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ENVIRONMENTAL SIGNIFICANCE STATEMENT

Interest in agricultural application of nanomaterials has risen due to their ability to target and 

control the delivery of agrochemicals, genetic elements, and biomolecules. Underlying 

nanomaterial interaction mechanisms with plant cell organelles is still in its infancy. Addressing 

plant organelle-nanoparticle interactions knowledge gaps is essential to design sustainable 

nanomaterials with targeted delivery functionality. Carbon nanodots are emerging as 

nanomaterials with a variety of applications in agriculture. In this study, we demonstrate that the 

molecular level interaction of carbon nanodots with chloroplast membranes is governed by the 

density of sulfolipid in the membrane via electrostatics. Our study contributes to determining 

structure-property-interaction relationships between nanomaterials and chloroplast membranes for 

enhancing or controlling plant function. 
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ABSTRACT

Mechanisms of nanomaterial delivery to plant chloroplasts have been explored to improve 

plant stress tolerance, promote photosynthesis, facilitate genetic engineering, and manufacture 

self-repairing biomaterials, fuels, and biopharmaceuticals. However, the molecular interactions of 

nanomaterials with chloroplast membranes are not well understood. In this study, we examine the 

interactions of an important set of chloroplast membrane lipids including sulfoquinovosyl 

diacylglycerols with carbon nanodots varying in functional group charge. To accomplish this 

objective, we constructed a novel model chloroplast membrane and interrogated the influence of 

carbon nanodot functional group charge, model chloroplast membrane composition, and ionic 

strength on the carbon nanodot-chloroplast membrane interactions using quartz crystal 

microbalance with dissipation monitoring. We further examined the interaction of carbon nanodots 

with native chloroplasts isolated from Arabidopsis thaliana using confocal laser-scanning 
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microscopy. Our results indicate that carbon nanodot–chloroplast membrane interactions are 

dictated primarily by electrostatics. Despite being the least abundant lipids in chloroplast 

membranes, we find that the relative abundance of sulfoquinovosyl diacylglycerol in model 

membranes is a critical factor governing both the affinity and capacity of the membrane for 

positively charged carbon nanodots. Rates of carbon nanodot attachment to model chloroplast 

membranes varied with ionic strength in a manner consistent with electrical double layer 

compression on carbon nanodots. Our findings elucidate chemical interactions between 

nanomaterials and plant biosurfaces at the molecular level and potentially contribute to 

establishing structure–property–interaction relationships of sustainable nanomaterials with plant 

organelle membranes.

Keywords: Structure–property–interaction relationships, quartz crystal microbalance with 
dissipation monitoring, confocal microscopy, carbon dots, nanoparticle-plant interactions, 
chloroplast membranes

INTRODUCTION

Distinctive physicochemical properties of nanomaterials (NMs), such as small size, tunable 

surface charge, morphology, high surface area, and the ability to encapsulate and deliver cargos 

via surface modifications offer potential to act as a tool to improve agriculture.1 The small size of 

NMs plays a pivotal role in cargo delivery by allowing movement through biological barriers.2 

Charge and morphology of NMs have also been shown to influence translocation and distribution 

in plants.2,3 The chemical composition of the NM surface also dictates cellular uptake pathways, 

leading to variable translocation and uptake in cells or organisms.4 Previous studies have exploited 

the tunable surface properties of NMs to improve the efficacy in delivering chemical cargoes or 

genetic materials to plant cell organelles.5,6 
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Nanomaterial-mediated agrochemical and gene delivery are expected to overcome some of 

the limitations of established chemical and genetic engineering approaches to improve plant 

performance, including low efficiency, lack of targeted and controlled delivery, unexpected 

adverse impacts, and limitation of general use to tractable plant species.7,8 Employment of NMs in 

agrochemical formulations has been shown to increase permeability and translocation, potentially 

overcoming barriers in the efficacy of traditional fertilizers.4,9 Enhanced cargo capacity and 

delivery efficiencies for genetic molecules have been achieved by polymer functionalization of 

NMs. For instance, positively charged polyethyleneimine (PEI) is one of the widely used polymers 

to coordinate negatively charged genetic materials with NMs via electrostatic interactions.10,11 

Polyethyleneimine-functionalized NMs have been shown to transfer genetic material cargoes into 

pollen12 and nucleus13 followed by modified or enhanced gene expressions. Despite these advances 

on NM-cargo interactions, a large part of NM–plant cell/organelle interactions at the molecular 

level remains unexplored.14,15 

Since chloroplasts play a pivotal role in a wide range of plant metabolism pathways 

including the regulation of crop yields and plant growth and yield,16 they serve as a promising 

target organelle for NM based gene editing of plants.5 Interfacing NMs with chloroplasts has been 

demonstrated to enhance photosynthesis by augmenting the light-harvesting system8,15,17 and 

promoting electron transport.8 Chloroplasts also have been widely studied as platforms for 

improving plant performance through genetic engineering, due to the possession of their own small 

prokaryotic type genome, lack of gene silencing, and high level of expression of transgenes.18–21 

Gene delivery by NMs could be a cost-effective, efficient, and generic method to facilitate 

chloroplast transformation, without physical damage on plant tissues.21,22 Such applications have 
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promoted rational design of NMs to improve targeting and gene delivery ability to 

chloroplasts.5,22,23 

Between 52 and 84% of chloroplast membranes consist of unique classes of galactolipids 

and sulfolipid: monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG), and 

sulfoquinovosyldiacylglycerol (SQDG).24 Sulfoquinovosyldiacylglycerol is one of the most 

distinct classes of lipids found in photosynthetic apparatuses: phytoflagellates, cyanobacteria, 

purple sulfur and non-sulfur bacteria, algae, and all photosynthetic plants.25 They are 

predominantly distributed in plastid membranes, and their sulphonic acid on head groups lead to 

stable and strong acidity over a wide range of pH.25,26 Due to its acidic head group, SQDG is 

considered to play an important biological role in balancing anionic charge over the membrane.27 

