MISSOURI
E Missouri University of Science and Technology

Scholars' Mine

Civil, Architectural and Environmental Civil, Architectural and Environmental
Engineering Faculty Research & Creative Works Engineering
15 May 2024

Advancing Simultaneous Extraction and Sequential Single-Particle
ICP-MS Analysis for Metallic Nanoparticle Mixtures in Plant
Tissues

Lei Xu
Xingmao Ma
John Yang

Joel G. Burken
Missouri University of Science and Technology, burken@mst.edu

et. al. For a complete list of authors, see https://scholarsmine.mst.edu/civarc_enveng_facwork/2856

Follow this and additional works at: https://scholarsmine.mst.edu/civarc_enveng_facwork

b Part of the Analytical Chemistry Commons, Architectural Engineering Commons, Biochemical and

Biomolecular Engineering Commons, and the Civil and Environmental Engineering Commons

Recommended Citation

L. Xu et al., "Advancing Simultaneous Extraction and Sequential Single-Particle ICP-MS Analysis for
Metallic Nanoparticle Mixtures in Plant Tissues," Journal of Agricultural and Food Chemistry, vol. 72, no.
19, pp. 11251 - 11258, American Chemical Society, May 2024.

The definitive version is available at https://doi.org/10.1021/acs.jafc.3c09783

This Article - Journal is brought to you for free and open access by Scholars' Mine. It has been accepted for
inclusion in Civil, Architectural and Environmental Engineering Faculty Research & Creative Works by an authorized
administrator of Scholars' Mine. This work is protected by U. S. Copyright Law. Unauthorized use including
reproduction for redistribution requires the permission of the copyright holder. For more information, please
contact scholarsmine@mst.edu.


http://www.mst.edu/
http://www.mst.edu/
https://scholarsmine.mst.edu/
https://scholarsmine.mst.edu/civarc_enveng_facwork
https://scholarsmine.mst.edu/civarc_enveng_facwork
https://scholarsmine.mst.edu/civarc_enveng
https://scholarsmine.mst.edu/civarc_enveng
https://scholarsmine.mst.edu/civarc_enveng_facwork/2856
https://scholarsmine.mst.edu/civarc_enveng_facwork?utm_source=scholarsmine.mst.edu%2Fcivarc_enveng_facwork%2F2856&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/132?utm_source=scholarsmine.mst.edu%2Fcivarc_enveng_facwork%2F2856&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/774?utm_source=scholarsmine.mst.edu%2Fcivarc_enveng_facwork%2F2856&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/241?utm_source=scholarsmine.mst.edu%2Fcivarc_enveng_facwork%2F2856&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/241?utm_source=scholarsmine.mst.edu%2Fcivarc_enveng_facwork%2F2856&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/251?utm_source=scholarsmine.mst.edu%2Fcivarc_enveng_facwork%2F2856&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.1021/acs.jafc.3c09783
mailto:scholarsmine@mst.edu

Downloaded viaMISSOURI UNIV SCIENCE & TECHNOLOGY on June 17, 2024 at 18:24:06 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

JOURNAL OF

AGRICULTURAL o
FOOD CHEMISTRY

pubs.acs.org/JAFC

Advancing Simultaneous Extraction and Sequential Single-Particle
ICP-MS Analysis for Metallic Nanoparticle Mixtures in Plant Tissues

Lei Xu, Xingmao Ma, John Yang, Joel G. Burken, Paul Nam, Honglan Shi,* and Hu Yang*

I: I Read Online

Article Recommendations |

Cite This: J. Agric. Food Chem. 2024, 72, 11251-11258

ACCESS | [l Metrics & More | @ Supporting Information

ABSTRACT: Engineered nanoparticles (ENPs) have been increasingly used in agricultural operations, leading to an urgent need
for robust methods to analyze co-occurring ENPs in plant tissues. In response, this study advanced the simultaneous extraction of
coexisting silver, cerium oxide, and copper oxide ENPs in lettuce shoots and roots using macerozyme R-10 and analyzed them by
single-particle inductively coupled plasma-mass spectrometry (ICP-MS). Additionally, the standard stock suspensions of the ENPs
were stabilized with citrate, and the long-term stability (up to S months) was examined for the first time. The method performance
results displayed satisfactory accuracies and precisions and achieved low particle concentration and particle size detection limits.
Significantly, the oven drying process was proved not to impact the properties of the ENPs; therefore, oven-dried lettuce tissues were
used in this study, which markedly expanded the applicability of this method. This robust methodology provides a timely approach
to characterize and quantify multiple coexisting ENPs in plants.

