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3D-Aligner: advanced computational tool

for correcting image distortion in
expansion microscopy
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Expansion Microscopy (ExM) is an innovative and cost-effective super-resolution microscopy
technique that has become popular in cell biology research. It achieves super-resolution by physically
expanding specimens. Since its introduction, ExM has undergone continuous methodological
developments to enhance its resolution and labeling capabilities. However, ExXM imaging often
encounters sample drift during image acquisition due to the physical movement of the expanded
hydrogel, posing a significant challenge for accurate image reconstruction. Despite many proposed
experimental solutions to mitigate sample drift, a universal solution has yet to be established. In
response to this challenge, we developed 3D-Aligner, an advanced and user-friendly image analysis
tool designed to computationally correct drift in ExXM images for precise three-dimensional image
reconstruction and downstream quantification. We demonstrate that 3D-Aligner effectively
determines and corrects drift in ExM images with different expansion rates and various fluorescently
labeled biological targets, showcasing its capabilities and robustness in drift correction. Additionally,
we validate the precision of 3D-Aligner by comparing drift values across different labeled targets and

highlight the importance of drift correction in quantification of biological structures.

Fluorescence microscopy in biological research has become an essential tool
due to its contributions towards myriad biological and biomedical dis-
coveries. Its high sensitivity and specificity for labeling biological targets
have empowered researchers to investigate the subcellular locations,
structures, and functions of these targets within cells and tissues. Despite
widespread use, fluorescence microscopy has faced a fundamental limit to
its optical resolution to ~250 nm laterally and >500 nm axially”. Since the
size of many biological structures fall below this diffraction limit, researchers
have developed a collection of super-resolution microscopy techniques to
overcome this optical barrier, achieving nanometer-scale resolution®”.
Although these super-resolution techniques are powerful, they often require
expensive equipment, specialized techniques and reagents, and extensive
post-imaging processing’. A recently developed method, termed Expansion
Microscopy (ExM), offers an economical alternative for enhancing the
resolution of light microscopy by embedding biological samples in a poly-
acrylamide gel matrix and physically expanding the gel-sample entity
through hydro-osmotic expansion, effectively improving the resolution by
the expansion factor of the hydrogel-sample entity**. ExM has proven to be
versatile in enabling both two-dimensional and three-dimensional imaging

of a range of biological specimens, including cellular components''*",

tissues'®, and even entire organisms".

ExM protocols have been optimized to address the various needs of the
research community'>'*'*"7***', For example, the original ExM produced a
4-fold expansion, however more recently optimized methods provide
10~20-fold expansion by modifying hydrogel components or iterative
expansion'*'******. A’ common technical challenge in ExM imaging is
obtaining accurate 3D stack images because the samples become sig-
nificantly larger and thicker after expansion. Since samples are embedded
into soft and fragile hydrogels, ExXM samples often exhibit a physical drift
during 3D image acquisition'***”". ExM sample drift arises from the fact
that the expanded hydrogel is ~99% water and the nature of its composition
causes it to slide, even when securely mounted in a tightly sealed imaging
chamber. Since ExM sample drift is a recurring problem, many experi-
mental solutions have been proposed to address this issue including
removing excess water around the gel (which can shrink the gel), poly-lysine
coating the cover glass (which has not produced reliable results), agarose
mounting (which can shrink the expanded gel), and even super glue****”".
Despite the proposed solutions, none have emerged as a reliable solution
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and, unfortunately, ExM sample drift remains relatively unaddressed. Here,
we developed 3D-Aligner to computationally address the issue of ExM
sample drift by performing background feature detection and matching
between adjacent z-planes for image registration throughout the z-stack.
3D-Aligner determines sample drift, corrects images for sample drift, and
outputs the drift-corrected 3D images for downstream analysis. User-
defined parameters and options are seamlessly integrated into the workflow,
ensuring ideal and optimal conditions for drift correction. We demonstrate
the performance of the 3D-Aligner drift correction algorithm on 3D images
acquired through our recently optimized 3D-ExM methods™ (see Meth-
ods). These optimized 3D-ExM methods provide approximately 4-fold or
12-fold 3D-isotropic expansion, showcasing the robustness of 3D-Aligner
across different expansion samples and image registration methodologies.

