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Nanoparticle surface chemistry characteristics are key factors that determine their behavior upon interaction
with different organisms. In particular, electrostatic interactions between nanoparticles and plant-type
organisms have been well-characterized; however, the impact of the degree of hydrophobicity remains
largely unexplored. Here, ultraporous mesostructured silica nanoparticles (UMNs) were functionalized with
different ratios of chlorotrimethylsilane (TMS) to 2-[methoxy(polyethyleneoxy)y_sopropylltrimethoxysilane
(PEG) to systematically tune their hydrophobicity, and were subsequently used to interrogate how the
degree of hydrophobicity affects nanoparticle interactions at the biointerface of the green alga, Raphidocelis
subcapitata. Using high-content imaging and phenotypic profiling, the levels of UMN internalization,
subcellular trafficking, and their associated phenotypic and physiological impacts were quantified. Increasing
the PEG content on the surface of the UMNs, which decreased particle hydrophobicity, was found to
significantly enhance levels of internalization, but did not alter translocation within the cells. Colocalization
analyses indicated a strong association between UMNs and F-actin filaments after 1-24 hours of exposure,
which was independent of PEG content and degree of UMN hydrophobicity, as there was no significant
difference between particle types. However, after 48 hours, cells appeared to have incorporated a portion
of UMNSs into their cell walls while depositing the remainder into vacuolated spaces. Lastly, UMNs had a
significant impact on phenotype complexity, with specific metrics including enhanced chlorophyll
Received 5th September 2025, production and shifts in cell cycle progression; however, no growth inhibition was observed after 72 hours.
Accepted 28th January 2026 Overall, using this approach, it was found that tuning the degree of UMN hydrophobicity had a significant
DOI: 10.1039/d5en00829h impact on the levels of internalization. However, once inside the cells, the degree of hydrophobicity did not
have a significant impact on translocation, phenotype, or physiological response as each particle type
rsc.li/es-nano elicited similar cellular responses.

Environmental significance

Nanoparticle surface chemistry plays an integral role in facilitating interactions with biological surfaces, and understanding these properties is crucial for
informing design of sustainable nanomaterials. Selected facets of nanomaterial surface chemistry, like surface charge, have been well-characterized because
it is relatively easy to tune the surface charge with ligand choice or control of solution pH; however, the impact of varied nanoparticle hydrophobicity
remains largely unstudied. Here, ultraporous mesostructured silica nanoparticles (UMNs) were synthesized with a range of surface hydrophobicities to
explore these interactions, and Raphidocelis subcapitata, was used as a general in vitro model for plant-type cells. This work directly links the degree of
nanoparticle hydrophobicity to cellular uptake, where decreases in hydrophobicity were associated with higher levels of internalization, while concentration
had little impact on internalization, likely due to saturation of silica uptake pathways even at lower concentrations.

Introduction

Understanding how nanomaterials interact at the interface of
biological systems is important for predicting their behavior
) in the environment and for engineering better nanomaterials
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nanoparticle surface properties influence processes like
adhesion, uptake, and translocation in plant-type cells. This
hinders spaces like nano-enabled agriculture where it is
necessary to design nanomaterials that are scalable,
economical, and carry a minimal environmental footprint,”
or phytoremediation strategies where understanding these
mechanisms could enhance the uptake and removal of
contaminants, like PFAS.?

Currently, extensive research has been done to understand
the critical role of various nanomaterial surface chemistry
parameters, like electrostatics, and how they influence
interactions at the biointerface of different organisms.*”
With plant cells, in particular, there is a well-established
relationship between the charge of nanoparticles and their
degree of interaction with plant biosurfaces. For example,
using model chloroplast membranes and quartz crystal
microbalance with dissipation monitoring, Kim et al., 2022
(ref. 8) showed that positively charged carbon nanodots
exhibit preferential adsorption to the lipids in the chloroplast
membrane compared to neutral and negatively charged
carbon nanodots. Moreover, they also proved that the affinity
between positively charged carbon nanodots and chloroplast
membranes is facilitated, on the cell side, by the abundance
of sulfoquinovosyldiacylglycerol, a sulfolipid with a negatively
charged head group in the chloroplast membrane.® In
another study, Jeon et al., 2023 (ref. 9) explored how the
surface charge density on carbon dots affected the
electrostatic interactions between the cell walls of plants and
algae (Arabidopsis and Choleochaete, respectively) and
nanoparticles. This was done by functionalizing positively
charged carbon dots using polyethylenimine (PEI) polymers
with different molecular weights (0.6k, 10k, and 25k). Their
findings indicated that increasing the surface charge density
of the positively charged PEI-carbon dots enhanced their
interaction with plant and algal cell walls, and that tuning
the surface charge density of nanoparticles provides an
approach to control nanoparticle binding and translocation.’

Some studies have also been done to address how
nanoparticle surface hydrophobicity impacts nanoparticle
interactions with plant biosurfaces, as well as other
organisms.'*™® For example, coating gold nanoparticles with
hydrophobic polymers has been shown to increase
interaction with leaf surfaces and enhance uptake past the
cell walls in wheat.'® Conversely, in HUVEC and C17.2 neural
progenitor cells, gold nanoparticle surface hydrophobicity
did not substantially affect levels of cellular uptake, but did
correlate to higher levels of membrane damage.'® Similarly,
in C. elegans, quantum dots functionalized with hydrophobic
ligands were shown to associate with the cuticle membrane
while exhibiting a lack of particle uptake,'” thus highlighting
key differences in hydrophobic nano-bio interactions
between plant-type and animal-type eukaryotic cells.

Comparatively, less research has been done to address
how tuning the degree of nanoparticle hydrophobicity
influences the level of interaction with plant biosurfaces
and internalization into the cell. This relationship is not

This journal is © The Royal Society of Chemistry 2026

View Article Online

Paper

straightforward as nanoparticles need to be sufficiently
hydrophilic to remain stable in aqueous environments, but
also exhibit enough hydrophobic character to interact with
the amphiphilic species that make up the cell wall and
membrane. In this context, ultraporous mesostructured
silica nanoparticles (UMNs) offer a promising platform for
studying these types of interactions in a controlled,
mechanistically relevant manner. UMNs are characterized
by having large internal volume, high stability in solution,
and a porous shell with ultrahigh pore volume, suitable for
carrying molecular cargo.>'* As such, UMNs have several
potential applications such as plant nutrient and
agrochemical delivery, oxygen sensing, and environmental
pollutant  remediation.>'*™®  Additionally, silica-based
nanomaterials, in general, have large relevancy to plants,
especially as related to agriculture where they have
applications in disease suppression and promoting plant
growth.'”'® Their silica-based surface and high accessible
surface area make them biocompatible and highly tunable,
thus allowing for easy functionalization to incorporate a
range of functional groups, such as those with varying
degrees of hydrophobicity or charge; it is also straight-
forward to incorporate a fluorophore silane into the
synthesis to facilitate stable luminescence for microscopic
visualization.*'*

