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ABSTRACT: Gold nanoparticles (Au-NPs) are used as catalysts for a diverse
range of industrial applications. Currently, Au-NPs are synthesized chemically, but
studies have shown that plants fed Au deposit, this element naturally as NPs within
their tissues. The resulting plant material can be used to make biomass-derived
catalysts. In vitro studies have shown that the addition of specific, short (~10
amino acid) peptide/s to solutions can be used to control the NP size and shape,
factors that can be used to optimize catalysts for different processes. Introducing
these peptides into the model plant species, Arabidopsis thaliana (Arabidopsis),
allows us to regulate the diameter of nanoparticles within the plant itself, .~
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consequently influencing the catalytic performance in the resulting pyrolyzed

biomass. Furthermore, we show that overexpressing the copper and gold COPPER TRANSPORTER 2 (COPT2) in Arabidopsis
increases the uptake of these metals. Adding value to the Au-rich biomass offers the potential to make plant-based remediation and
stabilization of mine wastes financially feasible. Thus, this study represents a significant step toward engineering plants for the
sustainable recovery of finite and valuable elements from our environment.

KEYWORDS: gold, Arabidopsis, catalysis, nanoparticles, peptides, phytomining, metals

B INTRODUCTION

Gold (Au) and platinum group metals (PGMs) are rare
elements and are important in an increasing number of
biotechnological applications. The chemical properties, and
particularly catalytic activities of these metals, mean that
suitable substitutes are lacking. However, existing reserves are
both dwindling and vulnerable to geopolitically controlled
supply restrictions." These factors mean that it is essential that
remaining reserves are not dispersed into the environment but
used and recycled responsibly. Mining metals has relatively
high environmental impacts per kilogram,2 and resultant mine
waste areas can be dangerously unstable and leach toxic
metals.” One way to capture and concentrate these metals
while revegetating and stabilizing waste areas is through
phytomining.*

Plants dosed with Au, as KAuCl, (or Au’, which is then
solubilized using cyanide-containing compounds), are known
to take up, and deposit, this element within their tissues as
nanoparticles (NPs).>® Many microorganisms also produce
metal NPs including Au and PGMs.”~” These bioderived metal
NPs have also shown promising catalytic ability in a variety of
industrially important reactions such as hydrogenation, Stille,
and Suzuki and Heck coupling reactions.””” Metal NPs are
currently synthesized using chemical and physical methods
requiring pure starting metals and solvents or harmful
chemicals. Using microorganisms to synthesis Au-NPs could

© XXXX The Authors. Published by
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potentially be more environmentally friendly and cost-
effective.® While microorganisms are already used commer-
cially to recover Au from relatively concentrated wastes such as
waste electrical and electronic equipment recycling (WEEE),"
plants are better models for mining very dilute concentrations
of these valuable metals from larger areas such as mine tailings
and road sweepings. In addition, soils in these areas are often
degraded and polluted, with a low biodiversity and poor soil
structure; plants can remediate soils and restore local ecology.”
Using the resulting biomass for catalysis could add further
commercial value toward making phytomining commercially
viable. To achieve these benefits, plants need to take up and
accumulate financially viable levels of the target metal. Plant
hyperaccumulators concentrate specific metals including
nickel, Cu, and zinc in their tissues to many-fold higher
concentrations than those of the surrounding soil.'" While Ni
hyperaccumulators in the Odontarrhena genus (Brassicaceae)
are currently used to commercially extract Ni from soils, no
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Figure 1. Expressing Au-reducing peptides in Arabidopsis. (A) Schematic showing the Au ion reducing and binding properties and the reported NP
size from in vitro experiments on four synthetic peptide sequences reported by Tan et al.'” *, Tan reported that NPs were not observed for in vitro
studies using this peptide. (B, C) Relative expression of peptide-encoding genes in leaf tissues from plant lines. Fold increase, relative to the
Arabidopsis ACTIN gene, was calculated using the 2AACt method.”® Results are the mean from three biological replicates + SD; results for three
independently transformed plant lines for each peptide-expressing construct are shown. X, L, M,,, and S, represent results from each of three,
independently transformed lines expressing peptide sequences designed to produce X-Large-, Large-, Medium-, and Small-NPs, respectively.

hyperaccumulators of Au or PGMs'> have yet been identified
and are unlikley to occur naturally.

