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Environmental Significance

One consistent challenge in studying the behavior and impact of silver nanoparticles

oNOYTULT D WN =

(AgNPs) in crop plants is how to detect and quantify them. The present study developed
11 a rapid (2h) organic solvent extraction method to extract AQNPs from plant tissues. The
13 morphology of extracted AgNPs were greatly preserved during the extraction process,
15 which is an advantage over both alkaline and enzymatic digestion methods. Followed by
filtration and surface enhanced Raman spectroscopic (SERS) mapping, we successfully
20 detected and quantified the extracted AgNPs within 15 min. This research highlights the
22 superior potential of the organic solvent method coupled with SERS mapping to study the

fate and behavior of AgNPs in plant tissues.
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ABSTRACT

A rapid (2h) organic solvent-based approach was developed to extract silver

oNOYTULT D WN =

9 nanoparticles (AgNPs) from spinach leaves. The extracted AgNPs were enriched on a
1 fiter membrane and quantified by a surface enhanced Raman spectroscopic (SERS)
mapping technique. The lowest detectable concentration of AQNPs was 1 ng/mL and

16 the accuracy was 74-113%.
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Due to their excellent physical and antimicrobial properties, silver nanoparticles
(AgNPs) are one of the most commonly used engineered nanomaterials globally.! It is
inevitable that AgNPs are intentionally or unintentionally released to the environment
with this increasing usage, posing potential negative impacts on environmental and
human health.>® Thus, understanding the biological fate of AgNPs is important to be
able to accurately assess the risk they pose. However, considering the extremely low
concentration of AgQNPs in numerous environmental matrices, as well as their chemical
and physical instability, being able to sensitively, reliably and cost-effectively detect and
quantify AGNPs remains as a significant challenge.®1°

Currently, synchrotron X-ray absorption near-edge spectroscopy (XANES) and
single particle inductively coupled plasma mass spectrometry (sp-ICP-MS) are the most
widely used techniques for engineered nanoparticle (ENPs) detection and quantification
in different environmental matrices.'-' However, XANES requires complex sample
preparation and is only used for qualitative analysis. sp-ICP-MS can provide both
qualitative and quantitative results of AgNPs with sizes larger than 20 nm but this
technique is limited by the capability of the instrument to distinguish nanoparticle pulse
signals from background noise.'® Also, it is impossible to apply these techniques for
routine AgNPs analysis due to their limited accessibility and high requirements for well-
trained operators.’” Surface enhanced Raman spectroscopy (SERS) has recently
become an alternative option and several studies regarding SERS use to detect and
quantify AgNPs in consumer products, environmental surface water and plant extracts
have been reported.’®18-22 Given the specific interactions between AgNPs and indicator

molecules and the resulting strong SERS enhancement, AgNPs can readily be
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differentiated from other Ag species. In addition, detection is possible at extremely low
concentrations of AgNPs at a size range from 5 to 200 nm in aqueous samples.15.19-21.23
However, even the lowest limit of detection (LOD) of AgNPs in these reported studies is
still higher than common predictions of AQNPs (~80 ng/L) in the environment. In addition,
matrix interferences, especially strong fluorescent interferences, were reported to
negatively interfere with SERS signals.'>22 Furthermore, all of the previous studies were
focused on liquid matrices, which limits the applicability of SERS-based protocols to
detect AgNPs in solid matrices such as plant tissues. As such, this approach has not

been an effective tool to comprehensively study the biological fate of AgNPs in crop

plants.
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Fig. 1 Schematic diagram illustrating the procedure to detect and quantify AgNPs
by organic solvent-based AgNPs extraction coupled with a SERS mapping
technique.

In this study, we developed a rapid organic solvent-based method to extract foliar
applied AgNPs from spinach leaves. To the best of our knowledge, this is the first time
that organic solvents instead of acids, alkalines or enzymes were used to extract AQNPs
from plant tissue. We also improved SERS sensitivity by reducing fluorescent
interferences and concentrating the extracted AgNPs on a filter membrane. A SERS
mapping technique was used to scan the membrane for quantitative analysis.

