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Expansion microscopy (ExM) is a promising technology that enables nanoscale imaging on conventional optical
microscopes by physically magnifying the specimens. Here, we report the development of a strategy that enables
i) on-demand labeling of subcellular organelles in live cells for ExM through transfection of fluorescent proteins
that are well-retained during the expansion procedure; and ii) non-fluorescent chromogenic color-development

towards efficient bright-field and photoacoustic imaging in both planar and volumetric formats, which is
applicable to both cultured cells and biological tissues. Compared to the conventional ExM methods, our strategy
provides an expanded toolkit, which we term as expansion fluorescence and photoacoustic microscopy
(EXFLPAM), by allowing on-demand fluorescent protein labeling of cultured cells, as well as non-fluorescent
absorption contrast-imaging of biological samples.

1. Introduction

Expansion microscopy (ExM) has emerged as a promising technology
for observing biological samples since it enables nanoscale imaging on
conventional optical microscopes [1-4]. The key of ExM is the physical
magnification of the specimens, where a swellable hydrogel plays an
important role during this process [5-7]. In general, for ExM, target
biomolecules and fluorescent tags are covalently anchored to the
hydrogel network to maintain their relative positions in the hydrogel 8,
9]. Specific proteolytic enzymes are introduced to break the cellular
skeleton to avoid heterogeneous hydrogel swelling [10,11]. Finally, the
hydrogel along with the specimen is expanded by immersing in a liquid
of low osmolarity, which leads to an amplification of ~ 4.5 x in linear
dimension in a typical setup [2]. Up to now, various ExM methodologies
have been developed for nanoscale imaging of proteins and nucleic acids
within cells [12,13], which has already enabled successful
high-resolution characterizations of samples that are both small, planar
as well as large, three-dimensional, spanning across bacterial cells [14],
mammalian cells [15], tissue sections [16], tissue blocks [17], and
whole organisms [18].

Many efforts have been made to enhance the resolution limitation of
ExM, such as using hydrogels with an increased swelling ability or
repeating the expansion process [19-21], so far improved the magnifi-
cation to ~ 20 x [22]. To further enhance the ExM imaging, additional
focus has been placed on the development of labeling strategies that
ensure high labeling densities [23-25]. From such a perspective,
genetically encoded fluorescent proteins through transfection might be a
good alternative to antibodies. Similar to immunostaining, transfection
methods can generate bright and photostable fluorescent signals, lead-
ing to convenient visualization of the labeled structures without the
need for additional staining steps [26,27]. In addition, transfection
methods may now be processed with ready-to-use reagents, eliminating
complex protocols [28-31]. Nevertheless, on-demand transfection
applied towards ExM usage has not been demonstrated yet.

https://doi.org/10.1016/j.pacs.2024.100610

Given the fact that fluorescent proteins have been shown to be
directly expandable while maintaining their signals post-expansion [12,
32], we therefore reasoned that transfection-enabled rapid labeling
could potentially be applied to ExM as well. To confirm the hypothesis,
we selected fluorescent proteins (green fluorescent protein, GFP, and red
fluorescent protein, RFP) to label subcellular organelles due to their
resistance to proteinase-based digestion during the expansion process
(Fig. 1) [33,34]. Since proteinase K is required for digestion to make
samples mechanically homogenized, it is important to use
proteinase-resistant proteins to preserve the fluorescence signal. With a
fluorescence microscope, the expanded samples were confirmed to show
details in these labeled subcellular structures. In the meanwhile, to
further broaden the suitability of the labeled specimens for a wide range
of optical imaging modalities beyond fluorescence imaging, GFP and
RFP were additionally immunolabelled with alkaline phosphatase (AP)
and horseradish peroxidase (HRP), respectively. When subsequently
incubated with Vector Blue and NovaRED, the enzyme substrates to AP
and HRP, the structures produced corresponding blue and
reddish-brown chromogen precipitants following the reactions. The
chromogen precipitants, although nonfluorescent, have developed vi-
sual colors with strong optical absorption, which can then be imaged by
photoacoustic microscopy (PAM) with favorable volumetric imaging
ability and advanced imaging depth. Unlike traditional optical imaging
techniques that have limited penetration in biological samples due to the
strong light attenuation, PAM benefits from ultrasound detection of
optical-absorption contrast [35]. This allows PAM to penetrate rela-
tively deep within tissues for 3D imaging of biological specimens. Our
methodology provides a new scheme to rapidly label subcellular or-
ganelles of interest for ExM, which also for the first time enables both
fluorescence imaging and photoacoustic (PA) imaging with extended
imaging capacities.
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Fig. 1. Design principle of transfection-enabled EXFLPAM. Cellular organelles, such as mitochondria and nuclei, can be labeled by the transfection of fluorescent
proteins (e.g., GFP and RFP), followed by grafting GFP and RFP onto the gel network. GFP and RFP are resistant to proteinase-based digestion. After digestion and
swelling, the samples can be imaged under fluorescence microscope with improved spatial resolution. In addition, GFP and RFP can be further immunolabelled with
enzymes such as AP and HRP. The swollen gel, after adding enzyme substrates, would develop visual colors, which may then be imaged by PAM with volumetric