Results

ExM samples often experience physical drift during 3D image
acquisition

Imaging hydrogel-embedded biological specimens can be technically
challenging due to the physical drift of hydrogels (Supplementary Fig. 1a).
The magnitude and direction of drift in ExM images vary randomly across
different samples, ranging from negligible to hundred microns throughout a
z-stack. An example of drift in ExM images (12-fold expansion) of a human
retinal pigment epithelial (RPE1) cell nucleus, stained for DNA and cen-
tromeres (CENP-C), is shown in Fig. 1a, b. In this example, the sample
drifted over 70 pum in the y-direction and only a few microns in x-direction,
resulting in significant distortion in the reconstructed image of the cen-
tromere structure in the yz-view (Fig. 1b). Given that precise quantification
of biological structures critically relies on accurate 3D image reconstruction,
it is important to correct the image distortion caused by sample drift.

3D-Aligner determines the drift with nanometer precision

To correct for image distortion caused by drift, we developed a MATLAB-
based package called 3D-Aligner (Fig. 1c-e). 3D-Aligner is integrated into
3D-Speckler, a software we introduced for microscope calibration and
nanoscale measurements’. The workflow of 3D-Aligner involves 6 simple
steps: (1) import images, (2) choose options for feature detection, (3) per-
form feature detection, (4) match features and calculate drift, (5) perform
drift correction, and (6) export corrected image data (Fig. 1c). The user
interface is simple, allowing the entire process to be completed with minimal
clicks (Fig. 1d). Users can customize options for feature detection, such as
selecting feature sizes and expected drift magnitude, to accommodate the
range of expansion factors in different ExXM methods. Feature detection is
exclusively performed on isolated fluorescent speckles in the background of
the image, such as those resulting from non-specific antibody staining,
rather than on larger biological structures, to prevent image correction
artifacts (Supplementary Fig. 1b). Features detected in a specific z-plane are
aligned with corresponding features in adjacent z-planes. Subsequently, the
drift is calculated to enable precise 3D image correction (Fig. 1e).

Drift correction is performed from the calculated cumulative drift at
each z-plane. Figure 2 presents an example pre- and post-3D-Aligner cor-
rected image of a 12-fold expanded RPEL1 interphase centromere. In this
example, the centromeres drifted over 16 um along the x-direction and 4 um
along the y-direction across the z-stack. Images showcasing centromeres
before (labeled red) and after (green) correction at the 48, 82, and 132
z-planes are presented. These results demonstrate that 3D-Aligner effec-
tively measures sample drift between adjacent z-planes across a 3D
image stack.

We next investigated the consistency of calculated drift values across
different colored channels of independently labeled targets. We hypothe-
sized that the drift during ExM image acquisition would be comparable
across different color channels within the same imaging plane when similar
exposure times are used. To test this hypothesis, we used 3D-Aligner to
measure the drift in 4-fold and 12-fold ExM images labeled with different
centromere antibodies (against CENP-C or CENP-B) or a combination of
centromere and microtubule antibodies (against ACA and Tubulin). Our

analysis revealed that the differences in the average drift between channels,
under all above staining conditions, were consistently less than 8 nm in both
the x- and y-directions (Supplementary Fig. 2a, b). These results support the
concept that drift correction values obtained from a single channel can be
effectively applied to other color channels acquired under comparable
exposure time for 3D image drift correction. Collectively, they validate that
3D-Aligner determines sample drift with high precision.

Proper feature detection for drift determination can depend on the
dyes and antibodies used. For example, labeled microtubules distribute
along a wider range along the z-axis, allowing for the detection of features
throughout the entire z-stack (Supplementary Fig. 2b, left). On the other
hand, labeled nuclei are confined to a narrower range along the z-axis
compared to cytoplasmic components (such as microtubules), making
feature detection difficult beyond this axial range (Supplementary Fig. 2b,
right). In this example image, feature detection in the centromere channel
enabled drift determination over a broader axial range compared to the
DNA channel (Supplementary Fig. 2b, middle). This is likely due to the
antibody generating non-specific background over a wider range than the
DNA dye. When multiple labeled targets occupy different z-ranges and
feature detection issues are present in multiple channels, 3D-Aligner offers
an option to calculate the average drift at each z-plane across several, user-
defined channels (Supplementary Fig. 2¢, d). Average drift correction can
suppress errors in calculated drift due to feature detection issues (Supple-
mentary Fig. 2d). These results demonstrate the capabilities of 3D-Aligner in
correcting drift in ExM images, utilizing drift correction values obtained
from either a single channel or the average of multiple channels.

