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ABSTRACT: Nanotechnology approaches for improving the
delivery efficiency of chemicals and molecular cargoes in plants
through plant biorecognition mechanisms remain relatively
unexplored. We developed targeted carbon-based nanomaterials
as tools for precise chemical delivery (carbon dots, CDs) and
gene delivery platforms (single-walled carbon nanotubes,
SWCNTs) to chloroplasts, key organelles involved in efforts to
improve plant photosynthesis, assimilation of nutrients, and
delivery of agrochemicals. A biorecognition approach of coating
the nanomaterials with a rationally designed chloroplast
targeting peptide improved the delivery of CDs with molecular
baskets (TP-β-CD) for delivery of agrochemicals and of plasmid
DNA coated SWCNT (TP-pATV1-SWCNT) from 47% to 70%
and from 39% to 57% of chloroplasts in leaves, respectively. Plants treated with TP-β-CD (20 mg/L) and TP-pATV1-SWCNT
(2 mg/L) had a low percentage of dead cells, 6% and 8%, respectively, similar to controls without nanoparticles, and no
permanent cell and chloroplast membrane damage after 5 days of exposure. However, targeted nanomaterials transiently
increased leaf H2O2 (0.3225 μmol gFW−1) above control plant levels (0.03441 μmol gFW−1) but within the normal range
reported in land plants. The increase in leaf H2O2 levels was associated with oxidative damage in whole plant cell DNA, a
transient effect on chloroplast DNA, and a decrease in leaf chlorophyll content (−17%) and carbon assimilation rates at
saturation light levels (−32%) with no impact on photosystem II quantum yield. This work provides targeted delivery
approaches for carbon-based nanomaterials mediated by biorecognition and a comprehensive understanding of their impact
on plant cell and molecular biology for engineering safer and efficient agrochemical and biomolecule delivery tools.
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T he increasing demand for food production requires
innovative and sustainable technologies for efficient
agrochemical and biomolecule delivery in plants.

Human population growth is expected to require a 60%
increase or more in food production by 2050 relative to 2005−

2007 levels.1 Traditional plant breeding, genetic engineering,
and land management strategies are not on track to meet the
need for increased food production.2,3 Climate change will
further complicate efforts toward achieving food security by
exacerbating the frequency and intensity of environmental
stresses that negatively impact crop productivity.4,5 The higher
demand for higher crop yields is straining the earth’s
ecosystems by increasing energy, water, land use, and
environmental pollution.6,7 The transition to sustainable food
production systems will require innovations in agrochemical
delivery and genetic engineering strategies. Nanotechnology is
emerging as a tool to improve sustainable agricultural practices
and maintain food security during a rapidly increasing human

population and the threat of climate change impact on crop
yields.8−10

Nanotechnology is providing approaches for more precise
agrochemical delivery, genetic engineering platforms, and
environmental sensing for enabling farmers to monitor,
manage, and improve crop productivity.3,8,10−13 The use of
engineered nanomaterials in agriculture relies on both
advancing our fundamental understanding of nanomaterial−
plant interactions and elucidating the impact of nanomaterials
on plant function. Nanotechnology applications without
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adequately evaluating the biological impact on plant function
can lead to unforeseen plant health and environmental
consequences, causing decreased crop yield and pollution of
the environment.10,14,15 Therefore, studies on the design of
nanomaterials should go hand in hand with research on their
biocompatibility with plants.
Nanomaterials exhibit tunable physical and chemical proper-

ties such as size, surface charge, amphiphilicity, and
biomolecule coatings that enable targeted and controlled
delivery of chemicals and biomolecules.16−20 Targeted delivery
through nanomaterials in agriculture has gained interest due to
its tremendous potential for improving pesticide, herbicide,
and fertilizer delivery while decreasing the environmental
impact due to agrochemical runoff.3,9,10,16,21 Current ap-
proaches for improving the delivery efficiency of nanomaterials
and their cargoes in plants have been based on modifications of
the nanoparticle charge, size and hydrophobicity.18−20,22−24

The use of biomolecule coatings to guide nanomaterials to
plant cells and organelles by the plant biorecognition
machinery has only been recently explored and remains poorly
understood.16,25 For example, Santana et al. recently
demonstrated that quantum dots functionalized with a highly
conserved chloroplast targeting peptide among dicot plants
could deliver nanomaterials with chemical cargoes inside
∼75% of chloroplasts in leaf cells and modulate chloroplast
redox status.16,26 These CdSe quantum dots were used for
fundamental research on plant-nanoparticle interactions

because long-term exposure to cadmium-based nanomaterials
can be toxic to plants and the environment.27 Quantum dots
are model nanomaterials for understanding plant−nanoparticle
interactions that can be traced by multiple advanced analytical
tools including confocal fluorescence microscopy and
elemental analysis, but they are not suitable for nanoenabled
agriculture applications due to their toxicity.27,28 In contrast,
carbon dots (CDs) are among the most biocompatible29−31

and degradable nanomaterials31,32 made from renewable
resources such as citric acid and urea.18,33 Functionalizing
CDs with molecular baskets (β-cyclodextrins) able to carry a
wide range of agrochemicals16,34,35 and targeting peptides
allow them to act as sustainable targeted chemical delivery
tools for agricultural applications.
Nanomaterials are also promising genetic engineering

platforms due to their ability to bypass plant cell barriers
including the cell wall and lipid membranes without
mechanical aid in a broad array of plant species, including
some recalcitrant to conventional genetic engineering
approaches.9,11,19,24,36 High aspect ratio nanomaterials func-
tionalized with highly positively charged polymers have been
reported to enable the delivery of genetic elements into plants
nuclear and chloroplast genomes.11,19,37,38 The delivery of a
DNA plasmid encoding a green fluorescent protein (GFP) to
the plant nuclear genome was mediated by single-walled
carbon nanotubes (SWCNTs) that were covalently modified
with a cationic polymer (polyethylenimine, PEI).24,37 The

Figure 1. Targeted carbon nanostructures for chloroplast bioengineering and their impact on the plant cell and molecular biology.
Nanomaterials were synthesized for chloroplast targeted chemical delivery (CDs) and gene delivery (SWCNTs). The carbon nanostructures
were functionalized with a guiding peptide that selectively binds to protein translocon outer channels (TOC) on the chloroplast membrane.
Nanomaterials have been proposed to spontaneously enter plant cells and organelles by disrupting lipid bilayers. The impact of targeted
carbon nanostructures on leaf cell and molecular biology was assessed by studying the effects on plant cell and chloroplast membrane
integrity, the damage to whole plant cell and isolated chloroplast DNA, the generation of ROS, and photosynthesis. Created with BioRender.
com.
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surface functionalization with positively charged PEI allowed
electrostatic interactions with the negatively charged plasmid
DNA cargoes and the transport across plant cell barriers
including the cell wall and plasma membrane. Passive delivery
of plasmid DNA without mechanical aid was confirmed by
expression analysis of GFP using digital drop PCR and
confocal imaging in live plant cells. Furthermore, Kwak et al.
reported the delivery of plasmid DNA encoding a yellow
fluorescent protein into chloroplasts by chitosan-coated
SWCNTs and assessed expression by confocal microscopy
analysis.19 These studies investigated plasmid DNA delivery to
chloroplasts by tuning the SWCNT surface charge with
polymers. However, biorecognition approaches for targeting
plasmid DNA via SWCNTs have not been explored. There is
also a need to determine the biocompatibility of these carbon
nanostructures and their impact on plant cell and organelle
function for plant genetic engineering applications.
Studies on CDs and SWCNTs impact on plants and the

environment tend to be performed after plant exposure to high
doses of nanomaterials, >100 mg/L and >25 mg/L,
respectively.14,39 The studies on interactions between carbon-
based nanomaterials and plants have mainly focused on
nanomaterials delivered through hydroponic, soil, and agar
substrates29,40,41 but not by foliar delivery approaches.
Mechanistic studies are needed to determine the effect of
targeted carbon nanomaterials within a range of concentrations
intended for plant biotechnology and agricultural systems.39,42

Biological impact studies provide insights into designs and
synthesis of nanomaterials that do not negatively affect plant
growth and development.39 Understanding the effect that
targeted nanomaterials have on plant cell and molecular
biology is critical toward engineering safer and effective
chemical and biomolecule delivery strategies.
This study developed nanocarriers for targeted delivery of

chemicals and plasmid DNA to chloroplasts using carbon-
based nanomaterials and investigated the impact of these
nanocarriers on plant cell and molecular biology (Figure 1).
The targeted CDs contained a β-cyclodextrin molecular basket
able to form inclusion complexes with chemical cargos16,34,35

and a targeting peptide (TP) from the rubisco small subunit
1A that improves binding and uptake by chloroplasts (TP-β-
CD). The SWCNT functionalized with cationic polymers
electrostatically bound to plasmid DNA driven by a plastid-

specific promoter (pATV1)43 and to a chloroplast targeting
peptide are shown to act as a targeted gene delivery platform
(TP-pATV1-SWCNT). We show proof of concept that these
carbon nanostructures target the delivery of a fluorescent
chemical cargo and plasmid DNA through confocal fluo-
rescence microscopy and molecular analysis. We investigated
the impact of targeted nanomaterials on percentage of viable
leaf cells, cell and plastid membrane intactness, leaf cell H2O2

levels, oxidative damage to DNA, chlorophyll, and photosyn-
thesis. This work provides a comprehensive understanding of
the interactions of targeted carbon nanostructures with cargoes
in plants and their impact on plant cell, organelle, and
molecular biology.

