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1. Introduction

A super-resolution and transmission electron
microscopy correlative approach to study
intracellular trafficking of nanoparticles+

*a,C

Teodora Andrian, (2 @ Yolanda Muela,” Lidia Delgado,” Lorenzo Albertazzi and

Silvia Pujals (2 *¢

Nanoparticles (NPs) are used to encapsulate therapeutic cargos and deliver them specifically to the target
site. The intracellular trafficking of NPs dictates the NP-cargo distribution within different cellular com-
partments, and thus governs their efficacy and safety. Knowledge in this field is crucial to understand their
biological fate and improve their rational design. However, there is a lack of methods that allow precise
localization and quantification of individual NPs within distinct cellular compartments simultaneously.
Here, we address this issue by proposing a correlative light and electron microscopy (CLEM) method
combining direct stochastic optical reconstruction microscopy (dSTORM) and transmission electron
microscopy (TEM). We aim at combining the advantages of both techniques to precisely address NP local-
ization in the context of the cell ultrastructure. Individual fluorescently-labelled poly(lactide-co-glyco-
lide)-poly(ethylene glycol) (PLGA-PEG) NPs were directly visualized by dSTORM and assigned to cellular
compartments by TEM. We first tracked NPs along the endo-lysosomal pathway at different time points,
then demonstrated the effect of chloroquine on their intracellular distribution (i.e. endosomal escape).
The proposed protocol can be applied to fluorescently labelled NPs and/or cargo, including those not
detectable by TEM alone. Our studies are of great relevance to obtain important information on NP
trafficking, and crucial for the design of more complex nanomaterials aimed at cytoplasmic/nucleic drug
delivery.

compartments and hence the therapeutic efficacy and
safety.">"® For example, a pre-requisite for RNA and DNA deliv-

Nanoparticles (NPs) are used in medicine to encapsulate thera-
peutic molecules (e.g. chemotherapeutics, protein inhibitors
and nucleic acids) in order to improve their target selectivity,">
solubility,>* and to reduce their toxicity.””’ Yet, although
several NP formulations have been successfully marketed,
achieving efficient intracellular delivery remains a significant
bottleneck in nanomedicine.®*" Following cellular uptake, the
next critical stage in NP delivery is intracellular trafficking,
which determines the NP-cargo distribution within cellular
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ery is for the molecules to reach the cytoplasm or nucleus
intact to perform their therapeutic function - hence NPs carry-
ing such degradation-prone molecules must overcome several
cellular barriers, including trafficking to acidic endosomes
and lysosomes that can lead to NP disassembly, cargo degra-
dation and loss of efficacy.’*® In order to improve the thera-
peutic efficacy of nanomaterials it is thus essential to under-
stand their biological interaction with cells, including intra-
cellular trafficking."”™°

However, considerable uncertainties still remain about the
exact intracellular pathways taken by nanocarriers, and this
largely stems from a lack of reliable methods to visualize and
quantify with enough resolution NPs at a single particle level
within the ultracellular environment.'®**?° NP uptake and
intracellular trafficking are typically assessed using flow cyto-
metry, fluorescence microscopy (FM) and/or transmission elec-
tron microscopy (TEM)."*>* Notably, flow cytometry measures
relative fluorescence intensity and not individual NPs and
does not distinguish the NPs location (e.g. membrane-bound,
endosomal, cytosolic). FM lacks the adequate resolution to
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resolve individual NP, and objects that are found closer
together than the resolution of the microscope (x~250 nm) can
falsely appear co-localized.?* It is also limited by the number
of targets that can be labelled and lacks ultrastructural infor-
mation. An upgrade to classical FM are super-resolution
microscopy (SRM) techniques that allow localization of single
molecules and single NPs down to tens of nanometres.>® For
example, stochastic optical reconstruction microscopy
(STORM) is based on the localization of individual, photo-
switchable fluorophores, offering a resolution of ~20 nm, and
has been previously applied for the intracellular trafficking of
several types of nanomaterials.>*>° Despite this achievement,
it still lacks cellular ultrastructural information, and can typi-
cally be used to image co-localization in only two simultaneous
targets. In contrast, TEM offers a powerful approach to study
intracellular trafficking pathways, due to its excellent resolu-
tion (<1 nm) and ultracellular detail, but it only offers analysis
on grayscale images and is restricted to nanomaterials with
adequate atomic contrast (e.g. metallic NPs).>’~?

To overcome the limitations of FM and EM, a group of tech-
niques that combine both microscopies through detailed
images of the same field-of-view (FOV) have been developed,
namely correlative light and electron microscopy (CLEM).**3*
Despite the potential of combining two very powerful tech-
niques, only a handful of articles demonstrate the applicability
of CLEM on intracellular trafficking of nanomaterials.?*3®
Whilst these studies clearly demonstrate the power of CLEM in
understanding NP intracellular metabolism, there is still a
resolution gap between the FM and EM techniques used, pre-
venting the assignment of single particles to specific
compartments.

To bridge the resolution gap between FM and EM, the cor-
relation of SRM-EM has been established, albeit not in the
nanomedicine field, substantially improving image
quality.*****” various combinations of SRM-EM approaches
have been used in biology to image intracellular fluorescent
proteins,®® track intracellular pathogens®>*° and to study
budding of influenza viruses from infected cells.*’ Recently,
we have developed a DNA-PAINT-TEM correlative approach to
study the relationship between NP functional ligand numbers
and size at a single particle level.**> However, despite the poten-
tial of CLEM in this field, and to the best of our knowledge,
SRM-TEM correlative approaches have not yet been applied for
the intracellular trafficking of NPs. At a cellular level,
SRM-TEM correlation would offer a means to specifically label
a variety of nanomaterials including their cargo, and to track
them within specific cellular compartments with nanoscale
precision.