KEYWORDS: engineered nanoparticles (ENPs), citrate, simultaneous extraction of ENPs, single-particle ICP-MS,

macerozyme R-10 enzyme, dried lettuce shoot and root

1. INTRODUCTION

Nanotechnology is hailed as one of the most innovative
advancements in modern science and technology and promises
to revolutionize a variety of industries. In the agricultural field,
nanotechnology is regarded as a sustainable approach by the
United Nations Food and Agriculture Organization and the
World Bank to increase crop yields and feed the growing world
population.’ Nanotechnology-enabled agrichemicals incorpo-
rating metallic engineered nanoparticles (ENPs) are partic-
ularly popular in agricultural uses. These agrichemicals are
often applied to either function as pesticides and insecticides
or enhance nutrient uptake. For example, silver nanoparticles
(AgNPs) display strong antimicrobial properties and therefore
help control pathogenic microorganisms in soil, leading to
higher plant growth and yield.” Cerium oxide nanoparticles
(CeO,NPs) have shown potential in crop protection due to
their intrinsic antioxidative capacity,3 while copper oxide
nanoparticles (CuONPs) were recently identified as an
efficient fungicide for the control of Fusarium wilt and
Verticillium, a major cause of yield or economic loss for
crops such as almonds, tomatoes, and pistachios.“’S In spite of
these benefits, applications of ENPs in agriculture provide a
potential pathway for ENPs to enter into the human food
chain by accumulating in crop tissues, which raises concerns
about their possible adverse effects on animal and human
health after crop consumption.” To maximize the benefits of
nanofertilizers and nanopesticides to plant health and minimize
their adverse effects, it is crucial to understand the trans-
location and transformation of ENPs in plant tissues, which
remains unclear. Therefore, accurate monitoring of ENPs in
plant tissues is critical to dissipate their safety concerns and
advance the application of nanotechnology in agriculture. To
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date, a diverse array of methodologies has been employed to
examine the accumulation of individual ENP within plant
systems.””® However, in real-world scenarios, multiple ENPs
coexisting in plant tissues have been little studied. Within this
complex ENP—plant matrix, the potential for mutual
interference remains ambiguous. Consequently, it is imperative
to develop and validate an analytical approach capable of
extracting multiple intact ENPs simultaneously from plant
matrices to facilitate a precise analytical investigation.

A critical challenge for ENP analysis in plant tissues is the
availability of quantitative analysis techniques without
changing ENP properties during sample preparation and
analysis. Conventional technologies for analyzing ENPs
include electron microscopy, chromatography, field flow
fractionation, laser scattering, ultraviolet—visible (UV—vis)
spectroscopy, etc. Difficulties generally arise for these
technologies at low concentrations and in complex matrices
due to poor specificity and/or sensitivity. Inductively coupled
plasma-mass spectrometry (ICP-MS) is a highly sensitive and
selective metal and semimetal element detection technology
and has played vital roles in many research and industrial fields.
ICP-MS has recently become more popular in ENP research
and manufacturing, such as detecting ENP composition,
impurity, and toxicity.”'" ICP-MS is also a very versatile
technique that can be coupled with a series of other
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techniques, such as field flow fractionation, to meet specific
analytical needs. An exciting recent development in the ICP-
MS technology is its capability to operate in single-particle
ICP-MS (spICP-MS) mode to directly analyze ENP size
distribution and particle concentration without preacid
digestion,"”"* and it has already been used for ENP analysis
in many different matrices, such as sunscreens,'* soil,">1¢
surface water,"” and plant tissues. 572

The extraction of ENPs from plant tissues is an important
step for the ENP analysis to ensure the intact ENP properties
after extraction. Our previous research revealed that macer-
ozyme R-10, a mixture of enzymes, was eflicient for the
extraction of CeO,NPs from the fresh shoots of tomato,
cucumber, soybean, and pumpkin.8 A combination of
enzymatic extraction and spICP-MS analysis has resulted in a
precise analysis of ENP size and particle concentration in fresh
plant shoots. However, this method has not been verified for
the simultaneous analysis of multiple coexisting ENPs in plant
tissues. In addition, the use of fresh tissues severely limited the
applicability of this method to a narrow time window after the
plant harvest. In many situations, analyzing ENPs in fresh plant
tissue is not practical due to time and resource constraints
when large numbers of fresh tissue samples must be processed
within a short period of time. Moreover, when the mass of a
sample is limited, analysis of multiple ENPs in a single sample
through multiple extractions is not only time-consuming but
also impractical. Therefore, it is critical to evaluate the
feasibility of extracting coexisting ENPs simultaneously from
dried plant tissues. Though simple drying can significantly
expand the time window for processing plant samples, oven
drying at relatively high temperatures may lead to ENP
aggregation and unexpected physical and chemical reactions,
and therefore, these potential effects must be evaluated by
comparing the ENP extraction efficiency from both dried and
fresh tissues.