RESULTS AND DISCUSSION

Targeted Carbon Nanomaterials for Chemical and
Gene Delivery. The UV−vis absorbance spectrum of targeted
CDs indicated characteristic absorption peaks at 272 nm for
π−π transition of C�C bonds and 335 nm for n−π*

transition of C�O or C�C bonds, respectively (Figure
S1).44−46 Nontargeted PEI coated single-walled carbon
nanotubes (PEI-SWCNTs) showed absorption peak shoulders
around 260 nm due to the PEI polymer (Figure S1).47 Both
CD and TP-pATV1-SWCNT absorbance spectra broadening
at 215−350 nm range are attributed to the surface
functionalization with biomolecules such as peptides, DNA
or β-cyclodextrin.48,49,46 The ζ potential of β-CD (−12.1 ± 3.2
mV) decreased after functionalization with the chloroplast
targeting peptide in TP-β-CD (−36.4 ± 3.4 mV) (10 mM TES
buffer, pH 7.0) (Figure 2A). The chloroplast targeting peptide
for CD (MASSMLSSATMVGGC) has a neutral charge (−0.1
mV) that upon covalent bonding to positively charged NH2

groups in β-cyclodextrins through a NHS-PEG4-MAL linker
results in the decrease in ζ potential for TP-β-CD. The ζ
potential for PEI-SWCNT decreased from 57.3 ± 1.9 mV to
33.4 ± 0.76 mV for targeting peptide coated TP-pATV1-
SWCNT (10 mM TES and 0.1 mM NaCl, pH 7.0) (Figure
2A). The electrostatic interactions between the negatively
charged plasmid DNA (pATV1) and the positively charged
PEI on the SWCNT surface decrease the ζ potential of TP-
pATV1-SWCNT. The CY3-ds(GT)15-SWCNT and TP-CY3-
ds(GT)15-SWNT had similar ζ potentials of 34.6 ± 0.6 and
35.1 ± 0.9 mV, respectively (Figure 2A). The hydrodynamic

Figure 2. Characterization of carbon nanostructures for chemical and gene delivery to chloroplasts. (A) ζ potential and (B, C) hydrodynamic
diameter of targeted and nontargeted carbon nanostructures. CDs with β-cyclodextrin molecular baskets (β-CDs) and chloroplast targeting
peptides (TP-β-CDs). PEI-SWCNTs coated with pATV1 plasmid DNA (pATV1-SWCNT), CY3-ds(GT)15-SWCNT and nanostructures with
chloroplast targeting peptide ( TP-pATV1-SWCNT, TP-CY3-ds(GT)15-SWCNT).
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size for CY3-ds(GT)15-SWCNT and TP-CY3-ds(GT)15-
SWCNT was also similar, 221.8 ± 13.02 nm and 216.7 ±

8.23 nm, respectively (Figure 2C). Both targeted TP-β-CDs
and TP-pATV1-SWCNTs have a highly negative or positive
charge, respectively, that has been shown to promote uptake
through chloroplast envelopes and plasma membranes in
vitro23 and leaf biosurfaces in vivo.18 The hydrodynamic size
for β-CD measured by dynamic light scattering increased from
10.2 ± 1.5 nm to 27.8 ± 5.8 nm for TP-β-CD (Figure 2B).
Likewise, the average DLS size for the pATV1-SWCNT and
TP-pATV1-SWCNT increased from 49.98 ± 3.45 nm to 382.5
± 27.0 nm, respectively (Figure 2C). The increase in DLS size
is associated with the coating of pATV1-SWCNT with a

modified chloroplast targeting peptide (30 residues,
MASSMLSSATMVGGGGGGKHKHKHKHKHKH).
The Fourier-transform infrared spectroscopy (FTIR)

analysis of CDs indicated characteristic bonds for O−H
stretching vibrations at 3240 cm−1, C�C alkyne 2160 cm −1,
carboxamides N�C�N at 2010 cm−1. The peaks near 1700
cm −1 and 1650 cm−1 were attributed to C�O conjugated
aldehydes and N−H amine bonds33,50 (Figure S2). The β-CDs
exhibited significant characteristic peaks for asymmetric
glycosidic vibration bonds (C−O−C) of β-cyclodextrins at
1040 cm−1 (Figure S2).33,51 The FTIR of targeted TP-β-CDs
exhibited peaks at O−H stretching vibrations at 3240 cm−1,
asymmetric glycosidic vibration (C−O−C) at 1050 cm−1, and
bands typical of type I amide bonds at 1610 cm−1, supporting

Figure 3. Targeted delivery of nanomaterials to chloroplasts in plant cells. (A) Confocal microscopy images of CDs with β cyclodextrin
molecular baskets (β-CDs) and chloroplast targeting peptides (TP-β-CDs) and (B) single walled carbon nanotubes coated with CY3 with
double-stranded DNA (CY3-ds(GT)15-SWCNT) and chloroplast targeting peptides (TP-CY3- ds(GT)15-SWCNT). Confocal images were
collected in the same focal plane about 50 μm from the leaf abaxial epidermis. Scale bar 50 μm. (C) Colocalization analysis of nanostructures
indicated a significantly higher percentage of chloroplasts with targeted nanomaterials compared to controls without TPs. Statistical analysis
using a one-way ANOVA and post hoc Tukey’s test, n = 7−12, ****p < 0.0001.
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the successful conjugation of β-cyclodextrin and targeting
peptides on the CD surface (Figure S2). The CDs exhibited a
fluorescence emission peak at 511 nm, and the SWCNTs
coated in CY3-ds(GT)15 DNA showed a fluorescence emission
peak at 564 nm. These nanomaterial fluorescence peaks of
emission allowed tracking inside plant cells with minimum
overlap with chloroplast autofluorescence background (Figure
S1).
In Vivo Imaging of Chloroplast Targeted Nanoma-

terials. Confocal fluorescence microscopy imaging was used
to determine the colocalization between chloroplasts in
Arabidopsis leaves and both targeted and nontargeted β-CDs
and CY3-ds(GT)15 DNA coated SWCNT (Figure 3A,B).
Nanomaterials were foliar sprayed on whole plants in a
formulation containing 0.1% Silwet (v/v) (Table S1). Control
confocal images of leaves treated with only 10 mM TES buffer
have no background autofluorescence in CD and CY3-
ds(GT)15 DNA emission channels (Figure S3). The level of

colocalization of fluorescent emission from nanocarriers with
chloroplasts was determined by Manders’ coefficient analysis
(COLOC2, ImageJ) (Figure 3C). The localization of targeted
nanomaterials (TP-β-CD and TP-CY3-ds(GT)15-SWCNT)
with chloroplasts in leaf mesophyll cells was higher compared
to nontargeted materials lacking the targeting peptide (β-CD
and CY3-ds(GT)15-SWCNT). The colocalization rates for TP-
β-CDs with chloroplasts significantly increased to 70.0 ±

9.46% from 47.4 ± 9.57% levels for β-CDs and similarly to
56.9 ± 4.58% for TP-CY3-ds(GT)15-SWCNT from 38.7 ±

6.69% for CY3-ds(GT)15-SWCNT (p < 0.0001) (Figure 3C).
Previously, we reported an in vivo increase in colocalization of
chloroplasts with heavy-metal-based quantum dots function-
alized with chloroplast targeting biorecognition peptides,16

indicating the robustness of this approach for a variety of
targeted nanomaterials. The use of foliar delivery of nanoma-
terials onto leaves provides a facile, efficient, and scalable
method to interface nanomaterials with crops.21,52 Foliar

