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Interactions between biomolecules are characterized by both where they occur and how they
are organized, e.g., the alignment of lipid molecules to form a membrane. However, spatial and
angular information are mixed within the image of a fluorescent molecule–the microscope’s dipole-
spread function (DSF). We demonstrate the pixOL algorithm for simultaneously optimizing all pixels
within a phase mask to produce an engineered Green’s tensor–the dipole extension of point-spread
function engineering. The pixOL DSF achieves optimal precision for measuring simultaneously
the 3D orientation and 3D location of a single molecule, i.e., 1.14◦ orientation, 0.24 sr wobble
angle, 8.17 nm lateral localization, and 12.21 nm axial localization precisions over an 800-nm depth
range using 2500 detected photons. The pixOL microscope accurately and precisely resolves the 3D
positions and 3D orientations of Nile red within a spherical supported lipid bilayer, resolving both
membrane defects and differences in cholesterol concentration, in 6 dimensions.

INTRODUCTION

The translational and rotational movements of
molecules underlie almost all biological and chemical pro-
cesses. For example, cell membranes are characterized by
the organization and alignment of their lipid constituents;
the folding conformation or structural disorder of a pro-
tein largely determines its interactions with neighbors;
DNA must be unwound and accessible by an RNA poly-
merase for a gene to be expressed. Thus, to study biolog-
ical function and dysfunction, the positions and confor-
mations of biomolecules are both quantified by molecu-
lar dynamics simulations and visualized by experimental
imaging techniques. However, imaging these dynamics in
native biological environments is difficult. Electron mi-
croscopy has exquisite resolution, but cannot be used to
image living cells [1, 2]. Interferometric optical scattering
can detect, image, and even measure the mass of single
molecules (SMs) [3], but it is difficult to distinguish the
scattering of one molecular species from another. Super-
resolution microscopy can now achieve molecular resolu-
tion [4–6], but these techniques often intentionally reduce
orientation sensitivity (e.g., MINFLUX) so that their po-
sition measurements are more robust. Thus, visualizing
the position and orientation of SMs simultaneously, pre-
cisely, and robustly is difficult. The imaging task is in-
herently multidimensional, with 6 dimensions of informa-
tion (3D position and 3D orientation) being conveyed by
only hundreds or a few thousand fluorescence photons.
Quantifying fundamental limits and engineering optimal
methods for maximum measurement precision are topics
of active research [7–10].

Many methods have been proposed for measuring ei-
ther the 3D positions [11] or the 3D orientations [12–
14] of SMs. However, there are comparatively few
methods experimentally demonstrated for measuring 3D

position and 3D orientation simultaneously in single-
molecule orientation-localization microscopy (SMOLM).
The double-helix PSF [15] and bisected pupil [16] are
early examples of PSFs designed for 3D single-molecule
localization microscopy (SMLM), but both require rel-
atively bright emitters. More recently, CHIDO uses
a stress-engineered (birefringent) optic and polarizing
beamsplitter (PBS) in the fluorescence detection path to
measure 3D orientations and positions [17]. However,
its measurement precision is strongly affected by optical
aberrations. In addition, the vortex PSF measures SM
3D position and orientation by modulating fluorescence
emission with a vortex phase plate, common in STED
nanoscopy, and does not require a PBS [18]. However,
its simple implementation requires comparatively bright
emitters [13] or a PBS [19] to achieve high orientation
measurement precision. Recent reports using estimation
theory show that the aforementioned methods do not yet
achieve optimal performance [13]. We hypothesize that
more powerful optimization tools are required to explore
the expansive space of possible Green’s tensors; dipole-
spread function (DSF) engineering is distinguished from
PSF engineering by the need to optimize for both 3D
position and 3D orientation measurement precision–an
inherently more complex task. We are inspired by recent
methods that leverage neural networks to engineer PSFs
with excellent performance for dense 3D SMLM [20].

