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Corona formation has been previously shown to significantly impact nanoparticle interactions with animal
and bacterial systems due to changes in particle surface properties. Inadvertent exposure of crop plants
to engineered nanoparticles and growing interest in applications of nanomaterials in agriculture
necessitates development of a mechanistic understanding of nanoparticle behavior within plants
including the acquisition of biomolecular coronas in vascular fluids (xylem and phloem). Here, we describe
the first study of biomolecule corona formation on nanomaterials in xylem fluid. We demonstrate that
corona formation alters the nanoparticle surface properties and involves specific proteins in the xylem
12 fluid. Corona acquisition on plant vascular fluids is expected to alter chemical transformations of
13 nanoparticles and their transport in plant systems.
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Abstract

Biomolecular coatings (coronas) that form on nanomaterials have been widely investigated in animal and
bacterial cell culture and in the extracellular and intracellular fluids of animals. Such coronas influence the
distribution of nanoparticles within organisms, their uptake by cells, and their storage in intracellular
compartments. Plants can be exposed to nanoparticles via either intentional application of nanomaterials
in agriculture or inadvertently due, for example, to biosolids amendment of soils. Development of a
mechanistic understanding of nanoparticle transport and fate within plants requires consideration of
corona acquisition within plants, particularly within the vascular fluids (xylem, phloem) that transport
nanoparticles throughout plants. Here, we examine the interactions between copper oxide (CuO)
nanoparticles and pumpkin xylem fluid to understand corona formation in an important part of the plant
vasculature system. We used CuO nanoparticles because they have emerged as a promising micronutrient
source for the suppression of fungal diseases. The corona was composed primarily of proteins, despite
the higher abundance of carbohydrates in xylem fluid. We used X-ray photoelectron spectroscopy to
determine the thickness of the protein corona. Polyacrylamide gel electrophoresis revealed that protein
binding to the CuO nanoparticle surface was selective; the most abundant proteins in the corona were
not the most abundant ones in the xylem fluid. We used in situ attenuated total reflectance Fourier-
transform infrared spectroscopy to show that the protein—CuO NP interactions were quasi-irreversible,
while carbohydrate—CuO interactions were reversible. Corona formation is expected to influence the
distribution and transformation of nanomaterials in plants.

Nano-Impact Statement

Corona formation has been previously shown to significantly impact nanoparticle interactions with animal
and bacterial systems due to changes in particle surface properties. Growing interest in applications of
nanomaterials in agriculture and inadvertent exposure of crop plants to engineered nanoparticles
necessitates development of a mechanistic understanding of nanoparticle behavior within plants
including the acquisition of biomolecular coronas in vascular fluids (xylem and phloem). Here, we describe
the first study of biomolecule corona formation on nanomaterials in xylem fluid. We demonstrate that
corona formation alters the nanoparticle surface properties and involves specific proteins in the xylem
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fluid. Corona acquisition in plant vascular fluids is expected to alter chemical transformations of
nanoparticles and their transport in plant systems.

Introduction

The interaction of nanoparticles (NPs) with bacterial and animal cells can be influenced by chemical and
physical transformations of the NPs in environmental and biological media. Nanoparticle interaction with
biomolecules — and subsequent formation of a surface coating of biomolecules (referred to as a
biomolecular corona) — can alter the hydrodynamic and electrokinetic properties of NPs and influence
their distribution within organisms, uptake by cells, and storage in intracellular compartments.* The
chemical identity and presentation of corona molecules influences NP uptake by cells>7 and depends on
both the initial surface chemistry of the NP and the biomolecules with which the NP interacts. Serum,
blood, cytosol, and cell culture medium have been investigated as sources of corona biomolecules and
have been shown to alter NP charge, size, and morphology.3 81!

Acquisition of biomolecular coronas by nanoparticles has been widely investigated in animal and bacterial
cell culture and in the extracellular and intracellular fluids of animals.® ° In contrast, the formation of
biomolecular coronas in plant vascular fluids (xylem, phloem) has not been previously reported.
Nanoparticles have been proposed for use in agriculture to deliver nutrients, plant-protection chemicals,
and nucleic acids.’*'® The nanoparticles can be applied either to the foliage or at the root. After
internalization, corona formation may alter nanoparticle long range transport through the plant vascular
system (xylem, phloem), crossing of cell walls or membranes, or storage.'® Two prior reports on corona
formation from plant tissues focused on metabolite coronas acquired from intact plant leaves?® and
adsorption of biomolecules from leaf tissue extracts.?! Corona formation in plant vascular fluids is
expected to be important as it may dictate the transformations and spatial distribution of NPs within
plants. Recent studies have shown that the initial size and surface properties of NPs influence their spatial
distribution within plants.?%2® Nanoparticle size and surface properties have been shown to influence the
composition of the biomolecular corona formed in other biological matrices and are thus expected to
exert similar influence on coronas acquired in plant fluids.?” Biomolecular composition in the fluid has
been shown to impact the formation of the nanoparticle corona.> 2230 The composition of xylem and
phloem fluids differ dramatically from that of the fluids in the vascular systems of animals. Xylem and
phloem fluids have a much higher abundance of carbohydrates relative to proteins.3% 32 Furthermore,
protein abundance in xylem fluid (0.05 to 0.1 g-L'')3® is orders of magnitude smaller than in animal
circulatory fluids (2 to 60 g-L'!).3* An initial step in understanding corona formation in plant vascular fluids
is to identify the predominant biomolecules in vascular fluids that are recruited to the nanoparticle
surface.

Here, we investigated the composition of the biomolecular corona acquired by CuO NPs in
pumpkin xylem fluid. We selected CuO NPs for investigation because prior studies showed that foliar
application of Cu-based NPs upregulate plant defense pathways against fungal diseases, and previous
studies have shown the presence of CuO NPs in xylem fluid when nanoparticles were applied at the root.'%
14-16,35 \We chose pumpkin as a model plant because relatively large volumes of xylem fluid can be isolated
from this species, allowing multiple types of analytical measurements to be made on the same stock xylem
solution. In situ attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR)
measurements reveal time-dependent association of carbohydrates and proteins with the CuO NP. X-ray
photoelectron spectroscopy (XPS) studies confirm formation of a strongly surface-attached protein
adlayer. By isolating NP-corona complexes and analyzing the proteins remaining in solution by gel
electrophoresis, we find that protein binding is selective, with a subset of proteins selectively binding to
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NP surfaces. Our results demonstrate that corona formation in a plant vascular fluid is a chemically
selective and dynamic process. These findings represent an initial step toward a mechanistic
understanding of how biomolecule-induced changes in surface properties influence NP interactions in
plants.