A stable stock suspension of the ENP standard is a pivotal
first step for the characterization and quantification of ENPs by
spICP-MS. Currently, the spICP-MS methods for ENP
analysis are increasingly used, but the preparation of a long-
term stable ENP stock standard suspension remains a
challenge due to the aggregation of ENPs, especially metal
oxide ENPs such as CeO,NPs and CuONPs. Without a stable
ENP standard suspension, the analysis of particle size and size
distribution as well as particle concentration by spICP-MS
becomes unreliable. To overcome this bottleneck, different
approaches have been explored. For example, Yu et al**
prepared zinc oxide (ZnO) nanofluids by dispersing ZnONPs
in ethylene glycol and then sonicated for 3 h in the base fluid.
Sacedinia et al.”® dispersed CuONPs in oil by using an
ultrasonic processor and observed that the nanofluids were
uniformly dispersed for 24 h and the complete sedimentation
occurred after a week. Although these studies shed new light
on the stabilization of ENPs, they are not feasible for long-term
storage and are not robust enough for protocol stand-
ardization. For spICP-MS method development, preparing an
ENP suspension with a simplified procedure and high colloidal
stability is critical.

The objectives of this study were to (1) explore new
approaches to prepare stable ENP stock suspensions to
optimize the spICP-MS method for AgNP, CeO,NP, and
CuONP analyses, (2) validate the effectiveness of combined
macerozyme R-10 extraction with downstream spICP-MS for
accurate analysis of three coexisting metallic ENPs in plants,

and (3) assess the feasibility of using dried plant tissues for the
spICP-MS method. Lettuce was selected as a model (plant in
this study because of its high consumption worldwide.”* AgNP,
CeO,NP, and CuONP were utilized as representative metallic
ENPs because of their wide applications in agriculture.”” Both
dried root and shoot samples were tested, and the impact of
the drying process on the ENP fate was also evaluated. A
citrate solution was applied to stabilize AgNP, CeO,NP, and
CuONP stock suspensions and examined for up to 5 months
for long-term stability.

2. MATERIALS AND METHODS

2.1. Materials. All chemicals were purchased commercially and
used as received. Dissolved Ag, Ce, and Cu standard solutions (10 or
1000 mg/L in 2% HNO;) were purchased from High-Purity
Standards (Charleston, SC). Ag nanopowder (30—S50 nm),
CeO,NP water dispersion (30—S0 nm, 20% wt), and CuONP
water dispersion (25—55 nm, 20% wt) were obtained from U.S.
Research Nanomaterials (Houston, TX). Sodium citrate tribasic
dihydrate and 2-(N-morpholino) ethanesulfonic acid (MES) were
purchased from Sigma-Aldrich (St. Louis, MO). Trace metal grade
nitric acid (HNO;, 67—70%) was acquired from Fisher Scientific
(Pittsburgh, PA). Macerozyme R-10 was purchased from bioWORLD
(Dublin, OH). Citrate-stabilized AuNPs (50 nm, 9.89 X 10 particles/
mL) from Nanocomposix (San Diego, CA) were utilized to determine
spICP-MS transport efficiency (TE). Ultrapure water (18.2 MQ-cm)
was produced by a Millipore water purification system (Milli-Q 1Q
7000, Millipore Sigma, St., Louis, MO). All plastic wares used were
precleaned by soaking in 3% HNOj; overnight or longer prior to use.

2.2. Preparation and Characterization of Nanoparticle
Suspensions and Stability Test. Ag nanopowder, CeO,, and
CuO nanosuspensions were selected and stabilized with a citrate
solution. Briefly, AgNP (100 ug/L), CeO,NP (200 pg/L), and
CuONP (200 ug/L) suspensions were prepared in citrate solution (2
mM, pH 7.2) individually and then sonicated for 30 min by an
ultrasonic probe (VCS0, Sonics & Materials, CT) in an ice-cold water
bath. Transmission electron microscopy (TEM, JEM-1400, JEOL,
MA) and spICP-MS (NexION 2000P, PerkinElmer, Waltham, MA)
with a single quadrupole mass spectrometer were used to characterize
ENPs. TEM analysis was conducted by dropping 10 uL of AgNP,
CeO,NP, or CuONP stock suspension on the copper grid with a
carbon support film (Fisher Scientific, St. Louis, MO). Images were
taken with a JEM-1400 TEM operated at 120 kV. For spICP-MS
analysis, AgNP, CeO,NP, and CuONP stock suspensions were
sonicated for 30 min in an ice-cold water bath sonicator (70 W, 40
kHz, FS20, Fisher Scientific, St. Louis, MO) and analyzed by spICP-
MS immediately after appropriate dilution with MES buffer (20 mM,
pH S). To evaluate the storage stability of the stock suspensions, the
ENP sizes and particle concentrations of these three representative
metallic ENP stock suspensions were analyzed on 3, 6, 19, and 150
days after preparation, and the results were compared with the spICP-
MS data obtained from the freshly prepared ENP suspensions.

