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is determined by their surface chemistry
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Abstract

Background: Agriculture faces significant global challenges including climate change and an increasing food
demand due to a growing population. Addressing these challenges will require the adoption of transformative inno-
vations into biotechnology practice, such as nanotechnology. Recently, nanomaterials have emerged as unmatched
tools for their use as biosensors, or as biomolecule delivery vehicles. Despite their increasingly prolific use, plant-nano-
material interactions remain poorly characterized, drawing into question the breadth of their utility and their broader
environmental compatibility.

Results: Herein, we characterize the response of Arabidopsis thaliana to single walled carbon nanotube

(SWNT) exposure with two different surface chemistries commonly used for biosensing and nucleic acid delivery:
oligonucleotide adsorbed-pristine SWNTs, and polyethyleneimine-SWNTs loaded with plasmid DNA (PEI-SWNTs), both
introduced by leaf infiltration. We observed that pristine SWNTs elicit a mild stress response almost undistinguishable
from the infiltration process, indicating that these nanomaterials are well-tolerated by the plant. However, PEI-SWNTs
induce a much larger transcriptional reprogramming that involves stress, immunity, and senescence responses.
PEI-SWNT-induced transcriptional profile is very similar to that of mutant plants displaying a constitutive immune
response or treated with stress-priming agrochemicals. We selected molecular markers from our transcriptomic analy-
sis and identified PEl as the main cause of this adverse reaction. We show that PEI-SWNT response is concentration-
dependent and, when persistent over time, leads to cell death. We probed a panel of PEI variant-functionalized SWNTs
across two plant species and identified biocompatible SWNT surface functionalizations.

Conclusions: While SWNTs themselves are well tolerated by plants, SWNTs surface-functionalized with positively
charged polymers become toxic and produce cell death. We use molecular markers to identify more biocompatible
SWNT formulations. Our results highlight the importance of nanoparticle surface chemistry on their biocompatibility
and will facilitate the use of functionalized nanomaterials for agricultural improvement.
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Background

Given the magnitude of environmental changes driven
by climate change, and an increasing human population,
plant biotechnology and bioengineering have an impor-
tant role in providing food security, maintaining global
biodiversity and sustainability. Technologies that sense
plant stress in real-time, improve crop nutritional capac-
ity, render plants resistant to biotic and abiotic stresses,
and enable higher crop yield with fewer resources are
central to these efforts [1].

Recently, nanoscience and nanoengineering technolo-
gies have been employed in numerous plant biotechnol-
ogy applications [1, 2]. Nanomaterials exhibit unique
and tunable size, shape, and physical, mechanical and
optical properties. In plant biotechnology, a broad range
of nanoparticles have been used including metal nano-
particles, quantum dots, mesoporous silica nanoparti-
cles, clay nanosheets, DNA nanostructures and carbon
nanomaterials such as graphene, carbon nanotubes and
carbon dots [2]. Within the scope of plant biotechnology,
these nanomaterials have been most commonly used as
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2. Characterization of plant response
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fertilizers, antimicrobials, sensors, imaging agents, and
delivery vehicles for small molecules, genes and proteins
for plant genetic engineering applications [2—4].

To accompany the growing use of nanomaterials in
plant science, it is essential to understand nanomaterial-
plant interactions and the impact of nanomaterials on
plant health and their environment. Recent studies have
focused on the phenotypical phytotoxicity of metal-
and carbon-based nanoparticles on monocot and dicot
crop species of interest [5-8], yet many of these stud-
ies show conflicting and often contradictory results. For
instance, nano-TiO, (5 nm) has been shown to acceler-
ate germination of spinach seeds [9], whereas nano-TiO,
(20 nm) did not alter the germination rate of wheat grains
[10]. Another metal nanoparticle, nano-ZnO (20 nm,
2000 mg/L), has been shown to inhibit root growth in
rapeseed, radish, ryegrass, lettuce, corn and cucumber
[11]. Cadmium sulfide quantum dots induce oxidative
stress and root lignification in soybean [12]. The most
studied carbon-based nanomaterials in plant biotech-
nology are graphene and multi-walled carbon nanotubes
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(MWNTs). Cabbage, tomato, spinach and lettuce seeds
soaked in 2000 mg/L graphene overnight had inhibited
growth and reduced biomass [13]. On the other hand,
MWNTs enhanced the germination and seedling root
elongation when added to the wheat growth medium at
1000 mg/L [6], and stimulated the growth of roots and
stems in legumes [14]. There are several studies discuss-
ing the phenotypical phytotoxicity of single-walled car-
bon nanotubes (SWN'Ts) with varying results. Studies in
Arabidopsis thaliana and rice protoplasts show concen-
tration-dependent cytotoxicity of SWNTs, while high
SWNT concentrations (250 mg/L) had no observable
effects on Arabidopsis leaves [15]. Some studies show
that carboxylated SWNTs (COOH-SWNTs) at 50 mg/L
induce growth and enhanced biomass of tomato plants
[16], whereas poly-3-aminobenzenesulfonicacid func-
tionalized SWNTs at 1750 mg/L inhibited root growth in
tomato [17]. Lastly, SWNTs have been shown to reduce
oxidative stress and improve cryopreservation of Aga-
panthus praecox embryogenic calli [18].