In this Article, we demonstrate the pixOL microscope,
which achieves superior performance over state-of-the-art
DSFs for simultaneously measuring the 3D orientations
and 3D locations of SMs across an extended depth range
(1 µm). We design an algorithm (pixOL) to simultane-
ously optimize all pixels of a phase mask to shape the
dipole response from the microscope, i.e., engineer its
Green’s tensor. Unlike optimization using Zernike poly-
nomials [21], pixOL can directly take advantage of super-
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critical fluorescence arising from imaging SMs near a re-
fractive index interface [22]. The resulting pixOL DSF
measures simultaneously the 3D orientations and 3D po-
sitions of Nile red (NR) molecules transiently attached
to spherical supported lipid bilayers (SLBs). In experi-
ments, SMOLM using the pixOL DSF accurately resolves
the 3D spherical shape of the lipid membrane. Further,
SMOLM reconstructions show the presence or absence of
cholesterol within the membrane through accurate orien-
tation imaging of NR relative to the membrane surface.
To our knowledge, these experiments are the first demon-
strations of nanoscale super-resolved imaging with accu-
rate molecular 3D position and 3D orientation determi-
nation over an entire extended object.

PIXEL-WISE OPTIMIZATION FOR SMOLM DSF
DESIGN

We model a fluorescent molecule as a dipole-like
emitter [23–25] with a mean orientation [µx, µy, µz] =
[sin θ cos ϕ, sin θ sin ϕ, cos θ] and a “wobble” solid angle
Ω that characterizes its rotational diffusion [26, 27]
during a camera frame (Fig. 1(b)). The image pro-
duced by the microscope is linearly proportional to a
molecule’s orientational second-moment vector m =
[⟨µ2

x⟩, ⟨µ2
y⟩, ⟨µ2

z⟩, ⟨µxµy⟩, ⟨µxµz⟩, ⟨µyµz⟩]T ∈ R6, given by
(Eqn. (S3))

I = s[Bxx, Byy, Bzz, Bxy, Bxz, Byz]m + b, (1)

where I ∈ RN is the captured intensity on a camera with
N pixels, s is the number of signal photons detected from
the emitter, and b is the background in each pixel. The
angle brackets ⟨·⟩ represent a temporal average over one
camera frame. The matrices Bil ∈ RN×1 correspond to
the imaging system’s response to each orientational sec-
ond moment and can be calculated using vectorial diffrac-
tion theory [28, 29]. The DSF of any SM is a linear com-
bination of these basis images, which are directly related
to the Green’s tensor [27, 30].

A microscope directly encodes a dipole emitter’s lateral
position into the location of its shift-invariant DSF, while
an SM’s axial location (h) and 3D orientation (θ, ϕ, Ω)
are hidden in the shape of the DSF. To achieve high pre-
cision for estimating 3D orientation and 3D location, the
shape of the DSF must vary quickly as an emitter’s ori-
entation and axial location changes. This measurement
sensitivity can be quantified using the Fisher information
matrix [31]. Its matrix inverse, the Cramér-Rao bound
(CRB), gives a lower bound on the variance of any unbi-
ased estimator.

