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Environmental significance

Foliar surface free energy affects platinum
nanoparticle adhesion, uptake, and translocation
from leaves to roots in arugula and escarolet

Eva Kranjc, ©*3 Darja Mazej,“ Marjana Regvar, @
Damjana Drobne® and Maja Remékar®

Pt nanoparticles (NPs) are directly emitted into air from human activities, contributing to the pollutant load
of plants and posing risks to food safety. Foliar surface characteristics affect particle interception and reten-
tion from air; however the influence of foliar surface free energy (SFE), a quantitative measure of polar and
dispersive surface forces which determine hydrophobicity/hydrophilicity, has not been investigated. Here,
soil-grown plantlet leaves of arugula (low SFE) and escarole (high SFE) were exposed to Pt NPs (5-500 mg
Pt NPs per L) for 5 days. Pt NP internalization and translocation, aggregation/agglomeration on leaf sur-
faces, and SFE changes were analyzed. Plantlets were also root-exposed to Pt NPs (one exposure to 20
mL of 50 mg L dispersion) to provide a comparison between leaf-to-root and root-to-leaf translocation.
Among foliar-exposed plants, inductively coupled plasma-mass spectrometry data showed that relative to
escarole, arugula contained higher Pt concentrations in leaves (33, 31, and 14 times higher for 5, 50, and
500 mg L™t exposures, respectively) and lower Pt concentrations in roots (6, 4, and 3 times lower for 5, 50,
and 500 mg L™ exposures, respectively). For both plants, the proportion of Pt translocated from roots to
leaves (99% and 28% for arugula and escarole, respectively) was higher than that from leaves to roots (<1%
for both plants). Scanning electron micrographs of foliar-exposed leaves (500 mg Pt NPs per L) showed a
much higher degree of Pt NP aggregation/agglomeration on arugula relative to escarole, in addition to sto-
mata closure from likely shading effects on arugula. Analysis of foliar SFE results based on acid-base theory
did not indicate any relationship between Pt NP exposure and changes to SFE. We conclude that plants
with low SFE are significantly more likely to adhere and retain NPs than plants with high SFE, providing im-
plications for the application of nanopesticides, where NP adsorption and retention are of interest, and for
food safety, where the presence of NPs should be minimized.

Metallic pollutants, including Pt, are disproportionately emitted into air as nanoparticles (NPs), whose retention and uptake by plant leaves is affected by
their foliar characteristics, such as wrinkling, waxiness, and the presence of trichomes. In this study, the influence of foliar surface free energy (SFE) on Pt
NP retention and translocation was investigated using arugula (low SFE) and escarole (high SFE) plants. Our results show that low foliar SFE is significantly
correlated with increased Pt NP retention and decreased internalization and translocation to roots due to stomata closure from likely shading effects.
These results indicate that foliar SFE should be included as a relevant factor where environmental and food chain transfer and the development and use of
agricultural nanomaterials are concerned.
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1. Introduction

Atmospheric deposition of metallic nanoparticles (NPs) is a
major, but understudied, contributor to the pollutant load of
plants, posing risks to food safety, with the potential for food
chain transfer and impacts on human health and ecosystem
quality."* Anthropogenic metallic particle emissions are dis-
proportionately concentrated in the finest particle size frac-
tions,®> which can also be quickly transported over great dis-
tances through the atmosphere.* Platinum NPs are a

This journal is © The Royal Society of Chemistry 2018
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component of this pollution due to their widespread use in
automobile catalytic converters.” Other characteristics, such
as low environmental background abundance in unpolluted
environments (2.7 ppb)® and resistance to dissolution,” make
it an ideal test NP materials when bioaccumulation, adsorp-
tion, organism translocation, or food chain transfer are
studied.

Atmospheric NP deposits may adsorb onto and be taken
up by plant foliar surfaces mostly through the cuticle and sto-
mata,®’® exceeding pollutant uptake by roots from water and
soil.* Schreck et al.'®'" demonstrated that atmospheric depo-
sition at industrial locations contributes more to plant foliar
Pb concentrations than soil pollution. Al Jassir et al.*? traced
elevated concentrations of Pb, Cd, Cu, and Zn in roadside
market vegetables in the city of Riyadh, Saudi Arabia to atmo-
spheric deposition of automobile and industrial exhausts. Hu
et al.” reported a substantial airborne contribution to the Pb
concentration in leaves of Aster subulatus plants in Nanjing,
China.

Although there have been studies that examine the uptake
and translocation of NPs from roots to leaves,"* > only a few
have investigated NP uptake and translocation from leaves to
roots,”*”>” which may carry important implications for the ef-
fect of atmospheric deposition on pollutant concentrations of
above-ground plant segments as well as on the safety of
nanopesticide application. In the studies by Hong et al.,>***
elevated concentrations of Ce (40-320 mg CeO, NPs per L dis-
persions and 0.98 and 2.94 CeO, NPs per m® aerosol) and Cu
(50 mg CuO NPs per L) were detected in the seedling roots of
cucumber plants after foliar exposure. For equal applications
of 100 mg L™ solution, Wang et al.>* quantified fractions of
internalized and translocated NPs in the roots of leaf-exposed
watermelon which were measured to be 1.23% (TiO, NPs),
5.74% (ZnO NPs), and 8.13% (MgO NPs). Although dissolu-
tion was not strictly monitored, CeO, and TiO, NPs are con-
sidered to be non-dissolvable. In plants, a very large surface
area is available for atmospheric deposition and even if NP
dissolution is low, the dissolved ions are able to cross the cu-
ticle and cell wall where size exclusion limits (3.6-7.1 nm) do
not present a physical barrier.>®