Experimental
CuO nanoparticle synthesis

All reagents were purchased from Millipore Sigma and used without further purification. We used a
microwave-assisted hydrothermal method to synthesize CuO NPs. Stock solutions of 1 M CuCl,:2H,0 and
1 M LiOH-H,0 were prepared. A 938 pL aliquot 1 M CuCl, solution was diluted in 22.2 mL of ultrapure
water (Barnstead systems; 18 MQ:-cm), and 1800 uL of the 1 M LiOH solution was then rapidly injected.
The solution was stirred for 10 min, yielding a pH of 11.28. The reaction mixture was transferred to a
pressurized microwave synthesizer (CEM corporation) and heated to 160 °C for 10 min. The black NPs
were allowed to cool to room temperature. The NPs were isolated from the supernatant by centrifugation
(5 min, 4696g). The NPs were then cleaned by resuspension followed by centrifugation (10 min, 4696g);
this procedure was performed twice using water and once using ethanol. After isolating the pellet by
centrifugation, the particles were dried overnight at 30 °C under vacuum.

Scanning electron microscopy

The CuO NPs were suspended in ethanol to make a dilute suspension. The solution was bath sonicated for
approximately 10 min. The solution was drop-casted onto a conductive silicon wafer and air-dried. The
CuO NPs were imaged using a LEO Supra55 VP field-emission scanning electron microscope (SEM). The
SEM images were analyzed using Imagel to extract information about the size and shape of the NPs; NP
dimensions were determined based on Image) measurements of 224 particles.

Atomic force microscopy

A high-grade mica substrate (Ted Pella) was freshly cleaved using double-sided tape. A dilute suspension
of CuO NPs in ethanol was drop-cast on the mica surface. The sample was then analyzed with a Bruker
Dimension lcon atomic force microscope using the tapping mode and TESPA-V2 tips. Atomic force
microscopy data were processed using Gwydion software. Height information was obtained by fitting the
region around the NP with a plane and extracting a height profile from the image.

Powder X-ray diffraction

Samples were prepared for powder X-ray diffraction by pressing CuO NPs into a thin layer of vacuum
grease on a zero-diffraction plate (MTI corporation). The diffraction pattern of the CuO NPs was
determined using a Bruker D8 Advanced powder diffractometer.

Xylem fluid collection

Pumpkins (Cucurbita pepo “Gladiator”) were seeded at the Lockwood farm in Hamden, CT in late June
2019 in a field mulched with black plastic. Fertilizer (NPK; 10-10-10) was applied before laying the plastic
mulch. Seven weeks after seeding, plant stems were cut with razor blades at the base, and xylem fluid
was collected from the cut ends with Pasteur pipettes (Figure S1). The xylem fluid was stored in glass vials
and immediately placed on ice until they could be frozen at —80 °C and shipped overnight to University of
Wisconsin — Madison on dry ice. Xylem fluid was stored at —80 °C until use. After warming, the fluid was
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filtered through 0.22 um syringe filters to remove particulate matter, and then partitioned into 5 mL
aliquots, flash-frozen in liquid nitrogen, and stored at —80 °C until use. Each aliquot of xylem fluid was
frozen/thawed a maximum of two times.

Dynamic light scattering and laser Doppler electrophoresis

Nanoparticle diffusion coefficients and electrophoretic mobilities were measured by dynamic light
scattering and laser Doppler electrophoresis, respectively (Malvern Zetasizer Nano ZS). Nanoparticles
were suspended in water or xylem fluid at a concentration of 50 mg-L! immediately prior to
measurement. For measurement of NP diffusion coefficients and electrophoretic mobilities after 3 h
incubation, two suspensions were prepared with one measured at 0 h and one after 3 h incubation at 25
°C. Diffusion coefficients and electrophoretic mobilities were measured for five analytical replicates of
each sample. The diffusion coefficient depends upon the viscosity of the solution. The viscosity of water
at 25 °Cis 8.90 x 10™* Pas, and the viscosity of xylem fluid has been estimated to range between 8.90 x
10* Pas and 1.2 x 107 Pa-s.3¢ The impact of xylem fluid viscosities between 8.90 x 10~* Pa:s and 1.2 x 10
3 Pa's on the diffusion coefficient is examined in the Supplementary information.

Biomolecular corona isolation and quantification

Suspensions of CuO NPs (0, 50, 500, or 1000 mg-L!) were incubated in xylem fluid for 3 h and then
centrifuged (10 min, 14 000g) to isolate the NPs with their surrounding corona into pellets, leaving non-
bound species in the supernatant. The CuO NP pellets were rinsed once with a volume of water equal to
that of the original supernatant and centrifuged again (10 min, 14 000g). The supernatant from this rinse
was combined with that of the previous step, and the total amount of protein and carbohydrate in solution
was measured. The amount of protein and carbohydrate bound to the NP surfaces was determined by
resuspending CuO NP pellets in a volume of water equal to that of the original xylem fluid and measuring
the concentration of total protein and carbohydrate using the assays described below.

The amount of carbohydrate in supernatant and resuspended CuO NP pellet samples was
quantified using a phenol absorbance assay.?” Briefly, 200 pL 5% w/v phenol in water solution was
combined with 250 pL of sample in a glass vial. One mL of 98% sulfuric acid was rapidly added, and the
solution was vortexed briefly. The solution was cooled for 1 h, and the absorbance at 460 nm was
measured using a BioTek Synergy 2 plate reader. To ensure consistency, a calibration curve was prepared
using glucose standards for every phenol solution (Figure S3).

