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ABSTRACT

Theadailigy; to control the subcellular localization of nanoparticles within living plants offers
unique advaargeted biomolecule delivery and enables important applications in plant
bioengir?eegwwever, the mechanism of nanoparticle transport past plant biological membranes
has been potly jderstood. Here, we present a mechanistic study of nanoparticle cellular uptake into

plant proto e advance an experimentally-validated mathematical model of lipid exchange

envelope p€netati@h mechanism for protoplasts, which predicts that the subcellular distribution of

S

nanopartic t cells is dictated by the particle size and the magnitude of the zeta potential. Our

U

mechanismyi etely generic, describing nanoparticles ranging from quantum dots, gold and

silica nanogarticles, nanoceria and single-walled carbon nanotubes (SWNTSs). In addition, we

£

demonstrate the use of imaging flow cytometry to investigate the influence of protoplasts’

d

morphologigal b \cteristics on nanoparticle uptake efficiency. Using DNA-wrapped SWNTs as
model , we found that glycerolipids, the predominant lipids in chloroplast membranes,

exhibit stro d-nanoparticle interaction than phospholipids, the major constituent in protoplast

i

membrane. Our work can guide the rational design of nanoparticles for targeted delivery into specific

compartmefits within plant cells without the use of chemical or mechanical aid, potentially enabling

I

various pla meering applications and furthering our understanding of plant biology.

Aut |
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Introduction

The ability of nanoparticles to penetrate biological membranes has led to significant
developmang nanoparticles as biomolecular cargo nanocarriers in mammalian cells. For
example, s @ ctionalized nanoparticles have been proven to be able to deliver DNA and small
drug malecmiessimte animal cells and tissues.”' *! Recently, there has been much interest in the use of
nanomaterhivery vehicles for biomolecules into plant cells, especially for plant genetic

[5-7

transformafion. anoparticle-based delivery methods have the potential of overcoming the current

limitations i p enome engineering, with unique advantages such as high throughput, low

S

cytotoxicity#fid Wide applicability to a range of plant species.” Furthermore, when bound to

nanoparticles, biomiblecular cargos are shielded from enzymatic degradation within biological

U

10,11 [12]

environme nd can be potentially controlled to target specific organelles or tissues.

n

However, oration of nanomaterials in plants is more challenging than in mammalian cells or

tissues dueffo the piesence of plant cell wall, differences in membrane chemical compositions and

U

significantly lower endocytic rate in plants.”'* Existing nanoparticle-based methods still rely heavily

a

on tools like t e gun, where DNA-coated gold microparticles are used as bullets for

bombar nt cells and tissues to achieve gene transfer.'* These methods require specialized,
expensive equipment and lead to significant plant cell damage due to high delivery pressures.!'>'% To
address these limitations, there is an urgent need to understand how nanoparticles interact with
various bio @ embranes within plant cells. Such fundamental understanding will enable the
rational desi noparticle formulations for targeted delivery and increased internalization

efficienl e aid of mechanical force or chemical treatments.

N

t

5,7,17]

There have been significant successes in the use of mesoporous silical or other

U

. 13.1 . . . . . .
nanomaterials suclias carbon nanotubes''>'*! to deliver nucleic acids into plant cells. Besides nucleic

acids, nano can also be functionalized with molecules such as fluorescent dyes for

[19]

intracellu ing in plants,""® active molecules for tracking and sensing purposes,''” and

A

agrochemicals for crop health.”” Targeted delivery of nanoparticles to certain regions of plant tissue
3
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is also important for the creation of biomimetic systems such as light-harvesting apparatuses, photonic
devices, emission sources for near-infrared communication to electronic devices, and carbon-negative

temperaturl and environmental sensors.">*"? We have previously shown that highly charged

nanoceria, @ icle-based reactive oxygen species (ROS) scavenger, and certain polymer-
wrappedssimgiesmmapped carbon nanotubes (SWNTs) localized within the chloroplasts when
introducedLnesophyll tissue, enabling photosynthetic rate augmentation and extending the
photoactiv@ of extracted chloroplasts.”>**! In recent work, we have demonstrated that the
physical prope of nanoparticles can be tuned to control their localization in leaf mesophyll tissue
to enable nme functionalities such as light emission.*"! The ability to understand and control the
transport of nanopaiticles within living plant cells is therefore of practical and significant importance
[25]

for various ipengineering applications, extending beyond plant genome engineering.

Nanomate been shown to be able to traverse past the cellulosic cell wall due to their

7,26,27] h

sizes! ow them to passively enter through cell wall pores ranging from 5-20 nm in

28,2

diameter.! However, to date, the mechanism of transport of nanoparticles past the plasma

membrane anEthe subcellular organelles remains unclear. Recent findings have suggested that
the inte en nanoparticles and lipid bilayers might contribute to the perceived ability of
nanoparticlis to passively transport past biological membranes.”"**! In particular, asymmetric

membrane composition and curvature were revealed by dissipative particle dynamics (DPD)

simulation:s oly influence lipid — nanoparticle interaction and enhance penetration efficiency to
above 90% sirable conditions.”*” Atomistic simulation also presented the possibility of a
rearran itterionic lipid molecules in the contact area due to cation-lipid binding, resulting

ina transiek pore formation on the membrane.”**! Several mechanisms for nanoparticle transport past

1836370, endocytosis,[]3’38] but these

lipid bilayers havelBeen proposed, such as passive penetration'
mechanisms inconclusive and there remains a lack of a general, predictive model that can

guide the design of nanoparticles for targeted delivery into plant tissues.

This article is protected by copyright. All rights reserved.
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In this work, we present nanoparticle design principles based on experimental observations
and mathematical modelling that determine the selective entry and subsequent subcellular distribution
of nanoMo whole plant protoplasts. Our work represents one of first investigations into the
mechanisanoparticle transport into plant cells, which is distinct from mechanisms
proposcul fommameparticle uptake into mammalian cells.”” Using imaging flow cytometry and
ﬂuorescemhed cell sorting, we investigated the influence of cell morphology and cell type on

nanoparticlg uptakgjefficiency on a large number of cells (n > 8000). We further conducted a

€

systematic tion to explain the differences in nanoparticle internalization efficiency into whole

S

cells (protoptastsPas opposed to organelles (chloroplasts) for plant systems. Our mathematical model,

which we call Lipid Exchange Envelope Penetration (LEEP), can enable the rational design and

5

targeted de nano and biomaterials into specific compartments within plant cells without the

use of phy ical or mechanical aid.

