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Abstract

Biological macromolecules, such as proteins, are made of concatenated building blocks. We hypothesized that
individual protein residues could be imaged by anchoring their side chains to a swellable polymer, cleaving
backbone amide bonds, and expanding residues away from each other to a degree that enables them to be
visualized separately. We introduce thousandfold expansion microscopy (1000ExM), a four-network
interpenetrating hydrogel architecture that enables successive expansion from ~18-fold to >1000-fold (one
billion-fold in volume). Protein and peptide structures are maintained across these expansion factors, as
verified by analyses of proteins with known structures (nanobodies, GFP) and a well-studied peptide
(mCLING). Computational analysis indicates that 1000ExM resolves adjacent amino acid residues, thereby
achieving sub-nanometer precision on conventional light microscopes. We anticipate that 1000ExM will find
wide utility in protein visualization and identification, potentially even in intact cells and tissues.
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Introduction

Biological macromolecules, such as proteins, are made of repeated building blocks in a linear chain, which
then attain a tertiary structure through folding. The ability to image individual building blocks of
macromolecules, ideally in a way that accurately reports on the structure of the macromolecule being imaged,
would be of great use in the analysis of proteins and peptides, both natural and engineered. Peptides, in
particular, are too small to image with electron microscopy [1,2], and the limited number of different information
channels (or “colors”) that can be employed in electron microscopy limits the number of building block species
(amino acids, in the case of peptides) that can be identified. Ideally, one would be able to see the building
blocks of a biological macromolecule on ordinary light microscopy hardware, in a strategy extensible to multiple
colors, and in a fashion that could in principle be adapted to the mapping of proteins within cells and tissues.

Expansion microscopy (ExM) improves resolution by physically expanding biological specimens, increasing
distances between molecules so that features below the diffraction limit become resolvable on ordinary microscopy
hardware [6]. Recently, ExM has been used to expand proteolyzed fragments of proteins away from each other by
~10x. This expansion factor, combined with a super-resolution fluorescence fluctuation analysis that builds on the
super-resolution radial fluctuations (SRRF) [3] and super-resolution optical fluctuation imaging (SOFI) [4] concepts,
optimized for expansion microscopy, enables the shapes of proteins to be visualized, in what we termed one-step
nanoscale expansion microscopy (ONE) [5]. In ONE, super-resolution requires thousands of frames to generate a
single two-dimensional image, and three-dimensional reconstructions are assembled from many such images.
Ultimately, ONE reveals protein shape, but does not resolve individual amino acids. We therefore asked whether
individual amino acids could instead be resolved directly on conventional microscopes, without super-resolution, by
increasing the expansion factor further. This requires physical magnification to bring formerly intramolecular
distances above the diffraction limit. The diffraction limit is approximately 200 to 300 nanometers (nm) (lateral; the
axial resolution of a confocal microscope would be slightly worse, 300 to 500 nm), whereas the distance between
adjacent alpha carbon (Ca) atoms in a protein backbone, where side chains are attached, is ~0.38 nm. After 1000x
expansion, this distance would become ~380 nm, within the resolvable range of conventional microscopy. Thus,
sufficient expansion could make individual molecular building blocks directly observable. Of course, such a
procedure would have to be isotropic, expanding biological samples evenly in all dimensions, in order to preserve
submolecular positional information.

In iterative expansion microscopy (iExM [6-9]), a specimen is expanded in a swellable ionic gel, re-embedded
in a neutral gel to stabilize it in the expanded state, and then a second swellable ionic gel is cast. The
specimen is then expanded a second time, thus leading to larger expansion factors than the original gel (the
original iterative protocols performed 4.5% expansion twice, with a neutral gel-stabilizing step in between,
resulting in ~16-22x total expansion). Here, we identify an interpenetrating hydrogel architecture, enabled by
the use of a specific gel formulation, as well as an iterative strategy that omitted the neutral re-embedding step,
allowing expansion to proceed through multiple rounds, ultimately reaching 1000-fold linear expansion (at each
step along the way, presenting qualitatively new useful outcomes). A prior attempt to recursively expand a
specimen by iterating without neutral re-embedding resulted in a small expansion factor (~10-fold expansion
after 4 rounds of expansion), due to gel composition differences [10]. We here show, using nanobodies bearing
fluorophores, the peptide mCLING [11], and the protein GFP, that 1000ExM was able to reveal the structures of
such proteins on ordinary confocal microscopes, with resolution sufficient to pinpoint the successive amino
acids on a linear chain in 3D. This residue-level spatial information suggests that proteins may be identifiable
directly from their coordinate patterns. To test this, we simulated protein identification across the human
proteome (23,391 canonical proteins), incorporating incomplete residue readout and experimentally measured
expansion-induced distortion. Under these conditions, most proteins could be uniquely identified from their
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spatial amino acid coordinate patterns alone; 1000ExM may thus find broad utility in the visualization of
proteins and peptides, potentially in intact cells and tissues.

Results

Development of 1000ExM

We developed a four-network interpenetrating polymer network (IPN) architecture, and a series of steps to
assembile it, that enable ~1000x linear expansion. In summary, achieving such a large expansion factor
resulted from (1) the choice of swellable ionic network itself, and (2) how to preserve the expanded state in a
high-integrity way during sequential casting. The latter is traditionally done with a neutral reembedding gel that
keeps an expanded gel in the open state, for a subsequent round of polymerization and expansion [12].

Neutral re-embedding has been classically considered helpful in stabilizing expanded gels [13]. We optimized a
gel made with sodium acrylate monomers and dimethylacrylamide crosslinkers (SA/DMAA), decreasing KPS
concentration in blank gels from 0.5% to 0.05% w/v in 0.05% decrements. Each gel was polymerized to
completion overnight to mature the crosslinking degree. Using the optimal SA/DMAA formulation, we asked
whether we could cast a new charged gel directly within an expanded charged gel, eliminating the traditional
neutral re-embedding step. Prior attempts to do so with classical ExM formulations did not yield expansion
factors greater than those achievable in a single round of expansion [10]. Interestingly, when an expanded gel
was exposed to the monomer solution for casting a second network, it did not fully collapse upon gelation. In a
representative gel, it contracted from ~18x to ~10x and reached a stable, partially swollen state. A similar
pattern held across all four rounds: introducing each new monomer solution caused the existing gel to relax to
roughly half of its prior expansion factor, rather than collapsing back toward baseline, leaving it swollen enough
for the next charged network to form within it. In short, sequential casting of four optimized SA/DMAA networks
produced compounding linear expansion across rounds, on the order of 18x to 100x to 500x to 1500x in a
representative case, without intermediate neutral re-embedding gels (Fig. 1A, Table S18). These values varied
somewhat from gel to gel, as expected from natural chemical process variability across four sequential casting
steps, and are intended to illustrate the overall trend rather than a fixed trajectory. The protocol used in the
majority of the datasets here described is contained in Supplementary Note 2; an updated protocol that
reduces variability and offers more predictable performance (and, often, higher expansion factors) is contained
in Supplementary Note 1 (and was used to generate Table $18). Upon exposure to phosphate-buffered
saline (PBS), gels stabilized at a median linear expansion of approximately 1000x (Fig. 1B). Thus, our work
demonstrates a charged ionic gel that resists electrostatic collapse in a charged monomer solution of defined
composition, so that charged-within-charged network formation can occur without requiring an intervening
neutral scaffold, thereby permitting large expansion factors. Our updated, and improved, workflow involves
having each casting round include two incubations in activated monomer solution before polymerization, to
facilitate monomer loading in large gels, and produced four-network gels with a median linear expansion of
approximately 1900x, reaching as high as 2534 x in some gels. The variability in the procedure is easily
compensated for by measuring the expansion factor of individual gels, and suggests that the architecture
described here is not intrinsically limited to 1000x, but could support potentially much larger expansion factors,
providing a platform for future development in the field (Fig. S31).
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Proportional scaling of molecular distances across expansion rounds