Next, we assessed the performance of 3D-Aligner using a set of ExM
images with varying expansion rates and numbers of z-planes. These
included ExM images expanded either 4-fold or 12-fold, acquired at a lateral
camera resolution of 2048 x2044 pixels (108 nm/pixel, corresponding to
total lengths of 221 pm) with 53 or 98 z-planes (400 nm intervals, corre-
sponding to a total depth of 21.2 um or 39.2 um, respectively) (Supple-
mentary Table 1). Using a standard laboratory computer, 3D-Aligner
successfully corrected these images in just 36-80's (0.2-0.4 seconds per
frame) (See Methods).

3D-Aligner effectively corrects sample drift and accurately
reconstructs 3D structures
We further evaluated the advanced performance of 3D-Aligner for drift
correction and 3D image reconstruction in both 4-fold and 12-fold ExM
images. In the 12-fold ExM image, RPE1 cells were stained with a cen-
tromere antibody and a DNA dye (Fig. 3a, left). The sample exhibited a drift
of ~0.6 um per z-step along the y-direction and ~0.03 um along the x-
direction, as determined from the centromere channel (Fig. 3b, left). This
resulted in significant distortion of both centromere and nuclear structures
along the yz-axis compared to the xz-axis (Fig. 3a, left). The image after drift
correction by 3D-Aligner, using values obtained from the centromere
channel, are shown in Fig. 3a, right. Remarkably, the 2D and 3D archi-
tectures of both the nucleus and centromeres were significantly improved
following drift correction. To quantitatively assess the effectiveness of drift
correction, we re-applied 3D-Aligner to the corrected 3D image stack,
confirming that the drift was substantially suppressed in the corrected image
stack (~0.003 pm/z-step along both x and y-axes) (Fig. 3b, right, Supple-
mentary Fig. 3a). An additional example of a 12-fold ExM image, before and
after correction by 3D-Aligner, is shown in Supplementary Fig. 3b. This
image before drift correction exhibited a drift of approximately 0.1 um per
z-step along the x-direction and 1.3 um per z-step along the y-direction.
After applying the drift correction, these values were significantly reduced to
~0.003 pm and 0.025um per z-step along the x- and y-directions,
respectively.

We further validate the effectiveness of 3D-Aligner’s drift correction on
a 4-fold ExM image, where RPEI1 cells were stained with both a tubulin
antibody and a DNA dye (Fig. 3¢). Unlike the previous example of a 12-fold
ExM image, this sample exhibited non-uniform drift in the x-direction.
Impressively, 3D-Aligner successfully suppressed the drift in this scenario,
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Fig. 1 | The workflow of 3D-Aligner. a Representative 12-fold ExM images of an
RPE1 nucleus labeled for DNA and kinetochores experiencing sample drift. White
arrows denote the direction of the drift and blue dotted line represents the nuclear
boundary. b Images of xy, xz, and yz views of the drifted RPE1 nuclei in a showing the
impact of sample drift on 3D image reconstruction. ¢ Diagram showing the 3D-
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Fig. 2 | 3D-Aligner determines the magnitude of drift in ExM images with high
precision. Representative pre- and post-correction 12-fold ExM images of cen-
tromeres labeled with CENP-C in RPEI cells (top) and plot showing the calculated
cumulative drift in the x and y-axes (bottom).

demonstrating performance consistent with the previous example
(Fig. 3¢, d, Supplementary Fig. 3a). Supplementary Movies 1 and 2 showcase
the 3D stack images of before and after 3D-Aligner correction of both the
4-fold and 12-fold ExM images.

