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Introduction

In situ silver nanoparticle development for
molecular-specific biological imaging via highly
accessible microscopiest

Dae-Hyeon Song, 22 Chang Woo Song, 2 Jinkyoung Chung,? Eun-Hae Jang,°
Hyunwoo Kim, (22 Yor@suk Hur,® Eun-Mi Hur,® Doory Kim & *P
and Jae-Byum Chang (&) *@

In biological studies and diagnoses, brightfield (BF), fluorescence, and electron microscopy (EM) are used to
image biomolecules inside cells. When compared, their relative advantages and disadvantages are obvious.
BF microscopy is the most accessible of the three, but its resolution is limited to a few microns. EM provides
a nanoscale resolution, but sample preparation is time-consuming. In this study, we present a new imaging
technique, which we termed decoration microscopy (DecoM), and quantitative investigations to address
the aforementioned issues in EM and BF microscopy. For molecular-specific EM imaging, DecoM labels
proteins inside cells using antibodies bearing 1.4 nm gold nanoparticles (AuNPs) and grows silver layers
on the AuNPs' surfaces. The cells are then dried without buffer exchange and imaged using scanning
electron microscopy (SEM). Structures labeled with silver-grown AuNPs are clearly visible on SEM, even
they are covered with lipid membranes. Using stochastic optical reconstruction microscopy, we show
that the drying process causes negligible distortion of structures and that less structural deformation
could be achieved through simple buffer exchange to hexamethyldisilazane. Using DecoM, we visualize
the nanoscale alterations in microtubules by microtubule-severing proteins that cannot be observed
with diffraction-limited fluorescence microscopy. We then combine DecoM with expansion microscopy
to enable sub-micron resolution BF microscopy imaging. We first show that silver-grown AuNPs strongly
absorb white light, and the structures labeled with them are clearly visible on BF microscopy. We then
show that the application of AuNPs and silver development must follow expansion to visualize the
labeled proteins clearly with sub-micron resolution.

and diagnosis, but their strengths and drawbacks are evident in
terms of resolution,** multiplexing capability,® and instrumen-

In bioimaging, target molecules must be tagged with materials
that have a high electron or light contrast.'® To create light
contrast in light microscopy imaging, light-absorbing or light-
emitting materials are used in brightfield (BF) and fluorescent
microscopy (FM), respectively. In electron microscopy (EM),
materials with a high electron density are used. All of these
imaging modalities are widely employed in biological research
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tation needs.”® BF microscopy requires the simplest microscope
setup and is the most common type of microscopy available in
biological laboratories and hospitals. However, their resolution is
only 1 to 2 microns because structures are blurred by white light.
FM with ordinary diffraction-limited microscopy has a resolution
of 250 nm.® An even higher resolution can be achieved using
super-resolution fluorescence microscopes;'® however, these
microscopes are not readily available in most hospitals or labo-
ratories. EM, particularly scanning electron microscopy (SEM),
has a resolution comparable to or greater than that of super-
resolution optical microscopy and is commonly available in
most research institutes.* However, its multiplexing capability is
limited.® Additionally, complicated sample preparation tech-
niques, such as ultrathin sectioning” or focused ion beam (FIB)
milling,® are required to image intracellular proteins, even in
cultured cells.”> Recently, correlative light and electron micros-
copy (CLEM) techniques have been developed to compensate for
the limitation of FM and EM.'*** CLEM has been widely used as
a super-resolution molecular-specific imaging technique because

© 2023 The Author(s). Published by the Royal Society of Chemistry
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it can simultaneously provide high-resolution and multiplexed
imaging capabilities.

Numerous studies have been performed to address the
aforementioned issues of the three imaging modalities and to
expand their applications. An imaging approach known as
expansion microscopy (ExM) has been developed to allow super-
resolution fluorescence imaging without the requirement for
specialized equipment.” ExM enables the imaging of cultured
cells and tissue slices with a sub-100 nm resolution by physi-
cally expanding them. However, ExM relies on fluorophores;
hence, it cannot be applied directly to BF microscopy, which
requires light-absorbing materials for molecular imaging. Due
to this limitation, sub-micron resolution BF microscopy
imaging by applying ExM to BF microscopy has not yet been
demonstrated. In a prior study, molecular-specific SEM imaging
was performed by tagging proteins inside cells with metal
nanoparticles and drying the cells without complex sample
preparation processes, such as FIB milling or ultrathin
sectioning.' However, in such studies, the images were not
quantitatively assessed in terms of the resolution, labeling
density, and distortion of structures during the drying process.
Furthermore, multiplexed imaging of proteins using this
method has yet to be established. Due to these limitations,
multiplexed molecular imaging with SEM has not been widely
employed.

In this study, we present a series of sample preparation
procedures, which we termed decoration microscopy (DecoM),
and quantitative investigations to address the aforementioned
issues in EM and BF microscopy. First, we show that labeling
proteins inside cells with antibodies bearing 1.4 nm gold
nanoparticles (AuNPs), developing silver onto the AuNPs, and
simply drying the cells make the labeled target proteins readily
visible on SEM. Using stochastic optical reconstruction
microscopy (STORM)"” imaging, we show that the distortion of
structures is negligible and that the imaging resolution is
47 nm. After confirming the distortion, we demonstrated mul-
tiplexed imaging of proteins by imaging specimens using FM
and SEM and superimposing the images. Next, we combined
our method with ExM to provide BF microscopy with sub-
micron resolution. We show that the labeling of target mole-
cules with antibodies bearing 1.4 nm AuNPs and silver devel-
opment should be performed after expansion to produce a high
light contrast in BF microscopy. Using this approach, we
imaged neurites in thick mouse brain slices with a sub-micron
resolution using BF microscopy. ExM has now been applied to
a variety of specimen types, including clinical specimens,'®
mouse organs,'** Caenorhabditis elegans,** Drosophila mela-
nogaster,?” zebrafish larvae,* and even whole mouse embryos.*
The sub-micron resolution imaging of BF microscopy demon-
strated in this study will significantly expand the application of
BF microscopy to a wide variety of specimens.

