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ABSTRACT: The functionalization of nanoparticles with functional DNA-PAINT TEM Super-resCLEM
moieties is a key strategy to achieve cell targeting in nanomedicine. The o
interplay between size and ligand number is crucial for the formulation
performance and needs to be properly characterized to understand
nanoparticle structure—activity relations. However, there is a lack of methods
able to measure both size and ligand number at the same time and at the
single particle level. Here, we address this issue by introducing a correlative
light and electron microscopy (CLEM) method combining super-resolution
microscopy (SRM) and transmission electron microscopy (TEM) imaging. We apply our super-resCLEM method to characterize
the relationship between size and ligand number and density in PLGA—PEG nanoparticles. We highlight how heterogeneity found in
size can impact ligand distribution and how a significant part of the nanoparticle population goes completely undetected in the
single-technique analysis. Super-resCLEM holds great promise for the multiparametric analysis of other parameters and
nanomaterials.

KEYWORDS: super-resolution microscopy (SRM), electron microscopy (EM), correlative light and electron microscopy (CLEM),
nanomedicine, nanoparticles, heterogeneity

he field of nanomedicine is rapidly expanding in light of morphology of nanomaterials at the single particle level.**~**
its expected impact on health care.'™® Nanoparticles On the contrary, quantification of ligand numbers and ligand
(NPs) conjugated with functional ligands have been developed distribution proves to be more challenging and it is often
for various applications, including imaging and diagnosis,*’ carried out with indirect assays based on averaged values which
and targeted drug dthef}’-éi Yet, despite many optimization mask the heterogeneity in a nanoparticle formulation.””***
efforts only a small fraction of the injected dose has shown to Moreover, analysis at a single particle level with high
reach the target site,® exposing the gap in our understanding of throughput is still suffering from a lack of accurate and
how the properties of ligand functionalized NPs can affect their standardized techniques.B
biological responses. Common methods to characterize ligand Recently, super-resolution microscopy (SRM) techniques
functionalized NPs rely on averaged results, which do not based on single-molecule localization (SMLM) have been used
provide an accurate picture of the material at a single-particle for the analysis and quantification of synthetic nanomaterials in
level, and generally underestimate the magnitude of hetero- vitro and within cells,” >’ as well of functional ligands,”>>*"’
geneity in ligand number and distribution.” thanks to their superior resolution (10—20 nm), molecular
It is particularly important to study the heterogeneity in size specificity, and sensitivity.3'2 DNA Points Accumulation for

and functional ligand distribution as they are the main Imaging in Nanoscale Topography (DNA-PAINT), a type of
determinants of the formulation’s in vivo fate. First, NP size SMLM technique,33 has been applied to map the functional
is a major determinant of cellular uptake,'”"" blood circulation sites on the surface of polystyrene NPs and to explore the
half'life’lLB biodislt7ribution,l4’15 tumor .pernlleal.)ilitylé and spatial distribution and surface heterogeneity of the active sites
immune response. * Second, the functionalization of NP on their surface.”> DNA-PAINT can be used to quantify single
surface with targeting ligands is the most used strategy to molecules (i, molecular counting) and achieves high

achieve tissue and. .cell—sele'ctive delivery of drug carriers multiplexing, low photobleaching, and is accurate for a wide
through the recognition of biomarkers on the cell surface. In

this context, ligand number, affinity, and distribution govern ] ]

the NP biodistribution, cell selectivity, and internalization and Rec.ewed: April 27, 2021

as a consequence its therapeutic efficiency.'®" Re‘"?ed‘ June 3, 2021
Size is generally characterized by dynamic light scattering Published: June 14, 2021

