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ARTICLE INFO ABSTRACT

Keywords: Inorganic-organic hybrid nanoparticles (IOH-NPs) are a promising drug delivery system in oncology due to their
Correlative light and electron microscopy high drug-load capacity. In this study, we established a 3D correlative light and electron microscopy (CLEM)
(CLEM) workflow that combines confocal fluorescence microscopy (FM) with focused ion beam scanning electron mi-

Inorganic-organic nanoparticles (IOH-NP) . . . . . .
Intracellular uptake and trafficking croscopy (FIBSEM) to unambiguously identify and visualize the (sub)cellular uptake and processing of reference

Focused ion beam scanning electron
microscopy (FIBSEM)
Quantitative confocal fluorescence microscopy

fluorescently labeled and zirconium-based IOH-NPs in murine H8N8 breast cancer cells. The 3D-CLEM workflow
was set up without the need to add external fiducial markers since image correlation was achieved using lipid
droplets as intrinsic correlative landmarks. We observed that all H8N8 breast cancer cells had taken up IOH-NPs

after 4 h, and most IOH-NPs were found in clusters within the H8N8 cells. IOH-NPs were internalized by
endocytosis within 2 h with increasing cellular concentrations over time and accumulated in endolysosomal
vesicles over 24 h, while the overall endolysosomal volume increased between 2 and 6 h after IOH-NP incubation
and returned to its original value thereafter, remaining stable for up to 48 h. The 3D-CLEM workflow also
revealed changes in the morphology and density of the IOH-NPs inside endolysosomal vesicles, suggesting the
dissolution of IOH-NPs after 2 h. We also observed mitochondrial swelling in IOH-NP exposed cells, suggesting
stress responses even without drug load. The 3D-CLEM workflow provides new insights into the cellular tracking
and processing of IOH-NPs and supports the development of novel nanomedicine strategies.

therapy that has the potential for drug delivery to the tumor site, min-
imizes side effects and enhance therapeutic efficacy to improve patient
care and increase survival rates for cancer patients. The IOH-NPs have
been described in detail elsewhere.'™

Introduction

By establishing an advanced correlative light and electron micro-
scopy workflow in 3D (3D-CLEM), we visualized and quantified the
uptake, cellular distribution and processing of inorganic-organic hybrid
nanoparticles (IOH-NPs) in H8N8 murine breast cancer cells. The 3D-
CLEM workflow allowed us to unambiguously identify IOH-NPs within
their ultrastructural context within entire cancer cells in 3D without the
addition of external fiducial markers for correlation. We instead relied
on inherent lipid droplets for the alignment between the light and
electron microscopy channels. The IOH-NPs can be loaded with one or
two chemotherapeutics and represent a promising approach for cancer

Inorganic-organic hybrid IOH-NPs (IOH-NPs)

The concept of IOH-NPs was developed for combined therapy and
diagnostics, ensuring the highest possible drug loading (>60 % of the
nanoparticle (NP) mass) while maintaining a simple chemical compo-
sition and straightforward synthesis in water. IOH-NPs are characterized
by a saline composition consisting of an inorganic cation and a drug
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anion. The drug anion is functionalized with phosphate, sulfonate, or
carboxylate groups. In combination with a suitable cation, these drug
anions form poorly soluble compounds in water (e.g., [ZrO]? [5-fluoro-
2'-deoxyuridine-5-monophosphate, (FdUMP)]%~, [ZrO]%"[gemcitabine
monophosphate (GMP)]?") with 75 wt% FdUMP (chemotherapeutic
agent)' and 76 wt% GMP (chemotherapeutic agent).” Both are examples
of chemotherapeutic drug anions. The experiments presented here were
conducted with reference IOH-NPs (Ref-IOH-NPs) without an active
chemotherapeutic agent to prevent premature cell death and to visualize
the effects of the IOH-NPs on cells and their pathways without inducing
apoptosis.

Previously, IOH-NPs have been characterized extensively.® Detailed
analyses confirmed their colloidal stability in water and high drug-load
efficiency and were shown to accumulate in an orthotopic pancreatic
ductal adenocarcinoma mouse model not only in the primary tumor but
also to metastatic sites.” The incorporation of the fluorescent dye
DUT647 into the IOH-NPs enabled direct visualization of their intra-
cellular distribution using optical imaging.” In in vitro studies, the
intracellular uptake of IOH-NPs that consist of a cocktail of chemo-
therapeutic and cytostatic drugs was confirmed, and the synergistic anti-
cancer effect of these IOH-NPs was shown in a murine breast cancer cell
line (pH8NS8) and a human pancreatic cancer cell line (AsPC1).° In
AsPC1 cells, DUT647-labeled gemcitabine-free Ref-IOH-NPs turned out
to end up in LysoTracker-positive late endosomes and lysosomes.” Here,
we complement these studies by the 3D visualization of the uptake,
subcellular distribution and degradation of zirconium-based and fluo-
rescently labeled IOH-NPs within the ultrastructural context of single
cancer cells using an advanced 3D-CLEM workflow.