The amount of protein in supernatant and resuspended CuO NP pellet samples was quantified
using a bicinchoninic acid assay. A Pierce™ BCA Assay Kit (Thermo Scientific product number 23225) was
used to quantify protein content in the xylem fluid and in the supernatants. Briefly, 25 plL of sample was
added to 200 pL working reagent in a 96-well plate, incubated for 30 min at 60 °C, and the absorbance at
562 nm was measured using a BioTek Synergy 2 plate reader. Bovine serum albumin calibration curves
were prepared separately for every experiment to maximize consistency of results between replicate 96-
well plate incubations. (Figure S4).

X-ray photoelectron spectroscopy (XPS)

Samples for XPS were prepared by suspending CuO NPs at 50 or 1000 mg-L in xylem fluid with vortexing.
Suspensions were agitated on a Thermolyne Rotomix orbital shaker for 3 h, after which the CuO NPs were
isolated by centrifugation (10 min, 14 000g). To remove loosely adsorbed molecules, the particles were
resuspended in ultrapure water and centrifuged again (10 min, 14 000g). The NPs remaining after
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supernatant removal were deposited onto a gold-coated silicon wafer and analyzed using a Thermo K
alpha X-ray photoelectron spectrometer. Survey spectra were collected with a pass energy of 200 eV and
a dwell time of 0.05 s, and averaging two scans. To analyze elements of interest, higher-resolution spectra
were collected for N(1s), O(1s), and C(1s) binding regions using a pass energy of 30 eV and a dwell time of
0.05 s, and averaging 15 scans. The spectra were analyzed using CasaXPS, and binding energies from all
spectra were calibrated to carbon at 284.8 eV. The composition and thickness of the NP coronas were
determined from an analysis of the relative abundance of these elements, and the thickness of the corona
was estimated from the attention of the underlying Cu(3p) emission by the corona. Spectra were
guantitatively analyzed using a graphical approach to solve the nonlinear equations, as described in the
SI. For each measurement reported here, three experimental replicates were performed and analyzed.

Polyacrylamide gel electrophoresis

We incubated CuO NPs (0, 50, 500, or 1000 mg:L?) in 1 mL xylem fluid for 3 h and sedimented the CuO
NPs from suspension by centrifugation (10 min, 14 000g). After removing the supernatant, the pellets
were resuspended in 1 mL of ultrapure water. The proteins in the samples were concentrated by acetone
precipitation. In detail, a 1 mL sample was combined with 4 mL acetone at —20 °C. The solution was
incubated for 60 min at —20 °C and centrifuged (10 min, 14 000g). Protein pellets were dried for 30 min
on the benchtop and resuspended in 200 uL ultrapure water. We performed a recovery study to assess
protein loss during the acetone precipitation by measuring protein concentration in xylem fluid and xylem
fluid after acetone precipitation with the BCA assay. No difference in total protein was observed between
the xylem fluid and xylem fluid after acetone precipitation (p < 0.05).

Proteins were fractionated on a Invitrogen NUPAGE™ 10% Bis-Tris Protein Gel (1.0 mm, 10-well;
Thermo Scientific product number NP0301BOX) following the manufacturer’s protocol. The running
buffer (5 pL), reducing agent (2 pL), and sample (13 pL) were combined and incubated at 70 °C for 10 min.
A 15 pL aliquot of sample was added to each well. The gel was run at an applied potential of 200 V for 40
min and stained with a Pierce Silver Stain Kit (Thermo Scientific product number 24612). Gels were imaged
using a Azure 600 imaging system (Azure Biosystems). Images of the gels were analyzed using Igor Pro
software, using custom routines to extract intensity profiles along the separation direction and average
over the width of each line.

Preparation of CuO nanoparticle film for in situ ATR-FTIR experiments

The CuO film was prepared on a 10-bounce Ge trapezoidal internal reflectance element (IRE, 45° angle,
10 bounce, Specac gateway, Figure S4). The IRE was cleaned by exposure to UV-ozone and rinsed in
ethanol. The CuO NPs were suspended in 4 mL ethanol to make a 1000 mg:-L? suspension, and the
suspension was ultrasonicated for 10 min (repeated cycles of 10 s on, 10 s off). The suspension was drop-
cast in 70 pL aliquots on to the surface of the Ge IRE, and the suspension was immediately distributed by
spin-coating at 1000 rpm for approximately 10 s (Laurell Technologies Corporation) to produce a thin,
uniform layer. The process was repeated until the entire 4 mL NP suspension was deposited on the Ge IRE
surface. The film was annealed in a box furnace (Thermolyne) in air at 400 °C for 4 min to remove excess
water and to improve adhesion of the film. Scanning electron micrographs were collected to determine
the coverage of the CuO film on the surface of the Ge element.

In situ ATR-FTIR measurements of biomolecule attachment to CuO nanoparticle surfaces

To perform in situ ATR-FTIR measurements, the Ge IRE was mounted in a Specac Gateway flow cell
(internal volume 550 pL) that was then installed in a Bruker Vertex 70 FTIR spectrometer. A volumetric
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flow rate of 0.5 mL-min? was used. Each spectrum was collected from 500 to 4000 cm™ with 2 cm™
resolution, and 500 scans were averaged (3.75 min-scan). Background scans were collected using the
same flow cell and ultrapure water. To collect a reference spectrum of xylem fluid, a ZnSe (45° angle, 6
bounce, Specac gateway, Figure S4) IRE was mounted in the flow cell, a background was collected in water,
and 5 mL of xylem was flowed through the system. To collect experimental data of xylem fluid
biomolecules interaction with the CuO NPs, the CuO-coated Ge IRE was mounted in the spectrometer.
Then, 5 mL of xylem fluid was flowed through the cell. The flow was stopped, and the xylem fluid
remaining in the ATR cell was incubated with the CuO film, for approximately 3 h. The flow was then re-
established using ultrapure water for 3 h to rinse away loosely adsorbed molecules. Spectra were
continuously recorded through the duration of the experiment (initial reference, xylem exposure, and
ultrapure water rinse) to monitor the temporal evolution of the protein corona. To determine the xylem
molecules that interact with CuO a series of model molecules were used which included malic acid,
dextran to represent carbohydrates, ubiquitin to represent proteins, and 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) to represent lipids; more information is provided in the supplementary section.