While using plants to extract metals, including Au, from the
environment is not new, the costs of growing, harvesting, and
transporting the metal-rich plant biomass, in addition to the
cost of smelting to the base metal, have been prohibitive to the
development of this technology.'” Studies have shown that
following a low-energy pyrolysis step, the Au- and palladium
(Pd)-rich plant biomass can be used directly as a catalyst,
potentially negating costs associated with smelting the plant
biomass.”'*"* Life-cycle analysis indicates that this method
can be more environmentally friendly, with a lower carbon
footprint than traditional chemical-based catalyst produc-
tion.'*"> Controlled pyrolysis of the metal NP-containing
plant biomass can also be used to enhance the release of
specific, value-added platform chemicals such as biofuels from
the plant biomass.>~"”

Brown et al. used an Escherichia coli-based, iterative
screening approach in which specific, small (~10 amino
acid) peptide sequences, SEKL and GASL, were identified for
their ability to reduce and bind Au to form NPs."® In vitro
studies demonstrated that a SEKLGASL peptide seeded the
production of Au-NPs with a mean diameter of 180 nm.
Sandwiching two phenylalanine (F) residues, with relatively
low reducing and binding strengths, between the two SEKL
and GASL sequences decreased the NP mean diameter to 80
nm, while replacing the F residues with two tryptophan (T)
residues, with relatively high Au reduction and binding
strengths, further decreased the resultant NP diameter. Finally,
Tan et al.'"” demonstrated that reversing the SEKL and GASL
blocks prevented NP formation.

The application of Au-NPs in catalysis has been extensively
studied,””*" and it has been demonstrated that their catalytic
properties can be dramatically influenced by the shape and size
of the formed particle,””** with optimal catalysis occurring
when the metal NPs used are within the size range of 1—10
nm.”’ Smaller-sized particles have increased surface area to
bulk atom ratios, which allow more surface atoms to be
available for catalytic reactions. Thus, in catalytic reactions,
smaller NPs are more desirable. However, over repeated cycles
of catalysis, NPs coalesce, and the resulting increase in the
mean diameter negatively impacts catalytic activity. This
agglomeration occurs through Ostwald ripening, where the
metal goes into solution, catalyzes the reaction, and then
redeposits on the surface. The result is a reduction in the mean
size of the NPs, which can also increase the catalyst lifetime.

In this study, we selected specific peptide sequences to
express in Arabidopsis thaliana (Arabidopsis), with the aim of
controlling the NP size in planta and thus the catalytic
properties of the subsequently pyrolyzed plant biomass. To
investigate ways to increase Au uptake, we then combined this
peptide-based technology with the upregulation of the
predominantly root plasma membrane-expressed Arabidopsis
COPPER TRANSPORTER 2 (COPT?2), which in addition to
a role in copper (Cu) acquisition and distribution,”* also
imports Au’

B MATERIALS AND METHODS

Production of Transgenic Arabidopsis Expressing
Short Synthetic Peptides. Transgenes to express peptides
producing 180 nm (X-Large-NP), 80 nm (Large-NP), and 40
nm (Medium-NP) mean diameter Au-NP sizes in vitro, along
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Figure 2. Characterization of Au-NP deposition in peptide-expressing Arabidopsis. (A) Appearance of three-week-old, liquid-culture-grown plants
immediately prior to dosing and 24 h after dosing with 0.75 mM potassium(III) tetrachloroaurate. (B, C) Percentage distribution of NP diameters
in liquid-culture-grown Arabidopsis plants expressing synthetic peptides. Results are the mean from three TEM sections from each of three,
independently transformed lines for each peptide-expressing construct & SD; asterisks indicate the level of significant difference (* = p < 0.05; ** =
p < 0.01; *¥** = p < 0.001) tested by one-way ANOVA. (D) Representative transmission electron micrographs showing NPs present in the plastids.
(E) Fresh weight (FW) of the plants when harvested 24 h postdosing. (F) Concentration of Au in the plant tissue, determined using ICP-OES.

