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Summary

Surface functionalization of nanoparticles has become an important tool for the in vivo delivery of
bioactive agents to their target sites. Here we describe the reverse strategy, nanoharvesting, in
which nanoparticles are used as a tool to isolate and enrich bioactive compounds from living cells.
Anatase TiO, nanoparticles smaller than 20 nm form strong bonds with molecules carrying
enediol and especially catechol groups. We show that these nanoparticles can enter plant cells,
conjugate enediol and catechol group-rich flavonoids in situ, and exit plant cells as flavonoid-
nanoparticle conjugates. The source plant tissues remain viable after treatment. As predicted by
the surface chemistry of anatase TiO, nanoparticles, the quercetin-based flavonoids were enriched
amongst the nanoharvested flavonoid species. Nanoharvesting eliminates the use of organic
solvents, allows spectral identification of the isolated compounds, and offers a new avenue for the
use of nanomaterials for the coupled isolation and testing of bioactive properties of plant-made
compounds.
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Introduction

In recent years, studies of the interaction between nanoparticles and plants have focused on
three main areas. Most of the current studies analyzed the effect of nanomaterials and, in
particular, nanoparticles, on plant growth and development. These studies describe the
properties of nanoparticles that influence their uptake by plants as well as their distribution
in plant tissues and effects on plant physiological or biochemical processes (Navarro et al.
2008; Monica and Cremonini 2009; Ma et al. 2010; Dietz and Herth 2011; Rico et al. 2011;
Remédios et al. 2012). Although the number of systematic studies in this research area is
still small and prohibits any general conclusions, the current data strongly suggest that the
interaction of nanoparticles with plants affects both interactors and that the effects on plants
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are generally negative. For example, studies of the effects of titanium dioxide (TiOy)
nanoparticles on Arabidopsis thaliana have shown that particles of different size and surface
characteristics can be internalized and can lead to extensive changes ranging from altered
gene expression to proteasome inhibition and microtubule disassembly (Kurepa et al. 2010;
Wang et al. 2011; Landa et al. 2012). The second best developed area of plant nanobiology
is the bioproduction of nanoparticles using plants or plant extracts (Thakkar et al. 2010;
Kharissova et al. 2013). The main question in this research area is how nanoparticles of
some heavy metals (e.g., Ag, Cu, Au) are formed by exposing plants or plant extracts to
aqueous metal salt solutions. Finally, the third and the least developed subarea in plant
nanobiology explores the applied aspect of nanomaterial/plant interactions such as the
development of tools for targeted herbicide, pesticide or fertilizer delivery (Torney et al.
2007; Gonzalez-Melendi et al. 2008; Perez-de-Luque and Rubiales 2009; Corredor et al.
2010; Rai and Ingle 2012).

In this current study, we focus on another applied aspect of plant nanobiology: the potential
use of nanoparticles for the isolation of plant natural products. Titanium dioxide
nanoparticles are among the best-studied nanomaterials (Arora et al. 2010). The large
number of studies and the widespread use of TiO, nanoparticles in many areas of science
and technology are a result of the unique properties of this nanomaterial that include
photocatalytic ability, superconductivity and superhydrophylicity. TiO, in nature and at the
nanoscale exists in three phases - anatase, rutile and brookite — which have different sizes of
crystal cells and different electronic and optical properties (Mo and Ching 1995; Naicker et
al. 2005). In addition to the physicochemical properties common to all TiO, phases,
nanoscale anatase TiO, smaller than 20 nm has a specific surface reactivity. Molecules in
the core of TiO, nanoparticles smaller than 20 nm have a regular anatase structure and are
hexacoordinated. Surface molecules, on the other hand, are forced by confinement stress
into a pentacoordinated, square pyramidal orientation. These anatase surface atoms bind
atoms and molecules from the solution to compensate for the coordinative unsaturation. It
has been shown that conjugation of TiO, nanoparticles with ortho-substituted bidentate
ligands relaxes and heals the anatase surface with the highest efficiency (Rajh, Chen et al.
2002; Rabatic, Dimitrijevic et al. 2006). As a consequence, the stability of the chemical
bonds formed on the TiO, nanoparicle surface precludes further modifications of surface
atoms which may lead to reduced nanoparicle aggregation and decreased nonspecific
interactions (Rajh et al. 2002; Thurn et al. 2009). This chemical property has been used to
decorate TiO, nanoparticles with different functional ligands such as oligonucleotides,
peptides, contrast agents and chemotherapeutic drugs (Paunesku et al. 2003; Paunesku et al.
2007; Arora et al. 2012), and it is essential for the method described in this study.

The flavonoids area large group of plant natural products that have a phenylbenzopyran
structure (Marais et al. 2006). Flavonoids differ in the saturation of the pyran (C) ring, in the
placement of the aromatic ring B at the positions C-2 or C-3 of ring C, and in the overall
hydroxylation patterns. Flavonoids may be modified by hydroxylation, methoxylation, or O-
glycosylation of hydroxyl groups as well as C-glycosylation directly to carbon atoms of the
flavonoid skeleton (Marais et al. 2006). Of particular importance for this study is the fact
that many flavonoids contain an enediol group, which suggest that they may act as bidentate
ligands for anatase TiO, nanoparticles. If the chemical bond between flavonoids and TiO,
nanoparticles is strong, desorbtion of the flavonoids from the anatase surface should be
minimal, and thus the replacement of flavonoids with other bidentate ligands present in the
vicinity of the nanoparticles (e.g., in a cellular milieu) is expected to be negligable.
Therefore, anatase TiO, nanoparticles are predicted to be an efficient platform for the
isolation of flavonoids.

Plant J. Author manuscript; available in PMC 2015 February 01.
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The plant flavonoid biosynthetic pathway produces a great variety of pigmented and non-
pigmented compounds (Grotewold 2006). Because large efforts have been devoted to
cloning of the genes encoding the pathway enzymes and their transcriptional regulators, to
the isolation of pathway mutants, and to the understanding of the environmental and
endogenous regulation of the pathway, flavonoid biosynthesis is considered a model system
for complex plant biosynthetic pathways (Grotewold 2006). Flavonoids are synthesized
from the general phenylpropanoid pathway by the action of a metabolon associated with the
cytoplasmic face of the endoplasmic reticulum, and after synthesis, they are transported to
the vacuole where they accumulate (Marrs et al. 1995; Winkel-Shirley 2002; Winkel 2004).
Some enzymes of the flavonoid pathway and some flavonoids have also been detected in the
nucleus (Saslowsky et al. 2005; Polster et al. 2006). In addition, some aglicone flavonoids in
Arabidopsis have been detected in membranes (Peer and Murphy 2006). The genes encoding
flavonoid biosynthetic enzymes are under tight developmental, light, circadian and
phytohormonal control, and are highly inducible by different adverse environmental signals
(Winkel-Shirley 2002). Therefore, it is not surprising that flavonoid composition varies
substantially during development and that it is influenced by growth conditions. Diverse
methods for the analysis and identification of flavonoids have been established (Stobiecki
and Kachlicki 2006). However, it needs to be noted that many of the naturally occurring
flavonoid derivatives are labile, which tends to preclude their isolation and purification
without degradation or chemical alteration (Stobiecki and Kachlicki 2006).

In this study, we used phosphorylated, ultra-small anatase TiO, nanoparticles to directly
“harvest” flavonoids from Arabidopsis plants. We show that uptake of nanoparticles by
intact plants or callus tissue leads to the formation of flavonoid-TiO, nanoconjugates that
are spontaneously secreted into the incubation medium. As predicted by the specific surface
chemistry of ultra-small anatase TiO, nanoparticles, mass spectrophotometric analyses of
the isolated flavonoids revealed an enrichment of quercetin derivates that contain the
catechol group. Thus, we introduce anatase TiO5 nanoparticle-enabled nanoharvesting as a
high-resolution, quantitative and scalable technique that allows the analyses of a specific
fraction of the plant metabolome.

Results and discussion

Ultra-small anatase TiO, nanoparticles can bind Arabidopsis flavonoids in vitro

The ultra-small anatase TiO, nanoparticles, which we used for both in vitro and in vivo
experiments, were first coated with phosphate ions by dialysis of bare nanoparticles against
phosphate buffer. Phosphorylated TiO, nanoparticles are known to be more stable and to
aggregate less at different pH values than bare nanoparticles (Wu et al. 2007), and thus offer
a more stable functionalization platform for in vivo and in vitro experiments. Furthermore,
phosphorylated TiO, nanoparticles were also shown to be more reactive towards enediol
ligands (Wu et al. 2007).

Most Arabidopsis flavonoids are derivatives of the flavonols quercetin and kaempherol and
the anthocyanidin species cyanidin (Veit and Pauli 1999; Yonekura-Sakakibara et al. 2008;
Nakabayashi et al. 2009). To test if quercetin and kaempherol bind to ultra-small anatase
TiO,, we performed the in vitro surface functionalization of phosphorylated ultra-small
anatase TiO, nanoparticles (Figure 1). We also tested trans-chalcone (1,3-diphenyl-2-
propen-1-one), which has no enediol groups and is similar to the flavonoid biosynthesis
intermediate chalcone (Figure 1a). Binding of functional groups to the nanoparticle surface
can often be detected by (1) a color change of the nanoparticle suspension after addition of
the functionalizing agent and (2) a shift in the absorption peaks of the functionalized
nanoparticles (e.g., (Meng et al. 2008; Kurepa et al. 2010)). The UV-Vis absorption spectra
of functionalized TiO, nanoparticles shows batochromic and/or hypochromic effects; the
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maximal absorption peak of the functionalizing agent is red-shifted and broadened after it
binds to nanoparticles. We observed a color change from yellow to orange when equimolar
ratios of quercetin or kaempherol and ultra-small TiO, nanoparticles were mixed (Figure
1b). Comparison of the UV-Vis absorption spectra of the ultra-small TiO, nanoparticle
suspension, quercetin or kaempherol solution, and quercetin- or kaempherol-TiO,
nanoconjugate suspension proved that the nanoparticles have been functionalized: the
prominent 375 nm quercetin and 370 nm kaempherol peaks were reduced in intensity and
broadened towards the longer wave lengths. Thus, the UV-Vis absorption spectra of the
nanoconjugates were characterized by both batochromic and hypochromic effects (Figure
1c). trans-Chalcone, on the other hand, did not alter the absorption of the TiO, nanoparticle
suspension, suggesting that it did not bind to the nanoparticle surface (Figure 1).

Functionalization of TiO, nanoparticles with cyanidin and its glycosylated form cyanidin-3-
glycoside has been studied with the aim to develop dye-sensitized solar cells (Cherepy et al.
1997; Meng et al. 2008). Cyanidin and its derivates have been shown to rapidly react with
anatase nano-TiO» leading to the formation of the blue quinoidal cyanidin form from the red
flavylium cyanidin form. To confirm that cyanidin-derived anthocyanins bind to our
phosphorylated ultra-small anatase TiO, nanoparticles, we isolated total anthocyanins from
aerial parts of four-week-old Arabidopsis plants, and added nanoparticles to the extracts.
The color of the anthocyanin solution changed from pink to dark purple, suggesting the
transition of cyanidin glycosides from the flavonium to the quinoidal form (Figure 2). The
UV-Vis absorption spectra of the TiO5 conjugates with anthocyanins showed hypochromic
and batochromic effects. Different cyanidin derivates in Arabidopsis have a maximal
absorption in the 518 nm-537 nm range (Shi and Xie 2010). In the anthocyanin-TiO»
nanoconjugates sample, the cyanidin-specific absorption peak was broadened and red shifted
to an apparent maximum of 590 nm. Thus, similar to purified cyanidin and cyanidin-3-
glycoside (Cherepy et al. 1997; Meng et al. 2008), Arabidopsis cyanidin glycosides can
form a stable complex with TiO, nanoparticles. In conclusion, phosphorylated ultra-small
anatase TiO, nanoparticles can conjugate the major Arabidopsis flavonol aglicons as well as
anthocyanins, which suggested that at least from the standpoint of their chemical reactivity,
phosphorylated ultra-small anatase TiO, nanoparticles can be used for the isolation of
flavonoids.

Anatase TiO, nanoparticles bind flavonoids in planta

The next essential requirement for the in planta conjugation of flavonoids to TiO,
nanoparticles is that nanoparticles are imported into the plant cell and that they localize in
the subcellular compartments that contain flavonoids. We have previously shown that ultra-
small (3 -5 nm) anatase TiO, nanoparticles are taken up by Arabidopsisthaliana, and are
distributed in a tissue- and organ-specific manner (Kurepa et al. 2010). In many cell types
(e.g., root cells and some epidermal cells), TiO, nanoparticles accumulated in the vacuole
that is known to contain the largest cellular pool of flavonoids (Grotewold 2006; Kurepa et
al. 2010). Since ultra-small anatase TiO5 nanoparticles and flavonoids co-localize in the cell
and because these nanoparticles can bind anthocyanin species and flavonol aglicones
synthesized by Arabidopsis plants (Figures 1 and 2), we expected that flavonoid-TiO,
nanoconjugates would form inside plant cells.

Compared to some other plant species, Arabidopsis plants are not a rich source of
flavonoids. However, flavonoid metabolism in Arabidopsis is particularly well researched,
and the identity of the flavonoid compounds has been determined and analyzed in different
organs and at different stages of development (Veit and Pauli 1999; Yonekura-Sakakibara et
al. 2008; Nakabayashi et al. 2009). It has been also established that the accumulation of
anthocyanins in vegetative tissues is a hallmark of stress (Winkel-Shirley 2002; Lillo et al.
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2008). To aid the visualization of nanoharvesting, we used both unstressed and stresses
plants as the starting material. We selected a high-sucrose treatment to boost the
anthocyanin content of Arabidopsis seedlings. The sucrose-dependent induction of genes
involved in anthocyanin biosynthesis has been well documented (Tsukaya et al. 1991;
Solfanelli et al. 2006; Lillo et al. 2008). The molecular mechanism responsible for the
coordinative transcriptional regulation of anthocyanin biosynthetic genes has also been
resolved, and it involves a sucrose-induced increase in the transcript level and presumably
activity of the transcription factor PAP1 (Teng et al. 2005). In addition, the identities of the
anthocyanin species that accumulate in sucrose-treated Arabidopsis plants have been
described (Pourcel et al. 2009). Thus, currently the only unexplored effect of sucrose is the
extent of the sucrose-induced changes in the flavonol metabolome.

We performed comparative mass spectrometric analyses of total flavonoids isolated from
plants grown on normal and on high-sucrose medium (Figure 3 and Figure S2). In plants
grown on high-sucrose medium, flavonol levels increased but the accumulation of all
different flavonol species was not effected by sucrose to the same extent (Figure 3 and
Figure S2). For example, analyses of the relative peak intensity of different flavonols in
stressed versus unstressed plants revealed that extracts of plants grown on 4% sucrose were
enriched in both quercetin and kaempherol derivates, but that different glycosides
accumulated to different levels (Figure 3b, Figure S2 and Table S2; see Figure S1
nomenclature and structure of all Arabidopsis flavonoid species). The highest increase was
observed for the most decorated flavonols f3 and f8 (3 and 6 times, respectively; Figure 3b
and Table S2), whereas the increase of glucosylated forms f2 and f6 was not significant
(Figure 3b and Table S2). The physiological relevance of the sucrose-induced flavonoid
biosynthesis in general and the accumulation of highly glycosylated flavonoid species in
particular is currently unknown. Nevertheless, the high-sucrose stressed Arabidopsis plants
represented a complex pool of identified flavonoids which would be useful to follow and
visualize nanoharvesting and determine the specificity of flavonoid binding to the TiO,
nanoparticles.

To start testing if TiO, nanoparticles can also be coated with flavonoids via uptake in intact
plant tissues, we co-incubated the nanoparticles with rosettes of plants grown for 4 weeks on
media containing 1% or 4% sucrose (Figure 4a and Figure S3). After 4 hours of incubation
in the dark at 22°C, a blue colored precipitate started to form around leaves of plants grown
on 4% sucrose (Figure 4a and Figure S3). The blue color of these nanoconjugates suggested
that TiO, induced the transition of cyanidin glycosides from the flavonium to quinoidal
form, which occurs when cyanidin glycosides are bound to TiO, nanoparticles and exchange
electrons. The precipitates were then pelleted, resuspended in phosphate buffer and used for
spectrophotometric analyses. The UV-Vis spectra of the nanoconjugate suspensions isolated
from plants grown on 1% or 4 % sucrose showed that nanoconjugates isolated from 4%
sucrose-grown plants have two broad peaks: one with an apparent maximum at 600 nm, and
the other at 400 nm. These two absorption maxima resemble the absorption peaks seen in
the in vitro conjugation experiments with single flavonols and total anthocyanins,
respectively (Figures 1 and 2). Co-incubation of other tissues (e.g., roots) with nanoparticles
also resulted in the accumulation of TiO, nanoconjugates (Figure S3). Roots, which are
known to have a different flavonoid composition compared to leaves (Yonekura-Sakakibara
et al. 2008), yielded yellow-orange nanoconjugates (Figure S3). Thus, a simple co-
incubation of plant tissues with ultra-small anatase TiO, nanoparticles led to the formation
of extracellular nanoconjugates that have the expected spectral characteristics of TiO»
nanoparticles functionalized with flavonoids.

Plant J. Author manuscript; available in PMC 2015 February 01.
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Analyses of nanoharvesting parameters

Before engaging in the identification of molecules that are bound to anatase TiO,
nanoparticles in vivo, we tested the effects of different parameters on the nanoharvesting
yield. As expected, the quantity of flavonoids in plant tissues (e.g. total anthocyanin levels;
Figure 4) and the concentration of nanoparticles used for the harvesting (Figure S4a,b) were
positively correlated with the yield. Also as expected, the yield was influenced by the
harvesting temperature: the lower the temperature, the lower the yield (Figure S4c). The
effect of the pH of the co-incubation media was more complex. TiO, nanoparticle surface
properties typically depend on the pH of the surrounding media: at low pH values, surface
molecules become protonated (taking the form of TiO,H5) while at high pH values, they
become hydroxylated. Because the net charge of anthocyanins is also pH-dependent,
nanoharvesting was not effective at low and high pH (due to the mutual repulsion of
nanoparticles and flavonoids) and has to be conducted at pH range of 5-7 (Figures S5 and
S6).

Identification of flavonoids harvested by anatase TiO, nanoparticles

To determine the identities of the nanoharvested molecules, we released them from the
nanoparticles at low pH and analyzed them using mass spectrometry (Figures 5, 6, S7 and
Tables S1 and S2). These analyses revealed that both flavonol glycosides (kaempherol and
quercetin derivates) and anthocyanins (cyanidin glycosides) were bound to the
nanoparticles. Analyses of the relative abundances showed that, although almost all
flavonoid species present in the plant cell bound to the nanoparticles, some molecules were
isolated at disproportionately higher amounts. For example, comparison of different
flavonols showed that quercetin derivates were enriched compared to kaempherol derivates
in samples nanoharvested from both plants grown on 1% and 4% sucrose (Figure 5). In
plants grown on 4% sucrose relative levels of quercetin derivates were 8.5 + 2.5%, 7.6 £
3.4% and 10.4% £ 2.9% for 3, f4 and f5, respectively. The relative levels of these
compounds among the flavonols bound to anatase nanoparticles was 29.6 + 14.6% (f3), 19 +
8% (f4) and 32 £ 10.8 5 (f5) (Figure 5, Table S2). Thus, as predicted by the known surface
reactivity of anatase nanoparticles, molecules with a catechol group (i.e., quercetin
derivates) were enriched.

The f1 kaempherol derivate (kaempferol 3-O-a-L-rhamnopyranoside-7-O-a-L-
rhamnopyranoside) was also nanoharvested with significant efficiency (Figure 5, Table S2).
This kaempherol derivate is not more abundant than 2 and f3 (Figure 5, Table S2) which
suggested that it is not the relative amount but rather a chemical property of f1 that led to its
isolation by nanoharvesting. Since f1, f2 and f3 differ only in the sugar composition, it
follows that sugar moieties function as a secondary “selection criteria” for binding to the
nanoparticles. This was also the case for the anthocyanin species bound to anatase TiO,
nanoparticles. All anthocyanin species in Arabidopsis are derivates of cyanidin that contains
a catechol group in the ring B position. Comparison of the abundance of anthocyanin
molecules present in the plant with those isolated by nanoharvesting showed that the
“selection pressure” for binding to nanoparticles was driven by the nature of the sugar side-
chains (Figure 6). For example, ~50% of the isolated anthocyanins are identified as the A3
derivate, which is one of the least abundant species in extracts of plants grown on 4%
sucrose and is not detectable in plants grown on 1% sucrose (Figure 6, Tables S1 and S2).
Al, A4, A6 and A7 derivates were also enriched. Structural analyses of the enriched
anthocyanins revealed that the common characteristic is the presence of hydrogen in the R3
position (Figure 6). On the other hand, the presence of a synapoyl group in the R1 position
acted as a “negative selection” for binding. The most striking example is A11, the most
abundant cyanidin derivate in Arabidopsis. The relative abundance of A11 among the
nanoharvested flavonoids was ~ 5% (Figure 6). Overall, these results suggested that the

Plant J. Author manuscript; available in PMC 2015 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 7

flavonoids extracted by nanoharvesting were enriched for the presence of specific chemical
groups, with the catechol group being the most favored.

The viability of plants and tissues after nanoharvesting

Exposure to nanoparticles results in a dose- and time-dependent decrease of cell viability
(Manke et al. 2013; Suresh et al. 2013). The generation of reactive oxygen species (ROS) is
the primary mechanism of nanoparticle toxicity (Nel et al. 2006). The capacity of
nanoparticles to produce ROS inside the cell is influenced by their surface reactivity,
chemical composition and interactions with cellular components (Nel et al. 2006). Thus, it is
easily envisioned that co-incubation of plant tissues with ultra-small nanoparticles, which
have a high surface-to-volume ratio, and therefore high surface reactivity, leads to cellular
damage. Indeed, a 2-hour-long incubation with TiO5 nanoparticles (76.6 mg/L) leads to a
marked increase in superoxide radical production and in the number of cells stained with the
SYTOX Green vital stain (Figure S8).

However, from the standpoint of the nanoharvesting methodology, some degree of cellular
damage is inconsequential provided that it allows the source plant to survive the treatment.
Thus, we next analyzed weather our nanoharvesting conditions allow the plants/tissues used
as the source of flavonoids to remain viable and a continuous source for flavonoids of
interest. For these assays, we used the papl-D line which overexpresses the PAP1 MYB
transcription factor (Borevitz et al. 2000) and thus has a high flavonoid content that allows
the facile visualization of nanoharvesting. The use of the pap1-D line also circumvented the
need for anthocyanin-inducing stress conditions, thus providing optimal growth conditions
to test for viability and growth inhibition. We tested the post-harvesting viability in pap1-D
seedlings and in calli from papl-D hypocotyl explants (Figure 7). Both seedlings and calli
were incubated for 4 hours at room temperature either in buffer or in the 76.7 mg/L
suspension of anatase TiO, nanoparticles. Following the treatment, tissues were extensively
washed in sterile water and used for viability tests. Treated calli were transferred to either
calli or shoot inducing media (Figure 7a). After six weeks of incubation, calli incubated in
buffer and in nanoparticles suspension did not differ either on calli-inducing or shoot-
inducing media (Figure 7a). Similar to the pap1-D calli, seedlings treated with nanoparticles
remained viable (Figure 7b). However, we observed that the root elongation of the treated
seedlings was affected by the treatment (Figure 7b). Considering that nanoparticles
preferentially bind to roots when whole seedlings are incubated in a nanoparticles
suspension (Kurepa et al. 2010), it was not surprising that the root tissue was more affected
by the treatment than the shoot.

The use of TiO, nanoparticles as a selective matrix to concentrate enediol compounds or to
isolate and concentrate phosphorylated peptides has been reported previously (Pinkse et al.
2004; Larsen et al. 2005). However, both methods required the prior extraction of molecules
of interest followed by post-treatment with nano-TiO,. Our surprising finding that anatase
nanoparticles can be used for the direct isolation of flavonoids from intact plant tissues
implies that flavonoid-nanoparticle libraries can be easily prepared from limited amounts of
tissues derived from different plants, organs or developmental stages. This isolation strategy
could be particularly advantageous for the high-throughput, large-scale screening for novel
secondary metabolites with therapeutic potential. In addition, anatase TiO, nanoparticles
could be used not only as an isolation and enrichment matrix, but also as a delivery
platform. Ultra-small 3-5 nm TiO, nanoparticles bound to different functional groups can
enter metabolically active mammalian cells by endocytosis (Thurn et al. 2011). Thus,
flavonoid/nanoparticle complexes prepared under sterile conditions in physiologically
compatible buffers, could be used for treatments of mammalian cells in-line with the plant
cell-based isolation step.
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Furthermore, the flavonoid-nanoconjugates isolated from different sources could also serve
as a selection platform for screens aimed at for example the identification of flavonoid-
binding proteins. The inherent flexibility and scalability of nanoharvesting suggests it may
be used as a versatile discovery tool. The uptake of TiO, nanoparticles by plants also
suggests that this nanomaterial can be used for targeted delivery of compounds to plant cells.
TiO, nanoparticles and TiO, nanocomposites have both been used for delivery of ligands to
mammalian cells (Arora et al. 2012; Paunesku et al. 2003; Paunesku et al. 2007). In contrast
to animals, methodology for delivery of different ligands (e.g., oligonucleotides, peptides or
secondary metabolites) to plant cells and strategies for intracellular ligand release from TiO,
nanoconjugates have not yet been developed.

Experimental Procedures

Nanomaterials

The synthesis and characterization of ultra-small anatase TiO, nanoparticles used in this
study have been described (Kurepa et al. 2010). In brief, TiO, nanoparticles were
synthesized by a low-temperature alkaline hydrolysis, dialyzed against sterile 10 mM
Na,HPO4 pH 5.7 (Mini Dialysis Kit with a 1 kDa cut-off, GE Health Care, http://
www3.gehealthcare.com), and either used immediately after dialyses or kept at 4 °C for a
maximum of two weeks. Dialyzed nanoparticles aggregated, but were easily resuspended
after vortexing and sonication for 5 minutes in the sonicating water bath. The average
diameter of nanoparticles was 2.8 £ 1.4 nm and their characteristics have been previously
described (Kurepa et al. 2010). Unless stated otherwise, the concentration of the TiO,
nanoparticle suspension used was 76.67 mg/L and the total particle surface was 304 cm?.

In vitro functionalization of TiO, nanoparticles

TiO, nanoparticle suspension (76.67 mg/L with surface site molarity of 4.11 mM) was
mixed 1 volume of 4 mM quercetin, kaempherol or trans-chalcone dissolved in DMSO.
Quercetin, kaempherol, and trans-chalcone were from Sigma-Aldrich (http://
www.sigmaaldrich.com/). Surface functionalization was done for 30 minutes at 22°C. Prior
to UV-Vis analyses, both nanoparticle and nanoconjugate suspensions were vortexed and
sonicated for 1 min, and 1 pl was used to determine the absorption spectra using a
NanoDrop 2000.

Plant lines and growth conditions

Two Arabidopsis lines were used: the wild-type Col-0 and papl-D, a line overexpressing the
PAP1 MYB transcription factor in the Col-0 background (Borevitz et al. 2000). Sterile-
grown plants were used in all experiments. Seeds were surface sterilized (5 min 70%
ethanol, 3 rinses with sterile water, 20 min 50% commercial bleach, and 3 rinses with sterile
water) and stratified for 2 days. Plants were grown in a controlled environmental chamber
(22°C, relative humidity ~60%, light of ~140 pmols~tm=2) on half-strength Murashige and
Skoog medium (MS/2) at pH 5.7 (http://www.phytotechlab.com) containing 0.8% and either
1% or 4% sucrose.

Anthocyanin extraction for UV-Vis analyses

Prior to acidic aqueous methanol extraction (Kubasek et al. 1992), plants were blotted dry
and weighed. Absorbance at 520 nm (peak absorption of cyanidin derivates) was measured
using a DTX 880 Multimode Detector (Beckman Coulter).
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Nanoharvesting

Sterile plants or dissected organs were immersed into a suspension of phosphorylated
nanoparticles. The co-incubation was done on a rocker (10 rpm) at room temperature (22°C)
in the dark. After harvesting, the plant tissue was removed, nanoparticles coated with
metabolites were collected by centrifugation (1 min 1000 g), and the pellet was resuspended
in 1/10 V of 10 mM Na phosphate buffer (pH 5.7). The suspension was used for UV-Vis
analyses using a NanoDrop 2000.

Flavonoid-targeted analysis using LC-ESI-Q-TOF-MS

The areal parts of four-week-old plants were harvested, and separated in two batches. The
first batch was lyophilized and used for the isolation of flavonoids as described (Yonekura-
Sakakibara et al. 2008). In brief, lyophilized tissue was homogenized in MeOH-CH3COOH-
H>0 (9:1:10) using a mixer mill (MM 300, http://www.retsch.com/) with zirconia beads for
10 min at 20 Hz. The second batch was used for nanoharvesting. After nanoharvesting,
plants were removed and nanoparticles were collected by centrifugation (1 min 1000 g). The
bound molecules were released with MeOH-CH3COOH-H,0 (9:1:10). After centrifugation
at 15,000 g and filtration (Ultrafree-MC filter, 0.2 pm, Millipore), plant molecules released
from nanoparticle surfaces (5 pl) were applied to an LC-MS system with an electrospray
ionization (ESI) interface (LC, Waters Aquity UPLC system; MS, Waters Q-TOF Premier).
The LC system conditions were: column, Aquity bridged ethyl hybrid (BEH) C18 (pore size,
1.7 pm, length 2.1 x 100 mm, Waters); column oven temperature, 38 °C; flow rate, 0.3 ml
min~1; solvent, solvent A (H,O with 0.1 % formic acid) and solvent B (CH3CN with 0.1 %
formic acid); gradient profile, 0 min 10% B, 25 min 20% B, 27.5 min 100% B, 30 min 10%
B. Lidocain was used as an internal standard. The MS conditions used were previously
described (Matsuda et al. 2009).

Viability assays

To generate calli, papl-D seeds were plated on MS/2 media, stratified for 2 days and
exposed to light for 6 hours to promote germination. Seedlings were grown in the dark for 4
days and then transferred to light for an additional 7 days of growth to obtain long and thick
hypocotyls. Hypocotyls were excised and positioned on MS media supplemented with 0.1
mg/L 2, 4-D and 0.25 mg/L kinetin to stimulate the generation of calli. After 6 weeks of
cultivation, calli were excised, halved and one half was incubated in 10 mM sodium
phosphate buffer pH 5.7 and the other in the nanoparticle suspension. Following the
incubations, calli were extensively washed in sterile water and transferred to callus inducing
plates (MS with 0.1 mg/L 2, 4-D and 0.25 mg/L kinetin and 2% sucrose) or shoot inducing
plates (MS with 0.1 mg/L 2, 4-D and 0.6 mg/L 2-iP and 2% sucrose).

For seedling viability assays, papl-D seedlings grown on vertically positioned MS/2 plates
for six-days were incubated in buffer or in the nanoparticles suspension. After 4 hr,
seedlings were removed from the harvesting solution, extensively washed in sterile water
and returned to MS/2 plates. Initial root length was marked and plates were positioned
vertically in the growth chamber. After 7 days of growth the root length was marked and the
root length was calculated by subtracting the initial from the final length.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. In vitro functionalization of phosphorylated TiO2 nanoparticles (NP) with selected
flavone aglicones

(a) Structure of quercetin (Q), kaempherol (K) and trans-chalcone (CH). The catechol group
and vicinal hydroxyl groups that may bind to TiO, NPs are circled. The flavonoid rings A, B
and C are labeled.

(b) Appearance of the TiO, NP suspensions after functionalization with Q, K or CH. Surface
functionalization was carried out for 30 minutes at 22°C. thirty minutes-long
functionalization at 22°C. Q-TiO, nanoconjugates (NC) mostly precipitated whereas K-TiO»
NC remained in suspension.

(c) UV-Vis absorbance spectra of TiO, NP, Q, K, CH solutions and Q-, K- and CH-TiO».
NC suspensions. Phosphorylated ultra-small anatase TiO, NPs do not absorb light at
wavelengths above 350 nm. Compared to the Q and K solutions, the absorbance peak of Q-
and K-coated TiO, NCs was broadened (hypochromic effect of the NP functionalization).
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Figure 2. In vitro functionalization of phosphorylated ultra-small anatase TiO2 nanoparticles
(NP) with Arabidopsis anthocyanin (A) extract

Total anthocyanins were isolated using the acid methanol extraction method from four-
week-old sterile-grown plants. NPs were added to the extract to final NP mass concentration
of 76.7 mg/L and the suspension was incubated at 22°C for 30 minutes. UV-Vis spectra of
anthocyanins and anthocyanin nanoconjugates (A-NC) shows that compared to the
absorbance of the total anthocyanin extracts that has a prominent peak at 530 nm, the
absorbance peak of A-NCs is red-shifted and broadened. Insert shows that the color off the
anthocyanin solution changed from fuchsia to dark purple after the addition of TiO, NPs.
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Figure 3. Analyses of sucrose-induced flavonols

(a) Representative UHPLC chromatograms of the aqueous acid methanol extracts from
rosettes of four-week-old Col-0 plants grown on MS/2 media containing 1% or 4% sucrose.
Labels correspond to compounds listed in Figure S1. s1, s2 and s2i are sinapoyl derivatives
(Yonekura-Sakakibara et al., 2008). Detection: 320 nm.

(b) Relative levels of flavonol derivates in Col-0 plants grown on MS/2 media containing
1% or 4% sucrose. Relative abundance was calculated from average relative peak intensity
and error bars are standard deviation. Source data are presented in Table S2.
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Figure 4. Nanoharvesting from Arabidopsis r osettes

(a) Nanoharvesting workflow. Four-week-old plants grown on MS/2 media with either 1%
or 4 % sucrose were submerged into suspension of phosphorylated ultra-small anatase TiO2
nanoparticles (NP) and incubated in the dark at 22°C for 2 hours. The final of the suspension
was pH 6.0 and final mass concentration of nanoparticles was 76.7 mg/L. A blue precipitate
(red arrow) formed around plants with high anthocyanin levels. The precipitate was pelleted
by centrifugation.

(b) UV-Vis spectra of the nanoparticles used for harvesting, and the nanoconjugates (NC)
isolated from plants grown on 1% or 4% sucrose. The nanoconjugate pellets shown in (a)
were resuspended in 10 mM Na phosphate buffer, vortexed and sonicated prior to
spectrophotometry.
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Figure5. Selective nanoharvesting of flavonol derivates

(a) and (b) The relative abundance of flavonols in rosette extracts of plants grown on 1% (a)
and 4% sucrose (b) media compared to relative abundance of flavonols released from
nanoconjugates. The relative abundance was calculated from the average relative peak
intensity (RI) + relative standard deviation (RSD) (n=3). The sum of the relative peak of all
detected flavonols was assigned the value of 100%.The source data are presented in Tables
S1and S2.

(c) Formulas of flavonol derivates detected in aqueous acid methanol extracts of plants and
nanoconjugates. The phenol and catechol groups of the flavonol B ring are encircled, and
the sugar moieties linked to the 3-O position of the flavonol ring (R2) are listed below the
formulas. Rha, rhamnopyranose; Glu, glucopyranose.
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Figure 6. Selective nanoharvesting of cyanidin derivates from Col-0 plants grown on 4% sucrose
(@) The relative abundance of 3-O- and 5-O-sugar modified cyanidin derivates in rosette
extracts compared to cyanidin derivates released from the nanoparticle coronas was
calculated from the average relative peak intensity (RI) + relative standard deviation (RSD)
(n=3). The sum of the relative peak of all detected anthocyanin species was assigned the
value of 100%.The source data are presented in Tables S1 and S2.

(b) Formulas of cyanidin derivates detected in aqueous acid methanol extracts of plants and
nanoconjugates. The catechol group is encircled.
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Figure 7. Post-harvesting viability of flavonoid sour ce tissues

(a) Post-harvesting viability of calli. Calli from hypocotyl explants of pap1-D plants were
incubated in 10 mM phosphate buffer or in 76.7 mg/L nanoparticle (NP) suspension. After a
4 hr treatment in the dark, calli were removed from the harvesting solution, washed in sterile
water and transferred to callus induction media (CIM) or shoot induction media (SIM) to
test viability. Calli and shoots were photographed 6 weeks after transfer. To determine
nanoharvesting yield, the nanoconjugates (NC) suspension was vortexed, sonicated and 1 pl
was analyzed by UV-Vis absorbance spectroscopy.

(b) Post-harvesting viability of seedlings. Seedlings were incubated in buffer or 76.7 mg/L
nanoparticle suspension for 4 hr, then removed from the harvesting solution, extensively
washed in sterile water and returned to MS/2 plates. Root elongation was measured after 7
days of growth on vertically positioned plates. Data are mean + SD (n=10 seedlings per
treatment, 2 replicate treatments). Harvested nanoconjugates were pelleted, resuspended in
50 pl of 10 mM phosphate buffer and 1 pl was analyzed by UV-Vis absorbance
spectroscopy.
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