We use the CRB matrix K, which quantifies the per-
formance of estimating the orientational second moments
m, to optimize a phase mask for a polarization-sensitive
microscope (Fig. 1(a), SI Section 1). We specifically con-
sider emitters that are located near a water-glass inter-
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FIG. 1. pixOL phase mask and dipole spread function (DSF)
for measuring the 3D orientations and 3D positions simultane-
ously of dipole-like emitters. (a) Imaging system schematic.
A microscope objective is focused at a nominal focal plane
(NFP, dotted black line) within water at a distance −z above
(+z below) the coverslip at z = 0. The objective col-
lects fluorescence photons from emitters at various locations
(x,y,h), where h > 0 for an emitter above the coverslip. A
polarization-sensitive 4f system, comprising 3 lenses and a po-
larizing beam splitter (PBS), is added after the microscope’s
intermediate image plane (IIP) to place the pixOL phase mask
at the back focal plane (BFP). Two cameras (or two regions
of a single camera) capture x-polarized (red) and y-polarized
(cyan) fluorescence. Arrows denote polarization of the light
in each channel. (b) Orientation of a dipole-like emitter, pa-
rameterized by a polar angle θ ∈ [0◦, 90◦], azimuthal angle
ϕ ∈ (−180◦, 180◦], and wobble solid angle Ω ∈ [0, 2π] sr.
(c) Optimized pixOL phase mask. Arrows denote polariza-
tion of light in (a) relative to the phase mask. Colormap:
phase (rad). Scalebar: 500 µm. (d-f) Simulated images of
emitters located at (d) h = 800 nm, (e) h = 400 nm, and
(f) h = 0 nm with orientations (θ, ϕ, Ω) shown in (b) (emit-
ter 1: Ω = 2π sr, emitter 2: (0◦, 0◦, 0), emitter 3: (45◦, 0◦, 0),
emitter 4: (90◦, 0◦, 0)), captured in the two polarization chan-
nels shown in (a) with the NFP at z = −580 nm. The inten-
sities of each red-blue image pair are normalized. Scalebar:
500 nm.

face, which enables super-critical fluorescence to be cap-
tured by the imaging system, thereby boosting measure-
ment sensitivity [22]. To best leverage this information,
we simultaneously optimize all pixels of a phase mask
P ∈ Rn×n by minimizing the loss function

ℓ = min
P

∑
m∈M

√
det (K(P , m)), (2)

where M denotes orientation space (SI Section 1) and
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det(·) represents the determinant of a matrix. To avoid
poor lateral estimation precision, we force the algorithm
to create DSFs smaller than 1.8 µm×1.8 µm by ignoring
photons diffracted outside of this region on the camera.

The optimized pixOL phase mask (Fig. 1(c)) breaks
the symmetries within the images produced by the
six orientational moments m at the back focal plane
(Fig. S1). Notably, it modulates super-critical fluores-
cence differently from the rest of the BFP, indicating
that the algorithm intelligently optimizes the response of
individual pixels to maximize orientation measurement
sensitivity (Fig. S1). The resulting DSFs of SMs of var-
ious orientations exhibit easily discernible shapes and
intensities across the x- and y-polarized imaging chan-
nels (Fig. 1(d-f)), owing to their 6 distinct basis images
(Fig. S3). Simultaneously, pixOL also breaks the sym-
metry of defocus, rotating the DSF by 90◦ when an SM
is above vs. below the focal plane (Fig. 1(d-f)).

Using CRB as a performance metric, we compare our
pixOL DSF to other engineered DSFs designed for 3D
orientation and 3D position measurements, namely the
double helix [15], CHIDO [17], and unpolarized vortex
DSFs [18] (SI Section 4, see Fig. S5for additional com-
parisons to DSFs only designed for orientation). We cal-
culate the mean angular standard deviation σδ (MASD,
Eqn. S23) as a combined precision of measuring 3D orien-
tation (θ, ϕ) and the standard deviation σΩ of measuring
wobble. For in-focus (Fig. 2(a,b)) emitters, pixOL shows
the best precision for measuring 3D orientation (mean
σδ = 0.80◦, 10% better MASD than the next-best DSF,
CHIDO, and mean σΩ = 0.16 sr, 11% better wobble
precision than CHIDO). Over an 800-nm depth range,
pixOL’s orientation precision degrades slightly (mean
σδ = 1.14◦ and mean σΩ = 0.24 sr) and is comparable to
CHIDO (Fig. S6). We also quantified the lateral local-
ization precision σL and the axial localization precision
σh for isotropic emitters across an axial range of 800 nm
(Fig. 2(c,d)). The pixOL DSF has superior lateral pre-
cision compared to all other DSFs (mean σL = 8.17 nm
over an 800-nm depth range, 26% better than CHIDO).
It also has excellent axial localization precision (mean
σh = 12.21 nm over an 800-nm depth range), outper-
formed only by the double-helix.