A large portion of SQDG in the membrane of photosynthetic apparatus is unsaturated and has an 

acyl chain length of 14 to 22 carbons.28 Another characteristic class of lipids is galactolipids found 

in thylakoid membranes from higher plants.16 The most abundant lipid components of galactolipids 

are electroneutral MGDG and DGDG, which contain one and two galactoses as their head groups, 

respectively.24 Both galactolipids consist mostly of unsaturated 18 carbon-long acyl chains, which 

allows structural integrity and fluidity of the thylakoid membrane at physiological temperature 

range.29–31 Although lipid composition varies depending on plant species, MGDG and DGDG 

constitute up to 49% and 30% of chloroplast membrane, respectively, while SQDG makes up 5-7% 

of chloroplast membrane lipids.9,29,32,33 

Carbon nanodots (CNDs) are a newly emerging carbon based NM34 and regarded as a 

promising NM for applications in agriculture.2 Their small size, typically below 10 nm,34 allows 

facile penetration through plant cell walls having size-exclusion limits of 20-40 nm.21 Carbon 

nanodots are also amenable to surface modification,35 which can grant both high water solubility 
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and allow for entry into plant cells.21,36 Control over these physicochemical properties provides a 

framework for optimization of plant cell uptake, since size and surface charge of CNDs is known 

to impact plant cell uptake pathway, distribution, and biocompatibility.37,38 Tunable surface 

modification is expected to enable targeted delivery of cargo molecules to specific cells and 

organelles.34 Another advantage of CND application is that they are trackable due to their intrinsic 

fluorescence capabilities, making them well-suited for bioimaging in vitro or in vivo.36,39 

In this study, we hypothesized that electrostatics play a critical role in CND interaction 

with chloroplast membranes. Because SQDG has a negatively charged head group, we anticipate 

that positively charged CNDs will have preferential interaction with SQDG rather than uncharged 

galactolipids/phospholipids. We developed an in vitro model planar surfaces for outer chloroplast 

membranes and use them to determine molecular-level interactions between CNDs and chloroplast 

membranes. Additionally, we use these model membranes to evaluate the role of the anionic 

chloroplast lipid SQDG in interactions with CNDs of varying charge. We fabricated model 

chloroplast membranes containing a range of SQDG concentrations and evaluated the extent of 

their interactions with CNDs using quartz crystal microbalance with dissipation monitoring 

(QCM-D). We also tested the influence of ionic strength on both CND–membrane and CND–CND 

interactions. The affinity of CNDs for chloroplast membranes was further evaluated by confocal 

microscopy using chloroplasts isolated from Arabidopsis thaliana. The model planar membranes 

reflect characteristic lipid compositions of chloroplasts and act as a tool for assessing NM 

interaction with plant organelle membranes and developing structure–property–interaction 

relationships of NMs with chloroplast membranes.
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MATERIALS AND METHODS

Materials. We purchased Soy PC (> 99%), MGDG (> 99%), DGDG (> 99%), and SQDG 

(> 99%) from Avanti polar lipids (Albaster, AL, USA). Magnesium dichloride (≥ 99.99%), and 

chloroform (> 99.8%) were obtained from MilliporeSigma (Burlington, MA, USA). We acquired 

2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) and sodium dodecyl sulfate 

(SDS) from DOT scientific (Burton, MI, USA). Ultrapure water (resistivity 18.2 MΩ∙cm) was 

produced by a GenPure Pro UV-TOC/UF system (Thermo Fisher Scientific, Waltham, MA, USA). 

All solutions were buffered to pH 7.5 with 0.010 M HEPES and ionic strength was adjusted by the 

addition of potassium chloride (≥ 99.999%, Thermo Fisher Scientific, Waltham, MA, USA). For 

CND syntheses, we purchased citric acid (99.7%), urea (99.2%), ethanol (96%), and chloroform 

from Thermo Fisher Scientific (Waltham, MA, USA). We acquired sodium hydroxide, ammonium 

hydroxide (NH3·H2O, 30–33%), N,N-Dimethylformamide (DMF, > 99%), and 0.22 µm syringe 

filters from MilliporeSigma (Burlington, MA, USA). Polyethyleneimine (branched, M.W. ~10k), 

polyvinylpyrrolidone (M.W. ~10k), and succinic anhydride (99%) were obtained from Alfa Aesar 

(Haverhill, MA, USA).

Synthesis of CNDs. Three differently charged CNDs were synthesized by following 

previously reported protocols with modifications.2 The CND cores were made by hydrothermal 

reactions using citric acid, urea, and ammonium hydroxide mixtures. In brief, 1.92 g of citric acid 

and 2.40 g of urea were dissolved in 2 mL of ultrapure water and 1.35 mL of ammonium hydroxide 

(NH3·H2O, 30–33%) was added into the mixture. The mixture was reacted at 180 °C for 1.5 h and 

was cooled down to room temperature and redissolved in ultrapure water. The aggregate was 

removed by centrifugation at 3082 ×g for 30 min. To remove fluorescence by-products, the CNDs 

were purified by dialysis (MWCO 1k, Spectra/Por® 6 Standard Dialysis Tubing, Spectrum 
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Chemical Mfg. Corp., New Brunswick, NJ, USA) until there was no significant absorbance or 

fluorescence of the dialysate (Fig. S1). The solution was further filtered with a syringe filter (pore 

size 0.02 μm) to obtain nanosized CND cores. To functionalize CND cores with PEI, a 16 mL 

CND solution (5 mg∙mL-1) was added to a 20 mL glass vial and the pH adjusted to 12 with NaOH. 