We demonstrated significant differences in the size and volume
quantifications of labeled nuclear and centromere structures before and
after 3D-Aligner correction. A pre-correction 12-fold ExM image of a
nucleus and centromere displayed significant distortion along the drifted
direction, which was significantly improved post-correction (Fig. 4a). The
thickness of the nucleus, depending on its location, could result in a two-fold
underestimation (Fig. 4a, i and 1’) or a slight overestimation in the pre-
correction image (Fig. 4b, ii and ii’). Additionally, the centromere length was
significantly overestimated before correction (Fig. 4b, iii and iii’). To further
investigate the impact of drift correction on the quantification of biological
structures, we measured the length of centromeres in multiple drifted 12-
fold expanded cells. Consistent with measurements in Fig. 4b, the longest
centromere length was significantly overestimated due to drift (Fig. 4c).
Beyond the 2D structure, 3D-Aligner improved visualization and volu-
metric quantification of the 3D structures of centromeres and nuclei
(Fig. 4d). These results demonstrate that physical drift in ExM can cause
significant errors in quantification, and that 3D-Aligner effectively sup-
presses these errors by correcting sample drift. In conclusion, 3D-Aligner
accurately determines and corrects for sample drift in ExM, producing drift-
corrected images suitable for precise 2D and 3D reconstitution and
downstream quantitative analyses.

Comparison of existing software

We conducted a comprehensive comparison of 3D-Aligner with other
image registration software to assess its effectiveness in correcting drift in
4-fold and 12-fold ExM images, including those of tissue culture cells and
nematode embryos (Supplementary Fig. 5). The software we evaluated
includes Coordinate Shift™, Correct 3D Drift”, StackReg”, and Image
Stabilizer” plugins for Image]. Detailed information on the software and
results are provided in Supplementary Table 2. Notably, most of these
programs were originally designed to correct sample movement over the
time axis in timelapse movies rather than addressing the sample drift. As a
result, performing lateral drift corrections using the Image] plugins

necessitated relabeling the image metadata in the Iimage>Properties dialog
box of Image]. In contrast, 3D-Aligner seamlessly corrects distortions in
ExM images without requiring users to make such adjustments. Regarding
processing speed, both Coordinate Shift and Correct 3D Drift were slightly
faster (~0.02 s or ~0.2 seconds per frame, respectively) compared to 3D-
Aligner (~04s per frame), and were significantly more efficient than
StackReg (~2 s per frame). Due to Image Stabilizer requiring approximately
60 s per frame for processing, it was excluded from further comparisons.
While 3D-Aligner, Correct 3D Drift, and StackReg enable users to select a
specific channel to measure and correct drift across all channels, only 3D-
Aligner provides the unique capability to display drift plots across all
selected channels prior to finalizing the reference channel. Additionally, it
offers an option to use the average drift value between channels for cor-
rection. In terms of drift correction quality, 3D-Aligner demonstrated
superior performance compared to all other programs tested (Supple-
mentary Fig. 4). StackReg failed to correct all tested images. While both
Coordinate Shift and Correct 3D Drift could reasonably correct distortions,
sample drift remained in some frames. Collectively, based on tested ExM
images, 3D-Aligner outperformed the other programs in drift correction
quality.

Limitations of this study

3D-Aligner employs a nearest-neighbor algorithm to computationally
correct drift by registering non-specific background staining. This approach
is intentionally designed to be unbiased, as it is blind to biological structures,
ensuring that no bias is introduced during the correction process. Our
experiments have demonstrated the effectiveness of 3D-Aligner for drift
correction in 4-fold and 12-fold ExM images. However, 3D-Aligner is
unable to correct drift in images lacking background signals, as the drift
determination relies on the movements of these small, non-specific back-
ground signals. Images without such signals failed to achieve drift correc-
tion, not only with 3D-Aligner but also with all other programs listed in
Supplementary Table 2. Drift is not limited to the x- and y-axes; it can also
occur along the z-axis. Although we have never experienced noticeable drift
in z-axis in our ExM imaging, 3D-Aligner, like other tested software, is
unable to correct the drift along the z-axis within a single plane. In fluor-
escence microscopy, axial resolution is significantly poorer (>500 nm)
compared to lateral resolution (~250 nm)’. Additionally, lateral information
is typically more abundant due to oversampling from higher camera
resolution’. Consequently, z-axis information is a projection with large axial
resolution, posing technical challenges for accurately determining z-axis
drift. However, due to the lower resolution in the z-axis, z-drift is less
sensitive for further quantification than drift along the x- and y-axes in most
cases. We imaged ExM samples with z-step size spanning 400-800 nm.
These z-step intervals are equivalent to 100-200 nm for 4-fold ExM and
40-80 nm for 12-fold ExM in pre-expansion samples, effectively over-
sampling based on axial resolution of fluorescence microscopy. If an image
appears blurry or shows overlap within a single plane due to significant drift
during a single exposure, neither 3D-Aligner nor other tested software can
correct this drift within a single plane. Addressing such drift necessitates
substantial modification of the image data, including fluorescence signals,
rendering the images unsuitable for further quantification. To minimize
these issues, it is crucial to use shorter exposure times by preparing brighter
ExM samples. Consequently, further technical advancements are required
for the drift correction of images without background signals or those
exhibiting significant z-axis drift.

