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ABSTRACT

A mechanistic understanding of nanomaterial interactions with plant and algae cell walls limits the
advancement of nanotechnology-based tools for sustainable agriculture. We systematically investigated
the influence of nanoparticle charge on the interactions with model cell wall surfaces built with cellulose
or pectin and performed comparative analysis with native cell walls of Arabidopsis plants and green
algae (Choleochaete). The high affinity of positively charged carbon dots (CDs) (46.0+3.3 mV, 4.3£1.5
nm) to both model and native cell walls was dominated by the strong ionic bonding between the surface
amine groups of CDs and the carboxyl groups of pectin. In contrast, these CDs formed weaker hydrogen
bonding with hydroxyl groups of cellulose model surfaces. The CDs of similar size with negative (-
46.2+1.1 mV, 6.6+£3.8 nm) or neutral (-8.6+1.3 mV, 4.3£1.9 nm) zeta potential exhibited negligible
interactions with cell walls. Real-time monitoring of CD interactions with model pectin cell walls
indicated higher absorption efficiency (0.03£0.001) and acoustic mass density (313.3+63.3 ng cm™) for
positively charged CDs than negative and neutral counterparts (»p<0.001 and p<0.01, respectively). The
surface charge density of positively charged CDs significantly enhanced these electrostatic interactions
with cell walls, pointing to approaches to control nanoparticle binding to plant biosurfaces. Ca*" induced
cross-linking of pectin affected the initial absorption efficiency of positively charged CD on cell wall
surfaces (~3.75 times lower) but not the accumulation of the nanoparticles to cell wall surfaces. This
study developed model biosurfaces for elucidating fundamental interactions of nanomaterials with cell
walls, a main barrier for nanomaterial translocation in plants and algae in the environment, and for the

advancement of nano-enabled agriculture with reduced environmental impact.

KEYWORDS: Carbon nanomaterials, plant membranes, pectin, cellulose, environmental

nanotechnology, nano-enabled agriculture.
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SYNOPSIS: This study elucidates mechanisms of nanomaterial interactions with plant and algae cell

walls, an outer cell layer present in these key photosynthetic organisms that support life on earth.

INTRODUCTION

Food production needs to increase by about 60% to support the predicted global population
growth to almost 10 billion by 2050.'3 However, the growth rates of global agricultural yields are far
behind what is required to achieve this food production goal.* This is an increasingly challenging task
as global climate change induces more frequent and severe environmental stresses.’ Various
nanotechnology-based strategies have been proposed to increase crop yields including targeted plasmid
DNA delivery and up to 80% transformation efficiency for plant genetic modifications,’ ' improved
pesticide and nutrient delivery efficiency by 20-30%,*%!1-1% and sensors to for early detection of the onset
of crop stress.!:15-17 The emerging use of engineered nanomaterials as tools for agriculture has also

sparked interest in understanding their impact on plant function and the environment.>!8-2!

All photosynthetic multicellular Eukaryotes on earth, including plants and algae, have cells that
are surrounded by a cell wall that plays a key role controlling environmental interactions with individual
cells and organisms.?? The cell wall is a crucial biosurface that has been identified as one of the main
barriers encountered by nanomaterials in terrestrial plants?® and algae in aquatic ecosystems.?*?> A lack
of mechanistic understanding of nanoparticle-plant cell wall interactions limits our ability to develop
efficient and sustainable nanomaterials for agriculture applications with low environmental impact. For
example, the plant cell wall is a main barrier for nanomaterial mediated delivery of DNA for plant
genetic modification,”?%?’ and delivery of nutrients and pesticides for crop growth and yield
improvement.+20-26-28 Previous studies reported that nanoparticle size and charge influence the uptake of

nanomaterials through plant cell and organelle lipid membranes,?*** and mediate the translocation and
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distribution of nanoparticles in plants in vivo.3’3? A zeta potential with a magnitude above 20 or 30 mV,
whether positive or negative, has been reported to facilitate nanomaterials penetration of isolated
protoplast membranes lacking cell walls or chloroplast lipid membranes, respectively.?%** The delivery
efficiency of nanoparticles into plant cells and organelles in vivo was reported to be affected by the size
and charge, and hydrophobicity of nanoparticles.>!-3¢ Positively charged and hydrophilic nanoparticles
preferentially localize inside leaf mesophyll or cortex root cells and organelles;?'7 whereas negatively
charged nanoparticles have been mainly observed to translocate in vascular tissues including stomata
guard cells, xylem and the phloem.3!-3® Hydrophobic coatings enhance the translocation across leaf cell
walls of nanoparticles up to 50 nm in size.?? In these studies, the plant cell wall was identified as a main
barrier for nanoparticle uptake into plant cells but the mechanisms of these interactions were not
elucidated. Studies in bacteria and green algae have reported opposite interactions and effects of
nanoparticle charge on their cell walls while the underlying physical and chemical mechanisms of these
interactions remains unknown.?*3° Quantitative analysis of the interactions between nanoparticles and
biosurfaces have largely focused on attachment to the organism lipid membranes**#> without addressing
the outermost cell wall biosurface that is characteristic of major organism taxa including plants and
algae. The mechanisms of interactions with bacteria cell walls formed by lipopolysaccharides and
peptidoglycans*® cannot be extrapolated to those of cell walls of plants and algae having a distinct
composition of cellulose, pectin, and other non-lipid based molecules. Currently, we lack studies
providing a mechanistic understanding of how nanomaterial properties influence their interactions with

cell walls of photosynthetic organisms that support life on earth.