2.3. Nanoparticle Extraction from Dried Lettuce Tissues.
Summer Crisp lettuce seeds were purchased from Johnny’s Selected
Seeds (Winslow, ME) and were grown in a natural field soil collected
from agricultural land in Jefferson City, MO (Carver Farm of Lincoln
University of Missouri). After 76 days of growth, lettuce plants were
pulled out from the soil gently, washed thoroughly with deionized
water, and then separated into shoots and roots. Two groups of
samples were prepared: (1) pre-oven-dried fresh samples and (2)
post-oven-dried samples. For pre-oven-dried fresh samples, shoots
and roots were ground to homogenates using a mortar and pestle. To
ensure freshness during the grinding process, liquid nitrogen was used
for cryogenic grinding. For post-oven-dried samples, the shoots and
roots were oven-dried first at 60 °C overnight and then ground to
powders using a mortar and pestle. Afterward, a known amount of
ENP suspension mixtures was spiked into each pre-oven-dried or
post-oven-dried sample for enzymatic digestion. In detail, a 50 mg

https://doi.org/10.1021/acs jafc.3c09783
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portion of the post-oven-dried shoot, 20 mg of the post-oven-dried
root, 200 mg of the pre-oven-dried shoot (equivalent to
approximately SO mg of the dried shoot), or 67 mg of the pre-
oven-dried root (equivalent to approximately 20 mg of the dried root)
was weighted into individual 50 mL precleaned digestion tubes. The
ENP suspension mixture was spiked into each sample at
concentrations of S, 0.4, and 1 ug/L of AgNP, CeO,NP, and
CuONP, respectively, in the final enzymatic digestion samples
(equivalent to 1 ug of AgNP/g of dried shoot, 2.5 ug of AgNP/g
of dried root, 0.08 ug of CeO,NP/g of dried shoot, 0.2 ug of
CeO,NP/g of dried root, 0.2 g of CuONP/g of dried shoot, and 0.5
ug of CuONP/g of dried root). The pre-oven-dried fresh samples
were then oven-dried overnight at 60 °C. The rest of the experimental
procedures were the same as in our previous study with fresh plant
tissues.® Briefly, 9 mL of MES buffer (20 mM, pH $) and 1 mL of
macerozyme R-10 solution (30 mg/mL) were added to each tube.
Reagent blank, reagent spike without lettuce tissue, and freshly
prepared ENP standards were also processed in parallel for quality
control. The samples were digested in a water bath shaker for 24 h at
37 °C and 200 rpm. The tubes were then left standing still at room
temperature for 1 h to enable the separation of the tissue residue from
the liquid phase. The supernatant was then collected and diluted with
MES buffer as needed and sonicated for 15 min in an ice-cold water
bath sonicator for the spICP-MS analysis.

2.4. Sample Analysis by spICP-MS. ENPs in the plant samples
were sequentially analyzed by spICP-MS, and detailed operation and
method parameters are summarized in Table 1. During the analysis,

Table 1. Optimized spICP-MS Operating Conditions and
Method Parameters for AgNP, CeO,NP, and CuONP
Sequential Analyses

ICP-MS Operating Parameters

nebulizer gas flow, L/min 0.99“
auxiliary gas flow, L/min 12
plasma gas flow, L/min 1S
ICP RF power 1600
analog stage voltage —1650
pulse stage voltage 900
cell entrance voltage -9
cell exit voltage -9
cell rod offset -14
sampler cone nickel
skimmer cone nickel

sample introduction system cyclonic spray chamber”
spICP-MS Method Parameters

analyte® Ag Ce Cu
mass, amu 107 140 63
dwell time, ms 0.05 0.05 0.05
scan time, s 100 100 100
density, g/cm?® 10.49 7.13 6.4
mass fraction, % 100 81.39 79.89
ionization efficiency, % 100 100 100
pump speed, rpm =35 =35 =35

“Automatically optimized when each experiment was started. “High-
sensitivity glass cyclonic spray chamber with matrix gas port for
NexION 2000P. “These three analytes were analyzed sequentially by
spICP-MS using a single quadruple ICP-MS instrument.

the AuNP (50 nm) standard was used to measure the TE, which was
around 10% (the TE was measured daily for each experiment).
Dissolved Ag, Ce, and Cu standards were utilized to establish
calibration curves regularly using the matrix-match method, and then
spICP-MS pulse signals were converted to ENP size according to the
published method.*> Syngistix software with the Nano Application
module was used for data collection and processing.