Figure 4. Chemical cargo delivery by targeted CD nanostructures. (A) CDs are functionalized with a β-cyclodextrin molecular baskets for
chemical cargo delivery (e.g., fluorescent dye) and with chloroplast guiding peptide for targeted delivery enabled by biorecognition. (B)
Confocal microscopy images of fluorescein (FDA) in leaf mesophyll cells indicate a higher degree of colocalization with chloroplasts for
targeted TP-β-CD-FDA compared to nontargeted β-CD-FDA, FDA alone, or a mixture of CDs and FDA. Merged confocal images show 2D
Z-projections to visualize the distribution of fluorescent cargoes in leaf mesophyll cells and chloroplasts. Confocal images were collected in
the same focal plane about 50 μm from the leaf abaxial epidermis. Scale bar 50 μm. (C) Quantitative colocalization analysis of the percentage
of chloroplasts containing FDA. Statistical analysis was performed using a one-way ANOVA and post hoc Tukey’s test, n = 7, *** p < 0.0002,
****p < 0.0001.
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chemical delivery approaches mediated by nanomaterials in
plants can improve the efficacy of fertilizer, pesticides, and
other agrochemicals for enhancing plant growth.
The colocalization of TP-β-CDs and TP-CY3-ds(GT)15-

SWCNTs with chloroplast inside leaf mesophyll cells indicates
that these nanomaterials are able to translocate across the leaf
surface and through plant cell barriers including the cell wall,
plasma membrane, and chloroplast envelopes. The nanoma-
terial uptake pathway is likely micron-sized stomatal pores
through which we have reported the translocation of CDs in
crop leaves.18 Although, stomatal density is lower on the upper
(adaxial) leaf surface than on the lower (abaxial) side in
Arabidopsis as in most plants, the high levels of colocalization
of nanomaterials with chloroplasts indicate that this does not
constitute a limitation for the translocation of the nanoma-
terials through plant cell barriers. The larger size of the TP-β-
CDs and TP-CY3-ds(GT)15-SWCNTs compared to their
untargeted counterparts does not decrease their ability to

translocate across plant cell barriers and reach the chloroplast
target. To the contrary, the coating with targeting peptide
biorecognition motifs improved the delivery efficiency to
chloroplasts. These results indicate that more research is
needed to understand how biomolecule coatings affect the
permeability of nanomaterials through plant cell walls reported
to act as size exclusion barriers for nanoparticles.53 The ζ

potential of TP-β-CDs and TP-CY3-ds(GT)15-SWCNTs was
higher in magnitude than 30 mV, which has been predicted by
nanoparticle-interactions models to allow delivery of nanoma-
terials into chloroplasts in vitro.18,22,23 Previous studies have
also reported that highly charged CDs and nanotubes move
across leaf cell barriers into chloroplasts in vivo.18,54

Chemical Cargo and Plasmid DNA and Delivery to
Chloroplasts Mediated by Targeted Nanomaterials. To
assess the delivery of chemical cargoes to chloroplasts
mediated by TP-β-CD nanocarriers, we loaded β-cyclodextrins
with the fluorescent dye 6-carboxyfluorescein (FDA) (Figure

Figure 5. Plasmid DNA delivery to chloroplasts by targeted SWCNTs. (A) SWCNTs coated with PEI are electrostatically bound to plasmid
DNA and chloroplast targeting peptides for chloroplast genetic engineering. The pATV1 plasmid encodes for a GFP gene. The chloroplast
targeting peptide was rationally designed to include amino acid sequences for biorecognition, increased flexibility and stability, and an
electrostatic tail to bind to DNA. (B) Confocal microscopy images of Arabidopsis thaliana leaf mesophyll cells after 7 days of exposure to
SWCNTs coated in pATV1 plasmid with targeting peptides (TP-pATV1-SWCNTs) and without the guiding peptides (pATV1-SWCNTs).
Scale bar 50 μm. (C) 3D image of GFP in leaf mesophyll cells after treatment with TP-pATV1-SWCNT. (D) Quantitative colocalization
analysis of chloroplasts with GFP fluorescence. Comparisons were performed by independent samples t-test (two-tailed, ****p = < 0.0001, n
= 5−7). (E) RT-qPCR gene expression analysis of GFP in plants treated with targeted TP-pATV1-SWCNTs and nontargeted pATV1-
SWCNTs. Data are the means ± SD (n = 5−7). (F) ELISA quantification of GFP in total soluble proteins of extracts from leaves treated with
targeted TP-pATV1-SWCNTs and nontargeted pATV1-SWCNT. Data are means ± SD (n = 3). Statistical analysis was performed with a
two-way ANOVA. No significant differences (ns).
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4A). We imaged the localization of FDA within leaf mesophyll
tissues by confocal microscopy and quantified the localization
of this fluorescence dye with chloroplasts autofluorescence
(Figure 4B,C). Plant leaves treated with TP-β-CD-FDA or TP-
β-CD (Table S1) were analyzed for the fluorescence emission
crosstalk with confocal microscopy under laser excitation with
a 488 nm laser (Figure S4A). FDA dye emission spectra
exhibited a much stronger fluorescence signal compared to TP-
β-CDs at 488 nm excitation allowing detection of loaded
cargos to chloroplasts with a minimal crosstalk from TP-β-CDs
emission (Figure S4B). The FDA alone localized near the
plasma membrane. When added together with CDs or β-CDs,
the FDA was observed both in the intracellular and
extracellular space. As shown in 2D plane projections in the
XZ and YZ axis from orthogonal Z-stack images (Figure 4B),
the FDA delivered by CD + FDA and β-CD-FDA localized
with a fraction of chloroplasts at a colocalization rate of 44.5 ±

6.4 and 47.0 ± 9.6%, respectively. In contrast, when FDA was
delivered by TP-β-CDs, most of the FDA fluorescence signal
was detected inside leaf mesophyll cells and highly colocalized
with chloroplasts (70.0 ± 9.5%) (Figure 4B). Using the 2D
plane Z-projections, we confirmed this distribution analysis of
FDA in the leaf mesophyll and the localization with
chloroplasts (Figure 4B). Despite that the TP-β-CD DLS
size is larger than their nontargeted counterparts (Figure 2B),
these nanocarriers more efficiently deliver chemical cargo to
chloroplasts, indicating that their high ζ potential (>30 mV)
and targeting peptide coating play a more important role in
determining their translocation efficiency through leaf
mesophyll cells. Although targeted TP-β-CDs improved the
delivery of FDA to chloroplasts in leaf mesophyll cells, the
FDA fluorescence signal was localized throughout the entire
leaf mesophyll cells. This might indicate that the FDA cargo
was also released inside the cell cytosol before reaching
chloroplast target organelles. The β-cyclodextrin surface
chemistry can be modified for controlled release of cargoes
(i.e., pH),55 providing a pathway to more efficiently deliver the
chemical cargo to the intended target. Colocalization rates of
FDA fluorescence with chloroplasts were determined using
Mander’s coefficient analysis (COLOC2, ImageJ). The
colocalization rates of TP-β-CDs loaded with FDA were
compared to FDA dye only, core CDs mixed with FDA, and β-
CDs loaded with FDA (Figure 4C). The percent localization of
FDA delivered by TP-β-CDs (62.5 ± 9.22%) was significantly
higher compared to nontargeted β-CDs (40.0% ± 3.42) (***

p < 0.0002, ****p < 0.0001) (Figure 4C). Targeted delivery to
chloroplasts by TP-β-CDs provides a traceable fluorescent
nanotechnology-based tool with biocompatibility18,56 and
degradability32,57,58 for agrochemical delivery in plants with
improved subcellular delivery precision and cell uptake
efficiency. The development of targeted chemical delivery
approaches in plants can aid in improving the efficacy of
agrochemical delivery while minimizing unintended pollution
in the environment.21,59

We investigated the targeted delivery of plasmid DNA and
expression in chloroplasts of Arabidopsis leaves mediated by
biorecognition of SWCNTs. We used pATV1, a dicistronic
plasmid encoding for both a GFP and antibiotic resistance
genes regulated by a chloroplast promoter that is codon-
optimized for specific expression in chloroplasts (Figure 5A).43

The pATV1-SWCNTs were coated with a modified chlor-
o p l a s t t a r g e t i n g p e p t i d e ( M A S S M L S -
SATMVGGGGGGKHKHKHKHKHKH) that contains a 15

lysine and histidine residues (KH6) tail. The KH6 peptide tail
enables the electrostatic binding of the chloroplast targeting
peptide to the negatively charged plasmid DNA in pATV1-
SWCNTs, and the G6 spacer enhances the exposure of the
biorecognition motif to chloroplast membrane receptors.60−62

The GFP fluorescence was imaged by confocal microscopy in
leaf mesophyll cells (Figure 5B). A 3D rendering of GFP
expression and chloroplasts autofluorescence indicated high
levels of GFP in these organelles in selected leaf mesophyll
cells treated with targeted TP-pATV1-SWCNTs (Figure 5C).
Confocal analysis of GFP fluorescence emission in plant leaves
treated with TP-pATV1-SWCNTs exhibited a more robust
GFP signal and higher colocalization within chloroplast in vivo
(56.7 ± 6.0%) than nontargeted pATV1-SWCNTs (37.0 ±