Results and discussion
DecoM: decoration microscopy

We first demonstrated the molecular-specific imaging of intra-
cellular proteins via DecoM with SEM. We stained cultured cells

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with regular primary antibodies and fragment containing
antigen-binding region (Fab) of secondary antibodies bearing
both fluorophores and AuNPs with a diameter of 1.4 nm
(Fig. 1a).*® Antibodies-labeled colloidal gold nanoparticle (5-10
nm) probes are less stable than covalent conjugated probes.
Moreover, when using colloidal nanoparticles, it is necessary to
understand the aggregate dynamics to prevent aggregation.”®*’
Furthermore, antibody-labeled colloidal gold nanoparticles
present problems with labeling and penetration due to their
size.”® The small sizes of the Fab fragments, which are about
one-third smaller in size than whole Immunoglobulin G (IgG),
and 1.4 nm AuNPs enhanced the labeling density and pene-
tration depth.”®**® The stained cells were then imaged with
confocal microscopy to acquire images of the labeled proteins
(inset of Fig. 1b). After confocal microscopy imaging, in situ
silver development (see the ‘in situ silver development and
ambient condition drying of cells’ in Methods section) was
performed inside cells to develop silver nanoparticles (AgNPs)
from the AuNPs of the secondary antibodies. Specific silver
development on the AuNPs with a lesser non-specific back-
ground was achieved through the catalyzed reduction of silver
ions.* The surface of the AuNPs acted as nuclei and transferred
the electrons from a reductant (e.g., hydroquinone®) to the
silver ions. Furthermore, a capping agent, known as a protective
agent (e.g., gum arabic®), was essential in the specific silver
development by controlling the reduction rate of the silver ions.
With such a capping agent, the non-specific development of
silver from negatively charged molecules (i.e., proteins and
nucleic acids) was successfully suppressed. As shown in ESI
Fig. 1,7 the labeled protein structures were not visible in BF
microscopy before silver development, but these structures
became apparent afterward. Once the silver development was
complete, the cells were washed with distilled water (DW), dried
at room temperature without any treatment, and coated with
thin layers of conductive materials, such as osmium or plat-
inum. The specimens were then imaged with SEM (Fig. 1b).
When the FM and SEM images were overlaid, the labeled
protein structures shown in the FM and SEM images, which
were microtubules, matched without any noticeable deforma-
tion or distortion, as shown in Fig. 1c. Further, when using the
backscattered electron detector, the silver structures covered by
the organic layers were more clearly resolved (ESI Fig. 2). In the
FM image, the three closely positioned microtubules were not
clearly resolved due to the diffraction limit of light. However,
they were resolved in the SEM image due to the narrow point-
spread function of the SEM, as shown in Fig. 1d. Further-
more, we applied DecoM to clathrin molecules. Clathrin forms
a polyhedral structure that surrounds vesicles with an average
diameter of 150 nm.** Due to the small size of the internal
hollow space of the clathrin-coated pits (CCP), they have been
used as a test structure for super-resolution imaging.'>** The
internal hollow spaces were not resolved with diffraction-
limited confocal microscopy but were clearly resolved in the
SEM imaging (ESI Fig. 31). Through this experiment, we
confirmed that the staining of proteins via antibodies bearing
both fluorophores and AuNPs, the development of silver on
AuNPs, and the drying of specimens in ambient conditions,
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Fig.1 Schematic of DecoM. (a) The workflow includes in situ silver development, drying under ambient conditions, and a conductive material
coating. (b) SEM image of B-tubulin labeled BS-C-1 cell obtained by DecoM (inset fluorescence image at the same region). (c) Magnified images
in the yellow-boxed region in (b). (d) The signal profiles of fluorescence (red dot) and SEM (black dot) along the yellow dotted line in the images in
(c) with Gaussian fit (solid line). The acceleration voltage of SEM is 10 kV, and the wavelength of a laser in fluorescence microscopy is 637 nm.

Scale bar: (b) 30 um, (c) 2 pm.

followed by SEM imaging, allowed for the super-resolution
imaging of target proteins.

Study of the deformation of protein structures after drying

Next, we studied the distortion of protein structures after drying
and the effect of silver development time. First, we studied the
macroscopic deformation of cells after drying. The distances
between the two landmarks of cells were measured from the FM

1638 | Nanoscale Adv, 2023, 5, 1636-1650

and SEM images and then compared (Fig. 2a and ESI Fig. 41). As
shown in Fig. 2b, the distances between the landmarks
measured from the FM and SEM images showed a 2.5%
difference, indicating that the drying process did not induce
significant macroscopic deformation of the cells. We also
measured the deformation of specimens prepared through
more controlled drying processes. We first exchanged the buffer
of specimens from DW to hexamethyldisilazane (HMDS) and
dried the specimens at room temperature. Second, we

© 2023 The Author(s). Published by the Royal Society of Chemistry
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STORM SEM

Wide-Field

Fig. 2 Characterization of deformation during drying under ambient conditions. (a) B-Tubulin labeled BS-C-1 cell images with lines for the
confirmation of macroscopic deformation by cell size comparison. (b) Plot of lengths measured from the SEM image against those from the same
position on the FM image. The points in b were obtained through 20 measurements, each from seven different cells, and a linear fit is shown as
a red line (R-square: 0.9995). (c) Correlative analysis of the Z-color-coded map of confocal microscopy and SEM images. The step size in the
color-coded map is 0.25 pm, and the overlay opacity is 50% (white and yellow dotted regions: the nucleus of the cell). (d) Corresponding images
by wide-field microscopy, STORM (pre-in situ silver development), and SEM (post-in situ silver development). (e) Signal-reconstructed images of
STORM, SEM, and merged images at the different cells showed high correlation with Pearson's coefficient, R, = 0.93 (magenta: STORM, green:

SEM). Scale bar: (a) 30 pm, (c) 20 pm, (d) 10 um, 1 um, (€) 3 pm.

exchanged the buffer of the specimens for ethanol and then
dried them using a critical point dryer (CPD). We then
measured the deformations of the structures prepared with
these two controlled drying processes in the same way as the
deformation measurements shown in Fig. 2a and b. Interest-
ingly, all three drying processes showed negligible structural
deformation, especially in the peripheral regions of the cells.
Around the nucleus, specimens prepared with more controlled
drying processes, such as those dried after buffer exchange to
HMDS and prepared using CPD, showed reduced deformation
(Fig. 2c and ESI Fig. 5 and 67). Such deformation observed in the
specimen dried at room temperature without buffer exchange
was probably due to the nucleus beneath the microtubules after
drying. Such a non-zero thickness layer beneath the microtu-
bules might induce the deformation of the microtubules.