(DLS), while electron microscopy (EM) and atomic force

microscopy (AFM) are used to reinforce the results as they can

provide direct characterization of the size distribution and
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Figure 1. Overview of the super-resCLEM method. Formulation of PLGA—PEG NPs via nanoprecipitation (1). Conjugation of NP maleimide
groups to thiol-DNA 9-mer oligonucleotides (docking strands) acting as functional ligands (2). NPs are attached to a copper carbon-coated 200
mesh TEM grid, which is assembled into a chamber, followed by flow of complementary imager strand buffer solution (3). A reference image of the
region of interest (ROI) is taken using a stitching function (4). Then the DNA-PAINT image is acquired, through transient binding and unbinding
of the complementary imager strands attached to ATTO-647-N fluorophore (5). The txt. file consisting of the x,y,t localizations coordinates is
extracted and analyzed into number of localizations per NP. The exact number of available ligands is quantified using QPAINT analysis (6). For
TEM imaging, the NP-coated TEM grids are negatively stained with 2% uranyl acetate; using the low-magnification function of a TEM microscope
the ROl is found on the grid and imaged sequentially at 20 000X magnification. The sequential images are manually stitched, and NP size can be
quantified (7). DNA-PAINT and TEM images are correlated manually (8). Size and ligand number are quantified and correlated at a single-particle
level (9). Schematic NP and arrow in (9) were created with BioRender.com.

range of functionalization densities.*>** Quantitative PAINT
(qPAINT), a technique originally used to quantify docking
strands in DNA origami,” can quantify the exact number of
functional ligands on the surface of NPs, 23136 highlighting the
applicability of SMLM in nanomedicine research.

Still, despite the advances in SRM that allow us to
characterize NPs at a single particle level, we are only able
to study the population of NPs that are labeled and thus lose
information on NP size and morphology. Consequently, the
relationship between various physiochemical properties (i.e.,
multiparametric) such as size and ligand number and
distribution remains unclear. Although it is good practice to
characterize samples with multiple techniques, a correlation
between individual physiochemical parameters and biological
performance cannot be made, as the effects of different
parameters are entangled.””*"

Correlative light and electron microscopy (CLEM) are a
powerful and well-established group of multimodal imaging
systems that combine the benefits of both microscopies
through detailed images of the same region.”> CLEM has
proven its potential in structural biology‘m_45 and recently to
track and quantify NPs intracellularly,”*” but to the best of
our knowledge it has not yet been explored for the structural
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characterization of nanomaterials. To address this issue, we
have developed a correlative super-resolution microscopy
(SRM) and transmission electron microscopy (TEM)
(super-resCLEM) method. It combines the ability of SRM to
quantify the number of surface ligands with the potential of
TEM to characterize the size and morphology with nanometric
precision and at a single particle level.

Here, we propose a super-resCLEM workflow for the
characterization of functionalized polymeric poly(lactide-co-
glycolide)-poly(ethylene glycol) PLGA—PEG NPs. Polymeric
NPs have been applied in targeted drug delivery systems due to
their biocompatibility, biodegradability, and general ease in
surface customization.”" ™" A common strategy for surface
grafting of NPs with targeting ligands is by surface
modification with the spacer PEG,”" which also offers stealth
behavior.>>* In this work, we functionalized PLGA—PEG-
maleimide chains to our oligonucleotide ligand via a
maleimide—thiol conjugation as this approach provides high
reactivity and good final stability under most conditions.**°

We first describe our super-resCLEM method and show its
applicability in investigating the relationship between ligand
number, ligand distribution, and ligand density versus size at a
single-particle level and with nanometric resolution. We

https://doi.org/10.1021/acs.nanolett.1c01666
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Figure 2. Characterization of localization distribution and ligand number and diameters in PLGA—PEG nanoparticles using DNA-PAINT and
TEM. (A) DNA-PAINT images of PLGA—PEG 30% maleimide NPs conjugated to thiol-docking strands in a large field (scale bar 1000 nm) and a
small field (upper left, scale bar 100 nm). DNA-PAINT localizations are shown in red and Dil signal used for drift correction and as a reference in
yellow. Normalized frequency histograms of DNA-PAINT localizations per NP for PLGA—PEG 5% (B) and 30% maleimide (C) formulations,
including the number of NPs analyzed (N) and the mean number of localizations per NP (Mean), as well as a bar graph depicting the number of
ligands per NP quantified with qPAINT, and the average number of ligands per NP. Bin widths = 40. Experimental details of DNA-PAINT imaging
on glass can be found in Supporting Information. Experimental information on qPAINT on glass can be found in Figure SS. (D) Transmission
electron microscopy (TEM) images of PLGA—PEG (30% maleimide) NPs conjugated to thiol-docking strands in a large field (scale bar 1000 nm)
and a small field (upper left, scale bar 200 nm). Normalized frequency histograms of NP diameter (nm) for PLGA—PEG 5% (E) and 30%
maleimide (F) formulations, including the number of NPs analyzed (N) and mean diameter in nm (Mean). Bin width = 10.

