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5 ABSTRACT: Tobacco mild green mosaic virus (TMGMV)-like nano-
6 carriers were designed for gene delivery to plant cells. High aspect ratio
7 TMGMVs were coated with a polycationic biopolymer, poly(allylamine)
8 hydrochloride (PAH), to generate highly charged nanomaterials (TMGMV-
9 PAH; 56.20 ± 4.7 mV) that efficiently load (1:6 TMGMV:DNA mass ratio)

10 and deliver single-stranded and plasmid DNA to plant cells. The TMGMV-
11 PAH were taken up through energy-independent mechanisms in Arabidopsis
12 protoplasts. TMGMV-PAH delivered a plasmid DNA encoding a green
13 fluorescent protein (GFP) to the protoplast nucleus (70% viability), as
14 evidenced by GFP expression using confocal microscopy and Western blot
15 analysis. TMGMV-PAH were inactivated (iTMGMV-PAH) using UV cross-
16 linking to prevent systemic infection in intact plants. Inactivated iTMGMV-
17 PAH-mediated pDNA delivery and gene expression of GFP in vivo was
18 determined using confocal microscopy and RT-qPCR. Virus-like nano-
19 carrier-mediated gene delivery can act as a facile and biocompatible tool for advancing genetic engineering in plants.
20 KEYWORDS: virus, nanoparticles, gene delivery, protoplasts, plant genetics, agriculture

21 The rapid increase in the human global population is
22 projected to require a 35 to 55% increase in food
23 production by 2050.1 Addressing this challenge during a
24 changing climate and without sustainable conventional
25 agricultural practices raises concerns about food security.2

26 Plant genetic engineering has been widely employed to
27 generate crops with increased yield,3 improved quality,
28 enhanced resistance to herbicides,4 insects,5 diseases,6,7 and
29 biotic and abiotic stresses.8,9 Genetically modified plants for
30 biomanufacturing also hold immense potential for synthesizing
31 small-molecule drugs,10 recombinant protein therapeutics,11,12

32 and vaccines.13,14 Despite numerous biotechnological advance-
33 ments over the past few decades, the genetic transformation of
34 many plant species still poses considerable challenges. The
35 delivery of transgenes into plant species mainly relies on two
36 transformation methods: Agrobacterium tumefaciens-mediated
37 transformation system15 and particle bombardment.16 How-
38 ever, the Agrobacterium-mediated system has some significant
39 drawbacks such as uncontrollable target gene integration into
40 the host chromosomes causing positional effects on gene
41 expression, and many plant species are inherently resistant to
42 Agrobacterium infection17 or showed low transformation
43 efficiency (∼5% to 33%).18,19 Biolistics has been utilized in
44 various plant species, as a random gene delivery system into
45 the host nucleus, mitochondria, and chloroplast.4 Particle
46 bombardment is performed by high-pressure gene gun delivery
47 that damages host genomic DNA and results in random

48insertions of multiple copies of the gene20 The particle
49bombardment system is also expensive, requires labor-intensive
50tissue culture and selection, has low transformation efficiency
51often requiring hundreds of transformation attempts to
52generate a transgenic line,20,21 and has not been successfully
53implemented in diverse plant species.22 Therefore, there is a
54pressing need for a versatile, plant-species-independent, and
55easy-to-use tool for plant genetic transformation, allowing for
56efficient delivery of exogenous genes.
57Recent advancements in nanotechnology have revealed the
58potential of nanomaterials in facilitating the delivery of genetic
59materials, such as plasmid DNA23−25 and siRNA,26,27 as well as
60biomacromolecules like functional proteins,28 active ingre-
61dients,29,30 nutrients,31 and therapeutics32 in plants. Single-
62walled carbon nanotubes (SWCNTs),23,24,33 mesoporous silica
63nanoparticles (MSNs),34,35 layered double hydroxide (LDH)
64clay nanosheets,26 and functional peptide−DNA com-
65plexes25,36 have demonstrated delivery of functional DNA/
66RNA cargoes into plant cells without mechanical assistance.
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67 Several studies have demonstrated the possibility of carbon
68 nanotube-mediated gene delivery in plant nucleus,23,36

69 chloroplast,24,33 and mitochondrial25 genomes. However,
70 there is a need to develop high aspect ratio nanomaterials
71 for plant transformation that are degradable, biocompatible,
72 and manufactured with controlled aspect ratios on a large scale.
73 We turned toward plant virus nanoparticles as a biodegradable,
74 cost-effective, and easily scalable nanotechnology with tunable
75 surface chemistry.29,30,37

76 Tobacco mild green mosaic virus (TMGMV)38 is a plant
77 virus within the tobamovirus genus, also known as the U2
78 strain of tobacco mosaic virus (TMV), approved by the U.S.
79 Environmental Protection Agency (EPA) for use in bio-
80 herbicides.39 The nucleoprotein components of TMGMV are
81 self-assembled from 2130 identical copies of a coat protein and
82 ssRNA to form a 300 × 18 nm soft matter rod-shaped
83 structure with a 4 nm wide hollow interior channel.29,38,40 The
84 nanocarriers derived from TMGMV are of interest for delivery
85 applications due to their unique physio-chemical properties,
86 such as biodegradability (protein-based particles), the ability to
87 self-assemble into identical and high aspect ratio structures,
88 and large-scale economical production with high purity and
89 reproducibly.29,41 The chemical design space is well under-
90 stood and TMGMV can be functionalized with cargo through
91 covalent chemistry42 or encapsulation.29 There are also well-
92 established methods of TMGMV RNA inactivation through
93 UV cross-linking or chemical treatments for use in plant
94 species susceptible to infection.43 TMGMV particles have been
95 utilized as a carrier for active ingredients such as a porphyrin-
96 based photosensitizer drugs (500 Zn-porphyrin molecules/

97TMGMV) for cancer cell abolition of melanoma and cervical
98cancer models,40 as well as ivermectin (10% mass loading
99efficiency to TMGMV) to treat plants infected with parasitic
100nematodes.29,30,44 Plant virus-derived vectors (plasmids with
101virus genetic elements) have been extensively used for genetic
102engineering in plants through the mechanical inoculation of
103plasmid DNA, biolistics, vascular puncture, agroinoculation, or
104insect-mediated vector delivery.45,46 These applications
105focused on delivery of RNA packaged inside the capsid.47 To
106date, plant virus coat proteins have not been engineered as
107carriers for facile plasmid DNA delivery in plant cells.
108In this study, we developed native and inactivated TMGMV-
109based nanomaterials as a platform for the nuclear delivery of
110DNA in Arabidopsis thaliana protoplasts and intact plants,
111 f1respectively (Figure 1). Although PEG-mediated protoplast
112transformations achieve high transient transformation efficien-
113cies (50−90% in viable cells),48 protoplast systems are crucial
114for developing genetic transformation tools and understanding
115nanoparticle−plant cell interaction processes.23,33,49 Because
116plant protoplasts lack a cell wall, this study also included DNA
117delivery analysis in vivo using Arabidopsis leaf epidermal cells.
118We functionalized TMGMV by covalently coating a poly-
119cationic biopolymer, poly(allylamine) hydrochloride (PAH),
120on the TMGMV surface (TMGMV-PAH). The PAH imparts a
121positive charge to TMGMV-PAH for binding to DNA through
122electrostatic interactions. PAH has been extensively used for
123pharmaceutical and drug delivery applications due to its high
124water-solubility and biodegradable properties.50,51 To deter-
125mine whether TMGMV-PAH delivered single-stranded DNA
126(ssDNA) into protoplast cells without using mechanical aid

Figure 1. Intracellular DNA delivery in Arabidopsis plant cells mediated by virus-like nanocarriers. Negatively charged TMGMVs or inactivated
(iTMGMVs) were coated with a biopolymer, poly(allylamine) hydrochloride (PAH), imparting them with positive charge (TMGMV-PAH). The
TMGMV-PAH were loaded by electrostatics with a DNA oligo (GT15, 30 bp ssDNA) that was covalently linked to a Cy3 organic dye (TMGMV-
PAH-GT15-Cy3), or a plasmid DNA (pDNA) encoding a reporter gene of a green fluorescent protein (GFP). The nanocarriers and DNA cargoes
spontaneously enter plant cell membranes without mechanical aid through energy-independent uptake mechanisms. Inactivated iTMGMV-PAH
mediated the delivery and expression of pDNA in Arabidopsis epidermal cells.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.3c04735
Nano Lett. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c04735?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