Discussion

ExM is increasingly gaining popularity in cell biology research, with pro-
tocols continuously evolving in diverse directions to meet the varied needs of
researchers. ExM enhances resolution by physically expanding specimens in
3D, necessitating a large field of view (FOV) with an extensive z-range for
imaging. This physical expansion significantly reduces fluorescence signals,
leading to extended image acquisition times. These prolonged imaging
durations and large z-ranges further increase the risk of distortions from
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physical drift, making accurate post-image processing for drift correction
important. In this study, we introduce 3D-Aligner, an innovative and user-
friendly image correction tool that computationally addresses sample drift
in ExM, ensuring accurate 3D image reconstruction and downstream
quantification. We underscore the importance of correcting for sample drift
by demonstrating substantial errors in the visualization and measurement of
centromere and nucleus size and volume between pre- and post-corrected
images (Fig. 4).

3D-Aligner employs a nearest neighbor-based matching algorithm™ to
align feature sets between adjacent z-planes, instead of relying on a pattern-
matching algorithm™*. While 3D-Aligner effectively corrects for drift in
most of ExM images tested, the nearest neighbor algorithm can struggle with
feature matching between z-planes if there is a sudden increase in drift
magnitude, though such occurrences are rare during 3D image acquisition.
Furthermore, feature matching can be erroneous in densely populated
feature sets where the average distance between features within the same
plane is less than or equal to the drift magnitude between adjacent z-planes.
To minimize these errors, 3D-Aligner allows the user to adjust the nearest
neighbor threshold value based on drift magnitude and the size range of
detected features according to feature density. Further improvements in
feature matching can potentially be achieved by implementation of a robust
pattern-matching algorithm. Feature detection may be limited in channels
where staining lacks punctate background spots, which is often the case in
channels labeling highly specific dyes. For the drift correction in these
images, we recommend including at least one antibody-stained channel that
spans a broader z-dimension for feature detection and subsequent image
correction in other color channels.

3D-Aligner effectively corrected for drift in both 4-fold and 12-fold
ExM images of tissue culture cells and embryos tissue samples, showcasing
its robust capability in drift correction for broad ExM imaging. Further-
more, 3D-Aligner software holds significant potential for future applica-
tions, including tracking the movement of fluorescent particles and
correcting structural distortions in non-ExM imaging conditions. 3D-
Aligner can determine the position of features with an accuracy of up to
2 nm since it uses 3D-Speckler functions for determination of positions™.
This capability enables the precise tracking of a moving fluorescent particle
with nanometer accuracy in live imaging. An example of particle tracking
using 3D-Aligner is illustrated in Supplementary Fig. 6, demonstrating its
ability to detect bead movements even in slightly out-of-focus images.
Overall, 3D-Aligner provides a powerful tool for distortion correction in
ExM super-resolution images, ensuring precise visualization and facilitating
accurate downstream quantification.

Methods

3D-Aligner code availability

3D-Aligner is developed in MATLAB and is built into 3D-Speckler as a
package. 3D-Aligner source code and detailed instruction are available at
GitHub: https://github.com/suzukilabmcardle/3D- Aligner.

This software utilizes the Bio-Formats (OME) software tool for
opening and reading over 140 different microscopy image file formats™.
However, the size of Bio-Formats exceeds GitHub’s file limit. The Google
Drive link provided below contains the source code, the Bio-Formats file,
and a sample image for review: https://drive.google.com/drive/folders/15_
nXhPmW60pvuuSI_IxOB-VsXEWtwGwD?usp=share_link.