To test whether molecular distances scale with physical expansion, we measured fluorophore—fluorophore
separations using two independent nanorulers across multiple expansion factors (Fig. 2). We used a
site-directed conjugated nanobody with known crystal structure [14] carrying two fluorophores embedded in
gel-anchoring tags (called ExM cassettes) consisting of 4 lysines at the N- and C-termini of the nanobody [15].
The fluorophores are separated by ~4 nm (Fig. 2A,B; additional representative images for each expansion
factor are shown in Supplementary Fig. 2). This provides a test case at the single-digit nanometer scale. At
low expansion factors, this separation is below the diffraction limit (4 nm x 18x = 72 nm), so early rounds were
imaged using one-step nanoscale expansion (ONE) microscopy [5]. Higher expansion factors were also
imaged using conventional confocal microscopy. Representative nanobodies for each expansion factor are
shown in Fig. 2A. Across all expansion factors, measured fluorophore—fluorophore distances scaled
proportionally with the physical expansion factor, defined as the ratio of post-expansion to pre-expansion linear
dimensions (Fig. 1B). Distances were normalized using the condition-level approximate expansion factors of
~18x%, ~100x, ~500x%, and ~1000x. This normalization yielded an inferred biological distance of ~4 nm,
consistent with the expected labeling distance (Fig. 2B; all raw data and summary statistics in Table $17).
Corrected distance distributions were consistent across gels and closely matched distributions modeled by
projecting, on a 2D plane, two fluorophore positions found at a distance corresponding to the approximate
positions of the fluorophores on the known structure of the nanobodies [14] (Fig. 2B, right), indicating that
nanoscale distances are preserved through all rounds of expansion. Variability in the measurements, implying
values such as those beyond the expected size of the nanobodies, is most likely due to measurements in
which only one fluorophore on a specific nanobody survives the gelation procedure, implying that its nearest
neighbor will be found on an adjacent nanobody. Because the exact positions of the 4-lysine ExM cassettes
flanking the fluorophore attachment sites and lysine anchoring positions on the nanobody are not precisely
known (albeit they are known to be placed at the two poles of the longest axis of the nanobody [5]), the
computational model does not use an atomic structure or residue-level coordinates. The nanobody is
approximated as a rigid ~4 nm globular object with two fluorophores attached via ~1 nm flexible lysine linkers.
Fluorophore positions were sampled by linker flexibility and random three-dimensional orientations of the
linkers. Distances were measured from two-dimensional projections of these configurations, generating
simulated distance distributions directly comparable to the experimentally measured, expansion-corrected
data.

Having established accuracy in the single-digit nanometer regime, we next tested whether this scaling extends
to sub-nanometer separations. We next examined how gel expansion scales distances between anchored
amino acids using mCLING (Fig. 2C-l), a peptide that serves as a well-defined molecular ruler. The chemical
structure, anchoring strategy, proteolytic cleavage, and post-expansion labeling chemistry are shown in
Supplementary Fig. 4; in summary, the C-terminus of mMCLING exhibits an Atto647N dye, and the lysines
along the chain both present anchoring opportunities as well as fluorescein anchor sites, post-cleavage. With
increasing expansion factor, additional fluorescein intensity peaks became separable with respect to one
another and with respect to the Atto647N reference (Fig. 2C; additional representative images for each
expansion factor are shown in Supplementary Fig. 3). For comparison across expansion states, peptide
images (fluorescein channel) were aligned to a linear structure, placed to the right of the Atto647N centroid, as
shown in the figure, and were averaged, yielding spatial signal distributions for each condition. Fluorescein
peak positions measured from these averages matched positions predicted by MD ensemble model, both at
low expansion (18x%; Fig. 2D) and at high expansion (1000x; Fig. 2E). Across gels, the number of fluorescein
peaks we could detect, and their relative positions, scaled with expansion and agreed with model predictions
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(Fig. 2F,G). Distances between the Atto647N signal and the first fluorescein peak, as well as distances
between adjacent fluorescein peaks, were statistically indistinguishable from modeled values (Fig. 2H,I).
Overall, this analysis indicates that a simple 2D averaging of signals is sufficient to reveal amino acid-level
positions in mMCLING images, without any specialized (or user-biased) analysis procedures.
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Evaluation of expansion isotropy at the single-molecule level

In the past, the isotropy of expansion microscopy has been evaluated primarily by registering pre- and
post-expansion images of the same sample [6], but for small molecules as explored here, pre-expansion
imaging would be impractical. To directly probe isotropy at the molecular scale, we assessed whether 1000x
linear expansion preserves and linearly scales sub-nanometer inter-residue distances into a
diffraction-resolvable regime. A molecular ground truth for comparison with experimental data was defined by
generating an ensemble of 1001 mCLING peptide conformations using molecular dynamics (MD) simulation
(see Methods, mCLING molecular dynamics simulations). This ensemble captures a range of physically
accessible peptide conformations prior to chemical processing. Each molecule then undergoes anchoring,
proteolytic digestion, and post-expansion labeling, with less than 100% efficiency at each step. We explicitly
modeled the full chemical processing sequence (Supplementary Fig. 4), including pan-lysine NHS—acrylate
anchoring to primary amines, covalent attachment of anchoring nitrogens to the hydrogel network, Proteinase
K digestion with potential cleavage or retention of Atto647N, and post-expansion fluorescein labeling of
remaining (and newly exposed) free primary amines. Because anchoring occurs at specific amine nitrogens
that become covalently attached to the gel, the measured fluorophore positions after expansion correspond to
the displaced coordinates of those anchoring nitrogen atoms (Supplementary Figs. 4-6).

For each of the 1001 conformations, we applied the defined anchoring, cleavage, and labeling scenarios to
generate plausible labeling outcomes (Supplementary Fig. 6), resulting in a combined ensemble defined by
peptide conformations and their corresponding labeling outcomes. A putative peptide was defined as
containing one Atto647N dye accompanied by at least four fluorescein dyes. The mCLING peptide contains a
central palmitoyl tail that interacts hydrophobically with the C-terminal Atto647N, resulting in a predominantly
curved, C-shaped conformation in the model, which is the dominant conformation observed across the
molecular dynamics ensemble. Accurate structural matching therefore would benefit from capturing the full arc
of the molecule: with four or five fluorophores, we reasoned that the geometry captured would sufficiently
contain any such curvature; with fewer labeling sites, partial sampling of the arc might permit
under-constrained fitting.

MD-derived conformations were converted into modeled MD peptides by assigning fluorophores to the atomic
coordinates of their anchoring nitrogen atoms. To quantify three-dimensional expansion distortion at the
single-molecule level, experimentally derived dye coordinates from putative peptides were aligned to these
modeled MD peptides. From 27,426 Atto647N localizations, 6,284 putative peptides containing one Atto647N
dye and 4-5 fluorescein dyes were identified using nearest-neighbor criteria (see Methods, Identification of
putative peptides). For each putative peptide, measured dye coordinates were aligned to each member of the
full computationally defined ensemble of modeled peptides to identify the best-matching conformation, and
then uniformly scaled to determine the scale factor that minimized root mean square deviation (RMSD),
yielding a per-molecule expansion factor. The minimized RMSD provides an upper bound on
expansion-induced distortion, as it reflects both distortion introduced during expansion and uncertainty in the
modeled conformational ensemble, which may not fully capture the complete spectrum of physically accessible
conformations. Molecule-to-molecule variation in best-fit MD matching was visualized by overlays of
experimental dye coordinates and corresponding best-fit modeled MD peptides (Fig. 3B). Overlays stratified by
RMSD below the interquartile range (IQR) (Supplementary Fig. 15), within the IQR (Supplementary Fig. 16),
and above the IQR (Supplementary Fig. 17) show progressively reduced alignment: peptides below the IQR
exhibit near-complete correspondence, with at most one displaced site; those within the IQR show typically
~two displaced sites; and those above the IQR typically show misalignment at more than two sites.
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To assess the robustness of this metric to the size of the MD reference ensemble, we evaluated how RMSD
estimates varied with conformational sampling. Because each putative peptide is matched to the best-fit
modeled MD peptide, limited sampling could bias RMSD values. We therefore repeated the matching using
ensembles ranging from 10 to 1001 conformations. With 10—200 conformations, RMSD distributions were
bimodal with a tail extending to ~1.2 nm, consistent with incomplete sampling of accessible conformations. By
600 conformations, the distribution became unimodal (0.585 + 0.154 nm, mean * standard deviation used
throughout), and increasing to 1001 conformations yielded 0.573 + 0.151 nm (Supplementary Figs. 13-14).
RMSD estimates stabilized beyond ~600 conformations, indicating that 1001 conformations provided sufficient
conformational coverage for stable matching.

Across all putative peptides (n = 6,284), each matched against the full 1001-conformation MD ensemble,
RMSD values were sub-nanometer, with a mean of 0.573 £ 0.151 nm (Fig. 3C.i), and per-axis RMSD values of
0.317 £ 0.121 nm (x), 0.316 £ 0.120 nm (y), and 0.325 + 0.126 nm (z) (Fig. 3C.ii). Per-axis RMSD values
were comparable across X, y, and z, consistent with isotropic expansion at the single-molecule level. The
optimal scale factor from this alignment and scaling procedure yielded a single-molecule expansion factor of
1055.92 + 21.554 (Fig. 3C.iii). Distributions of RMSD, per-axis RMSD, and single-molecule expansion factors
were consistent across 3 gels and 8 regions (Supplementary Figs. 9—11; pooled statistics in Table $13; gel-
and region-stratified values in Tables $S14 and S15), supporting reproducibility across samples and imaging
regions.