127 while maintaining biocompatibility, we employed confocal
128 microscopy to track the ssDNA cargo covalently bonded to a
129 fluorophore (Cy3) and protoplast bioavailability assays. We
130 also demonstrated the high loading capacity of plasmid DNA
131 (pDNA) onto the TMGMV-PAH, and assessed the pDNA
132 delivery, uptake mechanism, and transgene expression in
133 protoplasts. Finally, we used inactivated iTMGMV-PAH to
134 demonstrate pDNA delivery and expression in Arabidopsis leaf
135 epidermal cells in vivo. Using virus-like nanocarriers for DNA
136 delivery in plant cells offers a promising solution for plant
137 genetic transformations that is scalable and biocompatible with
138 high manufacturing quality and reproducibility.
139 The selection of polymer coating for TMGMV focused on
140 cationic biopolymers capable of binding electrostatically with
141 negatively charged pDNA. Among various options, PAH,
142 polylysine, and polyarginine were prioritized due to their
143 higher pKa values (above pH 8) and FDA approval for other
144 applications. TMGMV coated with polylysine and polyarginine
145 were negatively charged, making them unsuitable for pDNA
146 coating (Figure S1). In contrast, PAH TMGMVs were
147 positively charged, and therefore, PAH was chosen as the
148 coating for TMGMV in this study. We characterized TMGMV,
149 TMGMV-PAH, and GT15‑Cy3-loaded TMGMV-PAH
150 (TMGMV-PAH-GT15-Cy3) by UV−vis, dynamic light scatter-
151 ing (DLS), zeta potential (ζ), transmission electron micros-
152 copy (TEM), Nu-PAGE protein analysis, and fluorescence
153 emission spectra. TEM imaging of TMGMV and TMGMV-
154 PAH shows high aspect ratio, rod-shaped nanostructures

f2 155 (Figure 2a) consistent with previous studies using TMGMV
156 for pesticide delivery.29,42 The TMGMV-PAH had a rough

157surface, which is different from native TMGMV (Figure 2a),
158indicating coating of the PAH polymer on the TMGMV
159surface. We utilized a carbodiimide coupling reaction to
160covalently bond the amine functional groups of PAH to the
161carboxyl groups in TMGMV (Figure S2),42 and the chemical
162conjugation was confirmed by Fourier-transform infrared
163spectroscopy (FTIR; Figure S3). Based on TEM analysis, the
164average lengths of TMGMV and TMGMV-PAH were
165nonsignificantly different, 129.9 ± 57.7 and 191.3 ± 95 nm,
166respectively. Notably, broken nanomaterials were also observed
167in both uncoated TMGMV and TMGMV-PAH, which can
168occur during preparation or imaging of the TMGMV TEM
169samples.29,42 Furthermore, the conjugation of PAH (∼17.5
170kDa) to TMGMV coat protein (CP) was confirmed by
171denatured Nu-PAGE protein analysis, which indicated the
172presence of higher molecular weight bands at ∼35 kDa, in
173addition to the TMGMV CP band at ∼17.5 kDa (Figure 2b).
174The smeared protein bands were observed due to the high
175positive charge of TMGMV-PAH CP (56.20 ± 4.7 mV) that
176hinders the relative mobility toward the electrode in the Nu-
177PAGE system. Both TEM and Nu-PAGE analysis indicate that
178PAH is coated onto the TMGMV-PAH.
179To investigate DNA delivery by TMGMV-PAH in
180protoplasts, we used confocal microscopy to track ssDNA
181oligonucleotide (GT)15 covalently linked to the Cy3
182fluorescent dye (GT15‑Cy3). Cy3 is bright, photostable, and
183its emission range does not overlap with chloroplast
184autofluorescence.24 GT15-Cy3 has been previously employed
185for coating positively charged carbon nanotubes for determin-
186ing subcellular localization in plants.24,33,52 The UV−vis

Figure 2. Characterization of TMGMV-PAH coated with single-stranded DNA. (a) Transmission electron microscopy of negative-stained
TMGMV and TMGMV-PAH. Yellow arrows indicate PAH coated on the surface of TMGMV. Scale bars 100 nm. (b) Denaturing Nu-PAGE gel
electrophoresis under white light followed by Coomassie staining, 1: TMGMV, 2: TMGMV-PAH, 3: TMGMV-PAH-GT15-Cy3, M: prestained
molecular weight standards. The arrow indicates the position of the TMGMV coat protein (CP) at 17.5 kDa (lower arrow) and PAH conjugated
TMGMV-PAH CP at 35 kDa (upper arrow) or higher molecular weight. (c) UV−vis absorbance and (d) zeta potential (10 mM MES, pH 6.0) of
TMGMV before and after coating with PAH and GT15-Cy3. The data are the means ± SD (n = 4). Statistical analysis was performed by one-way
analysis of variance (ANOVA) with Tukey’s posthoc multiple comparison analysis (GraphPad Prism 6); *P < 0.05; ****P < 0.0001.
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187 absorbance spectra of TMGMV, TMGMV-PAH, and
188 TMGMV-PAH-GT15-Cy3 indicated characteristic absorption
189 peaks at 260 nm (Figure 2c). TMGMV-PAH-GT15-Cy3
190 showed distinct absorption peaks at 550 nm that corresponded
191 to the Cy3 dye on TMGMV-PAH (Figure 2c). To validate the
192 binding of GT15-Cy3 to TMGMV-PAH and confirm the
193 absence of unbound dye, the sample was purified using a
194 centrifugal filter unit (100 K MWCO). Following the second
195 wash step, no absorbance corresponding to GT15-Cy3 was
196 detected in the eluent (Figure S4a), whereas TMGMV-PAH-
197 GT15-Cy3 exhibited fluorescence emission peaks at 567 nm,
198 attributed to the attachment of GT15-Cy3 on TMGMV-PAH
199 (Figure S4b). DLS analysis indicated well dispersed nanoma-
200 terials with increasing hydrodynamic diameter from 267 ± 1.6
201 nm for TMGMV to 310 ± 1.3 nm for TMGMV-PAH and 361

202± 3.2 nm for TMGMV-PAH-GT15-Cy3 (P < 0.005; Figure
203S4c). We observed a significant change of ζ potential after
204conjugation of PAH from negative charged TMGMV (−22.37
205± 2.3 mV) to highly positive charged TMGMV-PAH (56.20 ±
2064.7 mV; P < 0.0001; 10 mM MES buffer, pH 6.0; Figure 2d),
207indicating binding of polycationic PAH to the TMGMV
208surface. As expected, the ζ potential for TMGMV-PAH slightly
209decreased from 56.20 ± 4.7 to 47.69 ± 4.4 mV when loading
210GT15-Cy3 (P < 0.05; Figure 2d) due to the electrostatic
211bonding between the negatively charged GT15 and the
212positively charged TMGMV-PAH.
213To examine in vitro DNA delivery and subcellular local-
214ization in plant cells using TMGMV-PAH as a nanocarrier,
215Arabidopsis protoplasts were isolated and incubated with
216TMGMV-PAH coated with GT15-Cy3. Protoplasts are model

Figure 3. Delivery of single-stranded DNA by TMGMV-PAH in plant protoplasts. (a) Confocal images of isolated mesophyll protoplasts with
chlorophyll autofluorescence (magenta) exposed to TMGMV-PAH-GT15-Cy3 (0.1 mg/mL). The GT15-Cy3 was detected in protoplast
membranes (white arrows) and nuclei (yellow arrows). Scale bars 30 μm. (b) After treatment with TMGMV-PAH-GT15-Cy3, protoplasts were
stained either with a nuclear marker, Hoechst, or cell membrane staining dye, FM-4-64 for confocal microscopy imaging. Scale bars 5 μm. (c)
Orthogonal projections from z-stacks of different planes (x/y, x/z, or y/z) of confocal microscopy images indicating localization of GT15-Cy3 with
Hoechst nuclear marker. Scale bars 30 μm. (d) Quantitative analysis of subcellular localization of GT15-Cy3 with Hoechst nuclear marker and FM-
4-64 cell membrane dye. The data are means ± SD (n = 3).
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217 systems for gene expression analysis that have been used in
218 numerous plant nanoparticle studies of uptake and gene
219 delivery.23,33,49 To assess the delivery of GT15-Cy3 bound to
220 TMGMV-PAH and their subcellular localization using
221 confocal microscopy, isolated protoplasts (Figure S5) were
222 incubated with 0.1 mg/mL of TMGMV-PAH-GT15-Cy3 at
223 room temperature for 2 h before imaging. Confocal
224 fluorescence microscopy images indicated a significant level