6.3%) (Figure 5D). Despite that TP-pATV1-SWCNTs have a
larger DLS size than their nontargeted counterparts and similar
ζ potential (Figure 2A,B), the targeting peptide coated
nanocarriers more efficiently deliver DNA to chloroplasts,
indicating that biorecognition mechanisms exert a stronger
influence on their translocation through leaf biosurfaces. No
background fluorescence was detected in the GFP emission
range when Arabidopsis plants were treated with only PEI
coated SWCNTs (Figure S5).
Expression analysis results indicated that the peak of mRNA

transcription levels for GFP is reached after 5 days of exposure
for either TP-pATV1-SWCNT or pATV1-SWCNT, which is
followed by a decrease in GFP gene expression at day seven
(Figure 5E). Interestingly, despite higher localization of
targeted TP-pATV1-SWCNTs with chloroplasts, both TP-
pATV1-SWCNTs and pATV1-SWCNTs exhibited similar
levels of GFP mRNA. This indicates that functionalization of
plasmid DNA coated SWCNTs with targeting peptides
increases localization with chloroplasts, but it may lead to
interference with the plasmid DNA expression by chloroplasts.
An alternative explanation is that the targeted TP-pATV1-
SWCNTs cause higher rupturing of the chloroplast mem-
branes (as demonstrated in experiments below), thus
decreasing overall gene expression in the chloroplasts. The
RT-qPCR analysis of GFP mRNA expression was compared to
the relative change in expression of the internal housekeeping
gene Actin2 (AT3G18780).63,64 GFP expression was also
confirmed by quantifying GFP protein levels with an ELISA
assay of the total soluble proteins of leaf extracts. Maximum
levels of GFP protein were detected in the total soluble
proteins after 5 days of treating leaves with both TP-pATV1-
SWCNT and pATV1-SWCNT, followed by a reduction in
GFP levels at day 7 (Figure 5F). This additional quantitative
analysis mirrors the trend observed in RT-qPCR GFP gene
expression (Figure 5E) and provides an orthogonal line of
evidence of GFP production by chloroplasts. SWCNTs
functionalized with positively charged chitosan have been
reported to deliver plasmid DNA to chloroplasts in plant leaves
where gene expression was assessed by confocal fluorescence
microscopy.19 Herein, we report that biorecognition-mediated
delivery of plasmid DNA to chloroplasts by targeted SWCNT
enables high levels of transient transgene expression using
confocal microscopy, quantitative gene expression and protein
level analysis.
Impact of Targeted Nanomaterials on Plant Cell

Viability. We investigated the viability of plant cells treated
with increasing concentrations of targeted and nontargeted
nanomaterials by measuring the percentage of dead plant cells.
Arabidopsis leaf tissues were treated with targeted nanomateri-
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als at 20, 100, 500 mg/L concentrations of TP-β-CDs or 2, 5,
10 mg/L of TP-pATV1-SWCNTs (Figure 6, Table S1).
Biocompatibility assays were performed up to 5 days of
nanocarrier exposure before control Arabidopsis plants
experienced the onset of leaf senescence marked by significant
changes in chlorophyll levels (Figure S6A). On day 7,
significant differences in chlorophyll were detected in control
Arabidopsis plants without nanomaterials. The percentage of
intact cells at day 1 for TP-β-CDs (20 mg/L) and TP-pATV1-
SWCNTs (2 mg/L) was biocompatible, resulting in no
significant differences in plant dead cells relative to controls
without nanoparticles over the same experimental time frame
(Figure 6A,B). However, the TP-β-CDs exhibited significantly
higher percentages of dead cells on day 5 of exposure at
concentrations of 100 mg/L (20.0 ± 4.8%) and 500 mg/L
(23.4 ± 4.8%) compared to controls (2.0 ± 0.7%) (Figure
6A). Similarly, the TP-pATV1-SWCNT treated leaves showed
an increase in cell death on day 5 at concentrations of 5 mg/L
(6.0 ± 1.9%) and 10 mg/L (8.4 ± 2.9%) relative to controls
(2.9 ± 1.4%) (Figure 6B). Therefore, subsequent experiments
assessing the impact of targeted nanocarriers on plant cell and
molecular biology were focused on biocompatible concen-
trations of 20 mg/L for TP-β-CDs and 2 mg/L for TP-pATV1-
SWCNTs.
Interactions of Targeted Carbon Nanostructures with

Plant Cell and Chloroplast Membranes. Damage to plant
lipid membranes causes ion and molecule permeability changes
across the membrane, interruption of metabolic processes,

intracellular signaling, and trafficking of biomolecules.65,66 The
application of targeted nanostructures with high charge allows
penetration of plant cell barriers and localization inside
organelles that could cause disruption in lipid membrane
integrity. Plant cell membrane intactness in leaves treated with
TP-β-CDs or TP-pATV1-SWCNTs (Table S1) was assessed
by staining dead cells with propidium iodide (PI) dye followed
by imaging under confocal microscopy (Figure 7A). PI is a
nonpermeable dye that only crosses the cell membranes when
they are damaged. The overall percentage of intact cells
without PI stained nuclei was calculated relative to the total
number of cells (Figure 7B). Targeted nanomaterials did not
have a significant impact on plant cell membrane intactness.
Both TP-β-CDs and TP-pATV1-SWCNTs maintained more
than 93% of plant cells with intact membranes after 1 and 5
days of exposure, similar to controls without nanoparticles
(Figure 7B). In addition, we performed identification of intact
chloroplasts by differential interference contrast (DIC)
microscopy as reported previously with some modifica-
tions.67,68 Intact isolated chloroplasts observed by DIC
microscopy have a highly reflective and continuous outer
envelope, whereas damaged chloroplasts have a broken
envelope with opaque and granular appearance (Figure 7C).
The TP-β-CDs did not affect chloroplast membrane damage
during the study period (Figure 7D). In contrast, the TP-
pATV1-SWCNTs induced a significant decrease in chloroplast
intactness after 1 day of exposure (Figure 7D). As proposed by
the LEEP model, lipid exchange between SWCNT and
chloroplast envelopes as the nanomaterials enter these
organelles22,23 could explain the temporary decrease in
chloroplast membrane intactness. Our results indicate that
high aspect ratio SWCNTs, but not CDs, result in significant
disruption of plant lipid membrane structures.
Transient Increase in Leaf H2O2 Content after

Nanomaterial Exposure. The impact of nanomaterials for
targeted delivery of chemical cargoes and DNA on
chloroplasts’ reactive oxygen species (ROS) levels has not
been explored. Chloroplasts are main sites for ROS
generation.65,69 We used a quantitative peroxide assay to
monitor H2O2 content in leaves after treatment with targeted
nanomaterials (Figure 8A) (Table S1). The TP-β-CDs and
TP-pATV1-SWCNTs increased leaf H2O2 levels to 0.3225 ±

0.0190 and 0.2970 ± 0.0341 μmol gFW−1, respectively, after 1
day of exposure, whereas control plants exhibited 0.0347 ±

0.0088 μmol gFW−1 values. The observed 10-fold increase in
leaf H2O2 was within normal H2O2 levels reported for
nonstressed land plants (<5 μmol gFW−1).70−74 However,
H2O2 levels can vary significantly within plant species and even
organs within plants.70,71 Leaf H2O2 decreased to levels similar
to controls (0.0320 ± 0.0021 μmol gFW−1) after 5 days of
exposure to TP-β-CDs (0.0583 ± 0.0033 μmol gFW−1) and
TP-pATV1-SWCNTs (0.0496 ± 0.0029 μmol gFW−1) (Figure
8A). Although plants have mechanisms to catalytically
scavenge ROS, the transient increase in the levels of leaf
H2O2 could cause damage to DNA, chlorophyll pigments, and
photosynthetic proteins.73,75−78

Oxidative Damage to Cell and Chloroplast DNA by
targeted nanomaterials. To gain insight into the impact of
targeted nanomaterials on plant cell and chloroplast genomes,
we measured the relative 8-hydroxy-2′-deoxyguanosine (8-
OHdG) levels in whole plant cell DNA and chloroplast DNA
upon exposure to targeted nanomaterials (Table S1). Increased
in ROS levels may result in DNA damage and the production