More recently, microarray analysis and RNA sequenc-
ing (RNA-seq) methods that leverage the advantages of
next-generation sequencing have been used to determine
nanomaterial impact on plant health [19-21]. Due to its
complete gene sequence and annotation, Arabidopsis
is the preferred plant species for transcriptomic analy-
ses. For instance, whole-genome microarray analysis
of Arabidopsis roots exposed to 100 mg/L nano-ZnO
revealed up-regulation of genes involved in biotic and
abiotic stress responses and down-regulation of genes
involved in cell biosynthesis, electron transport, and
energy pathways [22]. Additionally, Arabidopsis plants
that were exposed to 20 mg/L nano-TiO, had significant
repression of phosphate-starvation and root-develop-
ment genes [23]. Lastly, 50 mg/L MWNT treated tomato
roots showed substantial upregulation of genes coding
for water-channel proteins and hormone pathways [16],
in accordance with the phenotypical data demonstrat-
ing enhanced growth in the presence of MWNTs. These
studies provide valuable information at the gene expres-
sion level and enable a better understanding of the nano-
material impact on plant health.

Given the recent surge of SWNT usage in plants for
sensing [24-28] and biomolecule delivery [29-32], it
is critical to determine the impact of SWNTs on plant
health at the molecular and gene expression level.
Analogously, it is also important to pinpoint what
component(s) of SWNT nanomaterials are responsible
for generating differential gene expression patterns, to
reconcile conflicting reports. In this study, we performed
RNA-seq analysis of Arabidopsis leaves 48 h after expo-
sure to 50 mg/L SWNTs with two different surface chem-
istries representing the most commonly used SWNT
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nanomaterials for plant delivery and sensing applications:
oligonucleotide-adsorbed pristine SWNTs, and polyeth-
yleneimine (PEI) conjugated functionalized SWNTs (PEI-
SWNTs) loaded with plasmid DNA. Our results revealed
that SWNTs produced a mild stress response in plants,
nearly indistinguishable from a water-infiltration control,
that was well tolerated and did not result in permanent
damage. However, PEI-functionalized SWNTs at high
concentrations produced an adverse response that was
irreversible and resulted in cell death, indicating that PEI
is the main cause of biotoxicity. We identified gene mark-
ers to probe plant responses to different SWNT surface
chemistries and discovered new biocompatible SWNT
surface chemistry formulations that will facilitate their
use in plants.

Results

Functionalized PEI-SWNTs generate a very distinct
transcriptional response compared to un-functionalized
SWNTs

Given the widespread use of PEI-functionalized nano-
materials for delivery of DNA and RNA in plants [30,
32-34], we sought to investigate the reaction of plant
tissues to treatment with PEI-SWNTs versus pristine
SWNTs. To this end, we infiltrated Arabidopsis leaves
with pristine single walled carbon nanotubes used in
RNA silencing applications (SWN'Ts) [30] and polyethyl-
eneimine-functionalized SWNTs used for plasmid DNA
delivery (PEI-SWNTs, Additional file 1: Table S1) [32].
We used Arabidopsis as it is a well-characterized model
plant for which genomic and detailed gene function
information is readily available. Aforementioned pristine
SWNT and PEI-SWNT nanoparticles were loaded with
single stranded RNA targeting Green Fluorescent Pro-
tein (GFP) with no target sequence in the Arabidopsis
genome, and a GFP-expressing plasmid [35], respectively.
For experiments herein, we used~25-50 fold higher
concentrations of SWNTs and PEI-SWNTs compared
to standard concentrations used in biomolecule delivery
assays to ensure we would observe a robust transcrip-
tional change. Water-infiltrated plant leaves served as a
negative control to distinguish between the SWNT-spe-
cific response and the response to the infiltration pro-
cess itself (Fig. 1A). We performed RNA-seq with RNA
extracted from leaves 48 h post infiltration to identify
changes in the leaf transcriptomic profile in response to
the three treatments, compared to non-infiltrated leaves.
We validated the RNA-seq data by measuring the expres-
sion changes in 12 selected genes using reverse transcrip-
tion quantitative polymerase chain reaction (RT-qPCR)
(Additional file 1: Fig. S1). Changes in gene expression
measured by RNA-seq and RT-qPCR correlated well,
confirming the reliability of the RNA-seq data.
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Fig. 1 PEI-SWNTs elicit a very distinct transcriptional response compared to that of water or SWNTs. A Experimental setup: Arabidopsis leaves

were infiltrated with ssRNA-adsorbed pristine SWNTs or plasmid-loaded PEI-SWNTs. Non infiltrated and water-infiltrated leaves were used as
controls. Samples were collected 48 h post infiltration. B Principal Component Analysis of the transcriptomic profile in response to the different
treatments. Each dot represents one biological replicate. C Upset plot showing the number of up- or down-regulated genes common or specific
to each treatment. Genes with a statistically significant (FDR < 0.05) two-fold change in expression relative to non-infiltrated samples were selected.
D Functional characterization of genes differentially expressed in the three treatments (375 up, 175 down), specifically in SWNTs and PEI-SWNT
samples (320 up, 107 down), and uniquely in PEI-SWNT samples (647 up, 655 down). For a full list of GO terms, see Additional file 2: Table S2

RNA-seq data was first analyzed with Principal Com-
ponent Analysis (PCA) of the whole transcriptomic pro-
file of each sample to assess which treatments induced
the largest changes in the plant leaf transcriptome. Sur-
prisingly, PCA analysis revealed that plant response to
infiltration with SWNTs is very similar to the response
to the water infiltration control, suggesting that SWNTs
themselves do not elicit a general transcriptional repro-
gramming beyond that generated by the infiltration
process itself. These results are surprising because they
suggest the high concentrations of SWNTs used in our
experiments may be biocompatible for use in plants.
Conversely, PCA clustering of PEI-SWNTs samples
showed that the plant response to PEI-SWNT treatment
is distinct relative to SWNT treatment or treatment with
water alone (Fig. 1B), suggesting that nanoparticle surface
chemistry could dictate nanoparticle biocompatibility.