surprisingly discover the presence of a large population of NPs
with no ligands on their surface, as well as “invisible
nanoparticles” that go undetected by DNA-PAINT imaging
alone. Finally, we quantify the amount of accessible surface
ligands per particle using our multiparametric correlative
method and demonstrate its advantage over a one-method-at-
a-time approach. The applicability of our correlative method
spans to a plethora of other different nanomaterials with the
only requirement being the attachment of docking strands to
the ligands of interest, althoug7h other DNA-free PAINT
approaches could also be used.””*® Therefore, our approach
holds great promise for the multiparametric analysis of various
other parameters and nanomaterials.

B RESULTS AND DISCUSSION

Introducing Super-resCLEM Methodology. Our super-
resCLEM method is outlined in Figure 1, Materials and
Methods, and Figure S1. Polymeric NPs were formulated
manually via the nanoprecipitation method®” using combina-
tions of PLGA—PEG, PLGA, and PLGA—PEG—maleimide
polymers (1). Then, NPs were conjugated to functional ligands
through a thiol-maleimide reaction.”*" The ligand consists of
a thiol group conjugated to a short (nine bases) oligonucleo-
tide strand (i.e,, docking strand) (2). The NPs were adsorbed
onto a carbon-coated copper TEM grid and prepared into a
glass imaging chamber. Then, the complementary oligonucleo-
tide strand labeled with Atto-647N (i.e,, imager strand) was
flown into the chamber (3). To relocate the region of interest
(ROI) later in TEM, we collected large field-of-view bright
field (BF) images of the grid to distinguish its orientation (4).
In DNA-PAINT imaging, DNA hybridization drives the
transient binding of the imager strands to the docking strands
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on the surface of the NPs, leading to fluorescence signal and
localization of single molecules over thousands of frames™® (5).
After image acquisition, space-time coordinates of individual
molecules are analyzed to precisely quantify the number of
available surface ligands per NP through the quantitative
PAINT method (qPAINT)***"** (6). Following negative
staining, the grid was transferred to TEM, for size analysis and
morphological inspection. Using the reference images, the ROI
was established and sequentially imaged, then the single images
stitched to create a “TEM canvas” of the ROI (7). Then, the
SRM image was scaled and rotated to match the size and
orientation of the TEM stitched image, then manually
correlated to obtain a TEM canvas with overlapping clusters
of localizations per single particle (8). The number of surface
ligands and size of each NP was correlated at a single-particle
level (9).

Characterization of NPs at a Single-Particle Level. We
first tackle the characterization of PLGA—PEG NPs with
DNA-PAINT and TEM separately. We formulated NPs with
5% and 30% maleimide content and conjugated them to an
excess of ligand and used DNA-PAINT and qPAINT to
quantify and analyze the ligand number and distribution. For
further characterization, see Table S1, Figure S2, and Figure
S3. To demonstrate that the DNA-hybridization is specific
between the docking strand and imager strand, we carried out
control experiments whereby the formulations were imaged
under the same conditions using a noncomplementary imager
strand (Figure S4).