with a peptide that inhibited NP production in vitro (Small-
NP),"” were codon-optimized and synthesized for expression
in Arabidopsis. Flanking regions homologous to the insertion
site of the pART7 vector’® were added and the oligonucleo-
tides were commercially synthesized. In-Fusion Cloning
(Clontech Inc.) was used to introduce the peptide DNA
sequence into pART7. The presence of the cassette sequence,
containing the peptide-encoding DNA, flanked by the near-
constitutively expressing CaMV-35S promoter and ocs
terminator regions, was confirmed using pART7 primers
(Table S1) and then transferred into the binary pART27
plasmid using the NotI restriction site."® Following transfer
into Agrobacterium tumefaciens, the pART27-peptide vectors
were transformed into Arabidopsis, ecotype Col-0, using the
floral dip technique.”” The pART27 vector contains a
selectable marker, nptIl, which confers resistance to
kanamycin. The T1 seeds were screened on half-strength
Murashige and Skoog (1/2 MS) agar medium in the presence
of 50 pg/mL kanamycin. The T2 lines with kanamycin-
resistance segregation ratios indicative of single insertional
events were then selected and homozygous T3 lines (judged
by 100% resistance toward kanamycin) were selected for
further analysis.

Peptide Expression Analysis. The presence of the
peptide-encoding sequences in the transformed lines was

confirmed by sequencing, and transcript levels were measured
using qPCR. The RNA was extracted from leaves of three-
week-old, soil-grown plants using QIAGEN miRNeasy Kkits.
The RNA was polyadenylated, and then cDNA was
synthesized using the Agilent Technologies miRNA first-strand
cDNA synthesis kit, with the polyA tail extension reverse
primer and the forward primers listed in Table S1. gPCR was
performed using a SensiFast SYBR No-ROX kit (Bioline) and
peptide-encoding transcript levels expressed relative to the
ACTIN2 gene (At3g18780) and the method of Livak.”®
Production of Transgenic Arabidopsis Expressing
COPT2. The Arabidopsis COPT2 sequence was artificially
codon-optimized (Thermo Fisher Scientific) for overexpres-
sion in Arabidopsis, and intron sequences were removed to
allow transcript quantification of the transgene. The optimized
sequence, with 5’ and 3/, respectively, Xho! and BamHLI sites,
was cloned into pART7 then transferred into the binary
pMLBart vector using the Notl restriction site.”® The
pMLBart-COPT2 vector was transformed into Arabidopsis,
and homozygous T3 lines (judged by 100% resistance toward
Basta) were selected for further analysis, as described above.
COPT2 Expression Analysis. To monitor the expression
of COPT?2, the RNA was extracted from three-week old rosette
leaves and qPCR was performed as described”” using the
COPT?2 primers listed in Table S1, and analyzed as above.
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Production of Transgenic Arabidopsis Expressing the
Small-NP Peptide and COPT2. To investigate the combined
effect of the expression of the Small-NP peptide alongside
increased COPT?2 expression, pMLBART-COPT2 was intro-
duced into the previously characterized Arabidopsis S1 line
(Figure 1C). Three T3 lines homozygous for COPT2 were
selected, as described above, and used for further analysis.

Plant Liquid Culture Experiments. Sterilized Arabidopsis
seeds were sprinkled on agar plates containing 1/2 MS
medium®, stratified in the dark at 4 °C for 3 days, and then
seedlings were grown vertically for 7 days. Subsequent liquid
culture flasks were set up as described” and are shown in
Figure 2A. The plants were grown for 2 weeks, then the
medium was replaced with 20 mL of 0.75 mM potassium(III)
tetrachloroaurate (KAuCl,) in water and returned to the
growth room at 130 rpm for a further 24 h.”” The whole plant
tissue was washed three times in distilled water and then
prepared for transmission electron microscopy (TEM),
inductively coupled plasma optical emission spectroscopy
(ICP-OES), and pyrolysis (see below).

Plant Hydroponic Experiments. To quantify root:shoot
metal partitioning, plants were grown using a hydroponic
system. Ten-day-old seedlings, germinated and grown as
described above, were transferred into cylindrical sponges
placed in polystyrene rafts floating in plastic boxes containing
200 mL of 1/2 MS medium, as shown in Figure 4A. The boxes
were placed in a Sanyo growth chamber, with day and night
temperatures of 21 and 18 °C, respectively, a 12 h
photoperiod, and a 300 umol'm>s™' light intensity. The
growth medium was replaced weekly. Five-week-old plants
were dosed with 1 mM KAuCl, and harvested after 24 h of
exposure.

TEM Analysis. Leaf sections were cut under a fixative, then
prepared as described."* TEM analysis was conducted using a
Tecnai TEM—FEI 12 Bio Twin instrument operating at 120
kV. The NP diameter was measured from TEM images using
Image] software (version 1.5). A minimum of 100 (but often
>250) NPs was measured for each material.