To examine 1000ExM peptide expansion fidelity through a third kind of statistical analysis, we examined
Euclidean k-nearest-neighbor (kNN, ranks 1-5) peak distances. The ensemble of modeled MD peptides of
MCLING yielded kNN peak distances spanning 0.88—1.77 nm for Atto647N—fluorescein pairs and 0.88—1.83
nm for fluorescein—fluorescein pairs (Fig. 3D.i, Fig. 3E.i). After ~1000x expansion, experimental KNN (1-5)
peak distances spanned 0.83—-1.73 ym and 0.83—-1.88 um, respectively, pooling data across eight regions from
three gels (Fig. 3D.ii, Fig. 3E.ii). Distance distributions stratified by region and gel were consistent across
independent gel runs (Supplementary Fig. 19), with pooled statistics in Table S5 and gel-specific statistics in
Tables S6-S8. As a measure of how likely such distributions could have arisen from random fluorophore
placement, we randomized emitter coordinates within each 3D imaging volume while preserving emitter counts
(see Methods, Randomization of k-nearest-neighbor distances). For both Atto647N-fluorescein and
fluorescein—fluorescein pairs, two-sample Kolmogorov—Smirnov (KS) tests showed that measured distributions
differed significantly from their randomized counterparts for kNN ranks 1-5 (p < 0.001 in all cases; Fig. 3D.iii,
Fig. 3E.iii; Supplementary Fig. 20). The KS D statistic increased, going from kNN1 to kNNS5, indicating that
higher-order nearest-neighbor structures were progressively less consistent with random spatial organization.
In other words: going from clusters of two dyes, up to four to five dyes, becomes increasingly unlikely, vs.
random placement, consistent with structured molecular organization. Analyses performed separately for each
gel yielded consistent results (Supplementary Figs. 21-23).
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GFP 3D reconstruction approaches amino acid resolution

We have two complementary strategies for achieving amino acid resolution: 1000-fold expansion followed by
confocal imaging, or 100-fold expansion followed by ONE microscopy imaging. 1000-fold expansion attains
this resolution through extreme physical separation of anchored residues within single molecules. In contrast,
100-fold expansion followed by ONE microscopy imaging combines more moderate physical magnification with
sharpening of the point spread function, to generate high resolution two-dimensional projections, which can be
then assembled into three-dimensional reconstructions of individual molecules. 1000-fold expansion also
results in larger volumes, with corresponding working distance and imaging time requirements, vs. those
incurred by the smaller volume of 100-fold expansion. We acquired two dimensional ONE microscopy images
of individual GFP molecules (Fig. 4A). For each condition, these 2D projections were combined to reconstruct
a three dimensional GFP model from the ensemble of views (Fig. 4B; see Supplementary Note 2). An
effective spatial resolution was then estimated using Fourier shell correlation (FSC) between the reconstructed
volume and the reference crystal structure of GFP (PDB entry 1EMA, at 1.90 A resolution; [5]). Reconstructed
resolution improved with increasing expansion, measuring 17.37 A at 10x expansion (n = 885 from 3
independent gels [5], 14.54 A at 50x expansion (n = 5,590 from 3 gels), and 11.63 A at 100x expansion (n =
5,324 from 3 gels) (Fig. 4C). The FSC comparison to the 3D GFP structure provides a direct structural
benchmark, showing that increasing physical expansion improves the correspondence between the
reconstructed GFP density map and the crystallographic structure at finer length scales. Importantly, expansion
microscopy does not recover all atomic positions. Anchoring occurs through chemically reactive amino acid
side chains, such as lysine residues modified via NHS ester acrylate, where each modified side chain is
covalently incorporated into the polymer network during gelation. In contrast to electron microscopy, which
detects electron density from essentially all atoms, expansion microscopy reports only the positions of
anchored residues. The distance between adjacent anchored side chains can vary. For example, neighboring
lysines may be separated by approximately 0.44 nm to 1.41 nm depending on side chain orientation, such as
parallel or antiparallel configurations (Supplementary Fig. 5). Thus, the fundamental sampling limit is defined
by amino acid spacing rather than atomic spacing, placing an upper bound near amino acid level resolution of
approximately 10 A. The 11.63 A reconstruction at 100x expansion approaches this chemically imposed limit.
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Simulated identifiability of the human proteome under 1000x expansion

In the single color lysine implementation utilized above, lysine side chains are first covalently anchored to the
hydrogel using NHS ester acrylate. Following proteinase K digestion, peptide backbones are cleaved, and the
newly exposed N termini on gel anchored fragments are then labeled with an NHS ester fluorophore. As a
result, all fluorescence from a given fragment is registered at the coordinate defined by the original lysine
anchoring site. This strategy is compatible with single color labeling, but it does not generalize to multicolor
mapping, as it might enable the identification of many different amino acid identities. To enable true multicolor
residue-resolved mapping, each residue class must be targeted separately, to ensure its fluorescent labeling
with a distinct-spectrum fluorophore, as well as gel anchoring, before expansion. In short, we would need a
trivalent molecule that would target a given amino acid selectively, allow for coupling to the polymer backbone,
and permit fluorophore attachment.

While creating such a molecule is beyond the scope of the current study, which is focused on the principles of
1000% expansion, we sought to computationally model what this might look like, to guide future developments
in the field. In particular, assuming that such trivalent molecules for residue-specific anchoring and labeling
could be made, we asked whether such residue-resolved 3D spatial fingerprints, under realistic 1000x
expansion distortion, could help support proteome-scale molecular identification of individual molecules in situ.
For true in situ identification in cells or tissues, nearby fragments originating from different proteins would need
to be assigned to their correct parent molecules. This remains a bioinformatic challenge that is beyond the
scope of the present study, which focuses on establishing the underlying expansion chemistry and
molecular-scale spatial preservation. To determine this, we performed computational simulations of the fraction
of the human proteome uniquely distinguishable from the coordinates of chemically labeled surface residues.
Identifiability was evaluated using RMSD after rigid Kabsch alignment of 3D residue coordinates of expanded
proteins compared to ground truth PDB entries (Fig. 5). Simulations were performed on 23,391 human
proteins with solved structures, using surface-exposed residues as candidate anchoring and labeling sites.
Expansion-induced distortion was modeled by adding independent Gaussian noise to residue coordinates, with
values grounded in the experimentally measured RMSD distribution for 1000x expanded mCLING peptides
(mean 0.573 + 0.151 nm; Fig. 3C.i). Accordingly, 5 A distortion reflects typical experimental performance, while
10 A distortion represents a more conservative, suboptimal condition exceeding the 90th percentile. Labeling
efficiency was modeled by randomly subsampling surface residues of each class (e.g., 0.5 corresponds to
labeling 50% of sites). A protein was considered identifiable if its closest RMSD match was its own undistorted
structure (Fig. 5A).

With single-color lysine labeling, 89.3-93.3% of proteins were identifiable at 5 A distortion, for 75%—100%
labeling efficiency, and 78.0-83.8% at 10 A distortion and the same labeling efficiency (Fig. 5A.i). Adding
cysteine labeling increased identifiability to 93.9-96.5% and 84.2-89.2%, respectively, assuming the same
labeling efficiency as for lysine (Fig. 5A.ii). Incorporating acidic residues as a third class increased
identifiability to 99.3-99.5% at 5 A and 96.4-97.8% at 10 A, again holding labeling efficiency constant (Fig.
5A.iii); additional residue classes yielded diminishing gains (Fig. 5A.iv—vii). Thus, these simulations
demonstrate that near-complete proteome identifiability (>99%) might be achievable with only three chemically
addressable residue classes under experimentally measured 1000x expansion distortion, establishing
residue-level spatial mapping as a potentially sufficient basis for large-scale in situ protein identification.
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Discussion

Here, we present 1000ExM, a four-network IPN (interpenetrating polymer network) formed by an initial ionic
gel and three successive ionic-in-ionic casting steps. This process yields ~1000-fold expansion in each
dimension while preserving three-dimensional (3D) molecular geometry. Physical expansion converts
sub-nanometer-scale molecular distances into micrometer-scale separations that are resolvable using
standard light microscopy, enabling direct readout of 3D amino acid positions without the need for averaging.
Across multiple independent statistical analyses on three molecular species, we observe preservation of
spatial information (i.e., effective resolution) down to individual amino acid residues; using the peptide
mCLING, preservation was demonstrated by a root-mean-square deviation (RMSD) of ~6 A between
experimentally observed molecular coordinates and molecular-dynamics reference structures. When
experimentally measured distortion and incomplete residue readout are taken into account, simulations across
the human proteome (23,391 canonical proteins) suggest that spatial amino acid coordinate patterns alone are
sufficient to uniquely identify most proteins.