The idea of using an organic solvent to extract AQNPs from spinach leaves was
inspired from the protocol for pigment extraction, where organic solvents are used to
extract chlorophylls and carotenoids from plant tissues.?* In addition, Myung et al.
showed the epicuticular wax layer of plant leaves could be altered by organic solvent
solutions.?®> To evaluate this protocol when combining with the 4-Mercaptobenzoic acid
(4-MBA) labelling strategy we previously developed,’ we used 60 nm citrate coated
AgNPs (CIT-AgNPs, 20 ng/uL, Nanocomposix, CA) and spinach leaves as the model
system. Briefly, four uL. of 60 nm CIT-AgNPs were pipetted onto a section of freshly
harvested spinach leaf (0.5 g) and dried in the fume hood. After drying, this portion of
leaf was completely immersed into a 1000 pg/mL 4-Mercaptobenzoic acid (4-MBA)
solution amended with acetone (8 mL) and methanol (2 mL) on a nutating mixers
(Fisher Scientific, Hampton, NH) for 2 h. The wax layer (e.g. 1-octacosanol) of the
spinach leaf was immediately dissolved by the methanol and acetone.?> Subsequently,
AgNPs in the spinach leaves were surface labelled by attachment of the 4-MBA

molecules in the organic solvent due to the high affinity of the 4-MBA thiol group to
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AgNPs.'2 Importantly, 4-MBA labelled AgNPs are hydrophobic due to the presence of a
benzene ring and carboxylic group, which facilitates the extraction of AgQNPs with the aid
of the organic solvents. After 2 h, the spinach leaf totally turned white in color since
AgNPs and the carotenes/chlorophylls were extracted from the tissue (Fig. 2A). The
AgNPs extraction efficiency was determined by inductively coupled plasma mass
spectrometry (ICP-MS) (ICP-MS 2030, Shimadzu); the results showed that 57 + 2% of
the total AgNPs could be successfully extracted. The detailed protocol for ICP-MS
determination is provided in the supporting information. The extraction efficiency of
foliarly applied AgNPs from spinach leaves is mainly determined by four factors, 1) the
position of the AgNPs after foliar application. Based on our previous study, most of the
foliar applied AgNPs were remained on the surface and can be removed by a sodium
hypochlorite and ammonium hydroxide combined washing method.?¢ 2) the efficacy of
the organic solvent to remove epicuticular wax layer, 3) the binding capability of 4-MBA
with the AgNPs, and 4) the transformation of AgNPs after foliar application. It should be
noteworthy to mention that, some of AQNPs may transform to other SERS inactive silver
species after foliar exposure, including Ag* species, AgCI-NPs, Ag,S and Ag-

glutathione.?”




oNOYTULT D WN =

Environmental Science: Nano

Fig. 2 (A). 60 nm CIT-AgNPs contaminated spinach leaves were immersed in 1000
mg/L 4-MBA organic solvent solution (2 mL methanol and 8 mL acetone); (B). 10
mL DI water and acetyl acetate were mixed with the original organic solution and
separated by phase; (C) The lower phase in (B) was filtered through PTFE
membrane with pore sizes of 0.2 ym; (D) Raman Detection and Analysis.

Previous studies with AgNPs detection in plant tissues showed significant
fluorescence interference.'® In this study, we further developed a protocol to separate
extracted AgNPs from the plant pigments by transforming the hydrophobic AgNPs to be
hydrophilic and then extract the particles in the water phase, leaving the pigments in the
organic phase. Specifically, DI water and ethyl acetate were added into
methanol/acetone solution at an equal volume ratio and the pH of the resulting solution
was adjusted by sodium hydroxide (wt. 40%) to = 9.0. After pH adjustment, all the
surface attached 4-MBA molecules (pKa (carboxylic head) ~ 7.4) were fully
deprotonated, which rendered AgNPs to be hydrophilic and forced the particles into the
bottom layer of the solution. ICP-MS analysis showed that 87 + 2% of the total AgNPs
were detected in this layer. After that, the bottom layer was filtered through a 0. 22 ym
polytetrafluoroethylene (PTFE) filter membrane (EMD Millipore, Burlington, MA) using a
syringe. This filter membrane was then dried and analyzed using DXRxi Raman
spectroscopy (Thermo Scientific, Madison, WI). Considering the diameter (13 mm) of
the PTFE filter membrane, a 13 mm x 13 mm square mapping area was constructed
based on the Raman peak of 4-MBA at 1078 cm-'. Since minimized scanning time is
preferable in this study, a short spectral acquisition time (0.05s for each spectrum) and
the largest allowable step size setting (100 um) were adopted, which ensures the