225of GT15-Cy3 fluorescence signal in protoplast cell membranes,
226and nuclei when treated with TMGMV-PAH-GT15‑Cy3
227 f3(Figure 3a). In contrast, control confocal images of protoplasts
228treated with GT15-Cy3 did not show GT15-Cy3 fluorescence
229signal indicating that GT15-Cy3 alone cannot be taken up by
230protoplasts under these exposure conditions (Figure 3a). To
231confirm TMGMV-PAH-GT15-Cy3 interaction with protoplast
232cell membranes and GT15-Cy3 nuclear delivery by TMGMV-

Figure 4. Plasmid DNA delivery and expression mediated by virus-like nanocarriers in isolated plant protoplasts. (a) DNA loading analysis by
agarose gel electrophoresis of pDNA (p35S-eGFP) bound to TMGMV-PAH at mass ratios 1:1 to 1:30. M: DNA ladder. Black arrows indicate
supercoiled (below) and circular (upper) pDNA bands. The red arrow indicates pDNA bound to TMGMV-PAH that prevents its mobility through
the gel. (b) Zeta potential measurements of virus-like nanocarriers with or without pDNA (10 mM MES, pH 6.0). Data are means ± SD (n = 3−
4). Statistical analysis was performed by one-way ANOVA and Dunnett’s multiple comparisons posthoc test; *P < 0.01; ***P < 0.0001. (c)
Representative TEM images of TMGMV, TMGMV-PAH, and pDNA-loaded at 1:6 mass ratios to TMGMV-PAH. Scale bar 100 nm. Arrows
indicate pDNA attachment to TMGMV-PAH. (d) pDNA delivery and expression mediated by TMGMV-PAH in isolated plant protoplasts
determined by confocal microscopy. Scale bar 10 μm. (e) GFP expression analysis by Western blotting. The arrow indicates 27 kDa of GFP protein
and asterisks indicate nonspecific bands. M, protein ladder.
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233 PAH, protoplasts were stained with a cell membrane marker
234 FM-4-64 and a nuclear staining marker Hoechst. The GT15-
235 Cy3 fluorescence was observed localized with FM-4-64 and
236 Hoechst fluorescence signals in protoplasts cell membrane and
237 nucleus, respectively (Figures 3b and S6). Orthogonal
238 projections from Z-stacks of different planes (x/y, x/z, or y/
239 z) of the confocal microscope images confirmed nuclear
240 uptake of GT15-Cy3 using TMGMV-PAH as shown by the
241 colocalization with Hoechst fluorescence dye (Figure 3c).
242 Quantitative subcellular localization analysis indicated that
243 approximately 38% ± 1.5 of the GT15-Cy3 fluorescence signal
244 was observed in protoplast cell membranes, while 11% ± 3.0
245 localized with a nuclear marker (Hoechst; Figure 3d).
246 Together, our results indicate that high aspect ratio and highly
247 positive charged TMGMV-PAH allow penetration through
248 plant cell membranes and facilitate ssDNA delivery (GT15-
249 Cy3) into the nucleus, similar to inorganic high aspect ratio
250 nanomaterials with positive charge.23

251 To elucidate the mechanism of DNA delivery into plant cells
252 by TMGMV-PAH, we conducted a cell uptake assay with
253 TMGMV-PAH-GT15-Cy3 at 4 °C to inhibit energy-dependent
254 uptake mechanisms, including endocytosis.53 We observed a
255 similar percentage of protoplasts with GT15-Cy3 delivery by
256 TMGMV-PAH at 4 °C (10% ± 1.6) and 25 °C (11% ± 3.2)
257 (Figure S7). Thus, DNA delivered by TMGMV-PAH passively
258 traverses the protoplast membrane by an energy-independent
259 mechanism. This is consistent with previous studies demon-
260 strating that highly charged inorganic nanomaterials sponta-
261 neously penetrate plant cells, by creating temporary pores in
262 their lipid membranes.23,24,33,54,55 To determine the specific
263 endocytosis pathways involved in nanoparticle uptake, a variety
264 of endocytosis inhibitors can be employed.56 However,
265 temperature dependent assays block all endocytosis pathways,
266 thus giving unequivocal evidence that the nanocarriers are not
267 taken up through energy dependent mechanisms.
268 We investigated the TMGMV-PAH loading of pDNA,
269 encoding a green fluorescent protein (GFP) in a transient
270 expression vector (p35S-eGFP) (Figure S8), and delivery in
271 Arabidopsis protoplasts. The TMGMV-PAH-pDNA were
272 loaded at various concentrations of pDNA (TMGMV-

273PAH:pDNA mass ratios 1:1 to 1:20 w/w). The gel
274electrophoresis of pDNA mobility shift assay (EMSA) showed
275no unbound or free pDNA running into the agarose gel at a
276mass ratio of TMGMV-PAH/pDNA = 1:1 to 1:12 (w/w),
277meaning that pDNA loading was 100% up to a 1:12 (w/w)
278 f4mass ratio (Figure 4a). The 1:12 TMGMV-PAH to pDNA
279mass loading ratio is multiple times higher than the 1:2 and
28010:1 nanomaterial/pDNA loading ratio reported in previous
281studies using inorganic nanomaterials for DNA delivery in
282plant cells.23,57 Oversaturated and unbound free pDNA bands
283were observed at TMGMV-PAH/pDNA mass ratios of 1:20
284(w/w) and higher in EMSA (Figure 4a). The loading of pDNA
285gradually reduced ζ potential as the loading ratio of pDNA
286increased from 1:1 to 1:12 (Figure 4b) due to the electrostatic
287bonding between the negatively charged pDNA and the
288positively charged TMGMV-PAH. The highest decrease in ζ
289potential was observed after pDNA loading to TMGMV-PAH
290at a mass ratio of 1:12, dropping from the initial +57.53 ± 5.2
291mV for TMGMV-PAH to +9.57 ± 10.6 mV (P < 0.0001;
292Figure 4b). At the loading mass ratio of 1:20, the ζ potential
293became negative, −31.17 ± 6.4 mV, representing the
294oversaturation of the nanocarriers and free pDNA in the
295suspension. This finding indicates maximum pDNA loading at
296a 1:12 mass ratio and is consistent with our EMSA analysis. We
297confirmed morphological integrity of TMGMV-PAH loaded
298with pDNA from 1:1 to 1:12 mass ratios by TEM (Figures 4c
299and S9). In addition, we also assessed pDNA stability by an in
300vitro pDNA degradation assay using DNase I (nuclease), which
301showed that pDNA molecules, when loaded onto TMGMV-
302PAH, were protected from DNase I nuclease activity (Figure
303S10).
304To demonstrate pDNA delivery and expression in plant
305cells, we incubated isolated protoplasts with TMGMV-PAH-
306pDNA complexes at 1:6 mass ratio having a high positive
307charge (+42.16 ± 5.1 mV) and loading of pDNA (Figure 4b)
308to promote uptake through lipid membranes49 and increase the
309amount of pDNA delivery, respectively. We used 25 μg of
310pDNA for TMGMV-PAH-mediated protoplast transformation,
311a standard concentration of pDNA (5−30 μg) established for
312PEG-mediated protoplast transformation.58 Therefore, we