The primary cell wall is mainly formed by cellulose microfibrils interwoven in a network of
pectic polysaccharides that creates a biosurface varying between ~100 and >1,000 nm in thickness.*’

Although cell wall pore diameters measured by electron microscopy are mainly below 10 nm with a
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maximum of 20 nm, the pore size of cell walls has been reported to allow the translocation of
nanoparticles up to 50 nm.?* The main components of the plant cell walls are cellulose, non-cellulosic
and pectic polysaccharides, proteins, phenolic compounds, and water, among which polysaccharides
like cellulose and pectin are the major components (> 90%).4%4° Cellulose is a homopolymer of glucose
joined by B-1,4 linkages with a relatively neutral charge,* acting as a water-insoluble carbohydrate that
maintains the structural integrity of the plant cell walls.*® Pectin is a very complex macromolecule
defined as a negatively charged hetero-polysaccharide with the predominant component of galacturonic
acid residues, where part of the acid groups is esterified to varying degrees.*®°!>2 The weak
disassociation of the acidic groups in pectin confers the plant cell walls a net negative charge.’® This
allows the plant cell walls to bind cations such as calcium in negatively charged sites and behave as ion
exchange polymers facilitating cation translocation across plant cell walls.>* The chemical interactions
between amine functional groups of positively charged nanoparticles and carboxyl and hydroxyl groups

of pectin and cellulose, respectively, have been proposed to play a key role in determining nanoparticle

translocation and distribution in plant cells.3! 343 However, the lack of model cell wall surfaces has been

a limitation to demonstrate, understand and quantify the interaction between functional groups on

nanoparticles and components of the cell wall surfaces.

Herein, we studied the interactions between model and native plant cell walls with carbon dots
(CDs) of different surface charge that were coated with polyethylenimine (PEI-CD), carboxylated
polyethylenimine (CP-CD), and polyvinylpyrrolidone (PVP-CD) (Figure 1). We also examined the
effect of nanoparticle surface charge density on the interactions between cell walls and nanoparticles.
The CDs were chosen as model nanoparticles due to their agricultural applications and environmental

significance, and their optical properties allowing imaging by confocal fluorescence microscopy. Recent
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studies have reported that CDs enhance plant growth,> -8 resistance to disease®” and can be used as
fertilizers.’’>® CD fluorescence properties also allow environmental monitoring and detection of
pesticides.®-62 The CD small size below the reported cell wall exclusion limit (<50 nm)?3 and their water
solubility®? allowed us to focus on elucidating the role of nanoparticle charge without other confounding
properties (e.g. size and hydrophobicity). We elucidated the chemical interactions of plant cell wall
model surfaces with CDs using multiple analytical and quantitative tools including Fourier-transform
infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), and real-time quartz crystal
microbalance with dissipation monitoring (QCM-D) measurements. The results acquired with model
surfaces were validated with interactions between CDs and native biosurfaces including cell walls
isolated from Arabidopsis plants and cell walls of Coleochaete, a green algae closely related to terrestrial
plants with similar cell wall composition.®* A mechanistic understanding of nanomaterial-cell wall
interactions based on model biosurfaces can advance the rational design of nanomaterials with

controlled delivery in plants for a more sustainable nano-enabled agriculture.

MATERIALS AND METHODS

Model cell wall interactions with CDs. PEI-CD, CP-CD, and PVP-CD were diluted in DI water at a
concentration of 10 pg/mL. The cellulose or pectin model surfaces mounted on glass slides were
submerged horizontally in the CD suspensions for 10 min to interact with CDs, followed by immersion
in DI water three times for 30 s each time to remove any unbound CDs. ATR-FTIR was performed with
a Nicolet 6700 FTIR spectrometer in pectin and cellulose model cell walls on glass substrates before
and after CD exposure. X-ray photoelectron spectroscopy was performed using a Kratos AXIS ULTRA
DLD XPS system with pectin and cellulose model cell walls on glass substrates before and after CD

treatments.
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Confocal microscopy imaging. Cell wall model surfaces, isolated Arabidopsis plant cell walls, and
Coleochaete green algae were imaged in an inverted Zeiss 880 confocal laser scanning microscope.
Confocal microscopy imaging settings were as follows: 20 x dry objective; laser excitation 355 nm for
CD fluorescence and 633 nm for chlorophyll fluorescence; z-stack section thickness =2 um; line average
=4; PMT 1 (CD channel), 370-500 nm, PMT 2 (chloroplast channel), 647—721 nm, and PMT 3 (bright
field channel). At least three samples were used for confocal microscopy imaging. Cell wall model
surfaces prepared on glass slides were directly used as microscopy samples. Isolated Arabidopsis plant
cell walls and Coleochaete green algae microscopy samples were prepared as follows. Isolated
Arabidopsis plant cell walls (1 mg/mL) with and without CD treatment were suspended in DI water as
described above. Then a 5 puL solution was mounted on a microscope slide and covered with a coverslip.
Coleochaete green algae in growth medium with and without CD treatment as described above were
mounted on microscope slides within a Carolina observation gel chamber (~1 mm in thickness, ~8 mm
in diameter) and sealed with a coverslip. Confocal imaging analyses of fluorescence intensity were

normalized by the quantum yield of CDs for comparison.

AFM analysis of native and model cell wall surfaces. AFM imaging was performed using a Veeco
Dimension 5000 SPM system (Veeco, USA). Native and model cell walls were prepared by drop-casting
of cell wall suspension on a silicon wafer and washed out several times with DI water to adjust the

amount of cell wall adsorbed on the substrate. DI water was completely dried out before AFM analysis.