scanning time of each map to be limited within 15 min. It is noted that small AgNPs

aggregates on the filter membrane may not be detected due to this comparative large
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step size. Thus, in a future study, a compromise between scanning time and step size
will be investigated. To analyze the image, 1000 cps was set as the cut-off intensity to
determine the presence of AgNPs on the SERS map, where red color indicates the
presence of AgQNPs and blue represents particle absence (Fig. 3B). The cut-off line was
set based on the intensity of the filter membrane background (Scut off = Sbiank + 3Fblank)
where Span is the signal intensity of peak at 1078 cm-? for a blank membrane, and Opjank
is the known standard deviation for the blank membrane’s signal. Fig. 3C is the
representative SERS spectrum extracted from SERS image. Four characteristic peaks
of 4-MBA at 1588, 1178, 1130, and 1076 cm~"! were observed and they are attributed to
the v (C-C) ring stretching, § (C-H) deformation modes, § (C—-H) deformation modes,
and v (C-C) ring breathing, respectively.?2 Compared with our previous study,’ little
background noise was observed within the Raman shift between 1200 to 400 cm-,
indicating the fluorescent interference was largely eliminated. Also, it is noted that the
average size of extracted AgNPs were non-statistically different from the size of original
particles (Fig. 4), indicating our method retains the morphology of AgNPs during the
extraction process. This is an advantage over both alkaline and enzyme digestion
methods which need approximately 24-36 h at relatively high (alkaline) or low (enzyme)
pH to function and likely change AgNPs morphology during the extraction process.'3.14
The SEM image also shows the aggregation status of the AgNPs after extraction. The
aggregation status is important for both membrane filtering efficiency and SERS activity.
After aggregation, the AgNP aggregates can be efficiently retained on the 0.22 um filter

membrane which can also be visually observed at higher concentrations. The
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aggregation also provides sufficient hot spots for SERS activity, thus facilitating the high

sensitivity of this approach.
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Fig. 3 60 nm CIT-AgNPs (80 ng) extracted from a spinach leaf (0.5 g). Optical
Image (A), Raman scattering image (B) and average SERS spectrum (C) of
extracted AgNPs on the filter membrane. The unit of a.u. is the abbreviation of
arbitrary unit.
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Fig. 4 SEM image of 60 nm CIT-AgNPs Control (A); 60 nm CIT-AgNPs extracted
from spinach leaf by organic solvent (B); Size distribution analysis.

In addition, the feasibility of using SERS mapping to quantify the extracted
AgNPs was further investigated by testing the 60 nm CIT AgNPs over a concentration
range of 0-8 ng/mL. As evident in Fig. 5, the amounts of red spots in the SERS map
was positively correlated with the AQNPs amounts in the tested range. As such, we tried
to quantify the amount of loaded AgNPs on the filter membrane by three different
methods. The first two methods were based on the average intensity of selected spectra
and the only difference between them are the amounts of spectra. In the first method,
the spectra from 10 random red spots were averaged. We only selected 10 random
spots for analysis due to the fact that at lower concentrations, only a small number few

red spots were observed. Thus, to maintain consistency, only 10 random spots were
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selected from the red areas in each map. In the second method, all the spectra from the
whole map were averaged by a built-in function of the OMNICXxi software (Thermo
Scientific). The third method is based on counting the total pixel area of red spots in the
image, which could also be achieved using the built-in function of the software, or a free
imaging analysis tool named ImageJ.?® As shown in Fig. 5, we found all these three
methods show the positive trends when increasing the amounts of AQNPs loaded on the
filter membrane in the function of polynomial and with reasonable linearity between 1~8
ng/mL, indicating all these three methods could be used within AgNPs in this
concentration range. It should be noted that although the Ilowest detectable
concentration of AgNPs in this experiment is 1 ng/mL, lower detection limits could be
achieved by increasing the sample volume. In addition, the accuracy of these three

quantitative methods were evaluated based on the following equation,

[AgNPS]calculated
[AgNPS]nominal X np X Ns

%RV = ( ) x 100

where np and ns refer to the extraction efficiency of AgQNPs from plants and the organic
solvent system, which was determined to be 57% and 87%, respectively. The nominal
concentration of AgNPs translated from 80 ng in 0.5 g spinach leaf sample to aqueous

sample was 8 ng/mL.