In this study, UMNs were functionalized with two different
ligands, chlorotrimethylsilane (TMS) and
2-[methoxy(polyethyleneoxy)s_;,propyl] trimethoxysilane
(PEG), to control their surface hydrophobicity, where TMS is
a hydrophobic ligand and PEG is a hydrophilic ligand. To
tune the degree of their hydrophobicity, the UMNs were
functionalized with different molar ratios of TMS:PEG,
including 1:1, 1:2, and 1:3. Here, the term, hydrophobicity,
is used as a general term to describe the balance between the
hydrophilic PEG and hydrophobic TMS surface groups on the
UMN surface, however, it should be noted that increasing the
PEG-silane content enhances the overall hydrophilicity and
correspondingly reduces the relative hydrophobicity of the
particle surface. Varying the hydrophilic PEG content was
chosen instead of the hydrophobic TMS content because
increasing the TMS proportion resulted in particle instability
and aggregation during synthesis. Therefore, adjusting the
content of PEG chain provides a practical way to tune the
overall surface characteristics while maintaining particle
stability. Additionally, the UMNs were also synthesized with
the fluorophore, rhodamine B isothiocyanate (TERITC) fully
incorporated within the core silica structure for stable
fluorescence visualization. In order to study their level of
interaction at the interface of plant biosurfaces, the
unicellular green alga, Raphidocelis subcapitata, was used as a
general in vitro model for plant-type cells due to its similarity
to mesophyll cells of higher plants including a rigid
cellulose-rich cell wall and conserved cellular structures and
pathways, as well as its ease of use with high-content
fluorescence imaging.'®™' Further justification for the use of
this model can be found in the supplementary information.
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Additionally, this study was done in combination with the
multiplexed algal cytological imaging assay (MACI),>" which
utilizes high-content imaging to visualize and measure
alterations to subcellular structures as well as the
translocation of fluorescently labeled compounds or
nanoparticles. MACI, which was developed in R. subcapitata,
is a phenotypic profiling assay that utilizes fluorescence
cytochemistry to visualize multiple subcellular structures and
automated high-content imaging to acquire hundreds of
morphological snapshots.>® Since MACI also captures 100's
of morphological features at single-cell resolution, including
area, shape, quantity, fluorescence intensity, granularity, and
spatial-based descriptors, it allows for the measurement of
subtle changes in phenotype complexity, which can be useful
for predicting mechanisms of action and identifying cellular
targets in plant-type organisms.>*

While largely unexplored, the degree of UMN
hydrophobicity is expected to alter the level of nano-bio
interactions due to the amphiphilic nature of plant
biosurfaces. For example, the cell walls are typically rich in
hydrophilic polymers and acidic polysaccharides like
cellulose microfibrils, hemicelluloses, and pectins, while the
plasma membranes contain lipids and certain integral/
glycoproteins with both hydrophobic and hydrophilic
regions.”*® Therefore, the balance of hydrophobic and
hydrophilic ligands on the UMN surface could influence
processes like nanoparticle wuptake, particularly via
endocytosis, by promoting initial contact with the outer cell
surface, as well as the translocation throughout the cells. As
a result, this may also have a potential impact on aspects of
plant cell physiology like growth and pigment production.
Using high-content imaging and MACI to study UMN
interactions, we aim to (1) characterize how the degree of
surface hydrophobicity of UMNs affects the level of
internalization, (2) compare how the tuned hydrophobic
interactions differ from that of well-established electrostatic
interactions, (3) characterize how UMNSs translocate within
the cell, and (4) assess the phenotypic and physiological
responses in UMN-exposed cells. Overall, by applying this
integrated approach, we aim to expand the current
understanding of how tuning nanoparticle
hydrophobicity can generally impact their interactions with
plant biosurfaces.

surface

Materials and methods

UMN synthesis and characterization

The TERITC-UMNs were synthesized by a sol-gel method
following our previously reported method with some
modifications.>"® First, since TERITC cannot be directly
incorporated into the silica network, it was first combined
with (3-aminopropyl)triethoxysilane (APTES) to form TERITC-
silane, which was then introduced into the synthesis. TERITC
(2.14 mg) was dissolved in 200 proof ethanol (4 mL), and
mixed with APTES (8 pL). The mixture was then stirred in the
dark for 19 hours to form the TERITC-silane precursor.

1980 | Environ. Sci.: Nano, 2026, 13, 1978-1992

View Article Online

Environmental Science: Nano

To synthesize the TERITC-UMNS, cetyltrimethylammonium
bromide (CTAB, 0.1450 g) was dissolved in Milli-Q water (10
mL). N,N-Dimethylhexadecylamine (DMHA, 150 pL) and decane
(116 pL) were then added to the solution, and the mixture was
then stirred for 1 hour at 700 rpm and 50 °C. Next, the mixture
was sonicated in a sonication bath (Branson 2510) for 1.5 hours
to increase micelle formation. Simultaneously, NH,OH solution
(0.256 M, 150 g) was added to an Erlenmeyer flask and stirred
at 300 rpm and 50 °C. The micelle solution was transferred into
the Erlenmeyer flask containing the NH,OH solution after
sonication. After that, ethanolic tetraethyl orthosilicate (TEOS,
0.88 M, 2.5 mL) and the pre-made TERITC-silane solution (1
mL) was added dropwise to the solution via an addition funnel,
and the mixture was stirred at 700 rpm and 50 °C for 1 hour.
All the following procedures were performed with the mixture
covered by aluminum foil to prevent light exposure. PEG (450,
900, or 1350 pL for UMN 1:1, 1:2, or 1:3, respectively) was
then added dropwise to the mixture to functionalize the UMN
surface, and the mixture was stirred at 700 rpm and 50 °C for
30 minutes. Following that, TMS (68 pL) was added to the
solution, and the mixture was stirred at 700 rpm and 50 °C for
another 30 minutes. After incorporating all surface
modifications, the reaction mixture was aged at 50 °C for 16-18
hours. Solutions were then transferred to a glass bottle and
hydrothermally treated at 90 °C for 24 hours.