XPS analysis of model and native cell wall surfaces. XPS spectra of the model pectin layer was
collected using a Thermo Fisher Scientific K-Alpha X-ray Photoelectron Spectrometer with an Al K
source (1486.6 eV). Survey scans were collected from 1350 eV to 0 eV with a pass energy of 100 eV

and resolution of 1.00 eV/step. Detailed scans of the C(1s) region were acquired at 22 eV pass energy
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with 0.2 eV/step resolution. Spectra were analyzed using CasaXPS software. For the native cell wall,
XPS characterization was carried out by using a Kratos AXIS ULTRAPLP XPS system equipped with
an Al Ka X-ray source and a 165-mm mean radius electron energy hemispherical analyzer. XPS sample
was prepared by sonication 3 mg of native cell walls in the 3 ml of TES buffer (pH 9) for I h. A 10 ul
cell wall suspension was drop-casted on a Si wafer and washed with DI water and methanol. The XPS
of the native cell walls was fitted in CasaXPS. XPS methods for determining functional groups in both

model and native cell wall surfaces are reported in SI.

Quartz crystal microbalance with dissipation (QCM-D) monitoring. Adsorption of CD onto pectin
model surfaces was determined by changes in frequency (Af;) and energy dissipation at the interface
(AD,) upon nanoparticle exposure. Quartz crystal microbalance with dissipation monitoring (QCM-D)
was used to measure both Af, and AD,, and measurements were conducted with a QSense Analyzer

(Biolin Scientific). Energy dissipation is defined as:%

p - Ee Fa. ()
where Elgigipated 18 the energy dissipation per oscillation and Erq is the energy stored in the system. We
calculated energy dissipation of the experimental system with Qsense Dfind (ver. 1.2.2, Biolin
Scientific, Gothenburg, Sweden). Because all data after rinse had ratio of |AD,/(Af,/n)| >4 x 107 Hz!,
we considered the bound CD on the pectin surface a rigid layer.%® All measurement datasets fit Sauerbrey
regime, thus we determined acoustic mass densities (I'gcm.p) at the interface from changes in frequency

(Af,) using the Sauerbrey equation:®’
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FQCM-D = -C%fn Eq (2)

where n is a harmonic number and C is the mass sensitivity constant for the experimental system, 18

ng-cm2-Hz 1.8 We report I'gcm.p and AD,, of the 5% overtone (n = 5, i.e. ~25 MHz).

Adsorption efficiency. Adsorption efficiency of CDs onto pectin model surfaces (o) was determined

by the ratio of experimental dI'gcm.p/d? to theoretical dI'gcm.p/d#:%

_ (dlacm - D/dt)experimental Eq. (3)
(d Facwm - D/dt)theoretical

where dI'gem.p/df is average change in mass density per unit time for the first 100 s of pectin layer
exposure to CDs. Experimental dI'ocm.p/d? values were calculated by taking the first derivative of I'gom-
p with respect to time over the first 100 s of detectable CD interaction with cell film. Theoretical dI"gcwm-

p/dt values were calculated as:7°

(dFQCM - D/ dt)theoretical = kamse “Chamy/T Ot Eq (4)

where m; is the mass concentration of CDs in solution (g-m3), and I'* represents the maximum surface
concentration of CDs (g'm?). The theoretical rate constant of adsorption, k,, was defined as:”!

ka=D. Q"3 <n> Eq. (5)
where D, is the diffusion coefficient (m?-s'!) of the CDs used, Q is the flow rate of fluid (m3-s!), and

<n> is an averaged geometrical constant, 4.44 x103> m*?3, for the experimental system. Diffusion

coefficients, D, are defined by the Stokes-Einstein equation:”?
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ksT Eq. (6)
D.=
6mnR

where kg is the Boltzmann constant (kg-m?-s2-K-1), T is the absolute temperature (K), 1 is the viscosity
of the measurement solution (kg'm!-s'"), and R, the hydrodynamic radius of the CD (m) determined by

DLS.

Statistical analysis. Most statistical analyses were performed in either SPSS 20.0 software (IBM, New
York, USA) or Prism (GraphPad, San Diego, USA). Zeta potentials, DLS, fluorescence intensity, mass
changes, and QCM-D datasets were compared by one-way ANOVA followed by post hoc analyses using

Tukey test.

RESULTS AND DISCUSSION

Carbon dot characterization. We designed and synthesized CDs coated in polyethylenimine (PEI-
CD), carboxylated polyethylenimine (CP-CD), polyvinylpyrrolidone (PVP-CD) for studying the role of
nanoparticle charge on the interactions with cell walls (Figure 2a). The nanoparticle surface modification
with PEI, CP and PVP was verified with FTIR (Figure 2b, SI analysis). The CD core size determined
by dynamic light scattering (DLS) was 1.7+£0.7 nm with a range of size distributions (1.5 to 7.4 nm)
similar to what we observed in TEM images (Figure S1). The hydrodynamic diameter was quantified
by DLS for PEI-CD (4.3%1.5 nm), CP-CD (6.6£3.8 nm), and PVP-CD (4.34#1.9 nm) (Figure 2c). The
average DLS size for all CDs was not significantly different (one-way ANOVA, p > 0.05) and there was
a strong overlap in their size distribution (Figure 2¢). There were no detectable free polymers in our CD
suspensions based on CD mass change analysis after additional washing of CDs with DI water and

comparisons of free polymer DLS with that of CDs (Figure S2). The PEI, CP and PVP surface coatings

