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Abstract

Strategies to visualize cellular membranes with light microscopy are restricted by the diffraction
limit of light, which far exceeds the dimensions of lipid bilayers. Here, we describe a method
for super-resolution imaging of metabolically labeled phospholipids within cellular membranes.
Guided by the principles of expansion microscopy, we develop an all-small molecule approach
that enables direct chemical anchoring of bioorthogonally labeled phospholipids into a hydrogel
network and is capable of super-resolution imaging of cellular membranes. We apply this
method, termed lipid expansion microscopy (LExM), to visualize organelle membranes with
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precision, including a unique class of membrane-bound structures known as nuclear invaginations.
Compatible with standard confocal microscopes, LExM will be widely applicable for super-
resolution imaging of phospholipids and cellular membranes in numerous physiological contexts.

Biological membranes have many essential functions, from encapsulating cells and
organelles to directing metabolic, trafficking, and signaling events. Membranes are primarily
composed of phospholipids, making methods to visualize these biomolecules vital to
understanding cellular functions.1~> However, techniques to accurately image phospholipids
with fluorescence microscopy are challenged by the impermeable nature of the membrane
and dimensions of the lipid bilayer, which are smaller than the diffraction limit of light.®

Super-resolution imaging techniques including stimulated emission depletion (STED)
and single-molecule localization microscopy (SMLM) can surpass the diffraction limit
and enable imaging of lipids within membranes.’~10 However, these techniques require
specialized setups and procedures, limiting such imaging to laboratories with the required
instrumentation and expertise. Expansion microscopy (ExM) has emerged as a powerful
and accessible super-resolution imaging strategy, wherein target biomolecules are anchored
to a hydrogel network that is swollen to expand the physical size of a sample by ~5x

and even ~15x in specialized versions, spatially separating the signal for high-resolution
imaging with standard fluorescence microscopes.11-22 Though traditional ExM protocols
involve permeabilization, and thus lipid removal, certain adaptations have allowed for
imaging of membranes. For example, unnatural hydrophobic probes can intercalate into
membranes, allowing retention in ExM imaging.23-26 Alternatively, metabolic labeling of
native phospholipids has been leveraged for expansion of membranes using click-ExM,
which anchors lipids to hydrogel networks through biotin—streptavidin interactions.2
Notably, these methods require at least mild detergent-based permeabilization, which can
compromise membrane integrity, to ensure a uniform distribution of ExM reagents and
isotropic expansion of samples.

We were motivated to visualize lipids using ExM while preserving membrane structural
integrity. Here, we present an approach involving metabolic labeling of phospholipids and
trifunctional fluorophores for tagging and tethering lipids to the hydrogel (Figure 1A). This
method, Lipid Expansion Microscopy (LExM), involves direct anchoring of metabolically
labeled phospholipids into a polymer network without detergent-based permeabilization

to enable super-resolution imaging of organelle membranes. We apply LExM to visualize
subdiffraction scale invaginations of the nuclear membrane and their membrane-bound
cytoplasmic contents.

To incorporate phospholipids directly into the hydrogel network, we designed and prepared
trifunctional LExM reagents 1 and 2 (Figure 1B), equipped with (i) azides for tagging
alkyne-labeled biomolecules via Cu-catalyzed azide—alkyne cyclo-addition (CuUAAC), (ii)
fluorophores for imaging pre- and post-LExM including BODIPY, a hydrophobic green dye
well suited for lipid imaging, and Janelia Fluor 549 (JFs4g), a bright and photostable red
dye,28 and (iii) methacrylamides for covalent incorporation into the hydrogel.
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We first evaluated 1 and 2 by tagging HeL a cells labeled with propargylcholine (ProCho),
an alkynyl metabolic label for phosphatidylcholine (PC) and other choline-containing
lipids (Figure 1C).29 Both 1 and 2 afforded strong fluorescence from many intracellular
membranes, consistent with the broad distribution of PC. Importantly, the signal was
ProCho-dependent, indicating that 1 and 2 are specific for alkyne-labeled phospholipids
(Figure S1).

A key feature of EXM is isotropic sample expansion, achieved by disrupting membranes
with detergent-based permeabilization to enable uniform diffusion of polymerization
reagents.30 This step is critical to incorporate typically membrane-impermeable ionic
monomers needed for the final osmotic expansion step.17:26.:27 To ensure that monomers
are evenly distributed in LExM, we used uncharged, membrane-permeable monomers that
are hydrolyzed, postpolymerization, to yield ionic residues necessary for expansion.13

LExM involves metabolic labeling of cells with ProCho, fixation, CUAAC tagging with

1 or 2, polymerization with acrylamide and bis-acrylamide monomers, denaturation and
hydrolysis, expansion, and visualization by traditional or Airyscan confocal microscopy
(Figure 1A). Excitingly, we observed fluorescent signal from expanded samples,
demonstrating that 1 and 2 are suitable chemical anchors that incorporate labeled lipids into
hydrogel networks (Figure 2A, D). The methacrylamide unit is necessary, as an analogue
of 1 lacking this group does not retain fluorescent signal in LExM (Figure S1). Using a

4 h hydrolysis step, LEXM afforded 6.8x and 4.9x expansion factors, respectively, for 1
and 2, enabling visualization of fine structures, e.g., the nuclear envelope, which is clearly
distinguished from other intracellular membranes (Figure 2B, C, E, F).