3D correlative light and electron microscopy (CLEM)

In CLEM, fluorescence microscopy (FM) visualizes the distribution of
fluorescently labeled molecules but lacks the information about sur-
rounding structures. This ultrastructural context can be visualized using
electron microscopy (EM), which, in turn, lacks high molecular speci-
ficity. Only the combination of FM and EM can gather spatial and
temporal information about a specific molecule within its subcellular
architecture.

The field of CLEM has been receiving more and more attention in the
last years and has become the method of choice to target rare processes
within cells. However, CLEM often focuses on thin sections of only a few
nanometers” and lacks robust solutions to re-identify regions of interest
(ROIs) after the relocation between imaging platforms.® ® In line with
similar endeavors,” we here add the third dimension to the CLEM-
workflow by combining confocal microscopy with focused ion beam
scanning electron microscopy (FIBSEM) as a stand-alone imaging tech-
nique and work towards automated correlation without the addition of
additional fiducial markers. While transmission electron microscopy
(TEM) requires thin samples of only about 100 nm in thickness, '’ un-
precedented large volumetric reconstructions, such as of entire cells, are
now routinely achieved using FIBSEM by sequentially milling and im-
aging the surface of the sample.'' The data can then be reconstructed in
3D and provide a comprehensive and accurate view on the subcellular
organization of cells and tissues, at a resolution in the nanometer range.
To streamline the workflow, we applied a 3D-CLEM approach that en-
ables the unambiguous identification of IOH-NPs without the need to
add external fiducial markers, such as fluorescent microspheres (e.g.,
TetraSpeck™ beads) or quantum dots that are commonly used to reg-
ister FM and EM images.'>'® By eliminating external markers, we
simplify sample preparation, reduce clustering artefacts, and improve
the preservation of the cellular ultrastructure. Instead of these external
markers, we rely on endogenous organelles that are electron-dense and
can be fluorescently labeled. Specifically, we used lipid droplets stained
with BODIPY, which makes them visible in FM, while their high lipid
content ensures contrast in EM. These droplets, ranging from 100 to
1000 nm in diameter, served as intrinsic landmarks for the alignment of
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the 3D-CLEM datasets.'* The unambiguous localization of IOH-NPs was
additionally ensured by their DUT647 fluorophores and the presence of
zirconium in the IOH-NPs and its strong electron absorbance, indicative
for the localization of IOH-NPs, since zirconium is absent in cells.

3D-CLEM for visualization of nanoparticles in cancer cells

NP uptake in cultured cancer cells primarily occurs via endocytic
pathways, resulting in rapid enclosure of particles in early endosomes,
followed by trafficking to late endosomes and lysosomes within minutes
to hours.'>'® FM techniques, often employing fluorescently labeled NPs
or organelle-specific dyes, have been widely used to monitor uptake
dynamics and subcellular colocalization. However, their spatial resolu-
tion is limited by diffraction (~200-300 nm), and interpretation can be
confounded by the need for specific labeling.'”'® To overcome these
drawbacks in the study of NP, CLEM was employed, and several CLEM
studies have localized gold or quantum dot NPs within endolysosomal
structures, employing combinations of FM and 2D EM.'>?° Additionally,
cryogenic correlative microscopy combining widefield 3D fluorescence
with soft X-ray tomography has been applied to investigate the lyso-
somal localization of drug-loaded lipid-based nanocarriers.”! Up to date,
CLEM has been applied several times to examine different parts of cells
or biological pathways,'#?%?* as well as using lipid droplets as internal
fiducial markers.'* However, most studies rely on partial or 2D corre-
lation, and true 3D-CLEM workflows that integrate 3D FM with 3D EM
(e.g., FIBSEM) for studying the subcellular distribution of drug-delivery-
relevant NPs remain very limited. Importantly, to the best of our
knowledge, no prior study has applied 3D-CLEM to analyze the subcel-
lular fate of metal-based NPs for drug delivery. Our 3D-CLEM approach
allows precise co-localization of fluorescent signals with electron-dense
NP structures and their surrounding subcellular compartments in 3D. It
overcomes the limitations of conventional 2D EM and diffraction-
limited FM by providing an unambiguous ultrastructural context for
fluorescent signals across entire cell volumes. The workflow hence
represents a significant advancement for nanoscale drug delivery
studies. It provides, to the best of our knowledge, for the first time, a 3D
correlation of metal-based drug-delivery nanoparticles with their
cellular environment at nanometer precision.

Methods
Cell culture of H8NS cells

Murine H8NS cells, a basal-like breast cancer cell line with tumor
stem cell characteristics derived from bi-transgenic WAP-T/WAP-
mutp53 tumors,”* were cultured in Dulbecco’s Modified Eagle Medium
with high glucose (4.5 g/L p-glucose; Carl Roth GmbH+Co.KG, Karls-
ruhe, Germany), supplemented with 10 % fetal calf serum (Sigma
Aldrich, Taufkirchen, Germany). Cells were maintained at 37 °C in a
humidified incubator with 5 % COs..

For CLEM experiments, cells were seeded into MatTek dishes (Mat-
Tek, Ashland, MA, USA) with a gridded and removable coverslip, to
enable imaging under the confocal microscope as well as FIBSEM. For
the incubation times of 2 and 6 h, as well as the control samples, 150.000
cells were seeded into each dish. For the 24 h IOH-NP incubation,
90.000 cells were seeded in each dish. Cells are maintained in the
incubator over night to ensure proper attachment. Control cells are
referred to as H8NS8 cells without the addition of IOH-NPs.