Man

Result sions

Charge and Size-Dependent Localization of Nanoparticles to Leaf Protoplasts

.

We investigated the mechanism of nanoparticle uptake with protoplasts — whole intact plant

cells witho@ sic cell walls — as they are surrounded only by the plasma membrane which

enables dir igation of the interaction between nanoparticles and plant lipid bilayers. In

1

additiori® undant and can be regenerated into whole plants, and therefore represent a

t

versatile ald convenient experimental system for plant biology studies."*”! Protoplasts were first

prepared using a pitocol as reported by Yoo et al.*'! from Arabidopsis thaliana plants grown in the

J

laboratory. xperiments, Arabidopsis thaliana protoplasts were incubated with nanoparticles

for 16 ho "C in the dark before immediate characterization, to exclude the possibility of active

A

transport processes.'*?! The nanoparticles used in this study are streptavidin-conjugated quantum dots
5
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(SA-QD), Alexa Fluor 405-conjugated gold-cysteine nanoparticles (Au-Cys-AF405), Alexa Fluor
488-conjugated silica nanoparticles (SNP-AF488), dextran-coated nanoceria conjugated with Alexa
Fluor 48M488), and single-walled carbon nanotubes wrapped in various polymers such as

chitosan (¢ ), polyhistidine (pHis-SWNT) and 30-base sequence of ssDNA (AT);s (hereafter

P

referredstio mssss@dli), s-SWNT). Confocal visible and Raman microscopy, near-infrared (NIR)
microscophw cytometry techniques were then used to study the distribution of nanoparticles

within leaffprotopl@sts. Only healthy protoplasts, characterized by their spherical shape and

C

fluorescein dia (FDA) staining,"*! were considered.

S

We'dbsee that highly charged nanoparticles, such as Au-Cys-AF405 (-33 mV) and SWNTs

coated with ss(AT)js (-48 mV), chitosan (+52 mV) and polyhistidine (+57 mV), are able to passively

Ll

traverse the st membrane and localize mostly in the chloroplasts within the protoplasts

N

(Figure 1a isstuend was observed for both positively and negatively charged nanoparticles,

despite theffac both protoplast and chloroplast membranes are negatively charged.'*s The

d

localization of SWNTs within the chloroplasts was confirmed using NIR microscopy (Figure 1b;

Supplementa re S1) and Raman spectroscopy (Figure 2; Supplementary Figure S2). With

v

Raman , confocal spatial mapping was performed to monitor the G-band intensity of

SWNTs inside protoplasts (Figure 2a). G-band is an important optical feature of SWNT that is caused

§

by planar vibrations of carbon atoms in tangential mode.'*! Heat map of this G-band intensity was

then used t the three-dimensional spatial information of where SWNTs are located within

protoplasts h G-peak intensity of SWNTs coincides with the location of chloroplasts within

n

the pro : irming that SWNT's are mainly trapped inside the chloroplasts (Figure 2b and 2c¢).

1

The high G®peak intensity outside the protoplasts indicate free SWNTs in solution that were not able

to enter the protopl@sts. Internalization of Au-Cys-AF405 within the chloroplasts inside protoplasts

U

was separate rmed via confocal microscopy (Supplementary Figure S3).

ly, SA-QD (-23 mV), which had been previously found unable to penetrate the

A

%I'are observed to traverse past the protoplast membrane and localize within

6

chloroplast membrane,*
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the cytosol (Figure 3a). Propidium-iodide staining shows that SA-QD internalized protoplasts are still
viable after nanoparticle internalization (Supplementary Figure S4). More neutrally-charged
nanoparm as dNC-AF488 (-1.8 mV), which have been found to effectively scavenge reactive

oxygen spd @ olated chloroplasts,”! and SNP-AF488 (-2.4 mV), were not found within the

9

protoplast mtemem@igure 3c; Supplementary Figure S5). The size and zeta potential of nanoparticles
investigatehmdy are plotted in Figure 3b.
Mathema@el Formulation and Model Significance

Wedia viously presented an experimentally validated Lipid Exchange Envelope
Penetration model to describe the mechanism of nanoparticle transport into isolated
chloroplasts.”*®! In fhe LEEP model, the charged nanoparticles are assumed to induce image charge
formation itd bilayers, resulting in transmembrane potential drop across the lipid bilayers.

This createl g force for charge-mediated and specific enthalpic interaction between the lipid

bilayers and'c nanoparticle, which leads to softening of the lipid bilayers. The softened lipid

membrane then allows for nanoparticle entry, during which lipid molecules will bind onto the
nanoparticles Eh chemical interactions. The lipid-wrapped nanoparticles become kinetically
trapped r as the membrane reheals. The LEEP mechanisms are summarized by the

mathemati§1 model given in equation 1

* = i(Mj (ij oK (d-0) [(C—ay,+4aAAHp,)L
o 2a¢g.¢,, (1 — gM]
gW

a
where @shold zeta potential for nanoparticle entry, &,, and ¢, are relative permittivity of

(Equation 1)

O

the plant dmgrane and the medium respectively, d is the effective charge radius, a is the
nanoparticm K 'is the Debye-Huckel screening length, I' is the pore line tension, y,, is the

resting e tension, AAH is the change in free energy due to lipid binding on nanoparticle, p,

is the lipid density®®n nanoparticle, and L is the approximate thickness of the membrane dielectric.