Figure 5. Plasmid DNA delivery and expression mediated by iTMGMV-PAH-pDNA in Arabidopsis leaves. Green fluorescence protein (GFP) (a)
confocal microscopy images and (b) and fluorescence intensity (n = 3) indicating GFP expression in leaf epidermal cells infiltrated with iTMGMV-
PAH-pDNA. Three-week-old Arabidopsis leaves were abaxially infiltrated with (1:6) 0.1 mg/mL iTMGMV-PAH: 0.6 mg/mL pDNA and analyzed
2 days post infiltration (n = 3). Scale bars 30 μm. One-way ANOVA with Tukey’s posthoc multiple comparison analysis; ****P < 0.0001. (c) RT-
qPCR analysis of GFP mRNA expression levels after 2 days of iTMGMV-PAH-pDNA infiltration in Arabidopsis leaves. Statistical analysis was
performed by one-way ANOVA with Tukey’s posthoc multiple comparison analysis; **P < 0.005 (n = 3).
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313 adjusted the TMGMV-PAH concentration to 0.04 mg/mL to
314 keep a 1:6 mass ratio of the pDNA loading. Protoplasts were
315 incubated with TMGMV-PAH-pDNA, and gene expression
316 was determined after 24 h by confocal fluorescence microscopy
317 imaging. We observed GFP expression in protoplasts when
318 incubated with TMGMV-PAH-pDNA (Figure 4d) at a 16% ±
319 3.0 (P < 0.001) transformation efficiency. This transformation
320 efficiency is lower than what is reported for PEG-mediated
321 transformation in Arabidopsis plant protoplasts (50% to 90% in
322 viable cells).48 However, this demonstrates that virus-like
323 nanocarriers can be engineered to deliver DNA to the plant
324 nuclear genome. Further optimization of plant virus type or the
325 nanocarrier charge, size, and aspect ratio properties may result
326 in higher transformation efficiencies. Nevertheless, GFP
327 expression was observed using TMGMV-PAH-pDNA, but
328 was not detected when protoplasts were incubated with pDNA
329 alone and TMGMV-PAH alone (Figure 4d). To further
330 confirm GFP expression in protoplasts treated with TMGMV-
331 PAH-pDNA, we performed a Western blot analysis on total
332 soluble protein using an anti-GFP antibody, which detected an
333 ∼27 kDa GFP-specific protein band (Figure 4e).
334 For GFP expression analysis in vivo, we inactivated TMGMV
335 to prevent plant infection using UV light exposure as reported
336 previously.43 The TEM size of inactivated iTMGMV (110.73
337 ± 30.22 nm) is similar to those of active TMGMV (129.9 ±
338 57.7 nm) (P > 0.05) (Figure S11). In contrast, the zeta
339 potential of iTMGMV is more negative (−36.29 ± 4.23 mV)
340 compared to that of active TMGMV (−22.4 ± 2.3 mV) (10
341 mM MES Buffer, pH 6.0) (P < 0.0001). This resulted in
342 iTMGMV-PAH-pDNA having a higher zeta potential (58.53 ±
343 0.50 mV) than TMGMV-PAH-pDNA (42.16 ± 5.1 mV; P <
344 0001). We abaxially infiltrated the inactivated iTMGMV-PAH
345 coated in pDNA into 3-week-old Arabidopsis leaves at the
346 previously established 1:6 mass loading ratio. Confocal
347 microscopy analysis indicated that 0.1 mg/mL of iTMGMV-
348 PAH bound to 0.6 mg/mL of pDNA can enable GFP

f5 349 expression into leaf epidermal cells (Figure 5a). Buffer or
350 iTMGMV-PAH infiltrated leaves did not exhibit GFP
351 fluorescence (Figure S12). Leaves infiltrated with iTMGMV-
352 PAH-pDNA had a high GFP fluorescence intensity (Figure
353 5b). RT-qPCR analysis quantifying GFP mRNA fold change
354 expression supported GFP expression mediated by 0.1 mg/mL
355 iTMGMV-PAH:0.6 mg/mL pDNA (Figure 5c). Together,
356 these analyses show that (i)TMGMV-PAHs have the highest
357 pDNA mass loading ratio for nanocarriers reported to date,
358 preserve and protect the pDNA integrity from degradation,
359 and facilitate spontaneous pDNA translocation across the plant
360 plasma membrane and cell wall, enabling transgene expression
361 in the nucleus in vitro and in vivo.
362 Maintaining cell viability after exposure to nanocarriers with
363 DNA is crucial for enabling biocompatible gene delivery tools
364 for plants.59 We evaluated protoplast viability of TMGMV-
365 PAH coated with GT15-Cy3 (0.1−0.5 mg/mL) or pDNA (0.04
366 mg/mL) using fluorescein diacetate (FDA),60 a lipophilic
367 fluorescent dye that is permeable to membranes of living cells.
368 Following endogenous esterase-mediated enzymatic activity,
369 nonfluorescent FDA is transformed to fluorescein, a green
370 fluorescence compound. Broken cells lack esterases, rendering
371 them devoid of fluorescein signal. The FDA-treated protoplast
372 cells were analyzed by confocal microscopy imaging, and viable
373 cell percentages were calculated based on the fluorescein
374 presence. Both TMGMV-PAH-GT15-Cy3 or TMGMV-PAH-
375 pDNA treated and control (untreated) protoplasts showed

376bright green fluorescence characteristic of fluorescein and
377normal morphology (Figure S13a,b). Approximately 71% ±
3783.5 of cells remained viable after exposure to TMGMV-PAH-
379GT15-Cy3 (0.1 mg/mL), while increased concentrations
380resulted in a gradual reduction in fluorescein signal and
381increased number of broken cells (Figure S13c). A dramatic
382reduction in the fluorescein signal in protoplasts was observed
383after exposure to TMGMV-PAH-GT15-Cy3 (0.5 mg/mL), in
384which almost no viable cells were observed (Figure S13c). For
385protoplasts exposed to the TMGMV-PAH:pDNA mass ratio
386(1:3), approximately 74% ± 3.0 of cells remained viable, which
387is not significantly different from the viability of untreated
388protoplasts (Figure S13d). In contrast, when TMGMV-PAH
389was loaded with pDNA at the mass ratios of 1:6 and 1:12,
390significant decreases were observed in cell viability, approx-
391imately 65% ± 5.5 (P < 0.039) at the 1:6 ratio and 43% ± 8.5
392(P < 0.0003) at the 1:12 ratio cells were viable when compared
393to the protoplasts-only cells (Figure S13d). The TMGMV-
394PAH-pDNA concentration in this protoplast viability assay was
395kept similar to that used in the transformation analysis (0.04
396mg/mL). These findings suggest that an increased loading of
397pDNA onto TMGMV-PAH can affect plant cell viability.
398Biocompatibility of iTMGMV-PAH-pDNA in Arabidopsis
399leaves was determined using propidium iodide, a fluorescent
400dye that stains the nucleus of dead cells (Figure S14). Confocal
401microscopy images of leaf cells infiltrated with our chosen
402concentration for GFP expression analysis of 0.1 mg/mL
403iTMGMV-PAH: 0.6 mg/mL pDNA showed a similar
404percentage of dead cells (4.5 ± 1.7%) to leaves treated with
405buffer control (7.9 ± 3.4%; P > 0.5; Figure S14a,b). Higher
406concentrations of 0.15 mg/mL iTMGMV-PAH: 0.9 mg/mL
407pDNA significantly increased the percentage of dead cells
408(15.8 ± 2.2%; P < 0.01). Overall, our results indicate that
409DNA coated TMGMV-PAH are highly biocompatible with
410plant cells both in vitro in plant protoplasts and in vivo in leaf
411cells.
412We engineered plant virus coat protein nanocarriers
413(TMGMV-PAH) for facile plasmid DNA delivery into the
414plant cell nucleus without mechanical or biological aid, with
415high biocompatibility and the highest loading of DNA
416nanocarriers for plant cells reported to date. We demonstrated
417this approach using TMGMV-PAH that spontaneously
418delivered a transgene (GFP) encoded in an expression vector
419(pDNA) into plant protoplasts and epidermal cell nuclei. GFP
420gene delivery and expression in plant cells has been mediated
421by high aspect ratio carbon nanotubes.23−25,33 In this work, we
422used high aspect ratio protein-based nanomaterials, native
423TMGMV in protoplasts, and inactivated iTMGMVs in vivo to
424prevent plant infection.43 TMGMV’s ability to move across
425plant cell barriers in numerous plant species43,61 suggests that
426these nanocarriers could mediate DNA delivery to protoplasts
427or leaf cells from different plant species.
428Future research will assess if pDNA mediated delivery by
429TMGMV-PAHs in plant cells results in transient expression of
430transgenes, similar to what has been reported in previous
431studies about pDNA delivery using inorganic nanomateri-
432als.,23,24,33 or enable stable plant transformation and genome
433editing with higher efficiency compared to current DNA
434delivery protocols using biological or mechanical aid. TMGMV
435may prove to be a promising tool for the delivery of genes,
436small-interfering RNA (siRNA), and clustered regularly
437interspaced short palindromic repeats (CRISPR) in plants
438for gene editing applications. Targeted delivery approaches
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439 could be implemented for TMGMV-mediated gene delivery
440 into plastid genomes including coating with targeting
441 peptides62 for gene delivery to plant chloroplasts,24,62 and
442 mitochondria.25 Our nanotechnology approach utilizing
443 TMGMV-PAH for DNA delivery paves the way for developing
444 plant virus-based nanocarriers with tunable and well-controlled
445 properties,41,42,63 cost-effectiveness, scalability,64,65 degradabil-
446 ity,63 and high biocompatibility,63,66 which enable more
447 sustainable agriculture and advanced plant bioengineering.