After the hydrothermal treatment, the TERITC-UMN
suspension was vacuum filtered with a Buchner funnel, and
the filtrate was transferred to centrifuge tubes. The
suspension was then centrifuged (Beckman Coulter Optima
L) at 66000 x g under vacuum (4 °C, 35 minutes). After the
centrifugation, the supernatant was removed, and the pellet
was re-suspended in a NH,NO; solution (6 g L™ in 190 proof
ethanol). The suspension was stirred at 700 rpm and refluxed
at 50 °C for 1 hour to remove the CTAB through an ion
exchange reaction. Next, the suspension was centrifuged
again and washed with 190 proof ethanol. The reflux and
washing steps were repeated again, followed by a final wash
with 200 proof ethanol. Finally, the pellet was re-suspended
in 200 proof ethanol and dried via rotary evaporator.
Dynamic light scattering and zeta-potential measurements of
UMN suspensions in algae media (found in SI) were obtained
with a Zetasizer Nano ZS Size Analyzer from Malvern
Panalytical. Additionally, an Agilent BioTek Synergy H4
hybrid microplate reader was used to characterize the
fluorescence intensity across particle type (found in SI), and
transmission electron microscopy (TEM) was used to
visualize UMN morphology after surface functionalization.

Algal cell culture

A stock culture of R. subcapitata was inoculated in Bold's
modified freshwater solution (Sigma; B5282) at 1 x 10° cells
per mL and grown in a 1 L Erlenmeyer flask. Cells were
illuminated continuously with a full spectrum T8 light bulb
with a photon flux of ~70 uE m™ s™*. The stock culture was
mixed with an orbital shaker at 111 rpm. The source of the

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5en00829h

Open Access Article. Published on 07 de febrer 2026. Downloaded on 13/6/2026 0:14:02.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Nano

algae was from an axenic culture of Selenastrum
capricornutum (old name for Raphidocelis subcapitata) from
Carolina Biological (item: 152521).

Exposure setup

Several different UMN exposures were done to assess
different phenotypic and physiological endpoints at varying
time points, including 1-, 24-, and 72 hours. The 1 hour
exposure was done to assess initial degrees of internalization,
the 24 hour exposure was done to assess phenotypic impacts,
and the 72 hour exposure was done to assess growth
inhibition. In the 1- and 24 hour exposure, the algal cells
were exposed to varying concentrations (between 0-10 ppm)
of each UMN type. For each treatment, 900 uL aliquots of
algal stock, in exponential growth, were seeded into
individual 1.5 mL microcentrifuge tubes, and 100 pL of a 100
ppm UMN stock (1:1, 1:2, or 1:3) and/or algal media were
added to each treatment at the appropriate ratios to make up
the final UMN concentrations at a final volume of 1 mL. For
the 72 hour exposure, treatments were also made at 1 mL
suspensions, however, these exposures were done in 24-well
plates as the flatter, spread-out, surface allows for the
adequate mixing of cells over the longer period of time. In
the 1 hour exposure, cells were also treated with
commercially  available  green  fluorescent  amine-
functionalized polystyrene nanoplastics (PSNPs) (25 nm;
DiagPoly™,  DCFG-L016) to compare hydrophobic
interactions to electrostatic interactions using high-content
imaging. Before exposing cells to the UMNs or PSNPs,
particles were sonicated for 25 minutes to ensure good
dispersion. Each exposure was completed with four
replicates.

High-content imaging & MACI assay

For the 1 hour exposure, cells were fixed with glutaraldehyde
to halt continued UMN interactions, and incubated overnight
at 4 °C to minimize enzymatic degradation and maintain the
integrity of the subcellular structures. Furthermore, it should
be noted that the fixation process via glutaraldehyde, itself,
only takes around 30 to 60 min, at which point the cell-
particle interactions are locked in place due to the covalent
cross-linking of biomolecules, thereby preventing further
interaction or internalization.”* However, keeping the cells at
4 °C overnight allows the cells to gently remove themselves
from suspension with the remainder of the fluorescent dyes
and fixatives in the solution that have not entered the cells,
which can otherwise initially cause the cells to stick to the
sides of the tubes when centrifuging rather than forming a
neat pellet. This is important as it will contribute to the
overall downstream quality of the fluorescent images by
greatly reducing the amount of background fluorescence.
After incubating reactions, cells were centrifuged at 4000 x g
for 5 min, washed 2x with 1x phosphate buffered saline
(PBS), and resuspended in PBS. Cells were then loaded into
glass bottom 384-well plates (Cellvis, P384W-1.5H-N) at a
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seeding density of ~2 x 10° cells per mm? for the optimal
distribution of cells across the well surface. After loading
cells, the well plate was spun gently at 600 RPM for 1 minute
to concentrate cells at the bottom of the well. UMN-treated
cells were imaged with the CY5 and TRITC fluorescent
channels to visualize the chloroplast and UMNSs, respectively,
while the PSNP-treated cells were imaged with the CY5 and
GFP fluorescent channels to visualize the chloroplast and
PSNPs, respectively. In an additional 1 hour exposure, UMN-
treated cells were also stained with rhodamine phalloidin
(Thermo Fisher, T7471) to conduct a colocalization analysis
between the UMNs and F-actin, which was imaged with the
Texas red fluorescent channel. Cells were stained, fixed with
glutaraldehyde, and incubated overnight at 4 °C to minimize
enzymatic degradation and maintain the integrity of the
subcellular structures. After incubating reactions, cells were
centrifuged at 4000 x g for 5 min, washed 2x with 1x PBS,
resuspended in PBS, and plated into a 384 well plate. For the
24 hour exposure, the MACI assay was carried out using
methods described by Ostovich & Klaper, 2023.>" At the end
of the exposure, commercially available fluorescent probes
were used to stain nuclei and lipid droplets using NucBlue
(Thermo Fisher, R37605) and BODIPY 505/515 (Thermo
Fisher, D3921), respectively. Glutaraldehyde was also used to
fix the algal cells. After adding reagents, all reactions were
incubated overnight, at 4 °C to minimize enzymatic
degradation and maintain the integrity of the subcellular
structures. After incubating reactions, cells were centrifuged
at 4000 x g for 5 min, washed 2x with 1x PBS, and
resuspended in PBS. Cells from each sample were loaded into
a well of a glass bottom 384 well plate at a seeding density of
~2 x 10 cells per mm®. In addition to the usual imaging of
added fluorescent dyes, the UMN-incorporated TERITC
facilitated distinct visualization of the added nanoparticles
under the TRITC fluorescent channel (Fig. 1). For the 72 hour
exposure, 25 mL aliquots were taken from each sample and
loaded into a well of a glass bottom 384 well plate. After
loading cells, the well plate was spun gently at 600 RPM for 1
minute to concentrate cells at the bottom of the well, and
then incubated in the dark at room temperature for an
additional 30 min to ensure all cells had settled to the
bottom. For this exposure, cells were only imaged with the
CY5 fluorescence filter to get a cell count measurement. For

Composite

Fig. 1 Fluorescent images of UMN-exposed R. subcapitata cells.
Representative fluorescence micrographs where each image
represents a different fluorescently labeled subcellular compartment
visualized, all at the same magnification indicated by the scale bar in
the composite image. Lipid droplets (not shown) were also analyzed
using the GFP fluorescent channel.
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all exposures, images were acquired at 9 sites per well with
an ImageXpress Micro XLS high-content screening system
with a 60x Plan Fluor 0.85 NA air immersion objective
(Molecular Devices, 1-6300-0414). Additionally, to enhance
image contrast and resolution, the digital confocal feature
was used during image acquisition. Lastly, z-stacks were
taken at a step size of 0.2 pm for 20 steps.