Figure 6. Biocompatibility of targeted nanomaterials in plant cells.
Percentage of dead cells in Arabidopsis leaf mesophyll tissue
exposed to increasing concentrations of targeted nanomaterials.
(A) TP-β-CDs or (B) TP-pATV1-SWCNTs. The percentage of
dead cells was determined using PI, a fluorescent dye that stains
the nuclei of dead cells. Statistical analysis using one-way ANOVA
and post hoc Dunnett’s test, n = 7−12,*p < 0.032, **p = <0.0021.
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of 8-hydroxydeoxyguanosine (8-OHdG), a ubiquitous bio-
marker in the guanine of nucleic acids.79,80 Significantly higher
levels of 8-OHdG biomarkers in whole plant cell DNA were
observed after 1 day of leaf exposure to TP-β-CD (14.9 ± 0.3
ng/mL) and TP-pATV1-SWCNT (15.5 ± 0.8 ng/mL) relative
to controls without nanoparticles (9.7 ± 0.8 ng/mL) (Figure
8B). On day 5, the levels of 8-OHdG biomarkers remained
slightly more elevated in both treatments with TP-β-CDs (14.9
± 0.3 ng/mL) and TP-pATV1-SWCNTs (14.6 ± 0.4 ng/mL)
relative to controls without nanoparticles (12.3 ± 0.9 ng/mL)
(Figure 8B). In isolated chloroplast DNA samples from leaves
treated with TP-pATV1-SWCNT, we also observed initial
DNA oxidative damage on day 1 of exposure (14.7 ± 0.2 ng/
mL), but after 5 days of exposure to the targeted nanomateri-
als, the 8-OHdG levels were similar to controls (TP-pATV1-
SWCNT 13.2 ± 1.1 ng/mL; control 13.8 ± 0.9 ng/mL)
(Figure 8C). In contrast, in leaves treated with TP-β-CDs, the
levels of chloroplast 8OH-dG biomarkers 1 day after exposure
(13.5 ± 1.0 ng/mL) were similar to that of controls without
nanoparticles (12.6 ± 1.1 ng/mL) (Figure 8C). Accumulation
of H2O2 may inhibit DNA repair mechanisms, allowing lesions

and DNA damage in the plant nuclear genome to
accumulate.73,81 In contrast, plastid genomes such as those of
chloroplasts are highly dynamic and contain hundreds of
copies relative to the single nuclear genome in plant cells. If
damaged plastid DNA exceeds the capacity of repairing
mechanisms, the damaged DNA is fragmented and degraded,
and new DNA is replicated.82,83

Effects of Targeted Nanomaterials on the Light and
Carbon Reactions of Photosynthesis. ROS can damage
chlorophyll pigments and reduce their biosynthesis in
chloroplasts.84 Chlorophyll is a marker for plant health
status.85,86 We determined the impact of targeted nanomateri-
als (Table S1) on chlorophyll content index (CCI) of
Arabidopsis leaf tissues. After 1 day of exposure to targeted
nanomaterials, the CCI of leaves interfaced with TP-β-CDs
(35.5 ± 1.4) and TP-pATV1s (36.6 ± 3.0) was significantly
lower than controls without nanoparticles (42.8 ± 1.7) (Figure
9A,B). A similar trend was observed in leaf CCI values after 5
days of exposure to TP-β-CDs (38.0 ± 2.8) and TP-pATV-
SWCNTs (36.6 ± 2.5) and controls (46.3 ± 2.0) (Figure
9A,B). We verified that there is no interference in CCI

Figure 7. Impact of targeted nanomaterials on plant cell and chloroplast membrane integrity. (A) Confocal microscopy images of leaf
mesophyll cell dead nuclei stained with PI. The PI a nonpermeable dye that can only cross plant cell membranes when they are damaged.
White arrows point to selected stained nuclei. Scale bar 50 μm. (B) Quantitative analysis of the percentage of intact plant cells based on
confocal microscopy imaging. Statistical analysis using one way ANOVA and post hoc Dunnett’s test. No significant differences (ns), n = 5−
7. (C) Bright-field microscopy images of isolated chloroplasts for intact chloroplast analysis. Intact chloroplasts exhibited a highly reflective
and continuous outer membrane (white arrows) under DIC optical imaging. In contrast, the damaged chloroplasts showed broken outer
membranes giving a granular appearance (yellow arrows). Scale bar 10 μm. (D) Quantitative analysis of the percentage of intact plant
chloroplast membranes based on DIC optical imaging. Statistical analysis using one-way ANOVA and post hoc Tukey test. *p < 0.032, n =
5−7.
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measurements with absorbance of the applied targeted
nanomaterials by measuring leaf CCI before and after
treatment with nanomaterials (Figure S6B). However, there
were minimal signs of localized chlorosis or necrosis on plant
leaves after treatment with targeted nanomaterials during this
time frame (Figure S7). Previously, we reported no significant
changes in chlorophyll content after the treatment with
carboxylated, aminated, and amphiphilic CD at concentrations
from 500 to 5000 mg/L18 in crop plants (maize and cotton),
indicating either a higher tolerance of crop plants to CDs or
higher impact of targeted TP-β-CDs to chloroplasts on leaf
health. The biocompatible concentration of nontargeted ss-
DNA coated semiconducting SWCNTs in Arabidopsis plants
(5 mg/L)87 was similar to that for TP-pATV1-SWCNTs (2
mg/L) used in this study for targeted delivery of plasmid DNA.

However, the TP-pATV1-SWCNT induced a decline in leaf
chlorophyll content after 5 days of exposure to the nanoma-
terials. Together, our results indicate that targeted delivery of
TP-β-CDs and TP-pATV1-SWCNTs to chloroplasts in
Arabidopsis plants can lead to the reduction in leaf chlorophyll
content and that this effect on chloroplast pigments might be
associated with a transient increase in ROS generation in leaves
described above.
To assess the impact of TP-β-CD and TP-pATV1-SWCNTs

on leaf photosynthesis, we measured carbon assimilation rates
at varying photosynthetic active radiation levels (PAR). The
photosynthesis light response curves provided information on
the maximum leaf photosynthetic capacity (Amax) and
photosystem II (PSII) quantum yield. The TP-β-CDs and
TP-pATV1-SWCNTs did not influence carbon assimilation
rates in the photosynthesis light-limited region (<400 μmol
m−2 s−1 of photosynthetic active radiation, PAR) at day 1 and
at day 5 (Figure 9C,D). However, we observed a reduction in
Amax in the carboxylation limited region (>400 μmol m−2 s−1

PAR) at day 1 and day 5 relative to controls without
nanoparticles (Figure 9C,D). Nanomaterials with high surface
charge have been reported to form protein coronas in
organisms.88−91 The localization of nanomaterials in chlor-
oplasts could result in photosynthetic protein adsorption onto
the surface of the nanomaterials. The nanomaterial interactions
with enzymes and substrates of the carbon reactions of
photosynthesis may be responsible for the decline in maximum
photosynthetic capacity. In contrast, the quantum yield of PSII
was not impacted by targeted nanomaterials within a wide
range of PAR levels from 1 one to 5 (Figure 9E,F). The
maximum quantum yield of photosystem II (Fv/Fm) in dark-
adapted leaves for controls (0.79 ± 0.02) (Figure 9E,F, inset)
was similar to that of targeted nanomaterial treated plants at
day 1 (0.79 ± 0.01, 0.80 ± 0.02) and at day 5 (0.79 ± 0.03,
0.80 ± 0.01) for TP-β-CDs and TP-pATV1-SWCNTs,
respectively (Figure 9 E,F, inset). The Fv/Fm is a robust
indicator of the maximum quantum yield of PSII chemistry.92

A Fv/Fm value in the range of 0.79−0.84 is optimal for many
plant species, with lowered values indicating plant stress.93

Together these results indicate that targeted nanomaterials do
not impact the light-dependent reactions of photosynthesis nor
damage the photosystems or the chloroplast electron transport
chain. However, the nanomaterial interactions with carbox-
ylation reaction biomolecules may limit the leaf photosynthetic
capacity.