448 ■ ASSOCIATED CONTENT
449 *sı Supporting Information
450 The Supporting Information is available free of charge at
451 https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04735.

452 Detailed experimental procedures, including nanocarrier
453 synthesis and characterization, microscopy, protoplast
454 isolation, abaxial infiltration, RT-qPCR, gel electro-
455 phoresis, and biocompatibility assays (PDF)

456 ■ AUTHOR INFORMATION
457 Corresponding Authors
458 Nicole F. Steinmetz − Department of NanoEngineering,
459 University of California, San Diego, La Jolla, California
460 92093, United States; Department of Bioengineering,
461 Department of Radiology, Center for Nano-Immuno
462 Engineering, Shu and K.C. Chien and Peter Farrell
463 Collaboratory, Institute for Materials Discovery and Design,
464 Moores Cancer Center, and Center for Engineering in Cancer,
465 Institute for Engineering in Medicine, University of California,
466 San Diego, La Jolla, California 92093, United States;
467 orcid.org/0000-0002-0130-0481; Email: nsteinmetz@
468 ucsd.edu
469 Juan Pablo Giraldo − Department of Botany and Plant
470 Sciences, University of California, Riverside, California
471 92507, United States; orcid.org/0000-0002-8400-8944;
472 Email: juanpablo.giraldo@ucr.edu

473 Authors
474 Md Reyazul Islam − Department of Botany and Plant
475 Sciences, University of California, Riverside, California
476 92507, United States; orcid.org/0000-0001-9494-3197
477 Marina Anderson-Youngblood − Department of Botany and
478 Plant Sciences, University of California, Riverside, California
479 92507, United States; orcid.org/0009-0004-9588-8168
480 Hye-In Kim − Department of Botany and Plant Sciences,
481 University of California, Riverside, California 92507, United
482 States; orcid.org/0000-0002-5203-7361
483 Ivonne González-Gamboa − Department of
484 NanoEngineering, University of California, San Diego, La
485 Jolla, California 92093, United States; Department of
486 Molecular Biology, University of California, San Diego, La
487 Jolla, California 92093, United States; orcid.org/0000-
488 0003-1617-8252
489 Andrea Gabriela Monroy-Borrego − Department of
490 NanoEngineering, University of California, San Diego, La
491 Jolla, California 92093, United States
492 Adam A. Caparco − Department of NanoEngineering,
493 University of California, San Diego, La Jolla, California
494 92093, United States; orcid.org/0000-0002-8545-8349
495 Gregory V. Lowry − Department of Civil and Environmental
496 Engineering and Center for Environmental Implications of
497 NanoTechnology (CEINT), Carnegie Mellon University,

498Pittsburgh, Pennsylvania 15213, United States; orcid.org/
4990000-0001-8599-008X
500Complete contact information is available at:
501https://pubs.acs.org/10.1021/acs.nanolett.3c04735

502Author Contributions
#

503These authors contributed equally to this work (M.R.I. and
504M.A.-Y.). J.P.G and N.F.S. conceived the idea and designed
505experiments with M.R.I. M.R.I performed nanomaterial
506synthesis and characterization, in vitro DNA loading and
507delivery, gene expression analysis, cell viability, endocytosis,
508and confocal microscopy assays. J.P.G designed in vivo
509experiments with M.A.-Y. who performed inactivated nano-
510material synthesis, in vivo pDNA delivery and gene expression
511analysis using RT-qPCR and confocal microscopy, and
512biocompatibility assays. N.F.S. and A.A.C. designed the
513iTMGMV formulation for the in vivo studies, which was
514prepared and characterized for quality control by A.A.C. G.V.L
515contributed with data analysis. H.K. performed polymer
516coating design and synthesis of nanocarriers, TEM, zeta
517potential, and FTIR analysis of nanomaterials. I.G.-G. purified
518and lyophilized native TMGMV. A.G.M.-B. performed TEM of
519nanomaterials loaded with plasmid DNA and analysis with
520I.G.-G. All authors contributed to writing the manuscript.
521Notes
522The authors declare the following competing financial
523interest(s): A pending patent entitled Compositions and
524Methods for Delivery of Nucleic Acids is based on this work.
525J.P.G., M.R.I., H.K. (University of California, Riverside), and
526N.F.S. (University of California, San Diego) are inventors in
527this patent. Specific aspects of the manuscript covered in the
528patent disclosure include compositions and methods for
529delivery of DNA in plant cells. N.F.S. is a cofounder of, has
530equity in, and has a financial interest in Mosaic ImmunoEngi-
531nering Inc. N.F.S. is a cofounder and serves as manager of
532Pokometz Scientific LLC, under which she is a paid as a
533consultant to Mosaic ImmunoEngineering Inc., Flagship
534Laboratories 95 Inc., and Arana Biosciences Inc. The other
535authors declare no potential conflict of interest.

536■ ACKNOWLEDGMENTS
537This material is based on work mainly supported by the
538National Science Foundation under Grant FMSG: Bio:
5392134535. M.A.Y. received funding from NSF National
540Research Traineeship Program Grant DBI-1922642. A.G.M.-
541B. was supported by a CONAHCYT doctoral studies
542scholarship (CVU 1062156). A.A.C. was supported through
543NIFA-2022-67012-36698. We also thank partial support from
544UC San Diego Materials Research Science and Engineering
545Center (MRSEC) through NSF Grant DMR-2011924 to
546N.F.S. The authors thank the University of California San
547Diego - Cellular and Molecular Medicine Electron Microscopy
548Core (UCSD-CMM-EM Core, RRID:SCR_022039) for
549equipment access and technical assistance. The UCSD-
550CMM-EM Core is supported in part by the National Institutes
551of Health Award Number S10OD023527.

552■ REFERENCES
(1) 553van Dijk, M.; Morley, T.; Rau, M. L.; Saghai, Y. A Meta-Analysis

554of Projected Global Food Demand and Population at Risk of Hunger
555for the Period 2010−2050. Nat. Food 2021, 2 (7), 494−501.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.3c04735
Nano Lett. XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04735?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c04735/suppl_file/nl3c04735_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicole+F.+Steinmetz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0130-0481
https://orcid.org/0000-0002-0130-0481
mailto:nsteinmetz@ucsd.edu
mailto:nsteinmetz@ucsd.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+Pablo+Giraldo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8400-8944
mailto:juanpablo.giraldo@ucr.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Md+Reyazul+Islam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9494-3197
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marina+Anderson-Youngblood"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0004-9588-8168
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hye-In+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5203-7361
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ivonne+Gonza%CC%81lez-Gamboa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1617-8252
https://orcid.org/0000-0003-1617-8252
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrea+Gabriela+Monroy-Borrego"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adam+A.+Caparco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8545-8349
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gregory+V.+Lowry"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8599-008X
https://orcid.org/0000-0001-8599-008X
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://doi.org/10.1038/s43016-021-00322-9
https://doi.org/10.1038/s43016-021-00322-9
https://doi.org/10.1038/s43016-021-00322-9
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c04735?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


(2)556 Intergovernmental Panel on Climate Change (IPCC). Food
557 Security. Climate Change and Land: IPCC Special Report on Climate
558 Change, Desertification, Land Degradation, Sustainable Land Manage-
559 ment, Food Security, and Greenhouse Gas Fluxes in Terrestrial
560 Ecosystems; Cambridge University Press, 2022; pp 437−550.