We further studied the deformation and preservation of the
structures of microtubules at the periphery of the cells. To
measure deformation at a nanoscale resolution, we imaged
cultured cells with STORM and SEM (Fig. 2d). We stained
cultured cells with a primary antibody against tubulin and Fab
fragments of secondary antibodies bearing Alexa Fluor 647 and
AuNPs (Fig. 1a). We then performed STORM imaging and pro-
ceeded to drying at room temperature and SEM imaging.
Having validated the macroscopic and microscopic deforma-
tion of the dried structures, we studied whether the signal

© 2023 The Author(s). Published by the Royal Society of Chemistry

intensity observed in the SEM images matched the signal
intensity observed in the STORM images. However, when the
correlation coefficient was calculated from the original images,
it showed a low value. This could mainly be attributed to the
distinction in probe sizes, not the distortion of structures. The
average width of the microtubules in the SEM images measured
from the regions where the STORM imaging (=46.70 nm) was
performed was around 87 nm, as illustrated in ESI Fig. 7.7 The
varying widths were due to the range of the size of organic flu-
orophores with a size of 1 or 2 nm, the imaging modality of
STORM, and silver particles with a size of 15 nm, the imaging
modality of SEM. Furthermore, another reason is a significant
variation in the microtubule width measured from SEM in
Fig. 7 and a discontinuous feature of silver particles after
STORM imaging performed compared to conventional FM
imaging (ESI Fig. 87). Previous studies have reported a similar
phenomenon: a considerable variation in the number of silver-
grown AuNPs was observed when the AuNPs were exposed to
intensive illumination before silver development.**** The
photochemical damage applied to the AuNPs during the
STORM imaging may be attributed to these results. Therefore,
correlation analysis was performed using a mutual image as
a mask to compensate for the size of the imaging modality and
what occurred after STORM imaging. The STORM and SEM
images were then reconstructed using only the selected pixels.

Nanoscale Adv., 2023, 5, 1636-1650 | 1639
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In Fig. 2e and ESI Fig. 9, and 10,7 the two reconstructed images
showed a high degree of match in their signal intensities with
a Pearson's coefficient of R, = 0.93. Such a high Pearson's
coefficient was also observed in the correlation analysis of
conventional FM and SEM images (ESI Fig. 11 and 127). These
results show that the signal intensities observed in the FM and
SEM images were highly correlated.

The effect of in situ silver development time on protein
structures

Next, we studied the resolution of DecoM. In DecoM, the reso-
lution depended mainly on the size of the AgNPs developed on
the AuNPs. We found that the silver development process was
essential for observing the labeled structures with SEM. When
the specimens were stained with primary and secondary anti-
bodies bearing AuNPs and then dried and imaged with SEM, the
signal-to-noise ratio (SNR) was not high enough to clearly
distinguish the labeled structures from the backgrounds (ESI
Fig. 131). After drying, the AuNPs were covered by unlabeled
biomolecules, such as cytoplasmic proteins, actin networks,**
and lipid membranes.*”” Such thick molecular layers on the
AuNPs decreased the SNR of the AuNPs in the SEM imaging. To
increase the SNR, we developed AgNPs on the surface of the
AuNPs for varying development times. As shown in ESI Fig. 9,
the signal intensity increased with a longer silver development
time. We then studied how the resolution of DecoM depends on
the silver development time.

A longer silver development time increased the signal
intensity; however, it also decreased the resolution (Fig. 3a and
b, and ESI Fig. 14t). As shown in Fig. 3b, the full-width at half-
maximum (FWHM) of the microtubules increased from 93.72 +
11.13 to 101.62 £ 11.62 when the silver development time
increased from 10 to 60 min. To understand the FWHM of the
microtubules, we measured the diameters of the silver-
developed AuNPs. After silver development, we embedded the
cells in resin and sectioned them to a thickness of 300 nm using
an ultramicrotome, except for osmium tetroxide fixation. The
sections were then imaged with scanning transmission electron
microscopy (STEM) equipped with an EDX detector (Fig. 3c).
Through this experiment, we confirmed that the particles that
developed along the microtubules were made mainly of silver,
as shown in Fig. 3d. We also analyzed the average diameter of
the silver-developed AuNPs using the top images according to
the silver development time in Fig. 3c. The average diameter of
the AgNPs was 14.36 nm after 10 min of silver development and
increased to 17.66 nm after 60 min of silver development
(Fig. 3e). The size of the AgNPs did not further increase even
after more than 60 min of development, possibly due to the
depletion of silver precursors in the solution. Microtubules with
a larger FWHM and higher signal intensities were achieved
when the silver development was repeated multiple times with
fresh silver development solutions (ESI Fig. 151).

We then determined the resolution of DecoM. First, we
attempted to determine the resolution of DecoM from the SEM
images using Fourier ring correlation (FRC) analysis (ESI
Fig. 161). The FRC analysis has been widely used to measure the

1640 | Nanoscale Adv, 2023, 5, 1636-1650
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resolution of single-molecule localization microscopy
(SMLM).?* The resolution measured by the FRC analysis of the
SEM image of DecoM-processed cultured cells was 15.85 nm.
This value does not accurately represent the resolution of
DecoM since the influence of the probe size is not considered in
this calculation. In DecoM, unlike SMLM, the size of the probes,
which comprise antibodies and silver particles, is greater than
the resolution of microscopy, which is SEM. Thus, the minimal
distance between the two structures that could be resolved with
DecoM depends on the location of probes relative to target
proteins. As the resolution of DecoM depends on how the
probes are positioned, we estimated it for the most conservative
case, in which antibodies and silver nanoparticles are posi-
tioned between two target structures (ESI Fig. 17t). In such
a case, the separation of the two silver nanoparticles would be
apparent in SEM imaging if the distance between the surfaces of
the two silver nanoparticles was larger than the resolution of the
SEM, which is 15.85 nm. Then, the distance between the two
target proteins would be 70.83 nm (=(13.13% + 14.36) x 2 +
15.85), given that the size of the antibody complex is 13.13 nm
and that of the silver nanoparticles is 14.36 nm.