IOH-NPs

[ZrO]2+[(CMP)O,gg(DUT647)0,01]2’ IOH-NPs were prepared by dis-
solving 36.7 mg (0.1 mmol) of cytidine monophosphate sodium salt
(Nay(CMP), > 97 %, Sigma Aldrich, Taufkirchen, Germany) in 50 mL of

demineralized water. For fluorescence labelling, 25 nmol of DUT647
were added to the [CMP]2’ solution. Thereafter, 0.5 mL of an aqueous
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solution containing 29.3 mg (0.09 mmol) of ZrOCl=-8H=0 (99.9 %, Sigma
Aldrich, Taufkirchen, Germany) were injected, which resulted in an
instantaneous nucleation of IOH-NPs. After 2 min of intense stirring, the
as-prepared IOH-NPs were separated via centrifugation (25.000 rpm, 15
min) and twice purified by redispersion/centrifugation in/from HO.
For further use, the IOH-NPs were dispersed in demineralized water or
dried to powder samples. Further details of synthesis and analytical
characterization were previously published in.’

For the following CLEM experiments, IOH-NPs with 50-60 nm in size
were used in a concentration of 10 pg/mL. For this purpose, an aliquot of
the IOH-NP stock suspension in demineralized water was thoroughly
resuspended and subsequently diluted in complete cell culture medium.
A total of 2 mL of this working solution were added to each dish and
incubated for the desired time periods of 2, 6 and 24 h at 37 °C and 5 %
CO,. After incubation, the IOH-NP-containing medium was removed
and exchanged by the desired staining solution for further fluorescent
staining. To prevent IOH-NPs from clustering, they were stored at 4 °C
on a shaker, protected from light.

Confocal imaging and stainings

30 min before the end of the IOH-NP incubation time, cells were
stained with LysoTracker Blue DND-22 (500 nM; Thermo Fisher Scien-
tific, Waltham, MA, USA) and BODIPY 493/503 (5 pM; Thermo Fisher
Scientific, Waltham, MA, USA). Afterwards, the samples were taken to
the confocal microscope (Zeiss LSM 700 (Zeiss, Oberkochen, Germany)).
Images were captured using the wavelengths of 405 nm (LysoTracker),
488 nm (BODIPY) and 639 nm (DUT647 - IOH-NPs). To choose cells of
interest, a 10x objective was first used to identify the grid pattern and
find the same cell again in FIBSEM. Afterwards, chosen cells were
imaged with a 63 x oil immersion objective at high resolution. 3D image
stacks were acquired along the Z-axis to enable volumetric reconstruc-
tion of cellular structures. Subsequent processing, such as noise reduc-
tion and contrast enhancement, was performed using Fiji software.?”

Chemical fixation

Immediately after confocal imaging, the cells were fixed with 2 %
paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA, USA)
and 2.5 % glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA,
USA) in 0.1 M sodium cacodylate buffer (Electron Microscopy Sciences,
Hatfield, PA, USA) for 2 h at 4 °C. Afterwards, the samples were carefully
washed multiple times with 0.1 M cacodylate buffer. Next, the samples
were stained with reduced osmium, which contains 1 % osmium (OsO4,
Electron Microscopy Sciences, Hatfield, PA, USA), 1.5 % K4FeCNjg (Carl
Roth, Carl Roth GmbH+Co.KG, Karlsruhe, Germany) in 0.1 M cacody-
late buffer for 2 h at 4 °C. The samples were gently washed with caco-
dylate buffer again and then set into 0.3 % thiocarbohydrazide (Electron
Microscopy Sciences, Hatfield, PA, USA) for 30 min at room tempera-
ture. Samples were washed again and stained with 1 % OsO4 for another
2 h at 4 °C with gentle washing with water afterwards. Next, the cells
were stained with 1 % uranyl acetate (Electron Microscopy Sciences,
Hatfield, PA, USA) overnight at 4 °C. Samples were washed with water
again and then dehydrated with graded ethanol series (25, 50, 75, 90,
100 %) for 10 min each. Afterwards samples were infiltrated stepwise
with mixtures of durcupan resin (Merck KGaA, Darmstadt, Germany and
ethanol (1: 2, 1: 1, 2: 1; 20 min each) followed by a step pf pure dur-
cupan infiltration, after which they were polymerized at 60 °C for 48 h.
After hardening, the cell containing part was removed from the dish and
glued with a thin layer of resin onto a SEM stub. The edges of the sample
were painted with conductive silver ACHESON 1415 (PLANO GmbH,
Wetzlar, Germany).

FIBSEM imaging

Embedded samples were shuttled into the Zeiss Crossbeam 550 and
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ROIs of cells, identified previously by light microscopy, were targeted
using Zen blue connect (Zeiss, Oberkochen, Germany), overlaying im-
ages from the light microscope and the SEM. A trench was milled and the
cross-section of the cell was polished after applying a 500 nm thick
platinum coat using the gas injection system on the top of the sample
surface. Data acquisition was done at 1.5 kV, 1000 pA with a pixel size of
5 nm (x/y) with 15 nm distance between individual slices using the EsB
detector with a grid voltage of 450 V. Images were acquired with a dwell
time of 2 ps and a line averaging of 5. Iterating between milling and
imaging a FIB beam of 30 kV, 700 pA was used.

The FIBSEM datasets were aligned using a re-implementation of the
AMST approach that includes a coarse pre-alignment step (https://gith
ub.com/jhennies/AMST2/). For the coarse pre-alignment step, the
Simple Elastix package®® was used to determine offsets between adja-
cent slices (short distance) and every eighth slice (long distance).
Application of the combination of both offsets (short distance and
interpolated long distance offsets) resulted in a very stable morpholog-
ically sensible coarse alignment. For fine-tuning the alignment, in order
to correct for non-linear deformations of image slices, we used the AMST
workflow?” adjusted for a b-spline transformation where the z-median
filtered template was computed with a radius of 7 slices. To further
enhance the data, Contrast Limited Adaptive Histogram Equalization
(CLAHE) with subsequent Gaussian filtering was applied.

Correlation of confocal FM and FIBSEM datasets

In general, the re-identification of the cell of interest between
confocal microscopy and FIBSEM was successfully applied by first im-
aging the H8N8 cells live under the confocal microscope using a 10x
objective combined with the transmission light channel using gridded
MatTek dishes. This enabled the identification of the imprinted grid
(Fig. 1A and B), and a ROI was chosen. A high magnification image of
the chosen region is shown in Fig. 1C. After chemical fixation, the same
region can be found and imaged using FIBSEM (Fig. 1D-F).

The confocal FM and FIBSEM stacks were correlated based on lipid
droplet, stained with BODIPY for their detection in the FM channel
(compare Results).

Image processing to quantify the cellular interaction with IOH-NPs

Cells were seeded into ibidi p-dishes (Ibidi GmbH, Graefelfing, Ger-
many) with approximately 50.000 H8N8 cells per dish. After 24 h, IOH-
NPs were added to the cells with a concentration of 10 pg/mL. Cells were
stained with LysoTracker Blue DND-22 (500 nM; ThermoFisher Scien-
tific, Waltham, MA, USA) and MitoTracker Green FM (50 nM, Ther-
moFisher Scientific, Waltham, MA, USA) for 30 min. MitoTracker was
later used to facilitate the segmentation of single cells and the quanti-
fication of the IOH-NP uptake (compare Fig. 2). At distinct timepoints
after IOH-NP incubation (1, 2, 4, 6, 14, 24, 48 h), live H8NS8 cells were
imaged using the confocal microscope Zeiss LSM 700. The microscopy
images were processed and analyzed using the software Fiji>® and
CellProfiler.?® Using custom-designed pipelines with several modules, as
can be seen in Fig. 2, the percentage of cells with IOH-NP uptake, the
uptake quantity, and interaction of endolysosomal vesicles with IOH-
NPs were quantified for all time points.

For the analysis of the images, first, the .czi Z-stack files created in
ZEN were separated into the four individual channels (transmitted light,
mitochondria, endolysosomal vesicles and IOH-NPs) using a Fiji macro,
converted into .tiff files and Z-stacks were generated as maximum in-
tensity projections (MIPs), whereby, for each pixel in the XY plane, the
highest intensity value along the Z-axis is selected to create a two-
dimensional image that depicts the maximum visible structures from
all levels of the stack.

For segmentation, the images of the mitochondrial and endolysoso-
mal channels were used, which were processed the same way and then
merged. During processing, a white tophat filter was first applied to
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Confocal FM

FIBSEM

Fig. 1. General CLEM workflow set up based on gridded MatTek dishes to re-identify cells of interest between confocal FM and FIBSEM. Low magnification
FM images (A) and (B) show the grid region “PD”, where in (B) the outline of the letters was drawn onto the image for better visualization. Red boxes mark the ROI
that was imaged by the 63 x objective. (C) shows the maximum intensity projection (MIP) of the ROI of the cells stained with LysoTracker (blue), BODIPY (green) and
IOH-NPs (red), incubated for 2 h and observed with the 63x objective. (d) shows the same region as (A) and (B) using FIBSEM with low magnification, the red box
marks the same ROI as above. (E) shows the same field of view as in (C) in FIBSEM, and (F) a single slice imaged by FIBSEM in the XZ-plane. The blue box highlights
the image section through the cell using FIBSEM.

Channel

(> separtion —» Enhanceof —  gnooth > Threshold > Merge = Identify ~> Relate
and MIP speckles objects objects
creation

Mitochondria Cells with IOH-NPs
H

Lysosomes IOH-NPs IOH-NPs in cells

Fig. 2. Image processing workflow for the quantification of IOH-NP uptake into H8N8 cells. Scale bar is the same for all images, 10 pm. (A) Composite slice of
H8NS cells, incubated with IOH-NPs (red) and stained with LysoTracker (blue) and MitoTracker (green). (B) First, the FM channels were separated (mitochondria and
endolysosomal vesicles) and maximum intensity projections of each were created. (C) Next a white tophat filter was applied to enhance speckles, followed by
smoothing via a gaussian filter (D). Created cell segments were binarized via thresholding (E), and both channels were merged again (F). Otsu thresholding enabled
identification of single cells (top) and adaptive thresholding with robust background to identify IOH-NPs (bottom) (G). Relating the area (pixel sizes) of the IOH-NPs
and that of the segmented cells allowed for the quantification of IOH-NP subcellular concentrations (H) — after visually checking that segmented IOH-NPs and
cells overlap.

enhance the speckles, followed by a Gaussian filter as a smoothing global Otsu thresholding, with the lower and upper bounds of the
method. A global thresholding strategy using the minimum cross- threshold of 0.5-1.0. The IOH-NPs were identified using adaptive
entropy method was then applied. After the processed images of the thresholding with a robust background. This pipeline is shown in Fig. 2.
channels were merged, the cells were identified as primary objects using A total of 677 cells were analyzed for these quantitative assessments
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(1h-75cells,2h -132cells, 4 h—60 cells, 6 h —93 cells, 14 h — 91 cells,
24 h - 114 cells, 48 h — 112 cells).

The identified objects were then related to each other to assess the
following parameters:

1. To determine the rate of IOH-NP uptake by the H8N8 cells, we set up
the image processing workflow as described in Fig. 2. The analysis
was completed by visual screening of the images in the ZEN program
to validate cell count and IOH-NP uptake (# of cells with IOH-NPs in
%).

2. IOH-NP uptake intensity (% IOH-NPs in cells) was determined
accordingly. Additionally, a module measuring the image area
occupied by cells and the area occupied by cell-related IOH-NPs was
used to quantify the percentage of correlation over time.

3. To assess the endolysosomal association of the engulfed IOH-NPs (%
IOH-NPs in endolysosomal vesicles in relation to total IOH-NPs in
cells), lysosomes were identified from the MIP images of the endo-
lysosomal channel using a global Otsu thresholding method. Based
on this, the occupied image area was measured and related to that of
the internalized IOH-NPs.

To determine the endolysosomal volume (% per cell area), the in-
dividual images of the Z-stack of the mitochondrial and endolysosomal
channels were extracted using Fiji. Each image was then processed and
segmented as described in (2) to determine the total cell volume. For the

FM
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endolysosomal volume, the images were processed analogously to (3).
Results

Using lipid droplet-based CLEM, IOH-NPs were unambiguously identified
in 3D FIBSEM datasets

Confocal FM was used to monitor the distribution and interaction of
IOH-NPs (red), endolysosomal vesicles (blue), and lipid droplets (green)
over time. Using the 3D-CLEM approach based on the correlation via
lipid droplets, confocal FM and FIBSEM datasets were aligned such that
IOH-NPs and lysosomes were unambiguously identified within the
FIBSEM images in 3D without the need for external fiducial markers
(Fig. 3) for correlation, such as fluorescent and electron-dense micro-
spheres or quantum dots. Here, the lipid droplets served as correlation
landmarks across modalities. The 3D-CLEM data were acquired at
timepoints of 2, 6, and 24 h, as well as for control cells without the
addition of IOH-NPs for reference.

IOH-NPs are internalized within one hour, with a significant increase of
IOH-NP concentrations in both cells and endolysosomal vesicles over time

Following IOH-NP exposure, the IOH-NPs rapidly formed clusters

and were taken up via endocytosis within 1 h, with intracellular con-
centrations increasing over time. These findings are highlighted by

FIBSEM

Fig. 3. 3D-CLEM workflow based on lipid droplets for the unambiguous identification of IOH-NPs. Cells were stained with LysoTracker (blue) and BODIPY
(green). Control cell (A-G): (A) MIP with red box showing the ROIL (B) Magnified ROI, the yellow line indicates the localization of the FIBSEM cross section (XY
plane), shown in (C). Cyan arrows with numbers show lipid droplets, which can be identified in (B, C). For better visualization (D) shows the area of the FIBSEM
section also as a MIP of the FM channel and the marked lipid droplets. (F) shows another FIBSEM section with a lysosome marked in blue. The corresponding area in
FM is again marked in (E) and (G). In contrast to cells exposed to IOH-NPs, the lysosome of the control appears homogeneous and does not show any internalized NP-
resembling structures. (H) shows a MIP of a cell incubated with IOH-NPs for 24 h (IOH-NPs shown in red, overlap of IOH-NPs and endolysosomal vesicles in magenta.
The red box shows the ROI of (J). The yellow line in (I) corresponds to the magnified FM region in (K) and the FIBSEM section (XY plane) shown in (J). Correlated
lipid droplets are marked both in the FM and FIBSEM channels by cyan arrows and numbers, and correlated IOH-NPs within endolysosomal vesicles are marked both

in the FM and FIBSEM channels by red arrows and letters.
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representative time-lapse confocal MIP images that show H8N8 cells
stained with LysoTracker Blue, MitoTracker Green and IOH-NPs at
different incubation times between 1 h and 48 h (Fig. 4, Fig. 5). The
zoomed-in areas in Fig. 4 indicate an increase in IOH-NP uptake over
time, as also confirmed and complemented using 3D-CLEM (Fig. 6). We
also showed that every H8N8 cell had taken up IOH-NPs after 4 h.

The quantification of the IOH-NP uptake rate by H8N8 cells (number
of cells with IOH-NPs in %) showed that, after 1 h, an average of 80 % of
the cells had internalized an amount of IOH-NPs that was detectable
using confocal FM. After 4 h, every single cell examined had internalized
several IOH-NPs. This persisted throughout the 48-h observation period
(Fig. 5A).

Additionally, the intracellular concentration of IOH-NPs was quan-
tified as described in the methods section (compare 2.7 and Fig. 2) by
calculating the ratio of the area occupied by IOH-NPs and that of the
segmented cells. The quantification of the amount of IOH-NPs that was
taken up by the cells IOH-NP uptake intensity, i.e. % IOH-NPs in cells)
revealed that longer incubation times led to a significantly higher IOH-
NP uptake. Over the course of 48 h, IOH-NPs progressively accumulated
within the cells and specifically in endolysosomal compartments
(Figs. 5B, C). This increase in uptake was accompanied by an increase in
variance at longer time points. While a significant increase in IOH-NP
uptake was recorded between 6 h to 24 h (from (2.6 + 1.4) % to (6.1
+ 1.9) %), after 24 h, IOH-NPs seemed to have reached a steady state
between uptake and dissolution since there was no significant increase
in IOH-NP concentration neither in the cells nor in the endolysosomes
compared to 48 h. This might be due to a continuous uptake that is
accompanied the simultaneous dissolution of IOH-NPs by endolysoso-
mal vesicles (compare Fig. 6).

With longer IOH-NP incubation times, we also measured a signifi-
cantly increased uptake into endolysosomal vesicles of the IOH-NPs by
quantifying the endolysosomal association of IOH-NPs (% IOH-NPs in
endolysosomal vesicles in relation to total IOH-NPs in cells) (Fig. 5C).
Notably, the overall endolysosomal volume expanded between 2 and 6 h
post-incubation, but subsequently returned to baseline and remained
stable throughout the 48 h observation period (Figs. 5D), indicating an
endolysosomal reaction of the cancer cells to a first exposure to IOH-
NPs.

The observations were further confirmed using 3D-CLEM. The FIB-
SEM images in Fig. 6 depict a representative uptake of the IOH-NPs
within endolysosomal vesicles after 6 h and 24 h incubation times.
This confirms that the IOH-NPs enter cells via the endocytic pathways
and are trafficked into the endolysosomal system, shown by red ar-
rowheads in Fig. 6, a common route for IOH-NP internalization.29,30
The FIBSEM datasets also revealed that, over time, IOH-NPs were
increasingly found in endolysosomal compartments. Inside the lyso-
somes, we also observed changes in the morphology and density of the
IOH-NPs, suggesting that the dissolution of some IOH-NPs already
started within 2 h. Fig. 7 shows a large cluster of IOH-NPs within the cell,
detected by the red fluorescent signal in the FM channel. Part of this
cluster is located within an endolysosomal vesicle, shown by the
magenta color of the FM slice due to the overlap with endolysosomal
vesicles stained in blue. The correlated FIBSEM image shows the cluster
within an endolysosomal vesicle. The lysosome-associated IOH-NPs are
smaller in diameter, have less intensity and appear more disperse, which
suggests that IOH-NP are dissolved in part within the endolysosomal
vesicles. Particularly, this contrasts with the homogeneous appearance
of IOH-NPs that were internalized by the cells, but were not taken up by
lysosomes as shown in Fig. 8: This is demonstrated both in the FM
channel, where no lysosomal colocalization (LysoTracker in blue) can be
seen and in the FIBSEM image, where the IOH-NPs are not delineated by
membranes as would be the case for endolysosomal vesicles (compare
for example IOH-NP clusters in lysosomes in Figs. 3J, 6B and D).
Interestingly, IOH-NPs were hence not found exclusively in lysosomes,
but also in the cytoplasma.
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Qualitative analysis suggests that IOH-NP uptake itself can lead to
ultrastructural changes in H8N8 cancer cells

In addition to endolysosomal accumulation and dissolving of the
IOH-NPs, 3D-CLEM analyses also indicated morphological changes in
tumor cells that were only observed in cells that had taken up IOH-NPs
and not in control cells. Fig. 9 shows FIBSEM reslices in XY plane, where,
in Figs. 9C and D, orange arrowheads mark swollen mitochondria
within a H8NS cell after 6 h of IOH-NP treatment, compared to normal-
sized mitochondria in Figs. 9A and B in control cells. After 24 h of IOH-
NP incubation, we additionally observed disruptions within the cancer
cells in FIBSEM images, as shown in Fig. 9E and F, where the zoomed-in
area in 9D shows that these inclusions are in part enclosed by a mem-
brane, and in part remain free of any contrast-stained molecules or el-
ements. Whether these structural changes are alterations in response to
IOH-NP treatment or whether they occur due to artefacts in the sample
preparation needs further analysis.