(3)561 Sedeek, K. E. M.; Mahas, A.; Mahfouz, M. Plant Genome
562 Engineering for Targeted Improvement of Crop Traits. Front. Plant
563 Sci. 2019, 10, 114.

(4)564 Daniell, H.; Datta, R.; Varma, S.; Gray, S.; Lee, S. B.
565 Containment of Herbicide Resistance through Genetic Engineering
566 of the Chloroplast Genome. Nat. Biotechnol. 1998, 16 (4), 345−348.

(5)567 Liu, Y.; Wu, H.; Chen, H.; Liu, Y.; He, J.; Kang, H.; Sun, Z.; Pan,
568 G.; Wang, Q.; Hu, J.; Zhou, F.; Zhou, K.; Zheng, X.; Ren, Y.; Chen,
569 L.; Wang, Y.; Zhao, Z.; Lin, Q.; Wu, F.; Zhang, X.; Guo, X.; Cheng,
570 X.; Jiang, L.; Wu, C.; Wang, H.; Wan, J. A Gene Cluster Encoding
571 Lectin Receptor Kinases Confers Broad-Spectrum and Durable Insect
572 Resistance in Rice. Nat. Biotechnol. 2015, 33 (3), 301−305.

(6)573 van Esse, H. P.; Reuber, T. L.; van der Does, D. Genetic
574 Modification to Improve Disease Resistance in Crops. New Phytol.
575 2020, 225 (1), 70−86.

(7)576 Liu, X.; Ao, K.; Yao, J.; Zhang, Y.; Li, X. Engineering Plant
577 Disease Resistance against Biotrophic Pathogens. Curr. Opin. Plant
578 Biol. 2021, 60, No. 101987.

(8)579 Zhang, H.; Zhu, J.; Gong, Z.; Zhu, J.-K. Abiotic Stress Responses
580 in Plants. Nat. Rev. Genet. 2022, 23 (2), 104−119.

(9)581 Saijo, Y.; Loo, E. P.-I. Plant Immunity in Signal Integration
582 between Biotic and Abiotic Stress Responses. New Phytol. 2020, 225
583 (1), 87−104.

(10)584 Srivastav, V. K.; Egbuna, C.; Tiwari, M. Chapter 1 - Plant
585 Secondary Metabolites as Lead Compounds for the Production of
586 Potent Drugs. In Phytochemicals as Lead Compounds for New Drug
587 Discovery; Egbuna, C., Kumar, S., Ifemeje, J. C., Ezzat, S. M.,
588 Kaliyaperumal, S., Eds.; Elsevier, 2020; pp 3−14.

(11)589 Wolfson, W. Grow Your Own: Protalix BioTherapeutics
590 Produces Drugs in Carrot Cells. Chem. Biol. 2013, 20 (8), 969−970.

(12)591 Daniell, H.; Nair, S. K.; Esmaeili, N.; Wakade, G.; Shahid, N.;
592 Ganesan, P. K.; Islam, M. R.; Shepley-McTaggart, A.; Feng, S.; Gary,
593 E. N.; Ali, A. R.; Nuth, M.; Cruz, S. N.; Graham-Wooten, J.;
594 Streatfield, S. J.; Montoya-Lopez, R.; Kaznica, P.; Mawson, M.; Green,
595 B. J.; Ricciardi, R.; Milone, M.; Harty, R. N.; Wang, P.; Weiner, D. B.;
596 Margulies, K. B.; Collman, R. G. Debulking SARS-CoV-2 in Saliva
597 Using Angiotensin Converting Enzyme 2 in Chewing Gum to
598 Decrease Oral Virus Transmission and Infection. Mol. Ther. 2022, 30
599 (5), 1966−1978.

(13)600 Paolino, K. M.; Regules, J. A.; Moon, J. E.; Ruck, R. C.;
601 Bennett, J. W.; Remich, S. A.; Mills, K. T.; Lin, L.; Washington, C. N.;
602 Fornillos, G. A.; Lindsey, C. Y.; O’Brien, K. A.; Shi, M.; Mark Jones,
603 R.; Green, B. J.; Tottey, S.; Chichester, J. A.; Streatfield, S. J.; Yusibov,
604 V. Safety and Immunogenicity of a Plant-Derived Recombinant
605 Protective Antigen (rPA)-Based Vaccine against Bacillus Anthracis: A
606 Phase 1 Dose-Escalation Study in Healthy Adults. Vaccine 2022, 40
607 (12), 1864−1871.

(14)608 Charland, N.; Gobeil, P.; Pillet, S.; Boulay, I.; Séguin, A.;
609 Makarkov, A.; Heizer, G.; Bhutada, K.; Mahmood, A.; Trépanier, S.;
610 Hager, K.; Jiang-Wright, J.; Atkins, J.; Saxena, P.; Cheng, M. P.; Vinh,
611 D. C.; Boutet, P.; Roman, F.; Van Der Most, R.; Ceregido, M. A.;
612 Dionne, M.; Tellier, G.; Gauthier, J.-S.; Essink, B.; Libman, M.;
613 Haffizulla, J.; Fréchette, A.; D’Aoust, M.-A.; Landry, N.; Ward, B. J.
614 Safety and Immunogenicity of an AS03-Adjuvanted Plant-Based
615 SARS-CoV-2 Vaccine in Adults with and without Comorbidities. NPJ.
616 Vaccines 2022, 7 (1), 142.

(15)617 Herrera-Estrella, L.; Depicker, A.; Van Montagu, M.; Schell, J.
618 Expression of Chimaeric Genes Transferred into Plant Cells Using a
619 Ti-Plasmid-Derived Vector. Nature 1983, 303 (5914), 209.

(16)620 Klein, T. M.; Harper, E. C.; Svab, Z.; Sanford, J. C.; Fromm, M.
621 E.; Maliga, P. Stable Genetic Transformation of Intact Nicotiana Cells
622 by the Particle Bombardment Process. Proc. Natl. Acad. Sci. U. S. A.
623 1988, 85 (22), 8502−8505.

(17) 624Shrawat, A. K.; Lörz, H. Agrobacterium-Mediated Trans-
625formation of Cereals: A Promising Approach Crossing Barriers. Plant
626Biotechnol. J. 2006, 4 (6), 575−603.

(18) 627Ye, X.; Shrawat, A.; Moeller, L.; Rode, R.; Rivlin, A.; Kelm, D.;
628Martinell, B. J.; Williams, E. J.; Paisley, A.; Duncan, D. R.; Armstrong,
629C. L. Agrobacterium-Mediated Direct Transformation of Wheat
630Mature Embryos through Organogenesis. Front. Plant Sci. 2023, 14,
631No. 1202235.

(19) 632Hayta, S.; Smedley, M. A.; Clarke, M.; Forner, M.; Harwood,
633W. A. An Efficient Agrobacterium-Mediated Transformation Protocol
634for Hexaploid and Tetraploid Wheat. Curr. Protoc 2021, 1 (3),
635No. e58.

(20) 636Liu, J.; Nannas, N. J.; Fu, F.-F.; Shi, J.; Aspinwall, B.; Parrott,
637W. A.; Dawe, R. K. Genome-Scale Sequence Disruption Following
638Biolistic Transformation in Rice and Maize. Plant Cell 2019, 31 (2),
639368−383.

(21) 640Frame, B. R.; Zhang, H.; Cocciolone, S. M.; Sidorenko, L. V.;
641Dietrich, C. R.; Pegg, S. E.; Zhen, S.; Schnable, P. S.; Wang, K.
642Production of Transgenic Maize from Bombarded Type II Callus:
643Effect of Gold Particle Size and Callus Morphology on Trans-
644formation Efficiency. In Vitro Cellular & Developmental Biology - Plant
6452000, 36 (1), 21−29.

(22) 646Baltes, N. J.; Gil-Humanes, J.; Voytas, D. F. Genome
647Engineering and Agriculture: Opportunities and Challenges. Prog.
648Mol. Biol. Transl. Sci. 2017, 149, 1−26.

(23) 649Demirer, G. S.; Zhang, H.; Matos, J. L.; Goh, N. S.;
650Cunningham, F. J.; Sung, Y.; Chang, R.; Aditham, A. J.; Chio, L.;
651Cho, M.-J.; Staskawicz, B.; Landry, M. P. High Aspect Ratio
652Nanomaterials Enable Delivery of Functional Genetic Material
653without DNA Integration in Mature Plants. Nat. Nanotechnol. 2019,
65414 (5), 456−464.

