M. EST) on maize plants at leaf
growth stages V10-V12. For Day 2 measurements (22 July 2018, 11.00 A.M. - 1.00
P.M. EST), AquaDust was infiltrated 2 days before on 20 July 2018. We report
these data of experimental relative FRET efficiency in Fig. S16 as a function of
water potential measured using a pressure chamber for the same maize plant. We
plot the theoretical FRET efficiency, ζth using a constant value of c (here, for this
batch of AquaDust, c = 0.19 in Eq. (S8) chosen such that ζth = ζexp at ψleaf

PC = −0.38
MPa) combined with the model for the volume change of the gel (Eq. (S1)). Out
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of total 11 measurements on leaf tip, 3 measurements show large difference from
theoretical FRET.
Possible sources of error include:

1. Outliers (i) and (ii) (See Figure S16): The pressure bomb measurements from
Day 1 were taken on Leaf 3 while the AquaDust measurements were taken
from Leaf 4. For different plants, the pressure bomb readings ranged from
-0.3 to -0.8 MPa for Leaf 3 on Day 1 and -0.5 to -0.8 MPa on Leaf 4 on Day
2. This large variability in pressure chamber water potential measurements
suggests that the local water potential measured by AquaDust could be
different from the water potential measured using a pressure chamber leading
to these outliers. Difference in light conditions between Leaf 3 and Leaf 4
could be a potential source of the observed difference between AquaDust and
pressure chamber.

2. Outlier (iii): On Day 2, measurements from AquaDust were taken from the
same leaf as the measurements from pressure chamber. Qualitatively, large
fluctuations in local water potential due to uneven cloud cover and aberrant
wind conditions on Day 2 could have resulted in the observed difference. This
measurement was taken after brief rain while weather transitioned from cloudy
to sunny in a short period of time and could have caused rapid changes in
leaf water potential.

S5. Theoretical model for leaf water potential in a transpiring leaf

A. Measuring gradients in water potential along a leaf, Fig. 4 (main text).Six
‘B97’ maize plants at V9 to V10 leaf growth stages were used in the experiment,
which were grown in Cornell University Guterman Lab growth chamber under a
light condition of 12 h light (06.00 A.M. - 06.00 P.M. EST) and 12 h dark, with
three plants under water limited treatment and three in well-watered treatment
(control) with following growth conditions: the daytime temperature was set at 31oC
and nighttime temperature at 22oC ; PAR measured at the canopy height averaged
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at 270 µmol photons m−2 s−1, and air relative humidity varied from 45− 50%.

Three water-limited replicates of maize plants were infiltrated with AquaDust on
leaf 7 on Day 0 of water-limited condition and were used for continuous measurement.
Each leaf was divided into three regions, tip being the first one-third of the leaf from
the leaf end, mid being the second one-third portion of the leaf and node being the
last one-third region of the leaf connected to the stem. Two or three infiltrations of
AquaDust were made in each region. Three well-watered replicates were infiltrated
in the same manner and the response of AquaDust was recorded for 3 days. The
mean and error in FRET efficiency was calculated from all the spectra recorded for
all the infiltrations in the given region. The expected water potential range was
calculated from the experimental FRET efficiency using the theoretical curve shown
in Fig. 3C (main text). Transpiration rate (E) was measured using portable gas
exchange fluorescence system GFS-3000, the standard measuring head 3010-S, and
light source of LED-Array/PAM-Fluorometer 3055-FL (Walz, Effeltrich, Germany).

One-way ANOVA was conducted to determine if the ψleaf
AQD were significantly

different between the three positions under WW and WL treatments in each day.
Under WW conditions, the ψleaf

AQD were not significantly different among node, mid
and tip of the leaf in Days 1, 2, and 3 measured at both pre-dawn and mid-day
(Table S5). However, under WL conditions, we detected the significant difference
(P < 0.05) in LWP between three leaf positions at mid-day in Days 1, 2, and 3,
with an exception of pre-dawn in Day 1 (Table S5). Then we performed the Tukey
multiple comparisons of means to determine if the ψleaf

AQD among three positions
measured at mid-day under the WL condition are mutually statistically significant
from one another (Table S6). Significant differences were detected between tip
and node in Days 1, 2, 3, and tip and mid in Days 2 and 3. However, there is no
significant difference between node and mid in Days 1, 2 and 3. We also performed
pairwise t test with Bonferroni as the P-value adjustment and found that the ψleaf

AQD

were significantly different between WW and WL treatments (Table S7). However,
when performing the significant test in a higher singularity, significant differences
of LWP between WW and WL treatment were detected at mid-day in Days 1, 2,
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and 3, but not at predawn in Day1.

B. Model considering only xylem resistance.We calculate theoretical xylem wa-
ter potential (ψxyl

th ) using measured values of transpiration rate, E = 4.2× 10−5 ±
0.85 × 10−5 kg/(m2.s) (Mean ± Range), for both well-watered and water-limited
case, i.e., uniform rate of loss of water per length of leaf (from the node towards
the tip of the leaf). We acknowledge that this assumption of constant rate of
transpiration as a function of position and potential is an over simplification. We
believe it is justified in this analysis, because: i) the measured variation in E is
modest (±20%); ii) in the range of stresses (ψleaf ≥ −1.5 MPa) we do not expect
significant stomatal closure (24); and iii) as we show in Fig. 4D (main text), this
simplified model can provide predictions that are quantitatively consistent with our
measurements of stress.
We first consider a model with only xylem resistance for comparison with the

model presented in Fig. 4C (main text). As depicted in the hydraulic circuit
in Fig. S17A, we hypothesize that the xylem presents the limiting, ψ-dependent
resistance to flow to the sites where we measure ψ with AquaDust, and we neglect
extra-vascular resistance. The flow, J(z) [kg/s] through the leaf xylem decreases
linearly due to constant transpiration, E [kg/(m2.s)], and can be approximated as
follows (neglecting axial variation of width):

J(z) = wE(L− z), [S16]

such that J(z = L) = 0, where w [m] is the average width of the leaf and L [m] is the
length of the leaf. The water potential gradient in the leaf along the z-direction is
calculated using Ohm’s law formulation as shown in Fig. S17A. At a given location,
z, on the leaf, the gradient in xylem water potential, ψxyl

th , resulting from the xylem
resistance, Rxyl (ψ), to the flow through the xylem, J (z) is given as follows:

∂ψxyl
th

∂z
= −Rxyl(ψ)

wL2 J (z) . [S17]

For Rxyl (ψ), we fit a three-parameter logistic function to the vulnerability curve
obtained from Li et al. based on a centrifugal method in maize (25) (similar values
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for xylem resistance are obtained using other methods such as high-pressure flow
meter (26)) such that,

Rxyl(ψ) = Rmin
xyl

1 +
 ψxyl

th

ψxyl
th,50%


a , [S18]

where Rmin
xyl (= 3.47× 103 m2.s.MPa/kg) is the minimum axial resistance, ψxyl

th,50% =
−1.58 MPa is the value of xylem pressure at which resistance increases by a
factor of 2 (or conductance drops to 50% of its saturated value), and the logistic
growth rate, a = 4.5 (25). We plotted xylem conductance, Kxyl = 1/Rxyl in
Fig. S17B.I as a function of ψ. We used average value of transpiration rate, E
(= 4.2×10−5 kg/(m2.s)), measured on six different plants at ambient PAR (E ranged
from 3.4 × 10−5 kg/(m2.s) to 5.1 × 10−5 kg/(m2.s), as measured using GFS3000,
Walz Inc. and averaged over 6 measurements on 3 well-watered and 3 water-limited
plants on Day 3, see details of growth conditions and measurement in Sec. S5 A).
Using Eq. (S16) for flux, J(z), we solve the combined Eq. (S16), (S17) and (S18)
numerically with the boundary condition such that the value of water potential
ψxyl

th = ψleaf
AQD at the node (z = L/6) and plot it as shown in Fig. S17B.II-IV.

We observed large difference in the theoretical prediction of ψxyl
th and the exper-

imental value of ψleaf
AQD (Fig. S17B.II-IV) at both mid and tip of the maize leaf.

This lack of agreement suggests that either the values used for Rxyl are incorrect
or additional resistances separate the site of ψleaf

AQD measurement from the xylem.
We test the former by adjusting the parameters for Rxyl (Eq. (S18)) to minimize
the difference between ψxyl

th with ψleaf
AQD for WW plants. Specifically, we vary Rmin

xyl

(ranging from 3.47 × 103 m2.s.MPa/kg to 3.47 × 104 m2.s.MPa/kg) and ψxyl
th,50%

(ranging from −1.58 MPa to −0.5 MPa) such that,
∑

Day 1,2,3
(ψleaf,mid

AQD − ψxyl
th (z = L/2)) + (ψleaf,tip

AQD − ψxyl
th (z = 5L/6)) [S19]

is minimized, for different values of a as shown in Fig. S17(C.I, D.I, E.I) and compare
corresponding prediction for ψxyl

th with ψleaf
AQD in WW and WL plants as shown in

Fig. S17(C.II-IV, D.II-IV, E.II-IV). We found that no set of parameters for Rxyl

could predict ψleaf
AQD(± range) in WL plants on all 3 days. For example, Fig. S17C.I,
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we found that minimum xylem resistance (Rxyl(ψ = 0)) had to be ∼ 6-fold larger
(2× 104 m2.s.MPa/kg rather than 3.4× 103 m2.s.MPa/kg (25)) than the resistance
reported in literature, and the value of ψxyl

th,50% (the water potential inducing 2-fold
increase in hydraulic resistance) had to be reduced ∼ 3 fold (−0.6 MPa rather
than −1.6 MPa (25)), so that ψxyl

th matched ψleaf
AQD(± range) in Day 1 WL plants

(Fig. S17C.I); for these values the corresponding prediction of ψxyl
th did not match

ψleaf
AQD(± range) in WL plants on Days 2 and 3. This exercise excludes the simple

model for leaf resistance with xylem as limiting resistance, and motivates addition
of extra-vascular resistance (Rox) to xylem resistance and comparing prediction for
outside-xylem water-potential (ψox

th ) with ψleaf
AQD (Fig. 4C,D - main text).

C. Vulnerability of xylem and outside-xylem tissue as a function of water po-

tential (Fig. 4C,D in main text).We also modeled the axial (along z) water potential
gradient in the leaf using the hydraulic circuit as shown in Fig. 4C (main text). At
a given location z on the leaf, we consider the following pathway and resistances to
water flux: axial flow, J (z), through xylem experiences xylem resistance, Rxyl(ψxyl

th ),
a function of xylem water potential, ψxyl

th ; and the local evaporative flux (passing
from xylem into mesophyll), E, experiences a resistance, Rox(ψox

th ), due to passage
through bundle sheath cells and mesophyll; we assumed this resistance depends on
the outside-xylem water potential(ψox

th ). Mathematically, the governing equation for
ψox

th is:

∂ψox
th

∂z
= −Rxyl(ψxyl

th )
wL2 J (z)− E

L2Rox (ψox
th ) dz, [S20]

and the governing equation for ψxyl
th is given by Eq. (S17). We take the axial flow,

J(z), through the leaf xylem to be governed by Eq. (S16). On substituting Eq. (S16)
into Eq. (S20) and differentiating with respect to z, we obtain the equation for
the evolution of water potential in terms of resistances and transpiration rate as a
second order partial differential equation:

∂2ψox
th

∂z2 = E

L2 (Rxyl(ψxyl
th )−Rox(ψox

th ))− E

L

(
1− z

L

)
∂Rxyl(ψxyl

th )
∂z

. [S21]
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We used the following functional form for the resistances: (1) we fit a logistic func-
tion (Eq. (S18)) to the xylem vulnerability curve proposed by Li et al. ((25), shown
in Fig. S18A). (2) We chose resistance from outside xylem, Rox(ψ)[ m2.s.MPa/kg]
to be a logistic function of ψ, such that,

Rox(ψ) = Rmin
ox

1 +
 ψox

th
ψox

th,50%

a [S22]

where Rmin
ox is the minimum outside-xylem resistance (i.e., when ψox

th = 0), and at
ψox

th = ψox
th,50%, Rox is twice that of Rmin

ox .
We found a combination of Rmin

ox and ψox
th,50% such that the difference between

ψleaf
AQD and ψox

th , such that:
∑

Day 1,2,3
(ψleaf,mid

AQD − ψxyl
th (z = L/2)) + (ψleaf,tip

AQD − ψxyl
th (z = 5L/6)) [S23]

was minimized for both WW and WL plants for the range of transpiration rate
measured experimentally. The minimization was performed by using the ’fminsearch’
solver in MATLAB software. Correspondingly, we obtained range for Rox for the
range of measured E, shown as shaded blue region in Fig. S18A. Upon substituting
substituting Eq. (S18) and Eq. (S22), we solved coupled differential equations,
Eq. (S17) and Eq. (S21) numerically to obtain ψxyl

th and ψox
th as a function of z for the

case of well-watered (WW) and water-limited (WL) plants and plot it as shown in Fig.
4D, with the following boundary conditions as derived from the hydraulic architecture
shown in Fig. 4C (main text): (1) at z = L/6, ψxyl

th = ψNode
AQD +E×Rox(ψNode

AQD) (2) at
z = L/6, ψox

th = ψNode
AQD , and (3) at z = L/6, we make a finite difference approximation

for the second term on the right side of the Eq. (S20) such that:

∂ψox

∂z

∣∣∣∣∣∣
z=L/6

= −Rxyl(ψ)
wL2 J (z)

∣∣∣∣∣∣
z=L/6, ψ=ψxyl

th

− E

L2Rox (ψ) ∆z
∣∣∣∣∣∣∆z=L/6, ψ=ψNode

AQD

. [S24]

The corresponding prediction of ψox
th is in agreement with the water potential

measured using AquaDust at node, mid and tip of the maize leaf (Fig. 4D, main
text). The obtained parameter values of ψ-dependence for extra-vascular resistance
are similar to the values reported for the mesophyll resistance obtained for other
34 of 64 Jain et al.



species based on the vacuum pressure method and modeling studies (27, 28): briefly,
ψox

th,50% < ψxyl
th,50% and Rox accounts for 75− 100% of the leaf resistance under mild

water stress.

D. Prediction of diurnal water potential corresponding to Fig. 5 (main text).

We used AquaDust to measure the diurnal variation in leaf water potential and
estimated transpiration rate (E) using eddy flux measurements of net water vapor
flux above the canopy in a well-irrigated plot at Cornell Musgrave Research Farm
(Location: 42°43′N, 76°39′W) on Day 222 of the year 2018. Here, we describe the
calculation of theoretical prediction for leaf water potential using the hydraulic
architecture for the maize plant as shown in Fig. S19. The measurements reported
in Fig. 5B (main text) were performed at the tip of the leaves and, as before, we
assume that they report the water potential in the mesophyll, outside the xylem, as
indicated by the red point on the diagram in Fig. S19.
We take the soil to be saturated (ψsoil = 0), and we assume root and stem

have negligible resistance relative to that in leaves. This second assumption is
consistent with a study done in well-watered potted maize plants with a continuous
measurement of stem water potential using a micro-tensiometer (29). We note that
some studies in the literature have inferred a more equal partitioning of resistance
between the roots and soil and the stem and leaves (30, 31), although we are
unaware of direct, in situ measurements that verify the actual partitioning.
We used the values of xylem resistance (Rxyl(ψxyl

th )) and outside-xylem resistance
(Rox(ψox

th )) based on our inference from the gradient of water potential along the
leaf (Sec. S5C, Fig. S18A). We reiterate on those briefly here: (1) Rxyl(ψxyl

th ) is
obtained by fitting a logistic function to the xylem vulnerability curve proposed
by Li et al. ((25), shown in Fig. S18). (2) We used the inferred mean value of
outside-xylem resistance (noted in the table and shown as a solid blue line, Fig.
S18A) to generate the mean theoretical prediction for leaf water potential (shown as
solid blue dots in Fig. 5 - main text); we used the minimum and maximum values
of outside xylem resistance (noted in the table and shown as shaded blue region,
Fig. S18A) to generate the range for theoretical prediction of ψox

th (shown as shaded
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blue region in Fig. 5B - main text).
We solve for diurnal evolution of ψxyl

th and ψox
th at the tip of the leaf with hourly-

averaged measurements of E (Fig. 5A - main text) using coupled differential
equations: Eq. (S17) and Eq. (S21), with the following boundary conditions at
z = 0: (1) ψxyl

th = ψsoil ≡ 0; (2) ψox
th = ψxyl

th − E ×Rox(ψox
th ); (3) first order derivative

for ψox
th with respect to z given by Eq. (S24).

E. Prediction of diurnal water potential compared to pressure chamber.We
compared the diurnal water potential measured using the pressure chamber with
the prediction of ψox

th from the plant hydraulic model as proposed in Fig. S19. We
estimated transpiration rate (E) using eddy flux measurements of net water vapor
flux above the canopy in a well-irrigated plot at Cornell Musgrave Research Farm
(Location: 42°43′N, 76°39′W) on Day 227 of the year 2018.
Pressure chamber measurements were performed on mature leaves from the top

(Leaf 10-12), middle (ear leaf position, Leaf 7-9), and bottom (lowest healthy leaves,
Leaf 3-6) of the canopy. The measurements were performed by cutting one side of
the leaf next to the midrib approximately 25 cm in length upwards from the tip. The
cut leaf section was immediately inserted into the pressure bomb for measurement.
We solved for diurnal evolution of ψxyl

th and ψox
th at the mid of the leaf (z = L/2)

with hourly-averaged measurements of E (Fig. S20) using coupled differential
equations: Eq. (S17) and Eq. (S21), with the following boundary conditions at
z = 0: (1) ψxyl

th = ψsoil ≡ 0; (2) ψox
th = ψxyl

th − E ×Rox(ψox
th ); (3) first order derivative

for ψox
th with respect to z given by Eq. (S24).

We compared ψleaf
PC with the prediction of ψox

th in Fig. S20B. We plotted the
residual corresponding to lower, mid and upper-canopy measurements from pressure
chamber relative to ψox

th in Fig. S20C. Averaged over all the readings, the absolute
mean difference between the model predicted water potential (ψox

th ) and lower, mid
and upper canopy pressure chamber measurements were 0.26 MPa, 0.08 MPa and
0.14 MPa. This demonstrates that the upper and mid-canopy measurements of
the diurnal dynamics of ψleaf

PC agreed within the uncertainty (Fig. S20B, AquaDust
resolution: ±0.14 MPa, see Sec. S4K) with the predictions of the model (Fig.
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S19). However, the water potential measured at the lower canopy is consistently
higher than the middle and upper canopy water potential and do not agree with
the predictions. These values remained near the pre-dawn potential throughout
the day suggesting that they experienced weak transpiration. We attribute this
observation to low transpiration rate in lower canopy leaves as these leaves were
typically in shade (<100-200 PAR). Also, the canopy leaf area was at a maximum,
so it is reasonable to assume almost all the incoming radiation was being intercepted
by the upper and middle canopy, with the contribution of lower canopy layer to the
transpiration to be low (similar studies have shown lower canopy contribution to be
less than ∼ 15% of total E (32)). The lower-canopy leaves can be assumed to be in
close equilibrium with the root water potential, which supports our assumption that
in the well-watered maize plants, the roots present negligible resistance to water
flux (Fig. S19).
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Fig. S1. Theoretical model for determining monomer and cross-linker concentration to maximize AquaDust sensitivity: ζdiff (Eq. (S12)) is plotted against percentage

monomer concentration, %T , for different values of relative cross-linker concentration, %CL, and fit parameter, c.
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RH for AquaDust-nanogel synthesis (not shown)) circles modified with N-hydroxy succinimidyl ester.
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Fig. S5. AquaDust size distribution: Size (diameter) distribution with respect to intensity of scattering in dynamic light scattering measurement, with respect to the number of

particles, and with respect to the volume of particles averaged over three measurements.
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Fig. S6. Cross-section view of AquaDust distribution within mesophyll: Cross-section of uninfiltrated and infiltrated zone were imaged under confocal microscope where

AquaDust adds to the fluorescence in falsely-colored yellow channel (Scale bar: 50 µm).
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Fig. S7. Leaf clamp designed to position the reflection probe to excite and collect AquaDust fluorescence, O-rings separate the contact of fiber bundle with the site of

interrogation (See details in Sec. S4 F).
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Fig. S8. Leaf absorbance spectra as a function of leaf water potential: Leaf absorbance spectra as measured using Cary 300 UV-Vis Spectrophotometer with varying leaf

water potential as measured using the pressure chamber (ψleaf
PC ).
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Fig. S9. AquaDust response in Coffee (Coffea Arabica L.) and Phytolacca (Phytolacca Americana L.) leaves: Relative FRET efficiency from AquaDust in Coffee leaves

(ζCoffee
exp ) and Phytolacca leaves (ζPhytolacca

exp ) is plotted against water potential from pressure chamber, ψleaf
PC . Theoretical prediction (dashed line) as obtained from the

Flory-Rehner theory and Dipole-Plane FRET model (Eq. (S10)) is plotted against water potential.
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Fig. S10. Comparison between Spectral and Lifetime FRET efficiency: (A) Lifetime image of an uninfiltrated zone of maize leaf. (B)Fluorescence decays (stars) and best fit

curves (curves) of individual pixels in uninfiltrated zones of leaves at the three states of stress (low stress - blue; medium stress - red; high stress - green). The pixels selected

had the mean lifetime of the pixels interrogated in these three samples. (C) Lifetime image of a leaf infiltrated with AquaDust. Region of interests (ROIs) outlined in white, were

identified by thresholding the image for acceptor fluorescence. (D) Fluorescence decays (stars) and best fit curves (curves) of individual pixels in AquaDust-infiltrated regions

of leaves at the three states of stress (low stress - blue; medium stress - red; high stress - green). The pixels selected had the mean lifetime of pixels in the ROIs identified

as in (C). (E) Comparison between spectra-based FRET efficiency and lifetime-based FRET efficiency at the three states of stress (low stress - blue circles; medium stress -

red circles; high stress - green circles). Linear regression fit with intercept forced to zero is shown in light blue and gray dotted line is a 1:1 line for reference. Horizontal error

bars represent the range of FRET efficiency calculated for the range of lifetime measured over ROIs as outlined in white in (C), and vertical error bars represent the range of

FRET efficiency calculated from measurements for two replicates per data point.
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Flory-Rehner theory and Dipole-Plane FRET (Eq. S7)

Experimental value; Error bars denote range of values from multiple 
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Fig. S11. Accuracy of measurements from AquaDust: (A) Experimental relative FRET efficiency (ζexp) as a function of ψleaf
PC (as shown in Figure 3C) is plotted as grey

diamonds. Bounds on the theoretical prediction obtained on the fitting parameter, c; dotted gray lines correspond to the c = 0.199 and c = 0.231, calculated upon

minimizing the difference between minimum/maximum ψleaf
AQD and the water potential from pressure chamber ψPC respectively, solid gray line correspond to c = 0.217 as

calculated upon minimizing the difference between mean experimental values of water potential from AquaDust and the water potential from pressure chamber. (B) Difference

between mean value of water potential as extracted from the mean value of FRET efficiency (ψleaf
AQD) and the mean value of water potential from pressure chamber (ψleaf

PC ).

(C) Experimental range of water potential (ψleaf
AQD) is obtained from the range of AquaDust FRET efficiency using the theoretical prediction curve as shown in (A, red-dashed

lines), and is plotted as uncertainty.
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Fig. S12. Effect of cuticle damage during infiltration on water potential measured using AquaDust: FRET efficiency and corresponding water potential based on calibration

(Fig. 3C - main text) is plotted as function of distance from spot of infiltration (Maximum distance affected by the damage due to infiltration ∼ ± 3 mm).
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Fig. S13. AquaDust response to temperature: (A) Fluorescence spectra normalized with respect to peak donor emission intensity as recorded with temperature ranging from

5 − 50oC . (B) Value of water potential extracted from spectra in (A) based on calibration performed using theoretical model (Eq. (S10)) with the minimum value of FRET

efficiency over the studied range of temperature at fixed pH (∼ 7 ± 0.5).
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Fig. S14. AquaDust response to pH: (A) Fluorescence spectra normalized with respect to peak donor emission intensity, as measured from AquaDust as a function of pH of

buffer solutions. (B) Value of experimental relative FRET efficiency and corresponding water potential as extracted from spectra in (B) based on calibration performed using

theoretical model (Eq. (S10)) with the minimum value of FRET efficiency over the studied range of pH at room temperature (∼ 22oC ).
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Fig. S16. In-field comparison of water potential from AquaDust and Scholander pressure chamber: Relative FRET efficiency from AquaDust is plotted against water potential

from pressure chamber, ψleaf
PC . Theoretical prediction (dashed line) as obtained from the Flory-Rehner theory and Dipole-Plane FRET model is plotted against water potential.

Jain et al. 53 of 64



Leaf

TipMidNode

AquaDust
A

Transpiration Rate E E

ΨAQD
Leaf measured at Node Mid Tip

E

J(z)

J(z)

zL/6 L/2 5L/6 L0

B.I

C.I

D.I

E.I

B.II B.III B.IV

C.II C.III C.IV

D.II D.III D.IV

E.II E.III E.IV

Rxyl(      ) Rxyl(      ) Rxyl(      )Ψth
xyl

Ψth
xyl

Ψth
xyl

Fig. S17. Model for water potential gradients in leaf considering only xylem resistance (see Sec. S5B): (A) Resistance-based model to predict the water potential as a function

of xylem resistance (Rxyl) to axial flux J(z) with constant transpiration flux, E, where water potential from AquaDust, ψLeaf
AQD, is measured at the tip, mid and node of the

leaf. (B) Prediction of xylem water potential (ψxyl
th ) (Eq. (S17)) with a xylem conductance, Kxyl(ψxyl

th ) = 1/Rxyl(ψxyl
th ) given by logistic function (Eq. (S18)) fit to the

vulnerability curve for xylem obtained by Li et al. (25) (B.I) and comparison with ψleaf
AQD measured at node, mid, and tip of the leaf with maize plant in well-watered (WW)

condition and for plants left unwatered (water-limited, WL) for (B.II) 1 day (Day 1), (B.III) 2 days (Day 2) and (B.IV) 3 days (Day 3). Kxyl(ψxyl
th ) = 1/Rxyl(ψxyl

th ) as a

function of ψxyl
th was calculated such that the difference between ψxyl

th (Eq. (S17)) and ψleaf
AQD was minimum for WW case with different logistic growth factors (C.I) a = 3,

(D.I) a = 4.5, and (E.I) a = 6; and respective prediction (lines of same color) of ψxyl
th was compared with ψleaf

AQD measured for WW and WL plants on Day 1 (C.II, D.II, E.II),

Day 2 (C.III, D.III, E.III) and Day 3 (C.IV, D.IV, E.IV).
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Fig. S18. Mesophyll resistance and corresponding prediction of outside-xylem water potential: Logistic function fit for xylem conductance, Kxyl = 1/Rxyl(ψxyl
th ) to the

vulnerability curve for xylem obtained by Li et al. (25) and outside-xylem conductance (Kox = 1/Rox(ψox
th )) calculated such that the difference between ψox

th (Eq. (S17))

and ψleaf
AQD was minimum for both WW and WL plants, with solid line corresponding to the mean transpiration rate

(
4.2 × 10−5 kg/(m2.s)

)
and the upper and lower

bound of the shaded region as calculated corresponding to the minimum and maximum values of transpiration rate (3.4 × 10−5 kg/(m2.s) and 5.1 × 10−5 kg/(m2.s)
respectively) as reported in the table.
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Fig. S19. Resistance-based hydraulic model for a well-watered maize plant used to calculate leaf water potential based on measured transpiration (E, Fig. 5A - main

text), assuming negligible root and stem resistances and values of xylem resistance (Rxyl) and outside-xylem resistance (Rox) inferred from gradients of water potential in

transpiring leaf (Fig. S18).
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Fig. S20. In-field diurnal measurements of leaf water potential using pressure chamber and comparison with the hydraulic model of maize plant (Fig. S19): (A) Hourly-

averaged transpiration (E) measured using eddy covariance method. (B) Values of water potential at lower, mid and upper canopy measured with pressure chamber

(ψlower−canopy
PC , ψmid−canopy

PC and ψupper−canopy
PC ) compared with the predicted diurnal variation of outside-xylem water potential (ψox

th ) obtained using soil-plant-

atmosphere hydraulic resistance model defined based on model and data in Fig. 4C-D - main text (see Sec. S5 C, Fig. S19 for theoretical details on model). Error bars

represent range of water potential measured from three biological replicates. Shaded blue region represents the range on theoretical prediction of ψox
th corresponding to the

minimum and maximum value of outside-xylem resistance inferred from water potential gradients (shown Fig. S18 for the numerical values of resistances). (C) Difference

between mean value of water potential at lower, mid and upper canopy measured by pressure chamber and theoretical prediction of outside-xylem water potential.
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Table S1. AquaDust gel composition and parameters in Eq. (S1)

Name (Abbreviation/Symbol) Composition/Value

1. Monomer concentration Acrylamide (AAm) wmon1 = 0.055[gm/cm3]

2. Co-monomer concentration N-aminopropyl methacrylamide (APMA) wmon2 = 0.006[gm/cm3]

3. Total monomer concentration wmon = wmon1 + wmon2 wmon = 0.061[gm/cm3]

4. Cross-linker concentration N,N-methylenebisacrylamide (BisAAm) wcl = 0.0018[gm/cm3]

5. Theta temperature θ θ = 275[K]

6. Gel temperature T T = 288[K]

7. Molar weight of monomer mwmon1 mwmon1 = 71.08[gm/mol]

8. Molar weight of co-monomer mwmon2 mwmon2 = 178.66[gm/mol]

9. Specific volume of monomer vmon1 vmon1 = 0.756[cm3/gm]

10. Specific volume of co-monomer vmon2 vmon2 = 0.812[cm3/gm]

11. Molar weight of crosslinker mwcl mwcl = 154.17[gm/mol]

12. Specific volume of crosslinker vcl vcl = 0.8097[cm3/gm]

13. Molar weight of water mww mww = 18.0153[gm/mol]

14. Specific volume of water vw vw = 1.001[cm3/gm]
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Table S2. Effect of AquaDust infiltration on the physiological parameters of the maize leaf

Experiment No Plant No Leaf No GH2O (mmol/(m2.s)) A (µmol/(m2.s)) E (mmol/(m2.s))

AquaDust Control AquaDust Control AquaDust Control

1 1 7 118.2 129.8 13.9 13.4 1.71 1.80

2 7 121.8 120.9 15.0 15.0 1.80 1.76

3 7 112.2 82.7 12.2 8.2 1.69 1.28

4 7 170.1 168.6 16.0 15.5 2.46 2.40

5 7 171.8 111.3 16.1 12.4 2.43 1.68

Paired sample two-tailed t-test P-value 0.281 0.113 0.207

Experiment No Plant No Leaf No GH2O (mmol/(m2.s)) A (µmol/(m2.s)) E (mmol/(m2.s))

AquaDust Water AquaDust Water AquaDust Water

2 5 6 123.9 188.7 11.5 16.0 1.87 2.65

1 6 126.3 121.8 12.1 12.4 1.88 1.82

2 6 116.5 111.3 11.8 11.2 1.73 1.75

4 6 98.7 89.3 12.8 10.3 1.52 1.40

Paired sample two-tailed t-test P-value 0.567 0.791 0.514
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Table S3. Numerical values of data shown in Fig. 3C

ψleaf
PC (in MPa) FRET efficiency ζexp

Minimum Mean Maximum Minimum Mean Maximum

-0.03 -0.08 -0.12 0.228 0.243 0.256

-0.05 -0.08 -0.14 0.247 0.258 0.28

-0.05 -0.18 -0.20 0.298 0.305 0.308

-0.08 -0.18 -0.24 0.312 0.315 0.331

-0.10 -0.20 -0.25 0.282 0.301 0.320

-0.20 -0.25 -0.30 0.363 0.395 0.425

-0.25 -0.33 -0.40 0.296 0.330 0.349

-0.30 -0.35 -0.40 0.321 0.333 0.337

-0.35 -0.43 -0.50 0.376 0.392 0.431

-0.35 -0.43 -0.52 0.364 0.386 0.392

-0.40 -0.45 -0.50 0.408 0.422 0.443

-0.40 -0.50 -0.60 0.375 0.412 0.456

-0.60 -0.68 -0.75 0.434 0.453 0.463

-0.65 -0.75 -0.85 0.429 0.458 0.47

-0.80 -0.93 -1.05 0.463 0.483 0.499

-1.05 -1.10 -1.20 0.495 0.512 0.527

-1.10 -1.30 -1.53 0.51 0.528 0.554

-1.30 -1.50 -1.65 0.536 0.543 0.551

60 of 64 Jain et al.



Table S4. Results of t-test for FRET efficiency calculated using two different methods, i.e.,

spectral measurement and lifetime measurement for the data shown in Fig.S10 F

Water Potential, ψth
AQD (in MPa) Low-stress Medium-stress High-stress

t-test P-value 0.37 0.74 0.76

Table S5. One-way ANOVA results showing the effect of leaf position on leaf water potential

under well-watered and water-limited conditions in each day.

Well-watered treatment Water-limited treatment

Time-Day F-value Pr (>F) F-value Pr (>F)

Predawn-Day1 1.342 0.330 1.398 0.317

Midday-Day1 0.810 0.488 6.131 0.0355

Midday-Day2 2.327 0.179 11.590 0.00869

Midday-Day3 3.872 0.0832 68.570 7.36E-05

Table S6. Results of Tukey multiple comparisons of leaf water potentials among three leaf

positions under the water-limited condition.

Predawn-Day1 Midday-Day1 Midday-Day2 Midday-Day3

Leaf position Difference Padj Difference Padj Difference Padj Difference Padj

Node-Mid 0.388 0.829 0.86 0.829 1.478 0.497 1.042 0.363

Tip-Mid -0.602 0.572 -3.907 0.0799 -4.247 0.0319 -6.546 0.000213

Tip-Node -0.94 0.297 -4.767 0.0384 -5.725 0.00845 -7.588 0.0000919

Padj is the p-value after adjustment for the multiple comparisons.

Table S7. Pairwise comparison results of leaf water potentials between well-watered and water-

limited conditions.

All data Predawn-Day1 Midday-Day1 Midday-Day2 Midday-Day3

Padj 1.50E-07 0.084 0.00037 0.01 0.0031

P-value adjustment method: Bonferroni
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