Figure 2A shows a reconstructed DNA-PAINT image where
the functional groups are imaged (red localizations). The
yellow signal represents the encapsulated Dil dye, used as a
reference in DNA-PAINT. NPs without the corresponding Dil
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signal are disregarded as unspecific signal. Intraparticle
heterogeneity in surface ligand distribution is clear as every
NP shows a distinct number of events. In Figure 2B,C, a
quantification of the number of localizations/NP and the
relative quantified number of ligands per NP by qPAINT is
presented. The results for PLGA—PEG 5% (Figure 2B) and
30% maleimide (Figure 2C) formulations reflect the expected
increase in relation between maleimide content and number of
localizations and/or ligands. Both formulations show nonsym-
metrical localization distributions, with a broader distribution
(i.e., more heterogeneous) at the higher maleimide content. By
calculating the coefficient of variation (CV) of number of
localizations per NP, we found that NPs formulated in the
same way and in the same batch display a number of
localizations that spans by 60—90% from the mean value,
highlighting marked ligand heterogeneity in these formulations
(Figure S6). Notably, DNA-PAINT is a fully random process,
as the DNA strand molecules in solution have equal probability
to attach to a complementary strand on an NP.° The
conjugation process of ligands to maleimide groups on NP
surface is also expected to be stochastic, unlike the
distributions observed here. A possible reason is that the
stochastic process of ligand conjugation is entangled with other
parameters, such as size, resulting in non-Poissonian
distributions.

We therefore used TEM to study NP size heterogeneity. A
typical TEM image depicting PLGA—PEG NPs is seen in
Figure 2D. Figure 2E and Figure 2F show the distributions in
diameter at a single-particle level for the PLGA—PEG 5% and
30% formulations, respectively. Although a nearly symmetrical
distribution is seen for particles formulated with 5% maleimide
content, at 30% we observe a more heterogeneous distribution,
similar to that observed in localizations per NP with DNA-
PAINT.

Observing heterogeneity in both size and functional ligands,
we next correlated DNA-PAINT with TEM images to identify
a possible relationship between the two parameters at a single-
particle level.

Multiparametric Characterization of NPs Using
Super-resCLEM. In Figure 3, we introduce a representative

A) DNA-PAINT

C) Super-resCLEM

Figure 3. Correlative DNA-PAINT and TEM (super-resCLEM)
image of PLGA—PEG nanoparticles. (A) DNA-PAINT image where
red localizations are representative of ligand number and yellow
localizations of encapsulated Dil dye used as a reference marker and
(B) TEM image, both corresponding to the same PLGA—PEG 30%
maleimide NPs. (C) Overlaid super-resCLEM image. NPs without
the reference Dil signal (“invisible particles”) would be discarded in
DNA-PAINT imaging alone. All scale bars = 500 nm. For details of
image acquisition and data analysis see Materials and Methods. Arrow
was created with BioRender.com.
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correlative image obtained using our proposed super-resCLEM
method on ligand conjugated PLGA—PEG NPs. We first
obtained a DNA-PAINT image (Figure 3A) prior to sample
preparation required for TEM, to preserve the surface docking
strands intact for the hybridization with the complementary
imaging strands. Particles are visible as red clusters of
localizations, representative of the number of surface ligands,
with an appreciable heterogeneity among them. Then, a TEM
image was acquired on the same field of view (Figure 3B),
clearly highlighting NPs of different sizes. The merging of
these two images results in the final super-resCLEM image
(Figure 3C), which allows us to make two important
qualitative observations: a marked heterogeneity in both
number of localizations and size per NP, and the presence of
particles without the reference Dil signal, that would otherwise
be invisible to DNA-PAINT imaging alone (i.e., “invisible
particles”).

Using the correlative images for both 5% and 30%
formulations (Figure 4A,B, respectively), we studied the
relationship between the number of ligands per NP versus
TEM diameter at a single particle level for both formulations
(Figure 4C/F, respectively). By observing these scatterplots,
where every NP is one cross, we see that the number of surface
ligands per NP increases exponentially with increasing NP size
but also that both formulations display heterogeneity in the
trend as shown by the broad data clouds. To better understand
the trend, particles were binned according to their diameter
and the average ligand number was obtained for particles
within each bin (Figure 4C,F, black circles). The obtained
averaged data are well fitted with a power model (Figure 4C,F,
gray line). The results demonstrate that the number of ligands
per NP increases roughly as a power of 2 (1.8 for 5% and 2.5
for 30% maleimide formulations) with increasing diameter.
This suggests that the number of ligands is directly
proportional to the area of a particle, approximated as a
sphere. Although the averaged bins clearly follow the power
law, the single particle data (ie., the crosses) show a much
broader relationship, notably, with more heterogeneity
observed for NPs with 30% maleimide content and greater
than 120 nm in diameter. For more statistical information see
Figure S7. Next, we plotted a scatter graph of ligand density
per NP versus diameter for both formulations. At 5%
maleimide (Figure 4D), NPs with diameters between 50 and
120 nm show the expected trend between these parameters,
that is, the number of ligands per um® does not generally
change with diameter. A similar trend is observed at the 30%
maleimide (Figure 4G) albeit with a much broader
heterogeneity, particularly for diameters >120 nm. In both
formulations, we also observe a cloud of NPs with 0 ligand
density for nearly all NP sizes.

To better understand these results, we analyzed the
distributions of ligands per NP for smaller (0—99 nm) and
larger (100—200 nm) NP populations for both formulations.
We noted that the ligand distribution is more heterogeneous at
30% maleimide (Figure 4H) than at 5% maleimide (Figure 4E)
content, particularly in the larger size population, similar to the
results observed in the relationship between ligand number
and ligand density versus diameter. These findings, as well as
other previously published studies®"®> may suggest that
heterogeneity found in NP size can affect the surface
composition and, as described here, disrupt the expected
trends in ligand number and in ligand density. Consequently,
the presence of NP populations with distinct physiochemical
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Figure 4. Multiparametric characterization of PLGA—PEG nanoparticles using super-resCLEM. Super-resCLEM image of (A) PLGA—PEG 5%
(A) and 30% maleimide (B) nanoparticle formulations (scale bars = 1000 nm). The relationship between the number of ligands per NP as
quantified by qQPAINT, and the corresponding diameter as measured by TEM of PLGA—PEG 5% (C) and 30% maleimide (F) formulations. Black
dots show the same data binned on TEM diameter (bin size 10 nm) where the average number of ligands is shown for each bin. Gray lines show
the results of the fitting of binned data with a power-law model. The relationship between ligand density (number of ligands per NP surface area in
um?) and the corresponding diameter by TEM for PLGA—PEG 5% (D) and 30% maleimide (G) NP formulations. Distributions of ligand number
per NP based on diameter ranges by TEM of 0—99 nm and 100—199 nm for PLGA—PEG 5% (E) and 30% maleimide (H) formulations. Note: the
Dil signal is not present in the CLEM images in A and B as it was not used as a reference in the analysis. In this case, TEM is used to confirm true
NPs in DNA-PAINT. Details of image acquisition, data analysis, and surface area calculation can be found in Materials and Methods.

properties in the same batch can lead to different outcomes in
therapeutic efficacy.”®

Super-resCLEM endows us with the possibility to study the
whole NP population at a single particle level, including those
NPs without any reference signal that would otherwise be
invisible if analyzed solely by SRM as depicted in Figure 3. To
better understand the various subpopulations within our
formulations, we subdivided the whole NP population
according to the quantified number of ligands on their surface
and then calculated the percentage of each subpopulation with
respect to the total amount of NPs. We found a remarkably
large percentage of NPs without any functional ligands: 42%
and 28% at 5% (Figure SA) and 30% (Figure SB) maleimide
contents, respectively. Similar results were observed also on
dendrimers, whereby over 45% of the entire material showed
no surface ligands and very heterogeneous populations,”®®
which opens up the door to a multitude of questions regarding
the performance of these nanoparticle subpopulations that are
in fact nonfunctional, which could also lead to toxicity and
undesirable biological immune responses.”’

We then compared our results for the number of ligands per
NP with the average theoretical calculations that are normally
used in literature (Table 1). First, we calculated the
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Figure S. Pie charts depicting NP populations (%) with 0, 1-20, 21—
40, 41—60 or >60 ligands/NP in PLGA—PEG 5% (A) and 30%
maleimide (B) NP formulations, as quantified and analyzed by super-
resCLEM. The total number of NPs analyzed per formulation is
shown below each pie chart.