To address this issue, we propose a dASTORM-TEM correla-
tive protocol to track fluorescently labelled polymeric poly
(lactide-co-glycolide)-poly(ethylene glycol) (PLGA-PEG) NPs at a
single particle level within different cellular compartments.
Polymeric NPs were chosen as a standard NP formulation for
this protocol due to their well-studied properties; however they
also show great promise for targeted drug delivery systems due
to their biocompatibility, biodegradability, design flexibility

14616 | Nanoscale, 2023, 15, 14615-14627

View Article Online

Nanoscale

and safety.”*™*® Notably, these NPs are undetectable by TEM
alone in the cellular milieu due to their low contrast, high-
lighting the relevance of this correlative approach for imaging
a wide range of nanomaterials.

We first describe our adapted dSTORM-TEM correlative
method and demonstrate that the superior resolution of
dSTORM, as opposed to low-resolution FM, offers localization
of single NPs within specific cell compartments in TEM. First,
we use the proposed technique to track NPs within different
compartments (early and late endosomes, lysosomes and non-
endosomal compartments) at different time points. Second,
we study the effect of the lysomotropic agent chloroquine on
the NP intracellular distribution, with nanometric resolution.
We envision that this technique will be applicable to answer
various questions on intracellular trafficking and endosomal
escape, and to study more complex nanomaterials such as
polyplexes for nucleic acid delivery, overall offering unique
information that we are currently lacking on the biological fate
of nanomaterials.

2. Results and discussion

2.1. dSTORM-TEM correlative method

To track NPs within different cellular compartments at a single
particle level, we developed a dSTORM-TEM  correlative
approach that benefits from nanometer-scale resolution in
both techniques. The method described here (Fig. 1) is an
adaptation of the confocal microscopy - TEM correlative proto-
col used by Katheder et al. to assess autophagy in Drosophila
tumour growth®” and based on previous findings that demon-
strate that fluorescent signal is maintained and ultrastructure
is preserved in cells which have been high-pressure frozen,
freeze-substituted and embedded in lowicryl resin
sections.”®° Other more classical protocols were attempted
without high-pressure freezing (HPF) and freeze-substitution
(FS), using (a) an epoxy resin or (b) LR white acrylic resin
(Fig. S11). The three different protocols shared some common
aspects, for example that dSTORM imaging was carried out
directly on the thin sections and both FM and EM were done
at RT. We chose to carry out dSTORM on ultrathin sections
(after resin embedding) as it reduces the risk of morphological
changes between the two microscopies.

However, for 2 out of the 3 protocols, we had the issue of
fluorescence quenching due to harsh fixation steps and the
use of osmium tetroxide. For the first protocol, RT pathway
using an epoxy resin, the ultrastructure preservation was poor
(Fig. S1BY), probably due to using milder fixation protocols,
and the fluorescence signal quenched in the process as can
happen even at low osmium tetroxide concentrations and
upon epon resin embedding. The second protocol consisted of
a softer hydrophilic acrylic resin, namely LR white, that has
been previously used for both EM and LM. Whilst the ultra-
structure preservation was slightly better than with the pre-
vious resin, the fluorescence signal was once again quenched
which came as a surprise since no osmium was used but could

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Overview of dSSTORM-TEM correlative protocol. After the formulation of PLGA-PEG Dil loaded NPs, the NPs were incubated with Hela cells
for specific time periods, and mildly fixed. Then, after scraping, the cells were centrifuged and the resulting pellets were high-pressure frozen and
freeze substituted, then sectioned using an ultramicrotome to obtain ultrathin sections (70-100 nm). The ultrathin sections were picked up on a
TEM grid and fiducials markers attached to aid in correlation. The grids were first imaged by dSTORM microscopy using a dSTORM buffer, and refer-
ence images of the region of interest (ROI) were acquired. The sections were then post-stained using the heavy metals 2% uranyl acetate and 3%
lead citrate (Reynolds). Then, the ROI was found in TEM and imaged by sequential imaging, followed by stitching of the sequential images. Finally,
the respective dSTORM and TEM images of the same ROl were overlapped using the open-source software ICY (ec-CLEM) by using the fiducial

markers in both images.

have been caused by the high temperatures used during resin
polymerization.

The third and final protocol we attempted was using
Lowicryl HM20 resin together with high-pressure freezing
(HPF) and freeze substitution (FS) (Fig. S1A, S1D and Fig. S27).
This combines a great structural preservation with the advan-
tage of imaging with high numerical aperture lenses at RT. We
hoped that aside from the ultrastructural preservation, the
reduction in chemical fixatives used, avoidance of both
osmium tetroxide and high temperatures would also prevent
fluorescence quenching.