Bioimage processing & analysis

After images were acquired, CellProfiler*® and Fiji*® were
used for image processing. Specifically, CellProfiler was used
for the pre-processing of images, object segmentation, and
morphological feature extraction of individual cells.
Morphological features related to the area, shape, quantity,
intensity, location, and granularity of each subcellular
structure were extracted. To analyze the morphological
feature data, as described in Ostovich & Klaper, 2023,>" the
data was aggregated to per-well values and then the data was
normalized to the non-treated cell control by computing a
Z-score. Lastly, R Studio was used to perform an ANOVA
across all features for each individual fluorophore to remove
any non-informative features with little variance (p-values >
0.05), and the mixOmics package was used for performing
partial least squares-discriminant analyses (PLS-DA) to
assess changes to phenotype complexity.””>° Fiji was used to
create 3D-projections from the acquired z-stacks. Lastly,
CellProfiler was also used to mathematically reconstruct the
algal cell wall onto nano-exposed cells for approximating
levels of nanoparticle uptake. In order to do this, separate,
non-nanoparticle-treated cells were stained with safranin-O
(Fig. $4), which binds to cellulose fibers in cell walls.>**"
Cells were stained at a final concentration of 5 uM, fixed with
glutaraldehyde, and incubated overnight at 4 °C to minimize
enzymatic degradation and maintain the integrity of the
subcellular structures. After incubating reactions, cells were
centrifuged at 4000 x g for 5 min, washed 2x with 1x PBS,
resuspended in PBS, and plated into a 384 well plate. For
imaging, the CY5 fluorescence filter was used to visualize the
chloroplast while the TRITC fluorescence filter was used to
visualize the cell wall. After acquiring images, the critical
distance in pixels from the border of the cell wall to the
border of the chloroplast was determined using CellProfiler
(~4 pixels for this specific microscope and objective) (Fig.
S5). Lastly, the cell walls were mathematically reconstructed
onto the cells by extending the border of the chloroplast by
that same critical distance since the chloroplast is the overall
shape of the entire cell. This procedure was also
implemented on z-stacks for 3D visualization (Movie S1-S3).
This procedure was done in place of directly staining
nanoparticle-treated cells with safranin-O as PSNPs tend to
absorb fluorescent dyes, making fluorescent signals
uninterpretable (Fig. S3), and its fluorescent signal also
overlaps with that of TERITC within the UMNs. After images
were acquired, CellProfiler*® and Fiji*® were used for image
processing. Specifically, CellProfiler was used for the pre-
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processing of images, object segmentation, and
morphological feature extraction of individual cells.
Morphological features related to the area, shape, quantity,
intensity, location, and granularity of each subcellular
structure extracted. In order to analyze the
morphological feature data, as described in Ostovich &
Klaper, 2023,”" the data was aggregated to per-well values
and then the data was normalized to the non-treated cell
control by computing a Z-score. Lastly, R Studio was used to
perform an ANOVA across all features for each reference
chemical to remove any non-informative features with little
variance (p-values > 0.05), and the mixOmics package was
used for performing partial least squares-discriminant
analyses (PLS-DA) to assess changes to phenotype
complexity.>”>° Fiji was used to create 3D-projections from
the acquired z-stacks. Lastly, CellProfiler was also used to
mathematically reconstruct the algal cell wall onto nano-
exposed cells for approximating levels of nanoparticle uptake.
In order to do this, separate, non-nano-treated cells were
stained with safranin-O (Fig. S4), which binds to cellulose
fibers in cell walls.***" Cells were stained at a final
concentration of 5 pm, fixed with glutaraldehyde, and
incubated overnight at 4 °C to minimize enzymatic
degradation and maintain the integrity of the subcellular
structures. After incubating reactions, cells were centrifuged
at 4000 x g for 5 min, washed 2x with 1x PBS, resuspended in
PBS, and plated into a 384 well plate. For imaging, the CY5
fluorescence filter was used to visualize the chloroplast while
the TRITC fluorescence filter was used to visualize the cell
wall. After acquiring images, the critical distance in pixels
from the border of the cell wall to the border of the
chloroplast was determined using CellProfiler (~4 pixels for
this specific microscope and objective) (Fig. S5). Lastly, the
cell walls were mathematically reconstructed onto the cells by
extending the border of the chloroplast by that same critical
distance since the chloroplast is the overall shape of the
entire cell. This procedure was also implemented on z-stacks
for 3D visualization (Movie S1-S3). It is also important to
state that this procedure was done in place of directly
staining nano-treated cells with safranin-O as PSNPs tend to
absorb fluorescent dyes, making fluorescent signals illegible
(Fig. S3), and its fluorescent signal also overlaps with that of
TERITC on the UMNSs. In order to measure the level of UMN
internalization, relative internalization was measured as the
integrated intensity (sum of intensity pixels) of nanoparticle
fluorescence within each cell.

were

OECD 201 growth inhibition assay

Growth inhibition after 72 hours was measured to determine
if the UMNSs elicit a toxicological response from algae. High-
content imaging and bioimage processing were used to
calculate the number of cells per site. This number was then
used to calculate the number of cells per well by converting
the pixel area (2160 px x 2160 px) to a spatial area (um?),
using the pixel-to-um unit conversion for this particular

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5en00829h

Open Access Article. Published on 07 de febrer 2026. Downloaded on 13/6/2026 0:14:02.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Nano

microscope and objective (0.1078 pm px ') and then
multiplying that by the area of the entire well (10.89 mm?).
Next, the cellular concentration of each treatment was
calculated by dividing the number of cells per well by the
volume of liquid dispensed into that well. Lastly, cell
concentration values at time zero and at 72 hours were used
to calculate % growth inhibition using the designated
calculations in the OECD guidelines.*”

Statistical analysis

Statistical analyses were conducted using R Studio.””*® A

Shapiro-Wilk test was used to verify normal distribution and
a two-way ANOVA was used to compare variance among
group means, A Tukey post hoc test was also used for multiple
comparisons, and significant differences were determined
with a 95% confidence interval.