This CND suspension was added to 3.2 mL PEI solution (0.1 g∙mL-1) while vigorously stirring and 

reacted at 85 ℃ for 16 h. The solution was cooled down and purified by mixing with ethanol and 

chloroform (1:1 v/v). To separate aqueous phase from organic solvent phase, we centrifuged the 

solution at 3905 ×g for 5 min. This purification step was repeated five times. The purified PEI-

CND solution was air-dried to remove organic solvent residuals. Polyvinylpyrrolidone coated 

CNDs (PVP-CNDs) were produced in the same manner except that purification was performed 

with a mixture of acetone and chloroform. The carboxylated polyethyleneimine CNDs (CP-CNDs) 

were synthesized by the modification of PEI-CNDs upon reaction with succinic anhydride. Briefly, 

15 mL of succinic anhydride dissolved in DMF was added rapidly to 30 mL of PEI-CNDs solution 

(1 mg∙mL-1) and stirred at room temperature overnight. Once CP-CND synthesis was finished, the 

final product was purified the same way as PEI-CNDs.

Characterization of CNDs. Transmission electron microscopy (TEM) images were 

obtained on a Philips FEI Tecnai 12 microscope (Philips, Amsterdam, Netherlands) operated at an 

accelerating voltage of 120 kV. One drop of particle solution was placed onto a Cu grid (400 mesh, 

Ted Pella) for TEM imaging. The UV–Vis absorption spectra of CNDs were determined using a 

micro quartz cuvette (10 mm × 2 mm, path length 10 mm) using a Shimadzu UV-2600 

spectrometer (Shimadzu, Kyoto, Japan). Fluorescence spectra of CNDs were measured using a 10 

mm × 10 mm PTI QuantaMaster 400 fluorophotometer quartz cuvettes (Horiba, Kyoto, Japan). X-

ray photoelectron spectroscopy (XPS) was performed using a Kratos AXIS ULTRADLD XPS 
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system equipped with an Al Ka X-ray source and a 165-mm mean radius electron energy 

hemispherical analyzer.

The relative fluorescence quantum yield of PEI-CND used for confocal microscopy 

analysis was measured by using quinine sulfate in 0.1 M H2SO4 as a standard and the following 

equation:40,41

𝑄𝐶𝑁𝐷 = 𝑄𝑄𝑆 ×
𝐼𝐶𝑁𝐷

𝐼𝑄𝑆
×

𝐴𝑄𝑆

𝐴𝐶𝑁𝐷
×

𝜂𝐶𝑁𝐷
2

𝜂𝑄𝑆
2 Eq. (1)

where QCND = quantum yield of CND, QQS = quantum yield of quinine sulfate, ICND = integrated 

fluorescence intensity of CND, IQS = integrated fluorescence intensity of quinine sulfate, AQS = 

absorbance of quinine sulfate, ACND = absorbance of CND, ηCND = refractive index of CND, ηQS 

= refractive index of quinine sulfate. The quantum yield of quinine sulfate in 0.1 M H2SO4 is 0.54 

and the refractive index of water is 1.33. 

Lipid Vesicle Preparation and Characterization. Lipids were received as a powder 

and dissolved in chloroform to a final concentration of 1 mg∙mL-1. Stock solutions were stored at 

–20 °C in the dark and used within 2 weeks. Small unilamellar vesicles were prepared by the 

extrusion method.42 Briefly, the stock lipid solutions were mixed to the desired molar ratios in 

glass vials, and the solvent was evaporated under nitrogen flow. To remove residual solvent, the 

vials remained under vacuum in the dark overnight. Afterward, the dried lipid mixtures were 

rehydrated by suspending in 10 mM MgCl2 buffered to pH 7.5 with 10 mM HEPES by brief 

vortexing followed by sonication until opaque (5 min). The suspensions were snap-frozen in liquid 

nitrogen and thawed by another 5 min of sonication. Following three freeze-thaw cycles, the 

suspensions were extruded 21 times through polycarbonate membranes (0.1 µm pore size, 19 mm 

diameter, Whatman, Maidstone, UK) with a 610000 extruder kit (Avanti Polar Lipids, Albaster, 
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AL, USA). Prepared vesicles were stored at 4 °C and used within 12 h. The hydrodynamic 

diameters (dh) and zeta potential (ζ) of the vesicles were determined by dynamic light scattering 

and laser Doppler microelectrophoresis at 25 °C (Zetasizer Nano DS, Malvern Panalytical, 

Malvern, UK). Vesicle characteristics are shown in Fig. 1. 

Preparation of Solid-Supported Bilayers and Carbon Nanodots – Model 

Chloroplast Membrane Interactions. We procured SiO2-coated QCM-D sensors (QSX 303) 

from Biolin Scientific (Gothenburg, Sweden).  All solutions for QCM-D experiment were passed 

through 0.22 µm syringe filters (MilliporeSigma, Burlington, MA, USA) prior to each experiment. 

Prior to the experiment, QCM-D sensors were cleaned with 2 wt. % sodium dodecyl sulfate (SDS) 

solution and UV/Ozone cleaner (Bioforce Nanosciences UV/Ozone Procleaner, Bioforce 

Nanosciences, Salt Lake City, UT, USA) per manufacturer recommendations. Briefly, sensors 

were immersed in 2% SDS solution for 30 min at room temperature and then thoroughly rinsed 

with ultrapure water. Sensors were dried under nitrogen gas flow and exposed to UV/ozone for 10 

min. The cleaned sensors were mounted on Q-Sense flow modules (QFM 401, Biolin Scientific, 

Gothenburg, Sweden) with a Q-sense system (E4, Biolin Scientific, Gothenburg, Sweden). The 

sensor surfaces were equilibrated under a flow of 0.010 M MgCl2 solution buffered to pH 7.5 with 

0.010 M HEPES. Equilibration was finished when fn did not change more than ± 0.5 Hz over 30 

m. Model chloroplast membranes were constructed using the vesicle fusion method.43 Figure S1 

shows a representative QCM-D trace for a model chloroplast bilayer formation and subsequent 

interaction with CNDs. Flow rate of all buffers and solutions were maintained at a constant rate of 

0.100 mL·min-1 for the entire experiment.