(24) 655Santana, I.; Jeon, S.-J.; Kim, H.-I.; Islam, M. R.; Castillo, C.;
656Garcia, G. F. H.; Newkirk, G. M.; Giraldo, J. P. Targeted Carbon
657Nanostructures for Chemical and Gene Delivery to Plant Chlor-
658oplasts. ACS Nano 2022, 16 (8), 12156−12173.

(25) 659Law, S. S. Y.; Liou, G.; Nagai, Y.; Giménez-Dejoz, J.; Tateishi,
660A.; Tsuchiya, K.; Kodama, Y.; Fujigaya, T.; Numata, K. Polymer-
661Coated Carbon Nanotube Hybrids with Functional Peptides for Gene
662Delivery into Plant Mitochondria. Nat. Commun. 2022, 13 (1), 2417.

(26) 663Mitter, N.; Worrall, E. A.; Robinson, K. E.; Li, P.; Jain, R. G.;
664Taochy, C.; Fletcher, S. J.; Carroll, B. J.; Lu, G. Q. M.; Xu, Z. P. Clay
665Nanosheets for Topical Delivery of RNAi for Sustained Protection
666against Plant Viruses. Nat. Plants 2017, 3, No. 16207.

(27) 667Li, S.; Li, J.; Du, M.; Deng, G.; Song, Z.; Han, H. Efficient Gene
668Silencing in Intact Plant Cells Using siRNA Delivered By Functional
669Graphene Oxide Nanoparticles. Angew. Chem., Int. Ed. 2022, 61 (40),
670No. e202210014.

(28) 671Wang, J. W.; Cunningham, F. J.; Goh, N. S.; Boozarpour, N. N.;
672Pham, M.; Landry, M. P. Nanoparticles for Protein Delivery in Planta.
673Curr. Opin. Plant Biol. 2021, 60, No. 102052.

(29) 674Chariou, P. L.; Steinmetz, N. F. Delivery of Pesticides to Plant
675Parasitic Nematodes Using Tobacco Mild Green Mosaic Virus as a
676Nanocarrier. ACS Nano 2017, 11 (5), 4719−4730.

(30) 677Caparco, A. A.; González-Gamboa, I.; Hays, S. S.; Pokorski, J.
678K.; Steinmetz, N. F. Delivery of Nematicides Using TMGMV-Derived
679Spherical Nanoparticles. Nano Lett. 2023, 23 (12), 5785−5793.

(31) 680Solanki, P.; Bhargava, A.; Chhipa, H.; Jain, N.; Panwar, J. Nano-
681Fertilizers and Their Smart Delivery System. In Nanotechnologies in
682Food and Agriculture; Rai, M., Ribeiro, C., Mattoso, L., Duran, N.,,
683Eds.; Springer International Publishing: Cham, 2015; pp 81−101.

(32) 684Borgatta, J.; Shen, Y.; Tamez, C.; Green, C.; Hedlund Orbeck,
685J. K.; Cahill, M. S.; Protter, C.; Deng, C.; Wang, Y.; Elmer, W.; White,
686J. C.; Hamers, R. J. Influence of CuO Nanoparticle Aspect Ratio and
687Surface Charge on Disease Suppression in Tomato (Solanum
688Lycopersicum). J. Agric. Food Chem. 2023, 71, 9644.

(33) 689Kwak, S.-Y.; Lew, T. T. S.; Sweeney, C. J.; Koman, V. B.; Wong,
690M. H.; Bohmert-Tatarev, K.; Snell, K. D.; Seo, J. S.; Chua, N.-H.;
691Strano, M. S. Chloroplast-Selective Gene Delivery and Expression in

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.3c04735
Nano Lett. XXXX, XXX, XXX−XXX

I

https://doi.org/10.3389/fpls.2019.00114
https://doi.org/10.3389/fpls.2019.00114
https://doi.org/10.1038/nbt0498-345
https://doi.org/10.1038/nbt0498-345
https://doi.org/10.1038/nbt.3069
https://doi.org/10.1038/nbt.3069
https://doi.org/10.1038/nbt.3069
https://doi.org/10.1111/nph.15967
https://doi.org/10.1111/nph.15967
https://doi.org/10.1016/j.pbi.2020.101987
https://doi.org/10.1016/j.pbi.2020.101987
https://doi.org/10.1038/s41576-021-00413-0
https://doi.org/10.1038/s41576-021-00413-0
https://doi.org/10.1111/nph.15989
https://doi.org/10.1111/nph.15989
https://doi.org/10.1016/j.chembiol.2013.08.003
https://doi.org/10.1016/j.chembiol.2013.08.003
https://doi.org/10.1016/j.ymthe.2021.11.008
https://doi.org/10.1016/j.ymthe.2021.11.008
https://doi.org/10.1016/j.ymthe.2021.11.008
https://doi.org/10.1016/j.vaccine.2022.01.047
https://doi.org/10.1016/j.vaccine.2022.01.047
https://doi.org/10.1016/j.vaccine.2022.01.047
https://doi.org/10.1038/s41541-022-00561-2
https://doi.org/10.1038/s41541-022-00561-2
https://doi.org/10.1038/303209a0
https://doi.org/10.1038/303209a0
https://doi.org/10.1073/pnas.85.22.8502
https://doi.org/10.1073/pnas.85.22.8502
https://doi.org/10.1111/j.1467-7652.2006.00209.x
https://doi.org/10.1111/j.1467-7652.2006.00209.x
https://doi.org/10.3389/fpls.2023.1202235
https://doi.org/10.3389/fpls.2023.1202235
https://doi.org/10.1002/cpz1.58
https://doi.org/10.1002/cpz1.58
https://doi.org/10.1105/tpc.18.00613
https://doi.org/10.1105/tpc.18.00613
https://doi.org/10.1007/s11627-000-0007-5
https://doi.org/10.1007/s11627-000-0007-5
https://doi.org/10.1007/s11627-000-0007-5
https://doi.org/10.1016/bs.pmbts.2017.03.011
https://doi.org/10.1016/bs.pmbts.2017.03.011
https://doi.org/10.1038/s41565-019-0382-5
https://doi.org/10.1038/s41565-019-0382-5
https://doi.org/10.1038/s41565-019-0382-5
https://doi.org/10.1021/acsnano.2c02714?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acsnano.2c02714?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acsnano.2c02714?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1038/s41467-022-30185-y
https://doi.org/10.1038/s41467-022-30185-y
https://doi.org/10.1038/s41467-022-30185-y
https://doi.org/10.1038/nplants.2016.207
https://doi.org/10.1038/nplants.2016.207
https://doi.org/10.1038/nplants.2016.207
https://doi.org/10.1002/anie.202210014
https://doi.org/10.1002/anie.202210014
https://doi.org/10.1002/anie.202210014
https://doi.org/10.1016/j.pbi.2021.102052
https://doi.org/10.1021/acsnano.7b00823?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acsnano.7b00823?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acsnano.7b00823?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.nanolett.3c01684?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.nanolett.3c01684?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.jafc.2c09153?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.jafc.2c09153?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.jafc.2c09153?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1038/s41565-019-0375-4
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c04735?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


692 Planta Using Chitosan-Complexed Single-Walled Carbon Nanotube
693 Carriers. Nat. Nanotechnol. 2019, 14 (5), 447−455.

(34)694 Chang, F.-P.; Kuang, L.-Y.; Huang, C.-A.; Jane, W.-N.; Hung,
695 Y.; Hsing, Y.-I. C.; Mou, C.-Y. A Simple Plant Gene Delivery System
696 Using Mesoporous Silica Nanoparticles as Carriers. J. Mater. Chem. B
697 Mater. Biol. Med. 2013, 1 (39), 5279−5287.

(35)698 Torney, F.; Trewyn, B. G.; Lin, V. S.-Y.; Wang, K. Mesoporous
699 Silica Nanoparticles Deliver DNA and Chemicals into Plants. Nat.
700 Nanotechnol. 2007, 2 (5), 295−300.

(36)701 Li, J.; Li, S.; Du, M.; Song, Z.; Han, H. Nuclear Delivery of
702 Exogenous Gene in Mature Plants Using Nuclear Location Signal and
703 Cell-Penetrating Peptide Nanocomplex. ACS Appl. Nano Mater. 2023,
704 6 (1), 160−170.