3. RESULTS AND DISCUSSION

3.1. Characterization and Stability of the AgNP,
CeO,NP, and CuONP Stock Suspensions. TEM images
and size distribution histograms from spICP-MS of AgNP,
CeO,NP, and CuONP are shown in Figure 1. The average
diameters of AgNP, CeO,NP, and CuONP measured by TEM
image were 35, 27, and 49 nm, respectively, similar to their
most frequent sizes (AgNP, 42 nm; CeO,NP, 29 nm; CuONP,
48 nm) detected by spICP-MS. To determine their stability,
stock suspensions of three types of ENPs in citrate (2 mM)
aqueous solution were stored in a refrigerator and tested at
different times for up to S months. The stock suspensions were
sonicated for 30 min using a water bath sonicator and then
diluted with MES buffer as needed right before spICP-MS
analysis at each evaluation time. MES buffer was used in
sample analysis because it is a noncomplexing bufter for metal
ion analysis and was also used in lettuce samples.”"**™*° To
match the matrix with lettuce sample analysis, herein, MES
buffer was also used to dilute the standard ENP stock
suspensions. Table 2 shows the size and particle concentration
of three ENP stock suspensions on day 1 (freshly prepared), 3,
6, 19, and 150. It can be seen that the most frequent size and
mean size of AgNPs are 44—47 and 74—82 nm, respectively,
and the particle concentration is 28,452—33,066 particles/mL.
For CeO,NPs, the most frequent size and mean size are 28—33
and 48—53 nm, respectively, and the particle concentration is
52,751-59,206 particles/mL. For CuONPs, the most frequent
size and mean size are 48—51 and 73—81 nm, respectively, and
the particle concentration is 91,871—99,283 particles/mL.
These results indicate that these ENPs are stable for at least
150 days as tested, and all relative standard deviations (RSDs)
of the triplicated samples are <11.7%. In contrast, when
AgNPs (100 pg/L), CeO,NPs (200 ug/L), or CuONPs (200
ug/L) were suspended in ultrapure water, they aggregated/
precipitated after 1 day, and spICP-MS was not able to
quantify them (data not shown). The results demonstrated
that citrate prevented AgNP, CeO,NP, and CuONP
aggregation effectively, and there were no significant changes
in size or particle concentration in S months after the
preparation of their suspensions.

3.2. Particle Size and Particle Concentration Detec-
tion Limits. The particle size detection limit can be calculated
from the calibration curve of particles or dissolved metal
element calibration, but the latter may be more suitable for
particles with small sizes.”** This study applied a dissolved
calibration method to calculate the size detection limits of
these three ENPs. Specifically, a threshold criterion of y + 30
(where u and o are the mean and standard deviation of the
blank, respectively) was calculated first, and then the dissolved
calibration curve (signal intensity versus dissolved concen-
tration) was transferred to the mass per event calibration curve
(signal intensity versus mass per event) using eq 1

w= [nnqliqtdtc] (1)

where W (ug/event) is the mass per event, 7, is the transport
efficiency, g;;q (mL/ms) is the pump flow rate, t,, (ms/event) is
the instrument dwell time, and C (ug/mL) is the dissolved
concentration.

The value obtained by y + 30 was inputted into this new
calibration curve to determine the mass per event (particle
mass). We assumed that AgNP, CeO,NP, and CuONP had

https://doi.org/10.1021/acs jafc.3c09783
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Figure 1. Characterization of AgNPs, CeO,NPs, and CuONPs was performed by TEM and spICP-MS. (a—c) TEM images of AgNPs, CeO,NPs,
and CuONPs, respectively. (d—f) Size distribution histograms of AgNPs, CeO,NPs, and CuONPs, respectively, detected by spICP-MS. The error

bars in the histograms represent standard deviation (n = 3).