In addition, plant leaf surface characteristics, such as
wrinkling, waxiness, and the presence of trichomes, may sig-
nificantly affect particle interception and retention from
air.'®*® Although leaf wettability, ie. surface free energy
(SFE), also plays a role in these processes,'”?°' there have
been no prior attempts to characterize and assess its role in
the context of foliar NP exposure. In the present work, we se-
lected two plant species to study the effect of SFE on NP ad-
hesion and uptake: arugula (Eruca sativa Mill.) and escarole
(Cichorium endivia L.). Arugula has a considerably lower SFE
than escarole, which means that there is less available sur-
face energy to increase the surfaces of applied liquid drop-
lets, resulting in a lower contact area between the droplet
and leaf surface. Since contact between the foliar surface and
liquid is necessary for internalization to occur, we hypothe-
sized that there would be less uptake and translocation of

This journal is © The Royal Society of Chemistry 2018

View Article Online

Paper

NPs in arugula.®® The leaves of the two species also differ in
hairiness, with escarole containing trichomes and arugula
containing none.

In this paper, scanning electron microscopy coupled to en-
ergy dispersive X-ray spectroscopy (SEM-EDX), three-liquid
(i.e. ultrapure water, diiodomethane, and glycerol) acid-base
theory,® and inductively coupled plasma-mass spectrometry
(ICP-MS) were used to investigate and compare arugula and
escarole responses to Pt NPs in terms of (a) foliar surface ad-
sorption patterns, (b) foliar SFE, and (c) uptake and translo-
cation of Pt NPs from exposed to unexposed plant segments,
i.e. from leaves to roots and from roots to leaves. We discuss
the implications of our findings for food safety and agricul-
tural nanotechnologies.

2. Materials and methods
2.1 Pt NP characterization

Pt nanopowder (<50 nm) was purchased from Sigma-Aldrich.
Its morphology and chemical composition were analyzed
using SEM (JEOL JSM-7600F, Japan) coupled to EDX (INCA
Wave 500, Oxford Instruments Analytical, Ltd., UK) and trans-
mission electron microscopy (TEM; JEOL JEM-2010F, Japan).
The average particle size and size distribution were obtained
from a random sample of 300 particles from TEM images
using Image] v. 1.50i software. The specific surface area was
determined with the Brunauer-Emmett-Teller (BET) method
using single point nitrogen adsorption with a FlowSorb II
2300 instrument (Micromeritics, USA). A 50 mg Pt NPs per L
dispersion in ultrapure water was analyzed with dynamic
light scattering (DLS) for the hydrodynamic size and zeta po-
tential using a ZetaPALS instrument (Brookhaven Instru-
ments Corporation, USA) using a red laser (1 = 658 nm) for il-
lumination with a scattering angle of 90°.

2.2 Examination of Pt NP dissolution

Two methods were used to examine Pt NP dissolution in
ultrapure water at the experimental concentrations (5, 50, and
500 mg Pt NPs per L): (i) ultrafiltration for 30 min at 1880 x g
and 20 °C using Amicon Ultra-4 centrifugal filter units com-
posed of regenerated cellulose (nominal molecular weight
limit [NMWL] of 3 kDa), and (ii) ultracentrifugation for 30
min at 100000 x g and 20 °C (Beckman Coulter L8-70 M class
H preparative ultracentrifuge; fixed-angle 70 Ti rotor; 15 mL
Beckman Coulter Quick-Seal Polyallomer Centrifuge Tubes,
USA). The supernatant from both methods was acidified to
5% HNO; (Suprapur 65% HNO;, Merck, Germany), however
samples from ultracentrifugation were carefully removed with
a pipette and filtered (0.45 pum, hydrophilic PVDF, Millipore
Millex-HV, Germany) before this step. In addition, samples of
5, 50, and 500 mg Pt NPs per L dispersions were dissolved in
a 1:1 ratio of dispersion to aqua regia (25%: Suprapur 65%
HNO;, Merck, Germany; 75%: puriss. p.a. 37% HCI, Merck,
Germany) to assess the actual amount of Pt in the experimen-
tal dispersions. These samples were diluted to 5% HNO;
(Suprapur 65% HNOj;, Merck, Germany) prior to analysis.
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To examine the possibility that Pt NP dissolution was af-
fected by application onto the foliar surfaces, arugula and es-
carole leaf samples exposed to the 500 mg Pt NPs per L dis-
persion (as described in section 2.4) were submerged in
ultrapure water (final nominal concentration of 5 mg Pt NPs
per L) and homogenized using a T10 basic ULTRA-TURRAX
homogenizer (IKA®Werke GmbH & Co. KG, Germany), as
shown in Fig. S1.f The blended mixture was then treated by
ultrafiltration and ultracentrifugation in the same manner as
the bare dispersions. All samples were prepared in triplicate
with at least one blank and analyzed for Pt content using
ICP-MS (7500 series, Agilent Technologies, Inc., USA) as de-
scribed in section 2.7.

2.3 Leaf surface characterization

Arugula has relatively hydrophobic leaves,** whereas escarole
forms a head of relatively hydrophilic leaves. Hydrophobicity/
hydrophilicity (i.e. wettability) is typically assessed by the con-
tact angle formed by a droplet of water on the leaf surface,
with lower contact angles (<90°; Fig. 1B) indicating a hydro-
phobic surface, and higher contact angles (>90°; Fig. 1C) in-
dicating a hydrophilic surface.**** The leaves of both may
range from glabrous to mildly hairy. Unexposed and 500 mg
Pt NPs per L foliar exposed lyophilized arugula and escarole
leaf samples were mounted on a SEM holder with double-
sided C tape and coated with ~10 nm Au using an SCD 005
cool sputter coater (BAL-TEC GmbH, Switzerland). The sam-
ples were then analyzed with SEM using an accelerating volt-
age of 15 kV under ultra-high vacuum conditions (9.6 x 10~
Pa) operating in secondary electron mode. No fewer than 10
images (X250 magnification) of the abaxial and adaxial foliar
surfaces were analyzed for stomatal density, proportion of
open stomata, and morphological characteristics.