Our work builds on a decade of innovation in iterative ExM methods, which expand an initial gel, stabilize it
with a neutral re-embedding gel, and then cast a second swellable gel to enable further expansion. This
strategy, used in iExM [7], iU-ExM [8], and pan-ExM [17], typically achieves 16- to 25-fold linear expansion.
This established regime does not approach the expansion required for amino acid—level analysis. DMAA gels
[18] have been shown to preserve protein structure [5], but only within this lower expansion range, and it
remains unclear whether other chemistries can achieve comparable fidelity. Here, we introduce an architecture
that enables a step-change in expansion factor: we eliminate the neutral stabilizing gel and instead re-embed
expanded gels by re-exposure to the same charged monomer solution. This produces shrinkage perhaps
unexpectedly comparable to neutral re-embedding, and enables ionic-in-ionic casting, which might be
expected to fail due to collapse of the expanded polyelectrolyte network. This approach yields a four-network
expansion sequence in which each stage produces net expansion, resulting in ~1000x% linear expansion, far
beyond prior iterative methods. The current gel architecture could be a platform for future innovation: for
example, repeated monomer incubations before a given polymerization step pushed expansion factor up to
2000x-2500x, in some exploratory work that was not the focus of the current paper, but which points to rich
downstream possibilities. A natural question is how ~1000x% expansion can occur while preserving nanoscale
structure. One possibility is bond scission during swelling, followed by reincorporation of polymer fragments
into successive interpenetrating gels during free-radical polymerization. Alternatively, elastic stretching may still
occur in DMAA-based gels, as observed for hydrogels with long crosslinkers [19].

We highlight one future application that could, in principle, be enabled by 1000ExM: in situ protein
identification. The functions of biological entities are governed by the organization of their biomolecules. Their
copy numbers, locations, interactions and structures determine corresponding biological outputs, across
different scales, from organelles to cells, tissues and whole organisms. As biomolecules work largely through
contact with one another, mapping out their spatial locations at the resolution of their interactions is key to
understanding biology. This can only be achieved by technologies that can localize molecules and decode their
identities and shapes, at a resolution better than molecular size. Such technologies are still missing, for the
protein domain. Their structural complexity implies that not only their identities, but also their local shapes and
arrangements need to be revealed. The technology of deep visual proteomics, in which regions identified by
fluorescence microscopy are microdissected and analysed by mass spectrometry, currently achieves cellular
resolution [23]. Even if protein mass spectrometry could be brought to higher resolutions, which is being
explored with expansion microscopy [24—26], its sensitivity remains short of single molecules [27,28]. Of
course, for proteins that are touching, or in clusters, assigning expanded protein fragments to their parent
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protein would be a further bioinformatic issue to be solved, but might be feasible, given the richness of data
available, especially if multiple colors are available for labeling of different amino acids.

To address protein mapping via imaging, proteins are currently labelled either through genetic tagging or
affinity tools. While the wide majority of experimenters describe up to 3-5 different proteins, by using a handful
of antibodies and colour channels, a few laboratories have enhanced this procedure, to attain impressive
multiplexing results. A brute force approach has been used in “toponome” imaging, in which dozens of
antibodies are applied to samples and imaged sequentially [29]. Multiplexed imaging can also be achieved by
combining antibodies carrying different metal (lanthanide) tags [30] or DNA barcodes [31]. Overall, up to 100
targets can be imaged with such methods, at resolutions of 200-300 nm. To improve the resolution, DNA
barcoding has been combined with DNA-PAINT [32]. This enables resolutions of ~15 nm, for up to ~30 targets.
Expansion-based multiplexing methods that use antibodies, DNA conjugated or not, have also been put forth
[33]. However, expansion workflows require covalent anchoring to residues followed by enzymatic digestion or
chemical softening prior to swelling. These steps can disrupt structure or erase epitopes to the point of leaving
antibodies nonfunctional. In addition, the use of antibodies, or other affinity tools, implies that the exact protein
orientations and shapes remain obscure in these experiments. Finally, trusted antibodies are not available for
all proteins, much less protein isoforms (e.g., splice variants), and generating new ones remains laborious and
time-consuming.

An alternative analysis relies on cryo-electron tomography (cryo-ET). For example, a stereotypically organized
biological object, the axonemal microtubule arrangement in sperm, was averaged across large image
numbers, to obtain reconstructions with resolutions of 3.5-6 A; this analysis was sufficient to reveal the
positions and structures of unknown proteins, whose identities were later revealed by comparison to
AlphaFold-derived structural predictions [34]. This approach is promising, but is limited by the need to average
objects that are stereotypically organized, and have a sizable molecular weight, to obtain structures. When
analysing loosely organized objects, as synaptic vesicles, only a handful of proteins can be revealed by
cryo-ET approaches [35].

In terms of resolution, 1000ExM enters the optics domain of “Angstrom-scale resolution”, which already
includes several super-resolution optics technologies, from MINimal emission FLUXes microscopy (MINFLUX)
[36] to Cryogenic Optical Localization in 3D (COLD) [37] or REsolution Enhancement by Sequential Imaging
(RESI) [38]. These technologies rely on very precise determinations of fluorophore positions [39]. The
fluorophores can be placed either on different biological molecules, or on different sites within single
molecules, resulting in measurements of structural features [40]. However, the fact that these technologies
require the decoration of native biological samples with fluorophores is a strong limitation. The fluorophore size
is comparable to that of the biological molecules, with a small dye, as fluorescein, being only about 3- to 4-fold
smaller than a compact protein as GFP, implying that few sites on the molecules can be labeled and visualized.
This problem is alleviated by the application of fluorophores after expansion, implying that far more
components of biological molecules are revealed, leading to true molecular visualizations. This has been
exploited in the generation of EM-like images for cells and tissues, both with limited resolution, for wide-scale
tissue analyses [9] and with nanometer resolution, for the analysis of protein structures [5]. Overall, we concur
with a recent review of the field [39], in that ExM-based analyses, including 1000ExM, can reveal substantially
more components of biological samples than optics-based approaches, simply due to the ability to fit more
fluorophores within an expanded structure.

To make 1000ExM work in practice, imaging is performed on a confocal microscope equipped with
high-sensitivity detectors (e.g., hybrid detectors such as HyD-X) and a high numerical aperture objective (e.g.,
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100x% oil immersion, NA = 1.4-1.51). In this study, single fluorophore labels were used. After ~1000x
expansion, fluorophores are no longer diffraction limited, but their signal is diluted, making samples extremely
dim and often difficult to locate. At the same time, the large expansion factor imposes substantial constraints
on imaging volume and acquisition time. At 1000% linear expansion, 1 nm maps to 1 ym, so a ~10 nm protein
expands to ~10 ym, comparable to a non-expanded cell, and a ~10 um cell expands to ~10 mm, comparable
to the size of a mouse brain. This increase in specimen size directly scales the imaging burden, making
throughput a limiting factor and motivating the use of approaches such as lattice light sheet microscopy [41]. In
potential support of the need for long acquisitions, Supp Fig. 31 shows that with our modified protocol,
expanded gels maintained on a dry surface at room temperature changed in linear expansion factor by only 0.3
+ 0.5% over 98 hours, which could potentially synergize with extended automated imaging.

In addition to these practical constraints, there are fundamental limits to precision. The positions of amino acids
depend on the locations of their side chains at the time of gel anchoring. For example, lysine side chains are
~1 nm in length, and their terminal amines can sample positions over ~2 nm under conditions of rotational
freedom. Although this variability is reduced in structured protein domains, it nonetheless limits reconstruction
precision to approximately the side chain length, on the order of ~10 A. This is consistent with the precision
obtained for GFP and remains below the resolving power of the best cryo-EM approaches [42]. Cryo-EM
achieves its highest resolution on purified structures of intermediate size, but in intact cellular environments
resolution is substantially reduced, and small, low-molecular-weight molecules cannot be resolved.