Briefly, PLGA-PEG Dil loaded NPs were formulated via the
nanoprecipitation method***"**> and characterized using TEM
for diameter and morphology (Fig. S31), dynamic light scatter-
ing (DLS) for the hydrodynamic radius, (Fig. S41) and zeta
potential for the surface charge (Fig. S41). HeLa cells were
then incubated with the NPs for specific time points. The cells
were then mildly chemically fixed as this aids in cross-linking
cellular structures and preserving membrane structures,
without quenching fluorescent signal.*” The cells were then
pelleted and high-pressure frozen (HPF), ensuring vitrification
at high pressures without the formation of ice crystals. The

This journal is © The Royal Society of Chemistry 2023

samples were then processed by freeze-substitution (FS;
Table S17). During this process, cells were further stained and
fixed and resin embedded at low temperatures which were
gradually increased to ambient temperature. As a fixing and
staining agent uranyl acetate (0.1% UA) was used, since strong
fixatives such as osmium tetroxide can strongly quench fluo-
rescence even at low concentrations.’™** A lowicryl HM20 resin
was chosen, as it is designed for low-temperatures and due to
its low viscosity, it can allow penetration of dSTORM imaging
buffers into the resin-embedded samples. The resin-embedded
cells were then sectioned using an ultramicrotome to obtain
ultrathin sections (70-100 nm) that were then picked up on
TEM grids. These specific grids were used since formvar layer
allows an easier pick up of ultrathin sections, whilst the nickel
grid does not react with any chemicals in the dSTORM buffer.
Please note that standard copper grids reacted with the thiol-
containing STORM buffer and were unsuitable for imaging.
100 nm Tetraspeck beads were then attached to the ultrathin
sections and used as fiducial markers, due to their visibility in
both microscopes. Next, the grid was sandwiched between a
coverslip and a glass-slide with the dSTORM buffer and sealed.
The sample was first imaged by dSTORM, as subsequent stain-

Nanoscale, 2023,15, 14615-14627 | 14617
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ing steps for TEM quench fluorescence, and reference images
were acquired showing the location of the region of interest
(ROI) on the grid. This step was crucial, as finding the exact
same area during TEM imaging was not an easy task. Grids
with a guide (a number 1 marked on the outer part of the grid)
were used to ease this step. To enhance the contrast, the grids
were post-stained after dSTORM imaging with 2% UA and 3%
lead citrate (Reynolds), then later imaged by TEM. This post-
staining was a key to avoid fluorescence quenching in
dSTORM imaging. Due to its superior resolution, the field-of-
view (FOV) is smaller than that in dSTORM, thus consecutive
images were acquired to cover the required FOV, and later
stitched automatically in Adobe Photoshop. The
dSTORM-TEM image correlation was achieved using the open
access eC-CLEM software package.>® Fine correlation and high
location accuracy was achieved by using a high number of fidu-
cial markers on the grid. For extra protocol details see the
Experimental section.

2.2. NP intracellular trafficking using dSTORM-TEM
correlation

An example correlative image using both low-resolution FM
and dSTORM images is shown in Fig. 2. The TEM canvas of
the cells is appreciated in Fig. 2A, with the respective
PLGA-PEG NP fluorescence visible in green (Fig. 2B) and fidu-
cial markers in red (Fig. 2C). The resulting low-resolution
FM-TEM overlap of these images is shown in Fig. 2D. Whilst
the low-resolution gives a clearer representation of the NP
signal at larger FOVs (Fig. 2D), the superior resolution of
dSTORM is better appreciated at greater magnifications
(Fig. 2E and F). Due to the greater match in resolutions
between dSTORM and TEM, single NPs can be accurately
assigned to specific cellular compartments. The ultrastructure
in TEM was very well maintained even after using high laser
power by dSTORM (Fig. S271), allowing the morphological
detection of various cellular organelles, including early endo-
somes (EEs), late endosomes (LEs), lysosomes, mitochondria,
and nuclei.

Markedly, the mild chemical fixation protocol (4% PFA and
0.1% GA) prior to HPF and FS did not lead to background
autofluorescence (Fig. S571).

Additionally, our protocol did not rely on the use of
osmium tetroxide (OsO,) as a contrast enhancer/fixative, whilst
the use of low concentration of UA (0.1%), resin and UV
polymerization treatments maintained an adequate fluo-
rescence signal viable for further measurements and did not
affect cellular ultrastructure. Using the dSTORM-TEM images,
we were able to assign single NPs within specific cellular com-
partments and track their cellular voyage at different time
points.

The accuracy error in correlation was calculated automati-
cally using the eC-CLEM plug-in in ICY and ranged between
40-60 nm depending on the number of fiducial markers in the
FOV. For this image, 20 fiducial markers were present, and the
accuracy was of 52 nm (Fig. S6%), in line with other values
reported using super-resolution CLEM and fiducial markers of

14618 | Nanoscale, 2023, 15, 14615-14627

View Article Online

Nanoscale

similar size.”® Briefly, if the registration error of the fiducials
was greater than the predicted registration error, a non-rigid
transformation was applied (warping), which is useful if any
deformations have occurred during preparation steps such as
chemical fixation/dehydration.>® Notably, correlation between
two techniques can be limited by (i) the limit of resolution of
the least resolved technique and (ii) the correlation accuracy
between the two techniques. Since the correlation accuracy
error is slightly greater than the resolution limit of dSTORM
(approx. 20 nm),>® dSTORM-TEM provides a more accurate
assignment of single NPs to specific organelles as opposed to
correlation with low-resFM (approx. 250 nm). This can be
clearly visualized in Fig. 2E and F.