In any experiment, optical aberrations will perturb the
designed DSF and decrease estimation performance. Us-
ing a liquid-crystal spatial light modulator placed in the
microscope back focal plane (Fig. 1), we compare the
DSF produced by the pixOL phase mask (Fig. S7) to
that of its conjugate (pixOL*, Fig. S8). Interestingly, the
pixOL* DSF better matches the depth-dependent fea-
tures of the ideal pixOL DSF. Thus, we use the pixOL*
mask, an experimentally calibrated DSF model (SI Sec-
tion 3), and a bespoke regularized maximum-likelihood
estimator (SI Section 2) to jointly estimate the 3D orien-
tations and 3D positions of all SMs within each FOV.
Monte Carlo simulations of our estimation algorithm
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FIG. 2. Measurement precision of the pixOL DSF.
(a-d) Best-possible measurement precision of various engi-
neered DSFs calculated using the Cramér-Rao bound (CRB)
for emitters within water (1.33 refractive index) with 2500
signal photons and 3 background photons per pixel detected.
Red: pixOL, yellow: double helix (DH) [15], grey: CHIDO
[17], purple: unpolarized vortex [18]. (a) Mean angular
standard deviation σδ (MASD) averaged uniformly over all
θ. MASD quantifies the combined precision of measuring
θ and ϕ as the half-angle of a cone representing orienta-
tion uncertainty (Eqn. S23) [32]. (b) Mean wobble angle
precision σΩ averaged uniformly over all θ. (c,d) Localiza-
tion precisions σL and σh for measuring (c) lateral position
l and (d) axial location h above the interface, respectively.
MASD and σΩ are calculated for in-focus SMs with fixed ori-
entation (Ω = 0 sr); localization precisions are for isotropic
emitters (Ω = 2π sr). (e) Position and emission anisotropy
measurements of a fluorescent bead, scanned axially from
z = −790 nm to z = 610 nm with a step size of 50 nm (11
camera frames per step). Red dot: estimated axial distance z
between the bead and focal plane in each frame; green cross:
expected stage position. Inset (i): Experimental axial preci-
sion σz at each scanning plane (mean precision σz = 2.89 nm).
Inset (ii): Experimental emission anisotropy precision σΩ at
each scanning plane (average precision σΩ = 0.097 sr).

show that the pixOL microscope achieves 23.2 nm lat-
eral and 19.5 nm axial localization precisions on average
throughout a 700-nm depth range with 2500 detected
photons (Figs. S9, S10, and S11). Simultaneously, pixOL
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estimates the orientation and wobble of each SM with
4.1◦ and 0.44 sr precisions, respectively.

Scanning fluorescent beads (100-nm diameter) across
an axial range of 1400 nm enables us to verify localization
and orientation measurement precisions experimentally.
The trajectory of defocus estimates z resolves the 50-
nm stage movements very well (Fig. 2(e), average axial
precision σz = 2.89 nm in Fig. 2(e)(i)). Since the bead
contains many fluorophores, we may quantify the bead’s
emission pattern by measuring its effective “wobble” an-
gle Ω. We find that its emission is largely isotropic (wob-
ble angle Ω = 1.72π ± 0.097 sr averaged over all steps,
mean±std, Figs. 2(e)(ii) and S14(e)). In our implementa-
tion, experimental precisions for measuring axial location
(Fig. 2(e)(i)) and orientation (Fig. 2(e)(ii)) can degrade
slightly for certain emitter orientations when they are in
focus (Fig. S10); this degradation can be corrected with
additional aberration corrections. Data from other beads
also show precise localization and orientation estimates
(Fig. S14).