Multiplexed imaging strategy and colocalization of proteins.
Next, we demonstrated the multiplexed imaging of two proteins
through DecoM (Fig. 4a, and ESI Fig. 18 and 19;7 see the ‘Image
registration and reconstruction of multiplexed DecoM’ in
methods section). First, we labeled tubulin and vimentin with
primary and secondary antibodies bearing fluorophores and
AuNPs. The secondary antibodies used for labeling tubulin and
vimentin bore different fluorophores. Then, dual-color FM
images were acquired using diffraction-limited FM. Following
FM imaging, silver was developed inside the cells. In the
brightfield and SEM images, both tubulin and vimentin fila-
ments were clearly shown, but the identities of each structure
were not identifiable (Fig. 4b). We then used the SEM image as
a mask against the FM images to improve the resolution of the
FM images and to identify the silver structures in the SEM
image (Fig. 4c). The identities of the two silver structures shown
in the SEM were identified as either microtubules or vimentin
filaments, as shown in Fig. 4d. In addition, considering the
resolution of DecoM, vimentin filaments appeared as on strand
in fluorescence, but they are expected to consist of two filaments
through SEM. Interestingly, the widths of the silver nanofila-
ments were different between microtubules and vimentin fila-
ments due to the difference in their diameters, which were
25 nm for microtubules and 10 nm for vimentin filaments,* as
shown in Fig. 4e. Using this approach, we demonstrated a three-
color multiplexed imaging of three proteins: tubulins, TOM20,
which is a mitochondrial protein, and a clathrin heavy chain
(ESI Fig. 207).

Use of DecoM to study nanoscale changes in microtubules

Next, we investigated the possibility of applying DecoM to study
the detailed structural changes associated with disease condi-
tions. Microtubule-severing enzymes utilize adenosine
triphosphate (ATP) hydrolysis to fragment microtubules and are
associated  with  hereditary spastic paraplegia and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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100 nm.

microcephaly.*** Spastin, one of the microtubule-severing
proteins, breaks and destabilizes microtubules inside cells,
and its mutations are known to cause hereditary spastic para-
plegias.**** In previous studies, FM has been used to examine
microtubule fragmentation caused by spastin by observing
changes in microtubules labeled with fluorescent signal.***
Due to the diffraction limit of light, observing microtubules
severed by FM with high resolution in cells, especially in
a region where microtubules form a dense network, has been
challenging. Therefore, severed microtubules have been
observed where the microtubules are sparse in cells or in an in
vitro setting of immobilized microtubules via FM*® or TEM.**>°
Obviously, more information and insights would be provided if

© 2023 The Author(s). Published by the Royal Society of Chemistry

we could examine microtubule structures over an entire cell,
including the periphery and central region.

To test whether DecoM could visualize changes in microtu-
bules caused by spastin, we overexpressed spastin in U20S cells.
Control and spastin-overexpressing cells were stained and
imaged by applying the multiplexed DecoM imaging process. In
the control cells, microtubules were continuous and formed
organized arrays emerging from the microtubule-organizing
center (Fig. 5a). By contrast, in spastin-overexpressing cells,
microtubules became fragmented and disorganized (Fig. 5b
and c). In the conventional FM images, we were able to detect
the overall decrease in the fluorescent signal in the spastin-
overexpressing cells compared with the control, but detailed
structural changes in microtubules caused by spastin were not

Nanoscale Adv., 2023, 5, 1636-1650 | 1641
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Fig. 4 Dual-color DecoM images of cytoskeleton proteins. (a) Schematic of dual-color DecoM. (b) Corresponding images labeled with anti-o.-
tubulin (red) and vimentin (cyan) in the BS-C-1 cells by FM, brightfield microscopy, and SEM. (c) Magnified original and reconstructed FM images
and SEM image from the yellow-boxed region in (b). (d) Overlay image of reconstructed dual-color fluorescence images and SEM image in (c). (e)
The signal profiles along the yellow dotted line in (c and d) (red: a-tubulin, cyan: vimentin; solid line: original fluorescent signal, dashed line:
reconstructed signal, black: reconstructed SEM signal). Scale bar: (b) 5 um, (c) 1 pm, (d) 1 pm.

discernible. However, SEM imaging of the DecoM-processed
specimens clearly revealed structural differences between the
microtubule architecture in the spastin-expressing cells and the
control cells. Owing to the multiplexed imaging capability of
DecoM, spastin overexpression in cells could also be detected.
In many cases, a high level of spastin expression was observed
where microtubules were absent or fragmented (Fig. 5c),
consistent with the reported function of spastin as a microtu-
bule-severing protein. We also found higher background
signals and/or more puncta inside the cytoplasm in spastin-
overexpressing cells compared with control cells in the SEM
images, as shown in Fig. 5c. Such background signals are likely
to be attributed to the removal of tubulin monomers from
microtubule polymers by the severing activity of spastin.

We also examined changes in microtubules caused by
another severing protein, katanin. In fibroblasts and cultured
neurons, the overexpression of the enzymatic subunit of kata-
nin, Kp60, induced a marked loss of microtubules.”*> However,
in other cells, such as U20S and HeLa cells, the effect has not
been obvious, presumably due to the cell-type-specific
biochemical properties of microtubules.>® With conventional
FM imaging in U20S cells, neither changes in the fluorescent
intensity of tubulin nor structural defects have been detected.>

1642 | Nanoscale Adv., 2023, 5, 1636-1650

Through SEM imaging of DecoM-processed specimens, we
detected tubulin monomers formed as a result of microtubule
fragmentation in U20S cells overexpressing katanin p60 (ESI
Fig. 217%). In the transfected cells, we found scattered tubulin
monomers around the cells with SEM imaging. Furthermore,
we observed the death of katanin p60-overexpressing cells sur-
rounded by the scattered tubulin monomer in brightfield
images (ESI Fig. 2271), suggesting that the overexpression of the
severing protein may cause cell death.