NPs are typically taken up via endocytosis, a mechanism
that can be further characterised as caveolae- and clathrin
mediated endocytosis, phagocytosis, macropinocytosis and
pinocytosis.>” After endocytosis, NPs are engulfed by endocy-
toic vesicles that fuse to form early endosomes (EEs), and then
mature to late endosomes (LEs) and lysosomes'***®" (Fig. 3A).
This intracellular pathway is thought to be an important limit-
ing step for various formulations that require cytosolic/nuclear
delivery of cargo such as chemotherapeutics/RNA/DNA. The
lack of methods that allow single NP tracking within the ultra-
structure of the cell prevents gaining important insights into
their intracellular trafficking and developing more effective
nanomaterials. Although in this work we use standard non-
functionalized PLGA-PEG NPs to demonstrate the capability of
super-resolution CLEM, the protocol is extendable to other
fluorescently labelled nanomaterials and/or their cargo.

For this purpose, we used the proposed dSTORM-TEM pro-
tocol to explore the intracellular fate of PLGA-PEG NPs, by loca-
lizing single NPs using dSTORM signal and assigning them to
specific cellular compartment using the morphological infor-
mation from TEM. To do this, we first incubated HeLa cells
with NPs for different periods of time (1 h, 8 h and 24 h) and
treated the cells as described in the previous section. A 4 h
pulse was done for the 8 h and 24 h time-points and then NPs
were chased for the remaining respective time. We first corre-
lated the low-resolution FM images with the respective TEM
images as this allows a clearer correlation at a large FOV
(Fig. S71). Notably, at 1 h NPs were still found attached to/sur-
rounding the cell membrane, which reduced with increasing
incubation times. Punctate intracellular signal is seen at all
time points (Fig. S71), indicating NP uptake into endo-lysoso-
mal compartments had started prior to 1 h, agreeing with pre-
vious results under similar conditions.®* %

We then correlated the dSTORM and TEM images, since
the increase in resolution from dSTORM allowed precise track-
ing of individual NPs within the cellular milieu. NPs were
imaged during their cell uptake (Fig. 3B, left panel), to their
distribution in EE (Fig. 3C), LE (Fig. 3D) and lysosomes
(Fig. 3E). The NPs were assigned to different compartments by
morphological comparison between different vesicles as pre-
viously described by Fermie et al. using a CLEM approach.®®
EE typically have a diameter between 100-500 nm with an elec-
tron-lucent lumen and loosely packed intraluminal vesicles

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Correlative low-resolution FM/dSTORM and TEM images of PLGA-PEG Dil loaded NPs internalized in Hela cells. Large view images of the
ROI of (A) the stitched TEM image, (B) PLGA-PEG NPs (Dil) signal and (C) fiducial markers both in low-resolution FM, and (D) correlative low-res
FM-TEM image (scale bars A-D = 5 ym). Magnified views of the boxed region in (D), where (E) low-resolution FM-TEM correlated image of
PLGA-PEG NPs and (F) dSTORM-TEM correlated image of PLGA-PEG NPs, highlighting the difference in resolution between the two FM techniques

(scale bars Eand F = 1 um).

(ILVs); LE have a diameter between 250-1000 nm with densely
packed ILVs; lysosomes have diameters between 200 to
>1000 nm with an electron-dense lumen and membrane
whorls. For extra correlative images at 1 h, 8 h and 24 h see
Fig. S8, S9 and S10, respectively. Occasionally we were also
able to detect non-endosomal NPs (NE), i.e. found inside the
cell but not in any of the three compartments/nucleus
(Fig. S11f). Notably, polymeric nanoparticles, such as

This journal is © The Royal Society of Chemistry 2023

PLGA-PEG, may be slightly visible at the cell membrane but
not at all visible within the cellular milieu by TEM alone,
showing the suitability of this method to a wide range of
nanomaterials.

For the quantification, NP clusters were counted in each
compartment and normalized based on the total number of
NPs (Fig. 3F). At 1 h, most NPs were found within the EE
(~48%), followed by LE (~26%) and NE (~20%), with the min-
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Fig. 3 dSTORM-TEM correlation for intracellular trafficking of
PLGA-PEG NPs. Scheme of (A) endo-lysosomal pathway consists of NP
endocytosis, and trafficking by early endosomes (EE) to late endosomes
(LE) and to lysosomes in Hela cells. (B) PLGA-PEG Dil loaded NPs
detected by dSTORM and localized within different cellular compart-
ments by TEM: (B) during endocytosis, (C) in EE, (D) in LE and (E) in lyso-
somes. (F) Time course of quantitative dSTORM-TEM analysis of
PLGA-PEG NPs progressing through EE, LE, lysosomes and non-endo-
somal compartments (NE). Normalization was done using the total
number of NPs at each time point. At1 h N = 223, at 8 h N = 145 and at
24 h N = 141. Scale bar B =1 pym, C-E = 500 nm.

ority in lysosomes (~5%). This suggests that PLGA-PEG NPs
were taken up by cells via endocytosis and then transported
through the classic endocytic pathway, as has been previously
reported.®®® As the incubation time increased to 8 h, the
population of NPs in EE decreased to ~13%, whilst it
increased in LE to ~50% and in lysosomes to ~23%,
suggesting that NPs have progressed along the endo-lysosomal
pathway. At 24 h the distribution of NPs within the specific
compartments remained similar to that at 8 h. This could be
explained by the fact that at 8 h more NPs were still found at
the membrane compared to 24 h (Fig. S7 and S127), suggesting
that between 8-24 h NPs were still being endocytosed and
transported through the endocytic pathways, agreeing with
previous results.>

As previously stated, NPs were also found in NE compart-
ments (Fig. S117), albeit in small amounts. Since PLGA-PEG
NPs are not expected to achieve endosomal escape, we believe
these results could be due to broken organelles releasing NPs
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into the cytoplasm,®” as partially broken endo-lysosomal com-
partments containing NPs were seen by dSTORM-TEM
(Fig. S13t). However, these results could also indicate partial
degradation of NPs in the lysosomes and release of the dye in
the cytosol. Although in this experiment we were not interested
in studying endosomal escape, being able to localize and
quantify NPs outside of endo-lysosomal compartments indi-
cates that our technique is well-tailored to study this process
as will be demonstrated later.

Notably, a 72 h time point was also carried out, which
showed no fluorescence signal by CLEM (Fig. S14F), as
opposed to the other time points. To confirm NP internaliz-
ation at these various time points, a flow-cytometry assay was
carried out (Fig. S157). As expected, the lowest internalization
is seen at 1 h, followed by a significant increase at 8 h. At 24 h
there was a decrease in the number of internalized NPs, fol-
lowed by a further decrease at 72 h, comparable to the uptake
at 1 h. These results agree with the decrease in fluorescence
seen at 72 h in Fig. S131 and could be due to a release of NPs
from the cells through the recycling endosome system and/or
through the exocytosis pathway as demonstrated previously for
PLGA NPs®"® and other nanomaterials.’””*®7° Since these
NPs reach the lysosomes, it is also possible that they are
degraded, as previously shown for PLGA NPs.®' Another poss-
ible reason is that since HeLa cells have a doubling time of
roughly 33-35 h,”! after this time intracellular NP load is
expected to decrease as a result of cell division.”” Finally,
CLEM is still a low-throughput technique, meaning that if the
NP load is low or has been diluted/degraded, there is a high
chance that NP presence will not be detected. Further systema-
tic analysis of longer time points would be required to fully
understand these observations.

Using the information from dSTORM-TEM correlative
images, we were able to assign and quantify the distribution of
NPs among different cellular compartments at a given time
point. This is not possible with the classical confocal colocali-
zation analysis that are generally limited to two structures at a
time and suffer of resolution issues (structures in proximity
tend to colocalize due to lack of resolving power). Overall,
these results demonstrate the applicability of dSTORM-TEM
correlative imaging in tracking individual nanomaterials and/
or their cargo intracellularly, for a better understanding of
their biological fates. However, there is a clear need to develop
more high-throughput protocols that would result in more
user-friendly technique, more significant statistics and the
ability to catch rare events in the act.

2.3 The effect of chloroquine on NP intracellular distribution
using dASTORM-TEM

Our previous results showed that PLGA-PEG NPs were mainly
entrapped within the endolysosomal pathway. Endosomal
entrapment is a process that typically happens after endocyto-
sis, whereby the carrier-drug ensemble is entrapped and
degraded in endo-lysosomal compartments, and thus presents
a key bottleneck in ensuring effective therapeutic delivery
using nanocarriers.'"'%?%73 As previously mentioned, current

This journal is © The Royal Society of Chemistry 2023
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ensemble techniques used in this field prevent the thorough
understanding of endosomal escape mechanisms. We there-
fore wanted to demonstrate the applicability of our proposed
dSTORM-TEM correlative protocol on studying endosomal
escape. To promote the escape of PLGA-PEG NPs from endo-
lysosomal compartments, we used the lysomotropic endo-
somal escape enhancing compound chloroquine””” (Fig. 4).
Cells were incubated with 100 pM chloroquine for 4 h, fol-
lowed by a 4 h NP pulse and a 4 h NP chase (total 8 h) (+CQ),
and compared with an identical sample without chloroquine
treatment (—CQ). The ultrathin sections were prepared in
accordance to the described CLEM protocol. After imaging by
dSTORM-TEM (Fig. 4A and B), NP clusters were counted in
each compartment and normalized according to the total
number of NPs (Fig. 4C).

For the cells not treated with chloroquine (—CQ), PLGA-PEG
NPs were found mainly in LE and lysosomes, with a minority
found in EE and NE compartments. In contrast, chloroquine
treatment (+CQ) caused a 4-fold and a 2-fold decrease in NPs
found in lysosomes and LE, respectively, whilst causing a
3-fold and a 2-fold increase in NPs found in EE and NE com-
partments, respectively (Fig. 4C). For extra dSTORM-TEM
images see Fig. S16.1 These results agree with the documented
behaviour of chloroquine as a damage-inducing agent for vesi-
cles in the late stages of the endo-lysosomal pathway (low pH

A) - chloroquine B) + chloroquine

C)
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Fig. 4 dSTORM-TEM correlation for studying the effect of chloroquine
on PLGA-PEG NP intracellular trafficking. PLGA-PEG Dil loaded NPs
were detected by dSTORM and localized within different cellular com-
partments using TEM. dSTORM-TEM correlative images of (A) NPs incu-
bated with Hela cells for 8 h, and (B) HelLa cells treated with 100 uM
chloroquine for 4 h prior to 8 h NP incubation. A 4 h NP pulse and a 4 h
NP chase were carried out for both samples. Scale bars = 1000 nm. (C)
Quantitative analysis of NP distribution within different cellular compart-
ments without (—-CQ) and with chloroquine treatment (+CQ).
Normalization was done using the total number of NPs at each con-
dition: —CQ N = 145, +CQ N = 236.
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compartments), leading to less NP found in LE and lysosomes,
but more within the EE and cytoplasm.