A standalone version of 3D-Aligner for Windows, which does not
require a MATLAB license, is available for download via the following
Google Drive link:  https://drive.google.com/drive/u/1/folders/1d-
5pI7dKbQmTCeLXpN6kZb4MuwiHISF5.

Feature detection and matching

Edges are detected via Laplacian of Gaussian and morphologically closed
with a 2 x 2 structuring element. Detected objects are filtered by referencing
the intensity values in the original image and filled. Features are filtered by
size based on user-defined size ranges (default 10 < size < 60 pixels). We

recommend 10 < size < 60 pixels for 12-fold expanded ExM images and
10 < size < 45 pixels for 4-fold expanded ExM images. Features are matched
between adjacent z planes via a nearest neighbor algorithm and the drift
between each plane is calculated as the median of the differences in positions
between matched points in adjacent planes.

Intensity profile generation

Intensity profiles were generated via line scans drawn in Nikon Elements
software. Line scans were drawn across kinetochores connecting the lowest
point of the kinetochore in the lowest z plane to the highest point of the
kinetochore in the highest z plane.

Cell culture

RPEI cells, which were originally obtained from ATCC, were grown in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco) or DMEM-F12
medium (Gibco) supplemented with 10% FBS (Sigma), 100U/ml penicillin,
and 100 mg/ml streptomycin (Gibco) at 37 “C in a humid atmosphere with
5% CO,.

ExM images

Detailed protocols of both 4x and 12x 3D-ExM were described in Norman
et al."". Briefly, the 4x 3D-ExM hydrogel was prepared using acrylamide
and N, N-methylenebisacrylamide (MBAA), which were used in the
original ExM method’. The 12x 3D-ExM hydrogel was consists of N,
N-dimethylacrylamide (DMAA) and sodium acrylate (SA), as used in
previous study'”. RPE1 cells were fixed with 3% PFA in PHEM buffer
(120 mM Pipes, 50 mM HEPES (Sigma), 20 mM EGTA, 4 mM magne-
sium acetate [pH 7.0]) at 37 *C without pre-permeabilization. Cells were
then rinsed with 0.5% NP40 and incubated in 2% BSA (Sigma, A4287))
and Boiled Donkey Serum (Jackson ImmunoResearch, 017-000-121). The
following antibodies and dyes were used: guinea pig anti-CENP-C (MBL,
PDO030), mouse anti-CENP-B (santacruz, sc-22788), mouse anti-tubulin
(Sigma, DM1A, 05-829), minimum cross-react donkey anti-guinea
pig IgG Alexa 488 (Jackson ImmunoResearch, 706-546-148), anti-
mouse IgG Biotin (Jackson ImmunoResearch,715-066-150), DAPI
(Sigma, D9542). Drifting images of C. elegans embryo were kindly gifted
by Dr. Andrea Putnam, Griffin Clements, and Yu-Lin Chen (UW-
Madison).

Imaging

For confocal image acquisition, a high-resolution Nikon Ti-2 inverted
microscope equipped with a Yokogawa SoRa CSU-W1 spinning disc con-
focal and a Hamamatsu Flash V2 CMOS camera was used. A 60x water
immersion objective (NA/1.3) was used for ExM imaging. Most of 3D-stack
images were obtained sequentially with 400 nm z-steps using Nikon Ele-
ments software.

Image analysis
Visualization of images and Fig. 4b, ¢ analysis were performed Nikon Ele-
ments software and Imaris (Andor).

Comparison of programs

Detailed information of tested image and registration programs are listed in
Supplementary Tables 1 and 2. All the programs were run individually on
the same laboratory computer equipped with 13" gen Intel i7-13700K
3.40 GHz 64-bit processor and 64GB RAM.

Statistics
All statistical tests for significance between two conditions were performed
using two-tailed t-tests.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.
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Data availability

The complete source code for 3D-Aligner is openly accessible through the
links provided in the Methods section. The Google Drive link includes an
example drifting ExM image used in this paper. Additional images and
datasets supporting the validation of our method in this study are available
upon request from the corresponding author (A.S.).
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