ICP-OES Analysis. All tissue samples were washed three
times with 50 mL of water, and additionally, root tissues were
in root desorption solution (2 mM CaSO, and 10 mM
ethylenediamine tetraacetic acid) for 10 min at 180 rpm. All
tissues were then rinsed three times in water. Samples were
oven-dried at 90 °C for 72 h, then 0.1 g of dried tissue was
disrupted using a glass rod. The tissue was then sonicated for
20 min in a glass vial containing 10 mL of methanol. Following
the evaporation of methanol, samples were digested for 16 h in
500 pL of aqua regia at 110 °C. Cooled samples were diluted
with water to a final volume of 10 mL, filtered using glass
microfibre filters (Whatman), and then the metal content was
determined using an iCAP 7000 series (Thermo Fisher, UK.).
Standards were prepared from Periodic table mix 1 and
Periodic table mix 2 (Merck, U.K.), Au was measured at 267.6
nm (axial), and Cu and Fe were measured at 324.8 and 239.6
nm (radial), respectively.

Formation and Analysis of the Biomass-Derived
Catalyst. To produce the catalyst, the plant biomass was
air-dried, ground to a powder, and then pyrolyzed using a
Barnstead Thermolyne 6000 furnace. Samples were heated to
200 °C with a ramp rate of 10 °C min™' under a N,
atmosphere. The maximum temperature was held for 30 min
and then reduced to room temperature and sample weights
were recorded.

Prior to further analysis of the catalysts, porosity measure-
ments, using a Micrometrics ASAP 2020 porosimeter under
liquid nitrogen and N, as absorbance, estimated a catalyst
surface area of ~3.5 m% g~'. Previous studies on a range of Au
catalysts predicted surface areas greater than ~1000 m?.

~131733 thus, the reaction time was increased from the
reported 4 h’* to 24 h. Catalytic activity of the resultant
carbonized powder was assessed by following the oxidation of
1,2-propanediol under basic conditions as follows. To a 45 mL
pressure reactor, 12 mmol (0.9 mL) of 1,2-propanediol was
added together with 1 equiv of NaOH (12 mmol), 20 mL of
distilled water, and 50 mg of the catalyst material. The sealed
reactor was then washed three times with oxygen prior to
pressurizing with 3 bar of oxygen.”* The reactor was then
heated to T = 60 °C, with stirring at 1000 rpm, and allowed to
proceed for 24 h. Reactions were monitored using GC-FID
with diethyl succinate as a standard. The cooled reaction
products were filtered and then purified by flash column
chromatography using pentane as the solvent. The ATR FT-IR
was carried out on a Bruker Vertex70 ATR FT-IR instrument
fitted with a Specac guest ATR with a germanium ATR

element. The resolution was given as 4 cm~L

B RESULTS AND DISCUSSION

Generating Peptide-Expressing Transgenic Plants.
Arabidopsis lines expressing the synthetic peptide sequences
listed in Figure 1A and designed to produce X-Large-NP,
Large-NP, Medium-NP, and Small-NP, respectively, were
generated. Figure 1B demonstrates that all four, small,
peptide-encoding sequences were successfully expressed in
Arabidopsis; with the Small-NP lines producing 10-fold lower
expression levels than the other three lines. However, none of
the peptides could be detected in plant samples analyzed using
C18 and SCX extraction and either MALDI-TOF mass
spectrometry or LC/ESI-MS/MS.

Formation of Au-NPs. Whole-plant, liquid culture experi-
ments were conducted to investigate the potential of the
peptides to seed the formation of Au-NPs in planta. The
preparation and characterization of the biomass-derived Au
catalyst described here'* were adapted from previously
published work™ for the synthesis of Au-NPs. The liquid
culture was chosen over a soil-based system as Au could be
dosed at a relatively high concentration and in the ionic form,
enabling sufficient NP deposition for subsequent analysis.