(=]

)

CuO nanoparticles
\JUL_.J_,\ ;\A M 10, KR

Diffraction intensity

16025-ICSD standard

. L aTee l

1 1 1 1 1 1

30 40 50 60 70 80 90
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Figure 1. Properties of as-synthesized CuO NPs: (a) scanning electron micrograph showing the morphology
of the CuO NPs; and (b) X-ray diffraction pattern indicating a crystal structure consistent with literature
data from the International Crystal Structure Database (ICSD) entry 16025 for CuO (tenorite).3®
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Results and Discussion

Nanoparticle size, shape and crystal structure

Figure 1a shows a representative SEM micrograph of the copper oxide NPs. The NPs exhibit an anisotropic
morphology and are in the form of thin, elongated sheets with lateral dimensions of 120 + 40 nm and
lengths of 900 + 300 nm (n=224). The CuO NPs exhibit a powder x-ray diffraction pattern (Fig. 1b) in
excellent agreement with that of a reference spectrum of CuO in the tenorite structure.3® Atomic force
microscopy measurements of CuO NPs deposited onto flat substrates show a typical height of
approximately 50 nm (Figure S5). The anisotropic shape of the CuO NPs is consistent with the monoclinic
crystal structure of tenorite and has been reported in prior studies of CuO NPs grown under conditions
similar to those used here.

Nanoparticle hydrodynamic and electrokinetic properties in xylem fluid

To understand the effect of xylem fluid on hydrodynamic and electrokinetic properties of the CuO
NPs, we determined the diffusion coefficients (D, from dynamic light scattering) and electrophoretic
mobilities (u., from laser Doppler electrophoresis) of the particles. We report D and u. rather than
estimated hydrodynamic diameters and zeta potentials to obviate the need to invoke assumptions about
particle shape, charge homogeneity, or the permeability of aggregates or biomolecular coatings. Fig. 2a
shows the diffusion coefficients and electrophoretic mobilities of CuO NPs suspended in water, xylem
fluid, and xylem fluid after 3 h incubation. The CuO NPs suspended in xylem fluid exhibited diffusion
coefficients of 0.32 + 0.04 um?-s?, significantly lower than those obtained in water (1.18 + 0.03 um?-s1).
After 3 h incubation in xylem fluid, D decreases further to 0.17 + 0.03 um?s? (p < 0.001). The lower
diffusion coefficient in xylem fluid cannot be attributed solely to the higher viscosity in xylem fluid relative
to water. The highest reported viscosity of xylem fluid (1.2 x 102 Pa-s)3¢ does not differ enough from water
(8.90 x 10 Pa's) to lead to such a dramatic decrease in diffusion coefficient (see supplementary
information). The decrease in the diffusion coefficient in xylem fluid may be due to aggregation of NPs or
association of xylem components with the NPs; either of these processes would be expected to increase
the diffusion coefficient of the NPs.

Figure 2b shows the corresponding electrophoretic mobilities in these solutions. While CuO NPs
suspended in water exhibit p. = +2.7 £ 0.6 cm?mV-1-s?, CuO NPs suspended in xylem fluid display a much
lower mobility, ye = 40.2 + 0.3 cm?>mV-1s1, Incubation for 3 h did not produce any further change in
mobility (u. = +0.1 £ 0.3 cm?mV-1-s1; p > 0.05). The smaller magnitude of the electrophoretic mobility in
xylem fluid vs. water may have arisen from the association of xylem fluid molecules with the surface of
CuO NPs or the higher ionic strength of the xylem fluid relative to water. The ionic strength of xylem fluid
has been reported to be 32 + 14 mM (Ricinus communis).*° Using this value, the difference in ionic strength
between water and xylem fluid is sufficient to cause the observed decrease in electrophoretic mobility
(see supplementary information). In addition to the difference in ionic strength, adsorption of molecules
to the surface of CuO NPs is consistent with prior studies reporting changes in NP electrophoretic mobility
due to adsorption of charged biomolecules?” or small charged molecules** which are both present in xylem
fluid. Neutralization of NP surface charge by charged organic (macro)molecules in xylem fluid would be
consistent with the influence of electrostatic attraction between the CuO surface and components of the
xylem fluid. Neutralization of NP surface charge may also lead to loss of particle colloidal stability and help
explain the decrease in observed diffusion coefficient.? 43
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26 Figure 2. (a) Diffusion coefficients and (b) electrophoretic mobilities of CuO NPs are lower in xylem fluid
27 than in water. Diffusion coefficients were determined from dynamic light scattering experiments;
28 electrophoretic mobilities were determined by laser Doppler electrophoresis. Measurements are for 50
;g mg:-L* suspensions of CuO NPs. Error bars denote one standard deviation. Notation for significance of
31 differences: **, p < 0.01; ***, p <0.001, ****, p < 0.0001.
32
33 CuO nanoparticles adsorb proteins from xylem fluid
34 L - .. . . . .
35 As an initial step toward determining the composition of the biomolecular corona acquired in xylem fluid,
36 we quantified the amount of carbohydrate and protein associated with the CuO NPs using a phenol-based
37 total carbohydrate assay and the bicinchoninic acid (BCA) assay, respectively. We focused on proteins and
38 carbohydrates because they have been previously reported in xylem fluid at quantifiable concentrations
4313 and because these classes of molecules have been shown to form coronas on nanoparticles.?® #4 Protein
41 and carbohydrate concentration of fluid varied among plants sampled (90 + 20 mg-L* and 250 + 50 mg:L-
42 1, respectively). Differences in concentration among samples were accounted for by measuring
43 concentrations of biomolecules for every aliquot to normalize results to starting protein and carbohydrate
44 concentrations. We incubated CuO NPs at 0, 50, 500, and 1000 mg:L? in xylem fluid for 3 h, sedimented
22 the NPs via centrifugation and analyzed both the supernatant and isolated CuO NPs for carbohydrate and
47 protein content. Figure 3a shows the amount of carbohydrate remaining in the xylem fluid supernatant
48 after exposure to the CuO NPs; incubation with CuO NPs did not result in detectable removal of
49 carbohydrate at any NP concentration investigated relative to control samples (p > 0.05). Figure 3a also
50 shows the corresponding measurements of the amount of carbohydrate extracted from the NP (“CuO-
g; bound”). The amount of carbohydrate bound to the NPs is below our estimated limit of detection (< 10
53 mg'L_l).
54 Figure 3b shows the concentration of protein remaining in xylem fluid supernatant after
55 incubation with CuO NPs at three NP concentrations with the corresponding concentrations of protein
56
57
58
59 8
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extracted from sedimented nanoparticles. We note that the total mass concentration of carbohydrates
(Fig. 3a, ~270 mg:-L?) is much higher than that of proteins (Fig. 3b, ~80 mg-L!). At the lowest CuO NP
concentration investigated (50 mg-L!), protein removal from the xylem fluid was below the detection limit
of the assay (< 5 mg-L?1); furthermore, no significant protein was extracted from CuO NPs that were
isolated by centrifugation. At higher CuO NP concentrations (500 and 1000 mg:L1), significant amounts of
protein were adsorbed and removed from solution (p < 0.05), and equivalent amounts of protein were
extracted from the CuO NPs that were isolated by centrifugation. In all cases, the sum of the amount of
protein in the supernatant and the amount extracted from the NPs corresponded to the original amount
of protein in xylem fluid. The detection of surface-bound protein without detectable surface-bound
carbohydrate from xylem fluid indicates that the biomolecular corona composition after 3 h incubation is
composed primarily of protein. As the NP concentration increases, the amount of protein detected on the
NPs increases as does the magnitude of the amount removed from the supernatant; this trend is
consistent with the increase in surface area available for corona formation at higher nanoparticle
concentrations. To investigate the relationship between CuO NP surface area and protein adsorption, we
analyzed the thickness of the corona formed.
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Figure 3. Concentrations of (a) carbohydrate or (b) protein remaining in supernatant and associated with
CuO NPs after 3 hincubation and subsequent sedimentation at the indicated concentration of CuO NPs in
xylem fluid. Carbohydrate concentration was measured by the phenol total carbohydrate assay; protein
concentration was measured by the BCA assay. Error bars represent one standard deviation. Notation for
significance of differences: *, p < 0.05.