6D SMOLM REVEALS MEMBRANE
MORPHOLOGY AND COMPOSITION

To demonstrate accurate 6D imaging of molecular ori-
entations (θ, ϕ, Ω) and positions (x, y, h), we adhere sup-
ported lipid bilayers (SLBs) to silica beads (2 µm di-
ameter, Fig. 3(a), SI Section 6) [33, 34] using two lipid
compositions: DPPC (di(16:0) phosphatidylcholine) only
vs. a mixture of DPPC and cholesterol (chol). Previous
studies [19, 35] have shown that NR orients itself per-
pendicular to the membrane when a high concentration
(40% used here) of chol is present. Thus, a spherical
SLB enables us to validate simultaneously orientation
and position imaging performance, quantifying both pre-
cision and accuracy. We use the transient binding and
blinking of Nile red (NR) molecules to the SLBs [35–37]
to facilitate SM detection and orientation-position mea-
surements (Fig. 3(a), Movie S1). The beads are illumi-
nated by a tilted, circularly polarized laser beam so that
emitters can be excited efficiently regardless of their 3D
orientation.

For the SLB containing chol, the 3D locations of NR
form a sphere as expected (Fig. S16(a)). The orienta-
tions of NR change smoothly from being mostly parallel
to the optical axis (small θ) at the bottom of the sphere
to being within the xy-plane (θ approaching 90◦) at the
sphere’s waist (Fig. 3(b,c), Movie S2). Likewise, the az-
imuthal orientations ϕ of NR show that each molecule
is perpendicular to the sphere’s surface within each h
slice (Fig. 3(e), Fig. S16(a,b), Movie S3). Note that the
sphere’s shape and the symmetry of SM emission guaran-
tee exactly two locations, on opposite sides of the sphere,
where NR orientations are identical to one another. For
example, the measured ϕ below the sphere’s equator

(h < 900 nm) match the ϕ measurements on the opposite
surface above the equator (h > 1100 nm, Fig. 3(e)). Cal-
culating the relative orientation θ⊥ between each NR and
the surface normal of the sphere shows that the molecules
lie mostly parallel (small θ⊥) to the lipid tails within
the SLB (Fig. 3(f)), regardless of their location on the
sphere (Fig. S16(c)). Moreover, each NR exhibits rela-
tively little rotational diffusion, i.e., small wobble angle
Ω, (Fig. 3(f)), which is consistent with previous charac-
terizations of NR within planar SLBs [19, 35].

Interestingly, we detect a bleb in the membrane (white
boxes in Fig. 3(e)) where NR orientations θ⊥ are more
varied (Fig. 3(g)), showing the bleb’s local disorganiza-
tion. However, NR wobbles Ω within the bleb are similar
to other regions of the sphere (Fig. S16(f)), implying that
chol is distributed uniformly throughout the membrane.
Without cholesterol, DPPC molecules within the SLB ex-
hibit greater intermolecular spacing. NR in contact with
the DPPC-coated bead reveals the absence of cholesterol
via more random orientations θ, ϕ, and θ⊥ (Fig. 3(d,f),
Fig. S17(a-d), Movies S2, S3) than those of the SLB con-
taining cholesterol (median θ̃⊥ = 53◦ for DPPC only
vs. θ̃⊥ = 21◦ for DPPC+chol). NR also shows larger
wobble angles (median Ω̃ = 0.48π sr for DPPC only vs.
Ω̃ = 0.11π sr for DPPC+chol, Fig. 3(f))–another indica-
tion of less crowding within the pure DPPC SLB.