Next, we assessed both the ability of LExM to expand samples in a tunable and isotropic
fashion and the extent of signal loss throughout the protocol. Varying the acrylamide to
acrylate hydrolysis time to 2, 4, and 8 h gave expansion factors of ~5.0x, ~ 6.4x and ~7.8x
respectively, indicating that LExM enables tunable expansion of membranes (Figure S2B).
Comparison of pre- and post-LExM images revealed minimal sample distortion, with a
root-mean-square (RMS) error of <3% for distances of up to 10 gm, demonstrating that
LExM expands tagged lipids isotropically (Figure S2A, B).

Quantification of fluorescence after each step revealed ~40% retention of signal in samples
labeled using 1, consistent with retention in ExM using similar scaffolds (Figure S2C).16
Interestingly, the fluorescence intensity of samples tagged with 2 increased after digestion,
likely due to high amounts of sodium dodecy! sulfate during the digestion/hydrolysis step,
which can increase absorbance of rhodamine fluorophores (Figure S2C).31

We next compared LExM to alternative procedures for visualizing membranes with ExM,
including click-ExM, which uses metabolic labeling and CuAAC tagging but requires
permeabilization with saponin for uniform expansion, and 10-fold Robust ExM (TREXM),
which uses the unnatural lipid probe mCling-ATTO-488 (Figure S3; see Supplementary
Note 1 for a detailed discussion). Briefly, we observed some punctate artifacts in samples
labeled with click-ExM and found that TRExM only labeled a subset of organelles
compared to LExM and click-ExM. Areas of higher confluency were also less efficiently
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labeled by click-ExM and TRExM compared to LExM. Crucially, omission of detergent in
click-ExM and TREXM led to highly distorted and/or torn expanded samples, demonstrating
the requirement for detergent-based permeabilization steps that can alter membrane
structure.

We next sought to harness the enhanced resolution of LExM to identify locations of
metabolically labeled PC, an analysis that is challenged by the close juxtaposition of
organelles.32 We adapted LExM to enable colocalization studies with organelle markers
using immunofluorescence. Comparisons of pre- and post-LExXM images of ProCho-labeled
cells tagged with 1 and immunostained for a transfected ER marker revealed that areas with
high colocalization could be clearly delineated from other closely associated membranes
post-LEXM at a level of detail absent pre-LExM (Figures 3A and S4A). Representative

line plots of fluorescent profiles from each image demonstrate peaks separated by ~100

nm in the post-LEXM image, in contrast to peaks ~300 nm in width in the pre-LEXM
image. Similar increases in resolution were seen in post-LExM images of labeled PC with
markers of the Golgi complex, outer mitochondrial membrane (OMM), and mitochondrial
matrix (Figures 3B-D and S4B-D), with the latter enabling specific visualization of labeled
PC in the inner mitochondrial membrane (IMM). This observation is consistent with
previous reports detailing the localization of labeled PC lipids in the IMM but contrasts
with observations made using click-ExM, where mitochondrial fluorescence was observed
exclusively in the OMM.27:33 Qverall, we performed LExM with immunofluorescence
labeling of several organelle markers encompassing both epitope-tagged and endogenous
proteins (Figures 3 and S5), illustrating the broad scope of antibody labeling compatible
with LExM and demonstrating the ability of LExM to precisely identify the locations of
PC-containing membranes.

Whereas metabolic labeling of phospholipids with ProCho enables measurement of bulk
membrane lipids, many important signaling phospholipids, such as phosphatidic acid (PA),
are generated at much lower levels.3* To establish LExM as a more general strategy

for ExM-based imaging of alkyne-labeled lipids, we used a method termed IMPACT to
visualize the activity of PA-generating phospholipase Ds (PLDs) by leveraging the ability
of these enzymes to attach bioorthogonally labeled primary alcohols onto phospholipids
(Figure 4A).35-38 We subjected cells to IMPACT labeling with the PLD substrate hexynol,
CUuAAC tagging with 1, and the LExM protocol. Consistent with ProCho-based LEXM
studies, IMPACT labeling generated samples with 5.6x expansion and fluorescence signal
that correlated well with the pre-LExM image (Figure 4B). The enhanced resolution

of the post-LEXM image also enabled identification of distinct membranes such as the
nuclear envelope (Figure 4B-D). Samples generated with IMPACT were obtained in a
tunable manner with isotropic expansion and were amenable to colocalization studies

with organelle markers (Figures S6 and S7). Importantly, treatment with a pan-PLD
inhibitor prevented fluorescent labeling in pre-LExM images (Figure S6A). Beyond imaging
headgroup-functionalized phospholipids, we also assessed LExM for visualizing alkyne-
functionalized cholesterol within cellular membranes (Figure S8).3° Notably, post-LExM
fluorescent signal was observed in alkyne-cholesterol-labeled cells tagged with 1 but not
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2, highlighting the ability of hydrophobic BODIPY-based probe 1 to detect membrane-
embedded alkynes.