Despite these practical and physical constraints, 1000ExM produces a 3D map of amino acid positions that
could, in principle, enable direct protein identification in intact cells and tissues. More broadly, it defines a data
modality based on spatially resolved, multicolor molecular coordinates of biomolecular building blocks, which
could, with future work, extend beyond proteins to other classes of biomolecules composed of repeated
subunits with distinct chemical reactivities that could be similarly resolved.
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Methods

1000-fold linear expansion of proteins nanorulers

Anchoring protein nanorulers

Proteins were modified with acryloyl-X, SE (AcX; A-20770, Thermo Fisher Scientific). For mCLING peptides, 2
uL of mCLING-Atto 647N (710 006AT1, Synaptic Systems; 1.0 nmol mL™" stock) were mixed with 100 yL DPBS
and 3 pL acryloyl-X, SE (AcX; 10 mg mL™ in DMSO). For nanobodies, 1 yL FluoTag-X2 anti-ALFA
AbberiorStar635P (N1502, NanoTag Biotechnologies; 10 uM stock) was mixed with 100 uL DPBS and 3 uL
AcX (10 mg mL™ in DMSO). For GFP, 1 yL GFP (10 pM stock) was mixed with 100 yL DPBS and 3 pL AcX (10
mg mL™" in DMSO). GFP was purified as previously described [5]. Briefly, His-tagged GFP was expressed in
NebExpress Escherichia coli and cultured in Terrific Broth at 37 °C, followed by induction with 0.4 mM IPTG for
16 h at 30 °C. Bacterial pellets were lysed by sonication on ice in 50 mM HEPES (pH 8.0), 500 mM NaCl, 5 mM
MgCl. and 10% glycerol. After centrifugation to remove debris, the supernatant was incubated with Ni* affinity
resin at 4 °C. The resin was washed extensively, and GFP was enzymatically eluted via SUMO
protease-mediated cleavage of the N-terminal His-tag. Protein concentration was determined by absorbance at
280 nm using the calculated extinction coefficient. All AcX—nanoruler mixtures were pipetted onto 18-mm round
coverslips (Alkali Scientific, SM036) and spread evenly. Coverslips were placed in Petri dishes, which were
covered with parafilm, then sealed with lids, and incubated at 4 °C overnight. After incubation, coverslips were
partially air-dried in a chemical fume hood for ~30 min, until only a thin residual liquid layer remained and the
solution became visibly viscous. Excess liquid (10-15 yL) was gently removed, leaving a uniform thin protein
film without visible salts or particulates. Protein-coated coverslips were used immediately for gelation or stored
at4 °Cforupto 1 h.

Preparation of 1000ExM gelation solution

The 1000ExM gelation solution consisted of sodium acrylate (25.6% w/v; AK Scientific, R624),
N,N-dimethylacrylamide (DMAA, 44.2% v/v; Sigma, 274135), N,N,N’,N'-tetramethylethylenediamine (TEMED,
0.037% vl/v; Sigma, T9281), and potassium persulfate (KPS, 0.145% w/v; Sigma, 216224) in acidified Tris
buffer. The full preparation protocol is described in Supplementary Note 1, including details of many steps
below, which are in summary form. The monomer solution was degassed with nitrogen for 10 min and used
immediately.

First round of gelation

Activated monomer solution (80 uL) was pipetted onto a hydrophobic glass slide (CytoSlide Fluorosilane,
CYTONIX). The protein-coated coverslip was inverted sample-side down onto the droplet. The sealed
Tupperware container (Rubbermaid, BO79M8FPTW) was purged with nitrogen gas for 1-3 h through a
punctured hole (~2 mm diameter) large enough to insert a pipette tip, and then left overnight to allow
polymerization to complete.

Digestion and first round of expansion

Proteins anchored to the hydrogel were digested with proteinase K (8 U mL™"; P4850, Sigma-Aldrich, now
Merck) in digestion buffer containing 800 mM guanidine HCI, 2 mM CaCl., and 0.5% Triton X-100 in 50 mM
Tris (8382J008706, Merck). Digestion was performed at 50 °C for >16 h. Following digestion, gels were
expanded ~3x in the digestion buffer, then transferred to deionized water and incubated at 20 °C with three
successive water exchanges (1 h each) until the gel reached ~18x linear expansion.
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Multiple rounds of gelation and expansion

For the second gelation step, fully expanded (~18x) gels were transferred to a 6-well plate and infiltrated with
activated monomer solution, during which the gels contracted. Activated monomer solution was added in
sufficient volume to fully immerse the gels from all sides. The container was degassed with nitrogen for 10 min
and incubated on a shaker for 35 min to facilitate infiltration. Gels were then rapidly removed, placed
sample-side down on hydrophobic glass, covered with a coverslip within ~10 s, and transferred to a sealed
container purged with nitrogen gas for 1 h. Polymerization proceeded overnight (>8 h). The resulting composite
gel was expanded in water to ~100x linear expansion. For the third gelation step, fully expanded (~100x%) gels
underwent the same monomer infiltration, degassing, and overnight polymerization procedure, followed by
expansion in water to ~500x linear expansion. For the fourth gelation step, fully expanded (~500x) gels
underwent an additional cycle of monomer infiltration, degassing, and overnight polymerization, followed by
expansion in water to ~1500x linear expansion. Detailed protocol information is provided in Supplementary
Note 1.

Post-expansion labeling and stabilization

Gels were post-expansion labeled with NHS-ester fluorescein (46409, Thermo Fisher Scientific). Samples
were labeled using a 20-fold molar excess (compared to peptide) of NHS-ester fluorescein in NaHCO:s buffer at
pH 8.3 for 3 h before the washing procedure that induced the final expansion. Gels were equilibrated in 1x
DPBS to a stable ~1000x linear expansion state. In this partially equilibrated condition, the gels do not exhibit
rapid shrinkage, making them amenable to overnight imaging. A biological replicate of a 1000x gel was defined
as one complete four-round gelation sequence each network cast independently.

Image acquisition

ONE imaging

Images were acquired on a Leica STELLARIS 8 microscope using HyD-X detectors and a 1.51 NA 100x oil
immersion objective with an xy pixel size of 91 nm. Imaging was performed with a 12 kHz resonant scanner in
line-scan format with line accumulation of 3, 25 ms acquisition time, and 8-bit depth (Dynamic Signal
Enhancement (DSE) 15, weight 0.4). Excitation used a 633 nm laser at 40% power and a 488 nm laser at 30%
power. For each 11.72 x 11.72 um field of view, 2000 sequential frames acquired with the 12 kHz resonant
scanner were used as the input to the ONE plugin
[5,43,44],(https://qithub.com/Rizzoli-Lab/ONE-Microscopy-Java-Plugin), that builds on SRRF NanoJ core [45],
with parameters temporal radiality auto-correlation (TRAC) = 4 and radiality = 10. Additional datasets were
acquired on a Leica SP5 microscope using an 8 kHz resonant scanner with line accumulation of 3 and
processed using TRAC = 4 and radiality = 10.

Confocal z-stack acquisition

Confocal z-stacks were acquired on a Leica STELLARIS 8 microscope equipped with HyD-X detectors using a
100x oil immersion objective (NA 1.51). The z-step size was 0.20 ym and the xy pixel size was 0.091 ym.
Excitation was performed with a 647 nm laser at 40% of 3.5 mW power (HyD-X4 detector) and a 488 nm laser
at 30% of 1.6 mW power (HyD-X2 detector).
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Image analysis

Nanobody analysis

For the analysis of distances between nanobody signals (Fig. 2B), spots were identified by thresholding
band-pass filtered images, relying on empiric thresholds and band-pass filters (adjusted so that realistic signals
would be obtained for every image set, as evaluated by experienced investigators), organized in the form of
semi-automated routines in Matlab (version 2023b, The Mathworks, Inc, Natick, MA, USA). Their intensity
center positions were then determined, to measure the respective distances between the spots (in the same
colour channel, corresponding to Star635P).

MCLING 2D line-scan analysis

The averaging analysis of mMCLING molecules was performed using Matlab. In brief, molecules were detected
automatically, as particles with intensities above an empirically-derived threshold (derived as in the previous
section), in band-pass filtered images, relying on the Atto647N channel. All particles were centered on the
intensity maxima of the respective Atto647N spots. The fields containing the individual particles were then
rotated to fit their fluorescein signals in the horizontal position, lateral to the Atto647N spot. They were then all
overlaid, generating an average image for the respective condition. The same exact analysis was performed
for a mirror image of the fluorescein signals, and the mirror image result was subtracted from the original raw
image of the fluorescein signals, thereby obtaining a noise-corrected final image. The alignment procedure will
place any bright noise events in a horizontal position, implying that some amount of fluorescence will be
observed on the horizontal line, even if no real signals are present in the sample. It is therefore important to
subtract a random image (a mirror image) from the original results, to account for such effects. The positions of
fluorescence intensity peaks were determined by line scans across the final images and compared to those
obtained from a structural model of MCLING. A set of peptide conformations was generated by molecular
dynamics (MD) simulation. For each conformation, chemically accessible anchoring sites were identified and
fluorophores were assigned to those positions, yielding an ensemble of model peptides defined by predicted
fluorophore coordinates comprising one Atto647N and four or five fluoresceins (as described in
Supplementary Figures 4 and 6). Thousands of molecules were 2D-projected on top of each other, which
was, as for the experimental situation, the Atto647N fluorophore. To account for errors in the determination of
the fluorophore positions, due to the uncertain emission position from the relatively large fluorophore molecule,
a fluorophore positioning error of up to 3.6 A (for fluorescein) and up to 13.6 A (for Atto647N) was
incorporated. The pixel size of each model result was adjusted to the pixel size of each microscopy analysis,
and the peak positions were determined.