Dependence of corona thickness on CuO nanoparticle concentration

We used X-ray photoelectron spectroscopy to directly probe the elemental composition of xylem fluid
components bound to the CuO NPs as well as their chemical state. X-ray photoelectron spectroscopy is
an ex situ method that provides quantitative information about the strongly bound corona components
that persist after rinsing and drying. Therefore, XPS provides information about the hard corona and
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associated strongly-bound molecules, while the weakly associated molecules of the soft corona were
likely removed before XPS analysis. Figure 4a shows survey XPS spectra of CuO NPs that had been exposed
to xylem fluid for 3 h. Peaks associated with C, O, and Cu are apparent in the spectra for all samples.
Spectra of CuO NPs that had been exposed to xylem fluid also exhibit surface nitrogen that is detectable
over 30 of the noise, while no detectable nitrogen is observed in spectra from unexposed CuO samples.
After exposure to xylem fluid, the absolute and relative intensities of the peaks change; the absolute
intensities of the Cu(2p) and O(1s) peaks decrease, while C(1s) emission intensity increases and a new
N(1s) peak appears. The XPS data yield two complementary pieces of information. First, the attenuation
of the Cu(2p) and O(1s) emission by the biomolecular corona provides a way to assess the overall thickness
of the strongly bound corona components. Second, the relative intensities of emissions from N(1s), C(1s),
and O(1s) provide information about the chemical composition of the corona.

The thickness of the corona can be assessed from XPS measurements by quantifying the degree
to which the Cu(2p) emission intensity is decreased upon formation of the NP corona, or by measuring
the emission intensity from elements specific to the NP core (e.g., Cu) and those that are specific to the
corona (e.g., N). In the latter case, the corona thickness can be determined from the equation:

—t/ 2y peost
(1—e /2N, peos ) AnpcucuoScutcucuo

o /ey pCost = AcuPNpSNANP (1)

where t is the thickness of the biomolecular corona; S¢, and Sy are the atomic sensitivity factors for Cu
and N; pey cuo is the atomic number density of Cu atoms in CuO; A, cuo, Acyp, @and Ay,p are the inelastic mean
free paths (IMFPs) of Cu photoelectrons in CuO, Cu photoelectrons passing through the protein layer, and
N photoelectrons in the protein layer; and 8 is the angle of collection of photoelectrons with respect to
the surface normal. Using estimated IMFPs, this equation can be solved to determine an approximate
corona thickness (see Supplementary Information). The corona thickness was also estimated in the same
manner using the C(1s) signal; the value presented represents an average of the corona thicknesses
calculated using both the C(1s) and the N(1s) data, which were similar. Using this approach, we estimated
corona thickness to be 5.1 + 0.2 nm at a NP concentration of 50 mg:L'! and 1.9 + 0.1 nm at a NP
concentration of 1000 mg:-L1. We note that a 20-fold increase in NP concentration decreased the average
corona thickness by a factor of approximately two. Rigorously accurate determination of corona thickness
from XPS measurements would require inclusion of the uncertainty in the IMFP values. Although we did
not include the error in the IMFPs in our analysis, such errors are systematic and would not change the
overall conclusion that thinner coronas were found at higher NP concentrations. This observation suggests
that specific proteins are depleted from the xylem fluid. This conclusion is consistent with results from the
BCA assay (vide infra) showing partial removal of proteins at high NP concentrations.
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Figure 4. (a) Survey and (b) Cu(2p) X-ray photoelectron spectra from CuO NPs after interaction with xylem
fluid.

To assess the consistency between the results of the XPS and protein depletion studies, we
estimated the amount of protein that would be removed from the xylem to form coronas with the
thicknesses estimated from XPS. We approximated the CuO NPs rectangular prisms with dimensions of
900 nm x 120 nm x 50 nm based on SEM measurements, and we approximated the corona as a layer of
protein of uniform density (1.35 g-cm3)* covering the entire CuO NP surface. We estimated that
formation of a 1.9 nm thick corona on CuO NPs in a 1000 mg-L? suspension would remove 24 mg-L!
protein from the xylem fluid; this is very close to the protein removal of 28 + 5 mg:-L"* measured by BCA
assay. We also estimated that formation of a 5.1 nm thick corona on CuO NPs in a 50 mg-L! suspension
would be accompanied by a removal of 3.2 mg-L? protein from the xylem fluid. This value is below the
BCA detection limit of 5 mg-L'* and is consistent with our inability to detect significant protein loss via the
BCA assay at the 50 mg-L"* CuO NP concentration.

To obtain more detailed chemical information about the corona, we collected XPS spectra at
higher resolution in the Cu(2p), O(1s), N(1s), and C(1s) regions. The high resolution Cu(2p) spectra in Fig.
4b show that CuO NPs exposed to water (but not xylem fluid) exhibit a 2p;/, peak at a binding energy (BE)
of 932.60 + 0.08 eV, a 2py,, peak at 952.60 = 0.08 eV, and shake-up features at 942.1 + 0.1 eV and 961.90
+ 0.03 eV.*® For the 50 mg-L! nanoparticle concentration, the Cu(2p) emission intensity (Figure 4) is
attenuated by a factor of ~13 compared to bare CuO samples, but the overall shapes and relative
intensities of the individual Cu peaks remain unchanged. This attenuation factor (F) is also consistent with
a corona thickness of ~5 nm, as calculated using the following equation:
(-3

F=e (2)
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where, t is the thickness and A is the inelastic mean free path approximated at 2 nm. The O(1s) region
displayed in Fig. 5a shows a large peak at 529.40 = 0.04 eV from bulk CuO and a smaller peak a 530.88 +
0.06 eV that is consistent with Cu—OH groups.*’ The peak energies for the adsorbates on CuO NPs from
the 50 mg:-L'* and 1000 mg-L! suspensions in xylem fluid were similar; we report the binding energies for
only the 50 mg-L! sample here. The C(1s) region shown in Fig. 5b exhibits a peak at 284.80 eV (used as
our internal binding energy calibration) due to alkane-like adventitious carbon contamination, along with
a smaller peak at 287.38 £ 0.04 eV; the higher BE of this peak is typical for oxidized carbon forms such as
carbonyl groups. The CuO NPs that had been incubated with xylem fluid (and then rinsed) exhibit changes
in the C(1s) and O(1s) peaks and show a new peak in the N(1s) region (Fig. 5c). In the O(1s) region, particles
exposed to xylem fluid exhibit peak at 532.06 + 0.03 eV that falls within the range of energies typically
observed for carbonyl (C=0) oxygens in proteins.*® This is consistent with the appearance of a peak at
288.1 eV in the C(1s) region that is consistent with C=O moieties. The C(1s) region in spectra of CuO NPs
exposed to xylem fluid also contains a peak at 285.8 eV which is consistent with C—N or C—0 moieties in
proteins® 50 and C—O—C groups in carbohydrates.”* The N(1s) region in spectra of CuO NPs exposed to
xylem fluid shows a single, sharp peak at 399.9 + 0.2 eV, similar in appearance to prior reports of the
proteins fibrinogen, bovine serum albumin, and soy protein (Figure 5c).%% 5% >3 The binding energies of the
C(1s), N(1s), and O(1s) are consistent with functional groups present in xylem fluid including proteins,
carbohydrates, small organic acids, and phospholipids. However, the relative atomic abundances of C, O,
and N indicate that proteins are the main biomolecules present.

The changes in surface composition can be expressed as atomic percentages, where the atomic
percentage of element X is given by

Iy

IMFP,S 4,
%x = 100 X

IJ
Z1(1MFP S A)
jS i

ljis the area of the photoemission peak for element j, IMFP;is the inelastic mean free path for element j,
S; is the atomic sensitivity factor for element j, and A is the inelastic mean free path at the energy of the
photoelectrons for each element. The summation is over photoemission peaks from all elements
corresponding to the corona layer (here, C, N, and the high binding-energy component of O). To calculate
the atomic percentages in corona constituents, we use only the O(1s) peak component centered at 532.06
+ 0.03 eV that corresponds to the protein layer, thereby excluding the O(1s) signal arising from the
underlying CuO.
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Figure 5. High resolution XPS spectra in the (a) C(1s), (b) O(1s), and N(1s) regions for CuO NPs that had
been incubated with xylem fluid.

Figure 6 shows that calculated atomic abundances of C, O and N atoms in the corona layer were
similar for CuO NPs that had been incubated with xylem fluid at 50 and 1000 mg-L* concentrations. The
CuO from the 1000 mg:-L* suspension exhibited atomic percentages of 45.7 +0.1%, 12.2 +0.2%, and 42.1
+0.2% for C, N, and O, respectively. The atomic composition of individual carbohydrates and proteins vary
in accordance with their specific molecular structures. Nonetheless, their atomic compositions fall into
distinct ranges. Both carbohydrates and proteins contain approximately 50% carbon, but carbohydrates
contain significantly more oxygen (45-49% O vs. ~35% O for proteins) and less nitrogen (<3% vs. 15-20%
N for proteins).>* The compositions of the coronas on the CuO NPs, particularly the high N content, are
similar to those of typical proteins and not consistent with typical carbohydrates. The atomic abundances
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of molecules in the coronas on the CuO NPs were similar for the 50 mg-L'* and 1000 mg-L* NP suspensions
(paired t-test, p > 0.05), suggesting that while the corona layer has a different thickness, it is comprised of
proteins in both cases. The atomic abundances of C, O, and N also suggest that very little carbohydrates
or other biomolecules are found in the corona isolated after a rinsing step.

60 = _
50 = 1000 mgeL" CuO NPs/xylem

R I
40 — I

30 —
20 —
10 = [:I =
0=t —

ci1s) | N(1s) '_0(15)

Atomic abundance (%)

Figure 6. The atomic abundances of C, O, and N in the coronas on CuO NPs are consistent with the
biomolecular corona being composed primarily of proteins. Atomic abundances are similar in elemental
composition at both NP concentrations (p > 0.05).

In summary, the corona formed on CuO NPs from xylem fluid is thinner at the higher (1000 mg-L-
1) NP concentration, and atomic abundances of C,N, and O are in the range typical of proteins, for both
high and low nanoparticle concentrations. Our data suggest that recruitment of proteins to the CuO
surface is selective. At low NP concentrations, strongly binding proteins associate with the NP surface to
form a corona with an average thickness of ~5 nm. The xylem fluid appears to contain insufficient amounts
of high affinity proteins to form a similarly thick coating on the CuO NPs when the NPs are present at a
20-fold higher concentration. This is due to the larger amount of CuO surface area available to bind
proteins at the higher NP concentration, leading to a thinner (~2 nm thick) corona of approximately the
same composition.

Preferential binding of specific proteins to CuO NPs

To confirm that specific proteins from xylem fluid selectively bind to CuO NPs, we examined the proteins
remaining in xylem fluid and bound to CuO NPs after 3 h incubation by lithium dodecyl sulfate
polyacrylamide gel electrophoresis (LDS-PAGE). After separating the CuO NP-bound proteins from those
in solution by centrifugation, we fractionated the proteins in the supernatant and extracted from the
pellet by LDS-PAGE and visualized the proteins by silver staining. Figure 7 shows an image of the resulting
silver-stained gel which includes xylem fluid after exposure to 0 1000 mg-L** CuO NPs (lanes 2, 3), and
corona components extracted from the surface of the NPs (lanes 4, 5). The features in lane 4
(corresponding to proteins extracted pellets from the 0 mg-L CuO NP exposures) are too weak to reliably
observe. Lanes 2 and 4 (supernatant and pellet from the 0 mg:-L'* CuO NP exposure) demonstrate that the
centrifugation procedure used does not lead to the sedimentation of detectable amounts of proteins in
the absence of CuO NPs. The banding pattern produced by corona components extracted from the NPs
after exposure to 1000 mg:-L'* CuO NPs (lane 5) differs from that for the starting xylem fluid (lane 2).
Specifically, the most intense bands in lane 5 correspond to a molecular mass of approximately 6 kDa,
while that in lane 2 occurs at a molecular mass of approximately 9 kDa. Lane 2 contains multiple bands
between 28 and 49 kDa, while lane 5 contains no observable bands in this region. This result indicates
that the relative proportion of xylem fluid proteins in the extracted protein corona differs from that in the
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xylem fluid; the most abundant proteins in the extracted corona do not correspond to the most abundant
proteins in the xylem fluid.
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Figure 7. Protein binding to the CuO NPs was selective. (a) Proteins from xylem fluid before and after
association with CuO NPs were fractionated by LDS-PAGE and visualized by silver staining: lane 1,
molecular mass calibration standard; lanes 2, 3, supernatant after incubation with 0 and 1000 mg:-L* CuO
NPs, respectively; lanes 4, 5, proteins extracted from NPs after incubation of xylem fluid with 0 and 1000
mg-L"* CuO NPs, respectively. (b) Extinction profiles showing intensity changes along lanes 2 and 3 (xylem
fluid after incubation with 0 and 1000 mg:-L'* CuO NPs, respectively) and lane 5 ( proteins removed from
1000 mg:-L"* CuO NP corona ).
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Corona formation dynamics

Previous studies in non-plant environments have shown that the corona evolves with time as layers
formed initially under kinetic control are eventually (partially) replaced by more thermodynamically
favored species.>® To directly characterize the dynamic evolution of the corona and gain additional
chemical information about the adsorbed layers, we used in situ ATR-FTIR spectroscopy in a flow cell
geometry. We acquired FTIR spectra as a function of time during exposure to xylem as well as while rinsing
to provide information about both the kinetics and reversibility of corona.

Figure 8 shows a spectrum of xylem fluid measured using ATR-FTIR using a trapezoidal ZnSe
internal reflection element. The spectrum exhibits vibrational features typical of proteins.>® These include
a peak at 1636 cm™ attributed to the peptide backbone Amide | band and the carboxylate asymmetric
stretch; a peak 1541 cm, consistent with the Amide Il band, and a peak at 1231 cm?, consistent with the
Amide Ill band.5® Peaks are also observed at 1394 cm™ and 1348 cm, which we attribute to COO-
symmetric stretch and the O—-H deformation modes of carboxylic acids.®® These carboxylic acid and
carboxylate moieties may be attributed to small organic acids or the side chains of asparagine or
glutamine residues in proteins or amino acids in xylem fluid.®% ¢ Peaks at 1150 cm™ and at 1081 cm™ are
consistent with C—O stretching modes associated with carbohydrates, or P-O—C stretching modes that
may be associated with phospholipids, or C-OH modes associated with small carboxylic acids (Table S1).
The peak near 1080 cm™ is also consistent with spectra previously reported for carbohydrates and
phospholipids.®>%* Prior studies have shown that xylem fluid from the members of the Curcurbita genus
contains proteins, carbohydrates, organic acids, and polyatomic ions such as ammonium and
phosphate.3%5-%7 The infrared spectrum displayed in Fig. 8 indicates that proteins are present in the xylem
fluid as well as phospholipids, carbohydrates, and/or carboxylate-containing molecules. Indexing the
peaks in the xylem spectrum allows us to identify the biomolecules that bind to the surface of CuO NPs,
and determine the dynamics of binding.

1080 1231 1394 1636
1150 1348 1541
"

J 10

Absorbance

1000 1200 1400 1600 1800

Wavenumber (cm'1)

Figure 8. ATR-FTIR spectrum of xylem fluid. Peaks between 1700 and 1500 cm™ reflect protein amide
bonds or the presence of carboxylates. The peaks between 1450 and 1250 cm indicate the presence of
carboxylate moieties, that we attribute to small organic acids or the side chains of asparagine or glutamine
residues in proteins or amino acids in xylem fluid. The peak between 1200 and 1000 cm is likely due to
the presence of carbohydrates.