Quartz crystal microbalance with dissipation (QCM-D) monitoring. We 

measured changes in frequency (Δfn) and energy dissipation (ΔDn) of model systems upon CND 
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exposure to elucidate the impact of CND on model chloroplast membranes. Rigidity of model 

membranes was determined by the extent of energy dissipation at the interface defined as:44

𝐷 =
𝐸𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑

2𝜋𝐸𝑠𝑡𝑜𝑟𝑒𝑑
Eq. (2)

where Edissipated is the energy dissipation per oscillation and Estored is the energy stored in the system. 

Soft adlayers on QCM-D sensors induce decay of sensor oscillation when the electronic circuit is 

opened and subsequently lead to high energy dissipation. Rigid adlayers, on the contrary, do not 

drastically diminish sensor oscillation, thus they cause low energy dissipation.44 As measured data 

for model membranes and CND-model membrane interactions had ratio of ∆𝐷𝑛/( ― ∆𝑓𝑛 𝑛) ≪  4

 for 5 MHz crystal, which could be approximated as rigid adlayers,45 the Sauerbrey × 10 ―7 𝐻𝑧 ―1

equation (Eq. 2) was used to deduce acoustic mass densities (ΓQCM-D).44,46

Γ𝑄𝐶𝑀 ― 𝐷 = ―𝐶
∆𝑓𝑛

𝑛
Eq. (3)

where n is the harmonic number and C is the mass sensitivity constant (18 ng∙cm-2∙Hz-1, for the 

sensors used in this study.) We here report ΓQCM-D and changes in energy dissipation (ΔDn) of the 

5th overtone (n = 5, i.e. ~25 MHz). Acoustic mass densities at or below the lower limit of detection 

of the QCM-D system (~1 ng cm-2 under our experimental settings)47 was considered as zero.  

Initial adsorption efficiencies (α) of CNDs onto the bilayers were approximated as:48

𝛼 =
(𝑑ΓQCM ― D 𝑑𝑡)𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙

(𝑑ΓQCM ― D 𝑑𝑡)𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
Eq. (4)
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where dΓQCM-D/dt refers to initial adsorption rate. Experimental dΓQCM-D/dt was assessed from the 

first derivative of ΓQCM-D over the first 10 s of CND adsorption onto model membranes. Theoretical 

dΓQCM-D/dt was calculated as follows:49

(𝑑ΓQCM ― D 𝑑𝑡)𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 = 𝑘𝑎𝑚𝑠𝑒 ― (𝑘𝑎𝑚𝑠 Γ ∗ )𝑡 Eq. (5)

where ka is the rate constant of adsorption (m·s-1), ms is the mass concentration of CND in bulk 

solution (g·m-3), and Γ* is the maximum surface concentration of CND (g·m-2). Theoretical rate 

constant of adsorption, ka, was determined as:50

𝑘𝑎 = 𝐷2/3
𝑐 𝑄1/3𝑛 Eq. (6)

𝐷𝑐 =
𝑘𝐵𝑇

6𝜋𝑅𝜂
Eq. (7)

where Dc is the diffusion coefficient (m2·s-1) defined as Eq. 6, Q is the flow rate of fluid (m3·s-1), 

n is the geometrical constant of the system (4.44×103 m-4/3), kB is the Boltzmann constant (m2·kg·s-

2·K-1), T is the temperature (K), R is the radius of CND (m), and η is the viscosity of water (kg·m-

1·s-1). The changes in frequencies were subjected to locally weighted scatterplot smoothing with a 

smoothing parameter of 0.1 as described previously.51–53 

Fractional surface coverage area of CNDs (θ) of the model membranes upon CND 

exposure were calculated as the ratio of the occupied surface area by CNDs (A) to that of sensor 

surface area (S):

𝜃 =
𝐴
𝑆 =

𝜋𝑅2 ∙ 𝑛𝐶𝑁𝐷

𝑆
Eq. (8)

where S is 0.7854 (cm2) for the experimental system used in this study and nCND is the number of 

CNDs on the sensor. Because density of the CNDs used here is unknown, number of CNDs were 
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approximated on the assumption that the CNDs have a density between diamond at one extreme 

(~3.53 g·cm-3) and polypropylene (~0.92 g·cm-3) at the other extreme. In this study, the results 

based on this assumption is described as a range on the plots relevant for surface coverage. Number 

of CNDs at the interface was defined as:

𝑛𝐶𝐷 =
Γ𝑄𝐶𝑀 ― 𝐷 ∙ 𝑆

𝑉 ∙ 𝜌
Eq. (9)

where V is the total volume of CNDs on the bilayers (cm3) and ρ is the density of CNDs (g·cm-3).

Particle adsorption in the initial stage was interpreted based on random sequential 

adsorption model.54 According to the model, probability of additional N+1 particle adsorption is 

defined as:

𝑝𝑁 + 1 =
𝑆𝐴

∆𝑆 = 1 ―
𝑆𝐵

∆𝑆 = 1 ― 𝑆𝐵 Eq. (10)

where pN+1 is the probability of N+1 particle adsorption, SA is the available surface area, SB is the 

blocked (excluded) area by previously adsorbed particle, and ΔS is surface area of the entire 

interface. Since maximum surface coverage is dependent on ionic strength of milieu and lateral 

mobility of particles at interfaces,55,56 we here described particle behavior in the initial stage of 

particle adsorption based on random sequential adsorption and fractional surface coverage, under 

various ionic strength of the experimental media. 