ACS Paragon Plus Environment
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of CD resulted in significantly different nanoparticle charges (one-way ANOVA, p < 0.0001) (Figure
2d). PEI-CD were highly positively charged with a zeta potential of 46.0£3.3 mV due to the abundant
amine groups of the PEI polymer. In contrast, CP-CD had a highly negative zeta potential of -46.2+1.1
mV (Figure 2d) because of the surface modification with carboxylated PEI. PVP-CD showed a relatively
neutral charge with a zeta potential of -8.6+1.3 mV (Figure 2d), which can be attributed to the polar
carbonyl groups. All three CDs were strongly fluorescent upon excitation at 355 nm and exhibited
similar emission profiles ranging from 400 to 600 nm with maxima at approximately 460 nm (Figure
2e). The similarities in CD optical properties were likely due to their fluorescence emission originating
from the same CD core. The CD emission had almost no overlap with chloroplast autofluorescence
(>650 nm). The distinct and separate emission windows allowed us to differentiate fluorescence signals
from CD and chloroplasts during confocal microscopy imaging of nanoparticle treated plant and algae.
PEI-CD and SA-CD exhibited a similar quantum yield of 0.4%, while PVP-CD showed the highest
quantum yield of 1.7% (Table S1), which can be attributed to the passivation effect.”> Together, our CD
characterization analysis indicated carbon dots with varying surface coatings, similar size and

fluorescence emission range, but different zeta potentials.

Native and model cell wall characterization. Extracted native Arabidopsis cell walls formed a patchy
and rough surface on a glass substrate, similar to cellulose model cell walls whereas pectin distributed
more uniformly over a planar surface (Figure 3a). AFM analysis of native cell walls also showed a
patchy surface with average thickness of 80 = 46 nm and model cell wall surfaces made of finely-
networked fibers similar to those of plant cell walls.”>7* The pectin model cell wall surface exhibited
fibers forming a layer of 21 = 7 nm whereas the cellulose model surface had 87 = 69 nm in average
thickness, respectively (Figure 3a, ANOVA p > 0.5). The FTIR analysis for native cell walls identified

characteristic vibrational bands arising from carbohydrate cell wall components of pectin, cellulose,
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hemicellulose, and lignin (Figure 3b-c, SI analysis).”>’® XPS analysis of the Cls region of the model
pectin layer formed on an SiO, QCM-D sensor indicated that pectin is largely composed of poly-D-
galacturonic acid and methyl ester’” (Figure S3), although other monomers can also be present both in
model and native cell walls (Figure S4, SI analysis). The differences in pectin and cellulose functional
groups are reflected in their zeta potentials. Both native and model cell wall surfaces had negative zeta
potentials (10 mM TES buffer, 0.1 mM NaCl, pH 7.4) where pectin was more negatively charged (-
54.9+1.1 mV) compared to cellulose (-20.6=1.6 mV) due to the presence of carboxyl groups in pectin
(p<0.0001) (Figure 3d). The highly negative zeta potential of pectin is likely due to the abundant
carboxyl groups as indicated in FTIR analysis (SI analysis),”® while the hydroxyl groups on cellulose

account for the relatively mild negative potential.>®

Carbon dot interactions with native plant and algae cell walls. Isolated plant cell walls and algae
cell walls treated with the positively charged PEI-CD exhibited a characteristic CD fluorescence signal
in confocal microscopy images (Figure 4). In contrast, native cell walls exposed to PVP-CD and CP-
CD did not have significant CD fluorescence emission, similar to native cell wall controls without
nanoparticles (Figure S5, and S6). The PEI-CD were preferentially localized on the algae cell wall and
cell membrane surrounding chloroplasts (Figure 4d). No CD fluorescence emission was detected in
green algae cells exposed to PVP-CD or CP-CD, indicating low affinity of neutral and negatively
charged nanoparticles to native algae cell walls (Figure S6). A comparison of integrated and normalized
CD fluorescent intensity per area of native cell wall images collected by confocal microscopy indicated
adsorption of only positively charged PEI-CD to native cell walls (one-way ANOVA, p <0.05) (Figure
4b-c). Previous studies have indicated positively charged nanoparticle delivery to leaf mesophyll
cells’-” or accumulation in roots likely due to their adhesion to cell walls.>*3> whereas negatively

charged nanoparticles preferentially translocate in vascular tissues.?® The differences reported in uptake
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between positive and negative charged nanoparticles in plant mesophyll, stomata guard cells, roots and
vasculature could be due to variations in the content or arrangement of plant cell wall components (e.g.

negatively charged pectin) or differences across plant species.?!32.8081

Chemical interactions of model cell walls with carbon dots. Confocal fluorescence microscopy
analysis indicated a stronger binding affinity of positively charged PEI-CD to pectin compared to
cellulose model surfaces (Figure 5a). Pectin model cell walls exposed to PEI-CD displayed remarkably
bright CD fluorescence across most of the model surface. In contrast, no CD fluorescence signal was
detected for pectin model cell walls treated with negatively charged CP-CD and neutrally charged PVP-
CD (Figure S7). The integrated and normalized CD fluorescence intensity over the imaged region was
at least two orders of magnitude higher for pectin model cell walls exposed to PEI-CD than for CP-CD
and PVP-CD (one-way ANOVA, p <0.001) (Figure 5b). The PEI-CD fluorescence intensity observed
in cellulose model surfaces was an order of magnitude lower compared to pectin counterparts (one-way
ANOVA, p <0.001) (Figure 5b) whereas no fluorescence signal was detected for cellulose surfaces
treated with CP-CD and PVP-CD (Figure S8). Overall, the confocal microscopy analysis shows that
positively charged PEI-CD strongly interacts with negatively charged pectin model cell wall surfaces

and to a much smaller extent with cellulose surfaces.