conjugation efficiency (CE %) of our NP formulations to the
functional ligands (Table 1) and as a comparison to the smaller
molecule cysteine through a cysteine assay (Table S2) and
found the CE (%) values to be between 23 and 70%,
suggesting that the number of accessible ligands is over-
estimated. Theoretical calculations assume that all the
hydrophilic PEG-maleimide chains will migrate and be exposed
to the NP surface, while the hydrophobic PLGA will form the
core. However, due to the miscibility of PEG and PLGA®"*
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Table 1. Calculation of Ligand Availability (%) Values Using DNA-PAINT Alone and Super-resCLEM“

diameter TEM theoretical maleimide

formulation (nm) molecules/NP
PLGA—-PEG 5% Mal. 74 + 26 321
PLGA—-PEG 30% Mal. 78 + 29 1630
PLGA—-PEG 5% Mal. 77 + 25 357
PLGA—PEG 30% Mal. 82 + 31 2746

CE theoretical ligand accessible ligands ligand availability
(%) number/NP (qPAINT) (%)
23 49 26 47
70 1141 54 N
23 83 8 10
70 1922 19 1

“Average TEM diameter, theoretical maleimide molecules per NP, conjugation efficiency (CE %), theoretical ligand number per NP, accessible
ligands per NP as quantified by qPAINT, and resulting average ligand availability (%) for PLGA—PEG 5% and 30% maleimide formulations. These
results were obtained either by a one-method-at-a-time approach using QPAINT and TEM separately (top two rows) or by a correlative method
using super-resCLEM (bottom two rows). For calculations, see Materials and Methods.

the NP core in fact also includes PEG-maleimide chains. It has
been estimated that only about 50—60% of the maleimide
groups added are available for conjugation on the NP
surface,’® values in close accordance with our results. We
then calculated the ligand availability (%) (i.e., the percentage
of surface ligands per NP accessible to imager strands) for both
formulations with the results obtained by a one-method-at-a-
time approach using TEM and qPAINT data separately (Table
1, top two rows) and compared these with the results
calculated by super-resCLEM (Table 1, bottom two rows).
The ligand availability (%) is generally lower than the CE (%),
meaning that not all conjugated surface ligands are accessible
to the imager strands, which could be due to various reasons.
First, there is still a risk of ligand embedding in the PEG brush
after conjugation,“’é7 and second the functional ligands could
be poorly orientated to the imager strands. Lastly, since our
functional ligands and imager strands are DNA based and their
negative charges could lead to an electrostatic repulsion
between the strands, hindering a close packed arrangement,
especially at a greater maleimide content, as seen in our results.
We observed a general S-fold overestimation in ligand
availability (%) with a one-method-at-a-time approach
compared to our super-resCLEM method. Using the latter
approach, we are not limited to only imaging the population of
NPs with a reference signal, but are indeed able to analyze the
whole population, including the “invisible particles” as
generally all particles are visible in TEM. As depicted in
Table 1, a single parametric approach would also over-
emphasize the therapeutic performance of the formulation and
prevent the determination of a sufficiently effective NP dose.

B CONCLUSIONS

In the present work, we introduce an efficient method based
on super-resCLEM imaging to study the relationship between
size and ligand number and density at a single particle level
with nanometric resolution. First, we demonstrate that the
heterogeneity found in NP parameters may be a result of the
collective impact between different physiochemical properties
such as size and surface ligand number. Second, we found a
remarkable percent of NPs without any surface ligands, which
in a therapeutic formulation would be ineffective and could
even lead to toxicity and undesirable biological immune
responses. Third, we show that the characterization of
nanomaterials using a one-method-at-a-time approach limits
the information obtained as compared to a multiparametric
technique. For example, omitting subpopulations of NPs with
no reference signal and importantly no surface ligands. The
latter leads to an overestimation of the number of ligands and
ligand availability (%) as observed by DNA-PAINT alone,
which in hindsight would prevent the determination of an
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adequately efficient therapeutic dose. The study of other
nanomaterials using super-resCLEM, particularly with different
morphologies, would shine light on the relationship between
size and morphology and surface functionalization. Although
the multiparametric characterization of the tens of different
physiochemical properties relevant to nanomaterial perform-
ance is still out of our reach, we hope that this work will pave
the way to a more robust characterization using correlative
imaging techniques.
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