(37)705 Jones, I.; Roy, P. Small Is Beautiful: Virus-like Particles as
706 Vaccines. Biochem. 2021, 43 (4), 18−21.

(38)707 Pattanayek, R.; Stubbs, G. Structure of the U2 Strain of
708 Tobacco Mosaic Virus Refined at 3.5 A Resolution Using X-Ray Fiber
709 Diffraction. J. Mol. Biol. 1992, 228 (2), 516−528.

(39)710 Charudattan, R. Use of Plant Viruses as Bioherbicides: The
711 First Virus-Based Bioherbicide and Future Opportunities. Pest Manag.
712 Sci. 2024, 80, 103.

(40)713 Chariou, P. L.; Wang, L.; Desai, C.; Park, J.; Robbins, L. K.; von
714 Recum, H. A.; Ghiladi, R. A.; Steinmetz, N. F. Let There Be Light:
715 Targeted Photodynamic Therapy Using High Aspect Ratio Plant Viral
716 Nanoparticles. Macromol. Biosci. 2019, 19 (5), No. e1800407.

(41)717 Fan, X. Z.; Pomerantseva, E.; Gnerlich, M.; Brown, A.;
718 Gerasopoulos, K.; McCarthy, M.; Culver, J.; Ghodssi, R. Tobacco
719 Mosaic Virus: A Biological Building Block for Micro/nano/bio
720 Systems. J. Vac. Sci. Technol. A 2013, 31 (5), No. 050815.

(42)721 González-Gamboa, I.; Caparco, A. A.; McCaskill, J. M.;
722 Steinmetz, N. F. Bioconjugation Strategies for Tobacco Mild Green
723 Mosaic Virus. ChemBioChem 2022, 23 (18), No. e202200323.

(43)724 Chariou, P. L.; Ma, Y.; Hensley, M.; Rosskopf, E. N.; Hong, J.
725 C.; Charudattan, R.; Steinmetz, N. F. Inactivated Plant Viruses as an
726 Agrochemical Delivery Platform. ACS Agric. Sci. Technol. 2021, 1 (3),
727 124−130.

(44)728 González-Gamboa, I.; Caparco, A. A.; McCaskill, J.;
729 Fuenlabrada-Velázquez, P.; Hays, S. S.; Jin, Z.; Jokerst, J. V.;
730 Pokorski, J. K.; Steinmetz, N. F. Inter-Coat Protein Loading of
731 Active Ingredients into Tobacco Mild Green Mosaic Virus through
732 Partial Dissociation and Reassembly of the Virion. Sci. Rep. 2024, 14
733 (1), 7168.

(45)734 Abrahamian, P.; Hammond, R. W.; Hammond, J. Plant Virus-
735 Derived Vectors: Applications in Agricultural and Medical Bio-
736 technology. Annu. Rev. Virol 2020, 7 (1), 513−535.

(46)737 Scholthof, K.-B. G.; Mirkov, T. E.; Scholthof, H. B. Plant Virus
738 Gene Vectors: Biotechnology Applications in Agriculture and
739 Medicine. Genet. Eng. 2002, 24, 67−85.

(47)740 Rössner, C.; Lotz, D.; Becker, A. VIGS Goes Viral: How VIGS
741 Transforms Our Understanding of Plant Science. Annu. Rev. Plant
742 Biol. 2022, 73, 703−728.

(48)743 Yoo, S.-D.; Cho, Y.-H.; Sheen, J. Arabidopsis Mesophyll
744 Protoplasts: A Versatile Cell System for Transient Gene Expression
745 Analysis. Nat. Protoc. 2007, 2 (7), 1565−1572.

(49)746 Lew, T. T. S.; Wong, M. H.; Kwak, S.-Y.; Sinclair, R.; Koman,
747 V. B.; Strano, M. S. Rational Design Principles for the Transport and
748 Subcellular Distribution of Nanomaterials into Plant Protoplasts.
749 Small 2018, 14 (44), No. e1802086.

(50)750 Jian, W.; Xu, S.; Wang, J.; Feng, S. Layer-by-Layer Assembly of
751 Poly(allylamine Hydrochloride)/polyurethane and Its Loading and
752 Release Behavior for Methylene Orange. J. Appl. Polym. Sci. 2013, 129
753 (4), 2070−2075.

(51)754 Kreke, M. R.; Badami, A. S.; Brady, J. B.; Akers, R. M.;
755 Goldstein, A. S. Modulation of Protein Adsorption and Cell Adhesion
756 by Poly(allylamine hydrochloride) Heparin Films. Biomaterials 2005,
757 26 (16), 2975−2981.

(52)758 Giraldo, J. P.; Landry, M. P.; Kwak, S.-Y.; Jain, R. M.; Wong, M.
759 H.; Iverson, N. M.; Ben-Naim, M.; Strano, M. S. A Ratiometric Sensor

760Using Single Chirality Near-Infrared Fluorescent Carbon Nanotubes:
761Application to In Vivo Monitoring. Small 2015, 11 (32), 3973−3984.

(53) 762He, Z.; Liu, K.; Manaloto, E.; Casey, A.; Cribaro, G. P.; Byrne,
763H. J.; Tian, F.; Barcia, C.; Conway, G. E.; Cullen, P. J.; Curtin, J. F.
764Cold Atmospheric Plasma Induces ATP-Dependent Endocytosis of
765Nanoparticles and Synergistic U373MG Cancer Cell Death. Sci. Rep.
7662018, 8 (1), 5298.

(54) 767Giraldo, J. P.; Landry, M. P.; Faltermeier, S. M.; McNicholas, T.
768P.; Iverson, N. M.; Boghossian, A. A.; Reuel, N. F.; Hilmer, A. J.; Sen,
769F.; Brew, J. A.; Strano, M. S. Plant Nanobionics Approach to Augment
770Photosynthesis and Biochemical Sensing. Nat. Mater. 2014, 13 (4),
771400−408.

(55) 772Wong, M. H.; Misra, R. P.; Giraldo, J. P.; Kwak, S.-Y.; Son, Y.;
773Landry, M. P.; Swan, J. W.; Blankschtein, D.; Strano, M. S. Lipid
774Exchange Envelope Penetration (LEEP) of Nanoparticles for Plant
775Engineering: A Universal Localization Mechanism. Nano Lett. 2016,
77616 (2), 1161−1172.

(56) 777Rennick, J. J.; Johnston, A. P. R.; Parton, R. G. Key Principles
778and Methods for Studying the Endocytosis of Biological and
779Nanoparticle Therapeutics. Nat. Nanotechnol. 2021, 16 (3), 266−276.

(57) 780Liu, Q.; Li, Y.; Xu, K.; Li, D.; Hu, H.; Zhou, F.; Song, P.; Yu, Y.;
781Wei, Q.; Liu, Q.; Wang, W.; Bu, R.; Sun, H.; Wang, X.; Hao, J.; Li, H.;
782Li, C. Clay Nanosheet-Mediated Delivery of Recombinant Plasmids
783Expressing Artificial miRNAs via Leaf Spray to Prevent Infection by
784Plant DNA Viruses. Hortic Res. 2020, 7 (1), 179.

(58) 785Lee, D. W.; Hwang, I. Transient Expression and Analysis of
786Chloroplast Proteins in Arabidopsis Protoplasts. In Chloroplast
787Research in Arabidopsis: Methods and Protocols; Jarvis, R. P., Ed.;
788Humana Press: Totowa, NJ, 2011; Vol. I, pp 59−71.

(59) 789Wang, X.; Xie, H.; Wang, P.; Yin, H. Nanoparticles in Plants:
790Uptake, Transport and Physiological Activity in Leaf and Root.
791Materials 2023, 16 (8), 3097.

(60) 792Wang, H.; Zhu, X.; Li, H.; Cui, J.; Liu, C.; Chen, X.; Zhang, W.
793Induction of Caspase-3-like Activity in Rice Following Release of
794Cytochrome-F from the Chloroplast and Subsequent Interaction with
795the Ubiquitin-Proteasome System. Sci. Rep. 2014, 4, 5989.

(61) 796de Andrés-Torán, R.; Guidoum, L.; Zamfir, A. D.; Mora, M. Á.;
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