Plots and statistics were generated using SigmaPlot 14 (Systat Software Inc., San Jose, CA, USA), or using
Matlab. Statistics details are presented in the respective figures.

mMCLING 3d analysis

3D emitter detection

For 1000-fold expanded mCLING gels, eight 3D volumes were captured across three independent gelation
experiments. The x, y, and z dimensions and total imaged volume for each of the eight regions are summarized
in Table S1.

After acquisition, raw z-stacks were smoothed using an anisotropic Gaussian filter to suppress noise while
preserving point-like emitters. The Gaussian standard deviation was arbitrarily set to 0.05 um along each axis
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and was implemented in voxel units by dividing 0.05 um by the measured sampling along each dimension.
Specifically, ox and oy were set to 0.05 um divided by the x, y pixel size, and 0z was set to 0.05 ym divided by
the z-step size.

Local maxima were detected by sliding a 3 x 3 x 3 voxel window through the filtered z-stack one voxel at a
time. A voxel was classified as a local maximum if its intensity exceeded that of all 26 neighboring voxels. The
window size was calculated to match the expected spatial extent of a single emitter: after Gaussian smoothing
(o = 0.05 um), the effective emitter FWHM is on the order of 0.1-0.15 um, corresponding to approximately 1-2
voxels in x, y and ~1 voxel in z. A 3 x 3 x 3 neighborhood therefore captures the full emitter footprint while
minimizing merging of nearby emitters. At this stage, detections are dominated by background and detector
noise, as single-emitter signals are only slightly above dark counts. The number of Atto647N and fluorescein
emitters detected after local maxima detection, and the fluorescein-to-Atto647N ratio for each region, are
reported in Table S2.

Next, local maxima were filtered using two quantitative criteria designed to suppress noise-driven detections
while retaining point-like emitters. First, candidate emitters were required to have a center-voxel intensity
greater than the regional mean intensity of all detected maxima. Noise-driven local maxima arise from
symmetric fluctuations around the background and therefore cluster near the mean intensity, whereas true
single emitters would be expected to produce a higher-amplitude peak. This criterion preferentially removes
maxima consistent with stochastic background and detector noise while retaining higher-contrast peaks.
Second, the apparent size of each candidate was arbitrarily defined as the number of voxels within a local
window whose intensity exceeded 50% of the center-voxel intensity, without requiring spatial contiguity. True
emitters produce a spatially extended intensity profile determined by the point-spread function, resulting in
multiple above-threshold voxels. In contrast, noise-driven peaks are typically confined to one or a few voxels.
Candidates with an apparent size of =2 12 voxels were therefore retained as likely single emitters, while smaller
features were excluded as noise. Emitter counts after intensity- and size-based filtering are summarized in
Table S3.

Remaining candidates were evaluated for point spread function (PSF) conformity, as the lateral intensity profile
of an isolated fluorophore imaged under confocal conditions is well approximated by a Gaussian function. For
each candidate, a local cubic patch centered on the peak voxel was extracted and compared to a Gaussian
model with the same standard deviation as the preprocessing filter. The Pearson correlation coefficient
between the observed intensity distribution and the Gaussian template was computed to quantify agreement. A
threshold of r 2 0.7 was applied to retain peaks whose spatial profiles are consistent with a single
diffraction-limited emitter, while remaining tolerant to realistic deviations from ideal Gaussian shape due to shot
noise, pixelation, and sampling anisotropy. Final emitter counts after Gaussian shape filtering are reported in
Table S4.

Overall, intensity and size thresholding follow standard fluorescence microscopy practices [46,47] for emitter
detection. By additionally enforcing quantitative PSF conformity through Gaussian correlation analysis, we
extend these conventional steps with a physically grounded shape validation, increasing robustness while
remaining consistent with established analytical workflows.

k-nearest neighbor (kNN) analysis of emitter distances

Using Atto647N and fluorescein emitters obtained from three-dimensional (3D) z-stacks after emitter detection,
three-dimensional Cartesian coordinates were used to compute Euclidean k-nearest neighbor (kNN) distances
for k = 1-5. Distances were computed separately for Atto647N-to-fluorescein and fluorescein-to-fluorescein

emitter pairs using the cKDTree implementation in the SciPy spatial module (scipy.spatial.cKDTree). Distances
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were aggregated at three pooling levels: all gels and all regions combined (Table S5), all regions within each
individual gel (Tables S6-S8 for gels 1-3).

Each statistics table reports values for k = 1-5 and includes the number of distances (n), mean, standard
deviation, median, 25th and 75th percentiles (abbreviated P25 and P75), 5th and 95th percentiles (abbreviated
P5 and P95), and 1st and 99th percentiles (abbreviated P1 and P99), all in microns. Each table also reports
two peak-related metrics: the kernel density estimate (KDE) mode, defined as the location of the global
maximum of a Gaussian kernel density estimate fit to the distance distribution, and the peak value, defined as
the center of the histogram bin with the highest count, using a bin width of 0.05 ym and Gaussian smoothing
with o = 1 bin.

Randomization of k-nearest-neighbor distances

Randomization of locations was used to assess whether measured k-nearest-neighbor (kNN) distance
distributions reflect structured, molecule-related spatial relationships rather than random spatial coincidence
within the imaged volume. For each of the eight 3D imaging volumes, the measured x, y, z coordinates of all
detected Atto647N and fluorescein emitters were used, with each emitter represented by a single 3D
coordinate. Null datasets were generated by randomizing emitter locations within each imaging volume while
preserving the number of emitters and the overall volume geometry. Specifically, x, y, and z coordinates were
independently resampled for each emitter from uniform distributions spanning the experimentally observed x, v,
and z bounds of each imaging volume, thereby preserving the overall spatial extent and emitter density while
eliminating molecule-specific spatial correlations. For each observed and randomized dataset, kNN distances
(k = 1-5) were computed using the same analysis pipeline. This randomization procedure was repeated 100
times per imaging volume, generating a null ensemble of kNN distance distributions. Observed and
randomized distributions were compared using the two-sample Kolmogorov—Smirnov (KS) test, with the KS D
statistic defined as the maximum absolute difference between their empirical cumulative distribution functions
and used as the primary quantitative measure of deviation from the null hypothesis of spatial randomness. kNN
distance distributions and corresponding KS D statistics were summarized across all gels (Table S9) and by
individual gels (Tables S10-S12).

Identification of putative peptides

Putative peptides were identified by grouping spatially proximal fluorophores into candidate mCLING
molecules using k-nearest-neighbor (kNN) analysis (k = 1-5). Each mCLING molecule contains one Atto647N
dye and four to five fluorescein dyes, as defined in Supplementary Figure 4. For each Atto647N localization,
the five nearest fluorescein neighbors were identified in 3D space.

Because each fluorescein dye originates from a single peptide, fluorescein localizations were assigned to
Atto647N dyes using a greedy nearest-neighbor assignment, in which each fluorescein was associated with
the closest Atto647N and could not be assigned to multiple peptides. This constraint prevents
cross-assignment of fluorescein dyes between nearby peptides and ensures a one-to-one mapping between
fluorophores and candidate peptides.

Using this procedure, 10,696 coarse peptides containing one Atto647N dye and 4-5 associated fluorescein
dyes were initially identified. To suppress false groupings arising from spatial overlap between neighboring
peptides, candidates were filtered using bounds on the first and last KNN distances, which together define the
spatial extent of a single peptide. Putative peptides were retained if the first nearest-neighbor distance lay
within the 10th—90th percentile of the KNN1 distribution (0.350—1.343 um) and the last nearest-neighbor
distance lay between the 10th percentile of the kKNN4 distribution and the 80th percentile of the kKNN5
distribution (1.410-2.562 pm).