Figure 2A shows the appearance of the plants prior to
dosing. At 24 h postdosing, all plant tissues were a dark purple
color, as reported previously,’ and seen within 3 h for Pd."*
This color is indicative of Au-NP formation, the result of
surface plasmon resonance of these NPs causing an absorption
of light in the blue-green portion of the spectrum while
reflecting red-purple light. Large numbers of NPs could be
readily discerned in the TEM images of leaf tissues (Figure
S1). Subsequent TEM analysis confirmed the presence of NPs
located indiscriminately across organelles and cytoplasmic
regions (Figure S1). In agreement with the in vitro experi-
ments, the Small-NP lines contained the highest (23%)
distribution of small (<10 nm) Au-NPs followed by
Medium-NP, Large-NP, and X-Large-NP lines with 20, 20,
16, and 8%, respectively (Figure 2B). A trend in the opposite
pattern was observed for large (>30 nm) NPs, with the Small-
NP, Medium-NP, wild-type, Large-NP, and X-Large-NP
containing distributions of 2, 4, 6, 4, and 8% large (>30 nm)
NPs, respectively (Figure 2C). Figure 2D shows representative
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Figure 3. Characterization of the pyrolyzed biomass. (A) Mass loss of the biomass postpyrolysis. Wild type n = 3 & SD, for the transgenic lines;
results shown are single measurements for each of three independently transformed lines for each peptide-expressing construct. (B) Reaction
scheme for the oxidation of 1,2-propanediol to lactic acid. Mean NP diameter in the pyrolyzed biomass-derived Au material from (C) X-Large- and
(D) Small-NP peptide forming lines. (E) Percent conversion of 12 mM 1,2-propanediol to lactic acid under basic conditions. Wild type n = 3,
transgenic lines, n = 2 for each of three independently transformed lines. Asterisks indicate the level of significant difference (* = p < 0.05; ** = p <

0.01; *** = p < 0.001) tested by one-way ANOVA.

TEM images of the NPs observed in the chloroplasts of all four
lines, and full NP size distribution profiles are shown for all
lines in Figures S2—SS5. The biomass and Au content of Au-
dosed peptide-expressing plants were not significantly higher
than those for wild-type plants (Figure 2E,F), and when grown
in soil, the transformed plants were physically indistinguishable
from untransformed plants.

Catalysis. Following pyrolysis of the biomass at 200 °C, the
mass loss was determined, as shown in Figure 3A. The biomass
from wild-type plants exhibited a significantly smaller mass
loss, 18.7% =+ 1.6, than all of the peptide-expressing lines.

While there was only a trend of the increasing mass loss with
the decreasing NP size (from X-Large-NP, Large-NP, and
Medium-NP to Small-NP lines), the mass loss of the Medium-
NP and Small-NP lines was significantly greater than for Large-
NP and X-Large-NP lines. Subsequent TEM analysis on the
pyrolyzed material showed that relative to the X-Large-NP
lines (Figure 3D), the Small-NP lines retained more, smaller
NPs postpyrolysis (Figure 3E,). In addition to the smaller NPs,
there was also an apparent increase of triangle-shaped NPs in
the Small-NP samples (Figure S6) relative to the wild type, but
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Figure 4. Characterization of 35S-COPT2 only overexpression lines. (A) Appearance of control, five-week-old Arabidopsis plants growing
hydroponically just prior to dosing. (B) qPCR showing codon-optimized COPT?2 transcript abundance in soil-grown Arabidopsis rosette leaves for
unmodified wild-type (WT) and three independently transformed lines (COPT2A, B, and C). Values were normalized to ACTIN2 and are means
of three biological replicates + SD for each of three plants per line. Boxplots visualizing Cu; copper, Au; gold, and Fe; iron concentrations in the
(C) shoot and (D) root tissue of hydroponically-grown WT and codon-optimized-COPT2-expressing lines, 24 h after the addition of 1 mM Au to
five-week-old Arabidopsis. WT, wild-type; asterisks indicate the level of significant difference (* = p < 0.05; ** = p < 0.01; *** = p < 0.001) tested

by one-way ANOVA.

due to their irregular shape, these NPs were difficult to
specifically detect with ImageJ and therefore not quantified.

Combining the TEM data with the IR spectra for the Small-
NP lines (Figure S7) revealed that the size distribution of the
NPs was influenced by the biomass-derived Au catalyst during
pyrolysis. The spectrum of the pyrolyzed wild type shows no
major changes except a small decrease in the peak in the
3660—3000 cm™! area. In contrast, the Small-NP lines
exhibited decreases in the —CH, —OH, —C=0, and —C-
O— peaks. These changes could be due to oxidation of the
carbonaceous surface or due to coordination to the Au-NPs.