Endosomal entrapment is a recognised bottleneck in drug
delivery and for this increasing research is aimed at designing
formulations with endosomal escape in mind. However, whilst
the arsenal of nanomaterials is increasing, there is still a ten-
dency in the field to use qualitative and inconsistent tech-
niques (e.g. co-localization studies using confocal microscopy
and transfection efficiency) to study their endosomal escape
properties. To be able to design more successful nanocarriers,
we must be able to track their intracellular pathways using
more quantitative and direct techniques, and this work high-
lights the relevance of dASTORM-TEM in achieving this quest.

3. Experimental

3.1. Nanoparticle formulation

PLGA-PEG NPs were formulated via the precipitation-solvent
evaporation (nanoprecipitation) method according to litera-
ture' and to our previously reported data.>™ PLGA (PLGA,
50:50 LA:GA, M, 25-35 kDa; PolySciTech, Akina) and
PLGA-PEG (PLGA LA:GA 50:50, M. 30 kDa and PEG 5 kDa;
PolySciTech, Akina) were dissolved in the solvent acetonitrile
(ACN, Chem-Lab, HPLC grade, Sigma Aldrich) to give stock
solutions. To ensure maximum dissolution, the solutions were
maintained at R.T. for 2 h, with 1 min vortex every 30 min, fol-
lowed by a final 10 min bath sonication. Fresh milliQ water
was filtered with a 0.22 pum sterile filter (Merck Milipore,
Millex GP) and used as the antisolvent phase. 1,1’-Dioctadecyl-
3,3,3',3"-tetramethylindocarbocyanine perchlorate (Dil, lipophi-
lic cationic carbocyanine dye; Sigma Aldrich) was weighed and
dissolved in ACN to a concentration of 1.1 mM and used as a
stock solution. PLGA and PLGA-PEG stock solutions were
mixed to give a 15 : 85 (wt: wt) ratio, respectively, and Dil stock
solution was added to give a final concentration of 30 uM.

4 mL of the anti-solvent phase (water) was added to a glass
vial (5 mL) with a magnetic stirring bar (VWR, 8 x 3 mm) and
placed on a magnetic stirring plate (IKA3050009 Big Squid
White) at 200-300 rpm. Maintaining a 10 : 1 ratio between anti-
solvent and solvent, 400 pL of the solvent phase (polymeric
solution) was added dropwise to the stirring antisolvent phase
using a 20-200 pL pipette. The final NP suspension was
allowed to stir for 5 h to enhance solvent evaporation. The
capped glass vial was then kept in the fridge at 4-8 °C until
further use.

3.2. Cell plating and nanoparticle incubation

HeLa cells (ATCC) were seeded on a 92 x 17 mm cell culture
dish (NuncTM, Fisher Scientific) and incubated for 24 h in
Dulbecco’s modified Eagle’s medium (DMEM, with
r-glutamine 10 mM, 4.5 g L™ p-glucose and pyruvate, Gibco)
supplemented with FBS 5% (Gibco) and penicillin/streptomy-
cin 1% (Biowest), at 37 °C and 5% CO,, to full confluency.
After the incubation, the medium was removed and the cells
washed thrice with warm PBS (1x, pH 7; Thermo Fisher). Then
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PLGA-PEG NPs diluted to 1.5 mg/5 mL in OptiMEMTM
(Thermo Fisher) were added to the cell plate and incubated for
either 1 h, 8 h, 24 h or 72 h at 37 °C and 5% CO,. For the latter
3 time points, the NP solution was removed after 4 h and
washed thrice with PBS (at 37 °C), then replaced with medium
for the remaining incubation time.

Next, the cells were first fixed for 30 min at R.T. by adding
an equal volume of fixative 1 (4% paraformaldehyde, 0.1% glu-
taraldehyde, in 0.1 M PHEM (240 mM PIPES, 100 mM HEPES,
8 mM MgCl,, 40 mM EGTA; pH 6.9)), in an equal volume of
the FDMEM found in the cell culture dish. Then, fixative solu-
tion was discarded and replaced with 5 mL fixative 1 for
another 30 min at R.T. Then, the solution was removed and
replaced with 1.5 mL of fixative 2 (2% paraformaldehyde in 0.1
M PHEM) for 5 min at R.T., ensuring that the cell dish is
evenly covered. The cells were then scraped off (whilst in fixa-
tive 2) using a cell scraper and transferred to a 1.5 mL
Eppendorf. These were then pelleted using a centrifuge
(Eppendorf 5804 R) at 2500 rpm (1200 rcf) for 10 min at R.T.
The supernatant was replaced with 1 mL fixative 2, then centri-
fuged again. The pellet was kept in fixative 2 at 4 °C and
covered from light until next steps.