Table 2. Stability Test of AgNP, CeO,NP, and CuONP Stock Suspensions”

most frequent size (nm)

mean size (nm)

particle concentration (particles/mL)

time AgNP CeO,NP CuONP AgNP
Ist day” 443 (1.8%) 304 (5.6%)  S0.1(1.0%)  83.1 (1.3%)
3rd day 474 (19%) 292 (2.4%)  47.8 (1.7%) 723 (2.6%)
6th day 452 (27%) 312 (42%)  49.4 (1.8%) 749 (2.8%)
19th day 449 (2.7%) 284 (7.4%)  SL1 (2.7%)  74.0 (2.4%)
150th day ~ 47.4 (3.4%)  32.5 (7.7%)  49.6 (3.4%) 842 (1.5%)

CeO,NP
55.3 (0.5%)
56.1 (3.2%)
56.3 (2.1%)
52.8 (2.7%)
54.7 (1.5%)

CuONP
76.7 (2.6%)
79.6 (1.6%)
734 (2.0%)
733 (0.8%)
812 (2.7%)

AgNP
29,859 (6.5%)
30,784 (7.8%)
32,946 (7.0%)
29,322 (9.3%)
27,731 (11.7%)

CeO,NP
52,131 (4.8%)
53,515 (5.5%)
58,541 (5.5%)
58,607 (4.8%)
56,387 (4.8%)

CuONP
99,283 (3.9%)
96,983 (3.0%)
93,180 (2.7%)
93,625 (2.0%)
91,871 (4.0%)

“Reported values are the average of three replicates (%RSD). b1st day means the test was performed as soon as freshly prepared stock suspensions

were prepared.

spherical geometry and then applied eq 2 to calculate the
particle diameter.

-
p (2)

Here, d is the particle diameter, m is the particle mass, and p is
the particle density.””**

The calculated size detection limits of AgNP, CeO,NP, and
CuONP were 19, 16, and 24 nm, respectively, smaller than
previous studies, which is maybe due to the improved
sensitivity and stability of the new model of ICP-MS
instrument.*”>

To determine the particle concentration detection limits, a
series of ENP stock suspensions with different mass
concentrations were diluted in MES buffer (AgNP: 20, 50,
125, 250, and 500 ng/L; CeO,NP: 2, 4, 10, 20, and 40 ng/L;
CuONP: 5, 10, 25, 50, and 100 ng/L) and analyzed by spICP-
MS. Table 3 depicts the most frequent size, mean size, particle
concentration, and precision of particle concentration, and the
graph shows the correlation between mass concentration and
particle concentration for these three ENPs. For AgNPs
ranging from S0 to SO0 ng/L, both precision (0.7—8.5%) and
linearity were satisfactory. Further decreasing concentration
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resulted in poor linearity and precision. Therefore, the particle
concentration detection limit of AgNPs was around 2631
particles/mL (50 ng/L). The same approach was utilized for
CeO,NP and CuONP concentration detection limit determi-
nation, and they were around 4,586 particles/mL (4 ng/L) and
4110 particles/mL (25 ng/L), respectively.

3.3. AgNP, CeO,NP, and CuONP Analyses in Dried
Lettuce Shoots and Roots. Based on the previous studies,
macerozyme R-10 was able to extract some ENPs from plant
tissues without causing ENP dissolution or aggrega-
tion.”'®*>*” The current study validated this approach for
simultaneous extraction and analysis of coexisting ENPs in
both dried lettuce shoots and roots. To evaluate if oven drying
has any impact on ENPs, we spiked a known amount of the
ENP suspension mixture into lettuce samples pre- and post-
oven-drying processes and then oven-dried the pre-oven-dried
samples for simultaneous extraction of these coexisting ENPs.
Reagent blank, spiked reagent, and freshly prepared ENP
standards were also all processed in parallel (n = 3) for quality
control. Table 4 displays the size, particle concentration, and
spike recovery data in spiked pre- and post-oven-dried samples.
The reagent spike results indicate that the macerozyme R-10
digestion has no impact on the sizes and particle concen-
trations of the spiked coexisting AgNP, CeO,NP, and CuONP.
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Table 3. Determined Particle Concentration Detection Limit of AgNP, CeO,NP, and CuONP by spICP-MS“