This article is protected by copyright. All rights reserved.
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The protoplast system studied in this work is of substantially different length scales from the
chloroplasts, with the chloroplasts contained within the protoplast envelope and being much smaller
than theMtypically 20-70 pum for the protoplast used in this study vs 3-10 pm for the
chloroplast @ g plant cells, in contrast to isolated chloroplasts, nanoparticles have to traverse
past botim thespmeteplast plasma membrane and the chloroplast double lipid bilayers to localize within
the chlorogLna, and it was unclear if the LEEP mechanism could describe the distribution of

nanoparticl€s withifl the protoplasts. It was also unknown if the LEEP model, originally formulated

C

based on chier t double lipid bilayers’ properties, could describe the ability of nanoparticles to

S

passively tr past the protoplast membrane, given that there are significant structural and

biological differenges between the protoplast and chloroplast membranes. Chloroplast is enveloped by

U

outer and i branes largely composed of glycerolipids; the former is permeable to a large

1

number of lecules owing to the presence of porins, while the latter is selectively permeable

to specific fra proteins crucial for photosynthesis.'*”? On the other hand, protoplast only has one

a

membrane which consists mostly of phospholipids.**! In addition, the dielectric constant of protoplast

membrane is nt from that of the chloroplast membrane.'*” As a result, the nanoparticle-induced

\'l

potenti ss the two membranes will be different. The average relative permittivity of

protoplast membrane (&,, = 7.8) is estimated to be higher than that of chloroplast membrane (¢&,, =

{

2.2).5% phy. this means that the energy barrier for nanoparticle transport across protoplast

O

membrane as reflected in the lower critical zeta potential value for nanoparticle penetration

into proto mterior compared to that required to traverse chloroplast double lipid bilayers (Figure

h

t

4). Furtherore, without the protection of plant cell wall, the protoplast membrane is known to be

delicate an i ptured due to external handling such as electroporation and bombardment of

nanopartic is was not accounted for by the existing LEEP model, which only predicts the

minimu charge that a nanoparticle of certain size has to possess in order to traffic past the

membrane.

A
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Consequently, an improved LEEP model was developed to predict the maximum nanoparticle
surface charge that would allow the nanoparticle to interact with protoplast membrane without
causing Mhis was formulated by accounting for the maximum membrane and line tensions
of the protap brane. According to our LEEP mechanism, charged nanoparticles will induce a
transmembuamespetential drop across the lipid bilayer, which will then lead to pore formation. It
follows thaLould be a threshold transmembrane potential drop above which the pore radius
will excee@al radius required to maintain membrane integrity.”* We had previously
modeled thggipi@bilayer as a simple parallel plate capacitor in which the transmembrane potential

drop affect toplast membrane tension as shown in equation 2

Eol [1 - ‘ZMJ
w V2

-
C

@)
where V' i ed transmembrane potential drop. The induced electric potential is related to the
nanopa rface potential, &, by equation 3 after accounting for the fictitious image charge
formati 1de the lipid membrane

- [ 2g, j( §ae’K(d’”) j
L Ey t&y d
e

Substituting equation 3 for V' in equation 2 yields the following expression for nanoparticle surface

charge

I i[gM_'-ng(d)eK(da) I (y —r)L

&= = )
s \j 2&,€,, (1 - 8’”}

gW
Itis kn¢maximum tension that the plant protoplast membrane can withstand prior to lysis
is around 5 mN/i¥>>* Solving equation 4 at the asymptotic limit d = ¢ with this threshold 7 value

This article is protected by copyright. All rights reserved.
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gives &=+ 78 mV, which is the predicted maximum surface potential that any nanoparticle can have

in order to penetrate the protoplast membrane without lysing the membrane.

Nartloparticle-induced pore formation also results in an increase in the free energy of the lipid
membrane ension at the edge of the pore. The maximum line tension for the pore to
spontan® SRPFEREA] is estimated to be 30 pN.">*%! Line tension higher than this threshold value
would resu ption of membrane curvature and ultimately cell lysis. Using this threshold value
to solve eq@ation Beives a relationship between the critical size and surface charge of nanoparticles
above whi ast lysing due to line tension is predicted to occur (Figure 4). A summary of
known estimates of the model parameters used in this study is given in Table 1.

We note that our LEEP model gives estimated rather than strict predictions to determine the

distributio articles within plant cells. The model is consistent with experimental

observatio be used to explain why certain types of nanoparticles are able to traverse past the
plant plas ane, for all nanoparticles investigated in this study and those reported in previous
finding [7.1923:37] [t predicts that both positive and negatively charged nanoparticles can
enter the proto and chloroplasts if the absolute value of their surface potential exceeds the size-
depend value defined by the model lines (Figure 4). Our LEEP model also enables the

rational degign of nanoparticles to target different compartments within the plant cells. By tuning the

zeta potentialand dimension of nanoparticles, they can be designed to specifically target the

-
study[sg]aﬂ/nthetic activity augmentation.'”! The LEEP model also predicts that for very
small nanoia icles (a < 0.5 nm), unphysical surface potentials are required to traverse past the

protoplast ﬂ. The inability of DNA molecules (size of nucelotide ~ 0.34 nm) and small

protoplast @ .g. for nuclear transformation,” or the chloroplasts, e.g. for plastid engineering

proteins to
. . [60-62] - [63-65] . 1

mediated t ation and electroporation, both of which destabilize the protoplast

membrane, refore consistent with our LEEP model predictions.

This article is protected by copyright. All rights reserved.
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Influence of Protoplast Morphology and Cell Type on Nanoparticle Uptake

Mosed LEEP model successfully predicts the ability of nanoparticles to traverse the
plant memk @ iers based on mechanistic steps formulated upon principles of lipid affinity,
generalizedsmembrane-nanoparticle electrostatic surface interaction and membrane mechanical
properties.L, we would like to highlight that there are some limitations with the proposed
model. Alt@ model can predict the fate of nanoparticles in protoplasts, it does not predict the
efficiency Qi lization. A systematic study was therefore conducted to investigate the optimum
ratio of protoplasPand nanoparticle concentration for efficient internalization. The uptake efficiency
of ss(AT);5-SWN Ei}«/as found to increase with nanoparticle concentration until what we determined to
be the opti T concentration of 12 mg/L (Figure 5a). Above this concentration, the viability
of protopl sed by FDA staining, is significantly reduced (Figure 5a; Supplementary Figure