3.3. High-pressure freezing, freeze substitution, embedding
and ultramicrotomy

The following protocol is an adaptation of the protocol used
by Katheder et al.,”” with some modifications. Briefly, pellets
were suspended in 20% dextran (in PBS), pipetted to 200 pm-
depth planchettes and high-pressure frozen (Leica HPM100).
The freeze substitution and resin embedding steps were
carried out using a temperature-controlled AFS2 (Leica). For
full details on freeze substitution protocol see Table S1.f
Briefly, sample carriers were transferred to 4 mL freeze substi-
tuent (0.1% (w/v) uranyl acetate in acetone) inside the pre-
cooled AFS2 chamber, and the freeze substitution steps
occurred from —140 °C to —45 °C (steps 1-5). Then, the
samples were washed 4 times in acetone at —45 °C (steps 6-9),
followed by infiltration with increasing concentrations of
Lowicryl HM20 resin (25%, 50%, 75%, and 100%; steps 10-14;
Electron Microscopy Sciences). Finally, two last steps of HM20
infiltration take place, whilst the temperature is increased
slowly from —48 °C to 22 °C (steps 15-16). UV-polymerization
occurred in steps 14-16.

Two semithin sections (500 nm) were obtained for each
sample on an Ultracut UC7 ultramicrotome (Leica). One was
stained using methylene blue, for a first visual check-up of cell
morphology. The second semithin section was stained using
20 pg mL ™" Hoechst (Sigma-Aldrich) in PBS for 10 min at R.T.
and imaged using a Nikon N-STORM microscope to check for
fluorescence. Then, ultrathin sections (70-100 nm) were
obtained and collected on a 200-mesh formvar film-coated
hexagonal nickel grids.

3.4. Preparation for STORM imaging

As per Fig. S17,1 the grids were first placed on top of 40 pL
drops of nuclei stain Hoechst 20 pg pL™" (in PBS) for 10 min at
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R.T. using a fine tweezer. The grids were then washed in 40 puL
x3 consecutive milliQ water drops (1 min each). Next, for
addition of fiducial markers, the grids were placed on a 40 pL
drop of Tetraspeck (0.1 pm diameter, ~1.8 x 10"" particles per
mL in 2 mM sodium azide; Invitrogen) diluted x500 in PBS for
10 min, then washed through a drop of milliQ water.

A 40 pL drop of GLOX imaging buffer was placed on top of
a glass microscopy slide (FisherBrand), containing (a) 100 mM
mercaptoethylamine (MEA), (b) an oxygen scavenger system
consisting of 5% glucose (wt/vol), 0.5 mg mL™' glucose
oxidase (Sigma-Aldrich) and 40 mg mL™" catalase (Sigma), (c)
15% glycerol, in PBS at pH 8.5. This was covered with a glass
coverslip (Corning Cover Glass, thickness 11, 22 x 22 mm). The
imaging chamber was then sealed using transparent nail
polish to prevent buffer evaporation (see Fig. S167).

3.5. STORM imaging

First, several reference images were taken as seen in Fig. S18:
(1) the EPI lamp on DAPI filter was used to take a 13 x 13
stitch (1024 x 1024) of the distribution of the ultrathin sections
on the grid, using the NIS-Elements stitch function. (2) The
second reference image was taken using the same lamp and
filter at 1024 x 1024 inside the grid hexagon of interest,
showing the cell nuclei, then (3) one image was acquired at
256 x 256, which gives the exact FOV that will be imaged by
STORM. Then, using the Nikon N-STORM system configured
for highly inclined and laminated optical sheet (HILO)
imaging, a low-resolution image of NPs was taken using the
561 nm (80 mW) laser, and a low-resolution image of the fidu-
cial markers using the 647 (160 mW) laser, both at 2% laser
power and 300 ms. These latter two images are used for corre-
lation of low-resCLEM images.

NPs were imaged by STORM by illuminating the sample
with the 561 nm (80 mW) laser at 100% power, and the fidu-
cial markers with the 647 nm (160 mW) laser at 5% power.
Fluorescence was collected using a Nikon 100x, 1.49 NA oil
immersion objective and passed through a quadband pass
dichroic filter (97335 Nikon). Images were acquired onto a 256
x 256-pixel region (pixel size 0.16 pm) of a Hamamatsu ORCA
Flash 4.0 camera at 20 ms integration time. For the 561
channel 10000 frames were acquired, and for the fiducial
markers one frame was acquired every 100 frames in the 647
channel. Single molecules localization movies were analyzed
with NIS element Nikon software. Data was analyzed with NIS
Elements (Nikon) and Image]. No filters were applied to the
STORM images presented in the article.

3.6. Preparation for TEM imaging

To remove the grid from the microscopy chamber without
ripping/damaging the grid, it is important to be as gentle as
possible whilst doing the following steps. First, tissue
embedded in acetone was used to gently remove the nail
polish around the edges of the coverslip, trying to not move
the coverslip whilst doing this. Then, as seen in Fig. S19,} the
microscopy chamber was placed in a Petri dish filled with
milliQ water, and the coverslip was gently moved left and

This journal is © The Royal Society of Chemistry 2023
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right, until detached from the microscopy slide, then with a
tweezer, gently lifted. Next, the grid was picked up using a
tweezer and washed to remove buffer salts on 5 x 40 pL milliQ
water drops for 1 min each. The grid was allowed to dry for at
least 15 min, and then stained.

For staining of the ultrathin sections, the grid was first
placed on a 20 pL drop of 2% uranyl acetate (in milliQ water)
for 30 min at R.T. Then, the grid was removed using a tweezer
and rinsed thoroughly in 200 mL milliQ water using a jet of
water. If the grid dropped in the beaker, it was gently removed
and washed with another 200 mL of milliQ water. The grid was
then allowed to dry for at least 15 minutes. To prevent precipi-
tation of lead in Reynolds’ solution (prepared in house) by
exposure to atmospheric CO,, a pellet of NaOH was placed
underneath a small Petri dish, to exclude atmospheric CO,.
Then, a 20 pL drop of 3% lead citrate (Reynolds’) was placed
quickly underneath the Petri dish, next to the NaOH pellet.
The grid was then stained for 1 min and washed thoroughly
using a 200 mL jet of milliQ water. The grid was then allowed
to dry inside a desiccator for at least 2 h before imaging in
TEM.