imaging capability and relatively large imaging depth.
2. Results and discussion

The feasibility of the standard ExM protocol [2] was first confirmed
on multiple cell types before the introduction of our intended trans-
fection method. As shown in Fig. Sla, C2C12 myoblasts were immu-
nostained with fluorescent antibody against tubulin and then processed
with expansion. As anticipated, a ~ 4.3-fold linear expansion in tubulin
diameter was achieved (Fig. S1b), which led to more sharply resolved
microtubules than could be observed before expansion. Of note, the ExM
technique has evolved into several variants with improved expansion
ratios up to 20 x, such as Magnify [9], x 10 microscopy [19], iterative
ExM [20], and Ten-Fold Robust ExM [36]. However, most of these
variants of ExM exhibit technical constraints compared to the original
ExM, such as limited sample thickness, increased complexity of the
procedure, uncommon reagents, or the compromised stability of
expanding gels, which partially impede their adoption in the laboratory
routine. Thus, we used the original protocol of ExM in the current work
yet expect to incorporate the new variants in future works.

To subsequently confirm the compatibility of ExM with on-demand
transfection-enabled labeling of subcellular organelles, wildtype cells
without any intrinsic fluorescence emission were transfected with
CellLight reagents for 24 h immediately prior to expansion, to explicitly
express fluorescent proteins of desired colors on target structures. In one
demonstration, the nuclei of MCF-7 cells were labeled with RFP. The
transfection of foreign nucleic acids into cultured mammalian cells has a
wide application in research for fluorescence labeling, gene-based
therapy, and drug development, yet it may still be limited by cytotox-
icity, cell-specific bias, and transfection ratio [37,38]. These restrictions
would be minimal in our work, as ExM focuses on subcellular organelles.
After treating the samples with the ExM protocol followed by swelling in
1 x PBS and then water, the nuclei showed significantly improved detail
in structures compared to non-expanded samples (Fig. 2a). As shown in
Fig. 2b, in another dual-color demonstration, the mitochondria of

MCF-7 cells were labeled with GFP while the nuclei were transfected to
express RFP. With the expansion, both mitochondria and nuclei were
clearly expanded with substantially improved resolutions under fluo-
rescence imaging. The expansion ratios of both organelles were quan-
tified, resulting in ~ 1.7-fold in 1 x PBS and ~ 3.1-fold in water, with no
noticeable differences between the two labeled organelles (Fig. 2¢) or
with single labeling of the nuclei (Fig. 2a). Different from conventional
immunostaining, transfection-induced fluorescent protein expression
would be present and fused to the localization sequence within the
targeted intracellular structure before expansion. The fusion of
proteinase-resistant fluorescent proteins (GFP and RFP) may protect
these original proteins from digestion and result in insufficient me-
chanical homogenization. Thus, the expansion ratio was lowered
slightly compared to the original expansion protocol.