Isolation of chloroplast from cells. Chloroplasts were isolated from 3-4 week-old 

Columbia ecotype (Col-0) Arabidopsis thaliana leaves (seed stock source CS60000) as previously 

described.8  Chloroplasts isolation was performed in sucrose buffer (pH 7.3, 28 mM Na2HPO4, 22 

mM KH2PO4, 2.5 mM MgCl2, 400 mM sucrose, and 10 mM KCl) by chopping leaves using IKA 

benchtop A 10 Basic Mill (IKA-Werke, Staufen, Germany). Then samples were centrifuged at 

3082 ×g for 10 min and separated in a Percoll gradient (1 mL layers of 80%, 60%, 40%, and 20% 
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Percoll in buffer). After centrifugation at 3082 ×g for 20 min, chloroplasts were selected from the 

40% to 60% bands and washed. Concentration of chlorophyll was determined by an established 

method.57 A 100 µL chloroplast solution was added to 1 mL of acetone-water mixture (8:2 v/v) to 

suspend chlorophyll molecules in chloroplasts, then vortexed and centrifuged at 3,000 ×g for 2 

min. Absorbance of supernatant was determined at 652 nm and chlorophyll content calculated 

using an extinction coefficient of 0.036 mg∙L-1∙cm-1:

𝐴𝑏𝑠 = 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 × 36 Eq. (11)

For the confocal fluorescence imaging, 0.02 mg∙mL-1 of chlorophyll mixture was prepared.

Microscopic Observance of CND-chloroplast interactions. Isolated chloroplast 

samples were imaged using a Zeiss inverted confocal microscope LSM 880 (Carl Zeiss, Jena, 

Germany).2,5  Isolated chloroplast suspension in a 10 mM TES buffer (pH 7.4) was incubated with 

0.1 mg∙mL-1 of PEI-CND for 1 h. After incubation, the reaction mixture was washed with a 10 

mM TES buffer solution (pH 7.4) to remove unbound PEI-CND by centrifugation (9300 ×g for 5 

min). The chloroplast suspension was immediately placed on a glass slide with a chamber made 

with observation gel (Carolina, Burlington, NC, USA) for confocal analysis.2,5 The imaging 

settings were as follows: ×40 wet objective (Zeiss Microsystems, Germany); 355 nm excitation 

for PEI-CND; 633 nm excitation for chloroplast. The photomultiplier tubes detection range was 

set 420–500 nm for PEI CND; 680−750 nm for chloroplasts.

Statistical Methods. The means in a series of experiments were compared using one-

way analysis of variances (ANOVA) followed by post hoc comparison using the Tukey test (Prism 

ver. 9.0.2, GraphPad, San Diego, CA, USA). In figures, statistical significances among 

experimental groups are denoted by letters and their statistical significance is further described by 

asterisks in captions: p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***), and p ≤ 0.0001 (****).
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RESULTS AND DISCUSSION

Carbon nanodot interaction with model chloroplast membranes is influenced by sulfolipid 

content. SQDG is the only lipid containing a negative charge on its head group among major lipid 

components in the chloroplast membrane (Fig. 1a).27 Thus, we hypothesized that the amount of 

SQDG plays an important role in the interaction of chloroplast membrane with charged CNDs via 

electrostatics. To examine the impact of SQDG content on the interactions of CNDs with model 

chloroplast membranes, we constructed lipid membranes containing different amounts of SQDG 

via the vesicle fusion method.43 In chloroplast envelopes or thylakoid membranes of plants,9,29,32,33 

SQDG accounts for about 5-7% of total lipids; therefore, we constructed membranes containing 0, 

2.5, 5, and 10% SQDG to examine the impact of both SQDG elimination and enrichment on the 

interactions with the CNDs. Since the model chloroplast membranes were prepared using the 

vesicle fusion method,43 we measured the impact of SQDG amount on vesicle properties to further 

estimate the surface properties of the model membranes. Different amounts of SQDG had no 

significant impacts on the hydrodynamic diameters of the vesicles (Fig. 1b). Due to the sulfonic 

acid group on the head group of SQDG, higher abundance of SQDG leads to increased magnitude 

of the zeta-potential of the vesicles used to build model membranes (Fig. 1c) and a predicted 

decrease in the surface potential of the model membrane.  

The extent of CND interaction with model chloroplast membranes was investigated with 

CNDs bearing three surface chemical compositions (Fig. 2) that were characterized through XPS 

(Fig. S2). Polyethylenimine (PEI) CNDs had positive apparent zeta potential, whereas 

carboxylated-PEI (CP) and polyvinylpyrrolidone (PVP) had negative apparent zeta potential under 
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the experimental conditions, pH 7.5. Zeta potentials and hydrodynamic diameters of three CNDs 

are shown in Fig. 2b-e. The magnitude of zeta-potential of the CNDs were inversely proportional 

to ionic strength due to electrical double layer compression (Fig. 2b-d).58,59 The hydrodynamic 

diameters of the CNDs were independent of ionic strength in the range of 0 – 100 mM except for 

some aggregation of PVP-CNDs under no salt condition (Fig. 2e). The aggregation of PVP-CNDs 

could arise from the hydrophobic interactions of PVP polymers on particle surfaces under weak 

ionic strength of milieu.60 

Model membranes containing 0, 2.5, 5, and 10 mol% SQDG were exposed to PEI-, CP-, 

or PVP-CNDs to compare the extent of CND adsorption under different ionic strengths. 