2.4 Plant cultivation and Pt NP exposure setup

Arugula and escarole were grown according to a modified ver-
sion of OECD test no. 208 (terrestrial plant test: seedling
emergence and seedling growth test) using plastic pots (di-
ameter: 11 cm; height: 10 cm) filled with biological 100%
finely milled peat (pH: 6.5; Bio Plantella START special soil
for sowing and potting, Unichem LLC, Armenia). Ten seeds
were placed into each pot, followed by the removal of 9 seed-
lings upon germination. Three replicates containing 5 plants
each were cultivated for every exposure (15 plants in total).

A Y B
C
Yev Yl ®
2 3
v v

Fig. 1 Diagram representing the four variables in Young's equation as
exhibited in the case of a liquid droplet on a flat, solid surface (A),
along with characteristic images of water droplets on arugula (B) and
escarole (C) obtained with an optical tensiometer.
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The soil pH was evaluated before planting and after the ex-
perimental period for control and Pt NP exposed plants using
ISO 10390: soil quality - determination of pH. All plants were
raised in growth chambers (day/night period: 16 h/8 h; tem-
perature: 21 °C/17 °C; humidity: 45%/65%) with a photosyn-
thetic photon flux density of 110 umol m™> s™*. Plants were
watered with tap water using a self-watering device to ensure
constant and even hydration. An image of the plant cultiva-
tion setup is shown in Fig. S2A.t

After reaching a 4-leaf (arugula) or 5-leaf (escarole) growth
stage, either the leaves or roots of the plants were exposed.
Plants in the foliar exposure group were administered with Pt
NPs dispersed in ultrapure water at concentrations of 5, 50,
or 500 mg L' using a probe sonication procedure developed
in accordance with the recommendations by Taurozzi et al.>®
Exposure was completed over a 5 day period during which ab-
axial and adaxial foliar surfaces were covered daily with 2 pL
droplets applied with a pipette per 0.5 cm” leaf surface (Fig.
S2B and Ct).*” On the day of each exposure during the 5 day
exposure period, 10 mL of a 500 mg Pt NPs per L dispersion
were prepared by pulse sonication (10 s pulse, 5 s rest) in a
2.5 cm diameter glass vial on ice for 3 min at 8.58 W. Soil
surfaces were covered with Parafilm® to prevent unintended
deposition onto soil. In the root exposure group, one applica-
tion consisting of 20 mL of 50 mg Pt NPs per L dispersion
was evenly applied to the soil surface. Following the week of
exposure, plants were grown to maturity for an additional 1
week (arugula) or 4 weeks (escarole) before harvesting.

In preliminary testing, arugula plants were bolting and no
longer edible when harvested after 4 weeks of Pt NP exposure
(Fig. S37). A comparison between the leaf and root Pt concen-
trations in arugula plants harvested after 1 week (when the
plants reached peak growth) versus 4 weeks after foliar expo-
sure (50 mg Pt NPs per L) showed no statistical differences
(Mann-Whitney test; n = 3, 5 plants per replicate, p < 0.05;
Table S17). A similar comparison with root-exposed arugula
plants, however, showed significantly higher root Pt concen-
trations and significantly lower leaf Pt concentrations among
plants harvested 4 weeks after exposure (Mann-Whitney test;
n = 2, 5 plants per replicate, p < 0.05; Table S17). Since the
main focus of this article is on foliar exposure, where no sig-
nificant differences in arugula leaf and root Pt concentrations
were detected with exposure time, the decision was made to
harvest them after 1 week of exposure to reflect their lifecycle
and appearance when normally consumed.

2.5 Pt NP adsorption patterns on foliar surfaces

Nanoparticle adsorption patterns on foliar surfaces were in-
vestigated using SEM-EDX. Leaf samples were lyophilized at
-50 °C and 0.2 mbar for 48 h before being mounted on a
sample holder with double-sided carbon tape and sputter
coated with ~10 nm Au. Samples were analyzed at 15 kV un-
der ultra-high vacuum conditions (9.6 x 10> Pa) in secondary
electron mode. Analysis with EDX was carried out on individ-
ual spots of interest.

This journal is © The Royal Society of Chemistry 2018
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2.6 Surface free energy theory and determination

Surface free energy (SFE) is a quantitative measure of polar
and dispersive forces which determine hydrophobicity/hydro-
philicity (i.e. wettability). The foliar SFE of plants is dictated
by the degree of surface roughness (i.e. wrinkling and the
presence of nano- and microstructures, which are positively
correlated with hydrophobicity) and the chemical and struc-
tural composition of the cuticle covering the foliar surface
(consisting mostly of cutin, with lower amounts of waxes,
phenolics, and polysaccharides). The surface tension of a lig-
uid droplet in combination with the foliar SFE determines
the strength of adhesion (i.e. the contact area), which in turn
affects internalization.**®

Surface free energy is often estimated using indirect
methods which consider the case of liquid droplets from 2 or
3 liquids of different polarities on the solid surface of inter-
est. The contact angle, 6, formed between the liquid-vapor
interface and the solid surface is related to the surface ten-
sion of the solid (SFE) by Young's equation:

Yev = Vs1 + v €OS (1)

in which ys, is the solid-vapor interfacial tension, yg is the
solid-liquid interfacial tension between the solid and the lig-
uid droplet, and yy, is the liquid-vapor interfacial tension, or
surface tension of the liquid droplet (Fig. 1).>**° Since the
equation contains an additional unknown variable: yg, differ-
ent variations of Young's equation have been developed to
deal with this issue.”

Following the suggestion of Fernindez and Khayet,** the
3-liquid acid-base theory method (the Lifshitz-van der
Waals-acid-base, or van Oss, Good and Chaudhury method)
was used to calculate the SFE values of the plant foliar sur-
faces*! (refer to the Materials and methods section and eqn
(S1)-(S4) in the ESI} for additional SFE and solubility parame-
ter calculation methods used in this work). Acid-base theory
treats surface tension as the sum of Lifshitz-van der Waals
forces (LW: “apolar” or dispersive forces, including London
dispersion forces, Keesom dipole-dipole forces, and Debye
dipole-induced dipole forces) and acid-base (AB: “polar”
force) components:

7 (1+c0s0)=2(rird +r i +\rn) (2)

where y¢ and »{, y{ and 4}, and y; and y; represent the disper-
sive, electron-acceptor, and electron-donor components of
the solid and liquid, respectively. Surface free energy is repre-
sented by y,(1 + cos ) by treating it as the sum of the solid
and liquid facial tensions minus the work of adhesion.*' By
using one apolar liquid and two polar liquids with known »{,
71, and yf values, it is possible to determine the LW, or dis-
persive, and AB surface tension components of the solid.**
Surface free energy values were calculated using acid-base
theory (eqn (2)) for the abaxial and adaxial foliar surfaces of
both test plants applying recommendations and mean liquid

This journal is © The Royal Society of Chemistry 2018
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surface tension values provided by Fernandez and Khayet.*
Static contact angle measurements were obtained by applying
droplets of ultrapure water, diiodomethane (99% Sigma-Al-
drich, Germany), and glycerol (99+%, Alfa Aesar, USA; 5 repe-
titions each) with a pipette to the foliar surfaces of the test
plants. Droplet images were obtained within 10 s of droplet
application and measured using a Theta Lite T101 optical
tensiometer (Attension, Biolin Scientific, Finland) connected
to a computer with Attension Theta software. Contact angle
measurements were made for unexposed and exposed leaves
at all exposure concentrations after each day of application to
compare the daily and cumulative effects of foliar exposure
to Pt NPs on SFE. Due to the separate locations of the tensi-
ometer and plant chamber, leaves were detached for trans-
port and analysis. To minimize potential variations from leaf
to leaf, contact angle measurements were obtained from at
least 4 leaves for each plant surface and exposure condition.
In a separate analysis, the effect of aging on the abaxial and
adaxial foliar SFE of both plants was found to be negligible
(i.e. over a 10 day period, the difference was no greater than
4.11 mJ m™>; Table S2+).

2.7 Pt concentrations in plant leaves and roots

Sample preparation was based on procedures used by Krofli¢
et al.*® During harvesting, fresh roots and leaves were sepa-
rated, washed, weighed, and frozen until further preparation.
Minor amounts of yellowed and rotten leaves (from normal
aging) in control and exposed plants were discarded. Leaves
were washed in accordance with U.S. Food and Drug Admin-
istration** and European Food Safety Authority”> recommen-
dations for home produce preparation: 30 s under cool run-
ning tap water, followed by two consecutive baths in
ultrapure water for 1 min each.'* Samples of the wash water
were analyzed with ICP-MS to check for the presence of Pt.
Roots were thoroughly washed under cool running tap water
and rinsed with ultrapure water. Plant tissues were then
stored in a freezer at —20 °C until lyophilization at -50 °C
and 0.2 mbar for 48 h. Leaf samples were finely milled with a
Fritsch planetary micro mill Pulverisette 7 (Fritsch GmbH,
Idar-Oberstein, Germany) and root samples were cut into
small (~5 mm) pieces.

Approximately 0.3 g of leaf material or 0.15 g of root mate-
rial were mineralized in closed Teflon tubes with 4 mL 65%
HNO; (Suprapur, Merck, Germany) and 0.1 mL HF (Suprapur,
Merck, Germany) in a Milestone UltraWAVE microwave di-
gester (Milestone Inc., USA). Samples were heated to 220 °C
at 100.0 bar (1500 W) over 20 min, maintained under these
conditions for a further 15 min (1500 W), and then cooled
back to room temperature over a 30 min period. Samples
were diluted to 30 mL with ultrapure water. Each sample was
prepared in triplicate. Blanks prepared in the same way as
samples were included in each run.

Measurement of the Pt concentration in the digested sam-
ples was made by ICP-MS. The isotope measured was '*°Pt
and external calibration was wused for quantification.

Environ. Sci.. Nano, 2018, 5, 520-532 | 523
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Calibration standards were prepared by dilution of 1000 mg
L™ Pt solution (Merck, Germany). To evaluate the efficiency
of the analytical procedure used, samples of leaves and roots
from both plants were spiked with a known amount of Pt so-
lution before digestion. Analysis of the Pt content following
digestion showed that the recovery was 95% + 9% (mean *
standard deviation [SD], n = 6). The limit of detection for Pt
was 1.1 ug L.

2.8 Statistical analysis

Differences in Pt concentrations in different plant segments
(leaves and roots; n = 3), proportion of open stomata on foliar
surfaces (n = 10), leaf mass (n = 3), and dissolved Pt concen-
trations between samples treated by ultracentrifugation and
ultrafiltration (n = 3) were ascertained using the Mann-Whit-
ney test at the p < 0.05 significance level. Foliar SFE differ-
ences between the abaxial and adaxial surfaces of arugula
and escarole as a function of foliar Pt NP exposure were ana-
lyzed using a paired t-test (n = 5) at the p < 0.05 significance
level. Normality of the data was tested with the Shapiro-Wilk
test and homoscedasticity of the variance was determined
using Levene's test.”® All analyses were completed using
OriginPro 2015 software.

3. Results

3.1 Pt NP characterization

Examination by SEM (Fig. S4At) and TEM (Fig. 2A) showed
that the Pt NPs were spherical in shape. Measurements of
300 randomly selected Pt NPs in the TEM image with Image]
software indicated an average particle size of 13.4 + 6.7 nm
and a size distribution from 3.1-55.6 nm. The specific sur-
face area measured with BET analysis was 10.65 m”> g~' Pt

View Article Online
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NPs and the chemical identity of the Pt NPs was confirmed
using EDX (Fig. S4B¥).

In aqueous dispersion, Pt NPs had an average hydrody-
namic diameter of 121.6 + 1.4 nm with an average polydisper-
sity index of 0.149 + 0.03, as obtained from triplicate DLS
measurements. The zeta potential of the dispersions was
measured throughout the pH range, but the point of zero
charge was not reached (Fig. 2B).

3.2 Pt NP dissolution

The total concentrations of Pt detected in the acidified exper-
imental Pt NP dispersions were in excellent agreement with
the nominal values, exhibiting <3.0% deviation (Table 1).
Concentrations of dissolved Pt in the supernatant of samples
treated by ultracentrifugation and ultrafiltration were ex-
tremely low, confirming reports from the literature that Pt
NPs barely dissolve.”*” However, the supernatant of
ultracentrifuged samples contained higher concentrations of
dissolved Pt compared to the supernatant of ultrafiltered
samples (Table 1). These results are consistent with the fact
that dissolved metal concentrations tend to be overestimated
in ultracentrifuged samples due to the difficulty of removing
the liquid supernatant containing the dissolved metal ion
fraction without re-suspending some of the sediment parti-
cles. Conversely, dissolved metal concentrations tend to be
underestimated in ultrafiltered samples due to the adsorp-
tion of metal ions onto the filter.*® Nonetheless, statistical
differences were not detected when dissolved Pt concentra-
tions measured in ultracentrifuged and ultrafiltered samples
were compared (Mann-Whitney test, n = 3, p < 0.05).

The concentrations of dissolved Pt ions in the supernatant
of samples containing Pt NPs with either arugula or escarole

2 3 4 5 6 7 8 9 10 11 12 13 14

24

ALY
A}

-10 4

Zeta potential (mV)

-12

A

Fig. 2 TEM micrograph of Pt NPs (A) and graph depicting the zeta potential of Pt NPs dispersed in ultrapure water (50 mg L™) across the pH scale

(B). Error bars represent standard error (n = 5).
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Table 1 Pt NP experimental concentrations and dissolution
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Nominal Pt Total measured

Pt concentration in
concentration Pt concentration supernatant after

Pt concentration in
supernatant after

Dissolved Pt fraction (%) with
corresponding Pt concentration in

Sample (mg L™ (mgL™) ultracentrifugation (ug L™") ultrafiltration (ug L™") supernatant (in parentheses)®
Pt NPs 5 5.019 + 0.073  2.070 = 0.412 0.178 + 0.022 0.041 + 0.008 (2.070 + 0.412)
50 50.409 + 0.914  5.993 + 0.413 1.718 + 0.063 0.012 + 0.001 (5.993 + 0.413)

500 514.485 £ 11.055 36.277 + 6.160 19.145 + 5.523 0.007 £ 0.001 (36.277 + 6.160)
Pt NPs and arugula 5 5.019 + 0.073 — 0.709 + 0.044 0.014 + 0.001 (0.709 + 0.044)
Pt NPs and escarole 5 5.019 £ 0.073 — 0.457 + 0.005 0.009 + 0.000 (0.457 + 0.005)

All data are mean + SD (n = 3). “ The dissolved Pt fraction (%) is provided in terms of ultracentrifugation in the cases of Pt NPs dispersed in
water (5, 50, and 500 mg L") and in terms of ultrafiltration in the cases of Pt NPs and arugula and Pt NPs and escarole.

leaves were approximately 4.0 and 2.6 times greater, respec-
tively, than the corresponding concentration of dissolved Pt
measured in the bare dispersion treated by ultrafiltration
(the mean leaf mass + SD was 0.243 + 0.022 g arugula and
0.156 + 0.026 g escarole; Table 1). Due to incomplete sedi-
mentation of the samples treated by ultracentrifugation and
the frothy appearance of the liquid after filtration, only sam-
ples treated by ultrafiltration were analyzed to avoid measure-
ment discrepancies (Fig. S1t).

3.3 Leaf surface characteristics and Pt NP surface adsorption
patterns

Image analysis of unexposed, lyophilized arugula and escarole
leaf samples (Fig. 3A and B, respectively) revealed a low de-
gree of surface roughness with similar stomatal densities be-
tween the two plants and between abaxial and adaxial sur-
faces: arugula abaxial surface: 107.0 + 2.3 stomata per mm?;
arugula adaxial surface: 85.6 + 15.9 stomata per mm?; escarole
abaxial surface: 98.6 + 7.6 stomata per mm?; escarole adaxial
surface: 69.5 + 9.9 stomata per mm?>. Escarole was found to
contain low numbers of trichomes on the abaxial (4.6 + 3.6 tri-
chomes per mm?) and adaxial (1.1 + 2.4 trichomes per mm?)
surfaces whereas no trichomes were found on arugula foliar
surfaces. Statistical means comparison to determine changes
in the proportion of open stomata with foliar exposure to 500
mg Pt NPs per L (Mann-Whitney test, n = 10, p < 0.05) indi-
cated decreases in the proportion of open stomata for abaxial
and adaxial arugula surfaces (no open stomata were found), a
significant increase for escarole abaxial surfaces, and no dif-
ference for escarole adaxial surfaces (Table S3 and Fig. S57).
Observation with SEM did not show any differences in the
Pt NP adsorption patterns between the abaxial and adaxial fo-
liar surfaces of each plant; however, clear differences were
observed between arugula and escarole leaves exposed to the
500 mg L' dispersion over a 5 day exposure period
(Fig. 3C and D, with EDX spectra confirming the presence of
Pt on both plants presented in Fig. 3E and F for arugula and
escarole, respectively). While Pt NPs on escarole foliar sur-
faces (Fig. 3D) were agglomerated into discontinuous islands
of Pt nano- and microparticles, on arugula they appeared as a
nearly unbroken sheet of highly aggregated/agglomerated
particles (Fig. 3C). Similarly, the magnified images of stomata
showed relatively low amounts of Pt NPs around escarole sto-
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mata, primarily as loose agglomerates (insert in Fig. 3D),
whereas relatively large amounts of Pt NPs were caked
around the stomata of arugula as loosely bound agglomerates
and tightly bound aggregates (insert in Fig. 3C). The appear-
ance of the Pt NPs on arugula leaf surfaces was consistent
with the fact that water droplets do not spread out over sur-
faces with low SFE, and hence the Pt NPs on arugula were
concentrated over a smaller surface area relative to Pt NPs on
escarole.

None of the exposed leaves exhibited necrosis in response
to Pt NP exposure (Fig. S6T). However, means comparison of
the leaf masses from control and exposed plants (Mann-
Whitney test, n = 3, p < 0.05) showed that the mass of 500
mg Pt NPs per L foliar-exposed arugula leaves was signifi-
cantly lower than the leaf mass from the other arugula
groups (5 and 50 mg Pt NPs per L foliar-exposed, root-ex-
posed, and control groups), and that the mass of root-
exposed arugula leaves was significantly higher than that of
the other arugula groups (i.e. 5, 50, and 500 mg Pt NPs per L
foliar-exposed and control groups; Table S47).

3.4 Surface free energy response to Pt NP exposure

Graphical representations with trend lines depicting abaxial
and adaxial foliar SFE (acid-base theory) in response to 500 mg
Pt NPs per L exposure for both plants are displayed in Fig. 4
while graphical representations with trend lines depicting ab-
axial and adaxial foliar SFE in response to 5 and 50 mg Pt NPs
per L exposures are shown in Fig. S7.f Contact angle values are
available in Table S5+ while full numerical SFE results are avail-
able in Table S6.f Comparing the two plants before the expo-
sure period, arugula foliar surfaces had substantially lower SFE
values (Fig. 4A; abaxial: 36.47 m] m™; Fig. 4B; adaxial: 39.12 m]
m™?) than the foliar surfaces of escarole (Fig. 4C; abaxial:
143.91 mJ m™?; Fig. 4D; adaxial: 67.07 mJ m>). Although there
was poor linearity of SFE with exposure to the Pt NP dispersion,
efforts were still made to evaluate possible relationships be-
tween the two factors since, at least in the cases of the arugula
abaxial and escarole adaxial surfaces (Fig. 4A and D, respec-
tively) SFE changed noticeably with each day of exposure.
Examination of the graph trend lines in Fig. 4 shows that
the arugula abaxial foliar surface showed the greatest overall
change in SFE from Pt NP exposure, displaying an overall in-
crease of 81.4 mJ m 2, or a more than two-fold increase over
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Fig. 3 SEM micrographs showing the abaxial foliar surfaces of control (A and B) and 500 mg Pt NPs per L foliar-exposed arugula and escarole, re-
spectively, with the magnified stomata presented as inserts (C and D). EDX spectra (E and F; arugula and escarole, respectively) for the red-boxed
areas (inserts in C and D) on exposed leaves confirm the presence of Pt NPs, which appear as white particles.

the exposure period (Fig. 4A). The adaxial surface of escarole
showed a similar, but comparatively modest overall increase
of 17.4 mJ m™? over the exposure period (Fig. 4D). Both the
arugula adaxial and escarole abaxial foliar surfaces displayed
a slight decreasing trend in SFE (overall decrease of 6.8 and
22.1 mJ] m™> for arugula [Fig. 4B] and escarole [Fig. 4C], re-
spectively). Statistical analysis to compare the abaxial and ad-
axial foliar surfaces of arugula and escarole over the course of
the Pt NP exposure period showed that the abaxial surfaces of
arugula and escarole (Fig. 4A and C, respectively) were not sig-

526 | Environ. Sci.: Nano, 2018, 5, 520-532

nificantly different, whereas the adaxial surfaces of arugula
and escarole (Fig. 4B and D, respectively) were significantly
different (paired t-test, n = 5, p < 0.05).

3.5 Concentrations of translocated Pt in exposed and
unexposed plant segments

The Pt concentrations measured in the leaves and roots,
along with the average fractions (%) of total Pt detected in
leaf and root segments of the treated plants are presented in

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 SFE values accompanied by trend lines for abaxial (A and C) and adaxial (B and D) foliar surfaces of arugula and escarole, respectively,
before the exposure period and following each day of foliar treatment to 500 mg Pt NPs per L dispersion.

Fig. 5A and B, respectively. Numeric Pt concentration values
and total, leaf, and root Pt quantities are provided in Tables
S7 and S8,f respectively. Control leaves and roots from both
plants contained extremely low levels of Pt (mean values of
<3.5 ng g~ dry weight [DW]); therefore it could be assumed
that Pt detected in samples from the treatment groups origi-
nated from the experimental exposures.

Arugula leaves consistently contained statistically higher
Pt concentrations than escarole leaves at all Pt NP exposures
(approximately 33, 31, and 14 times higher, on average, for
the 5, 50, and 500 mg Pt NPs per L foliar exposures, respec-
tively, and 12 times higher, on average, for the root expo-
sure). This indicated both a higher capacity to retain foliar
applications of Pt NPs and to internalize and translocate
root-applied Pt NPs from roots to leaves (Fig. 5A). In the case
of foliar applications, the low SFE of the arugula leaves
meant that applied droplets of Pt NP dispersion remained at-
tached to the leaf surface without spreading out and dripping
towards the bottom of the leaves as was the case with esca-
role. The amount of Pt detected in water samples from the
washing procedure was negligible (<0.15 ng mL™"), showing
that Pt NPs were not removed from either plant by the wash-
ing procedure used in this study.

Root Pt concentrations increased in a linear manner with
increasing concentration of the foliar Pt NP application,
reaching statistical increases from controls at 50 and 500 mg
Pt NPs per L. At 5 mg Pt NPs per L foliar exposure, only esca-
role roots contained statistically elevated Pt concentrations
relative to the controls. Among root samples, escarole consis-
tently accumulated higher Pt concentrations than arugula
(approximately 17, 6, 4, and 3 times higher, on average, for
the root and 5, 50, and 500 mg Pt NPs per L foliar exposures,
respectively; Fig. 5B and Table S77).

This journal is © The Royal Society of Chemistry 2018

Because the total fraction of translocated Pt from leaves
to roots was extremely low for both plants (<1%), an at-
tempt was made to assess whether Pt internalization and
translocation from leaves to roots might have occurred only
in the dissolved form by comparing the average fractions of
total Pt measured in the roots (Fig. 5B; ie. translocated Pt)
with the corresponding fractions of dissolved Pt measured
in samples prepared by ultracentrifugation (Table 1). Size
is considered to be the main determinant of NP passage
into plant tissues.”” Therefore, there are two potential
uptake mechanisms. Assuming that the total fraction of
dissolved Pt would be internalized and translocated by the
leaf tissue due to the lack of a size exclusion barrier over
the entire plant surface, any fraction of translocated Pt
above the dissolved fraction might be further assumed to
have been internalized and translocated in the NP form.
Since the average fraction of translocated Pt in escarole
was many orders of magnitude higher than the fractions of
dissolved Pt, this could indicate that the escarole plants
may have been able to internalize and translocate the Pt as
NPs. It is also possible that the escarole foliar surface envi-
ronment (e.g. temperature, humidity, and microbial com-
munities) is more conducive to Pt NP dissolution,'* and
that dissolved Pt uptake generates a higher rate of dissolu-
tion on the foliar surface.”

By contrast, the average fractions of total Pt measured in
the roots of foliar-exposed arugula plants (Fig. 5B) were sev-
eral orders of magnitude lower than the corresponding frac-
tions of dissolved Pt (Table 1). In the absence of suitable
methods to accurately locate and characterize the elements
present at such low concentrations in plant tissues, it is
therefore not possible to rule out the possibility that Pt was
internalized and translocated to roots only in its dissolved
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DW = dry weight.

form. These findings therefore illustrate different surface re-
sponses to foliar Pt NP exposure between the two plants.

The root-exposed leaf samples from both plants showed
very high percentages of Pt NP uptake and translocation from
roots to leaves (Fig. 5A and Table S47). In arugula, nearly the
entire amount of Pt was present in the leaves (99.4%)
whereas in escarole, the percentage of Pt in leaves was mark-
edly lower (27.6%). Had the arugula plants been harvested af-
ter 4 weeks of exposure, we would have expected to measure
similar leaf and root Pt concentrations to those in escarole
(Table S1t). The soil pH of Pt NP exposed plants at harvest
was not statistically different from that of the controls (Table

S9t).
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4. Discussion

The uptake and translocation of Pt from leaves to roots and
from roots to leaves was successfully confirmed in two plant
species: arugula and escarole. The two species exhibited dif-
ferent responses in terms of Pt NP surface adsorption and Pt
translocation from leaves to roots. This could partly be re-
lated to the different surface free energy (SFE) of the two
plant species.

Among arugula leaves, which have low SFE, a higher
amount of material was adsorbed onto the leaf surfaces (14-
33 times higher Pt concentrations were detected than in esca-
role leaves), the stomata were closed, and less Pt was

This journal is © The Royal Society of Chemistry 2018
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detected in roots when compared to escarole. The closed sto-
mata on arugula leaves were likely the result of shading ef-
fects, which occur when the amount of light reaching the sur-
face is insufficient for photosynthesis to occur.”® Although
this was not tested by removing Pt NPs to examine whether
the stomata would reopen, the finding of significantly lower
arugula leaf mass after foliar exposure to 500 mg Pt NPs per
L in comparison to the other arugula groups is consistent
with a decreased ability to synthesize the carbohydrates
needed for optimal growth. Additional examination of the
arugula leaf samples foliar-exposed to 50 mg Pt NPs per L by
SEM-EDX showed that while the stomata were closed in areas
with concentrated Pt NPs, open stomata were still visible in
areas of the leaf where Pt NPs were not present. A compari-
son of the proportion of open stomata in these areas with the
proportion of open stomata on unexposed leaves showed a
significant decrease (Mann-Whitney test, n = 10, p < 0.05;
Table S107). This suggests a partial shading effect at 50 mg
Pt NPs per L foliar exposure and the existence of a full shad-
ing effect at 500 mg Pt NPs per L foliar exposure.

In escarole leaves, which have high SFE, less Pt was
adsorbed onto the surfaces, the stomata remained open, and
higher Pt concentrations were measured in roots. The high
SFE could directly enhance Pt NP internalization through the
formation of water film connections between the inner and
outer portions of the leaves, which has been associated with
an increased capacity for particle uptake by stomata.*® This
relationship between the cuticular structure (ie. the relative
proportions of the cuticular constituents and the chemical
bonding between them), foliar SFE, and water film formation
aligns with the cuticle's major physiological role in regulating
water balance.*® Although foliar SFE may change with re-
peated particle exposure, our findings were in agreement
with similar studies®®** which demonstrated inconsistent
changes with regard to whether it increased or decreased.
There were no statistical differences in leaf mass between the
different escarole groups.

In our study, less than 1% of the total Pt was detected in
the roots of foliar-exposed plants. In arugula, we have
explained that the fraction of translocated Pt from leaves to
roots could originate from dissolved Pt NPs. The average dis-
solution of Pt NPs in ultrapure water was several orders of
magnitude greater than the average percentage of Pt trans-
located to roots by arugula. Consequently, the dissolved frac-
tion of Pt is sufficient to explain the amount present in roots.
In escarole, the amount of Pt detected in roots may not have
been due entirely to dissolved Pt NPs, because the fraction of
translocated Pt was many orders of magnitude higher than
the potentially dissolved Pt from the Pt NP dispersions. How-
ever, the escarole foliar surface environment and the rate of
uptake of dissolved Pt may have favored the dissolution of Pt
NPs relative to arugula.'™® In some cases, foliar uptake has
been attributed to the interactions between the particle and
leaf surface, resulting in enhanced bioavailability through the
formation of organic coatings®”** and secondary species.>”
Within short time periods (60 days), elemental Pt is highly

This journal is © The Royal Society of Chemistry 2018
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unreactive even in its particulate form;*” therefore it is un-
likely that higher uptake by escarole could be explained by
processes other than dissolution. An attempt to locate Pt NPs
within arugula and escarole leaves using SEM (with leaf cross
sections) and focused ion beam-SEM yielded no signs of Pt
uptake in its particulate form. Here, analysis of xylem and/or
phloem sap by electron microscopy and ICP-MS could have
provided better insight into the form of Pt and its uptake
mechanisms by the foliar surfaces. In either case, the finding
of increased Pt translocation, whether as NPs or in its
dissolved form, is in line with the high SFE of the escarole
leaves. It has been previously reported that the foliar uptake
of NPs occurs mainly through a hydrophilic pathway
consisting of stomata.'™***7*%%5 Internalized NPs may reach
the phloem, enabling transport to roots.”® Wang et al*
showed that 1.23% of the foliar-applied, non-dissolvable TiO,
NPs were translocated to roots in watermelon. This is in
agreement with our findings in the case of escarole, but not
for arugula.

Platinum NP uptake and translocation from roots to leaves
was also confirmed. Root to leaf NP uptake and translocation
occurs when NPs are taken up with water and nutrients
through the xylem via passage through the epidermis, cortex,
Casparian strip (via the symplasmic pathway) and stele. Plant
transpiration provides the driving force for their movement
from roots to stems and leaves.’”*® Because the plants were
cultivated in soil rather than hydroponics systems, our re-
sults provide a realistic root exposure scenario. Although the
fraction of root-to-leaf translocation was much higher than
that of leaf-to-root translocation (nearly 30000 times higher
for arugula and 160 times higher for escarole), the soil matrix
provides a barrier to NP exposure which is absent for above-
ground plant segments.

Our study showed that Pt NPs were not removed from the
plants when washed only with water, indicating that they are
most likely to remain adhered to and within above-ground
plant segments under this washing regime. Insignificant NP
removal from foliar surfaces has been frequently observed,
including in the case of maize leaf exposure to CeO, NPs,>
lettuce leaf exposure to Ag NPs,”” and grapevine leaf exposure
to poly(lactic-co-glycolic) acid NPs.*® During industrial pro-
cessing or home preparation, produce may be exposed to
chlorine® or other additives in wash water, which could po-
tentially affect NP attachment/detachment differently than
water alone. For example, Hong et al.>* found enhanced re-
moval of CeO, NPs from cucumber leaves after washing with
10 mM CacCl, solution (81.0% + 1.0% removal) in comparison
to washing only with water (73.0% * 7.5% removal). However
to the best of our knowledge, there have been no studies fo-
cused exclusively on investigating strategies for NP removal
from plant surfaces.

Our results have implications for food safety showing that
foliar exposure to Pt NPs leads to significant adhesion and
contamination of arugula and escarole leaves, and that low
SFE significantly increases the extent of Pt NP retention. In
light of other reports showing the disproportionate influence
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of urban and industrial air pollution on above-ground plant
contamination,'®™ these findings further suggest the need
to include air quality as a factor in discussions of food safety
and urban gardening. Since NPs are not removed by washing
only with water, strategies to limit human consumption of
metallic NPs from atmospheric deposits and agricultural fo-
liar sprays should focus on the removal of outer peels and
leaves and implementation of physical barriers, such as the
use of greenhouses and the cultivation of tall bushes and
trees on garden perimeters.®” Because SFE affects NP reten-
tion, we could expect the risk of consuming urban-grown
foods to be lower for plants with higher SFE. In addition, our
results contribute to the expectation that nanoformulated
plant treatments could be successfully applied to roots or
leaves with minimal risk of environmental transfer.

5. Conclusions

Our results showed that arugula and escarole internalized
and translocated Pt from leaves to roots and from roots to
leaves. The root-to-leaf pathway was more significant in terms
of the fraction of internalized and translocated Pt NPs. For
the first time, we showed the role of foliar SFE in the capacity
to retain the applied Pt NP dispersion, with consequences for
Pt NP aggregation/agglomeration and uptake and transloca-
tion to roots. Arugula leaves have low SFE and contained Pt
NPs at greater concentrations and in a more highly aggre-
gated/agglomerated state than on escarole leaves. This fur-
ther resulted in likely shading effects and complete stomata
closure, with significantly lower Pt translocation to roots
compared to escarole. Because these results carry implica-
tions for food and environmental safety and the use of agri-
cultural nanotechnologies, further studies are needed to as-
sess the foliar uptake and translocation behaviors of other
plants and to develop new strategies for preventing and re-
ducing NP exposure and retention by above-ground plant
surfaces.
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