Results/discussion
UMN and Raphidocelis subcapitata surface characterizations

TEM imaging shows that UMNs have consistent morphology
despite having varied functionalization ratios, with a
mesoporous shell and a large internal pore, as expected
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(Fig. 2d). Additionally, all UMN types appeared to be stable in
suspension with no aggregation or settling. The UMN surface
functionalizations were achieved via silane coupling, forming
covalent Si-O-Si linkages between the silane and the silica
surface, which can be supported by previous work using >°Si
solid-state MAS NMR to characterize similarly functionalized
silica nanoparticles.’> In that study, mesoporous silica
nanoparticles were functionalized with PEG and TMS using a
similar procedure. The *°Si NMR spectra of PEG-modified
nanoparticles showed peaks at —-58 ppm and -68 ppm,
corresponding to the T2 R-Si(OSi),(OH) and T3 R-Si(OSi);
resonance of PEG bonded to the surface, respectively. The
TMS-modified nanoparticles also showed an additional peak
at 15 ppm (M1, R;-Si(OSi)), indicating the presence of
bonded trimethyl groups on the nanoparticles. The
observation of these peaks confirms that the surface
functionalizations are covalently attached to the silica
framework through Si-O-Si linkages.

Since each ligand is covalently bonded to the UMNs and
TERITC is directly incorporated into the network covalent
silica structure, this makes these modifications unlikely to
disassociate from the nanoparticles mid-exposure. To validate
this, dissolution of all UMNSs, based on hydrolysis of the

Zeta Potential

Concentration 0.1 ppm 1 ppm

—ab

Zeta Potential

1:2 1:2
UMN.Type

TMS:PEG 1:2

UMN.Type

TMS:PEG 1:3

Fig. 2 UMN characterization in algal media. (a) DLS hydrodynamic diameter, (b) polydispersity, and (c) zeta potential. Data was collected in
triplicate and significant differences were determined using a two-way ANOVA with a Tukey post hoc for multiple comparisons; columns with
different letters differ significantly (p < 0.05). (d) Transmission electron microscope image of UMNs representing each nanoparticle type with
decreasing TMS: PEG to control nanoparticle hydrophobicity. Despite varying functionalization ratios, nanoparticles have consistent morphologies,

with a mesoporous structure and a large internal pore.
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UMN silica core, was assessed in water over the time period
of our algal exposures (~3 days). No significant dissolution
of silicic acid from the UMNs was observed within this period
(Fig. S1), indicating that the nanoparticles remained stable.
Although these measurements were performed in water, the
ionic strength of the algal media is relatively low, so similar
dissolution behavior under the algal exposure conditions can
be expected.

The median hydrodynamic diameter for UMNs suspended
in algal media, as measured with dynamic light scattering,
was found to be between 170 and 210 nm, depending on the
nanoparticle type and concentration (Fig. 2a). Furthermore,
UMNs were found to be around neutral charge/slightly
negative with a median zeta potential between -2 and -6 mV,
depending on nanoparticle type and concentration (Fig. 2c).
While adding more PEG chains to the UMNSs could in theory
reduce the surface charge by decreasing the density of
exposed charged silanol groups, this was largely not the case
here likely due to the already low zeta potential of the UMNs
at the PEG The degree of UMN
hydrophobicity was also estimated using contact angle
measurements (Table S1), however all coated samples
exhibited contact angles of ~6°, indicating hydrophilicity

lowest content.

beyond the resolution of contact angle measurements for
distinguishing between them.

To characterize the relative fluorescence intensities among
the nanoparticles with varied TMS:PEG ratios, UMN
fluorescence was measured with a plate reader (Aex/Aem: 560/
585 nm) at the same concentration (100 pg mL™).
Fluorescence intensities appeared to significantly decrease
with increasing PEG content (Fig. S2). The decrease in
fluorescence intensity with increasing PEG content can be a
result of changes in both the optical and microenvironmental
properties around the fluorescent molecules. Higher PEG
content on the nanoparticle surfaces can decrease the local

refractive index and increase light scattering,® thereby

=
2
[
S
©
=
=
=
]
5]
N
©
[ =
=
2
=
o
5]
N
©
E
E
S
-

1 ppm 5 ppm

Concentration

Fig. 3

View Article Online

Environmental Science: Nano

reducing fluorescence brightness. In addition, PEG was
introduced to tune surface hydrophilicity and enhance
colloidal stability of the nanoparticles in aqueous
environments, as PEG chains can form a hydrated layer
around the nanoparticle.>>*° This hydrated PEG shell can also
alter the microenvironment around the TERITC molecules,
increasing polarity and hydrogen bonding. Previous studies
have shown that the fluorescence of common dyes, including
rhodamine derivatives, can be quenched in water or highly
polar solvents due to O-H vibrations.?” Together, these effects
lead to the observed reduction in fluorescence intensity of
nanoparticles with higher PEG content. Therefore, to account
for this phenomenon when measuring UMN uptake, each
sample fluorescence was normalized to the 1:1-TMS-PEG-
functionalized UMN samples in corresponding exposures.
Previously, the surface of R. subcapitata has also been
characterized. In particular, Gongalves et al. 2015 reported R.
subcapitata as having a largely hydrophilic surface with a
water contact angle of around 48.7° and a negative zeta
potential of about —48 mV.*® These physiochemical properties
suggest that the cell surface is dominated by negatively
charged, hydrophilic functional groups, such as carboxyl and
hydroxyl moieties within the cell wall. This agrees with the
biochemical characterizations of the R. subcapitata cell wall
which report it to be rich in cellulose, while also exhibiting
acidic polysaccharides and certain glycoproteins, which are

19,23

predominantly hydrophilic.

Degree of UMN hydrophobicity facilitates level of cellular
internalization after 1 hour

The UMNs which have interacted with the cells after 1 hour
do not appear to have an initial association, or adherence, to
the outer cell wall, but rather appear to have internalized.
Furthermore, UMNs appeared to have significantly higher
levels of internalization with decreasing hydrophobicity, or

Internalization of UMNs after 1 hour cell exposure. (a) Normalized fluorescence signal from internalized UMN content across concentration

and nanoparticle type. Significant differences were determined using a two-way ANOVA with a Tukey post hoc for multiple comparisons; columns
with different letters differ significantly (p < 0.05). (b) Representative fluorescence micrographs of internalized UMN content across concentration

and particle type.

1984 | Environ. Sci.: Nano, 2026, 13, 1978-1992
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increasing ratios of PEG:TMS, in each exposure
concentration tested (Fig. 3a). Exposure concentration did
not appear to have any impact on internalization within the
same particle exposure. This is likely due to saturation of
UMN uptake pathways even at lower concentrations. Silicon
is considered a beneficial element to plants and algae
because they actively accumulate Si and use it to enhance
their ability to withstand biotic and abiotic stresses.’ Since
UMNs are made of silica, it is likely that cells are capable of
actively internalizing a certain level of UMNSs, and since levels
of internalization are consistent despite differing exposure
concentrations of the same nanoparticle type, this suggests
that the cells have a threshold for how much they will take
up. Additionally, the cellular uptake kinetics of nanoparticles,
like UMNSs, is inherently a saturable process, especially via
endocytosis.”® Furthermore, assuming those kinetics have
already reached a plateau at the exposure
concentrations, increasing the concentration of UMNs would
therefore have no additional impact on uptake for the same
UMN type. Thus, the enhanced UMN uptake observed in
Fig. 3a likely arises from optimizing the density and ratio of
hydrophobic and hydrophilic ligands on the UMN surface,
thereby enhancing their capacity to internalize larger
volumes of UMNs. While the degree of UMN hydrophobicity
has an impact on internalization levels, the location of UMNs
within the cells does appear to be consistent across particle
type and concentration (Fig. 3b), suggesting that the degree
of hydrophobicity itself does not impact where the particles
translocate within the cells.

lowest

Internalization and translocation facilitated by the
hydrophobic interactions of UMNSs is distinct from the
electrostatic interactions of positively charged PSNPs

To get a better understanding of how hydrophobic
nanoparticles, like UMNs, interact with plant cell biosurfaces,
their internalization patterns were compared to positively
charged amine-functionalized PSNPs. In each exposure, cells
were exposed to 5 ppm of each nanoparticle type for 1 hour.
Then, after acquiring images, cell walls were mathematically
reconstructed onto the cells for better visualization and
quantification  of externally bound
nanoparticles.

After exposing cells to each nanoparticle type, several
differences are apparent. Firstly, PSNPs appear to bind to the
exterior of the cell wall to some extent (Fig. 4b), most likely
due to the positively charged particle's attraction to the
negatively charged cell surface. By comparison, the UMNs
that have interacted with the cells after 1 h appear to have
fully entered the cells as opposed to associating with the
outer surface of the cell (Fig. 4a), likely due to the
incompatible electrostatics between the two.

Secondly, when they do internalize, the PSNPs appear to
enter and aggregate at random, whereas the UMNs appear to
distinctly localize in a specific area of the cell. The area the
UMNSs initially translocate to after internalizing appears to

internalized  vs.

This journal is © The Royal Society of Chemistry 2026
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surround a structural element that runs across the arc of the
cell. Since in-depth sub-cellular level fluorescent imaging of
R. subcapitata is not well-documented in the literature, it was
not immediately clear what cellular structure the UMNSs could
be surrounding or binding to. However, given that the UMNs
appear to be localized around a prominent structural element
of the cells, we hypothesized that the structure in question
could be F-actin filaments, which are important for
determining the shape of the cells.*"

A colocalization analysis was done to test if the particles
were associating with F-actin using fluorescence staining with
rhodamine phalloidin. Since phalloidin exhibits high
specificity for actin filaments, binding to the interface
between actin subunits rather than to general hydrophobic
surfaces,”” this dye is ideal for colocalization analysis. Cells
were exposed to UMNs for 1 hour, and then stained with
rhodamine phalloidin to visualize F-actin filaments. Non-
UMN-treated control cells, only stained with rhodamine
phalloidin, were done as a reference to validate the binding
of rhodamine phalloidin to F-actin, rather than potential
association to the UMNs themselves (Fig. S10). After
acquiring images, CellProfiler was used to conduct the
colocalization Specifically, a Mander's
correlation  coefficient” with a Costes method of
thresholding was used to measure the ratio of UMN pixels
that colocalize with actin pixels, but specifically in the
context of UMN pixels that are associated with each
individual cell, or region of interest (i.e. UMN image pixels
that are within the region of individual cells as opposed to
outside individual cells). This ensured that only the
colocalization of foreground signal was being measured, as
opposed to any background signal. After conducting this
analysis, it was clear that the UMN signal does in fact bear
an almost identical location and structure to F-actin
filaments, where they appear to be structural elements that
run across the arc of the cell (Fig. 5a). Additionally, when
merging the two fluorescent signals, there is a nearly perfect
overlap between UMN and F-actin in the cells. The Manders
correlation coefficient was calculated at a mean of 89%, 89%,
and 86% colocalization for 1:1, 1:2, and 1:3 UMNSs,

measurements.

:_ 1 UMN-Treated
Cells

Fig. 4 Hydrophobic interactions vs. electrostatic interactions
visualized through high-content fluorescent imaging. (a) Algal cells
exposed to 5 ppm of 1:3 UMNSs, representing hydrophobic
interactions. (b) Algal cells exposed to amine-functionalized PSNPs,
representing electrostatic interactions.
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Manders Colocalization Coefficient

Mean: 0.86

Mean: 0.89

Mean: 0.89

Fig. 5 Colocalization between UMNs and F-actin filaments. (a) Representative images of fluorescently labeled components. In this case, the UMNs
were made to look green, and the F-actin was made to look blue for better visual discernment in the composite image. (b) Boxplots representing
Manders colocalization coefficient measurements between UMN & F-actin fluorescent signals across nanoparticle type at 10 ppm; no significant

differences were observed.

respectively, in which there was no statistical difference
between colocalization across nanoparticle type. This
indicates a high degree of spatial overlap of fluorescent
signals and close proximity between the two structures,
and, in turn, suggests a nonrandom interaction between
the UMNs and F-actin (Fig. 5b).** Currently, there is no
obvious reason as to why UMNs would be in close
proximity to F-actin in R. subcapitata. Unlike other types of
phytoplankton, namely diatoms, which have frustules made
of silica, R. subcapitata does not have a silica-based cell
wall, nor does it have any subcellular structures primarily
Additionally,
documentation  of  UMNSs, or other silica-based
nanoparticles, directly binding to the F-actin filaments of
algal the
documented as playing an important role in many cellular
processes in plant cells, which may explain the close initial
proximity of the two. For example, in Arabidopsis cells,
F-actin is involved in clathrin-mediated endocytosis
(CME),* where F-actin is essential for the invagination and
Additionally,
F-actin has been documented in plant and algal cells as
being highly involved in cytoplasmic streaming,*' where it
acts as a track for myosin motors to transport vesicles all
over the cell. If the UMNs were internalized through CME,
which has been reported for green algae with other
nanoparticle types,*®
vesicles were being transported throughout the cell, that
could explain why there is such close proximity between
those two fluorescent signals after a short period of

composed of silica. while there is no

plant and cells in literature, F-actin is

scission of vesicles from the membrane.

and the subsequent UMN-containing

exposure.

To study how UMNSs translocate in the cell after longer
periods of time, UMN-treated cells were loaded into 384
well plates after 24 hours of exposure, and then kept in
the well plate for another 24 hours. Cells were subjected
to live imaging, without the use of glutaraldehyde fixation,
to allow for UMNs to freely translocate throughout the
cell. After 24 hours of exposure, UMNs still appeared to
be localized around the F-actin (Fig. 6a), however, after 48

1986 | Environ. Sci.: Nano, 2026, 13, 1978-1992

hours, the UMNs appear to have translocated throughout
the cells (Fig. 6b). Specifically, a portion of the UMNs
appear to have been deposited into the cell wall, while
the remaining majority appears to have accumulated
largely at the apices of the cells in what looks like
terminal vacuolated spaces, similar in location to that of
Closterium  moniliferum.”” Plant cells are
incorporate Si and Si-based nanoparticles into their cell
walls to fortify it, improve its mechanical properties and

known to

regeneration, and increase protection against plant
pathogens.'”'®*® Therefore, in this case, UMN deposition
into the cell wall makes sense, especially after a longer
period. As opposed to having one central vacuole like
higher plant cells, R. subcapitata can have many smaller
vacuoles across the cell.*>*® Several of the cells after 48
hours appear to have small bright spots, indicating UMN
accumulation in those areas, across the cells in addition
to the vacuolated spaces at the cell apices (Fig. 6b). In
algae, like R subcapitata, these

green vacuoles are

Chloroplasts

w
-
=]
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s

Fig. 6 Translocation of UMN in cells between (a) 24 and (b) 48 hours
post exposure. Here the cells were imaged live without the use of
glutaraldehyde fixation to allow for UMNs to translocate over a longer
period of time.
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dynamic organelles with several including

storage and detoxification,” similar to that of higher

functions,

plant cells. Therefore, it is likely that excess UMN content
in those areas of the cell. Based on
these results, it would appear that the interactions of

would accumulate

UMNs with plant biosurfaces are potentially initiated
through CME, and at which point are then streamed
the of the
filaments between 1 and 24 hours after initiation of
exposure (Fig. 5a and 6a). Then after 48 hours, cells
appear to deposit a portion of UMNSs into their cell walls

throughout cells along the axis F-actin

and store the remainder in vacuolated spaces (Fig. 6b).
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MACI assay suggests that UMNs elicit a significant impact to
cell phenotype complexity

After exposing cells to UMNs for 24 hours, they were
stained and imaged using the protocol as described by
Ostovich & Klaper, 2023.2* A CellProfiler pipeline was used
to extract quantitative data from high-content image data.
these data, 450  unique,
morphological features related to area, shape, quantity,
intensity, location, and granularity of each subcellular
structure were extracted. Phenotypic fingerprints of UMN-

From over unbiased,

treated cells were then generated from these features, and
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Fig. 7 Phenotypic responses across algal cells after 24 hour-exposure to UMNs with varied hydrophobicity. (a-c) PLS-DA response plots
graphically describe changes in complex morphological feature data across UMN concentration and surface chemistry; ellipses represent 95%
confidence intervals and p-values represent one-way ANOVA statistics across the 1st latent variable between response groups in each plot. (d)
Relative chlorophyll content in UMN-exposed algae after 24 hours. (e and f) Percentage of cells with 1 or 2 nuclei, respectively, after 24 hours of
UMN exposure. In boxplots, significant differences were determined using a two-way ANOVA with a Tukey post hoc for multiple comparisons;

columns with different letters differ significantly (p < 0.05).
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significant changes to phenotype complexity were
determined with a partial least squares with discriminant
analysis (PLS-DA), a supervised machine learning
algorithm that projects multidimensional data onto 2D
planes in order to predict responses between groups. PLS-
DA plots were created for each nanoparticle type with
increasing concentration (Fig. 7a-c). In each plot, there
was a significant collective separation between response
groups, indicating that UMNs do elicit a significant, and
measurable, change to phenotype complexity, and undergo
key with
Interestingly, while each UMN treatment was significantly
separated from respective non-treated cell controls, groups
representing different concentrations for each nanoparticle

interactions subcellular ~ compartments.

type were not and overlapped with one another, thereby
indicating that UMN concentration in this range has little
impact on phenotype complexity. This may be explained
by the levels of UMN uptake after 24 hours (Fig. S10).
While the relative uptake levels after 24 hours were greater
when compared to the uptake levels after 1 hour (Fig. 3a),
they exhibited a similar trend in which the uptake levels
were facilitated more by the degree of hydrophobicity than
by concentration.

While the majority of the extracted morphological
features represent abstract, unbiased descriptors of the cell
state,
biological meanings, such as the integrated intensity of the
chloroplast and the number of nuclei per cell.?>** The
integrated intensity associated with the chloroplast has a

several of the features also have interpretable

direct correlation to the relative abundance of chlorophyll
in each cell.’>*® After 24 hours of exposure, UMN-treated
cells had mostly produced significantly more chlorophyll
content compared to non-treated cell controls across
particle type and concentration (Fig. 7d), which
recapitulates similar effects in higher land plants exposed
to Si-based nanoparticles. For example, wheat plants treated
with silica nanoparticles reported as having
significantly higher levels of chlorophyll compared to non-

were

treated plants.® The number of nuclei per cell, in which
this organism can have up to 8 nuclei at once, has
relevance to the cell cycle.*"” After 24 hours of exposure,
UMN-treated cells had a significantly lower percentage of
cells with a single nucleus (Fig. 7e), and a significantly
higher percentage of binucleated cells (Fig. 7f) compared to
non-treated controls, thus indicating that the UMNs have
an impact on cell cycle. Typically, an impact to cell cycle
progression, either before or after the first nuclear division,
is commonly associated with instances of cell cycle
disruption/arrest.>>>° this case, the
concentration of cells in UMN treatments were mostly
higher than that of the non-treated controls (Fig. S11), thus
indicating more of a stimulatory response to UMN exposure
after 24 hours, rather than an inhibitory one. This also

However, in

bears resembles to higher plants in which exposure to
silica-based nanoparticles have been reported to increase
growth and yield in various crops."®

1988 | Environ. Sci.. Nano, 2026, 13, 1978-1992
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UMN exposure does not elicit an inhibitory response to cells
over a longer period of growth

To further study the physiological impacts of UMN exposure,
a growth inhibition assay was conducted following OECD 201
guidelines.®” Cells were exposed to UMNSs over a period of 72
hours, and cell count measurements were taken before and
after the exposure duration to calculate the % growth
inhibition.** Interestingly, % growth inhibition calculations
for UMN-treated cells yielded negative results compared to
the non-treated cell control (Fig. 8). This indicates that not
only do the UMNs lack an inhibitory response across
nanoparticle type and concentration after longer periods of
growth, but rather that they elicit more of a stimulatory
response as recapitulated by the MACI assay results (Fig. 7).
Ultimately, the UMNSs appear to be relatively benign, lacking
a concerning toxicological response.

Conclusion

In this study, UMNs were functionalized with hydrophobic
and hydrophilic ligands at different ratios in order to tune
the degree of nanoparticle hydrophobicity. High-content
imaging revealed that tuning the degree of hydrophobicity of
these porous silica nanoparticles does have a measurable
and significant impact on algal cell internalization, while
lacking an impact on cellular translocation, physiology, and
change in phenotypic complexity once inside the cell. These
results parallel observations in higher plant systems, where
hydrophobic coatings
nanoparticle uptake, but do not significantly alter their
transport and distribution among plant components when
compared to nanoparticles with hydrophilic coatings."’

have been shown to enhance

The results of this study indicated that decreasing the
degree of nanoparticle hydrophobicity was found to facilitate
higher levels of UMN internalization in R. subcapitata, while
little effect, suggesting a

particle concentration had
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Fig. 8 % Growth inhibition of UMN-exposed cells after 72 hours of
exposure. Significant differences were determined using a two-way
ANOVA with a Tukey post hoc for multiple comparisons; columns with
different letters differ significantly (p < 0.05).
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saturation phenomenon for the uptake of these silica-based
nanoparticles even at the lowest doses used. The localization
patterns, coupled with F-actin colocalization analyses,
suggest that UMN uptake may be initiated via clathrin-
mediated endocytosis and subsequently trafficked along the
actin filaments before being deposited into the cell wall or
sequestered into vacuolated spaces. This interaction was
distinct from the electrostatic interaction of the positively
charged amine-functionalized PSNSs, which predominantly
associated with the exterior of the cell wall or internalized
and aggregated at random, highlighting the fundamental
differences between hydrophobic and electrostatic nano-bio
interactions in plant-type systems.

Phenotypic profiling, via the MACI assay, revealed
significant changes to phenotype complexity and physiology,
including enhanced nuclear division patterns and increased
chlorophyll content, consistent with previous reports of silicon-
based nanoparticles promoting photosynthetic capacity and
growth in plants. Furthermore, despite increased levels of
internalization with decreasing hydrophobicity, UMN exposure
across the board did not induce growth inhibition after 72
hours. Instead, a mild stimulatory effect was observed,
indicating a slightly beneficial, or at least benign, physiological
impact. Interestingly, in each plot representing an aspect of
biometric data (Fig. 7d-f, 8 and S12), the degree of UMN
hydrophobicity also seemed to generally have little effect on
these physiological readouts in addition to a lack of a dose
response. Here, response groups appeared to be separated into
a binary of exposed and non-exposed. This would suggest that,
while the degree of hydrophobicity facilitates the level of
nanoparticle interaction/particle internalization, the
physiological impact experienced by the cells is likely more due
to the beneficial silica core composition of the nanoparticles
rather than their surface functionalization. However, this is not
always the case when it comes to nanoparticle impacts. For
example, Niemuth et al. 2021 reported a ligand-dependent
toxicity for hydrophobic quantum dots with cadmium selenide
cores when exposed to C. elgans."?

While R. subcapitata serves as a general in vitro model to
study the interactions between UMNs and plant biosurfaces
in this study, extrapolation to whole organism higher plants
should certainly be made cautiously. The relationship
between the degree of UMN hydrophobicity and cellular
uptake observed in this study is likely qualitatively predictive
of trends in the cells of higher plant systems due to the
general similarities in cell wall compositions. For example, in
a study regarding the influence of carbon dot charge on the
interactions with cell walls, Jeon et al 2023 found similar
trends of adsorption between native extracted cell walls of
Arabidopsis and the green algae, Choleochaete.” However,
quantitative differences in uptake efficiencies and transport
are expected due to the complexity of plant tissue when
compared to single cell-cultures. In particular, while the
mesophyll cells of higher plants are similar to green algal
cells like R. subcapitata, they often have a waxy cuticle layer
as an added non-wettable protection that algal cells lack.

This journal is © The Royal Society of Chemistry 2026
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Therefore, in order to extrapolate results, an assumption that
the UMNSs are past the cuticle layer should be made, which
could be a reasonable assumption in the context of
agricultural practices given that commercial agrochemical
products are often formulated with surfactants to penetrate
this layer.”” Beyond intrinsic organismal differences,
environmental context and exposure route will further
influence the relative uptake of UMNSs in in higher plants.
For example, in a scenario where UMNSs are applied to plant
leaves via foliar application, the resulting relative levels of
uptake would likely be similar to the trends observed in this
study. However, in a scenario in which the UMNSs are exposed
to higher plants via soil application, the resulting relative
levels of uptake would not be as straight forward due to the
complexity of soil as a medium in comparison to an aqueous
solution. Therefore, in the context of environmental
remediation, such as the phytoremediation of PFAS, higher
plant studies would certainly be necessary to make better
predictions of uptake and removal in the environment.
Although, given the results of this study, there may also be
an application for using a type of UMN-algae water treatment
for the phytoremediation PFAS contaminated water.

Collectively, these findings extend our understanding of
how the degree of nanoparticle hydrophobicity influences
nano-bio interactions in plant-type organisms, and that
tuning the degree of particle hydrophobicity could potentially
be an effective method for enhancing the uptake and delivery
of UMNs in plant systems. However, it should also be
acknowledged that while these results suggest a correlation
between increasing PEG content and increased algal uptake,
this effect may not be fully due to the changes in
hydrophobicity, but rather a combined effect of multiple
factors including surface functional group density and ligand
orientation. Therefore, in the future, more studies should be
done to experimentally distinguish the individual
contributions of each factor. Beyond their mechanistic
relevance, these results demonstrate the efficacy of UMNs as a
model nanomaterial platform as their tunable surface and
biocompatibility make them suitable for probing
fundamental interaction principals and informing safer-by-
design strategies for agricultural and environmental
remediation nanotechnologies. Lastly, the combination of
high-content imaging and MACI employed here provides a
powerful approach for dissecting nano-bio interactions at the
resolution of single cells, thus enabling nuanced comparisons
across different nanoparticle surface chemistries.
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