Mass Measured
. Most frequent ~ Mean size particle
concentration . . Graph
(ng/L) size (nm) (nm) concentration
(particles/mL)
500 42.1 (1.4%) 79.7 (0.8%) 12,724 (3.3%) 2 1:2223 o —. "
R?=0.9892
250 45.2 (0.7%) 79.3 (3.2%) 7,042 (4.9%) g g 10000
g_ 55 8000.0
AgNP 125 42.3 (2.8%) 67.0 (6.9%) 4,130 (7.6%) jzzzz o s
50 38.6 (4.4%) 58.7 (9.4%) 2,631 (8.5%) 2§ 2000 |
0.0 +
20 33.1(3.3%)  39.7(63%) 3,012 (12.8%) brepared mass concentration (nglL)
40 29.2 (2.7%) 66.3 (3.8%) 11,034 (9.8%) e A ——
° 10000.0 R?=0.9883
20 27.9 (5.4%) 60.3 (2.5%) 7,542 (3.9%) £32 wmo o
-: 5 6000.0 :
CeO:NP 10 27.3 (5.1%) 54.7 (1.3%) 5,636 (7.6%) D
4 26.8 (3.4%)  46.0 (10.9%) 4,586 (5.4%) =§ 2o | g as ]
0.0 T .
2 23.5(8.1%)  42.0 (4.8%) 3,423 (15.3%) * prepared mass concentration (nglL)
100 533(0.6%)  76.5(05%) 10,212 (5.3%) 5 s L
° 10000 R?=0.9347
50 53.7 (0.4%) 79.1 (1.9%) 6,211 (5.3%) £2 om0
g E 6000 ad
CuONP 25 51.4 (1.0%) 77.0 (5.6%) 4,110 (13.1%) B oo .
H
10 47.0 (4.0%) 68.2 (9.2%) 2,305 (24.8%) 2000
0 0 20 40 60 80 100 120
5 38.5 (39%) 57.1 (89%) 4,059 (173%) Prepared mass concentration (ng/L)

“Reported values are the average of three replicates (%RSD).

Figure 2 displays the similarity of the detected ENP size
distributions between the spiked reagent and spiked shoot and
root samples. Compared with freshly prepared ENP
suspensions, the size distributions in the spiked reagent and
spiked samples are comparable. The reproducibility is also very
good, with %RSDs < 8.2% for all spiked samples. The RSDs of
CeO,NP in a few unspiked samples were slightly higher due to
near-quantification detection limits. Particle concentration
spike recoveries of AgNP, CeO,NP, and CuONP were
84.4—107.3, 89.7—94.3, and 96.6—106.2%, respectively.
These results demonstrate that the oven drying process has
no impact on particle size and concentration, and this method
is feasible for coexisting metallic ENPs analyses in both dried
plant shoot and root samples. It is significant because it is a
common practice to oven-dry fresh plant tissues to obtain the
dry biomass of plants to extend storage time and simplify
storage conditions such as at room temperature and limited
space. Other advantages include the need for a low sample
quantity and more efficient extraction when multi-ENPs can be
extracted in a single extraction process. In addition, monitoring
ENPs in both shoot and root makes it possible to understand
the uptake, transportation, and interaction of ENPs in the
plant—soil system. Figures S1—S3 show representative spICP-
MS raw data of AgNP ('“’Ag), CeO,NP (**°Ce), and CuONP
(*Cu) in the reagent blank, reagent spike, control lettuce
shoots and roots (no ENP treatment), spiked lettuce shoots
and roots, and freshly prepared ENP suspensions. It should be
noted that sporadic pulse signals of '”’Ag, '*’Ce, and “Cu
were observed in lettuce shoots and roots without spiking
ENPs. Ag, Ce, and Cu are elements commonly present in
natural soils in different states, including different particulate
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species, such as silver sulfide (Ag,S), cerium phosphate
(CePO,), and copper sulfide (Cu,S) NPs,”** which can be
taken up by lettuce as well. Though they were treated as AgNP,
CeO,NP, and CuONP pulse signals, the specific species were
not clear because spICP-MS cannot distinguish different
species of particles. Nevertheless, the concentrations of the
naturally occurring particles in the plant samples are
insignificant, if present (see the raw data in Figures S1—S3).
They do not show any significant impact on the results of
spiked ENP analyses in the lettuce samples.