S6). We pastu w hat at higher concentration of ss(AT);s-SWNT, there is a higher frequency of

contact between the lipid bilayers of protoplasts and nanoparticles, which contribute to the observed

higher internaliZatign efficiency. However, above the threshold concentration, the more frequent
interact the lipid bilayers and the nanoparticle may induce pore formation in the plasma

membrane at a time scale shorter than that required for the membrane to reheal. This leads to the
ultimately alfe rupture.'*” Specifically, according to collision theory, the probability, p, of 1
nanopartic ) interacting with the same region of the membrane in quick succession is related
to the n oncentration, C, as p ~ C". Hence, the probability of membrane rupture will

increase nd—linearly with nanoparticle concentration and rupture will become more frequent with

increasing concen;tion in a non-linear way.

ngly, even at the optimum concentration of nanoparticles, not all protoplasts show

formation o I ores bigger than the critical pore size required to maintain protoplast integrity and

internalization of'#anoparticles. It is commonly assumed that protoplasts are dedifferentiated cells and

11

This article is protected by copyright. All rights reserved.



WILEY-VCH

therefore the tissues from which they are isolated are of little importance.®® However, previous
studies have shown that protoplasts isolated from different tissues exhibit significant differences in
terms ofpmnMctivity and vesicle trafficking.[® We postulate that the morphological properties
and identit @ vidual protoplast tissue type have an influence on their nanoparticle uptake.
Herein, wememenstrate, for the first time, the application of imaging flow cytometry to characterize
the heterogg protoplasts and nanoparticle distribution within plant cells. Imaging flow

cytometry platfornfallows for high-throughput visualization of fluorescence and morphometric

C

characterizagio ingle cells, enabling non-biased qualitative and quantitative analysis of

S

69,70

subcellular iBlition of nanoparticles./”>’” This platform was used to perform qualitative and

quantitative analysi$ of the SA-QD uptake efficiency of protoplasts with different sizes. The

U

localizatio D in the cytosol of the protoplasts confirmed earlier results which were obtained

1

using conf

protoplastsf{n %

protoplast size on SA-QD uptake. We found that larger diameter protoplasts (diameter > 30 um) show

escence microscopy (Figure 5b). The availability of a large data set of individual

(0) also allowed reliable, rapid and convenient analysis on the influence of

d

approximately higher nanoparticle uptake efficiency than smaller protoplasts (diameter < 30 um)

M

(Figure arithmic plot of normalized SA-QD fluorescence intensity with protoplasts

diameter shows a slope of 2.10 = 0.08 (Figure 5d). This suggests that nanoparticle uptake efficiency is

1

proportional to the surface area of protoplasts, which is consistent with our LEEP model. Larger

protoplasts @ ily have a higher radius of curvature and thus experience higher membrane

tension tha protoplasts for a given transmembrane pressure.’"! This lowers the barrier for

1

penetra g to LEEP model (Supplementary Figure S7) and thus allows for easier entry of

t

nanoparticl€s into larger diameter protoplasts than smaller protoplasts. In addition, there may also be

U

increased frequencd of collisions and interaction between nanoparticles and the lipid bilayers, which
subsequentl utes to higher nanoparticle uptake rates in larger diameter protoplasts.

Specifically8 apture probability of nanoparticles in a solution should scale linearly in nanoparticle

A

12
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concentration but with the square of the protoplast radius. In the dilute Langmuir region, the number

of internalized nanoparticles, /V,, can be estimated by equation 5:

Q N; = P ATR°C,, (Equation

5) wherea Fygmissthe capture probability of nanoparticles, R is the protoplast radius and C,, is the

concentratimoparﬁcles in solution. The slope of 2.10 + 0.08 obtained in log-log plot in Figure

C

5d thus su s th€ hypothesis that protoplast surface area is the primary determinant of nanoparticle

internaliza ency into protoplasts.

S

F1 e-activated cell sorting (FACS) was also used to sort protoplasts into sub-

U

population: ifferent chloroplast content based on chlorophyll autofluorescence (Figure Se and

51). Protopl@asts with higher chloroplast content, e.g. mesophyll and guard cell protoplasts, were found

to exhibit mrnalization efficiency of SWNTs than those with low chloroplast content, e.g.

)

epidermal Cells re 5g). These findings are consistent with our hypothesis that different
charactcti8tgs and cell types of protoplasts affect nanoparticle internalization. Besides protoplast size
and chl content, we note that there are other physical and chemical attributes of protoplasts

that may result in heterogeneity of nanoparticle uptake distribution. For instance, previous studies
have founMe is a wide distribution of dielectric constant of protoplast membrane, which

affects the (e of nanoparticle-induced transmembrane potential.””? However, to the best of

our knowledg€;this work represents the first experimental study on confirming the influence of

different c&acteristics of protoplasts on nanoparticle uptake.

Effect of *mbrane Chemical Compositions on Nanoparticle-Lipid Interaction

From our gkperimental results, we note that we observed a lower internalization efficiency of
ss(AT);s-S o protoplasts (~40% from Figure 5a) compared to isolated chloroplasts as reported
in our pﬁk (70-80%).1*) We propose that the lipid composition of protoplast and chloroplast
membrane influences the lipid-nanoparticle interaction which subsequently affects the penetration

13
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efficiency of the nanoparticles. Previous studies have found that lipid headgroups and tail lengths

771 Plant protoplast membrane typically

have significant influence on lipid-nanoparticle interaction.!
consistswlgproportion of phospholipids, specifically unsaturated phosphocholines (PC),/’®
while chlo @ dssesses two membranes rich in glycerolipids.**””!

i ommwestigate the specific interaction between different types of lipids and nanoparticles, two
distinct muhr liposome systems were synthesized from 16:0-18:2 PC and a mixture of

digalactosyfldiacylglycerol (DGDG) and monogalactosyldiacylglycerol (MGDG) to represent the

C

protoplast oplast membranes respectively. Laurdan (6-lauroyl-2-

S

dimethylammondphthalene), a fluorescent probe that partitions into the lipid phase with negligible