Next, we selected genes that showed a statistically sig-
nificant (false discovery rate<0.05) two-fold expression
change with respect to the non-infiltrated samples for
further analysis. We identified 452, 797, and 1364 up-
regulated genes in water, SWNT and PEI-SWNT treated
leaf samples, respectively. Conversely, we identified 321,
347, and 997 down-regulated genes in water, SWNT
and PEI-SWNT treated leaf samples (Fig. 1C; Additional
file 2: Table S2). These results quantitatively confirmed
the hypothesis that PEI-SWNTs cause much greater
transcriptional reprogramming than the other two treat-
ments. We compared the common genes that respond to
the three treatments and observed that 94% (427/452) of

the up- and 79% (252/321) of the down-regulated genes
in response to water infiltration also changed in SWNT
and PEI-SWNT samples, representing genes that change
in response to the infiltration process and are independ-
ent of a nanomaterial-specific response. Next, to identify
biological processes that were present at higher than ran-
dom fraction when compared to the Arabidopsis genome,
we performed a Gene Ontology (GO) over-representa-
tion analysis. Water/SWNT/PEI-SWNT common genes
showed a very significant over-representation of pro-
cesses related to hypoxia, as expected from injecting a
liquid into the leaf tissue that contains large air spaces.
Additionally, many GO categories related to cell wall
organization, immune response, senescence (aging/pro-
grammed cell death), glycosinolate biosynthesis (defense
metabolites) and biotic and abiotic stresses were over-
represented in this gene set (Fig. 1D; Additional file 3:
Table S3A). These results suggest that the infiltration
process produces a hypoxia response that triggers other
stress-related genes. The fact that we did not observe
any phenotypical change in response to water infiltration
suggests that this transcriptomic response is insufficient
to trigger observable physiological changes in Arabidop-
sis leaves.

We next focused our study on genes that change spe-
cifically following treatments with carbon nanotubes,
that is, genes that change in leaves infiltrated with SWNT
and PEI-SWNT, but do not change following water infil-
trations. A majority of genes that change in response to
SWNTs also change in response to PEI-SWNTs (76% or
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320/422 of up- and 62% or 107/172 of down-regulated
genes in SWNTs samples), indicating that these genes
are involved in the response to the presence of carbon
nanotubes independent of their surface functionaliza-
tion. GO over-representation analysis showed that genes
related to hypoxia, immune response, biotic and abiotic
stress responses are also over-represented in this gene
set (Fig. 1D; Additional file 3: Table S3B). These results
suggest that the presence of carbon nanotubes magni-
fies the responses to infiltration, because in this analysis
we excluded genes that change in all three treatments
(e.g., 38 genes in the cellular response to hypoxia GO cat-
egory change in all three treatments, while 39 additional
genes in the same GO category change only in SWNTs
and PEI-SWNTs samples (Additional file 3: Table S3A,
B). Lastly, certain GO categories including those related
to cell death and aging are more over-represented in
this gene set when compared to the Water/SWNT/PEI-
SWNT genes. These results suggest that the presence of
carbon nanotubes exacerbates the plant response trig-
gered by the infiltration process and could indicate that
a more advanced response is occurring in these samples
at this 48 h time point. On the other hand, cell wall reor-
ganization and glycosinolate biosynthesis-related pro-
cesses are not over-represented categories in the SWNT/
PEI-SWNT gene set (Fig. 1D), indicating that nanotube
responses are specific and not a general amplification of
the stress caused by infiltration.

PEI-SWNTs induce a much greater transcriptomic
reprogramming than water or SWNT treatments, with
647 and 655 up- and down-regulated genes exclusively
in PEI-SWNT treated leaves (Fig. 1C). In PEI-SWNT
treated leaves, we further observed an over-represen-
tation of immune system and cell death processes. In
plants, a prolonged immune response often leads to
programmed cell death [36], indicating that the plant
response to PEI-SWNTs could be more detrimental to
treated tissues than less stressful water or SWNT treat-
ments. At the same time, we observe that responses
related to aromatic amino acid and secondary metabo-
lite biosynthesis are highly over-represented in PEI-
SWNT samples relative to SWN'T or water-treated leaves
(Fig. 1D). Specifically, genes involved in Tryptophan and
salicylic acid biosynthesis are specifically over-repre-
sented in the PEI-SWNT response. These results indicate
that PEI-SWNT specific responses focus on metabo-
lism reconfiguration affecting both primary (i.e., aro-
matic amino acids) and secondary metabolites involved
in defense responses derived from those aromatic amino
acids (i.e., salicylic acid) [37]. Taken together, our RNA-
seq results suggest that water infiltration alone triggers
a mild stress response, one which is highly and at times
irreversibly exacerbated by the presence of PEI-SWNTs
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in a manner not observed following treatment with
SWNTs. These results highlight the importance of nano-
particle surface chemistry on nanoparticle biocompat-
ibility in plants.

PEI-SWNTs strongly up-regulate stress responses

and programmed cell death genes, and down-regulate
metabolism-related genes

To better characterize the large transcriptional repro-
gramming of plant leaves treated with PEI-SWNTs, we
focused our study on the PEI-SWNT-responding genes
that had the highest expression-fold change when com-
pared to water or SWN'T treatments, based on the notion
that these genes could be the main contributors to the
PEI-SWNT specific response. Clustering analyses of
gene expression levels in the three treatments revealed
a group of 1063 genes that showed very high expression
levels in PEI-SWNT treated samples compared to their
levels in the other treatments (Fig. 2A, Cluster 1). Con-
versely, 631 genes showed greatly decreased expression
levels in PEI-SWNTs when compared to the two other
treatments (Fig. 2A, Cluster 2). These genes show a very
distinct expression profile in PEI-SWNTs compared to
the two other treatments, although they can still be up-
or down-regulated to a much lesser degree in response to
SWNTs or water. We conducted a Gene Set Enrichment
Analysis (GSEA) [38] with these PEI-SWNT specific
genes. This powerful analytical method incorporates the
degree of gene expression changes in its statistical analy-
sis to produce a quantitative normalized enriched score
(NES). This NES represents how a specific gene set (e.g.
hypoxia response genes) is enriched in the most up-reg-
ulated (positive NES) or most down-regulated (negative
NES) genes in a transcriptomic profile used as query (in
this case, PEI-SWNT specific genes). GSEA using biolog-
ical process GOs showed that up-regulated PEI-SWNT-
specific genes are enriched in genes related to biotic and
abiotic stress responses, defense responses, senescence,
and programmed cell death. Down-regulated genes are
involved in amino acid and glycosinolate biosynthesis
(Fig. 2B; Additional file 4: Table S4A). These results fur-
ther confirm that PEI-SWNTs induce a programmed
cell death response in leaves, in a process that involves
metabolism suppression.