These bounds were chosen to enforce separation between fluorophores belonging to the same peptide versus
those originating from neighboring peptides. Large terminal kNN distances are indicative of cross-peptide
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associations in densely labeled samples, while unusually small first-neighbor distances might reflect noise,
over-segmentation, or repeated detections of a single fluorophore. Constraining only the terminal kNN
distances is sufficient: if both the closest and furthest associated fluorescein dyes fall within expected bounds,
intermediate KNN distances are implicitly constrained. The selected percentile ranges also align with
ground-truth molecular-dynamics distance relationships, in which KNN1 distances fall near 0.5-1.5 nm, kNN4
distances begin near ~1 nm, and kNNS5 distances extend to ~2.5 nm (Supplementary Figure 6), which map
closely to the observed experimental distance ranges after expansion. After filtering, 6,284 putative peptides
were retained for downstream analysis.

RMSD analysis of putative peptides

RMSD analysis was used to quantify agreement between experimentally reconstructed fluorophore positions
within expanded peptides and atomic-resolution molecular-dynamics (MD) reference models, and to estimate
gel distortion, isotropy, and single-molecule expansion factors. A total of 6,284 putative peptides were analyzed
across 8 imaging regions from 3 gels. Each putative peptide consisted of one Atto647N dye and four or five
associated fluorescein dyes. As reference structures, an MD ensemble of 1001 peptide conformations was
used, with a 5 choose 4 subset representing variability arising from different anchoring, digestion, and labeling
outcomes.

For each experimental peptide, fluorophore coordinates were compared independently to each MD
conformation. Experimental coordinates were aligned to the MD reference using a similarity transform
consisting of rotation, translation, and a single isotropic scale factor, chosen to minimize the sum of squared
distances between corresponding attachment sites (Eq. 1). The fitted scale factor captures the relative linear
scaling between the experimental coordinates and the MD reference during alignment.

After optimal alignment, the total RMSD was computed as the root-mean-square of Euclidean distances
between all matched attachment sites (Eq. 2). To assess directional distortion, per-axis RMSDs were
computed by decomposing residual displacement vectors into their x, y, and z components after alignment and
calculating the root-mean-square residual along each axis separately (Eq. 3).

The single-molecule expansion factor was then derived from the fitted scale factor using the definition given in
Eq. 4, which converts the relative similarity scaling into an absolute linear expansion factor referenced to the
nominal 1000x expansion. This definition preserves the sign and magnitude of deviations from the nominal
expansion at the level of individual molecules.

This procedure was repeated for each experimental peptide against all 1001 MD conformations. For each
peptide, the MD conformation yielding the minimum total RMSD was selected as the best structural match, and
the corresponding total RMSD, per-axis RMSDs, and expansion factor were reported (Fig. 3C.I-C.lII).
Summary statistics for these quantities are reported for all peptides pooled across gels and regions (Table
S$13), stratified by gel (Table S14), and stratified by imaging region (Table $15).
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Eq. Definition
N
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i=
1 &
2 RMSDiows = 3 y 2 llsRxi ¢ = wil”
1 X
3 RMSD, = EZ([sti+t—yi]Q)2, a € {z,y,z}
i=1
4 Expansion Factor = ((1 — s) + 1) x 1000

Variables: x;, experimental coordinates; y;, MD reference coordinates; IN, number of attachment sites;

R, rotation; t, translation; s, isotropic similarity scale.

MCLING molecular dynamics simulations

The molecular dynamics (MD) simulations for mCLING-Atto647N were carried out using the Gromacs software
package [48]. Functional groups were protonated to neutral pH to reflect buffer conditions. To accommodate
the nonstandard Atto647N moiety, custom force field parameters were computed with Espaloma [49]. The
starting configuration was obtained via RDKIT ETKDGvZ2 [50] and energy minimization in the MMFF94s force
field. The molecule was solvated in a 6 nm box of TIP3P water with periodic boundaries and the system was
neutralized with sodium chloride. Simulations were warmed up with a standard 3-stage equilibration protocol
[51]. First, the energy of the system was first minimized via steepest descent for 50000 steps. Then, the
system was equilibrated in the NVT ensemble for 200 ps with a step size of 2 ps and temperature of 300K with
a modified Berendsen thermostat, and then in the NPT ensemble for 1 ns at 1 bar with a Parrinello-Rahman
barostat. Production simulations were carried out in the NPT ensemble for 1 us, with one configuration saved
every 10 ps. To enable larger step sizes and thus increase the simulation throughput, bonds to hydrogen
atoms were constrained with the LINCS algorithm and nonbonded interactions were calculated with Particle
Mesh Ewald and a 1 nm cutoff. Nonwater heavy atoms were then extracted for analysis.

GFP 3D reconstruction

The ab initio 3D protein reconstructions from 2D ONE images were performed as previously described [5].
Briefly, the pipeline implements an unsupervised amortized-inference framework that transforms preprocessed
2D ONE images into a coherent 3D molecular density. Preprocessing includes intensity normalization and
background suppression to correct illumination variability and isolate relevant structural content. Local contrast
enhancement is applied to emphasize edges and fine-scale features, followed by controlled smoothing to
reduce high-frequency noise while preserving biologically meaningful boundaries. An enrichment step based
on total variation regularization further stabilizes the projections by suppressing artifacts and enhancing
structural continuity. The transformed projections are integrated and denoised to remove residual background
fluctuations while maintaining sharp transitions, yielding a robust 2D representation suitable for inference.

Processed images are then input into a variational autoencoder (VAE) comprising convolutional layers with
batch normalization, dropout, and nonlinear activations. The encoder maps each image into a latent
representation that captures pose parameters and structural variability under constraints promoting
smoothness, symmetry, and statistical consistency. The decoder reconstructs denoised projections using a
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positional multi-layer perceptron. The volume generator is evaluated slice-by-slice across a grid of frequency
coordinates to build a 3D Fourier volume. An inverse Fourier transform then produces a volumetric density
map that represents a physically plausible 3D molecular structure obtained without imposing predefined atomic
coordinates or using external templates or supervision, see Supplementary Figures 24-28. The FSC
threshold 0.143 has been considered for final resolution calculation.
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Figure 1. Design of a four-network interpenetrating polymer network (IPN) architecture enabling ~1000x
linear expansion via recursive ionic-in-ionic casting.

(A) Schematic of four-round ionic-in-ionic casting sequence used to construct the interpenetrating charged
hydrogel architecture. The recursive casting process yields ~1000x% linear (~10° volumetric) expansion and
enables separation of biomolecular building blocks anchored within the gel matrix following macromolecule
bond cleavage, including (but not limited to) individual amino acid residues within proteins.

(i) Biomolecules are functionalized with polymer-incorporable groups to enable covalent anchoring to the
hydrogel network. For proteins, primary amines can be modified with acryloyl-X, SE (AcX) to install
polymerizable acrylate groups.

(i) Modified biomolecules are embedded in a swellable charged hydrogel network generated by reacting
sodium acrylate (25.60% w/v), N,N-dimethylacrylamide (DMAA, 44.20% v/v),
N,N,N’,N'-tetramethylethylenediamine (TEMED, 0.037% v/v), and potassium persulfate (KPS, 0.145% w/v).

(iii) Anchored biomolecules are fragmented by cleavage between anchoring points. For proteins, proteinase K
(8 U/mL) generates anchored peptide fragments. The gel is expanded in water to ~18x linear expansion,
separating covalently anchored biomolecular fragments (e.g., peptides, individual amino acid residues, or other
subunits), depending on the anchoring and fragmentation strategy.

(iv) The fully expanded ~18x gel is infiltrated with a charged monomer solution and polymerized, yielding a
composite gel that contracts to ~10x linear expansion.

(v) The composite gel is expanded in water to ~100x% linear expansion.

(vi) The fully expanded ~100x gel is infiltrated with a charged monomer solution and polymerized, yielding a
composite gel that contracts to ~50x linear expansion.

(vii) The composite gel is expanded in water to ~500x% linear expansion.

(viii) The fully expanded ~500x gel is infiltrated with a charged monomer solution and polymerized, yielding a
composite gel that contracts to ~250x linear expansion.

(ix) The composite gel is expanded in water to ~1500x linear expansion.

(x) Gel-anchored biomolecular fragments are labeled through reactive functional groups generated during
fragmentation. For proteins, primary amines exposed by proteinase K digestion can be labeled with NHS-ester
fluorophores. The gel is then equilibrated in 1x DPBS, contracting to ~1000x linear expansion, which stabilizes
the sample and enables stable imaging over extended durations.

(B) Physical expansion factors measured after full expansion at each round of gelation, shown as boxplots:
(i) ~18x round 1 gelation (n = 11 separate gelations),

(i) ~100x round 2 gelation (n = 9 separate gelations),

(iii) ~500x% round 3 gelation (n = 7 separate gelations),

(iv) ~1000x% round 4 gelation (n = 4 separate gelations).

Boxplots in this figure: the center line denotes the median, the box spans the interquartile range (IQR),
whiskers extend to the farthest data point within 1.5%IQR of each box edge, and individual measurements are
shown as open circles.