Gold NPs are commonly used in many industrially
important reactions including oxidations. Thus, the catalytic
activity of the pyrolyzed biomass-derived Au material was
tested using the oxidation of 1,2-propanediol to lactic acid
(Figure 3B).>* Using 1% Au/activated carbon (Au/AC) and
relatively mild conditions produced conversions of up to 36%,
a reasonable range over which to compare the catalytic
activities. Comparing the conversions shown in Figure 3C, all
peptide-expressing lines produced significantly higher con-
versions when compared to those of the wild-type derived
material. The conversion percentages for catalysts derived from
the biomass from Medium-NP and Small-NP lines were
significantly higher (8.1 and 9.9%, respectively) than those
derived from Large-NP and X-Large-NP lines. While these
conversions may appear low compared to those reported for
the Au/AC catalyst,”* the Au/AC catalyst is artificially dosed
postpyrolysis. Here, the Au-NPs are formed within the plant
tissues; thus, some of the NPs are enclosed and potentially not
available for the reaction.

The pattern of the catalytic activity is in agreement with the
mass loss and NP size distributions. However, the increased
activity from the wild type of $7% (line L3) up to 400% (line
S3) indicates that this increase is not only due to the
potentially higher amount of metal in the samples caused by
the higher mass loss during pyrolysis, as line S3 shows just 58%

more mass loss than the wild type, a result that we are unable
to explain.

Synthetically Enhancing the Au Uptake Ability. Given
the submerged nature of liquid-culture-grown plants, tissue Au
concentrations (Figure 2F) are expected to be significantly
higher than those achieved in soil-grown systems. Soil-based
studies indicate that the uptake of Au is a limiting factor.”"®
Research on the Cu transporter (COPT2) has demonstrated
that this transporter also takes up Au.”® Toward developing a
plant-based metal recovery system for Au, we overexpressed
COPT?2 in Arabidopsis and then introduced this trait into the
Small-NP peptide-expressing background. Figure 4B shows
that codon-optimized COPT2 was expressed in three
independently transformed lines. Analysis of codon-optimized
COPT2-expressing seedlings showed that under a range of Cu
(10 to 40 uM; as CuSO,), or Au (50 to 200 uM; as KAuCl,),
concentrations, root length, the number of lateral root
branches, and root architecture were not significantly different
to the wild type (results not shown). However, ICP-OES
analysis of hydroponically grown plants dosed with 1 mM
KAuCl, demonstrated that the codon-optimized, COPT2-
expressing lines accumulated significantly more Cu (an
element in the MS medium) in aerial tissues than the wild
type (Figure 4C); root tissue Cu concentrations were also
significantly higher than the wild type for two of the COPT2-
expressing lines (Figure 4D). A study on COPT2*® suggests
that this transporter is more active toward Cu than Au, and in
agreement with this, the Au concentrations in the aerial tissues
of the COPT2-expressing lines were less pronounced than for
Cu. However, two of the lines still accumulated significantly
more Au in aerial tissues than the wild type. As expected, given
the lack of activity of COPT2 toward iron,” aerial and root
tissue iron concentrations were not significantly different to
wild-type levels.

Having established that the COPT2-expressing lines
accumulated more Cu and Au in the shoots, compared to
the wild type, the COPT2-expressing construct was trans-
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Figure 5. Characterization of double 35S—S1peptide —35S-COPT2 overexpression lines. (A) qPCR showing abundance of the Small-NP peptide

transcript in soil-grown rosette leaves of Small-NP-COPT2-expressing lines relative to the expression level in the Arabidopsis wild type (WT).

Values were normalized to ACTIN2 and are means of three biological replicates & SD for each of three plants per line. Boxplots visualizing Cu;

copper, Au; gold, and Fe; iron concentrations in the (B) shoot and (C) root tissue in hydroponically-grown WT and codon-optimized COPT2

expression lines 24 h after the addition of 1 mM Au to five-week-old Arabidopsis. WT, wild type, asterisks indicate the level of significant difference
* = p < 0.05; ¥ = p < 0.01; ¥*¥* = p < 0.001) tested by one-way ANOVA.

formed into the Small-NP line S1. As shown in Figure SA, the
Small-NP peptide transcript was successfully expressed in the
rosette leaves of the Small-NP-COPT2 lines. Hydroponic
studies (Figure SB,C) showed that aerial tissue Cu
concentrations in the double Small-NP-COPT2 lines were
significantly higher than in the wild-type lines and iron levels
were unaltered. However, only one of the three transformed
lines exhibited aerial and root Au concentrations that were
significantly higher than those in the wild type, and compared
to the COPT2-expressing lines shown in Figure 4, Au uptake
was not enhanced by upregulating COPT?2 in the Small-NP
peptide-expressing background.