[78,79]

solubility in aqueofls phase, was used to assess the degree of interaction between nanoparticle

u

and the me ystems. Upon exposure of ss(AT);s-SWNT, both laurdan-embedded glycerolipid

1

and phosphelipidsiiposomes display a decrease in fluorescence intensity (Figure 6a), which indicates a

less orderedm ne structure in the headgroup region."* This observation is consistent with our
LEEP model, which assumes that there are chemical and electrostatic interactions between
nanoparticles ipid bilayers that lead to membrane softening. The adsorption of lipid molecules on
SWNT not induce any significant change in membrane fluidity as measured by shifts in
laurdan flugrescence (Supplementary Figure S8). The laurdan intensity quenching is found to be more
signiﬁcanthrolipid than phospholipid liposomes, suggesting that ss(AT);s-SWNT interact

more strong @ glycerolipid liposomes than with phospholipid liposomes. This is further

confirmed nd in intensity attenuation and solvatochromic shift of ss(AT);5-SWNT near-
infrare ectra (Figure 6b). Incubation of ss(AT);s-SWNT with glycerolipids results in

higher quething of fluorescence intensity and more pronounced blue-shift in emission wavelength

maxima relative tolfhat with phospholipids. This was observed for almost all chiralities of HiPCo
nanotubes (Fi c). Recently, Jena et al.* confirmed through molecular dynamics simulation and
in vivo ﬁthat the binding of lipids onto DNA-wrapped carbon nanotube surface decreases
the water density around the nanotubes, resulting in a decrease in the nanotube emission wavelength.

14
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The shift in SWNT fluorescence emission peaks can be explained by the change in local
dielectric environment of the SWNT surface, ™ which subsequently affects the polarizability of the
excitonsManotube surface.”®”! Random orientation of the dipole moments in proximity of the
SWNT suruce the rearrangement of solvent molecules to solvate the dipole, resulting in
fluctuatimg eleetuienficlds. The electric fields can then cause a shift in electronic transition energies of

SWNT (sohk effect), which can be described by the empirical form in equation 6**!

2
(£, AE, =] 2E=D_ 207 =) (L‘J: < (Equation
2¢+1 2n°+1 \ R R

6)

where E; is the opfical transition energy, AE, is the difference between the optical transition energy

USC

in the diel ironment and that of pristine SWNT suspended in air, L is a fluctuation factor, k

n

is a propo y constant, ¢ is the solvent dielectric constant, 77 is the refractive index and R is

the nanotuljg r All of the parameters specific to a SWNT chirality are represented by the

d

constan

atochromic shifts, (E,)*AE,, were calculated from individual emission peaks of

i

M

different chiralities in the HiPCo SWNT samples, as described previously.® They were then plotted

!

as a functi T diameter to the power of negative 4 (d ) for all chiralities and a linear
regression rmed (Figure 6d). The slopes of the best-fit lines were compared with the slope of
a refermﬁWNT suspended in N-methyl-2-pyroolidone (NMP),™* and were then used to
approxi ctive local dielectric constant, &, , near the SWNT surface:
‘C"eﬁr -1 _ n ’ -1
C 2¢,, +1 2n° +1
: = u 727 (Equation 7)
Cuup Enp —1 e — 1
< 2epp+1 27 +1
15
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where C,,,, =0.060 eV’nm*, &,,,, =32.2 and 7,,,, = 1.47. The refractive index of DNA-wrapped

SWNT was assumed to be equal to that of water (77 = 1.333) and unchanged upon the addition of

{

phospholipi cerolipids. The relative surface coverage of SWNT with respect to the DNA
wrapping ecules can then be estimated from the effective dielectric constant assuming a

. ) .
linear contgbution from the solvent molecules and the polymer wrapping

ey =x€,+(1=2)¢, (Equation

Cri]

8)

S

where ¥ i ref@tive surface coverage, &, is the dielectric constant of the wrapping polymer

(&,=4 for DNA pping™) and &, 1s the dielectric constant of the solvent ( &, = 80 for water).

U

Based on t e values of }, the addition of phospholipids and glycerolipids to ss(AT);s-SWNT

N

resulted in a higher nanotube surface coverage compared to SWNT wrapped in ss(AT);s, confirming

the bindinglof olecules onto the nanotube surface (Figure 6e; Supplementary Table S1).

a

Howev ronounced blue shift after the addition of glycerolipids, observed in Figure 6c,

translates to r relative surface coverage as compared to the addition of phospholipids. This

M

indicates that ss(AT);s-SWNT could interact to a higher extent with glycerolipids than phospholipids,

resulting irfa lower surface exposure of nanotubes to water molecules and thus a decrease in the local

[

dielectric e ent. The stronger binding of glycerolipids onto the nanotube surface leads to a

G.

larger solv ic response in emission wavelengths of ss(AT),;s-SWNT. This explains why

charged nafioparticles can still enter the chloroplasts after traversing past the protoplast membrane.

I

We postulage that the weaker interaction between protoplasts and charged nanoparticles lead to

t

incomplet mding onto the surface of nanoparticles. The free sites on the nanoparticles can then

i

further int the double lipid bilayers of the chloroplasts, allowing entry of nanoparticles into

the chlo,

A

CONCLUSIONS
16
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Despite recent advances in the use of nanomaterials as molecular transporters across
biological systems, the incorporation of nanomaterials into specific compartments within plant cells
remainszgmg due to unclear mechanisms surrounding nanoparticle interaction with biological
membrane: @ 5. In this work, we have conducted a mechanistic study to elucidate the transport
and subge ! lmlamdistribution of various nanoparticles within plant protoplasts. The distribution of
nanopartic‘h the protoplasts is found to be controlled mainly by the size and the magnitude,
but not the@he zeta potential of nanoparticles. Based on these experimental findings, we have
proposed a athematical model which can guide the rational design of nanoparticles for
targeted demo plant cells and subcellular organelles. In addition, using high-throughput
imaging flow cytomietry and FACS, we found that morphological characteristics and cell type of
protoplasts i nanoparticle internalization efficiency. Nanoparticle interaction with different
biological es within plant cells was also investigated. Our study discerned significant

differencemaﬂicle-lipid interaction strength between glycerolipids and phospholipids, which

are the preponderant lipid constituents in chloroplast and plasma membrane respectively. As the first

mechanistic s yield rational design principles to control nanoparticle subcellular distribution in

plant ¢ t our model to have broad utility in plant engineering applications and contribute

to furtherin‘s our fundamental understanding of plant biology.

@,
e
e

-

<

This article is protected by copyright. All rights reserved.

17



WILEY-VCH

EXPERIMENTAL SECTION

PreparmNA and polymer wrapped SWNTs. HiPCo SWNTs (Lot # HS27-104) were
purchased olntegris. Single stranded DNA polymers with sequence (AT)s5 (ss(AT),s) were
purchased firemmlitegrated DNA Technologies, Inc. 1 mg of ss(AT);s was added to 0.25 mg of HiPCo
SWNTs inhm mM of sodium chloride solution. The mixture was then sonicated with 3 mm
probe tip (@er) for 20 minutes at 40% amplitude. The sample was subsequently centrifuged
twice at 16 r 90 minutes to remove unsuspended SWNT aggregates. The concentration of
suspended mwas determined by measuring the SWNT absorbance at 632 nm. For preparation
of chitosan-wrapps SWNTs, HiPCo SWNTs were sonicated in 0.25 wt. % chitosan and 0.3 wt. %
acetic acid Cnutes at 40% amplitude with 3 mm tip sonicator. For preparation of poly-L-

histidine S 75 mg poly-L-histidine was added to 0.25 mg of HiPCo SWNTs in 1 mL of de-

ionized wafer ining 0.3 wt. % acetic acid. The mixture was sonicated with 3 mm probe tip for 20
minute 0 litude.
Preparati old-Cys-AF405 Nanoparticles. Gold nanoparticles (10 nm, 0.05 mg/mL) were

purchased from Nanocomposix®. Labelling of gold nanoparticles with fluorescent dye was achieved
as previoqued.[“] Briefly, L-cysteine (Sigma-Aldrich) was reacted with 1 equiv. of Alexa
Fluor 405- itrogen) in 400 pL of PBS for 1 h at room temperature. 2 mL of gold nanoparticle
solution (0. /mL) was mixed with cysteine-Alexa Fluor 405 conjugate for 2-3 h at room

temperatur‘ The resulting solution was purified by centrifugation at 2000 g several times with DI

water usmentrifugal filter unit (Millipore Inc.) to wash off unreacted cysteine-Alexa Fluor

405 conjugs

Preparatio tran-wrapped nanoceria (dANC). The dNC were prepared as previously
describe difications.”**" Briefly, 2 mg of Alexa Fluor 488-labelled dextran (Invitrogen,

MW = 10,000) was dissolved in 20 mL of DI water. Approximately 0.55 mg of cerium nitrate
18
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hexahydrate (Sigma-Aldrich) was dissolved in the dextran solution, which was then adjusted to pH
7.5 with ammonium hydroxide (Sigma Aldrich, 27% w/w). The solution was subsequently stirred for
3 hours MComplete dextran complexation. The resulting mixture was then centrifuged at

2500 g sevith 10,000 MWCO centrifugal filter unit (Milipore) to wash off free, unreacted

L

Preparatim%&labelled silica nanoparticles (SNP-AF488). SNP-AF488 was prepared as

dye.

previously i#ed.*") Briefly, (3-glycidyloxypropyl)trimethoxysilane (GPTS) was added to a
mixture of 5%y ethanol/water and incubated at room temperature for 1 h for complete hydrolysis. 125
uL of the nai as then added to 0.5 mL of 10 nm silica nanoparticles (10 mg/ml, Nanocomposix,
CA, USA) of 80% of ethanol/water. The resulting mixture was incubated for 24 h and

washed th(!0ughly with ethanol and water using 30,000 MWCO centrifugal filter unit (Milipore). 200

ug of Alexa 88-cadaverine (Invitrogen) was added to 2 mL of 1 mg/mL nanoparticle
suspension h incubation at 65°C, Alexa Fluor 488 conjugated silica nanoparticles (SNP-
AF488 d with water thoroughly until the filtrate had no detectable absorbance at 493 nm.
Nanop izegand zeta potential measurement. The size distribution of nanoparticles was

determined by single particle tracking analysis with NanoSight LM 10 (Malvern Instruments Ltd).

Dynamic [/ tering (DLS) and Phase Analysis Light Scattering (PALS) zeta potential

instrumentd to measure the nanoparticle surface potential and confirm the nanoparticle size

distriburrook ZetaPALS Potential Analyzer).

Plant gro*h. Seﬁs of Arabidopsis thaliana ecotype Columbia (Col-0) were obtained from

Arabidopsiﬁcal Resource Center (ABRC). The seeds were stratified for 48 h at 4°C and soil-

grown for s in a plant growth chamber (Adaptis 1000, Conviron, Canada) at a set condition
of 10-ho period at 200 pmol s m?, 60% relative humidity, day and night temperatures of
22°C and 18 ctively.

19
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Protoplast isolation. Protoplasts were isolated from Arabidopsis thaliana leaves as described by Yoo
et al.”""! with modifications. Several healthy, well-expanded leaves from plantlets (20 d of age) were
picked aMl -2 mm strips with a razor blade. The leaf strips were immediately transferred into
20 mL enz (1.5% cellulase R-10, 0.5% maceroezyme R-10, 20 mM MES (pH 5.7), 0.4 M
mannitqly 20mmvimieC1, and 10 mM CacCl,). The solution was vacuum infiltrated for 30 minutes and
incubated ihk for 3 hours without stirring to allow for enzyme digestion. Undigested leaf tissue

was filteredlusing 56 pm nylon mesh and the filtrates were centrifuged at 200 g for 3 min to pellet the

C

protoplasts 4 d-bottomed tube. The pellet was then re-suspended in MMG solution (0.4 M
mannitol, 4@8 (pH 5.7), and 15 mM MgCl,) by gentle swirling. The centrifugation and re-
suspension processrvas repeated three times to achieve high purity of viable protoplasts. The viability
of protopltetermined by staining the protoplasts with fluorescein diacetate (FDA), as

described P The total protoplasts yield was determined by a hemocytometer. Only freshly

isolated pr@were used for nanoparticle uptake experiments.

Fluore al micrographs. 100 pL of protoplast solution (approximately 10° cells/mL) were
incubated -Cys-AF405 (50 pg/mL), SNP-AF488 (0.1 mg/mL), dNC-AF488 (50 nM) and SA-
QD (50 nM) for 24 hours. After the incubation, unless otherwise noted, the nanoparticle-protoplast
suspension&gs washed by centrifugation at 200 g for 5 minutes to remove broken protoplasts and
free nanop suspension. 90% of the supernatant was then removed and the protoplasts were
gently re—SQ in MMG solution prior to imaging. For confocal imaging, a droplet of the

protoplast Suspension was placed on a 35 mm poly-d-lysine coated glass bottom dish (Mattek

CorporaWcal images were taken in a Zeiss LSM 710 microscope with 40x water immersion

objective. F405 nanoparticles were excited with a 405 nm laser and their emission recorded
from 420 t . SA-QD were excited with a 405 nm laser with emission channel from 525 to 575
nm. dN{anji SNP-AF488 were excited with 488 nm laser and their emission monitored from
510 to 580 nm. roplast autofluorescence imaging was obtained by excitation near the absorbance
20
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peak of chlorophyll with a 633 nm laser and emission channel between 660 and 750 nm. SA-QD
internalized protoplasts were also stained with propidium iodide (20 pg/mL) to check their viability
after namwmalizaﬁon. Propidium iodide was excited with 514 nm with emission channel

from 590 t

- _. . . o . . .
NIR fluorgscent microscopy. A Zeiss Axiovision inverted microscope attached to a 2D InGaAs

OMA-V imagin ay (Princeton Instruments) was used to visualize the localization of SWNTs in
protoplasts. et of the protoplast suspension was placed on a 35 mm poly-d-lysine coated glass

The sampl

bottom disw Corporation) and viewed using 63x oil-immersion objective under brightfield.
illuminated with 785 nm photodiode laser (Invictus) and the NIR fluorescence

of SWNTs itored with 1100 nm long pass emission filter (Chroma) to minimize chloroplast

autoﬂuoreﬁ!ence.

Confocal mpectroscopy. Raman maps were acquired in a confocal Raman spectrometer HR-

800 (Horiba
microscope Sidg.and covered with a cover slip. The edges of the cover slip were carefully sealed to
prevent ion. Samples were focused on a 50x objective (NA = 0.75) with pinhole of 50 um

and spectra were obtained with 10 s exposure time. 3D Raman map was plotted in Matlab R2015b.

L

ing a 785 nm laser source. A droplet of protoplast suspension was introduced to a

Flow cytom nalysis for protoplasts separation into sub-populations. For protoplasts sorting,
only freshl protoplasts were used. Protoplasts were sorted according to their chlorophyll
autofluores@ence, as a proxy of chloroplast content, using FACSAria (BD Biosciences) equipped with

130 pym no a system pressure up to 30 psi. The sheath fluid composition was 0.4 M mannitol

buffered wi MES at pH 5.7 to maintain protoplast osmolarity during sorting. Gating was
defined on

of red (695/40 nm; y-axis) against green (530/30 nm; x-axis) fluorescence. The
protoplast sorted into 5 mL collection tubes containing 1 mL of 0.4 M mannitol solution.
Protoplast co tion for each sub-population was then adjusted to 10° cells/mL and the cells were
21
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then incubated with 12 mg/mL ss(AT);5-SWNTs. Three biological replicates were used to determine

the nanoparticle uptake efficiency in each sub-population, with at least 80 protoplasts were analyzed

in each replca!e.

Imaging fl y. 80 uL aliquots of protoplast-nanoparticle suspension were analyzed using
I . . .

five-laser tg-camera ImageStream II imaging flow cytometer (Amnis, Seattle, WA). For each

sample, apﬂely 80,000 protoplasts were collected at a rate of 1,000 to 2,000 cells per second.

SA-QD an hyll autofluorescence were excited using 405 nm and 488 nm laser, and emissions

were capmw range of 505-570 nm (Channel 8) and 660-740 nm (Channel 5) respectively.
Brightfieldg individual protoplasts was also captured for morphological analysis of single
cells. A 65 ss filter and a compensation matrix, calculated from pure protoplast suspensions

excited wi! 1dentical laser settings, were employed to minimize the cross-talking between channels.

Images were captu

AR

ed with INSPIRE acquisition software (Amnis v.6.1) utilizing 40x magnification.

Post-acqui a analysis was performed using IDEAS software (Amnis v.6.2.64) and Matlab
R2015 ty was determined by defining gates on the aspect ratio of the protoplasts and
only viabl asts were further analyzed. For analysis, 3 biological replicates were performed

and for each biological replicate, at least 8,000 protoplasts were analyzed.

Liposome hion. Liposomes were prepared as described previously with modifications.™”
Laurdan (l@s mixed with the major constituent of protoplast phospholipids, 16:0-18:2 PC (1
mM), or the mmon chloroplast glycerolipids, DGDG (0.7 mM) and MGDG (0.3 mM) (Avanti
Lipids) ﬁn-methanol (1:1). The solvent was evaporated under oxygen-free nitrogen flow
and furth in vacuum chamber for 1 h to remove any trace of solvent. The dry lipid films
were pre-hydratedWn 3 mL of sterile PBS buffer 1X and heated above the lipids gel-fluid transition
temperature at 80«8. Liposomes were formed by vortexing for 5 x 30 s, reheating the sample between
each Voﬁe. The fluorescence of laurdan-labelled liposome with ss(AT);s-SWNT was
measured using a Varioskan flash plate reader 3001 (Thermo) in the range of 410 — 650 nm with 390

22

This article is protected by copyright. All rights reserved.



WILEY-VCH

nm excitation. Laurdan generalized polarization (Gp) was calculated as described in Szilagyi et al.™”!
To investigate the effect of lipid interaction on ss(AT);s-SWNT NIR fluorescence, lipids were added
to ss(A’lMat a final concentration of 0.2 wt. %, above their critical micelle concentrations (~

0.1 wt. %). @ esultant mixture was vortexed to ensure mixing and centrifuged several times with

water tomrcmemesexecss lipid molecules before NIR fluorescence measurement is obtained.

Author Manuscr
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Tables

le 1. Parameters Used in LEEP Model

B EmmmViodel parameters Approximate value Reference
& 7.0 (protoplast) [50]
O " 2.2 (chloroplast) [88]
7 S

3 Yo 0.6 mN/m [89]
I 102N [89]

C AAH 0.05 k, T [34,90]
m P 10" [91]
L 1.1x10"%m [46]

E 7 5 mN/m [53,54]

T 30 pN [55.56]
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Figure 1. Subcellular localization of nanoparticles within plant mesophyll protoplasts. (a) Schematic
illustration intracellular fate of nanoparticles. Nanoparticles may traverse past the protoplast

membrane and localize within the cytosol or traffic past the double lipid bilayers of

d

chloroplasts be eing kinetically trapped. (b) Protoplasts incubated with different polymer-
wrapped ith high surface charge, irrespective of the sign of the zeta potential, show high

concen Ts localized in the chloroplasts. Scale bar =5 um.
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Figure 2. Confocalthree-dimensional Raman mapping of the characteristic SWNT G-band to

i \al distribution of ss(AT);s-SWNT inside the protoplasts. Confocal Raman
ambiguously distinguish external surface adsorbed SWNTs from those

he protoplast. (a) Brightfield and spatial map showing the location of Raman
int of the scanning grid indicates the center of the tiles in the 8x8 mapping region
represented j d (c). Scale bar = 5 um. (b) Z-stack analysis of SWNT Raman mapping in
protopl tial resolution of 5 pm in x and y axis. Values correspond to SWNT G-band
intensity (1,580 cm ' ) under a laser excitation of 785 nm excitation. (c) The maximum G-band is
found withjg the protoplast and spatial mapping shows the colocalization of SWNTs within the
chloroplas ow indicates the location of SWNTs which coincide with the position of

spectroscop
internali

mapping.
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Figure 3. anoparticles into protoplasts depends on nanoparticle surface charge and
dimensi onfocal images of protoplasts incubated with SA-QD at 4°C for 16 h shows
localization o D within the cytosol of protoplasts as they are unable to penetrate into the
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chloroplast interior. Scale bar = 20 um. (b) Zeta potential and physical dimension of nanoparticles
investigated in this study. (c) Confocal micrographs show the heterogeneous uptake distribution
among pro»pﬁbr SA-QD, while no internalization was observed for ANC-AF488. Red arrows

show viabl @ asts with nanoparticle uptake. Scale bar =20 pm.
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Figure 4. LEEP model explains the entry and distribution of nanoparticles inside protoplasts. LEEP
model for ts and chloroplasts are indicated by blue and red lines respectively, while the
threshold te @ protoplast viability is shown by the dashed green lines. The LEEP model can
not onlm experimental observations in this study, but also nanoparticles investigated in

previou 7 (denoted by *), which include SWNTs wrapped with polyvinyl alcohol (PVA-
SWNT), btbolitin II peptide (BOM-SWNT), polyacrylic acid-nanoceria (PAA-NC) and

polyethylenimine-mlodified SWNT conjugated with plasmid DNA (PDNA-SWNT).
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Figure 5T THapme Hlow cytometry and fluorescence-activated cell sorting analysis to investigate

nanoparticle uptak@for sub-populations of protoplasts. (a) Uptake efficiency of ss(AT);5-SWNTs into
protoplasts and ésgihfluence on protoplast viability depend on nanoparticle concentration. Error bars
are stan rs of the mean (n = 3). (b) Representative images from imaging flow cytometry

which shows the uptake of SA-QD for both large and small protoplasts. Scale bar = 10 um. (c)
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Relative uptake efficiency of nanoparticle into protoplasts as a function of protoplast size. Two-tailed
p value is 0.012. (d) Log-log plot of SA-QD channel intensity (normalized by area) against the
protoplam The best-fit line slope of 2.10 indicates that the uptake of SA-QD is correlated

with the sul a of the protoplasts. (e) Sub-population of protoplasts sorted via FACS based on

their chieroplastseentent. Gating was determined based on green-red fluorescence. P2 contains the
highest chlhcontent while P3 contains low chlorophyll content. P4 denotes the sub-population

that contaig§ cell wiall debris with little viable protoplasts. (f) Representative pictures of each

C

protoplast mlation after cell sorting. Scale bar = 1 cm. (g) Quantitative analysis shows higher

uptake effictéfic ss(AT)5-SWNT for sub-population of protoplasts with higher chlorophyll

content. Two-tailed}p value is 0.030. Error bars are standard errors of the mean (n = 3).
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Figure 6. Cha anoparticles exhibit stronger interaction with glycerolipids than phospholipids.
(a) Intro of ss(AT)s-SWNT quenches laurdan fluorescence in DGDG and MGDGG liposomes

to a higher extent than in 16:0/18:2-PC liposomes. Error bars represent standard deviations (n = 3).
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(b) Incubation of ss(AT);s-SWNT with glycerolipid molecules leads to higher intensity attenuation
and larger solvatochromic shift than with phospholipid molecules. Sample was excited using 785 nm
laser. (c) 1le of center wavelengths of nanotube excitation and emission peaks collected from
excitation/gi ayspectra confirm that glycerolipids induce larger solvatochromic response (blue-
shift) than phesephowlipids. (d) Solvatochromic shifts of ss(AT);s-SWNT with phospholipids and
glycerolipihexhibit linear relationship with SWNT diameter to the power of negative 4 (d™).

(e) The relative sutface coverages of pure ss(AT);s-SWNT and DNA-lipid complexes calculated from

¢

the slopes ofgli itting of (d).
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