3.7. TEM imaging

The grids were imaged using a Jeol 1010 (Gatan, Japan) from
the Electron Cryomicroscopy Unit from the CCiTUB, equipped
with a tungsten cathode. Images were acquired at 80 kV with a
CCD Megaview 1k x 1k and the Analysis 3.2 software. First, the
ROI was located using a low-magnification function and the
reference images acquired previously. Then, sequential images
were taken of the ROI at a magnification of x15 000, which
were later stitched using the ‘photomerge’ function in Adobe
Photoshop CS9. Images were also taken at greater magnifi-
cations such as x30 000 to highlight in better resolution struc-
tures of interest.

3.8. Correlation and data analysis

The low-resolution/STORM and TEM images were first pre-pro-
cessed to enhance contrast and brightness, and overlay was
achieved using the open access eC-CLEM plugin using the ICY
bioimage analysis platform. To do this, fiducial markers
visible in both images were selected, and the program would
achieve the correlation. Typically, a non-rigid (warping) trans-
formation would be carried out if the registration error of the
fiducials was greater than the predicted registration error.
Briefly, as seen in Fig. S20, around 20-30 fiducial markers
were localized in both images, and a non-rigid transformation
was applied. The correlation accuracy (in nm) was calculated
and was between 40-60 nm when using 20-30 fiducial
markers. Note that the greater the number of fiducials per
image, the greater the accuracy and vice versa.

STORM images were reconstructed using the NIS Elements
software in Nikon using a 2D Gaussian fitting and a threshold
of 180 for both channels. The threshold is the difference
between the photon number in the peak pixels and the back-
ground pixels. The trace length parameter was set to 5 to avoid
different molecules blinking consecutively, meaning that
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molecules identified in 5 consecutive frames would be
counted as 1, or removed if more than 5 frames.

For NP quantification, STORM signal with 50-300 nm dia-
meter and 10 or more localizations was considered a true NP.
If signal of 2 or more NPs was clearly distinguishable as single
NPs, then these were counted as independent NPs. Larger
signal (200-300 nm diameter) was considered a single NP. As
opposed to TEM, if NPs are closer to each other than the
resolution limit of STORM (~20 nm) they are not distinguish-
able as individual NPs, and thus a limitation of this method is
that the number of NPs may be understated.

4. Conclusions

In this work, we have introduced an efficient dSTORM-TEM
correlative protocol to study the intracellular pathway of
PLGA-PEG NPs in HeLa cells, that allows the localization of
single NPs (dSTORM) within cellular compartments (TEM)
with nanometric resolution in both microscopies, whilst main-
taining NP fluorescence and preserving cellular ultrastructure.

Notably, our method performs the heavy metal staining
steps after dSTORM imaging, thus preserving the fluorescence
in the sample.

PLGA-PEG NPs were localized at increasing incubation
times in different cellular endo-lysosomal and in non-endo-
somal compartments. We showed that at early time points,
NPs were found mainly in EE, whilst at later time points in LE
and lysosomes. After 72 h however we were unable to image
NPs by CLEM due to a loss of fluorescence, which we attribu-
ted to various already proven factors, including exocytosis, cell
division and/or particle degradation. Since PLGA-PEG NPs
were entrapped within the endo-lysosomal pathway, we then
studied their endosomal escape upon incubation with the lyso-
motropic agent chloroquine. Using our dASTORM-TEM protocol
we quantified the cellular distribution of NPs, and showed a
decrease of NP localization within low pH compartments (LE
and lysosomes), and an increase in EE and NE compartments
(i.e. endosomal escape).

Importantly, the proposed dSTORM-TEM protocol can
image and localize NPs that are not detectable by TEM alone
and thus we envision that it could be applied to track many
fluorescently labelled nanomaterials and/or their cargo within
the ultracellular environment. Particularly, limiting steps in
intracellular delivery such as endosomal entrapment could be
studied for more complex nanomaterials such as polyplexes or
lipoplexes that require nucleic acid delivery to the nucleus. We
believe that advanced microscopy techniques such as CLEM
are of great relevance in obtaining complex information that
we are currently lacking and could facilitate the rational and
efficient design of nanomaterials for drug delivery.

Although the focus of this work is on tracking NPs to under-
stand their fate inside the cell, the applicability of this method
expands beyond nanomaterial research and could be applied
to other fields in biology, such as the study of virus or extra-
cellular vesicles trafficking, immunology or neuroscience,
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among others, when labelled with dSTORM suitable dyes (by
using genetic tags or click-chemistry). Even though commer-
cial systems for integrated microscopy have been developed,*
they are still a long way from being incorporated into general
laboratories. Our protocol requires only equipment typically
found within light and electron microscopy facilities, thus
allows a wider implementation by the scientific community.
Yet, for correlative techniques to be picked up as standard
techniques in nanomaterial characterization and demonstrate
their worth, more automated, and high-throughput imaging
protocols will be required. We believe that a synergistic effort
from various scientific disciplines could soon make this a
reality.
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