Discussion

In this study, we successfully established a 3D-CLEM workflow that
enabled the unambiguous visualization of IOH-NPs in breast cancer cells
within their ultrastructural context by combining confocal FM with
FIBSEM without the need to add external correlative markers, such as
fluorescent and electron-dense microspheres or quantum dots. Correla-
tion was established through endogenous lipid-droplet markers since
they are clearly identified in both modalities, in FM due to fluorescent
staining and in FIBSEM due to their electron dense properties. The IOH-
NPs were then clearly identified in both imaging modalities based on
their fluorescence and electron absorbance. Hitherto, correlation is
achieved manually by analyzing and comparing the position of lipid
droplets in both modalities to relocate specific positions. Scher et al.
(2021)14 previously suggested the use of lipid droplets as in situ fiducial
markers for CLEM. While their approach targeted the registration be-
tween cryogenic modalities (FM and FIBSEM), we here demonstrated
the feasibility of lipid droplet-based CLEM at room temperature and its
application to a biomedical research question for the unambiguous
identification of NPs as a novel drug delivery system. This aligns with
their paper, which concludes by noting that the lipid-droplet-based
CLEM ‘workflow can be used to address different questions in cell
biology, where resolving the ultrastructural organization of the cell at its
native state is important.” Extending this concept, we demonstrate the
utility of lipid-droplet fiducials for dynamic biomedical investigations
that emphasize time-resolved cellular tracking rather than cryogenic
preservation.

We aim at automating this process by automated segmentation and
subsequent registration of the lipid droplets in both imaging modal-
ities.>»> While the workflow provided highly resolved, correlated 3D
data that offered valuable insights into IOH-NP-cell interactions at the
ultrastructural level and demonstrated the strength of advanced CLEM
approaches in nanomedicine research, automation will be crucial since
the 3D-CLEM workflow is still significantly limited by throughput:
FIBSEM data acquisition itself is highly time-consuming, often requiring
at least one day of continuous imaging per single cell to obtain a com-
plete volumetric dataset at nanometer resolution. Moreover, the chem-
ical fixation and sample preparation for FIBSEM itself is a complex,
multi-day process involving several staining and dehydration steps.
The success of this protocol strongly depends on the careful preparation
of all solutions; inadequate preparation can significantly reduce contrast
in EM images and thus additionally limit the throughput and inter-
pretability of the data.

Using the established 3D-CLEM workflow, we were able to directly
visualize the uptake of IOH-NPs into H8N8 breast cancer cells. 3D-CLEM
showed that IOH-NPs increasingly accumulate in cancer cells and
endolysosomal vesicles over time. This supports the hypothesis that
IOH-NPs primarily enter cells via endocytic pathways. Beyond uptake,
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Fig. 4. Confocal MIP images of H8NS8 cells stained with LysoTracker (blue), MitoTracker (green) and IOH-NPs (red), showing increased uptake of IOH-NPs
into cancer cells and endolysosomal vesicles over time. Scalebar: 20 pm. The confocal MIP images were separated into their individual channels, showing IOH-
NPs in red, endolysosomal vesicles in blue and mitochondria in green. The merged column represents all channels within one image. The white boxed indicate the
ROIs that are magnified in the ‘zoom’ column. Row (A) shows a H8NS cell after 1 h IOH-NP incubation, revealing a small overlap between IOH-NPs and endoly-
sosomal vesicles within a small area in the zoomed-in image (white square). (B, C) show the intracellular uptake of IOH-NPs after 2 and 4 h, representing the steady
increased uptake into lysosomes over time. After 6 h IOH-NP incubation, the co-localization of endolysosomal vesicles and IOH-NPs is already significantly increased
(D). After longer IOH-NP incubation times, the uptake of IOH-NPs into lysosomes keeps increasing up to a constant value after 24 h, as highlighted for a repre-
sentative time-lapse series after 14 (E), 24 (F), and 48 h (G).
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Fig. 5. Quantitative analysis of IOH-NP-cell-interaction. (A) Cells with IOH-NP uptake [%], showing that after 4 h incubation, IOH-NPs can be found in every cell.
(B) Fraction of IOH-NPs in cells [%], revealing that cellular uptake of IOH-NPs increases significantly over time until reaching a steady state after 24 h. (C) IOH-NPs
co-localizing with endolysosomal vesicles [%], showing that also the interaction between IOH-NPs and endolysosomal vesicles increased significantly over time, until
reaching a plateau after 24 h. (D) Endolysosomal volume over time [% to cell], timepoint O indicating cells without IOH-NP treatment, showing an increase of
endolysosomal volume after 2 h of IOH-NP incubation time. Following a decrease after 6 h, endolysosomal volume remained steady during the observation period. *:
p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001. The t-test assessed significance in relation to the 1-h IOH-NP treatments and for the quantification of the

endolysosomal volume to the control cells (marked as 0 h).