As shown in Table 1, we found it is more accurate to quantify the amount of
extracted AgNPs based on either the average Raman intensity from 10 random spectra
(Method 1) or the total pixel area of red spots in the image (Method 3). It is important to

mention that using Method 3 for AgNPs quantitation would be preferable since the
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number of pixels is independent of the peak intensity, as long as the intensity is above
the cut-off line. This method may be potentially applied to different sizes or aggregation
state of AgNPs and we will evaluate this hypothesis in the future study. Comparing
Method 1 and 2, Method 2 yielded much less intensity as the majority of the maps are
in blue color, resulting in less sensitivity for AQNPs detection. Both Method 1 and 2 are

highly dependent on the size and aggregation state of the AgNPs.

-
1000 pm

2 ng/mL

Fig. 5 Different amount of 60 nm CIT-AgNPs on the filter membrane. Optical
images: (A)-(C), (G)-(I); Raman scattering images: (D)-(F), (J)-(L). Laser
wavelength=780 nm, Laser intensity=5 mW, aperture= 50 slit, step size= 100 pm,
scan rate=0.05 s/step.
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Fig. 6 Concentration-dependent SERS response to AgNPs, (A). 10 spectra
average (B). whole map average, (C). The percentage of area occupied by AgNPs
in SERS map. The error bars represent the standard errors of three parallel SERS
measurements.

Table 1. Comparison of different methods to quantify AgNPs on the filter
membrane.

Method 1 Method 2 Method 3
Correlation 0.95 0.96 0.98
Coefficient
(1~8 ng/mL)
SERS Intensity 14803 130 4.7
(a.u.) (a.u.) (%)
Corresponding 3.8 29 4.5
Concentration of (ng/mL) (ng/mL) (ng/mL)
AgNPs
Accuracy 96% 74% 113%

In conclusion, a simple and rapid organic solvent-based extraction method
coupled with SERS mapping to quantify the amounts of AgQNPs in plant leaves has been
developed. Compared with traditional alkaline (tetramethylammonium hydroxide, TMAH)
and enzymatic (Macerozyme R-10) digestion methods, the organic solvent-based
method needs less time to extract AQNPs (2 h) from plant leaves and importantly, the
morphology and size of the AgNPs is largely preserved. Also, compared with sp-ICP-
MS, complex and tedious sample preparations are avoided and the amounts of AgNPs

could be rapidly quantified using the SERS mapping, which takes only 15 min for
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scanning one filter membrane. This study demonstrates the superior potential of this

method as a screening tool to study the fate and behavior of AQNPs in plant tissues. In

oNOYTULT D WN =

our future work, we will evaluate this method with other types and sizes of AgNPs and

10 sample matrices.
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Inductively Coupled Plasma-Mass Spectrometry (ICP-MS). To determine the

oNOYTULT D WN =

extraction efficiency of AgNPs from spinach leaves by organic solvent, AgNPs
10 contaminated spinach leaves with organic solvent treatment were stored at ambient
temperature prior to digestion. For the digestion process, spinach leaves were
15 immersed with 3 mL HNO3; (ACS reagent, 70%) in a 15 mL centrifuge tube overnight.
17 Spinach leaves were microwaved to reach a temperature of 115 °C for 40 min, and then
samples were cooled to room temperature. Five hundred uL of H,O, was added to
22 further digest the sample at 115 °C for 30 min. DI water was used to dilute the resultant
24 digests to a total volume of 40 mL and then the diluent was filtered through
26 polyethersulfone (PES) membrane prior to ICP-MS (Agilent 7500ce, Santa Clara, CA)
29 analysis.

32 [AgNPS]nominal - [AgNPS]leaf

33 = x 100
My ( [AgNPSs]nominal

37 Where np refer to the extraction efficiency of AQNPs from plants.