We believe that the multiplexed imaging capability of DecoM
demonstrated here would be highly useful for studying nano-
scale changes in cytoskeletons. Microtubule dysfunction has
been inferred in many cilia-related disorders, commonly
referred to as ciliopathies, and perturbation of microtubule
structures and functions is associated with some neurological
conditions,*® such as schizophrenia® and Alzheimer's disease.”
Modifications of platelet microtubules have been linked to
bleeding disorders,*® and defects in cell cycle progression
mediated by microtubules are well known to cause cancer.*
Changes in vimentin, one of the intermediate filaments (IF),
with IF-associated proteins, such as plectin and ankyrin are
indicators of many cancers.®>® We thus expect DecoM to be
applied for the investigation of nanoscale details of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 DecoM images of severed microtubules in a spastin-overexpressing cell. (a) SEM image of a normal U20S cell labeled with anti-B-tubulin
antibodies. (Inset fluorescence image from the same position as the SEM image). (b) SEM image of a spastin-overexpressing U20S cell labeled
with anti-B-tubulin antibodies and anti-FLAG (spastin) antibodies. Inset fluorescence image (red: B-tubulin, yellow: FLAG-tagged spastin) from
the same position as SEM image. (c) Magnified images of the yellow-boxed regions in (a) and (b). Overlay images of reconstructed FM images and
SEM images. (Overlay: red: B-tubulin; yellow: FLAG-tagged spastin. SEM: yellow arrows, regions of severed microtubules; green circles, locations
of spastin in regions devoid of continuous microtubule structures). Scale bar. (a) 20 um, (b) 10 um, (c) 3 pm.

cytoskeleton structures in a wide range of cytoskeleton-related
diseases without specialized equipment or complicated
procedures.

DecoM combined with expansion microscopy (ExM) for
brightfield microscopy

We then aimed to enhance the resolution of BF microscopy by
combining DecoM with ExM (Deco-ExM). On BF microscopy,
AgNPs generated from AuNPs exhibited a high light contrast, as
shown in ESI Fig. 1.t We first examined whether such a high
light contrast could be achieved in a thick mouse brain slice. A
mouse brain slice with a thickness of 150 um was stained with

© 2023 The Author(s). Published by the Royal Society of Chemistry

a primary antibody against MAP2 and Fab fragments of
secondary antibodies containing AuNPs with a diameter of
1.4 nm, followed by silver development. After silver develop-
ment, the color of the brain slice turned dark brown due to the
light absorption of dense dendrites in the slice, as shown in
Fig. 6b-i. However, it was challenging to resolve individual
dendrites due to the high level of light absorption of the brain
slice (Fig. 6¢-i; see ESI Fig. 237 for the light absorption of a thick
brain slice without any silver development). We then tested an
alternative approach. A brain slice was stained with the same
primary antibody and secondary antibody. Subsequently, the
brain slice was treated with 6-((acryloyl)Jamino)hexanoic acid
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In situ silver development on a brain slice and hydrogel-tissue composites. (a) Illustration of (i) a silver-developed brain slice, (ii) ExM

proceeded, and silver-developed hydrogel-tissue composite, and (iii) Deco-ExM proceeded hydrogel-tissue composite. (b) Photographs of the
silver-developed brain slice and hydrogel-tissue composites according to the Roman numerals in (a). (Inset: photograph of the fixed brain slice)
(c) brightfield images of MAP-2 protein labeled tissue and tissue-hydrogel composites according to the Roman numerals (d) the signal profiles of
the brightfield signal with the smallest distance among R-square values greater than 0.9 in ESI Fig. 24.1 (red dot: silver-developed sample, blue
dot: Deco-ExM proceeded sample, solid lines: double Gaussian fits). Scale bar: (b) 8 mm (inset: 4 mm), and (c) 10 um.

(AcX), which makes all proteins gel-anchorable, embedded in
a swellable hydrogel, and digested with proteinase K. The
digested brain slice was then subjected to silver development
and expanded four-fold in DW. After expansion, the strong light
absorption of the brain slice on BF microscopy was no longer
observed, as shown in Fig. 6¢-ii. Proteinase treatment, which is
an essential step for the uniform expansion of specimens,

1644 | Nanoscale Adv, 2023, 5, 1636-1650

might remove all light-absorbing proteins from the brain slices,
reducing background light absorption. In addition, the volu-
metric dilution of molecules inside the brain slice also reduced
background light absorption. However, the contrast of the silver
structures was not high enough for the clear visualization of the
labeled structures. Such low light absorption of the silver
structures could be attributed to volumetric dilution and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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digestion. The number density of AgNPs in a given voxel after
expansion would be 64-fold (=4%) lower than that of the unex-
panded specimen. More importantly, during the proteinase
digestion process, antibodies were also digested and the AuNPs
of the antibodies were washed away from the hydrogel. Due to
these two effects, the number density of AuNPs decreased,
resulting in the low contrast of the labeled structures. As ExM
obtains a greater resolution by volumetric expansion, a reduc-
tion in label density was unavoidable. Thus, we attempted to
diminish the second effect, which was the decrease in the
number density of AuNP seeds caused by digestion.

We tried an alternative approach that introduced AuNP-
conjugated antibodies after expansion. A mouse brain slice
was stained with the same primary antibody and a secondary
antibody conjugated with Alexa Fluor 488. The brain slice was
treated with AcX, embedded in a swellable hydrogel, treated
with proteinase K, and expanded four-fold in DW. Then, the
expanded hydrogel was stained with a primary antibody against
Alexa Fluor 488 and Fab fragments of secondary antibodies
bearing AuNPs with a diameter of 1.4 nm, followed by silver
development. In this process, AuNPs were introduced to the
expanded specimen after the digestion process, avoiding
a decrease in the number density of AuNPs in the specimen
caused by digestion. In this process, gel-anchored Alexa Fluor
488 might also be washed away from the hydrogel during the
digestion process. However, the remaining Alexa Fluor 488
might be labeled with multiple primary antibodies against Alexa
Fluor 488 and multiple Fab fragments of a secondary antibody
bearing AuNPs. Through this process, the number density of
AuNPs in the expanded hydrogel was amplified. After the silver
development, dendrites were clearly visible, as shown in Fig. 6c¢-
iii. The extended specimen obtained by this post-gelation AuNP
staining and silver development process (Fig. 6b-iii) had
a darker color than the specimen prepared by the pre-gelation
AuNP staining technique (Fig. 6b-ii). This color difference
suggests that the post-gelation AuNP and silver development
process produced a specimen with more AuNP seeds. We then
quantified the resolution enhancements following the expan-
sion. Before the expansion, the smallest distance that could be
resolved between two adjacent dendrites was around 1.322 um.
However, after extension, two dendrites separated by 0.305 pm
were resolved with about a four-fold improvement in resolution
(Fig. 6d and ESI Fig. 247). In addition, this value indicates that
sub-micron resolution could be obtained through Deco-ExM.