To elucidate chemical interactions of nanoparticles with model cell wall surfaces, we performed
FTIR analysis of pectin and cellulose surfaces interfaced with CD (Figure 6). The PEI-CD treated pectin
model cell walls (Figure 6a) exhibited a significantly enhanced vibration band at 1605 cm™! from
deprotonated carboxylic acid groups relative to the band at 1736 cm™!' from esterified and protonated
carboxylic acids present in pectin alone.3>8* This indicates that the amine groups of PEI-CD

deprotonated the carboxylic acid groups on pectin and formed ammonium cations. The ionic interactions
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formed by the negatively charged carboxylate groups and positively charged ammonium cation groups
can lead to strong binding between pectin model cell walls and PEI-CD. Although hydrogen bonding
between amine molecules and pectin is possible, this interaction becomes significant at pH levels lower
than those in this study.®> On the other hand, no intensity change of the two vibration bands at 1736 and
1605 cm! was observed for pectin model cell walls interacted with CP-CD and PVP-CD (Figure 6a).
Cellulose model surfaces exposed to all CD types showed no emerging vibration bands (Figure 6a)
within the 1500 to 2000 cm! range containing characteristic FTIR signals for CD (Figure 2b). We
expected a small amount of PEI-CD attached to cellulose but it is likely that this interaction is under the
FTIR detection limit. FTIR analyses are consistent with confocal microscopy results indicating that only
PEI-CD interact with model cell wall surfaces, and that the affinity of PEI-CD to pectin is significantly

stronger than that to cellulose.

We collected XPS spectra (N 1s electron orbital) of cell wall model surfaces interfaced with CDs
to elucidate the chemical bonding nature of their interactions (Figure 6b). Both pectin model cell walls
and PEI-CD exhibited a binding energy at 399.6 eV, corresponding to the N 1s electrons in amide and
amine groups.®® This is consistent with FTIR analysis indicating the presence of amide and amine groups
in pectin and PEI-CD, respectively. After being exposed to PEI-CD, the pectin model cell walls
exhibited a new peak at 401.3 eV, which can be attributed to the N 1s electrons of positively charged
quaternary ammonium cations.3¢88 This indicates that amine groups on PEI-CD were protonated by the
carboxylic acids on pectin, resulting in the formation of quaternary ammonium cations. The positively
charged ammonium cations form ionic bonds with deprotonated and negatively charged carboxyl
groups, which may explain the strong affinity between PEI-CD and pectin observed in confocal
microscopy images and FTIR spectra. In contrast, no changes were observed for the XPS spectra of

pectin model cell walls after treatment with CP-CD and PVP-CD. As expected, the N 1s spectrum
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(Figure 6b) for cellulose model cell walls without CD had no characteristic XPS peaks in the detected
range due to the lack of nitrogen in cellulose.?*% Interestingly, the cellulose model cell walls exposed
to PEI-CD showed an XPS peak from N 1s electrons, confirming the adsorption of PEI-CD to cellulose
that we observed in confocal microscopy analysis. Peak deconvolution generated two subpeaks at a
binding energy of 399.6 and 400.5 eV, which can be assigned to the N atoms of PEI-CD in pristine
amine groups, and amine groups after forming hydrogen bonds (N:--HO) with hydroxyl groups on
cellulose.’™* The XPS peak from N 1s electrons was not observed for cellulose model surfaces
interfaced with CP-CD or PVP-CD. The ionic bond observed between the amine and carboxyl groups
of PEI-CD and pectin can be an order of magnitude stronger than that of the hydrogen bonds®+°¢
between PEI-CD and cellulose, supporting our results that PEI-CD exhibit a higher binding affinity to
pectin than cellulose model cell walls. Although hydrogen bonding may occur between CDs and cell
walls, we only observed weak interactions of PEI-CD with model cellulose surfaces. Instead our FTIR

and XPS analyses indicate a strong binding of PEI-CD to pectin via electrostatics (Figure 6).

We conducted additional FTIR analysis to examine the interaction between pectin model cell
walls and PEI-CD with and without covalent conjugation and at different pH within the physiological
range (5.5 to 7.4) to understand the role of hydrogen bonding, covalent bonding and electrostatics. FTIR
analysis of O-H stretching for pectin model surfaces resulted in a blue-shift from 3268 cm-! to 3388 cm-!
after exposure to PEI-CD indicating a decrease in hydrogen bonding®” when the nanoparticles are
exposed the pectin model cell wall surface (Figure S9a). There was no significant change in the O-H
stretching peak within the plant physiological range of pH (5.5 to 7.4) (Figure S9b). Furthermore, the
FTIR amide peak (1615 cm™') observed after intentional covalent conjugation by a coupling reaction
between amine and carboxyl groups of PEI-CD and pectin was blue shifted and not observed in the PEI-

CD interacted with pectin model cell walls without coupling reaction (1589 cm™) (Figure S9¢). Changes
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in pH from 7.4 to acidic 5.5 did not affect COO- stretching (from 1589 to 1591 cm™!) (Figure S9d). The
pH did not affect COO- or O-H stretching likely because this pH change was not below or above the
pKa values for pectin (3.5) and PEI (8.1-9.9), respectively. Overall, these FTIR analysis support that
there is minimal hydrogen bonding or covalent bonding between PEI-CD and pectin model cell walls,
and that pH does not affect the electrostatic interactions of PEI-CD with pectin within the plant
physiological range. These analyses also indicated that PEI-CD bind to pectin by reversible®%
electrostatic interactions between carboxylate anions and ammonium cations whereas cellulose
interaction with PEI-CD is dominated by weaker hydrogen bonds between amine groups with hydroxyl

groups (Figure 6c¢).

Real-time interactions of carbon dots with pectin model surfaces. To understand the strong
interactions of PEI-CD with model pectin surfaces, we performed quartz crystal microbalance with
dissipation monitoring (QCM-D) analysis (Figure 7). A pectin layer was built on SiO,-coated QCM-D
sensors by modifying a predeposited 3-aminopropyltriethoxysilane (APTS) layer on the sensor surface
(Figure 7a).'% The initial adsorption efficiencies on pectin model surfaces for the three CDs were in
agreement with confocal microscopy, FTIR and XPS analysis. The PEI-CD had higher adsorption
efficiency compared to that of CP-CD and PVP-CD (Figure 7b). Once CD interactions with the pectin
model surfaces reached an equilibrium, the surface was rinsed with ultrapure water and the acoustic
mass densities (I'gcm-p) of CDs on pectin were calculated by Eq.(2) to evidence attachment. Positively
charged PEI-CD showed significantly more acoustic mass density on pectin model surfaces than CP-
CD and PVP-CD (Figure 7c). The lack of interaction with negatively charged CP-CD after rinse supports
the role of electrostatics determining interactions between positively charged PEI-CD and negatively
charged pectin. The significantly smaller extent of neutrally charged PVP-CD adsorption to pectin (p

<0.001) after rinse can be attributed to deposition by gravity.!?! The acoustic mass density analysis

ACS Paragon Plus Environment

Page 16 of 37


https://paperpile.com/c/Bw0mo7/ftzGg+f101a
https://paperpile.com/c/Bw0mo7/LsICw
https://paperpile.com/c/Bw0mo7/ouCED

Page 17 of 37 Environmental Science & Technology

oNOYTULT D WN =

supports the role of electrostatics determining the interactions between positively charged PEI-CD and
negatively charged pectin. We recently reported that CD interactions with lipid membranes from
chloroplasts are also dictated by electrostatic interactions.*! Similar to native and model plant cell walls,
QCM-D analysis demonstrated that only the positively charged CD led to detectable attachment to
chloroplast model and native membranes compared to their negative and neutral counterparts. Overall,
the high adsorption affinity and acoustic mass density on the pectin layer upon exposure to PEI-CD
support that electrostatics plays a key role in the interactions between positively charged nanoparticles

and pectin model cell wall surfaces.

We constructed more complex model pectin model surfaces with calcium ions that play a critical
role in maintaining and modifying cell wall structure by forming cross linking bonds with pectin
hydrogels.!%? Calcium cations were added to pectin model cell walls as chloride salt at concentrations
within the reported plant physiological range (0-1 mM).!93:1%4 Upon addition of Ca?’, the adsorption
efficiency of PEI-CD decreased from 3.4x10° (0 mM Ca?") to 7.8x1071° (0.1 mM Ca?") and 1.1x107 (1
mM Ca?") (one-way ANOVA, p < 0.05) (Figure 7d). Given that calcium ions interact with carboxylate
groups of pectin at the neutral pH conditions tested,'?>1% the addition of Ca®" during model pectin layer
construction was expected to permanently hinder the electrostatic interactions between PEI-CD and the
pectin layer. However, this hindrance was only observed at the initial stage of PEI-CD interaction with
the pectin layer. Upon the maximum adsorption of PEI-CD, Ca?" did not lead to statistically significant
differences on acoustic mass density (Figure 7¢). The colloidal stability of PEI-CD in the presence of
Ca?" (Figure S10) was not a factor influencing these interactions with model pectin cell walls. The PEI-
CD maintained a similar hydrodynamic size (3.4 to 4.1 nm) and charge (17.4 to 25.4 mV) within the
Ca?" concentration range used in this study (0 to 1 mM) (Figure S10). Confocal imaging, FTIR and XPS

analysis also indicated that the electrostatic interactions of PEI-CD with carboxylate groups of pectin
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were not affected within this range of Ca?* concentrations. The PEI-CD fluorescence intensity per area
of pectin model surfaces was similar from 0 to 1 mM Ca?" (Figure S11a-c). FTIR analysis indicated
similar characteristic vibration bands (1500 to 2000 cm!) from carboxylate groups of pectin model
surfaces interfaced with PEI-CD at different Ca®* concentrations. XPS analysis of the N1s electrons in
amide and amine groups (399.6 V) in the presence of Ca?" indicated that the formation of quaternary
ammonium cations between the amine groups of PEI-CDs and the carboxylic acids of pectin were not
affected (Figure S11d). Interestingly, our previous study reports that CD attachment to model
chloroplast membranes exhibited a different response to changes in ionic strength (KCI)*' in a manner
that is consistent with electrical double layer compression of CDs on plant lipid membranes. Overall,
our results indicate that Ca?" affects the initial absorption efficiency of positively charged PEI-CD to

pectin surface but not their final accumulation on the model cell wall surface.

Role of carbon dot surface charge density on the interactions with cell walls. To probe the effect of
nanoparticle surface charge using similar polymer coating composition, the CDs were coated with PEI
polymers of different molecular weights (0.6k, 10k, and 25k) resulting in positively charged PEI-CD
with varying densities of amine groups and surface charge densities (Figure 8a). The PEI 0.6k, 10k, and
25k CDs had similar absorption peaks at 250 nm and 355 nm and fluorescence emission spectra with
peaks ranging from 400 to 550 nm (Figure 8b-c). All PEI-CD had a similar size based on AFM and DLS
analysis ranging from 2.6+1.1, to 4.6+£0.7 nm (one-way ANOVA, p > 0.05) in hydrodynamic diameter
(Figure S12-13). Likewise, the zeta potentials for PEI 0.6k, 10k, and 25k CDs were not different from
each other (p > 0.05) and were within a narrow range of 20.7+5.5 and 27.0+£9.7 mV (Figure 8d).
Characterization of the surface charge density of PEI-CD by a polyelectrolyte titration method'?’
indicated that PEI 0.6k CD had the highest surface charge density (8 umol/mg) whereas the PEI 10k

CDs showed the lowest (2 umol/mg) (Figure 8¢). We tested PEI 0.6k, 10k, and 25k CDs binding to
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Arabidopsis native cell wall surfaces by confocal imaging and observed the highest CD fluorescence
intensity from the cell wall surfaces exposed to the PEI-CD 0.6k having the largest surface charge
density (Figure 8f). The average CD fluorescence intensity per unit area increased steadily with the
surface charge density of PEI-CD (One-way ANOVA, p < 0.05) (Figure 8g). These order of magnitude
differences were not explained by the fluorescence quantum yield of PEI-CDs with different surface
charge density ranging from 10.6% to 16.7% (Table S1) where the lowest quantum yield corresponded
to the PEI-CD with highest surface charge density (PEI 0.6k). Furthermore, confocal imaging analyses
of fluorescence intensity were normalized by the quantum yield of CDs for comparison. These results
indicate that enhancing nanoparticle surface charge density strengthens their interactions with plant cell
wall surfaces. They offer a pathway to design nanomaterials with modulated binding affinity to plant
cell walls. A recent study in mammalian cells that lack cell walls, observed that nanoparticle surface
charge densities are a stronger indicator of toxicity to cells than zeta potentials.'” Our study points out
that surface charge density is a factor for controlling the interactions of nanoparticles with cell walls for

sustainable agriculture applications with reduced impact on the environment.

Environmental implications. We developed novel model surfaces for assessing the interactions of
nanomaterials with plant and algae cell walls, a main barrier for translocation of nanomaterials in these
photosynthetic organisms that support life on earth. Model cell walls built with the main components of
native cell walls (pectin and cellulose) were used to study their interactions with fluorescent CDs of
different surface charge. This approach allowed us to elucidate chemical mechanisms underlying the
role of electrostatics on the interactions between the plant cell walls and nanoparticles. Amine functional
groups on PEI-CD surface formed strong ionic bonding with abundant carboxylic acid groups of the
pectin model surfaces. In contrast, PEI-CD formed weaker hydrogen bonding with hydroxyl groups of

cellulose model surfaces. Real-time monitoring analysis indicated that the presence of Ca?"in cell walls
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affects the initial absorption efficiency of positively charged nanoparticles to pectin surface but not their
final accumulation on the cell wall surface. Furthermore, increasing the surface charge density of
positively charged PEI-CD enhances their interactions with cell walls providing an approach to tune
nanoparticle binding and translocation. This study indicates that electrostatic interactions of
nanoparticles with pectin and nanoparticle surface charge density determine the translocation of
nanoparticles across plant and algae cell walls. Elucidating rules for controlling the interactions of
nanomaterials with photosynthetic organism biosurfaces will be crucial for designing targeted and

controlled delivery of chemicals and biomolecule cargoes enabled by nanotechnology.

We elucidated mechanisms of nanomaterial interactions with plant and algae cell wall components
(pectin and cellulose) focusing on the role of electrostatic and hydrogen bonding interactions. We
validated these results with real cell walls demonstrating that our approach can provide mechanistic
insight, chemical and quantitative analyses that would not be possible with more complex real cell walls.
Understanding the underlying mechanisms of nanomaterial-cell wall interactions using model surfaces
will be instrumental to determine how other properties such as size, morphology, hydrophobicity,3!-2
affect binding, translocation and distribution of nanomaterials in plant and algae interfaces in the
environment. In addition, model cell wall surfaces can serve as tools to understand how transformations
of nanomaterials (e.g. corona formation and dissolution) influence their binding and translocation at the
cell wall interface. Future research will elucidate how heterogeneity in cell wall composition affects
interactions with nanoparticles. This will require a more precise tuning of the composition of pectin and
cellulose cell wall model surfaces. More realistic and tunable cell wall model surfaces can advance our

understanding of the physical and chemical interactions with plant and algae cell walls.
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A more sustainable agriculture will require nanomaterials that are scalable, economical, with low
environmental footprint.!% In this study, we used carbon dots that can be manufactured in large scale
through simple bottom up approaches,®® using abundant, low cost, and renewable resources such as
animal and plant derivatives.'? Future research efforts should address cell wall interactions with more
reactive nanomaterials such as complex metal oxides that can experience larger transformations due to
dissolution or redox chemistry processes and consider the role of nanoparticle charge in the formation
of biomolecule coronas from plants and microorganism membranes.!!%!!! Determining the role of
nanomaterial properties on the interactions with biosurfaces of photosynthetic organisms will allow us
to develop sustainable nanotechnology-based tools for addressing the challenge of improving food

security and production while reducing the impact of agriculture on the environment.
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Figure 1. Interactions of nanoparticles with model cell walls and native cell walls of
plants and algae. Novel model planar surfaces made of cellulose or pectin were
developed for understanding their interactions with carbon dots (CD) that were designed by
of positive, neutral and negative charge. Confocal microscopy, FTIR, XPS, and QCM-D
analysis were performed with model cell walls interfaced with CD. The underlying
mechanisms of CD-cell wall interactions were validated using native cell walls isolated
from Arabidopsis plants and green algae (Coleochaete spp.) cell walls in vivo.
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Figure 2. Characterization of carbon dots (CD). a) CD were functionalized with PEI, CP, and PVP
for synthesizing nanoparticles with different surface charges. b) The FTIR spectra indicated
characteristic bands for the three types of CD. ¢) The CD exhibit similar hydrodynamic diameter and
d) contrasting positive, neutral and negative zeta potentials (mean + standard deviation, n=5). Means
were compared by one-way ANOVA followed by post hoc comparison using the Tukey test. *** p <
0.0001. e) CD have similar fluorescence emission upon 355 nm excitation.
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36 Figure 3. Model and native cell wall component characterization. a) Bright-field
37 microscopy image and AFM image of native cell wall extracted from Arabidopsis leaf,
38 pectin, and cellulose model cell wall surfaces. Scale bar for a bright-field image: 100 pym.
39 FT-IR spectra of b) native plant cell wall ¢) pectin and cellulose model cell wall surfaces.
40 d) Zeta potentials of native and model cell walls (10 mM TES buffer, 0.1 mM NaCl, pH
7.4) (one-way ANOVA, Tukey test, n=5). **** p<0.0001
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Figure 4. Interactions of carbon dots with native plant and algae cell walls. a)
Representative confocal images of native cell walls isolated from Arabidopsis plant leaves
and from live green algae (Coleochaete) that were exposed to PEI-CD. The native cell
walls displayed a fluorescence emission characteristic of CD, indicating a binding affinity
with positively charged PEI-CD. Scale bar, 100 pym. b-¢) Comparative analysis of CD
fluorescence intensity normalized by imaging area of native plant and algae cell walls from
multiple confocal images (n = 3-9). Different letters represent significant differences, (one-
way ANOVA, Tukey test), ™ p< 0.01, **** p<0.0001. d) z-stack images displaying the PEI-
CDs bound to algae cell wall and membrane and surrounding chloroplasts (magenta).
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24 Figure 5. Model cell wall interactions with carbon dots. a) Representative confocal images of
25 pectin and cellulose surfaces exposed to PEI-CDs indicate a stronger affinity of these positively
26 charged CD with pectin than cellulose. Scale bar, 100 pm. b) Comparison of the integrated CD
fluorescence intensity per area of pectin and cellulose surfaces. One-way ANOVA, Tukey test, n=3-
28 4, ** p< 0.001.
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Figure 6. Chemical interactions between plant cell wall model surfaces and
carbon dots. a) FTIR spectra of pectin and cellulose model surfaces interfaced with CD
(PEI-CD, CP-CD, and PVP-CD) and without nanoparticles (control). Pectin but not
cellulose model cell walls interfaced with PEI-CD shows both a peak shift and intensity
enhancement in the frequency range (1500 to 2000 cm-') where CD have characteristic
vibration bands. b) XPS spectra of pectin and cellulose model surfaces with and without
CD (PEI-CD, CP-CD, and PVP-CD) treatment. A new XPS peak emerged for PEI-CD
treated pectin model surfaces at 401.3 eV corresponding to the N 1s in quaternary
ammonium cations that can be attributed to the proton transfer from carboxyl groups in
pectin to amine groups on PEI-CD. A blue shifted N 1s peak was observed for PEI-CD
treated cellulose model surfaces from 399.6 to 400.1 eV, that can be explained by the
formation of hydrogen bonds between PEI-CD amine and amide groups and cellulose
hydroxyl groups. ¢) Schematic illustrating the molecular level interactions between
pectin and cellulose model cell wall surfaces and PEI-CD.
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Figure 7. Real-time interactions of carbon dots with pectin model cell wall surfaces. a)
Schematic figure of SiO, QCM-D sensor spin coating with pectin. PEI-, CP-, and PVP- CD b)
adsorption efficiency and ¢) acoustic mass density after rinse. Effect of Ca2* on PEI-CD d)
adsorption efficiency, and e) acoustic mass density after rinse in pectin model surface (0 — 1 mM
CaCl,) (p>0.05). Error bars indicate standard deviations (n=3). One-way ANOVA, Tukey test. *
p<0.05; ** p<0.01; *** p<0.001.
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Figure 8. Effect of surface charge density of positively charged carbon dots on their
interactions with plant cell walls. a) Positively charged CDs were functionalized using PEI
polymers with different molecular weights (0.6k, 10k, and 25k) to modify their surface charge
density. b-c) Absorption and fluorescence spectra of PEI-CDs , and d) zeta potentials were
similar for PEI 0.6k, 10k, and 25k CDs (10 mM TES buffer, pH 7) (p>0.05). e) The surface
charge density of PEI-CDs was determined by polyelectrolyte titration. (One-way ANOVA, post
hoc. n=3, *, p<0.05; ***, p<0.001; ****, p<0.0001). f) Representative confocal images of pectin
surfaces exposed to PEI-CDs and g) integrated PEI-CD fluorescence intensity per area
analysis, indicate a stronger affinity of high surface charged density PEI-CD 0.6k to pectin.
Scale bar, 100 pm. One-way ANOVA, Tukey test, n=3-4, * p< 0.05, *** p< 0.001, **** p< 0.0001.
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