CONCLUSIONS

We developed targeted carbon-based nanomaterials that
deliver chemical cargoes (TP-β-CDs) and plasmid DNA
(TP-pATV1-SWCNTs) to chloroplasts by plant biorecogni-
tion approaches. The application of targeted nanomaterials
functionalized with guiding peptides as tools for plant
bioengineering and precision agriculture relies on the under-
standing of their impact on plant function. Cell viability assays
of plants treated with TP-β-CDs (20 mg/L) and TP-pATV1-
SWCNTs (2 mg/L) indicated no significant differences in the
percentage of dead cells compared to control plants after 5
days of exposure. The targeted nanomaterials did not affect cell
membrane intactness. However, TP-pATV1-SWCNT induced
a temporary disruption of isolated chloroplast envelopes where
chloroplast guiding peptides are recognized by membrane
translocon channels.60,94,95 Because chloroplasts lack endocy-
tosis-dependent mechanisms, nanoparticle uptake has been

Figure 8. Oxidative stress in leaf mesophyll cells exposed to
targeted nanomaterials. (A) Hydrogen peroxide (H2O2) content in
Arabidopsis leaves treated with targeted nanostructures 1 and 5
days after exposure. Statistical analysis using two-way ANOVA and
post hoc Tukey’s test n = 9, * p = <0.05, **p < 0.0021, **** p <
0.0001, n = 3. Quantitative assay of DNA damage caused by
oxidative stress in (B) whole leaf cells and (C) isolated
chloroplasts. The biomarker 8-OHdG was measured by ELISA,
and the relative percentages of the 8-OHdG levels were compared
to controls (buffer without nanoparticles) at 1 and 5 days after
treatment with targeted nanostructures. Statistical analysis
performed by one-way ANOVA and post hoc Tukey test **p <
0.0021, ***p < 0.0002, ****p < 0001, n = 6.
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proposed to occur by disruption of the organelle envelopes
followed by self-rehealing of the lipid bilayers.22,23 Exposure of
plant leaf cells to targeted nanomaterials also induced a 10-fold
transient increase in H2O2 levels relative to no nanoparticle
controls. However, the leaf H2O2 content was within levels
reported for healthy land plants.70−74 Elevated H2O2

concentrations can lead to damage of biomolecules such as
DNA, lipids, and proteins81,96,97 and inhibit photosynthesis
carboxylation rates in Arabidopsis thaliana plants.70,98,99 We
observed a 2-fold increase in oxidative damage to whole plant
cell DNA after exposure with TP-β-CDs and TP-pATV1-
SWCNTs. In contrast, isolated chloroplast DNA was not
affected by TP-β-CDs, while TP-pATV1-SWCNTs induced
transient oxidative damage. The chloroplasts genome is highly
dynamic, and self-repairing mechanisms82,83 could allow for
rapid repair of damaged DNA or production of new DNA. A
reduction in leaf chlorophyll content index levels after

treatment with targeted nanomaterials could be attributed to
increasing H2O2 levels.73,75−78 Despite this effect on
chlorophyll pigments, photosystem II health and quantum
yields across a wide range of light levels remained unchanged,
indicating no impact on the light reactions of photosynthesis.
However, a reduction in maximum photosynthetic capacity
was observed in the carboxylation limited region of photosyn-
thesis. Interactions between the nanomaterial surface and
photosynthetic proteins involved in carbon fixation and
assimilation could be responsible for the decline in photo-
synthetic capacity.
This study demonstrates that carbon nanomaterials

engineered with targeting peptides increase the delivery
efficiency of chemical and plasmid DNA cargoes into
chloroplasts by topical application of the leaf surface. CDs
with molecular baskets could act as biocompatible,29−31

degradable,31,32 and traceable nanomaterials, made from

Figure 9. Effect of targeted carbon nanostructures on plant photosynthesis. Comparison of chlorophyll content index (SPAD) in Arabidopsis
leaves treated with targeted nanomaterials at (A) day 1 and (B) day 5 after exposure. Statistical analysis was performed by one-way ANOVA
and post hoc Tukey’s test. * p < 0.02, **p < 0.0021, ***p < 0.0002,**** p < 0.0001, n = 6. Leaf carbon assimilation rates at varied
photosynthetic active radiation (PAR) levels of Arabidopsis leaves at (C) day 1 and (D) day 5 after exposure to targeted nanomaterials.
Statistical analysis was performed by two-way ANOVA and post hoc Dunnett’s test. * p < 0.02, **p < 0.0021, ***p < 0.0002,**** p < 0.0001,
n = 7−10. Quantum yield of PSII and maximum efficiency of photosystem II (Fv/Fm) at (E) day 1 and (F) day 5 after exposure to targeted
nanomaterials.
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renewable resources,18,33 for more precise delivery of active
ingredients in crop plants, whereas pDNA-SWCNTs may
enable transformation technologies for chloroplasts in plants in
research facilities without the need of specialized equipment,
tissue culture, or selection. Targeted nanomaterials overcome
plant cell barriers including the cell wall, and lipid membranes,
without mechanical aid, guided to chloroplasts by plant
biorecognition. However, targeting of nanomaterials to the
chloroplasts can induce transient increases in H2O2 levels that
result in changes in whole leaf cell DNA and chlorophyll levels.
Investigating scalable synthesis approaches, mechanisms of
delivery, and safety of targeted carbon nanostructures will lead
to sustainable nanotechnologies for improving agriculture. The
results from this study provide insights for designing more
efficient and biocompatible nanomaterials for plant research,
agriculture, and environmental applications.

METHODS

Plant Growth. Arabidopsis thaliana plants were grown in Adaptis
1000 growth chambers (Conviron) under the following environ-
mental conditions: 200 μmol m−2 s−1 PAR, 24 ± 1 and 21 ± 1 °C
day/night, 60% humidity, and 14/10 h (day/night) regime. All plants
were grown in (2.5 in. × 2.5 in. × 3 in.) pots filled with soil containing
1% marathon and 1% osmocote. Plants were watered once every 3
days. Three-week-old Columbia ecotype (Col-0) Arabidopsis thaliana
plants (seed stock source CS60000) in the prebolting stage were used
for this study.
Covalent Modification of SWCNT with Polyethylenimine

Polymer. Oxidized SWCNTs (>90%, 652490-250MG, Sigma-
Aldrich) were functionalized using a branched polyethylenimine
(PEI) polymer (10,000 MW, 9002-98-6, Alfa Aesar). The PEI positive
charge of the SWCNT surface allows the electrostatic grafting of
negatively charged DNA and other biomolecules.19,24,100 First, 20 mg
of oxidized SWCNTs were dispersed into 100 mL of ultrapurified
water and pH adjusted to 12 with NaOH. The SWCNT solution was
bath sonicated for 30 min at 80 kHz and 390 W power at room
temperature. The resulting SWCNT solution was slowly poured into a
PEI aqueous solution (2 mg/mL) while stirring. The mixture of PEI
and SWCNTs was stirred for 30 min before placing in a heat-resistant
Falcon tube and incubating for 16 h at 85 °C in a mechanical oven
(Isotemp, Fisher scientific). The resulting PEI-SWCNT was cooled to
room temperature and then resuspended in 15 mL of molecular
biology grade water (catalog # 46000CV Corning) and bath
sonicated. All bath sonication steps were conducted for 30 min at
80 Khz and 390 W power at room temperature unless stated
otherwise. The resulting suspension was centrifuged for 10 min at
4500 rpm (Allegra X-3R, Beckman Coulter) at room temperature to
remove large agglomerates. The PEI-SWCNT was further purified
with molecular biology grade water (catalog # 46000CV Corning) to
remove excess PEI polymer by washing five times through an MWCO
100kD ultrafiltration microtube (VIVA SPIN 500, Sartorius). After
each centrifugation step, PEI-SWCNTs were bath sonicated for 30
min to resuspend the nanomaterial pellet inside the VIVA SPIN 500
100kD column after each washing. The PEI-SWCNT solution was
centrifuged six times in a microcentrifuge tube at 13.2 RCF for 1 h to
remove any remaining agglomerates. The lack of a dark pellet after
centrifugation steps is an indicator of well-dispersed suspensions of
SWCNT.

The resulting PEI-SWCNT suspension was characterized by
measuring the absorbance spectra on a UV−vis absorbance
spectrophotometer (UV-2600, Shimadzu). The quality of the
SWCNT suspension was determined by analyzing absorbance peaks
at 632 nm. This measurement was performed with triplicates. The
concentration of the PEI-SWCNT was determined spectrophoto-
metrically using the absorption value at 632 nm and utilizing the
equation (absorbance at 632 nm/extinction coefficient of 0.036) = mg
L−1. The final concentration obtained after purification ranged from
18 to 30 mg/L. The nanoparticle ζ potential was measured using a

Zetasizer (Nano ZS, Malvern Instruments) in samples suspended in
10 mM TES buffer pH 7.0, with 0.1 mM NaCl. The hydrodynamic
size was measured using Zetasizer (Nano ZS, Malvern Instruments) in
samples suspended in a 10 mM TES buffer at pH 7.
Electrostatic Grafting of pATV1 Plasmid on PEI-SWCNT.