We quantify the shape and apparent thickness of the
SLB by calculating the (2D) radial distance r between
each NR location and the sphere’s center within each
h slice (Figs. S16(d), S17(e)). The estimated shapes of
two beads match the expected cross-sectional radius of
an ideal sphere accurately (Fig. 3(h)). We also compute
the best-possible full-width at half-maximum (FWHM)
that the pixOL* microscope can achieve, accounting for
the curvature of the spherical surface and assuming that
pixOL* achieves CRB-limited localization precision (SI
Section 7). On average, the apparent SLB thickness mea-
sured by pixOL* is 55% larger than the best-possible
precision of pixOL* (Eqn. S27) across a 1200 nm axial
range (average FWHM is 129 nm for DPPC with choles-
terol, 123 nm for DPPC only, and 82 nm for the theo-
retical distribution, Fig. 3(i)). This distribution is sig-
nificantly broader than the CRB and likely stems from
optical aberrations (Fig. S8) and precision and bias from
our estimation algorithm (Fig. S9-S11). Estimation per-
formance can be improved via more detailed aberra-
tion calibrations and corrections [18], as well as more
powerful estimation algorithms that robustly explore 6-
dimensional position-orientation space with greater ac-
curacy and computational efficiency (SI Section 5).

CONCLUSION

Here, we propose an algorithm (pixOL) for dipole-
spread function (DSF) engineering, i.e., using vectorial
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FIG. 3. SMOLM images of the 3D orientations and 3D locations of Nile red (NR) within spherical supported lipid bilayers
(SLBs) collected by the pixOL DSF. (a) SLBs are adhered to 2 µm-diameter silica spheres, where θ⊥ represents the relative
angle between the orientation of each NR molecule and the SLB’s surface normal and r is the distance between the 2D location
(x,y) of a NR within a certain h slice and the center of the sphere. (b-d) 2D maps of polar orientation θ for each NR molecule,
shown for the bottom half of each bead. (b) x-h and (c) x-y views for an SLB consisting of DPPC and 40% cholesterol (chol).
(d) x-y view of a DPPC-only SLB. Colorbar: θ (deg). (e) x-y cross-sections of the bead in (b,c) depicting the 3D orientation
(θ,ϕ) of each NR as a line segment. The length and direction of each line indicate the magnitude (µ2

x + µ2
y)1/2 and direction

ϕ of azimuthal orientation. Colors represent azimuthal orientation ϕ. White box: a membrane bleb. (f) NR orientation θ⊥
vs. wobble Ω for the (blue) DPPC+chol SLB and (yellow) DPPC-only SLB. Crosses indicate measurement medians. (g) NR
orientations θ⊥ (green) across the entire DPPC+chol SLB and (purple) within the membrane bleb in (e). (h,i) Measured
(h) cross-sectional radius r and (i) apparent thickness of the spherical SLB, calculated as the peak and full-width at half-
maximum (FWHM), respectively, of the distribution of NR lateral positions r, in each h slice in (e) and Figs. S16(d), S17(e).
(blue) DPPC + chol bead, (yellow) DPPC-only bead, and (red) ideal sphere. The theoretical FWHM in (i) accounts for the
projection of the SLB into the xy plane and pixOL’s localization precision (Eqn. S27). Scale bars: 400 nm.

diffraction theory to simultaneously optimize all pixels of
a phase mask for measuring the 3D orientation of dipole-
like emitters. The resulting pixOL DSF achieves supe-
rior orientation and localization precision across a larger
axial range than other techniques (Fig. 2). Pixel-wise
engineering of its phase mask enables the pixOL DSF to
leverage super-critical fluorescence (Fig. 1(c)) to improve
orientation-measurement sensitivity [22]. Super-critical