Association of the CNDs with model membranes was investigated in terms of affinity of CNDs 

for the model membranes and capacity of the membranes to accommodate CNDs. Affinity of 

CNDs to model membranes was determined from initial adsorption efficiencies in the initial stage 

of CND-membrane interaction (Fig. S3, early stage of #6). Once CND interaction with model 

membranes reached equilibrium (Fig. S3, later stage of #6), we calculated maximum acoustic mass 

densities (ΓQCM-D) to evaluate maximum capacity of the membranes to accommodate CNDs. 

Under our experimental conditions, only positively charged PEI-CNDs led to detectable 

attachment to SQDG containing model membranes (cf. Fig. S4 in the Supporting Information). 

The CP-CNDs having hydrophilic surface and PVP-CNDs having amphiphilic surface61–63 did not 

induce any significant changes in mass density upon adsorption. These results indicate that 

electrostatics plays a key role in the interactions between CNDs and chloroplast membranes. In 

the absence of salt, adsorption efficiencies of PEI-CNDs toward model membranes increased with 

the increase in SQDG concentration, whereas PEI-CNDs did not attach to the model membrane 

lacking SQDG in detectable amounts (Fig. 3a). This result meets the expectation that negatively 
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charged SQDG head groups contribute to electrostatic interaction with positively charged PEI-

CNDs. To further investigate the role of SQDG in the interaction with CNDs, we determined 

maximum acoustic mass density (ΓQCM-D) of PEI-CNDs on model membranes (Fig. 3b). The 

absence of SQDG in model membranes led to no significant changes in ΓQCM-D; in comparison, 

SQDG incorporated model membranes induced acoustic mass deposition upon PEI-CND exposure. 

Increases in adsorption efficiencies with rising SQDG concentration notwithstanding, an increase 

in the relative abundance of SQDG was found to decrease the maximum ΓQCM-D by PEI-CND 

adsorption. This decreasing trend in acoustic mass densities indicates that the amount of SQDG is 

not the only contributor determining PEI-CND incorporation on the model membranes. 

Particle-particle repulsion affects capacity of the membrane to accommodate CNDs. 

Because maximum ΓQCM-D was found to decrease as the SQDG concentration in model membranes 

increased, we further hypothesized that larger amount of SQDG incorporated into the model 

membranes leads to stronger interaction with positively charged PEI-CNDs. Nanomaterials with 

a high affinity for model membranes lead to a decrease in nanomaterial diffusion at the 

interface.64,65 Because strongly adsorbed NMs to a surface exhibit a surface exclusion effect on 

newly adsorbing particles,66 a tighter adsorption of CNDs on model membrane could lead to 

reduced particle diffusion at the interface followed by a decrease in CND adsorption. For PEI-

CNDs, we found maximum ΓQCM-D to decrease as the SQDG concentration in model membranes 

increased, which may be the result of PEI-CNDs high affinity for SQDG. 

To test our hypothesis that interaction affinity affects the extent of NM adsorption, we first 

measured changes in energy dissipation during PEI-CND adsorption onto the model membranes 

(Fig. 3c).42,53,67 On the 0% SQDG containing model membranes, PEI-CNDs did not cause any 

significant increases in dissipation to the membrane, whereas incorporation of SQDG into model 

Page 17 of 34 Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



membranes induced dissipation change. The extent of dissipation change decreased as SQDG 

concentration in model membranes increased. The decreasing trend in viscoelasticity suggests that 

higher SQDG concentration leads to tighter PEI-CND adsorption on the model membranes. 

Dissipation changes are often not sufficient to analyze the viscoelasticity of adsorbed layers, 

because high extent of frequency change may perturb the dissipation of adsorbed layers.68 To 

ensure that the observed changes in dissipation stem from the PEI-CND adsorption, we also 

calculated dissipation change per unit adsorbed mass (ΔD/Δf) upon the interaction with the PEI-

CNDs (Fig. S5). The decreasing trend of ΔD/Δf with SQDG concentration in model membranes 

also supports the conclusion that PEI-CND adsorption leads to a decrease in viscoelasticity of the 

CND-adsorbed interfaces. To further investigate changes in adsorption strength with changes in 

SQDG relative abundance, we calculated the adsorption stoichiometry between PEI-CNDs and the 

mass density of SQDG molecules incorporated in the model membranes based on ΓQCM-D as 

described in Methods. According to the calculation, multiple SQDG molecules appear to be 

involved in the interactions with PEI-CNDs (Table S1), and the SQDG to PEI-CND ratio increased 

with increase in SQDG amount. Interactions of both negatively charged CP- and PVP-CNDs with 

model membranes did not show any detectable frequency or dissipation change. (Fig. S4).  Overall, 

our results indicate that electrostatics plays a key role in the interaction of CNDs with model 

chloroplast membranes.

The stronger interaction between PEI-CND and the model membranes could lead to a 

decrease in the trapped water mass associated with the adsorbed PEI-CND.45  However, we expect 

that particle-particle repulsion has a larger impact on the change in mass density upon adsorption 

than the trapped water mass change. The factors determining hydrodynamically coupled (trapped) 

solvent mass are size, shape, orientation of adsorbates at the interface, monolayer coverage, and 
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oscillation frequency.69 In terms of nanomaterial size, the hydrodynamic diameter of PEI-CNDs 

was almost constant under our experimental conditions. (circa 5.3 ± 0.53 nm, q.v. Fig. 2e) The 

CNDs are expected to have spherical shapes, thus the shape and orientation of PEI-CNDs at the 

interface are not likely to lead to any differences. Another factor governing the extent of 

hydrodynamically coupled solvent mass is the adsorption strength related to the degree of particle 

diffusion at the interface.69 The assessment of viscoelasticity based on ΔD and ΔD/Δf  both 

indicated that higher SQDG content in model membranes led to stronger CND adsorption, thus 

the probability of particle oscillation, rolling, or sliding could be relatively low. Subsequently, the 

measured mass densities are likely related to the lateral distribution of CNDs at the surface. We 

do not expect a large degree of conformational change of PEI-CND and consider our model 

membranes thin and rigid (Sauerbrey regime, q.v. Eq. 3). Under these circumstances, there may 

not be significant differences in terms of the amount of trapped liquid between weak or strong 

interaction of PEI-CNDs with the model membranes. 

We conclude that both membrane-CND and CND-CND interactions determined CND 

adsorption onto the model membranes. In the initial stage of CND exposure, negatively charged 

SQDG molecules in the bilayers governed the extent of positively charged CND interaction with 

the model membranes. In the later stage of adsorption, higher SQDG content leads to a lower 

degree of PEI-CND diffusion on the model membranes, which subsequently raises CND-CND 

repulsion. This increased extent of CND-CND repulsion lowers maximum amount of CND 

adsorption.

Electrostatics is the primary contributor for CND-model chloroplast membrane 

interactions. To investigate CND interactions with the model chloroplast lipid membranes under 

biologically relevant ionic conditions, we employed a gradient of ionic strengths to represent the 
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plant cytoplasm.70 We chose KCl, as potassium is the most abundant cation in plant cells. We used 

0, 10, and 100 mM KCl, consistent with the optimal range of salt concentration for enzymatic 

metabolism.70 As ionic strength increased, the positive ζ-potential of PEI-CNDs was reduced (Fig. 

2b), consistent with electrical double layer compression.71

Reduced positive ζ-potential of PEI-CNDs was expected to induce weaker electrostatic 

interaction with SQDG containing model membranes. As expected, adsorption efficiencies of PEI-

CNDs onto model membranes decreased as charge screening of attractive electrostatics increased 

by KCl (Fig. 4). The decreasing trend agrees with the observed change in ζ-potential of PEI-CNDs 

(Fig. 2b). Under each ionic condition, adsorption efficiencies had the propensity to increase with 

a rise in SQDG concentration in model membrane. Decrease in ζ-potential of PEI-CNDs reduced 

lateral repulsion of PEI-CNDs on membrane surfaces, facilitating the higher extent of adsorption. 

On 5% SQDG containing model membranes, an increase in ionic strength increased ΓQCM-D on the 

bilayers (Fig. 5a). These results indicate that the membrane capacity for PEI-CNDs is not entirely 

dependent on initial adsorption efficiency but also related to particle arrangement on membranes. 

At higher KCl concentrations, there is reduced particle-particle repulsion, resulting in CNDs 

having a higher packing efficiency at the interface. Changes in ionic strength produced the same 

effects on 0, 2.5, and 10% SQDG containing model membranes (Fig. S6).

We calculated the fractional surface coverage (θ) to investigate whether the occupied 

surface area was larger under higher salt condition and to demonstrate PEI-CNDs were well-

dispersed on the bilayers without stackings or aggregations. Increases in ionic strength increased 

the fractional surface coverage area of CNDs, demonstrating that a more packed arrangement of 

PEI-CNDs on the bilayers stems from a lower extent of particle-particle repulsions (Fig. 5b). Given 

that the maximum fractional surface coverage area was below 1, PEI-CNDs appeared to be at sub-
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monolayer coverage on the model membranes. From the calculated θ, we were also able to 

speculate the density of PEI-CNDs. The dotted line on Fig. 5b indicates the jamming limit (0.547) 

mathematically calculated for spherical adsorbates.54,72 Considering the jamming limit represents 

zero probability of further adsorption,73 the density of PEI-CND would be higher than that of 

polypropylene. 

Our results from interactions of CNDs with model chloroplast membranes suggest that the 

CND–membrane interactions are primarily dictated by electrostatic forces between SQDG and 

CNDs and between CNDs themselves. Our data also suggest that a random sequential adsorption 

model (q.v. Materials and Methods), which excludes the probability of particle overlapping upon 

particle introduction to interfaces, explains CND behavior at model lipid membranes over a range 

of ionic strengths upon initial stage of adsorption.54,74,75 Anionic CNDs did not lead to detectable 

interactions over the range of 0 – 100 mM KCl (Fig. S4).

Attachment of PEI-CNDs to the isolated chloroplast. To investigate the influence of 

ionic strength on the adsorption of positively charged PEI-CNDs to chloroplast membranes, we 

performed confocal fluorescence microscopy of isolated chloroplasts interfaced with PEI-CNDs 

under KCl concentrations ranging from 0 to 100 mM (Fig. 6a). The PEI-CNDs have a peak 

fluorescence emission from 400-550 nm that allows colocalization analysis with isolated 

chloroplasts from Arabidopsis thaliana leaves exhibiting chlorophyll autofluorescence in the range 

of 650-750 nm (Fig. 6b). The PEI-CND have a quantum yield of 0.43% relative to quinine sulfate 

(0.1 M, H2SO4). The fluorescence intensity of PEI-CNDs increased with higher KCl concentration 

(Fig. 6c). The highest PEI-CND colocalization with isolated chloroplasts was observed in the 100 

mM KCl solution (buffered to pH 7.4 with 10 mM TES buffer). This is consistent with the 

propensity of PEI-CND adsorption to model chloroplast membranes. From our observation with 
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isolated chloroplasts, we highlight that ionic strength is an important parameter for PEI-CND 

interactions with chloroplast biosurfaces. We also confirmed that our model system is a good 

representation of native chloroplast membranes and can be used to explain NM-chloroplast 

interactions.

CONCLUSION

We successfully constructed a model system that mimics lipid compositions of chloroplast 

membranes. We used this model chloroplast membrane to demonstrate that electrostatics is a 

critical component of the interaction between chloroplast membranes and CNDs. We have reported 

that a class of sulfur-containing lipids in plastid membranes, SQDG, played an important role in 

the interaction of model chloroplast membranes with CNDs via electrostatic interactions. We also 

found that particle-particle repulsion is a critical contributor in determining the extent of CND 

adsorption to model chloroplast membranes. Due to electrical double layer compression, changes 

in the ionic environment at CND-chloroplast interface altered the degree of both CND adsorption 

efficiency to chloroplast membranes and the capacity of chloroplast membranes for adsorbed CND. 

These results were in accord with a random sequential adsorption model and its dependence on 

ionic strength of the milieu. We showed that our model chloroplast membrane could elucidate 

mechanisms of NM adsorption onto native chloroplast membranes. Our study improves 

understanding of NM–plant organelle interactions at the molecular level by determining the 

membrane components involved in interactions with NMs, the governing mechanism of the NM-

membrane interactions, and the effects of NM physicochemical properties on the interaction with 

chloroplast membranes. A mechanistic understanding of NM-plant biosurface interactions will 
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advance rational design rules for NMs with intended targets and/or delivery of chemical and 

biomolecule cargoes to plant cell organelles. 
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Figure 1. (a) Representative chemical structure of lipids composing model chloroplast membranes. The 
content of SQDG varied from 0 to 10 mol%. (b) Hydrodynamic diameters (dh) and (c) zeta potential (ζ) of 
unilamellar vesicles containing 0, 2.5, 5, and 10 mol% SQDG. Each vesicle solution was diluted to a 
concentration of 10 μg·mL-1 in 10 mM MgCl2 buffered to pH 7.5 with 10 mM HEPES for the 
measurements. Bars indicate mean values, and error bars are one standard deviations from three replicates. 
Vesicle hydrodynamic diameter did not differ for the range of SQDG contents examined (p > 0.05). 
Analysis of variance showed that the effect of SQDG content on the zeta-potential of lipid vesicles was 
significant, F (3, 8) = 135.5, p < 0.0001. Tukey post-hoc tests revealed that each group differed from the 
others. **, p < 0.01; ***, p < 0.001; ****, p < 0.0001 
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Figure 2. (a) Synthesis protocol and structure of surface modification on CNDs. We synthesized 3 
different types of CNDs having different surface charges/hydrophobicities. Zeta potentials of (b) PEI-, (c) 
CP-, and (d) PVP-CNDs and (e) hydrodynamic diameters (dh) of them were measured under 0-100 mM of 
ionic strengths adjusted by KCl. Each CND suspension was diluted to a concentration of CNDs 
corresponding to UV absorbance of 1.2037 at 410 nm, in 0-100 mM KCl buffered to pH 7.5 with 10 mM 
HEPES for the measurements. Bars indicate mean values, and error bars are one standard deviations from 
three replicates. Only PVP-CNDs under salt-free condition aggregated. From zeta potential measurements, 
analysis of variance showed that the effect of electric double layer compression by salts. Changes in zeta-
potential of CNDs were statistically significant. For PEI-, CP-, and PVP-CNDs, F (2, 6) = 29.09, p = 
0.0008, F (2, 6) = 32.09, p = 0.0006, and F (2, 6) = 102.1, p < 0.0001, respectively. Tukey post-hoc tests 
revealed that each group differed from the others. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 
0.0001 
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Figure 3. (a) Adsorption efficiency of PEI-CNDs on 0 – 10% SQDG containing bilayers. The adsorption 
efficiency on 0% SQDG bilayer was considered zero because PEI-CND did not cause detectable changes 
in frequency upon the exposure. (b) Changes in acoustic mass density upon PEI-CND exposure decrease 
with an increase in SQDG content. (c) Dissipation change of 5th harmonic shows increasing SQDG 
concentration leads to more rigid adsorption. Measurements were conducted in 10 mM HEPES (pH 7.5). 
Error bars on each graph indicate the standard deviation of triplicate measurements. An analysis of 
variance followed by Tukey post-hoc tests revealed that each group is statistically different from the 
others. Significance of differences: *, p ≤ 0.05; ***, p ≤ 0.001; ****, p ≤ 0.0001. 
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Figure 4. Adsorption efficiencies of PEI-CNDs on 0 – 10% SQDG containing bilayers under 0 -100 mM 
KCl. 

 

 

 

 

 

 

 

 

 

 

 

Page 32 of 34Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Figure 5. (a) Acoustic surface mass densities and (b) fractional surface coverages, θ, for bilayers 
containing 5% SQDG. The assumptions used to calculate fractional surface coverages is described in 
Methods. The dotted line represents jamming limit, 0.547. 
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Figure 6. Interactions of positively charged PEI-CNDs with chloroplasts is dependent on the ionic 
strength of the medium. (a) Representative confocal images of PEI-CNDs interfaced with isolated 
chloroplasts under increasing concentration of KCl (0-100 mM). Scale bar, 50 μm. (b) Fluorescence 
spectra of PEI-CNDs and Arabidopsis thaliana leaves upon 405 nm excitation. (c) Mean fluorescence 
intensity values of PEI-CNDs normalized by chloroplast autofluorescence intensity. Normalized PEI-
CND fluorescence intensity increases with the KCl concentration indicating higher affinity with 
chloroplasts under enhanced ionic strength. Error bars on each graph indicate the standard deviation of 
five replicates. An analysis of variance followed by Tukey post-hoc tests revealed that each group is 
statistically different from the others. Significance of differences: *, p ≤ 0.05; **, p ≤ 0.01. 
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