Expansion proceeded through four sequential rounds of gelation and expansion, with a subset of the gels that
made it through round N, going through round N+1 (simply for convenience); for a set of gels that were all
advanced in parallel, using a slightly modified protocol (two monomer incubations per round), see Supp Fig.
31.
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Figure 2. Large expansion factor gels resolve fluorescence of adjacent amino acids in a peptide.

(A) Exemplary (in terms of brightness; n = 9395, 956, 892, 326824, 16974, 735 nanobodies from 18x/ONE,
50x/ONE, 100%x/ONE, 100x%/confocal, 500x/confocal, 1000x/confocal gels, respectively; representative
datasets are shown, from n = 4 experimental replicates for each condition) images of nanobodies carrying two
fluorophores, imaged using ONE microscopy [5,42,43] or confocal microscopy, with different expansion factors.
Scale bar (in biological units, used throughout), 10 A.

(B) Distance between centroids of spots, for nanobody fluorophore pairs. Gels preserve the ~4 nm distance (in
biological units) between fluorophores, as expected from the literature, and predicted by a computational
model (right). n numbers as in panel a, for the microscopy measurements, and 1000 simulated nanobodies, for
the model; full statistics in Table S17). Middle line, median; box boundaries, the 25th and 75th percentiles;
whiskers, the 10th and 90th percentiles; dots, the 5th and 95th percentiles.

(C) mCLING peptides carrying an Atto647N fluorophore (magenta) were fragmented and expanded and were
labelled with fluorescein (green) on all amino acids bound to the gel with cleaved-and-exposed N termini.
Larger expansion factors reveal increasingly more details in the green signal. The images show averages
(after aligning all centroids of the Atto647 dyes) of all MCLING peptides identified in the respective gels (n =
1210 from 7 gel replicates, 924 from 3 gel replicates, 1099 from 2 gel replicates, 1017 from 2 gel replicates,
232 from 3 gel replicates, 18900 from 5 gel replicates, for the 18x/ONE, 50%x/ONE, 100x/ONE, 500x/confocal,
750x%/confocal, 1000x/confocal gels, respectively). Scale bar, 10 A.

(D) Fluorescein peak positions compared to mCLING amino acid positions predicted by molecular dynamics
(MD). The modelled signal distribution (black; shown is a simulated line cut through the middle of the average
of 10,000 model images; the modeled Atto647N is not shown) closely follows that measured for 18x gels (ONE
microscopy, n = 1210 initial images; shown is a line cut through the middle of the averaged image of the
corresponding panels of ¢, aligned to the maximum intensity center of the Atto647N spot).

(E) As in d, but for 1000x gels (confocal microscopy, n = 18900 initial images).

(F-G) Comparisons between the numbers of fluorescein peaks (f) and peak positions (g), for modeled vs.
measured distributions, combined across gel types. Each dot represents a given peak averaged across all
molecules in all gels; bigger expansion factor gels have more peaks visible; color code is shown in the key in g.
A high similarity is observed (R2 = 0.86 for the number of spots, p = 0.0028, n = 7 gel types; R2 = 0.85 for the
spot positions, p<0.0001, n = 22 spot positions).

(H) Distances between the first fluorescein peak and the Atto647N signal (C-terminus) vs. the modelled ones
(p = 0.216, Mann-Whitney Ranksum test). The box plots show the median (middle line), the lower and upper
quartiles (box), the minimum and maximum numbers that are not outliers (the whiskers), and the outliers
(calculated using the interquartile range).

() As in h, but for the distances between adjacent fluorescein peaks (p = 0.383, Mann-Whitney Ranksum test).
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Figure 3. Thousand-fold expansion microscopy (1000ExM) enables three-dimensional multicolor
residue-resolution imaging on standard light microscopes.

(A) Three-dimensional rendering of a 10 x 20 um field spanning the full z depth (4.4 ym) after ~1000x linear
expansion. Boxed regions indicate putative mCLING peptides, defined as clusters (hand-drawn, in this
example) containing one Atto647N signal (magenta) and 24 proximal fluorescein signals (green).

(B) Overlays comparing experimentally measured dye positions with molecular-dynamics (MD) predictions, for
individual putative mCLING peptides. Experimental Atto647N and fluorescein positions are shown in magenta
and green; model positions are shown in orange and blue. Lines connect matched centroids after optimal
alignment of the experimental data with the best-match MD prediction, as computed by root mean square
deviation (RMSD). (i) Exemplar overlays with RMSD below the interquartile range (IQR) of the peptide
population. (ii) Representative overlay with RMSD within the IQR.

(C) Quantitative comparison of experimental and MD-predicted geometries for the full population of putative
MCLING peptides (n = 6,284 from 8 regions across 3 gels). (i) RMSD distribution computed after optimal
alignment to an MD reference ensemble. Each peptide contains one Atto647N signal and 24 associated
fluorescein signals identified using a k-nearest-neighbor (kKNN; k = 1-5) definition (see Methods: Identification
of putative mCLING peptides). (i) RMSD along x, y, and z. Boxplots throughout Fig. 3: center line, median;
box, IQR; whiskers, farthest data point within 1.5%IQR of each box edge; points, outliers.

(iii) Single-molecule expansion factors estimated by fitting an isotropic scale factor that minimizes RMSD.

(D) Atto647N—fluorescein distances. (i) kNN (1-5) distances from MD simulations of the mCLING peptide. (ii)
Corresponding distances measured after ~1000x% expansion (n = 27,426 signals from 8 regions across 3 gels).
(iii) Observed kNN (1-5) distance distributions were compared to randomized controls using the two-sample
Kolmogorov—Smirnov test. Boxplots show Kolmogorov—Smirnov D statistics for each kNN rank; asterisks (***)
indicate P < 0.001.

(E) Fluorescein—fluorescein distances. (i) kNN (1-5) distances from MD simulations of the mCLING peptide. (ii)
Corresponding distances measured after ~1000x expansion (n = 125,395 signals from 8 regions across 3
gels). (iii) Observed kNN (1-5) distance distributions were compared to randomized controls using the
two-sample Kolmogorov—Smirnov test. Boxplots show Kolmogorov—Smirnov D statistics for each kNN rank;
asterisks (***) indicate P < 0.001.

Distance distributions are shown as count histograms (bin width 0.05 nm for MD and 0.05 um for expanded
datasets). For expanded datasets, KNN ranks were pooled to define the display range, and the upper x-axis
limit was set to the 95th percentile of the pooled distribution. Smoothed curves represent Gaussian-convolved
counts; peak distances correspond to the bin center at the curve maximum.

Cartoon legend (Di, Ei). Atoms are colored carbon (gray), nitrogen (purple), oxygen (red), and sulfur (yellow,
small circle). Large spheres denote nitrogen atoms covalently linked to the hydrogel and displaced with
network expansion. The orange sphere marks the nitrogen associated with the Atto647N label; blue spheres
mark lysine e-amine nitrogens.
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coordinates or using external templates or supervision. The resulting volumetric data is saved in MRC format,
and final reconstructions were visualized and analyzed using UCSF ChimeraX [62].
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Supplementary Figure 10. Per-axis RMSD of putative peptides (same peptide set as Fig. 3C).
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Supplementary Figure 12. RMSD histograms (same peptide set and RMSD values as Fig. 3C).
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Supplementary Figure 13. Robustness of RMSD to MD ensemble size.
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Supplementary Figure 14. RMSD histograms across MD ensemble sizes.


https://doi.org/10.64898/2026.05.31.729018
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.05.31.729018; this version posted July 21, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

A

(W) z

(wwz

(W) z

(W) z

(w z

(W) z

(w z
(W) Z

(W z

(W z

225
250
Yoy 275

Supplementary Figure 15. Peptide overlays below the IQR of the Fig. 3C.i RMSD distribution.


https://doi.org/10.64898/2026.05.31.729018
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.05.31.729018; this version posted July 21, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

wwz
(wo z
(W z
(W z

wz
wz
oz
wz
wz

(wo z
(wo z
(wez
(wez
(W z

(wuz
(wuz
(woz
mf“’ z
(wuyz

(W z
(W z
(W z
(W) z

wnz
wnz
wnz
(e z

(wez
(wuz
() z
(wu)z

(wuz
wnz
(wu)z
(wu)z

(wez
(wez
(wez
(wez

wez
ez
wez
(wz

Supplementary Figure 16. Peptide overlays within the IQR of the Fig. 3C.i RMSD distribution.
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Supplementary Figure 17. Peptide overlays above the IQR of the Fig. 3C.i RMSD distribution.


https://doi.org/10.64898/2026.05.31.729018
http://creativecommons.org/licenses/by/4.0/