fluorescence is also beneficial for improving the pixOL
DSF’s axial localization precision, as utilized by DON-
ALD [38] and DAISY [39], since the amount of super-
critical light can be used to measure h, the height of an
emitter above an refractive index interface. In addition,
one can easily modify pixOL’s imaging model to generate
phase masks that are optimal for other imaging geome-
tries.
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Notably, the use of DNA PAINT and DNA origami as
molecular “rulers” is the gold standard for validating the
accuracy of optical nanoscopic tools [40, 41]. However,
due to practical issues with the robustness and preci-
sion of controlling both the 3D positions and 3D orien-
tations of the labels in these samples, we adapted 3D
spherical SLBs [33, 34] to demonstrate experimentally
the accuracy and precision of the pixOL microscope for
6D SMOLM imaging. Visualizing SMOLM data of NR
binding to these SLBs shows highly spherical membrane
morphologies and dye orientations that are perpendicu-
lar to the spherical surface (Fig. 3). Thus, despite the
presence of aberrations typical in optical microscopes,
the diverse features of the pixOL DSF are detectable in
the images of flashing NR (Fig. S16(e)) and convey the
3D orientations and 3D positions of fluorescent molecules
accurately and precisely. Moreover, our imaging of the
spherical SLBs shows that the pixOL DSF sensitively dis-
cerns membrane morphology and the composition of its
lipid components through detailed measurements of NR
positions, orientations, and rotational diffusion.

Since the pixOL microscope measures the 3D orienta-
tions and 3D locations simultaneously of SMs, we an-
ticipate the technology enabling fascinating studies of
biomolecular interactions away from the coverslip, e.g.,
the 3D growth of amyloid aggregates and their inter-
actions with cellular membranes. However, additional
developments can further improve SMOLM’s versatility
for biological studies. In addition to improving position
and orientation measurement precision, DSFs capable of
coping with high background autofluorescence, as is typ-
ical in cellular imaging [14], as well as advanced machine
learning algorithms [20] able to distinguish and local-
ize molecules whose images overlap on the camera, are
needed. These topics, as well as the development of DSFs
whose performance is closer to fundamental limits [8–10],
remain exciting directions for future research.

Funding Information.

National Science Foundation (NSF) (ECCS-1653777);
National Institute of General Medical Sciences
(R35GM124858).

Acknowledgments.

The authors thank Oumeng Zhang and Tianben Ding
for helpful suggestions and comments.

Disclosures.

The authors declare no conflicts of interest.

See Supplement 1 for supporting content. The pixOL
algorithm, estimation algorithm, and data of spherical
supported lipid bilayers are available via OSF [42] and
by request.

∗ mdlew@wustl.edu
[1] R. Fernandez-Leiro and S. H. W. Scheres, Nature 537,

339 (2016).
[2] D. Luque and J. R. Castón, Nature Chemical Biology 16,

231 (2020).
[3] G. Young and P. Kukura, Annual Review of Physical

Chemistry 70, 301 (2019).
[4] F. Balzarotti, Y. Eilers, K. C. Gwosch, A. H. Gynnå,

V. Westphal, F. D. Stefani, J. Elf, and S. W. Hell, Sci-
ence 355, 606 (2017), 1611.03401.

[5] K. C. Gwosch, J. K. Pape, F. Balzarotti, P. Hoess, J. El-
lenberg, J. Ries, and S. W. Hell, Nature Methods 17,
217 (2020).

[6] R. Schmidt, T. Weihs, C. A. Wurm, I. Jansen,
J. Rehman, S. J. Sahl, and S. W. Hell, Nature Com-
munications 12, 1478 (2021).

[7] M. P. Backlund, Y. Shechtman, and R. L. Walsworth,
Physical Review Letters 121, 1 (2018).

[8] O. Zhang and M. D. Lew, Physical Review Letters 122,
198301 (2019).

[9] O. Zhang and M. D. Lew, Physical review research 2,
33114 (2020).

[10] O. Zhang and M. D. Lew, Journal of the Optical Society
of America A 38, 277 (2021), arXiv:2010.04060.

[11] L. von Diezmann, Y. Shechtman, and W. E. Moerner,
Chemical Reviews 117, 7244 (2017).

[12] M. P. Backlund, M. D. Lew, A. S. Backer, S. J. Sahl,
and W. E. Moerner, ChemPhysChem 15, 587 (2014).

[13] O. Zhang and M. D. Lew, