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Introduction: As nanodiamonds become more and more widely used for intracellular labelling and measurements, the task of
delivering these nanoparticles inside cells becomes more and more important. Certain cell types easily take up nanodiamonds, while
others require special procedures.

Methods: In previous research, we found that HT-29 cells (a colon cancer cell line), which are notoriously difficult in the context of
nanodiamond internalization, show increased uptake rates, when pre-treated with trypsin- ethylenediaminetetraacetic acid (trypsin-
EDTA). However, the uptake mechanism has not been studied before. This article focuses on a more detailed investigation of the
reasons underlying this phenomenon. We start by identifying the timing of fluorescent nanodiamond (FND) uptake in trypsin-EDTA
pre-treated cells. We then use a combination of chemical inhibitors and Immunocytochemistry to identify the main pathways employed
by HT-29 cells in the internalization process.

Results and Discussion: We investigate how these pathways are affected by the trypsin-EDTA pre-treatment and conclude by
offering possible explanations for this phenomenon. We found that nanodiamonds are internalized via different pathways. Clathrin-
mediated endocytosis proves to be the dominating mechanism. Trypsin-EDTA treatment increases particle uptake and affects the
uptake mechanism.
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Introduction

With the development of attractive applications of nanoparticles in the field of imaging, targeted drug delivery,
theranostics, vaccines, and biosensors, the cellular uptake mechanism of nanoparticles has also received increasing
attention in recent years.' * Nanodiamonds (NDs) are one of the most promising carbon nanomaterials, exhibiting
chemical inertness, good biocompatibility, and the potential for surface modification. Fluorescent nanodiamonds (FNDs)
can emit stable and bright fluorescence without bleaching and blinking. This property allows for long-term observations
of living cells and has already been utilized in the bioimaging field.> Moreover, the optical properties of FNDs can be
modulated through temperature or magnetic fields.® As a result, FNDs can be used as a tool for biosensor applications.”
However, for intracellular measurements, FNDs need to be internalized by the cells first. In order to better understand and
control the fate of FNDs inside the cell, their uptake mechanism should be clarified.

In general, nanoparticles enter the cells by endocytosis.® It is an energy-dependent process and includes two
categories: phagocytosis and pinocytosis. Phagocytosis occurs primarily in specialized cells to take up particles larger
than 500 nm. This uptake mechanism is used by macrophages and neutrophils, which are specialized for clearing
pathogens, apoptotic cells, or debris.” Pinocytosis occurs in almost all types of eukaryotes and includes four main
pathways: macropinocytosis, clathrin-dependent endocytosis, caveolin-dependent endocytosis, clathrin- and caveolin-
independent endocytosis (which, in turn, can be dynamin-dependent or dynamin-independent).'® Our aim in this article is
to determine the mechanism(s) by which FNDs enter HT29 cells.
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Macropinocytosis is an actin-driven process that enables the cells to nonspecifically ingest larger volumes of the
surrounding liquid. This liquid might include particles that might be present in the solution. Macropinocytosis often
happens in combination with other pathways.

Clathrin-dependent endocytosis is an uptake mechanism where the clathrin protein assembles into characteristic basket-like
structures around the forming endosome. This way, clathrin facilitates the necessary curving and pinching of the membrane.""
This process is receptor-mediated, and particles below 200 nm are generally thought to enter the cells via this pathway.'?

Caveolin-dependent endocytosis is also a receptor-mediated process via flask-shaped or spherical pits (called
caveolae) that are coated with the protein caveolin.'® Tt has been shown that certain types of nanoparticles (like silver
nanoparticles) are internalized via this pathway, if their size is 50 nm or smaller.'* In another study, nanodiamonds,
coated with D-a-tocopherol polyethylene glycol 1000 succinate, were internalized by Caco-2 colon cancer cells via this
pathway, even though the complexes were relatively large (approximately 200 nm)."”

Apart from the above-mentioned mechanisms, clathrin- and caveolin- independent endocytosis has been described. This
process can be both dynamin-dependent and dynamin-independent. Dynamin is a small GTPase, which forms a ring around
the neck of a budding endosome. This ring contracts, as dynamin hydrolyses GTP, bending the cell membrane further.

This process brings the lipid layers closer together, which ultimately results in membrane fusion and scission of the endosome
from the cell surface. Clathrin- and caveolin-independent endocytosis is still poorly understood and is an entire family of distinct
pathways.'® The exact mechanism of nanoparticle internalization depends on the type of cells (cell lines) and physicochemical
properties of nanoparticles including size, shape, and surface properties. Gilleron et al have reported that lipid nanoparticles with
the size of 40 nm are transported to HeLa cells via macropinocytosis, whereas in NIH3T3 they were internalized by clathrin-
mediated endocytosis.'® Huang et al demonstrated that internalization of nanohydroxyapatite into the smooth muscle cells was
shape-dependent. In their work, different morphology of the crystals led to either macropinocytosis or clathrin-mediated
endocytosis.'” Often, multiple uptake pathways are used by the cell in parallel to internalize nanoparticles.

Various pathways of endocytosis have been reported for NDs in different cell types. The summary of published work is
given in Table 1. Generally, clathrin-mediated endocytosis seems to be the most observed pathway, but other internalization
mechanisms have been observed as well. One of the most used approaches to studying endocytosis pathways is to incubate
the cells with chemical inhibitors, which interfere with certain mechanisms. However, most of the available inhibitors
interfere with more than one pathway,'®'” which should be taken into account, when interpreting the experimental results.
Some of the commonly used inhibitors, which were also employed in this study, are listed in Table 2. In this study, we
examine the early stages of FND internalization by HT-29 cells. We have recently described a new method that utilized
trypsin-EDTA pre-treatment to increase the number of particles internalized by HT-29 cells.”’ However, the mechanism and
timing of FND uptake have not been further investigated. Figure 1 shows possible uptake mechanisms that are discussed in
this article. We report on the timing of the FND uptake, the three-dimensional distribution of internalized particles in non-
detached, undisturbed cells, as well as the possible mechanisms behind the FND uptake.

Materials and Methods

Cell Lines
HT-29 is a human colon adenocarcinoma cell line. As received HT-29 cells as well as GFP-EpCAM modified (provided

by Prof. Giepmans and his group) HT-29 cells were used to study the FND uptake. The original cell lines were purchased
from Sigma Aldrich. EpCAM is a transmembrane glycoprotein involved in the formation of tight junctions between the
neighboring epithelial cells. In this study, this protein was fused with green fluorescent protein (GFP) to visualize the cell
surface in the transfected cells. The cell culture method and growth environment are similar to those described in our
previous work."? In short, cells were cultured in complete Dulbecco’s Modified Eagle Medium - high glucose (DMEM-
HG) medium containing 10% of fetal bovine serum (FBS, ScienCell, USA) and 100 U/mL penicillin, 100 pg/mL
streptomycin (Life Technologies) at +37°C, 5% CO,.
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Table | Internalization Pathways Reported for Nanodiamonds in Different Types of Cells

Reference Nanodiamond | Nanodiamond Shape and Cell Type Uptake Pathways
Size Surface Modifications
Moscariello et al, 40-55 nm Coated with cationic, bEnd.3 (mouse brain endothelial cells) Caveolin-mediated
2019% PEGylated denatured human endocyetosis, clathrin-
serum albumin mediated endocytosis
Turanek Knotigova 100 nm Carboxylated, flake-like THP-1 (human monocytes) Macropinocytosis, physical
et al, 2019% piercing of the membrane
Liu et al, 2018'® 196 nm Coated with D-a-tocopherol Caco-2 (human colorectal Clathrin-mediated
polyethylene glycol 1000 adenocarcinoma) endocytosis, caveolin-
succinate, loaded with mediated endocytosis,
curcumin macropinocytosis
Solarska-Sciuk et al, <20 nm Functionalized with Trolox C HUVEC-ST (human umbilical vein A549: caveolin-mediated
20147 endothelial cells), A549 (human endocytosis, clathrin-
alveolar basal epithelial cells, mediated endocytosis
adenocarcinomic) HUVEC-ST: clathrin-,
caveolin-, dynamin-
independent endocytosis
Schrand et al, 201 |24 4 nm; form Functionalized with N2A (mouse neuroblastoma) Clathrin-mediated
aggregates of tetramethylrhodamine endocytosis
150 nm
Faklaris et al, 2009%° 46 nm - Hela (human cervical cancer cells) Clathrin-mediated
endocytosis
Vaijayanthimala et al, 140 nm Carboxylated; poly-L-lysine- Hela (human cervical cancer cells), Clathrin-mediated
2009 coated 3T3-LI (mouse pre-adipocytes) endocytosis
Liu et al, 2009% 100 nm Carboxylated 3T3-LI (mouse pre-adipocytes), A549 Macropinocytosis,
((human alveolar basal epithelial cells, clathrin-mediated
adenocarcinomic) endocytosis

Table 2 Chemical Inhibitors of Endocytosis

Inhibitor

Main Affected
Pathway

Mechanism of Action

Cross-Interference with other Endocytic Pathways

Chlorpromazine

Clathrin-mediated
endocytosis (CME)

Prevents the formation of
clathrin coating on the surface
endocytic vesicles

of

Little to none

pathways, including CME
and CavME

Genistein Caveolin-mediated Prevents the depolymerization of Interferes with dynamin recruitment, which can affect
endocytosis (CavME) cortical actin, which is necessary dynamin-dependent pathways (CME, clathrin- and caveolin-
for CavME independent dynamin-dependent pathways)
Amiloride Macropinocytosis Inhibits Na*/H* exchange at the Can disturb actin dynamics, which can affect the pinching of
membrane endocytic vesicles and subsequent transport of endosomes
Dynasore All dynamin-dependent Inhibits activity of dynamin Highly non-specific, inhibits a large group of uptake pathways

Cytochalasin D

Phagocytosis,

macropinocytosis

Causes disassembly of actin
filaments

Interferes with most endocytic pathways

Nanotechnology, Science and Applications 2024:17

https:

149

Dove:


https://www.dovepress.com
https://www.dovepress.com

Sigaeva et al Dove

Phagocytosis and Clathrin-mediated Caveolin-mediated Clathrin- and

macropinocytosis endocytosis endocytosis caveolin-
independent
endocytosis

(CLIC/GEEC)

i /,.‘7;‘ ‘/

-
Na+/H+ [\ )) g
antiporter ! ‘ «
Actin 7;{ < 0
.[ filaments L Y Y
Amiloride Clathrin Caveolin
CytochalasinD  Chlorpromazine Genistein

Figure | Common endocytic pathways. Coloured captions indicate important proteins involved in endocytosis, as well as the corresponding chemical inhibitors used in this
study. Figure was created with BioRender.com.

Fluorescent Nanodiamonds

120-nanometer FNDs were purchased from Adamas Nanotechnologies. The particles contained around 1000 nitrogen-
vacancy centers per particle and were obtained by grinding larger HPHT diamonds followed by irradiation and annealing.
Due to an acid cleaning step at the end of fabrication, these particles are oxygen terminated. These particles have been
characterised previously.”®*’ The concentration of FND stock suspension provided by the manufacturer is 1 mg/mL. For
the FND internalization experiments, the stock solution was diluted in pure FBS. This step prevents aggregation and
results in a small layer of FBS coating on the FND surface.>* While the bare FNDs had a zeta potential of —22 mV and
a hydrodynamic diameter of 120 nm, the FBS coating resulted in a zeta potential of —18 mV and a hydrodynamic
diameter of 130 nm (determined by dynamic light scattering, Zetasizer (Malvern Panalytical)). Then, we added the
serum-free DMEM-HG medium, to obtain a solution containing 10% FBS and 3 pg/mL of FNDs.

FND Internalization
HT-29 cells were seeded on 35-mm glass bottom Petri dishes and cultured to reach 70-90% confluency at +37°C, 5%
COs,. On the day of the experiment, the cells were exposed to the FND-containing medium, according to one of the two
experimental protocols.
In the first case (“FNDs on top”), the cell culture medium was replaced with FND-containing DMEM-HG. The cells were
incubated for a total of 2, 4, 6, or 8 hours. After 2 hours, the FND-containing medium was replaced with FND-free DMEM-HG.
In the second case, HT-29 cells were briefly rinsed with trypsin-EDTA, which has been previously shown to improve
FND internalization in this cell line. The trypsin-EDTA pre-treatment was performed for 30 seconds in an incubator. We
controlled the cell morphology with a bright-field microscope. We observed cells rounding and detaching from each other
but remaining attached to the bottom of the dish. Afterwards, the cells were incubated with FND-containing medium for
(2+0), (2+2), (2+4), or (2+6) hours, as described above. At the end of the incubation, the cells were rinsed with
phosphate-buffered saline (PBS) and fixed with 3.7% paraformaldehyde for 12 minutes for the microscopic analysis.

Inhibition of FND Uptake

GFP-EpCAM HT-29 cells were cultured in glass bottom Petri dishes, as described previously. To assess the FND
internalization pathway, the cells were pretreated with five different inhibitors for 30 minutes at 37°C. The inhibitors had
the following concentrations: genistein 200 uM, dynasore 80 uM, cytochalasin D 0.5 pg/mL, chlorpromazine 10 pg/mL,
and amiloride 200 pM. After the pre-incubation, the cells were exposed to the FND-containing medium, as described in
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FND Internalization. In each case, the medium was supplemented with the respective inhibitor. The incubation with
FNDs lasted for (2+4) hours.

In addition, we performed another set of uptake inhibition experiments at +4 °C, which depletes the cells of energy
and blocks all active transport pathways. In this case, the procedure was identical to that described in FND
Internalization, but all the solutions were cold, and the cells were incubated with the FNDs in the fridge.

Cell Viability Assays

We determined whether the five inhibitors and +4 °C treatment would affect the metabolic activity of the cells. To this end we
used a 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) assay that has been described elsewhere.*' >
For the assay, HT-29 cells were seeded in 96-well plates and cultured for 24 h. Then, the cells were exposed to the inhibitors
and the FND-containing medium, as described in Inhibition of FND Uptake. Additionally, we had HT-29 cells treated with
FND-free medium, as the control for the impact of nanodiamond uptake on the cell metabolic activity. When the incubation
was over, the medium was replaced with 100 pL of MTT solution in PBS per well. The MTT concentration was 5 mg/mL. The
cells were incubated with MTT for 2 h at +37 °C, and the formation of dark-purple formazan crystals inside the cytoplasm was
confirmed with bright-field microscopy. The formazan crystals form due to the activity of intracellular reductases, which
reflects the level of cell metabolism. After removing the MTT solution we added 100 uLL. of DMSO to dissolve the formazan
crystals for 15 min. The absorbance of the solution was measured at 560 nm using a microplate reader.

Immunocytochemistry

In order to better understand the intracellular fate of FNDs, we performed immunostaining of the fixed HT-29 cells (GFP-
free) for certain marker proteins of different endocytic pathways. For these experiments, the cells were fixed after either
(2+0) or (2+4) hours of incubation. The proteins of interest included EEA1 (marker of early endosomes; Abcam,
ab109110), LAMP-1 (marker of lysosomes and endolysosomes; ThermoFisher Scientific, # 53-1079-42), clathrin
(marker of clathrin-mediated endocytosis; ThermoFisher Scientific, # MA1-065-A488), caveolin (marker of caveolin-
mediated endocytosis; ThermoFisher Scientific, # PA5-17447), and Rab34 (marker of macropinocytosis; Abcam,
ab73383). For unconjugated antibodies, a respective secondary antibody, conjugated with FITC, was used: donkey-anti-
rabbit IgG (Jackson, 711-095-152) or goat-anti-mouse IgG (Jackson, 115-095-146).

The fixed cells were washed three times with PBS, 5 minutes per wash. Then the cells were permeabilized with 0.1%
Triton-X100 for 15 minutes, followed by 3x5 minutes of washing with PBS. The samples were incubated with 1%
bovine serum albumin in PBS (PBSA) to block the sites of non-specific binding for 30 minutes. Then cells were stained
with primary antibodies in PBSA at the concentrations recommended by the manufacturer over night at +4°C. The
next day, the samples were washed three times with PBSA, 5 minutes per wash, and incubated with secondary antibodies
in PBSA over night at +4°C in the dark. Afterwards, the samples were washed with PBSA and PBS to remove the non-
bound antibodies, and stored in 1% paraformaldehyde solution in PBS at +4°C until the imaging.

Cell Imaging, Image Processing and Analysis

Z-stack images of the cells were taken with a Zeiss LSM780 confocal microscope. The full z-stack slices of cells were
obtained and all fluorescent signals (GFP, FND, FITC) were collected with a cubic voxel of 132 x 132x132 nm. The images
were processed and analyzed, as described in our previous study.'® Briefly, z-stack images were first deconvolved with FIJI,
using “Diffraction PSF 3D” and “Iterative Deconvolve 3D” plugins. Then all particles in the volume of the z-stacks were
detected, using the “3D Objects Counter” plugin. The particles inside the cells and on the cell membrane were included in the
analysis, while excluding those outside the cell membrane, based on the GFP signal or the bright-field images.

For GFP-EpCAM-expressing cells, the deconvolved images of the GFP channel were transformed to a 3D Euclidean
Distance Map of cells, where we obtained the minimal distance between the particle and the cell membrane. The number
of internalized FNDs was also acquired for each analysed cell. Moreover, the height of each cell was determined, and the
relative vertical position of each internalized particle was derived from that (0% meaning FNDs at the bottom of the cell,
100% - at the top of the cell). These locations were analysed to better understand where particles end up in addition to the
uptake mechanism which was described earlier.
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For the cells after immunostaining, we calculated the proportion of FNDs colocalizing with the signal from the
protein of interest. A particle was considered colocalized, if the minimal distance between the particle and the structure of
interest was equal to 0. This analysis was performed on a z-stack basis.

Statistical Analysis

The results were analyzed, using a one-way ANOVA, followed by a Kruskall-Wallis test for multiple comparisons, or
using the Mann—Whitney test, if only two groups had to be compared. All statistical analysis was performed in GraphPad
9.3. Statistical significance of the differences is reported as follows: “ns” for p > 0.05, “*” for p < 0.05, “**” for p < 0.01,
“xFE” for p < 0.001, “****” for p < 0.0001.

Results
Early Effects of Trypsin-EDTA Treatment on the FND Uptake and Intracellular

Distribution

As expected, pre-treating the cells with trypsin-EDTA Results in higher uptake rates already within the first two hours of
incubation (Figure 2). As the (2+4) incubation scheme leads to the highest FND counts in both groups, we used it for the
experiments on the uptake inhibition to increase the sample size.

The intracellular distribution of FNDs is shown in Figure 3. The distance of internalized FNDs from the cell
membrane and their vertical distribution changed slightly, but the median value did not change significantly. Both non-
treated and trypsin-EDTA pre-treated cells show a similar distribution of FNDs in the endolysosomal compartment. As
expected, the proportion of FNDs in the (endo)lysosomes increases with longer incubation time. Trypsin-EDTA pre-
treatment does not seem to affect the general progression of FNDs from early to late endosomes.

Influence of the Endocytosis Inhibitors on the Cell Metabolic Activity

The effects of chlorpromazine, dynasore, amiloride, cytochalasin D, genistein, and +4°C-incubation on the metabolic
activity of HT-29 cells were investigated before studying the mechanism of diamond endocytosis. The results of the six
experimental groups showed that the cellular metabolic activity was distributed around +20% of the control group, which
is within the range of normal variation (Figure 4). Trypsin-EDTA pre-treatment, combined with +4°C-incubation,
resulted in a decrease in metabolic activity. As trypsin-EDTA forces the cells to detach from each other and from the
bottom of the Petri dish, the cells need to re-establish those contacts. This is an active, energy-dependent process, which
might be impeded by low temperature, causing cell stress. Moreover, if the cells fail to attach to the bottom of the dish,
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Figure 2 Number of FNDs detected inside the cells after different incubation times. The FNDs were counted in the confocal z-stacks, as described in Cell Imaging, Figure
Processing and Analysis. The objects consisting of at least 8 voxels were considered FNDs. The lines in the plot show the median value, the error bars represent the
interquartile range.
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they can be washed away during the change of the medium. This would decrease the number of cells in the sample and
the perceived metabolic activity of the cell population.

FNDs are Internalized via an Active Uptake Mechanism

In investigating the endocytic pathway in HT-29 cells, we used the low temperature to non-specifically inhibit active uptake
pathways. Figure 5 shows that the FND uptake is significantly inhibited, when the cells are kept at +4°C. Representative
images are shown in Figure 5 A and B and a quantification in Figure 5 C. This suggests that internalization of FNDs is an
active transport process involving energy expenditure. Interestingly, FND uptake was still present in the “FNDs on top”
protocol, which can either result from passive internalization of FNDs (eg, via direct membrane piercing) or be an artifact, as
the depletion of the cell’s energy reserves is not immediate, and some uptake might still take place during the early stages of
the incubation. As the “FNDs on top” protocol generally yields rather low particle counts, it is more difficult to notice the
inhibition of the uptake.

The particles that were internalized by the cells were found further away from the membrane, as compared to the
FNDs internalized by the cells at +37°C (see Figure 6). This supports the hypothesis that the uptake observed in cold-
treated cells is an artifact, the residual FNDs that were internalized during the early stages of the incubation and
transported into the cytoplasm. Interestingly, in both non-treated and trypsin-EDTA pre-treated cells, FNDs were found to
be closer to the basal part of the cell.

C FNDs on top Trypsin-EDTA + FNDs on top

40 : *okkk

30

Particles per cell
N
o
1

T — T - T
+37°C +4°C +37°C +4°C

Figure 5 The effects of incubation at +4°C. (A) Trypsin-EDTA pre-treated HT-29 GFP-EpCAM cells after (2+4) hours of incubation with FNDs at +37°C. (B) Trypsin-EDTA
pre-treated HT-29 GFP-Epithelial cell adhesion molecule (EpCAM) cells after (2+4) hours of incubation with FNDs at +4C. No FNDs can be found inside the cells. Notably,
cells show a lot of protrusions of the cell membrane. Green — GFP-EpCAM, red — FNDs. (C) Number of internalized FNDs per cell. Statistical differences are denoted by
kD < 0.0001.
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case of +4°C incubation, the peak of the nanoparticle distribution shifts further away from the membrane. (B) Similarly, pre-treatment with trypsin-EDTA results in
a distribution with the maximum close to the cell membrane. However, a larger portion of FNDs (approximately 70%, as opposed to 60% in panel (A) are located at least 0.5
um away from the membrane. When the cells were incubated at +4°C, the maximum of the distribution shifts to a rate similar to non-treated cells. (C and D) Both in non-
treated and trypsin-EDTA pre-treated cells, low temperature incubation leads to a larger portion of FNDs located in the basal part of the cell.

FND Uptake in HT-29 Cells Occurs Through a Combination of Endocytic Pathways
To further elucidate the uptake mechanism, cells were incubated with chlorpromazine, dynasore, amiloride, cytochalasin
D, and genistein. The numbers of internalized FNDs per cell are summarized in Figure 7. All five inhibitors significantly
lowered the FND counts, indicating that FNDs are internalized via a combination of pathways. Dynasore and amiloride
treatment lead to significant differences between the “FNDs on top” and “trypsin-EDTA + FNDs on top” groups,
affecting the pre-treated cells less than the non-treated ones. This might indicate that trypsin-EDTA pre-treated cells
change the repertoire of endocytic pathways. We further investigated the effects of each of the inhibitors to get more
insight on the mechanisms of the FND uptake.

Clathrin-Mediated Endocytosis is the Dominant FND Internalization Pathway in HT-29
Cells

HT-29 cells were found to contain many clathrin-positive vesicles, and those colocalize with a substantial portion of
FNDs (Figure 8A). Surprisingly, in trypsin-EDTA pre-treated cells, significantly more particles were found to be
associated with these vesicles (Figure 8B). As expected, chlorpromazine, the inhibitor of clathrin-mediated endocytosis,
drastically reduced the number of internalized particles (Figure 8C).

In non-pre-treated cells, incubation with chlorpromazine resulted in a larger portion of FNDs colocalizing with the
cell membrane (Figure 9A). In trypsin-EDTA pre-treated cells, chlorpromazine also caused FND retention at the
membrane (Figure 9B). Additionally, the particles were mostly found in the basal part of the cell, which suggests that
the clathrin-mediated uptake largely takes place from the apical part (Figure 9C). Trypsin EDTA pretreatment had no
effect on the vertical distribution of the particles (Figure 9D).
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Figure 7 Number of FNDs, internalized by HT-29 cells after (2+4) hours of incubation in presence of the chemical inhibitors of endocytosis. Gray lines and asterisks show the
statistical significance of the differences between the control cells (no inhibitor) and each of the inhibitor groups within one experimental protocol (either “FNDs on top” or
“Trypsin-EDTA + FNDs on top”). Coloured lines and asterisks compare the same inhibitor between two experimental protocols (black — no inhibitor; blue —amiloride; Orange —
dynasore). Statistical differences are denoted by ***p < 0.001 and ***p < 0.0001.

Caveolae-Mediated Endocytosis Plays a Smaller, Yet Significant Role in FND Uptake
Approximately 10-15% of FNDs colocalized with caveolin, both in non-treated and trypsin-EDTA pre-treated cells.
There were no differences between the two groups, and genistein, the inhibitor of caveolin-mediated endocytosis, had
a similar effect in both cases (see Figure 10). Genistein had a rather mild effect on the distance between the internalized
particles and the cell membrane, but drastically affected the vertical distribution of FNDs. In non-trypsin-EDTA-treated
cells, genistein resulted in a larger portion of the particles present in the apical part of the cell, the effect opposite to that
of chlorpromazine. In trypsin-EDTA pre-treated cells, however, FNDs were accumulated in the basal part, and the uptake
was reduced in the middle 40-60% of the cell (Figure 11).

Amiloride Affects the Uptake and Intracellular Distribution of FNDs to a Larger
Degree in HT-29 Cells That Have Not Been Pre-Treated with Trypsin-EDTA

As shown in Figure 12, Amiloride, which is generally considered to interfere with macropinocytosis and phagocytosis,
inhibits the uptake of FNDs in both trypsin-EDTA pre-treated and non-treated HT-29 cells. Surprisingly, almost none of
the FNDs were found to be colocalized with macropinosomes, as visualized by Rab34. However, amiloride is known to

34,35

interfere with actin dynamics, and actin polymerization and depolymerization are vital for a range of endocytosis

pathways. Therefore, the observed decrease in FND uptake might be an effect this interference with other pathways.

156 hetps: Nanotechnology, Science and Applications 2024:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Sigaeva et al

oy

¢ 2 :
% < 80 .
o=
22 60
£E
2% 40 a1
ez
5%
§L§ 20
$3
%
R R v v
oo\o oe\o 991\ é;\
C) o-, b\(‘ ‘}(‘
& & o &
& & < @
'»‘e 6(\ m‘\o 6‘\0
FNDs on top Trypsin-EDTA + FNDs on top
ns
40 *okok ok [ *okok ok I
—_—
T 30
(8]
S
@
=%
g 20- .
9 :
t :
© $
o 10+ : §
0 T T T T
Control Chlorpromazine Control Chlorpromazine

Figure 8 (A) HT-29 cells contain many clathrin-positive vesicles. Green — clathrin, red — FNDs. (B) In trypsin-EDTA pre-treated cells, a significantly larger portion of FNDs
colocalizes with clathrin, both at (2+0) and (2+4) hours of incubation. (C) Chlorpromazine, the inhibitor of clathrin-mediated endocytosis, significantly reduces the number
of internalized FNDs in both control and trypsin-EDTA pre-treated cells. Statistical significance of differences between the two control groups is not shown. Statistical
differences are denoted by ns=not significant, *p < 0.05, **p <0.0| and ****p < 0.0001.

Cytochalasin D Reduces the FND Uptake in Both Non-Treated and Trypsin-EDTA
Pre-Treated Cells

Cytochalasin D, which causes depolymerization of fibrillar actin, also has a pronounced effect on the number of
internalized FNDs (Figure 13). Interestingly, the impact of amiloride on the distance between the particles and the cell
membrane (Figure 14A and B) seems to be inverse to that of cytochalasin D (Figure 15A and B). Amiloride causes FND
retention on the membrane in non-treated cells, while cytochalasin D affects trypsin-EDTA pre-treated cells. The impact
on the vertical distribution (for amiloride in Figure 14C and D and for cytochalasin D in Figure 15C and D), however, is
similar for those two inhibitors — they seem to affect the same area of the cell.

The Impact of Dynasore Resembles the Effects of Chlorpromazine on the FND

Uptake and Distribution

As shown in Figure 16, dynasore generally reduces the number of internalized FNDs in both trypsin-EDTA-treated- and
non-treated cells. Similarly to the chlorpromazine-treated groups (Figure 9A and B), dynasore-treated cells contain
a larger portion of FNDs close to the cell membrane (Figure 17A and B). Interestingly, the vertical distribution of the
internalized particles is also affected, but these changes are far more pronounced in control cells, as opposed to the
trypsin-EDTA-treated cells (Figure 17C and D). Again, it resembles the effects of chlorpromazine on the vertical
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Figure 9 Intracellular distribution of internalized FNDs after (2+4) hours of incubation. Both in control and trypsin-EDTA-treated cells, chlorpromazine increases the
proportion of particles at the cell membrane (A and B). It also affects the vertical distribution of internalized FNDs in control cells (C), but not in trypsin-EDTA-treated cells
(D). In the control group (“FNDs on top”), chlorpromazine treatment results in more FNDs in the basal part and less FNDs in the apical part of the cells.

distribution of FNDs (Figure 9C and D). As dynasore is involved in pinching of the endosomes off the cell membrane,
and clathrin-mediated endocytosis is the dominant internalization pathway, it is not surprising that these two inhibitors
have a similar effect on the FND distribution in the cells.

Discussion

We demonstrate that the FND internalization rates increase already within the first 2 hours after trypsin-EDTA
treatment. After these first two hours the medium is replaced by medium that does not contain FNDs. However, the
number of internalised FNDs still increases until the 2+4 hour group. This is probably due to particles that are on
the surface at the 2 hour time point but are ingested. After that, the particle number per cell decreases which can be
attributed to excretion or cell division. Trypsin-EDTA treatment has been previously shown to improve the uptake of
FNDs in HT-29 cells, however the details of this process were not clear. This treatment does not have a major effect
on the distance between the FNDs and the cell membrane (ie, on the intracellular transport of FNDs away from the
cell surface). However, it somewhat changes the vertical distribution of the particles inside the cell. We observe
slightly more FNDs in the middle and basal part of the cell (20-40% of total cell height). This can be explained by
the changes in either the particles’ intracellular transport or in their entry point into the cell.

EDTA sequesters the Ca*" ions, which are necessary for the interaction of cell adhesion molecules and for the
cells forming tight junctions — highly impermeable connections located in the middle part of the cells. Trypsin
cleaves the proteins from the cell membrane, further preventing the cells from being connected to each other.
Intercellular junctions are important to maintain the apical-basal polarity of epithelial cells and to form a barrier,
which makes the basal membrane of the cells virtually inaccessible for the material (fluids, molecules, particles)
coming from above. The differences in basal and apical uptake of epithelial cells have been previously

158 hetps: Nanotechnology, Science and Applications 2024:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Sigaeva et al

w

G R
g %
s
52 20
53
EE 15
SE
22 10
o3
g8 5
[
>0
< © 0
R R \a \a
Q@ Q\o Q,o« (\('9&
o o’ & &
&S {’fg & &
o o & &
‘LQO 600 q:oo\) 6‘\0\)
FNDs on top Trypsin-EDTA + FNDs on top
ns

40- *kkK I

Particles per cell
N
T

LIS ——

I 1
Control Genistein Control Genistein

Figure 10 (A) Caveolae can be seen in HT-29 cells as punctate patterns on the cell membrane. Green — caveolin, red — FNDs. (B) Both in non-treated and trypsin-EDTA-
treated cells, 10—15% of FNDs colocalize with caveolin at (2+0) and (2+4) hours of incubation. (C) Number of internalized FNDs after (2+4) hours of incubation in presence
of genistein, the inhibitor of caveolin-mediated endocytosis. Statistical significance of differences between the two control groups is not shown. Statistical differences are
denoted by ns=not significant and ***p < 0.0001.

described.' Similarly, removing those differences by disturbing the cell-cell contacts has been proven to increase
the uptake of lipoplex internalization in the cells that are generally difficult to transfect.*®

Disruption of the tight junctions will inevitably increase the surface of the cell membrane available for FND binding
and internalization. However, it might also affect the distribution of the receptors and multi-protein structures that are
responsible for the uptake. To assess these processes, we investigated the vertical distribution of FNDs (assuming that it
is influenced by the point of entry of the particles) and the way it is affected by the inhibitors of different endocytic
pathways. These findings are summarized in Table 3.

The first pathway we analyzed was clathrin-mediated endocytosis. In epithelial cells (and HT-29 cells are of
epithelial origin), there are two distinct populations of clathrin-coated pits: the apical and the basal ones. If the tight
junctions are disrupted, the basal population will become available for the FND uptake, and the proportion of
particles internalized via this way will increase. This is what we see in Figure 8B: trypsin-EDTA pre-treated cells
contain a 2-3 times higher percentage of FNDs that colocalize with clathrin-coated vesicles. In non-treated cells,
FNDs coming from the top would be mostly internalized via the apical pits. If the cells are treated with
chlorpromazine, the inhibitor of this process, we would expect to see a decrease in the number of FNDs in the
upper part of the cell. However, in trypsin-EDTA pre-treated cells, FNDs would be taken up over the entirety of the
cell surface — hence, chlorpromazine would decrease the number of internalized particles equally at all heights, and
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Figure 11 Intracellular distribution of internalized FNDs after (2+4) hours of incubation in presence of genistein. (A) Genistein does not increase the proportion of FNDs
at the cell membrane in the non-trypsin-EDTA-pre-treated cells, but mildly impedes the progression of FNDs away from the cell periphery in trypsin-EDTA-treated cells (B).
The impact of genistein on the vertical distribution of FNDs also differs between trypsin-EDTA-treated and non-treated cells. (C) In non-treated cells, genistein causes
accumulation of FNDs in the apical region of the cells. (D) In contrast, cells, pre-treated with trypsin-EDTA, have a larger portion of FNDs located in the basal part.

the proportions in the vertical distribution would not change. Figure 8C as well as Table 3, show exactly such
a response.

Another pathway we explored was caveolin-mediated endocytosis. Caveolae in epithelial cells are mostly found
in the basal part of the cell, and this would be the population affected by genistein, the inhibitor of caveolin-
mediated uptake. In non-trypsin-EDTA-treated cells, we see that genistein decreases the proportion of FNDs present
in the basal part of the cell (Table 3). However, in trypsin-EDTA pre-treated cells, genistein mostly affects the
middle population of the particles. This might stem from the redistribution of caveolae on the cell membrane, caused
by the disruption of tight junctions and partial loss of apical-basal polarity. It is worth noting that the proportion of
FNDs colocalizing with caveolin remains the same in both experimental groups — in contrast to previously discussed
clathrin-mediated endocytosis. Trypsin-EDTA treatment thus does not seem to increase the probability of FNDs
binding to the caveolae, only the location on the cell membrane, where this process occurs. Caveolae-mediated
endocytosis seems to occur even in non-treated cells — possibly at the periphery of the cell clusters. If it is
a relatively minor pathway of FND uptake, the added portion of available caveolae might be not large enough to
affect the results. More thorough analysis of the distribution of caveolae, as well as the differences in FND uptake
on the periphery of cell clusters, where more of the cell surface is available to the particles, and in the central part
of the clusters, could shed more light on this process.