Loading of pATV1 plasmid onto the PEI-SWCNT was performed by
electrostatic grafting, which allows molecules with negative charge to
electrostatic interact with positively charged surfaces on the PEI-
SWCNT. We used previously reported electrografting methods37,54

with some modifications. First, 0.01 mg of PEI-SWCNT with a net
positive charge of 57.28 ± 1.86 mV was suspended in 1 mL of 10 mM
TES buffer (7365-44-8, Sigma-Aldrich) at pH 7. 0.01 mg of positively
charged PEI-SWNTs was mixed with 0.02 mg of negatively charged
pATV1 DNA plasmid in a 10 mM TES buffer (pH 7.0). The final
ratio of PEI-SWCNT to pATV1 plasmid DNA was 1:2 (PEI-
SWCNT:pDNA), and the final concentrations of PEI-SWCNT and
pATV1 plasmid were respectively 10 mg/L and 20 mg/L in 10 mM
TES buffer (pH 7). The PEI-SWCNT coated in pATV1 plasmids was
denoted pATV1-SWCNT. The pATV1-SWCNT solution was then
bath sonicated at room temperature for 15 min at 80 kHz with no
further purification steps. The characterization of the pATV1-
SWCNT was determined by measuring the change in UV absorbance
spectra, hydrodynamic diameter, and ζ potential (Malvern ZetaSizer).
Peptide Binding onto pATV1-SWCNTs. The pATV1-SWCNTs

were functionalized with a chloroplast targeting peptide on their outer
surface. The targeting peptide amino acid sequence was based on
precursors of the conserved rubisco small subunit 1A (RbcS, genbank:
OAP15425). Chloroplast targeting peptides have been utilized as a
biorecognition motif that allows the import of nanomaterials and
other nanoconjugates across the chloroplast membrane.16,101 To
improve the delivery of pATV1-SWCNT into chloroplasts, we
designed a chloroplast targeting peptide with a lysine histidine
(KH6) polypeptide tail for enabling electrostatic binding to the
plasmid DNA grafted onto the PEI-SWCNT (Figures 1 and 5A).
Previous studies have reported lysine-histidine (KH6) fusion peptides
improve internalization of proteins and DNA into plant cells by
destabilizing cell-membranes through electrostatic interaction be-
tween the protonated amino acids and the negatively charged cell
membrane.60,62,102 The chloroplast targeting peptide motif also
contains a flexible linker of six glycine residues allowing increased
stability in aqueous solutions and interaction with the biorecognition
domains.16,103 Synthesis of the chloroplast TP (MASSMLS-
SATMVGGGGGGKHKHKHKHKHKH) was performed by Gen-
script. The TP was diluted in a stock solution of 10 mg/L in
phosphate-buffered saline (PBS) solution (pH 7). A 0.1 mg of
chloroplast targeting peptide was added to 1 mL of pATV1-SWCNT
suspension (2 mg/L). The mass ratio of PEI-SWCNT:DNA:TP was
1:2:50. The resulting TP-pATV1-SWCNT nanostructure was
incubated for 15 min while stirring at room temperature, followed
by a bath sonication on ice for 15 min at 80 kHz, and no further
purification steps, then suspended in a 10 mM TES buffer (pH 7) for
subsequent experiments.
pATV1 GFP-Expressing Plasmid. The pATV1 plastid encoding

GFP was obtained from Pal Maliga’s lab (UCR-MTA19-0083,
Rutgers University) and Giga prepped by Genewiz. The pATV1
vector (Genbank accession MF461355) carries a dicistronic operon, a
Prrn16 promoter driving expression of the two open reading frames
(ORF) encoding the aadA spectinomycin resistance gene, and the
second ORF encodes the GFP protein (Figure 5A).43,104 The
homologous recombination site flanking construct could enable
insertion into the inverted repeat region of the plastid genome.
Polycistronic mRNAs are not translated on the eukaryotic type 80S
ribosomes in the cytoplasm. The dicistronic nature of pATV1 and its
chloroplast codon optimization allow specific assessment of GFP
expression in chloroplast genomes of plants treated with pATV1-
SWCNT.
Carbon Dots Synthesis. CDs were synthesized by a solid-state

reaction18,33 using citric acid and urea. The CDs were further
functionalized with a β-cyclodextrin molecular basket that enables
chemical cargo loading into its cavity35,105 and a terminal chloroplast
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targeting peptide motif to import the nanomaterial containing a
chemical cargo into chloroplasts.16,101 Briefly, 2.40 g of urea (40
mmol) (CAS # 57-13-6, 99.2%, Fisher Chemical), 1.92 g of citric acid
(10 mmol) (CAS # 77-92-9, 99.7%, Fisher Chemical), and 1.35 mL of
ammonium hydroxide (10 mmol) (NH3·H2O, 30−33%, Sigma-
Aldrich) were added into 2 mL of molecular biology grade water. The
mixture was dissolved, placed into a 50 mL beaker, and incubated in a
mechanical oven at 180 °C for 1 h and 20 min. Following this
reaction, the resulting CD suspension was allowed to cool down at
ambient temperature, dissolved in water, and stirred for 1 h. This CD
solution was bath sonicated for 15 min at 80 kHz with intermittent
mixing by pipetting. Then, the solution was centrifuged at 4000 rpm
for 15 min to remove large particles and aggregates. The supernatant
was then filtered using a centrifugal filter 10 K Amicon filter (catalog
# UFC901024, Amicon ultra, Merck Millipore) at 4500 rpm for 30
min to wash out unreacted precursors and small molecules. This step
was repeated five times. Lastly, the solution was filtered through a
0.22 μm filter membrane (catalog # 229757, CELLTREAT Scientific
Products) to obtain purified CD.
Cyclodextrin Functionalized Carbon Dots. The resulting core

CDs are functionalized with mono-(6-ethanediamine-6-deoxy)-β-
cyclodextrin (β-CD, Cavcon) molecular baskets. The β-cyclodextrins
allow the loading and delivery of chemical cargoes.16,49 Synthesis of β-
CD was adapted from previously reported methods16,26,49 with some
modifications. The CDs were diluted to 2 mg/L in a final volume of
10 mL using 10 mM TES buffer (pH 6.5). The CDs were sonicated
for 30 min at 37 kHz and then filtered through a 20 nm filter (6809-
1002, Anotop, Whatman). Then, 0.5 mg of N-hydroxysulfosuccini-
mide (NHS) and 0.2 mg 1-ethyl-3-(3-(dimethylamino)propyl)
carbodiimide (EDC) were added to the solutions of CDs in 10
mM TES buffer (pH 6.5). The mixture was stirred for 30 min to
activate carboxyl groups on the CDs. Following NHS/EDC
activation, the solution 0.2 mg of 3-aminophenylboronic acid
(APBA) was added dropwise to the reaction mixture and stirred at
room temperature. Conjugation of APBA was allowed to react for 3 h
at room temperature. The resulting APBA coated CDs were purified
by washing three times with molecular biology grade water (catalog #

46000CV Corning) through a 10 K Amicon filter (catalog #

UFC901024, Amicon ultra, Merck Millipore). Then, the APBA
coated CDs were sonicated for 30 min and 37 kHz and filtered
through a 20 nm filter (6809-1002, Anotop, Whatman). The pH of
the resulting solution was adjusted to 10.5 with NaOH in the 10 mM
TES buffer. A 0.35 mg of mono-(6-ethanediamine-6-deoxy)-β-
cyclodextrin (Cavcon) was added to the solution and allowed to
react overnight at room temperature while stirring. The resulting β-
cyclodextrin functionalized CDs were denoted β-CDs and purified by
washing at least twice with a 10 K Amicon filter (catalog #

UFC901024, Amicon ultra, Merck Millipore), then sonicated for 30
min at 37 kHz. The resulting β-CDs were filtered through a 20 nm
filter (catalog # 6809-1002, Anotop, Whatman).

β-Cyclodextrin CD Functionalization with Targeting Pep-
tide. Chloroplast targeting peptides were covalently bonded to β-CD
by a stepwise conjugation.16,26 A double-ended cross-linker was used
to attach β-CD to the targeting peptide. The succinimidyl-[(N-
maleimidopropionamido)-tetraethylene glycol]ester (NHS-PEG4-
MAL) (Thermo Fisher Scientific, USA) cross-linker contains
chemical groups that are reactive to distinct functional groups located
on the cyclodextrin molecule of the β-CD (terminal amine) and the
targeting peptide’s cysteine residue (sulfylhydrals). The 0.75 mg of
NHS-PEG4-MAL linker was added to a solution of β-CD in a 10 mM
TES buffer (pH 7.5). The mixture was incubated at room temperature
for 1 h with stirring at 500 rpm. The excess NHS-PEG4-MAL was
removed by washing the mixture through a 10 K Amicon filter
(catalog # UFC901024, Amicon ultra, Merch Millipore) using
molecular biology grade water (catalog # 46000CV Corning), and
the product was suspended in a 10 mM TES buffer (pH 7.0). Lastly,
0.75 mg of the RbcS chloroplast targeting peptide (MASSMLS-
SATMVGGC) was added to NHS-PEG4-MAL activated β-CDs and
allowed to react for 1 h at room temperature while stirring. The RbcS
peptide was dissolved in a 1 mL solution of 0.1% DMSO and 10 mM