6 h

24 h

Fig. 6. 3D-CLEM reveals increased IOH-NP uptake into endolysosomal vesicles over time. (A, C) show FM MIP images of 6 and 24 h IOH-NP incubation. Yellow
lines indicate the positions shown in FIBSEM images in (B, D). Red arrows highlight correlated IOH-NPs within endolysosomal vesicles in FM and FIBSEM, cyan
arrows and corresponding numbers indicate the same lipid droplets in FM and FIBSEM.

we also observed morphological changes of the IOH-NPs themselves
inside endolysosomal vesicles by FIBSEM, which suggests a gradual
dissolution of the IOH-NPs. Such alterations likely reflect the initial
stages of IOH-NP degradation in the acidic and enzyme-rich environ-
ment of endolysosomal vesicles, which is an important step for the po-
tential release of the drug cargo, for example chemotherapeutic drugs to
reach the nucleus.

Interestingly, after 6 h of incubation, we detected pronounced ul-
trastructural changes in cancer cells exposed to IOH-NPs, including
increased mitochondrial sizes and disrupted organelles. Although this
observation suggests that IOH-NP uptake might influence mitochondrial
morphology and potentially the cellular metabolism even without drug
load, the data is currently too limited to draw general conclusions —
specifically, artefacts due to sample preparation cannot be ruled out.
Given the high effort required for FIBSEM, we plan to address this

question in follow-up experiments using FM to systematically quantify
mitochondrial volumes over different incubation times. In addition, we
will perform MTT assays to assess possible effects on mitochondrial
activity and cell viability in response to IOH-NP exposure.

Another aspect relates to the intracellular fate of the IOH-NPs over
extended periods. Between 24 h and 48 h of incubation, the overall IOH-
NP concentration inside the cells did not change significantly, suggest-
ing limited further uptake or release or dissolution mechanisms. To
better understand whether IOH-NPs are retained or actively exocytosed
or dissolved, a dedicated degradation and clearance study will need to
be carried out, including the removal of extracellular IOH-NPs after an
initial incubation period and monitoring intracellular IOH-NP content
over time.

Despite the observed IOH-NP clustering, H8NS cells were able to take
up high concentrations of IOH-NPs. Reducing IOH-NP aggregation
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Fig. 7. Heterogeneity of IOH-NP appearance within lysosomes. (A) Representative FM MIP image that shows lipid droplets in green, lysosomes in blue, and
intracellular IOH-NPs (incubated for 2 h) in red. The overlap between IOH-NPs (red) and lysosomes (blue) is depicted in magenta; the overlap between IOH-NPs (red)
and lipid droplets (green) in indicated in yellow. Cyan arrows highlight lipid droplets that were correlated with the FIBSEM section shown in (B); red arrows highlight
a correlated IOH-NP cluster within a lysosome in both FM and FIBSEM channels. The yellow line indicates the cross section through the cell that is visualized using
FIBSEM in (B). The black box indicates a ROI within the IOH-NP cluster within the lysosome and is depicted as a magnified, zoomed-in image in (C). Here, the
heterogenous appearance of the IOH-NPs (different densities and sizes below 60 nm of the IOH-NPs) suggests a dissolution of the IOH-NPs by the acidic environment
of the lysosome.

Fig. 8. IOH-NPs were also found in other compartments than endolysosomal vesicles. (A) FM orthoslice showing IOH-NP cluster without endolysosomal
association (red arrow in YZ plane) after 2 h of IOH-NP incubation. (B) FIBSEM cross section of the ROI (yellow line in (A)), where an IOH-NP cluster is not
membrane delineated and is found within the cytoplasm. It is marked with a red arrow as a. The same cell also highlights an IOH-NP cluster (marked as b) that is
delineated by membranes as seen in the FIBSEM channel and shows magenta color, i.e. overlap with lysosomes, in the FM channel. Interestingly, single IOH-NPs were
also detected (B) throughout the cytoplasm — but cannot be unambiguously identified due to the lack of visibility of single IOH-NPs within FM MIP images. Cyan
arrows mark correlated lipid droplet in the FM orthoslice YZ and the FIBSEM image. For comparison (C) shows a FIBSEM slice of a H8N8 cell without IOH-NP
treatment (control), where no black dots representing IOH-NPs can be identified.

nevertheless remains an important factor in improving uptake efficiency
during tumor treatment. Potential IOH-NP modifications to avoid clus-
tering and promote better dispersion in physiological environments
include surface functionalization with polyethylene glycol (PEG), lipid
coating to enhance colloidal stability, or introducing steric or electro-
static repulsion via charged or bulky surface groups.

Together, these findings highlight the value of 3D-CLEM for unrav-
eling the complex dynamics of IOH-NP uptake, intracellular processing,
and potential clearance pathways.
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Fig. 9. Ultrastructural changes in cancer cells after IOH-NP exposure. FIBSEM reslices (XY plane) of H8N8 cells without IOH-NP treatment as control (A, B) and
with IOH-NP incubation of 6 h (C, D) show a significant increase in mitochondrial sizes, as shown by orange arrowheads after IOH-NP treatment. Blue arrowheads
point to normal-sized mitochondria. (E) shows a FIBSEM slice (XY plane) with visible disruptions within the cell after incubation with IOH-NP incubation of 24 h. (F)
shows a zoomed-in region of (E) (black box), showing that the disruptions (black arrowheads) were partially enclosed by a membrane, while other parts were not
surrounded by any contrast-stained structures, which was not observed in control cells. Based on the previous correlation, IOH-NPs are marked in red.
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