These data further demonstrate that the macerozyme R-10
digestion method can simultaneously extract AgNPs,
CeO,NPs, and CuONPs from both dried lettuce shoots and
roots without causing aggregation or dissolution and has
satisfactory precisions and accuracies. Overall, our study
showed that enzymatic extraction of three coexisting ENPs
from dried plant tissues followed by spICP-MS measurement is
a robust technique for routine applications of plant sample
analyses. With the increasing detections of multiple ENPs in
the same agricultural system, a method that can effectively
quantify and characterize ENP mixtures in a single plant
sample will greatly contribute to understanding the fate and
translocation of ENPs and to assessing food safety risks caused
by the use of agricultural nanotechnology. This method can
also benefit other fields interested in understanding the
occurrence, fate, and transport of ENPs in the environment.
It should be noted that this study used a single quadruple ICP-
MS instrument. Though the coexisting ENPs were extracted
simultaneously, they were detected sequentially due to the
limitation of this instrument. If a time-of-flight mass
spectrometer or a magnetic sector mass spectrometer is
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Table 4. AgNP, CeO,NP, and CuONP Analyses Result in Dried Lettuce Samples”

sample

reagent blank
spiked reagent
shoot sample
spiked shoot sample
root sample

spiked root sample
fresh AgNPs

reagent blank
spiked reagent
shoot sample
spiked shoot sample
root sample

spiked root sample
fresh CeO2NPs

reagent blank
spiked reagent
shoot sample
spiked shoot sample
root sample

spiked root sample
fresh CuONPs

particle concentration

particle concentration spike

most frequent size (nm) mean size (nm) (particles/mL) recovery
pre-oven- post-oven- pre-oven- post-oven- pre-oven- post-oven-
dried dried dried dried pre-oven-dried ~ post-oven-dried dried dried
AgNPs
ND ND ND ND ND ND
48.8 (5.3%) 50.5 (4.4%)  77.1 (0.6%) 72.3 (1.7%) 101,352 (1.9%) 113,632 (1.2%) 84.4% 97.3%
ND ND ND ND ND ND
47.2 (4.7%) 49.1 (1.0%)  72.3 (1.8%) 66.3 (1.8%) 115,797 (1.1%) 102,497 (1.6%) 96.4% 87.8%
ND ND ND ND ND ND
48.1 (3.1%) 49.6 (3.4%)  74.5 (2.6%) 65.7 (3.0%) 119,874 (1.6%) 125,316 (1.7%) 99.8% 107.3%
44.7 (2.7%) 47.8 (1.7%)  78.2 (0.8%) 78.8 (0.4%) 120,124 (1.9%) 116,763 (2.8%)
CeO,NPs
ND ND ND ND ND ND
28.9 (4.2%) 292 (3.1%)  55.3 (4.5%) 60.1 (2.5%) 113,534 (1.1%) 114,792 (1.1%) 90.7% 92.5%
25.1 (17.5%) 303 (7.9%)  40.1 (9.5%) 353 (6.5%)  S144 (4.4%) 5781 (3.5%)
31.2 (8.3%) 34.5 (4.9%)  56.8 (3.7%) 54.8 (5.5%) 123,215 (1.2%) 121,479 (2.1%) 94.3% 93.2%
29.6 (4.4%) 32.5 (6.8%) 422 (10.7%)  41.7 (6.0%) 9893 (8.2%) 10,112 (3.6%)
354 (2.5%) 352 (4.8%)  60.3 (2.7%) 56.3 (0.7%) 125,138 (1.8%) 121,528 (4.5%) 92.0% 89.7%
31.0 (2.3%) 319 (1.6%)  59.6 (4.0%) 58.2 (2.9%) 125,216 (2.5%) 124,155 (3.7%)
CuONPs

ND ND ND ND ND ND
50.3 (1.4%) 534 (2.4%) 782 (4.2%) 70.1 (3.4%) 89,558 (2.4%) 94,639 (3.4%) 96.8% 101.1%
ND ND ND ND ND ND
51.8 (2.5%) 53.3 (4.3%)  77.6 (1.9%) 753 (2.8%) 93,738 (3.9%) 99,325 (4.4%) 101.4% 106.2%
ND ND ND ND ND ND
53.4 (2.1%) 553 (22%)  76.8 (0.7%) 74.3 (2.0%) 95,118 (4.3%) 90,384 (2.7%) 102.8% 96.6%

513 (1.2%)

53.2 (0.9%)

76.1 (1.2%)

75.3 (0.8%)

92,487 (3.6%)

93,568 (2.3%)

“Reported values are the averages (%RSD). ND means not quantitatively detected due to the size or particle concentration being lower than the

detection limit.

Pre-oven drying

Post-oven drying
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Figure 2. AgNP (a, d), CeO,NP (b, e), and CuONP (c, f) size
distribution histograms in spiked reagent and pre- and post-oven-
dried spiked lettuce shoot and root samples. Error bars represent
standard deviation (n = 3).

available, these ENPs are expected can be detected
simultaneously to further save time and sample amount.

spICP-MS raw data of AgNPs (Figure S1); spICP-MS
raw data of CeO,NPs (Figure S2), and spICP-MS raw
data of CuONPs (Figure S3) (PDF)
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