TES buffer (pH 7.0). The resulting chloroplast targeting CD (TP-β-
CD) was washed three times using a 10 K Amicon filter (catalog #

UFC901024, Amicon ultra, Merch Millipore) with molecular biology-
grade water (catalog # 46000CV Corning).
Chemical Cargo Loading in β-Cyclodextrin Molecular

Baskets. To show proof of the concept of targeted chemical delivery
by TP-β-CD, we utilized a model fluorescent dye, 6-carboxyfluor-
escein (FDA), that can form inclusion complexes with β-cyclo-
dextrins.105−109 The FDA fluorescent dye has been reported to bind
to the inner cavity of β-cyclodextrins and cyclodextrin derivatives for
the investigation of chemical delivery by these molecular baskets in
nonplant organisms.34,110 The loading of FDA fluorescent cargoes
onto β-CD nanomaterials was carried out by adding approximately
0.4 mg of FDA to an aqueous solution of 20 mg/L TP-CD (0.2 mg)
in 10 mM TES buffer (pH 7.0). The mixture was vortexed and
incubated for 0.5 h and washed to remove unbound molecules
through a 10 K Amicon filter (catalog # UFC901024, Amicon ultra,
Merch Millipore) in 10 mM TES buffer (pH 7.0).
Characterization of Nanomaterials. All nanomaterials were

characterized by absorbance UV−vis spectroscopy (UV-2600
Shimadzu), hydrodynamic size (Nano S), and ζ potential (Nano
ZS). The nanomaterial ζ potential and hydrodynamic diameter were
measured in a 10 mM TES buffer (pH 7.0). The ζ potential
measurements were performed in 0.1 mM NaCl to improve
conductivity and analyzed by the Hückel approximation model.111

CD fluorescence emission was collected using a fluorescence
spectrometer (Horiba PTI QM-400). The stepwise synthesis of TP-
β-CDs was analyzed using FTIR (Thermo Nicolet 6700 FTIR).
Nanomaterial Formulation and Topical Foliar Application.

Nanomaterials were suspended in a 10 mM TES buffer (pH 7.0) with
Silwet L-77 (Bio World) at a concentration used in agrochemical
applications (0.1% v/v). The Silwet L-77 surfactant can reduce
surface tension allowing rapid uptake into leaf stomatal pores and
increase permeability in the epidermal layer through partial removal of
the cuticular layer.18 Each formulation of nanomaterials was loaded
into a 5 mL spray bottle allowing foliar application to the whole plant.
Approximately 0.3 mL of the solution was dispensed with each foliar
application. For all experiments, each plant replicate (5−12 plants)
was treated with three foliar sprays of nanomaterials suspended in the
formulation (Table S1) and allowed to interact with leaves for 1, 5, or
7 days. The amount of nanomaterials sprayed on plant leaves was
estimated by weighing Arabidopsis plants on Petri dishes before and
after foliar application of the formulation (Figure S8). This
experiment indicated that 34.2% of the total volume sprayed (900
μL) remains on the plant leaves. Thus, the amount of nanomaterials
applied to plant leaves is β-CD (6.2 μg), TP-β-CD (6.2 μg), pATV1-
SWCNT (0.62 μg), and TP-pATV1-SWCNT (0.62 μg).
Confocal Fluorescence Microscopy. Arabidopsis leaf samples

were imaged by laser scanning confocal microscopy (TCS SP5, Leica
Microsystems, Germany) using an ×40 wet objective (Leica
Microsystems, Germany). Samples were dissected and mounted on
glass slides inside a premade well of observation gel (Carolina).
Confocal imaging of CDs (CD, β-CD, and TP-β-CD) and chloroplast
autofluorescence were performed under 405 nm laser excitation (15%
power) with an emission detection range set to 500−520 nm and
720−780 nm, respectively. The focal plane depth was set by adjusting
the pinhole size to 3 airy units. To visualize the localization of
chemical cargoes delivered by targeted CD complexes, a fluorescent 6-
carboxyfluorescein dye (FDA, Invitrogen, catalog # C1360) was
loaded into β-CDs and TP-β-CDs. The loading concentration of FDA
to CDs was 2:1 as reported previously for β-cyclodextrins.34,105,109

The fluorescein dye was excited separately by a 488 nm laser at 40%
power with a PMT emission detection range of 525−550 nm, and the
pinhole size was set to 3 airy units. For confocal analysis of TP-CY3-
ds(GT)15-SWCNTs and CY3-ds(GT)15-SWCNTs, the CY3 dye
c o v a l e n t l y l i n k e d t o t h e D N A o l i g o ( C Y 3 -
GTGTGTGTGTGTGTGTGTGTGTGTGTGTGT). The double-
stranded oligo containing CY3 fluorophore was used to image the
DNA-SWCNT in plant cells and chloroplasts. The CY3 labeled DNA
oligo (CY3-GTGTGTGTGTGTGTGTGTGTGTGTGTGTGT)
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was purchased from IDT and annealed to a complementary DNA
strand using the following procedure. An equal molar solution of each
single stranded oligo was added to a tube containing 100 mM
potassium acetate, 30 mM HEPES, pH 7.5 TBE buffer. The equal
molar mixture was incubated at 95 °C for 5 min and allowed to cool
gradually in a thermocycler for annealing of the complementary
oligos. The CY3 dye covalently linked to the DNA oligo was excited
by a 543 nm laser (40% power) and photomultiplier tube (PMT)
emission detection range set to 550−590 nm and the focal plane
pinhole size to 3 airy units. For imaging GFP in plant leaves, confocal
microscopy settings were 488 nm laser excitation and 500−530 nm
fluorescence emission detection. The focal plane pinhole size was set
to 3 airy units.
Real-Time Quantitative PCR Analysis. Expression analysis was

performed on 3-week-old Arabidopsis leaves treated with 2 mg/L
pATV1-SWCNTs, TP-pATV1-SWCNTs, and controls without nano-
particles in 10 mM TES buffer (pH 7.0). Leaf RNA was extracted
after 3 h of incubation with nanomaterials, 1, 5, and 7 days after
treatment. The RNA was isolated using the Quick-RNA Plant
Miniprep Kit (ZYMO). To digest any residual plasmid DNA carried
over from into RT-qPCR reaction, samples were treated twice with
DNase I enzyme (Zymo), while on the RNA plant miniprep column
prep and after RNA was isolated. A 25 ng of purified RNA was added
to Luna Universal One-Step RT-qPCR (NEB) reaction master mix
per manufacturer’s instructions. A quantitative real-time RT-qPCR
was performed on a Bio-Rad CFX Connect Real-Time ThermalCycler
(Bio-Rad). The relative expression levels of GFP genes were analyzed
by the 2−ΔΔCT method.63 The gene Actin2 (AT3G18780) was used as
internal housekeeping control. Expression analysis primers were
designed with the Primer3 version 4.1.0 tool using pATV1 sequence
as a template (Figure S9A).43,104,112 The primers sets (Table S2) were
validated for assessing gene expression (Figure S9B).
Quantification of GFP by Enzyme-Linked Immunosorbent

Assay. Leaf tissues treated with targeted TP-pATV1-SWCNTs and
nontargeted pATV1-SWCNTs were ground under liquid nitrogen to
a fine powder and homogenized in protein extraction buffer (50 mm
Tris-HCl, pH 7.5, 150 mm NaCl, 0.1% [v/v] Triton X-100 and
protease inhibitor cocktail). Total soluble proteins (TSP) were
separated by centrifugation (12,000g) for 15 min. The amount of
GFP protein in TSP was measured using the GFP enzyme-linked
immunosorbent assay kit (Cell Biolabs, San Diego, CA, USA)
according to the protocol provided by the manufacturer.
Statistical Analysis. We employed multiple strategies for

statistical analysis depending on the number of variables and
independent groups and whether comparisons were done for
treatments with controls or across all treatments. Independent sample
t tests were used to compare the means of two independent groups
(i.e., Figures 3C and 5D). One-way ANOVA was performed to
compare means of one variable across three or more independent
groups (i.e., Figures 4C, 7B,D, 8, and 9A,B). Two-way ANOVA was
performed to compare means of multiple treatments across several
days (i.e., Figures 5E and 9C−F). Tukey’s post hoc tests were used to
compare every mean with every other mean (i.e., Figure 4C).
Dunnet’s post hoc test was used to compare every mean to a control
mean (i.e., Figures 6 and 7B,D).
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inventors. Specific aspects of the manuscript are covered in the
patent and include methods for targeted delivery of nanoma-
terials to chloroplasts using rationally designed guiding
peptides and application of gene delivery to chloroplast using
PEI functionalized single-walled carbon nanotubes with
guiding peptides.
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