Conclusions

In this work, we presented a series of sample preparation and
staining protocol employing antibodies bearing 1.4 nm AuNPs
and silver development to enable multiplexed imaging with
SEM and sub-micron resolution BF microscopy. We first
showed that labeling proteins inside cells with antibodies
bearing 1.4 nm AuNPs, developing silver onto the AuNPs, and
simply drying the cells yielded strong electron signals on SEM.
Using STORM, we showed that the distortion of structures
during the drying process was negligible, especially in the
peripheral region of the cells. Around the nucleus of the cells,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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larger distortion was observed, but simple buffer exchange to
HMDS greatly improved the structural distortion around the
nucleus. STORM imaging also confirmed that the nanoscale
details of the structures, such as the local bending of microtu-
bules, were conserved. Such a high level of structural informa-
tion preservation and low structural distortion enabled
multiplexed imaging using SEM. We then determined the
resolution of DecoM. We measured the resolution of our
approach, which was 70.83 nm. A higher resolution would be
achieved if higher SEM magnification was used in the SEM
imaging. As the resolution of DecoM is greater than that of
diffraction-limited confocal microscopy and SIM, DecoM would
be highly useful for biologists to observe sub-100 nm structures.
We applied a similar approach to BF microscopy to improve the
resolution. Since the demonstration of ExM in 2015, it has not
been applied to BF microscopy. We first showed that the light
absorption of thick tissue slices can be greatly reduced after
expansion. We then showed that the application of AuNPs and
silver development needed to be performed after expansion to
achieve a high light contrast. Through these studies, we ach-
ieved sub-micron resolution imaging with BF microscopy.

The molecular-specific SEM imaging reported in this study
could be a beneficial tool for researchers who need resolution
above the diffraction limit of light but lack access to super-
resolution fluorescence microscopy. Super-resolution fluores-
cence microscopy techniques, such as STORM and stimulated
emission depletion (STED) microscopy, are not extensively used
in most biological research and diagnostics because they
require a specialized instrument and knowledge of fluorophore
blinking or depletion. DecoM imaging, as demonstrated in this
work, requires only standard SEM and readily accessible
chemicals. SEM is more generally available and accessible in
research institutes than STORM or STED since it is widely
employed not just for biological science study but also for
material science research. Furthermore, no sophisticated
sample preparation is required, which is generally necessary for
the SEM imaging of intracellular proteins. In this study, we
employed DecoM to image microtubule fragmentation in
cultivated cells, which is impossible to image with diffraction-
limited FM.

In a similar vein, the sub-micron resolution BF microscopy
demonstrated in this study would greatly expand the applica-
tion of BF microscopy. Among BF microscopy, FM, and EM, BF
microscopy is the most widely available in research laboratories
and hospitals. However, due to the considerable light absorp-
tion of thick tissue slices, the use of BF microscopy has been
primarily restricted to thin tissue slices. Additionally, its reso-
lution is limited to 1 to 2 microns, rendering it unsuitable for
imaging submicron structures. We demonstrated that by
combining DecoM with ExM (Deco-ExM), the resolution of BF
microscopy could be increased beyond one micron.

Methods

Cell culture and transfection of U20S cells

BS-C-1 and U20S cells were obtained from the Korean Cell Line
Bank. BS-C-1 cells were plated on CultureWell removable

Nanoscale Adv., 2023, 5, 1636-1650 | 1645
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chambered coverglasses (16 well, Grace Bio-Labs) or confocal
dishes (20 mm hole, SPL) at a density of 2.5 x 10 cells per well
and cultured in MEM supplemented with 10% heat inactivated
fetal bovine serum (FBS, Gibco), 1% penicillin-streptomycin
(Gibco), and 1% sodium pyruvate (Gibco). U20S cells were
plated on circular glass coverslips (12 mm, EMS) coated with 10
ng ml~* poly-p-lysine (Sigma) at a density of 5 x 10* cells per
well (24-well plate, SPL) and cultured in RPMI (Hyclone) sup-
plemented with 10% FBS and, 1% penicillin-streptomycin. For
overexpression in U20S cells, plasmid containing human
spastin (SWISS-PROT entry: Q9UBP0) or human katanin p60
(SWISS-PROT entry: 075449) were obtained from OriGene
Technologies, Inc (ESI Table 1}). Polyethylenimine (Poly-
sciences) was used for transient transfections according to the
manufacturer's protocol. Briefly, cells were seeded and cultured
in penicillin/streptomycin-free media for 12 h prior to trans-
fection. PEI-DNA (Flag and Myc tagged spastin or katanin p60)
transfection complex was incubated in Opti-MEM reduced
serum medium at RT for 10 min. PEI-DNA transfection complex
was then added to each well (drop-wise), while gently swirling
the culture plate. Transfected cells were fixed after 12-24 h. All
cells were cultured at 37 °C in a humidified incubator with 5%
CO,.

Fixation and immunostaining of cells

For staining of tubulin, BS-C-1 cells were first washed briefly
with 1X phosphate-buffered saline (PBS, Invitrogen) three
times. Then cells were extracted for 1 min with cytoskeleton
extraction buffer®(0.1 M 1,4-piperazinediethanesulfonic acid
(PIPES, Sigma), 1 mM ethylene glycol-bis(2-aminoethylether)-
N,N,N’,N'-tetraacetic acid (EGTA, Sigma), 200 mM sodium
hydroxide (NaOH, Sigma), 1 mM magnesium chloride (MgCl,,
Sigma), 0.2% Triton X-100 (Sigma), pH 7). The extracted cells
were fixed with tubulin fixation solution (3% paraformaldehyde
(PFA, EMS), 0.1% glutaraldehyde (GA, EMS) in 1X PBS) for
10 min, followed by a reduction with 0.1% sodium borohydride
(NaBH,, Sigma) in 1X PBS for 7 min, and then rinsed with 0.1 M
glycine (Sigma) in 1X PBS three times. For staining of vimentin
with tubulin in BS-C-1 cells, the cells were fixed with 4% PFA in
1X PBS for 10 min and rinsed with 1X PBS three times for 5 min
each. U20S cells were simultaneously fixed and detergent-
extracted in a solution containing prewarmed 4% PFA, 0.15%
GA, and 0.2% Triton X-100 in 1X PBS at 37 °C for 20 min. For the
imaging, the fixed cells well incubated for 2 h in a blocking
buffer (5% normal goat serum (JacksonlImmunoResearch),
0.2% Triton X-100 in 1X PBS). The cells were then stained for
30 min with primary antibodies. After the primary antibody
incubation, the cells were washed three times with the blocking
buffer for 5 min each. Following the primary antibody staining,
the cells were stained for 30 min with FluoroNanogold (Fab’
product, Nanoprobes) as secondary antibodies at a Fab’
concentration of 2 pg ml~" diluted in the blocking buffer and
then washed with the blocking buffer, 0.2% Triton X-100 in 1X
PBS, and 1X PBS sequentially for 5 min each. All antibodies were
obtained from commercial suppliers, and detailed information
is listed in ESI Table 1.}
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Confocal microscopy and brightfield imaging