Figure 9 shows FTIR spectra of xylem fluid interacting with CuO NPs for different time periods.
To obtain these spectra we coated a Ge IRE with a thin, uniform layer of CuO NPs. We optimized the
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preparation conditions and used scanning electron microscopy to verify complete, uniform coverage with
CuO NPs as demonstrated in the micrograph in Fig. S7. The CuO layer is sufficiently thin that the electric
field of the infrared light penetrates through the CuO layer. To collect in situ ATR-FTIR measurements a
reference spectrum was first collected of the CuO film in nanopure water. After the background scan was
collected, xylem fluid was flowed through the ATR cell and in situ FTIR spectra were collected
continuously; after 52 spectra were obtained (3. h) the sample was rinsed with water and additional
spectra were obtained. Figure 9 shows a representative FTIR spectra acquired at different time points.
Water gives rise to an asymmetric peak centered near 1638 cm™. The first spectrum measured after
introducing xylem (“S0”, shown here magnified 10-fold) shows only a very weak water feature at 1638
cm, that overlaps with the Amide | band peaking at 1636 cm™. Subsequent spectra S1, S5, S25, and S51
show new peaks with maxima near 1073 cm™, 1398 cm, and 1562 cm™. Based on the analysis of pure
xylem fluid and spectra collected of model molecules (Figure 8, Figure S8), we attribute these peaks to
carbohydrates or phosphate containing molecules (1073 cm), small molecules with carboxylate moieties
(1398 cm), and proteins (1562 cm™). The absorbance of these three features increases with exposure
duration. To test the degree that molecular layer adsorption is reversible, we rinsed the sample for 3 h
with ultrapure water to remove weakly adsorbed molecules. Spectra S67 (approximately 1 h rinsing) and
S76 (approximately 1.5 h rinsing) show that the carbohydrate or phosphate containing molecule feature
at 1073.2 cm* is removed during rinsing while the vibrational features at 1398 cm™ and 1562 cm™ persist.
These results indicate that protein interacts more strongly with the CuO surface than do carbohydrates,
and protein binding is largely irreversible on the time-scale of our experiments; this implies that the XPS
data and BCA assays (which require a brief rinsing of the sample) are good probes of the protein
component of the coronas, but that more weakly adsorbed carbohydrates or phospholipids were rinsed
away during XPS and phenol assay sample preparation.
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Figure 9. FTIR spectra of xylem fluid interacting with CuO-coated ZnSe as a function of exposure and
rinsing time. The scans are identified by S#, where # is the number of scans that have been collected, with
the label (SO, S1, etc.) representing the order in which the spectra were obtained; also shown is an
absorption spectrum of pure water for reference.

Conclusion

Our results demonstrate that CuO NPs acquire a biomolecular corona from native pumpkin xylem fluid
that contains both proteins and carbohydrates. Results from LDS-PAGE, ATR-FTIR, and XPS experiments
show that the corona is composed primarily from proteins, despite the mass concentration of
carbohydrates in xylem fluid being substantially higher than that of proteins. Furthermore, our results
show that protein adsorption is selective; a subset of proteins having a molecular mass of approximately
6 kDa appear to be enriched in the corona relative to other xylem fluid proteins. Selectively of protein
binding is evidenced by the distribution of proteins extracted from the CuO NP surfaces differing from
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that of the starting xylem fluid (Fig. 7) and by the decrease in average corona thickness from ~5.1 nm to
~1.9 nm as the CuO NP concentration increases from 50 to 1000 mg L%, even though the total
concentration of protein in solution is reduced by only approximately 15% (Fig. 3b).

While quasi-irreversible binding of proteins to metal oxides has been reported previously, most
studies have primary focused on isolated proteins or on corona formation in mammalian vasculature.5® ©°
In comparison, xylem fluid has a higher ratio of carbohydrates to proteins,3% 32 suggesting that
carbohydrates could play a more important role in corona formation in xylem fluid than in matrices
investigated previously. The high carbohydrate concentration in xylem is demonstrated in our own
measurements (Fig. 3) showing that that the total mass concentration of carbohydrates is more than three
times that of proteins. The high concentration of carbohydrates in xylem fluid suggests that nanoparticle
coronas formed in plants could differ significantly from those formed in the mammalian serum and tissue.
Carbohydrates in xylem are present predominantly as oligosaccharides, with polysaccharides constituting
<5% of total carbohydrate mass.”® While we have not investigated the distribution of carbohydrate masses
in the xylem fluid used here, our data show that that carbohydrates in xylem fluid interact with CuO
nanoparticles, but that over time periods of minutes these carbohydrates are replaced by protein and can
be readily removed by simple water rinse. These observations indicate that even though carbohydrates
are present a higher concentrations than proteins in xylem, CuO nanoparticles exhibit a stronger affinity
for the amino acid residue side chains of proteins than for the sugar residues making up carbohydrate. As
a consequence, proteins dominate the corona composition formed in xylem. These observations are
consistent with past studies demonstrating low abundance of carbohydrates in nanoparticle coronas even
when abundant in the biological matrix.?® 7 We hypothesize that the higher affinity for amino acids side
chains likely arise from the presence of negatively charged functional groups on the proteins, driving an
electrostatic attraction to the positively charged CuO NP surface. Electrostatically driven binding is
consistent with the strong reduction in CuO NP electrophoretic mobility when suspended in xylem fluid.
Electrostatics has been previously reported to play an important role in corona acquisition from animal
and bacterial systems.”> We note that most metal oxide nanoparticles commonly investigated, including
TiO,, Fe,0s, and SiO,, often have negative zeta potential at circumneutral pH,”® while that of the studied
CuO is positive. The nature of the protein corona is expected to depend on the sign and magnitude of
nanoparticle surface charge, such that coronas formed on CuO might be distinct from those formed on
many other metal oxides.

The acquisition of a biomolecular corona from xylem fluid may influence dissolution and
distribution of inorganic NPs in plants, as well as alter the available concentration of specific proteins
within the xylem fluid. We expect protein coronas to form on the surface of NPs in xylem fluid from a wide
range of plant species, as variation in xylem fluid composition is relatively small among plant species.33 4°
However, we anticipate that the identity of biomolecules in the corona to be influenced by nanoparticle
surface charge, composition, and size.”* In an agricultural or environmental setting, engineered
nanoparticles may encounter other complex media before entering xylem fluid. For instance,
nanoparticles that enter the plant via the root may have previously acquired corona that contains
components from soil organic matter, the soil microbiome, or root exudates. Particles on the leaf surface
interact with a hydrophobic interface populated by a diverse microbial community that may lead to
corona formation. Future studies to understand the effect of soil, root, phloem, and other extracellular
matrices on NP corona formation are needed to provide a more complete view of NP transformations
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1

2

3 after environmental exposure, enable more accurate assessment of NP risk, and guide the tunable
g synthesis of responsive materials as part of nano-enabled precision agriculture.
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