While fluorescence imaging relies on the fluorescent emission of the
transfected proteins, PAM does not. In fact, by detecting the optical
absorption contrast, PAM can image both fluorescent and non-
fluorescent molecules, which is much more flexible than traditional
fluorescence imaging. In PAM, pulse-laser light is absorbed by bio-
molecules and the absorbed photon energy is converted into heat via the
photothermal effect. The heat-induced expansion generates acoustic
pressure waves that can be detected to map the original optical energy
deposition in the sample. PAM is intrinsically a volumetric imaging
modality, and takes advantage of the rich optical contrast of endogenous
or exogenous biomolecules, as well as the deep-penetrating acoustic
detection for superior imaging depth. We have previously demonstrated
that PAM is able to perform multi-spectrum imaging of non-expanded
biological samples stained with color-absorbing histology dyes [39].
In this study, we build a transmission optical-resolution photoacoustic
microscopy (TOR-PAM) system (Fig. S2a) to achieve PA images with
different color staining and a variety of depths. To this end, we rationed
that, not only is it possible to retain the fluorescence signals
post-expansion, but these fluorescent proteins may be further converted
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Fig. 2. On-demand transfection-enabled ExM. (a) Fluorescence imaging of the same RFP-labeled MCF-7 nucleus before and after swelling in water. (b) Fluorescence
imaging of MCF-7 cells on-demand transfected for 24 h prior to ExM, showing GFP-labeled mitochondria and RFP-labeled nuclei in three different swelling statues
after transfection (without swelling and swollen in 1 x PBS and water). (c) Quantitative characterization of the swelling ratios of both organelles in 1 x PBS and

water, compared to that without swelling. N=3.

to optical absorption contrast for PAM, by applying, further, a
color-developing protocol that is commonly used in conventional his-
tology, which we term as EXFLPAM.

For TOR-PAM, the specimens must carry optical absorption contrasts
for pulsed laser excitation and ultrasonic detection [40,41]. In an initial
demonstration, a dual-absorbing-color staining strategy was developed
by using chromogenic substrates for immunolabeled enzymes on fluo-
rescent proteins. As examples, GFP-HUVECs were cultured, fixed, and
immunolabeled with AP-anti-GFP; when they were expanded in 1 x PBS
and subsequently exposed to Vector Blue substrate specific for AP,
strong blue-colored precipitations were produced leading to the entire
gel turning blue visually (Fig. 3a). Similarly, when RFP-HUVECs were
labeled with HRP-anti-RFP, expanded, and treated with NovaRED sub-
strate specific to the reaction with HRP, a strong brown-colored chro-
mogenic contrast was developed (Fig. 3d). Since these are
absorbing-only contrasts, the cells were visible under bright-field mi-
croscopy without the need for fluorescence imaging, indicating blue and
reddish-brown colors, respectively (Figs. 3b and 3e).

As previously discussed, the precipitations formed by these chro-
mogens used for staining have strong optical absorptions across a wide
wavelength range. Fig. S3 shows typical absorption spectra of pre-
cipitations formed from Vector Blue, NovaRED, and DAB substrates
upon reaction with their corresponding specific enzymes. Accordingly,
we developed a high-resolution TOR-PAM system with a spatial reso-
lution of ~625nm (Fig. S2b). It was clearly shown that the expanded
cells stained with both Vector Blue (Fig. 3¢) and NovaRED (Fig. 3f) could
be imaged at 532nm. The expansion ratio was also calculated on the

Vector Blue-stained samples. Compared to cells before expanding
(Fig. 3g), the gel expanded 1.32-fold to 1.37-fold after immersion in
water (Fig. 3h). The expanded gel was further incubated in 10 x PBS,
where a shrinkage of 1.68-fold to 1.78-fold was observed (Fig. 3i). The
imaging of expanded and shrunken specimens was further confirmed
with additional PA images (Fig. S4). Due to the use of 1 x PBS during the
labeling process, these samples were already slightly expanded prior to
immersion in water. As compared to the transfected-only samples
(Fig. 2), the expansion ratio was reduced from 1.82-fold to 1.37-fold
after chromogenic labeling, which was possibly due to the formation
of the precipitates on the hydrogel networks during the enzymatic re-
actions of chromogens that mechanically limited the full expansion of
these gels. A similar observation was made when the expanded gel was
shrunken back in 10 x PBS. The NovaRED-stained cells exhibited similar
expansion for PA imaging (Fig. S5). Notably, taking advantage of the
acoustic penetration of PAM, volumetric cellular imaging was acquired
from O pm (surface) to 30 um in depth both before and after expansion
(Fig. S6).