Confocal imaging was performed on an Andor spinning disk
confocal microscope (Dragonfly, Oxford Instruments) or
a scanning confocal microscope (C2 plus, Nikon) through an
inverted microscopy (Ti2-E, Nikon) with a 40 x 1.15 NA water-
immersion objective. Brightfield images were obtained by
a brightfield imaging filter mode on Fusion software.

STORM imaging

STORM imaging was performed with a custom-built STORM
setup, which consists of an inverted microscope (Ti2-U, Nikon),
a 100 x 1.49 NA oil immersion objective lens (CFI SR HP Apo
TIRF, Nikon), an electron-multiplying charge-coupled device
(EMCCD) camera (iXon Ultra 888, Andor) and lasers. For one-
color STORM imaging, 120 mW 647 nm laser (OBIS,
Coherent) and 0.1-1 mW 405 nm laser (OBIS, Coherent) were
used for photo-switching and re-activation, respectively. Output
fluorescence emission from the sample was filtered using
a bandpass emission filter (LF408/488/561/635 B, Semrock) and
imaged onto an EMCCD camera at a frame rate of 60 Hz.
Autofocus system (ASI) was used to maintain a constant focal
plane of the sample during STORM data acquisition. During the
STORM imaging, the samples were immersed in STORM
imaging buffer (100 mM mercaptoethylamine (MEA, Sigma),
5% glucose (w/v), and oxygen scavenging enzymes (0.5 mg ml "
glucose oxidase (Sigma) and 38 ug ml™* catalase (Sigma) in 1X
PBS) at pH 8.5). To reconstruct the STORM image, centroid
positions of individual fluorophores in the STORM movie were
first determined by fitting each point spread function with the
2D Gaussian function, and then the centroid coordinates were
collected. After the drift-correction, localizations were rendered
for the final STORM image.

In situ silver development and ambient condition drying of
cells

The cells were post-fixed with 1% GA in 1X PBS for 10 min, and
then washed with distilled water three times for 5 min each. The
post-fixed cells were washed with 0.02 M sodium citrate (Sigma)
three times for 5 min each and iz situ silver development was
performed with HQ silver (Nanoprobes) according to the
manufacturer's protocol, followed by rinse with DW three times
for 1 min. For ambient condition dehydration, the cover glasses
were detached from CultureWell and confocal dish (circular
coverslips were used as itself), and then remained excess DW on
the glass was removed using wipers carefully, followed by air-
blowing using dust blower. Dehydrated cells were stored in
a desiccator until conductive metal coating.

Hexamethyldisilazane (HMDS) dehydration and critical point
drying (CPD) of cells

First, the cells were dehydrated through a graded ethanol series
of 50, 60, 70, 80, 90, and 100% twice for 10 min each. After
ethanol dehydration of the cells, HMDS (Sigma) dehydration
was conducted following HMDS drying protocol.®® The HMDS
drying protocol is divided into primary and secondary

© 2023 The Author(s). Published by the Royal Society of Chemistry
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procedures. In the primary HMDS procedure, the ethanol-
dehydrated cells were incubated in 100% ethanol solution by
increasing the HMDS concentration by 10% for 5 min each from
10% to 100%. After the primary HMDS procedure, the cells were
washed with 100% HMDS solution for 20 min twice followed by
evaporation under ambient conditions. For CPD, after ethanol
dehydration, the cells were dehydrated using a critical point
dryer (LEICA EM CPD300). CPD was performed at the Avison
BioMedical Research Center.

SEM imaging

For SEM imaging, the dehydrated cells were coated with plat-
inum using a sputter coater (SCD-500, BAL-TEC) or with
osmium using osmium plasma coater (HPC-1SW, Vacuum
Device). SEM imaging was performed on scanning electron
microscope (54800, Hitachi). Regions of interest in cells were
imaged using a SE detector, with accelerating voltages of 10 kv
for SEM. SEM imaging using BSE detector was performed on
SEM (SU8230, Hitachi) of KARA (KAIST Analysis center for
Research Advancement).

Registration of optical and SEM images

For overlaying optical and SEM images, first, volumetric
confocal images of the cells were projected using maximum
intensity projection or color-code through Image] software
(Image > Hyperstacks > Temporal Color Code > Rainbow RGB).
Brightfield images were signal-inverted for registering with
projected confocal images. Then, optical images are resized
against the same region of SEM images, followed by registration
manually or through ‘Register Virtual Stack Slices’ plugins in
Image] (Plugins > Registration > Register Virtual Stack Slices,
Registration model: Elastic, bUnwarp]* splines), and then
registered images were overlaid for correlative analysis.

Image reconstruction and correlative analysis

After the registration of optical microscopy (FM and STORM)
and SEM images written above, using MATLAB software, we first
subtracted the background signal from both images, after
which pixels with non-zero values in both images were selected.
Subsequently, in the registered optical and SEM images, the
pixel values of the pixels that had not been selected were
adjusted to 0. The selected pixels' pixel values remained
unchanged. The correlative analysis of the adjusted images was
conducted using the Image] ‘Coloc 2’ plugin.

Ultramicrotome sectioning and STEM imaging

For analysis using STEM imaging, silver developed cells were
resin embedded using epoxy resin embedding kits (Embed-812,
EMS). First, the cells were dehydrated through a graded ethanol
series of 30, 40, 50, 60, 70, 80, 90, 95, and 100% for 15 min each,
followed by a transition in 99.5% propylene oxide (EMS) for
20 min. Transient cells by propylene oxide were incubated in
propylene oxide-resin solutions mixed in 2:1, 1:1, and 1:2
ratio for 1 h each, and then the cells were incubated in 100%
resin for overnight at room temperature, followed by

© 2023 The Author(s). Published by the Royal Society of Chemistry
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polymerization of resin at 40 °C in a convection oven for 48 h.
The resin blocks were trimmed and sectioned in 300 nm
thickness with ultramicrotome (EM UC7, Leica), and the
sections were collected on nickel grids. The ultramicrotome
sectioning was carried out in the EM & Histology Core Facility,
at the BioMedical Research Center, Korea Advanced Institute of
Science and Technology. STEM images were acquired in KARA
(KAIST Analysis center for Research Advancement) with
a transmission electron microscope (Talos F200X, Thermo
Fisher Scientific) at 300 kV with HAADF detector. For analysis of
silver nanoparticles size, STEM images were processed with
FFT-Bandpass filter and threshold adjustment, followed by
binary and watershed process through Image] software. Silver
nanoparticles in the field of view of each image were counted by
the function of ‘Analyze particles’ in Image] with exclusion on
edges. EDS mapping of silver particles in sections was obtained
by acquisition of X-ray signals with 4 windowless SDD EDS
system (Super X, Thermo Fisher Scientific). EDS maps ere low-
pass filtered using Bruker ESPRIT software after the reduction
of background noise for better visualization.

Fourier ring correlation-based resolution calculation

We applied an open Fourier ring correlation (FRC) Python code
(https://github.com/prabhatke/siFRC)** to consecutive SEM
images acquired from the same area with a magnification of
25 kX and an accelerating voltage of 10 kV. Three consecutive
SEM image sets were obtained from different cells and
analyzed using the FRC code.

Image registration and reconstruction of multiplexed DecoM

To register multiplexed FM and SEM image, we first merged
each FM channel into a single channel, followed by registration
with the SEM image through bUnwarp] plugins (Source Image:
SEM image, Target Image: FM image, Registration mode: Mono)
in Image]J. Then, after executing the bUnwarp] plugin in ImageJ,
we applied the deformation vector information obtained from
registration through ‘Load Elastic Transformation’ in the I/O
Menu to the original FM image of each channel. After the
registration of all images, background signal subtraction and
pixel extraction were performed on each image through MAT-
LAB software as described in the ‘Image reconstruction and
correlative analysis’ Method section.

Mouse brain perfusion and slicing

The following procedures involving animals were approved by
the Korea Advanced Institute of Science and Technology Insti-
tutional Animal Care and Use Committee (KAIST-IACUC).
C57BL/6] mice aged 8-14 weeks were used. Mice were main-
tained in a specific pathogen-free facility of KAIST Laboratory
Animal Resource Center. Mice were anesthetized with iso-
flurane and transcardially perfused with ice-cold 4% PFA in 1X
PBS. Brains were extracted and incubated in the same solution
at 4 °C for 2 h and sliced into 150 pm-thick slices on a vibratome
(Leica VT1000S). The slices were stored in 0.1 M glycine and
0.01% sodium azide in 1X PBS at 4 °C before use.
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Staining, ExM processing, and post-gel staining of brain slice

For staining, the mouse brain slices were incubated for 2 h in
a blocking buffer. The brain slices were then stained for
overnight with primary antibodies. After the primary anti-
body incubation, the brain slices were washed three times
with the blocking buffer for 30 min each. Following the
primary antibody staining, the brain slices were stained for
overnight with Nanogold Antibody Conjugates (Fab' product,
Nanoprobes) as secondary antibodies at a Fab' concentration
of 2 ug ml~* diluted in the blocking buffer or fluorophore
conjugated secondary antibodies (ThermoFisher) at an 1gG
concentration of 2 pg ml~" diluted in the blocking buffer and
then washed with the blocking buffer, 0.2% Triton X-100 in
1X PBS (PBST), and 1X PBS sequentially for 30 min each. For
the brain slices, the slices were first incubated with a mono-
mer solution (7.5% (w/w) sodium acrylate (Ambeed), 2.5% (w/
w) acrylamide (Sigma), 0.15% (w/w) N,N-methyl-
enebis(acrylamide) (Sigma), 2 M NacCl, 0.2% (w/w) ammo-
nium persulfate (APS) (Sigma), 0.2% (wiw)
tetramethylethylenediamine (TEMED) (Sigma), 4-hydroxy-
2,2,6,6-tetramethylethylpiperidin-1-oxyl (H-TEMPO), 1X PBS)
at 4 °C twice for 30 min each time and then incubated at 37 °C
for 1.5 h for gelation. After gelation, the gels on the cover
glasses were treated with proteinase K (800 units per mL)
(New England Bio, NEB) diluted at 1: 100 in a digestion buffer
(25 mM EDTA (ThermoFisher), 50 mM Tris-HCIl (pH 8.0)
(Sigma), 0.5% Triton X-100, 1 M NaCl) at RT overnight. After
digestion, the digested gels were washed with deionized water
multiple times. The gels were washed until their size
remained unchanged. For DecoExM, fluorophore conjugated
secondary antibodies stained gels were incubated twice for
30 min each time with PBST. The gels were then stained for
overnight at 4 °C with anti-fluorophore antibodies (Thermo-
Fisher) at an IgG concentration of 10 pg ml~ " diluted in PBST
and then washed with three times for 30 min each. Following
the anti-fluorophore antibody staining, the gels stained for
overnight with Nanogold Antibody Conjugates at a Fab’
concentration of 2 pg ml~ "' diluted in PBST and then washed
with PBST twice, and 1X PBS once for 30 min. All antibodies
were obtained from commercial suppliers, and detailed
information is listed in ESI Table 1.}

In situ silver development of brain slice and hydrogel
composites

For brain slices, slices were post-fixed with 1% GA in 1X PBS for
15 min, and then washed with distilled water three times for
30 min each. The post-fixed slices were washed with 0.02 M
sodium citrate three times for 30 min each and in situ silver
development was performed with HQ silver for 30 min, followed
by wash with 0.02 M sodium citrate three times and DW three
times for 30 min. For hydrogel-brain composites, gels were
washed with 0.02 M sodium citrate three times for 30 min each
and in situ silver development was performed with HQ silver for
30 min, followed by wash with 0.02 M sodium citrate three
times and DW three times for 30 min.
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