It has been shown in vitro that specific peptide sequences
can be used to tune the NP diameter in vitro.'”>® Here, we
have successfully transferred this capability into the plant
model system, Arabidopsis, by expressing peptide sequences
that seed the formation of “small”, “medium”, “large”, and “X-
large” NPs in planta. This pattern mirrors that seen in the in
vitro experiments reported by Tan et al.'” Furthermore, the
pattern is statistically significant: the Small-NP lines accrued
significantly more smaller (<10 nm) particles than the X-
Large-NP lines, and vice versa. In addition to catalysts, metal
NPs can also be used directly in a plethora of industrial,
medical, agricultural, and cosmetic applications. However, the
use of bioderived NPs for these applications is hindered by
their irregular shape and wide range of the NP diameter.’
Employing the GM and synthetic biology approaches
presented here demonstrates that the Au-NP size can be
controlled.” This ability is critical in developing metal NP-
containing plant biomass-derived catalysts but also (following
purification) for direct use in other applications. Synthetic
biology, GM, and nanobiotechnology could also be further
employed to effectively tailor NPs for downstream application,
controlling NP characteristics and location at the organ and
cellular level and reducing the presence of contaminating
metals and other elements.

While increasing the expression of COPT2 did increase Au
or Cu aerial tissue concentrations, overexpressing COPT2 in

combination with the Small-NP peptide did not further
increase concentrations of these metals. There are clearly
more interactions at play in Au uptake and NP formation, and
it is possible that the relatively high (1 mM) concentration of
Au in the liquid culture media exceeded the reducing and
binding capacities of the peptides present. Using lower Au
concentrations and soil-based studies are essential to give more
information on in planta Au capacity and toxicity thresholds.
Undoubtedly, the role of COPT?2 in in planta application for
Au phytomining is still not fully understood.

Genetic Engineering to Increase the Formation of
Metal NPs. Commercial exploitation of phytomining for Au
and PGMs is also hindered b?r the relatively poor solubility and
low uptake of these metals.”"> Developing genetic engineering
(GM) and plant synthetic biology techniques could overcome
these problems. Such approaches have been utilized to
improve the ability of plants to accumulate and tolerate
heavy metals.”” This ability can be achieved by controlling the
expression of genes encoding metal sequestration, chelation, or
reduction properties. Gene expression studies® have con-
tributed toward an understanding of the mechanisms behind
Au uptake and storage. However, the results presented here are
proof-of-concept, hydroponic-based studies of the molecular
biology model species Arabidopsis. If this technology is to be
commercialized to recover precious metals from our environ-
ment, further studies will be needed to more fully understand
plant metal uptake and sequestration and develop methods to
transition this technology into biomass crop species.”

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.4c00266.

Peptide sequences involved in the formation of gold
metal NPs and DNA sequences of primers used in
cloning and qPCR analysis (Table S1); transmission
electron micrographs (TEMs) of Arabidopsis tissues after
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treatment with gold for 24 h (Figure S1); histogram
showing the frequency distribution of Au-NPs and TEM
images at 105k magnification obtained from Arabidopsis
wild type and three independently transformed X-Large
peptide encoding lines after treatment with gold for 24 h
(Figure S2); histogram showing the frequency distribu-
tion of Au-NPs and TEM images at 105k magnification
obtained from Arabidopsis wild type and three
independently transformed Large peptide encoding
lines after treatment with gold for 24 h (Figure S3);
histogram showing the frequency distribution of Au-NPs
and TEM images at 105k magnification obtained from
Arabidopsis wild type and three independently trans-
formed Medium peptide encoding lines after treatment
with gold for 24 h (Figure S4); histogram showing the
frequency distribution of Au-NPs and TEM images at
105k magnification obtained from Arabidopsis wild type
and three independently transformed Small peptide
encoding lines after treatment with gold for 24 h (Figure
SS); transmission electron micrograph images of Au-
NPs in pyrolyzed biomass-derived material from wild
type and Small-NP-expressing Arabidopsis lines (Figure
S6); and infrared (IR) spectra for biomass from wild
type and Small-NP lines before (black) and after (red)
pyrolysis (images are representative traces from 3
replicate IR scans for each line) (Figure S7). (PDF)
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