Finally, we applied LEXM to study subdiffraction scale cellular structures. Metabolic
labeling of phospholipids revealed channels that traverse nuclei, which we hypothesized
were a unique class of structures known as nuclear invaginations (Video S1). These
channels are composed of the nuclear membrane surrounded by a lamina, which envelops
cytoplasmic contents.4041 Because of their narrow dimensions, their detailed analysis has
been limited to electron microscopy and traditional super-resolution microscopy (e.g.,
STED/SMLM).”-8:4243 Tg visualize these membrane-bound structures with ExM, we
labeled cells expressing a nuclear lamina marker with ProCho and performed LExM with

1. Inspection of post-ExM images revealed channels that were surrounded by lamina,
confirming their identity as nuclear invaginations (Figures 5A and S9A). Additionally,

the ProCho fluorescence strongly colocalized with an ER marker (Figures 5B and S9B),
indicating the presence of cytoplasmic contents within invaginations. We also detected large
nuclear invaginations in IMPACT-labeled samples colabeled with a mitochondrial marker, in
which the outer and inner mitochondrial membranes could be distinguished (Figures 5C and
S9C). Collectively, these experiments indicate that LExM can detect organelles associated
with nuclear invaginations, demonstrating LExM as a powerful method for detailed analysis
of intracellular structures.

In summary, LExXM enables ExM imaging of lipid species within cellular membranes.

It exploits small-molecule reagents to covalently anchor metabolically labeled lipids to

a hydrogel network, permitting tunable and isotropic expansion without detergent-based
permeabilization to preserve and illuminate molecular and structural details. LEXM

is compatible with metabolic labels for bulk phospholipids, sterols, and low-abundant
signaling lipids, enabling high-resolution visualization of organelle membranes and
subcellular structures with dimensions smaller than the diffraction limit of light. With
accessible reagents requiring only a standard confocal microscope, we envision that LExM
will democratize high-resolution imaging of lipids and membranes. Further, we anticipate
that LEXM may be suitable for super-resolution imaging of lipids within intact tissues and,
beyond lipids, visualization of other biomolecules capable of bioorthogonal metabolic or
chemoenzymatic labeling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Scheme of Lipid Expansion Microscopy (LExM). (B) Structures of trifunctional

reagents 1 and 2. (C) Propargylcholine (ProCho) incorporation into phospholipids through
the Kennedy pathway. CK: choline kinase, CCT: CTP:phosphocholine cytidylyltransferase,
CPT: cholinephosphotransferase.
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Figure 2.
Confocal microscopy images of the same cell metabolically labeled with ProCho and

tagged with 1 (A) or 2 (D); pre-LExM (left) and post-LExM (right). Expansion factors

are displayed in post-LEXM images. (B, E) Enlarged boxed areas from pre-LExM (left) and
post-LExM (right) images in A (B) and D (E). (C, F) Fluorescence intensity profile line
plots for dotted lines in pre- and post-LExM images of B (C) and E (F). Arrowheads indicate
nuclear envelope. Scale bars (pre-LExM distance): 5 ym (A and D), 2 y/m (B and E).
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Figure 3.
Pre- (left) and post-LExM (middle) Airyscan confocal images of cells transfected with

organelle marker (magenta); mRFP-Sec614, ER (A); mCherry-PH(OSBP), Golgi complex
(B); OMP25TMmCherry, outer mitochondrial membrane (OMM, C); mCherry-Mito7,
mitochondrial matrix (D) then labeled with ProCho and 1 (green), with fluorescence
intensity profile line plots of pre- (dotted line) and post-LExM (solid line) images.
Expansion factors are displayed in post-LExM images. Dotted and solid lines indicate
profiles measured for line plots. Scale bars (pre-LExM distance): 400 nm.
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IMPACT: Imaging Phospholipase D Activity with Clickable Alcohols
via Transphosphatidylation
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Figure 4.
(A) Cell labeling via IMPACT in the presence of hexynol followed by CuAAC tagging

with 1. (B) Pre- (left) and post-LExM (right) confocal images of IMPACT-labeled cells.
Expansion factor is displayed in the post-LExM image. (C) Pre-LExM (left) and post-LExM
(right) boxed areas in B. Scale bars (pre-LExM distance): 3 4/m (B) and 2 t/m (C). (D)
Fluorescence intensity profile line plot for dotted lines in pre- (black) and post-LExXM (red)
images. Arrowhead indicates nuclear envelope.
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Airyscan confocal images of cells transfected with organelle markers (mMRFP-Lamin A,
nuclear lamina (A); mRFP-Sec618, ER (B); OMP25TM-mCherry, outer mitochondrial
membrane (OMM) (C)) and labeled with ProCho (A, B) or hexynol via IMPACT (C) and
LExM using 1. Fluorescence intensity profile line plots were generated from dotted lines

in merged images. Zoom-ins show lipids (top, green in merge), organelle markers (middle,
magenta in merge), and merged image (bottom). Expansion factors are displayed in merged
images. Scale bars (pre-LExM distance): 500 nm (A), 300 nm (B), and 1 xm (C).
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