While macropinosomes were clearly seen in HT-29 cell, FNDs did not seem to colocalize with those vesicles. At
the same time, amiloride treatment substantially decreased the number of internalized particles. This discrepancy
emphasizes the need for using complementary techniques to analyze the endocytic pathways. Amiloride is known to
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Figure 12 (A) HT-29 cells contain a relatively high number of large vesicles, positive for Rab34 (green), which is associated with macropinosomes. However, internalized
FNDs (red) almost never colocalize with those (B), which indicates that macropinocytosis does not play a substantial role in the FND uptake in this cell line. (C) At the
same time, amiloride significantly decreases the number of internalized FNDs in both control and trypsin-EDTA pre-treated cells. This effect is more pronounced in the

control cells. Statistical significance of differences between the two control groups is not shown. Statistical differences are denoted by ns=not significant, ***p < 0.001 and
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Figure 13 Number of internalized FNDs after (2+4) hours of incubation in presence of cytochalasin D. Statistical significance of differences between the two control groups
is not shown. Statistical differences are denoted by ns=not significant and **p < 0.0001.
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Figure 14 Intracellular distribution of internalized FNDs after (2+4) hours of incubation. Amiloride increases the proportion of particles at the cell membrane only in the
control (A), but not in trypsin-EDTA-treated cells (B). It has similar effects on the vertical distribution of internalized FNDs in both experimental groups, increasing the
proportion of particles at the very bottom of the cell and mildly decreasing the proportion of particles in the middle part of the cell (C and D).

interfere with actin dynamics, but its effects differ in various cell types. In vascular smooth muscle cells, for
example, amiloride has been shown to induce hyperpolymerization of actin,*® whereas renal epithelial cells respond
with actin depolymerization.>> The response of HT-29 cells has not been studied. However, a similar cell line, Caco-
2, exhibits aggregates of polymerized actin, when treated with amiloride.?” In line with this, cytochalasin D, a potent
agent causing actin depolymerization, has the opposite effect on the trypsin-EDTA pre-treated and non-treated cells,
which can be seen as circumstantial evidence of an actin-polymerizing effect of amiloride. More studies would, of
course, be necessary to examine this hypothesis.

Interestingly, both amiloride and cytochalasin D exhibit their impact in the same vertical area of the cells — possibly
acting on the same target. Some of the mechanisms, which have not been explored in this study, but are heavily
dependent on actin polymerization, include glycosylphosphotidylinositol- anchored protein enriched compartments/
clathrin-independent carriers (GEEC/CLIC) endocytosis (Figure 1) or flotillin-dependent endocytosis. Indeed, actin
dynamics seem to play the central role in the clathrin- and dynamin-independent uptake pathways.”® A number of
these endocytic systems is also organized in a polarized manner in a cell, favoring the basolateral surface.* This
possibility should be investigated as well, as this family of uptake mechanisms has been largely overlooked by the studies
of nanodiamond-cell interactions.

To summarize, we show that nanodiamond internalization by the cells of epithelial origin is a complex and
intricate process, which involves a number of mechanisms. Moreover, a simple and routine procedure, such as
trypsin-EDTA treatment, commonly used in cell culture, can have profound impact on this process, changing not
only the number of internalized FNDs, but the underlying pathways as well. Further, it is worth noting that treating
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Figure 17 Intracellular distribution of internalized FNDs after (2+4) hours of incubation. Dynasore increases the proportion of particles at the cell membrane both in the
control (A) and in trypsin-EDTA-treated cells (B). At the same time, in the “FNDs on top” group, treatment with dynasore causes another peak around 1.5 ym from the cell
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to chlorpromazine: in non-treated cells, dynasore increases the proportion of particles at the basal part of the cell and decreases the apical population. (D) In the cells pre-
treated with trypsin-EDTA, dynasore has a very mild effect on the vertical distribution of FNDs, causing slightly more FNDs to be in the apical part of the cell.

cells with trypsin-EDTA is impractical to use in vivo. However, there are several applications of nanodiamonds

where this process can be applied. These applications include for instance mechanistic studies in cells with

40-42 43,44

nanodiamonds or ex vivo diagnostics.

Table 3 Impact of Chemical Inhibitors on the Vertical Distribution of Internalized FNDs

Inhibitor FNDs on Top Trypsin-EDTA + FNDs on Top

Region of the Largest
Decrease in FND Counts

Region of the Largest
Increase in FND Counts

Region of the Largest
Decrease in FND Counts

Region of the Largest
Increase in FND Counts

(middle, apical)

(middle)

Chlorpromazine 80% of total cell height 0% of total cell height (basal) n/a n/a
(apical)
Genistein 0% of total cell height (basal) 100% of total cell height 40% of total cell height 20% of total cell height
(apical) (middle) (basal)
Amiloride 60% of total cell height 0% of total cell height (basal) 60% of total cell height 0% of total cell height (basal)
(middle) (middle)
Dynasore 40-80% of total cell height | 0% of total cell height (basal) 40% of total cell height 80% of total cell height

(apical)

Cytochalasin D

40% of total cell height
(middle)

0% of total cell height (basal)

60% of total cell height
(middle)

20% of total cell height
(basal)
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Conclusions

In this study we analyze the uptake of nanodiamonds by HT-29 cells. While the uptake itself was reported earlier,'® we
here investigated the mechanism behind it. We show that nanodiamonds are internalized via a wide range of endocytic
pathways, with clathrin-mediated endocytosis being the dominant one. Pre-treating the cells with trypsin-EDTA, even for
a very short time, dramatically increases the number of internalized particles and affects the distribution of endocytic
mechanisms involved in the uptake. Our findings emphasize the need to use complementary techniques to investigate the
nanoparticle internalization pathways and highlight the complex nature of this process.
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