Finally, based on the above results, the mouse kidney tissues
expressing GFP were further tested using the same absorbing color-
enabled staining strategy. As revealed in Figs. 4a and 4b, the whole
kidney slice could be successfully imaged by TOR-PAM at the wave-
length of 532nm, post-expansion in 1 x PBS and post-staining with
Vector Blue. Again, with the volumetric imaging ability of TOR-PAM,
the expanded, stained tissue at different depths (0, 25 and 50 pm) was
readily imaged (Fig. 4c). The selected areas in Fig. 4c show detailed
kidney structures such as convoluted proximal tubules (as indicated
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Fig. 3. Color staining and PA imaging of cell samples. (a) Vector Blue, a substrate of AP, developed blue color for AP-labeled cell samples. (b) Transmission-mode
optical microscope images of blue stained HUVECs (transfected with GFP) in the gels. (¢) TOR-PAM images of Vector Blue gel. (d) NovaRED, a substrate of HRP,
developed brown color for HRP-labeled cell samples. (e) Transmission-mode optical microscope images of brown-stained HUVECs (transfected with RFP) in the gels.
(f) TOR-PAM images of HUVECs in the gel with NovaRED staining. (g-i) TOR-PAM images of Vector Blue gel (g) before, (h) after swelling in water, and (i) shrinking
in 10 x PBS. Yellow dotted squares indicate the same area of expansion and shrinking. Middle row: TOR-PAM depth-coded images. Right row: zoomed-in images of
selected areas within blue dotted boxes.
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Fig. 4. TOR-PAM images of kidney slices. (a) Full-view image of the kidney sample. (b) TOR-PAM depth coding images of the same kidney sample as in (a). (c) Close-
up images at different depths, as indicated by the red dashed box in (a). (d) Close-up images at different depths, as indicated by the yellow dashed boxes in (c).

with arrows in Fig. 4d) otherwise not resolvable by PAM without
expansion.

3. Conclusion

In summary, we have developed a new strategy that enables i) on-
demand labeling of subcellular organelles in live cells for ExM through
transfection of fluorescent proteins that are well-retained during the
expansion procedure; and ii) chromogenic color-development towards
efficient bright-field and PAM imaging in both planar and volumetric
formats, which is applicable to both cultured cells and biological tissues.
These advances will likely further expand the applicability of ExM
leading to additional capacities not possible or convenient before using
immunostaining-based fluorescence imaging or fluorescent protein-
labeled structures that do not allow absorbing contrasts.

We anticipate that the methodology delineated in this study will
serve as the foundation for EXFLPAM, yet it necessitates further refine-
ment to broaden its applicability. Nevertheless, our proof-of-concept
studies do not come with no limitations and warrant further de-
velopments. First, EXFELPAM demonstrates commendable image quality
for singularly stained cell and tissue samples using NovaRED and Vector
Blue; however, the challenge persists when extending the technique to
multi-color staining. PA imaging is a robust modality relying on distinct
absorption wavelengths. Employing a multi-wavelength PA imaging
platform should enhance our ability to discern intricate cell structures
within multi-color staining samples. Second, the current TOR-PAM
system exhibits a low imaging speed, limited by the slow mechanical
scanning. To capture dynamic changes in live cells or organoids, it is
necessary to improve the imaging speed of EXFLPAM. In addition, the
promising directions of EXFLPAM also include the utility of platform
microfluidic techniques [42] and cellular interactions in bacterial
infection and wound healing [43-45].

Moreover, to simplify the conceptual demonstrations, we stuck to the
very original yet most robust expansion protocol that only provides an
expansion ratio of ~4-fold [2], which in certain cases such as trans-
fection, was further reduced to ~ 3-fold possibly due to the insufficient
mechanical homogenization after the enhanced expression of proteinase
K resistant protein (GFP and RFP). The expansion ratio was also reduced
after chromogenic labeling, which may be due to the confinement of the
precipitates formed with the chromogen under enzymatic reactions, on

the hydrogel network. Optimizations that would further improve the
expansion ratio shall be investigated. In addition, the compatibility of
such a concept with other ExM variations, for example, iterative ExM
[17,20], remains to be explored. Multi-spectral PAM imaging of multiple
contrasts at the same time could be explored as well [46], given the
broad availability of these chromogens that all have distinct absorption
spectra across the wavelength range (e.g., Fig. 3e). In particular, the
colors of the dye chromogens include red, magenta, purple, brown, blue,
indigo, blue-gray, and gray-black, and have been used for triple-labeling
of histological samples [47]. Nevertheless, several factors need to be
considered for multispectral imaging, such as the compatibility of
enzyme substrates. We anticipate that, with additional technical ad-
vancements based on our current concept, the strategy will find poten-
tial wide applicability in biology, bioimaging, biomedicine, and beyond.
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