We also compared the transcriptomic profile of the
PEI-SWNT specific genes with other publicly avail-
able genome-wide transcriptomic experiments (Ara-
Path and PlantGSEA [39, 40]) to find similar profiles
that would give us more insight on which processes
are involved in the plant response to PEI-SWNTs. This
analysis revealed that the expression pattern observed
in response to PEI-SWNTs is similar to stress, senes-
cence, and defense responses generated by very
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Fig. 2 PEI-SWNT responding genes are involved in stress responses, immune system, and programmed cell death. A Gene expression heatmap of
genes with statistically significant two-fold expression change in at least one of the three treatments, compared to non-infiltrated samples. Clusters
1 and 2 show PEI-SWNT specific up- and down-regulated genes. B, C Gene Set Enrichment Analysis of Cluster 1 and 2 genes using Biological
Process Gene Ontology categories (B), and Arapath and PlantGSEA databases (C). Up- or down-regulation genes in the original experiment were
used as independent gene sets to calculate their normalized enriched score. Details corresponding to each experiment can be found in Additional
file 4: Table S4C

different stimuli (Fig. 2C; Additional file 4: Table S4B).
Among the most similar transcriptomic profiles, we
can find several profiles of Arabidopsis mutant plants
with altered defense responses, like stn7 psadl double
mutants defective in photosynthesis acclimation [41],
nud7 mutants with higher levels of reactive oxygen
species [42], plants over-expressing a lectin receptor
kinase that constitutively activates immune responses
(LecRK-VI.2) [43], bio4 biotin defective mutants that
show spontaneous cell death [44] or aghl plant defense
signaling heterotrimeric G-protein mutants [45]. Also,
PEI-SWNT-induced transcriptomic changes were
similar to those of plants treated with chemicals that
trigger defense responses like the salicylic acid analog
2,6-dichloroisonicotinic acid [46] or the slow xenobi-
otic response inducer 4-chloro-6-methyl-2-phenylpy-
rimidine [47]. Likewise, the PEI-SWNT specific gene
expression pattern was similar to that of plants under
dehydration [48] and opposite to those of plants treated
with glucose [49], suggesting that PEI-SWNT specific
genes are involved in responses to metabolic stress
(Additional file 4: Table S4C). Furthermore, GSEA of
genes specifically differentially expressed in response to
both SWNTs and PEI-SWNTs (Fig. 2A, Clusters 4 and
6, up- and down-regulated, respectively) showed highly
similar results to the GO over-representation analysis,
with response to stress, biotic stimulus and hypoxia
being enriched in the up-regulated genes (Additional
file 2: Table 2B). In summary, GSEA using GO and
publicly available experiments indicate that the leaf

response to treatment with PEI-SWNTs involves stress,
immunity, and senescence-related genes.

Finally, we also compared the PEI-SWNT response to
profiles of Agro-infiltrated Arabidopsis plants, the most
widely used technique for transient gene expression in
plants [50]. We observed a weak but statistically signifi-
cant enrichment of genes that are up-regulated at 24 h
and 48 h in response to virulent and avirulent Agrobacte-
rium strains (Additional file 4: Table S4D). Up-regulated
PEI-SWNT-responding genes that are also up-regulated
in response to Agrobacterium are mainly involved in
detoxification and senescence (e.g., PCR2, involved in
Zinc detoxification; and FRKI, Flagellin/Senescence
induced receptor-like kinasel). Conversely, we did not
detect an enrichment of agrobacterium down-regulated
genes in PEI-SWNT down-regulated genes. Our compar-
ison suggests that the plant response to PEI-SWNT treat-
ment is only partially similar to Agrobacterium response.

PEl is the main cause of toxicity in functionalized
PEI-SWNTs

Our results thus far highlight the importance of nano-
particle surface chemistry on inducing differential gene
expression patterns in nanoparticle-treated leaves. Spe-
cifically, as we observed that PEI-SWNT treatments
elicited a much larger transcriptional reprogramming
than SWNT treatments, we hypothesized that this
difference could be caused by the surface-functionali-
zation of SWNTs with PEIL. To better characterize the
plant response to PEI-SWNTs, we conducted a more
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detailed experiment in which we infiltrated increasing
concentrations of PEI-SWNTs into Arabidopsis leaves.
We selected three PEI-SWNT specific genes with large
expression changes from the up-regulated Cluster 1
(PR1, CHX17 and PAD3) and the down-regulated Clus-
ter 2 (AGP41, At3g54830 and NAI2), and used these
genes as molecular markers to probe the PEI-SWNT
concentration-dependent response 48 h post-infiltra-
tion (Fig. 3A). Leaves of plants treated with high con-
centrations of PEI-SWNTs (25 and 50 mg/L) showed
some visible damage, especially around the infiltration
area, indicating that higher PEI-SWNT concentrations
are more toxic to the plant (Fig. 3B). We next measured
mRNA expression levels of the six marker genes by RT-
qPCR in these samples and observed a clear correlation
of their expression proportional to PEI-SWNT concen-
tration. Expression of Cluster 1 genes increased with
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PEI-SWNTs concentration, while expression of Cluster
2 genes decreased (Fig. 3C). PEI-SWNTs were loaded
with plasmid DNA, but the exogenous DNA does not
seem to be the cause of toxicity as leaves infiltrated
with no-DNA PEI-SWNTs showed very similar gene
expression to plants infiltrated with DNA loaded PEI-
SWNTs (Fig. 3C). Importantly, COOH-SWNTs, the
starting material used for PEI-SWNT functionalization,
did not cause any significant change in gene expression
even when infiltrated at very high (50 mg/L) concentra-
tions (Fig. 3C). We performed an additional experiment
in which we infiltrated Arabidopsis leaves with free PEI
and we observed even clearer signs of toxicity com-
pared to PEI-SWNT infiltration (Additional file 1: Fig.
S2). These results clearly indicate that PEI is the main
causative factor of gene expression changes in plants
exposed to PEI-SWNTs.
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Persistent PEI-SWNT specific response leads to leaf damage
In our initial experiments, we studied the response to
PEI-SWNTs at relatively short times after infiltration
(48 h). To gain better insight into the long-term effects
of PEI-SWNTs infiltration, we performed a time course
experiment where we infiltrated low (1 mg/L, equiva-
lent to the dose used in standard delivery experiments)
and high (50 mg/L) concentrations of PEI-SWNTs, and
collected samples 2-, 4-, 6- and 8-days post infiltration
(dpi). Again, we detected some leaf damage in 50 mg/L
infiltrated samples by the 2-dpi time point. This dam-
age increased as time advanced, with slight leaf chlorosis
and evident cell death around the infiltration area at the
later time points, indicative of a strong stress response
(Fig. 4A). These symptoms were not apparent in 1 mg/L
PEI-SWNT infiltrated leaves, suggesting that low PEI
concentrations do not elicit this toxic response over time.
We measured expression levels of the 6 marker genes
by RT-qPCR at each time-point. The measured expres-
sion patterns were consistent with our previous results
at 2-dpi, whereby 50 mg/L PEI-SWNTs induced larger
expression changes than 1 mg/L PEI-SWNTs. Expres-
sion of up-regulated genes (PRI, CHX17 and PAD3)
decreased over time for both treatments, with 50 mg/L
samples always showing higher levels than 1 mg/L. At
6-dpi, expression levels of these genes in 1 mg/L samples
returned to values close to basal levels (non-infiltrated
samples) indicating that the response to low concentra-
tion of PEI-SWNTs had subsided. Conversely, even at
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8-dpi, expression in 50 mg/L samples was still higher
than non-infiltrated samples. RT-qPCR analysis of down-
regulated genes (AGP41, At3g54830 and NAI2) showed
similar trends, albeit with a more variable expression pat-
tern at later timepoints. AGP41 showed a stable pattern,
with greater downregulation in 50 mg/L samples than in
1 mg/L samples at every time point, recovering to basal
levels in 1 mg/L samples at 8-dpi. Meanwhile, At3g54830
and NAI2 were down-regulated at 2-dpi, up-regulated
at 4-dpi in 50 mg/L samples, and down-regulated again
at later time points. Their expression in 1 mg/L samples
decreased at 4-dpi and recovered to basal levels at 6- and
8-dpi (Fig. 4B). These results suggest that a prolonged
activation of PEI-SWNT'T specific genes generates a more
severe and irreversible programmed cell death response.

Identification of biocompatible functionalized SWNTs

Our results demonstrate that toxicity generated by PEI
in PEI-SWNTs can become a limiting factor when high
concentrations of PEI-SWNTs are required to ensure
efficient biomolecule delivery. To find more biocompat-
ible SWNT surface chemistries we infiltrated Arabidop-
sis leaves with several PEI polymer variants covalently
bound to SWNTs with similar zeta potential and DNA
binding capabilities to PEI —~SWNTs [51]. We infiltrated
50 mg/L of SWNTs functionalized with low molecular
weight linear PEI (800 Da; L-PEI 800), hydrophobically
modified branched PEI (25-30 kDa; H-PEI) and high
molecular weight branched PEI (750 kDa; PEI 750 k). We
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Fig. 4 Persistent PEI-SWNT specific gene response leads to severe leaf damage. A Arabidopsis leaves infiltrated with different PEI-SWNTs
concentrations. Images taken two, four, six and eight dpi. B mRNA levels of selected marker genes at different time points after infiltration. mRNA
levels are normalized to non-infiltrated samples at the corresponding time point (represented by a grey line). Each colored line represents the
average mRNA levels at each time point and the faded band represents a 95% confidence interval (n=3)
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included unfunctionalized COOH-SWNTs and branched
PEI-SWNTs (25 kDa; PEI) as negative and positive toxic-
ity controls, respectively (Fig. 5A). We measured mRNA
levels of the 6 toxicity marker genes 2-dpi and found that
L-PEI 800 showed an expression pattern very similar to
COOH-SWNTs (Fig. 5B), indicating that SWN'Ts func-
tionalized with this polymer are more biocompatible
than PEI-SWNTs. H-PEI showed a similar pattern to PEI,
while PEI 750 k showed a lower degree of toxicity.

Lastly, to probe whether our biocompatibility results
from Arabidopsis would be applicable to other plant
species, we tested the response of Nicotiana bentha-
miana to our polymer-SWNTs. Nicotiana is another
model plant species that was used to develop the PEI-
SWNT delivery technique [32], and is an extremophile
[52] that tolerates abiotic stresses better than Arabidop-
sis. We identified the Nicotiana orthologs of Arabidopsis
PRI and AGP41 (PRIA and NbAGP4I) and used them
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as molecular markers of toxicity. With the same panel
of polymer-SWNTs, we measured their mRNA levels
2-dpi. We only observed slight chlorosis in PEI-SWNT
infiltrated samples (Fig. 5C). As in Arabidopsis, L-PEI
800-SWNTs showed an expression pattern very similar
to that of COOH-SWNTs, indicating that this polymer
also does not elicit a further stress response in Nicotiana
(Fig. 5D). Surprisingly, PRIA levels after H-PEI- and PEI
750 k-SWNTs infiltration were the opposite of what we
observed in Arabidopsis: H-PEI-SWNTs seemed to be
well tolerated in Nicotiana, while PEI 750 k-SWNTs
induced a similar response to PEI-SWNTs. These results
suggest that there might exist species-specific responses
to different SWNT formulations, highlighting the impor-
tance of adapting SWNTs functionalization to the species
being targeted to maximize biocompatibility. We propose
that the data obtained in our RNA-seq experiment can be
used as a starting point for the identification of molecular
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markers that guide generation of nanoparticle-based bio-
technologies with enhanced biocompatibility in plants.

Discussion

Biomolecule delivery and metabolite sensing by carbon-
based nanoparticles, such as SWNTs, have emerged as
promising technologies to monitor plant health [26, 28],
enable precise gene downregulation (siRNA delivery
[30, 33]) and transient gene expression (plasmid DNA
delivery by PEI-functionalized nanomaterials [32, 34]).
One main advantage of nanoparticle-based biomolecule
delivery is that the mechanism by which these nanoma-
terials penetrate the cells is species-independent [53],
and thus, they can be used in plant species recalcitrant
to current delivery methods. Present knowledge on
plant-nanomaterial interactions focuses mainly on nano-
materials applied to soil or plant growth medium [I,
54]. Understanding the mechanistic basis of how plants
react to nanomaterials such as PEI-SWNTs once they
are inside the cell, and identifying the key components of
nanoparticles that generate bioincompatible outcomes,
is crucial to inform rational improvement of these new
technologies.

In this work we implement high-throughput sequenc-
ing to provide evidence that the infiltration of SWNTs
produces a stress response in plants related to hypoxia,
immune system activation, and senescence. This reaction
is very similar to the response to the infiltration process
itself and is well-tolerated by the endogenous detoxifying
mechanisms of the plant. Previous studies in which much
higher SWNT concentrations were infiltrated into Arabi-
dopsis leaves (250 mg/L, five-fold the highest concentra-
tion used in our study) did not detect any macroscopic
change either, suggesting that SWNTs can be well toler-
ated by plants [15]. Even at these high concentrations,
transient activation of reactive oxygen scavenging mech-
anisms seem to be sufficient to eliminate any temporal
toxic effects caused by nanomaterials [15].

However, these stress responses are greatly exacerbated
by the presence of PEI in functionalized SWNTs, the
main cause of toxicity when high concentrations of PEI-
SWNTs are infiltrated. To our knowledge, no PEI toxic-
ity studies have been reported in plants. We observed
that PEI-SWNT specific responses are concentration-
dependent and when sustained over time, lead to visible
tissue damage in tissues exposed to a high concentra-
tion of PEI-SWNTs. PEI exerts a wider transcriptional
reprogramming that leads to metabolism suppression
and programmed cell death in the infiltrated areas. These
responses are only partially similar to those elicited by
other commonly used nucleic acid delivery techniques,
such as agroinfiltration [50], indicating that these PEI-
SWNT-induced responses are specific to nanomaterial
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functionalization. Most importantly, these results high-
light that nanoparticle surface chemistry, moreso than
the nanoparticle itself, can drive the biocompatibility
or lack thereof of SWNT-based plant biotechnologies,
a finding that may be extendible to other nanoparticle
types.

Generally, nanoparticle-mediated biomolecule delivery
is less efficient than conventional biotic delivery methods
such as Agro-infiltration. Our results highlight that this
lower efficiency cannot be overcome by simply increas-
ing the amount of delivered PEI functionalized nanopar-
ticles, as they show toxic effects when plants are treated
with high concentrations. Thus, to identify more biocom-
patible SWNT preparations, we measured the response
of marker genes identified in our transcriptomic analysis
to SWNTs functionalized with a panel of cationic poly-
mers. We observed that in Arabidopsis, low molecular
weight linear PEI resulted in a lower toxicity response,
suggesting this functionalization as a viable alternative
to the currently used PEL It is interesting that the low
stress response to L-PEI 800 observed in Arabidopsis is
conserved in Nicotiana, suggesting that this polymer’s
uniquely small size and lower amine density plays a key
role in not triggering stress response pathways across
plant species. Similarly, the response to PEI-750 k is con-
served across both species tested. Counterintuitively,
we attribute the relatively low toxicity of this polymer
to its large size, which may limit its ability to internalize
in cells. Further characterization of PEI-750 k-function-
alized SWNTs cellular location is needed to ascertain
the mechanism underlying this unexpected response.
Separately, the species-specific response to H-PEI sup-
ports the importance of hydrophobicity in nanomate-
rial interactions with aqueous cellular components. We
hypothesize that the lack of response in Nicotiana could
be attributed to alternate mechanisms for managing
hydrophobic substances or a response through a differ-
ent pathway that does not involve the PRIA gene. For
instance, proteins and other biomolecules can adsorb
to nanomaterials forming a bio-corona [55-57], and its
composition can change depending on the nanomate-
rial [58] and its functionalization [59]. Currently, studies
of nanomaterial-corona formation in plants are scarce
[60-62]. Species-specific bio-corona formation or other
yet unidentified factors could account for the difference
in stress response we observed, and further highlights
the need for more studies using different nanomateri-
als and plant species to inform tailored nanomaterial
functionalization.

Interestingly, when these stress responses were acti-
vated at lower levels by low concentrations of PEI-
SWNTs, they were well tolerated by plants for several
days. It remains to be studied if this temporal response
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could prime plants to better resist later biotic or abiotic
stresses. Indeed, the observed PEI-SWNT response is
similar to the one elicited by defense-priming agrichemi-
cals used to confer long-lasting resistance to biotic [46]
and abiotic stresses [47]. This opens the possibility of
using low PEI-SWNT concentrations as stress-priming
treatments. Development of new scalable and cost-
efficient methods for SWNT synthesis would make this
feasible in the future [63]. In fact, silica nanoparticles
have recently been shown to enhance disease resistance
through salicylic acid-mediated systemic acquired resist-
ance [64]. Further work studying these and longer-term
effects of PEI-SWNTs on plants are needed to explore
this possibility.

The framework described in this work (transcrip-
tomic profiling, marker identification and concentration/
time/functionalization-dependent response validation)
could be adapted to study the plant responses to other
agronomically-relevant nanomaterials with promising
applications in different plant species. Once nanomate-
rial-plant interactions are better characterized, rational
design of more biocompatible functionalized nanomate-
rials can be achieved for a broad range of plant biotech-
nology applications.

Materials and methods

Nanomaterial preparation and characterization
ssRNA-adsorbed SWNTs were prepared as described in
[30]. Plasmid DNA adsorbed PEI-SWNTs were prepared
as described in [29]. Free PEI (Sigma, cat. 408727) was
dissolved in water and the same amount of plasmid DNA
loaded onto PEI-SWNTs was added, obtaining a final
PEI concentration of 627 ng/pL. Other polymer-SWNTs
were prepared as described in [51]: COOH-SWNTs were
added to water in a 1 mg:1 mL ratio and dispersed via
bath (10 min) and probe-tip (30 min, ~30-40 W) soni-
cation. The resulting solution was centrifuged at 18,000g
for 1 h. Afterwards, the supernatant was collected, and
the concentration was measured via absorbance at
632 nm with an extinction coefficient of 0.036. COOH-
SWNT (1 mg) was dispersed in 100 mM MES buffer and
adjusted to a pH of 4.5-6. N-(3-dimethylaminopropyl)-
N’-ethylcarbodiimide hydrochloride (EDC) (5 mg) and
N-hydroxysulfosuccinimide sodium salt (NHS) (5 mg)
were dissolved in 100 mM MES solution (2.5 mL) and
added dropwise to the SWNT mixture while stirring. The
solution was bath sonicated for 15 min and then placed
on an orbital shaker at 100 rpm for 45-60 min. The prod-
uct was then washed three times with 0.1x PBS via spin
filtration at 300xg for ~8 min through a 100 K MWCO
filter. Each polymer (20 mg) was dissolved in 0.1x PBS
and adjusted to a pH between 7.4-7.6. The SWNT solu-
tion was added dropwise to the polymer solution while
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stirring. The pH was adjusted to a range of 7-8 and the
solution was placed on an orbital shaker at 180 rpm over-
night. The resulting product was redispersed via probe-
tip sonication (if significantly aggregated) and washed six
times with water via spin filtration at 1000 g through a
100 K MWCO filter (1-20 min each, depending on the
polymer). The product was resuspended via bath and
probe-tip sonication, centrifuged, and the supernatant
was collected. Elemental analysis (C, H, N) was per-
formed at the Microanalytical Laboratory at the Uni-
versity of California, Berkeley on a Perkin Elmer 2400
Series II combustion analyzer. Based on the Pregl-Dumas
method, samples are combusted in a pure oxygen envi-
ronment, with the resultant combustion gases measured
in an automated fashion. The degree of functional groups
was calculated by determining the total mass of N atoms
in a branched PEI molecule (estimated as 580.5 PEI
monomers per 25 kDa molecular weight branched PEI
polymer molecule) divided by the total N content of the
product. This value was then divided by the remaining C
content of the product.

RNA-seq sample collection and preparation

Wild-type Columbia-0 Arabidopsis thaliana and wild-
type Nicotiana benthamiana plants were grown in the
greenhouse and in a HiPoint 740FHLED growth cham-
ber, respectively, under the following conditions: 24 °C
high and 21 °C low, 16 h light and 8 h dark, and 70% aver-
age humidity. Young leaves [65] of 6-week old wild-type
Col-0 Arabidopsis plants in vegetative stage were selected
to be fully infiltrated (approx. vol. 40 pL) with a 1 mL
needleless syringe (BD, cat. no. 14-823-434) loaded with
water, COOH-SWNTs (50 mg/L), SWNTs (50 mg/L),
PEI-SWNTs (50 mg/L) or the panel of polymer-SWNTs
(50 mg/L). The SWNT concentration was measured via
absorbance at 632 nm with an extinction coefficient of
0.036. The third and fourth leaves of 4-week-old Nico-
tiana plants were infiltrated in the same way. Two days
after infiltration, five biological replicates containing
four Arabidopsis leaves of each treatment from different
plants and from non-treated plants were collected. For
Nicotiana, a 1 cm by 1 cm infiltrated area was collected
for each biological replicate. Samples were collected in
a 2 mL Eppendorf tube with two 3.2 mm chrome steel
beads (RPI, cat. no. 9840) and flash frozen in liquid N,
immediately. Frozen samples were ground in a Mini-
beadbeater (Biospec Products, cat. no. 3110Bx) tissue
homogenizer for 5 s at 25 Hz frequency, twice.

RNA was extracted using RNeasy Plant Mini Kit (Qia-
gen cat. 74904) using RNase-Free DNase (Qiagen cat.
79254) following manufacturer instructions. Total RNA
concentration was measured using the Qubit" RNA BR
Assay Kit (Thermo Fisher). RNA quality was checked
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using a 2100 Bioanalyzer with RNA 6000 Nano Kit (Agi-
lent). RNA integrity number (RIN) scores were con-
firmed to be>8. Libraries were prepared using Kapa
Biosystems library preparation kit with mRNA selec-
tion with poly-A magnetic beads. Libraries were pooled
and sequenced on an Illumina NovaSeq S4 flow cell in a
NovaSeq 6000 Platform with 150 paired end reads. On
average, 29.5 million reads per sample were obtained.
Sequencing data discussed in this publication have been
deposited in NCBI's Gene Expression Omnibus [66].

Sequencing data analysis

Raw reads were pre-processed using FastQC, and Trim-
momatic was used to trim low quality reads [67]. HI-
SAT2 was used to map the reads to the Arabidopsis
genome (TAIR10) using default values [68]. Feature-
Counts was used to assign reads to Arabidopsis tran-
scripts (TAIR10) [69]. These steps were performed using
the public server at usegalaxy.org [70]. Further analysis
was performed in R [71]. edgeR was used to identify dif-
ferentially expressed genes [72]. Briefly, genes with aver-
age RPKM values below one were removed from the
analysis, then a model matrix was built to compare all
the treatments against the non-infiltrated samples, and
quasi-likelihood dispersion estimation and hypothesis
testing were performed. Genes with a statistically sig-
nificant (FDR<0.05) two-fold expression change in at
least one of the treatments with respect to the untreated
samples were selected for further analysis. The ggupset R
package was used for Fig. 1B. Gene Ontology Enrichment
Analyses were performed using the clusterProfiler pack-
age [73] with GO annotations from org.At.tair.db ver-
sion 3.11.4. GSEA analysis was performed using the fgsea
package [74] with GO annotations or experimental data-
bases Arapath [39] and PlantGSEA [40]. GO were aggre-
gated by hierarchical clustering using relevance semantic
similarity [75] and the most common ancestor term with
the highest information content was selected as the rep-
resentative GO term for each cluster. The 10 top experi-
ments in Arapath and PlantGSEA databases with the
highest positive NES in PEI-SWNT up-regulated genes
and negative NES in PEI-SWNT down-regulated genes
were selected for analysis. To identify gene clusters, row
Z-scored log2(fold change) values were clustered using
Pearson’s correlation as distance and a complete agglom-
eration method, and represented using ComplexHeat-
map package [76].

RNA expression analyses

RNA was extracted from 100 mg of ground leaves
following the protocol described in [77] with cer-
tain modifications. We used TRIzol (Thermo cat.
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15596026) instead of phenol and Phasemaker tubes
were used to separate the aqueous phase (Thermo cat.
A33248). 10 pg of total RNA were treated with TURBO
DNase I (Thermo cat. AM2238) and ¢cDNA was syn-
thetized using 1 pg RNA using the High-Capac-
ity ¢cDNA Reverse Transcription Kit (Thermo cat.
4368814). PowerUP SYBR Green Master Mix (Thermo
cat. A25741) was used for RT-qPCR using three tech-
nical replicates per reaction in a CFX96 Touch Real-
Time PCR Detection System (Biorad). Primers are
described in Additional file 5: Table S5. SAND and
EFla genes were used as reference for Arabidopsis
and Nicotiana, respectively [78]. For experiments in
Nicotiana we identified the closest orthologs of Arabi-
dopsis genes using their protein sequence as input in
the solgenomics BLAST tool against the Nicotiana
benthamiana genome [79]. We used the sequence
of Niben101Scf00107g03008.1 (PRIA) and Niben-
101scf01817g00015.1 (NPAGP41).

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512951-021-01178-8.

Additional file 1: Table S1. Elemental analysis of PEI-SWNTs and source
materials used in this study. Mass percentage of each element is reported.
Degree of functionalization (DFG) refers to the fraction of carbons on

the surface lattice that contain a branched PEI 25 k functional group,
calculated as described in the methods section. This DFG represents a
12.54 PEl to SWNT ratio by mass (i.e., 50 ng of PEI-SWNTs contain 627 ng
of PEI). Figure S1. Validation of RNA-seq data by RT-qPCR. (A) Normalized
log2(RPKM) values for selected genes from Clusters 1 and 2 (PEI-SWNT
specific genes) and Clusters 4 and 6 (SWNT specific genes) from RNA-seq
data. (B) mRNA levels of same genes as in (A) measured by RT-qgPCR. The
lower and upper hinges of the boxplot correspond to the first and third
quartiles, the upper and lower whiskers correspond to the largest value
no further than 1.5 times the inter-quartile range. Statistical significance
was determined by a one-way ANOVA with post-hoc Tukey HSD test.
Letters denote significant differences among means (n=5in Aand n=3
in B). Figure S2. Infiltrated free PEl is more toxic than when conjugated to
SWNTs. (A) Arabidopsis leaves infiltrated with water, free PEI (627 ng/uL)
and PEI-SWNTs (50 ng/uL) 2-dpi. (B) mRNA levels of the selected marker
genes measured by RT-gPCR in leaves of plants infiltrated as in (A). The
lower and upper hinges of the boxplot correspond to the first and third
quartiles, the upper and lower whiskers correspond to the largest value no
further than 1.5 times the inter-quartile range. Statistical significance was
determined by a one-way ANOVA with post-hoc Tukey HSD test. Letters
denote significant differences among means (n=3).

Additional file 2: Table S2. Genes that showed a statistically significant
(FDR<0.05) two-fold expression change with respect to the non-infil-
trated samples in at least one treatment.

Additional file 3: Table S3. Gene Ontology over-representation analysis
of differentially expressed genes in different treatments.

Additional file 4: Table S4. Gene Set Enrichment Analyses.
Additional file 5: Table S5. Primers used in RT-qPCR reactions.
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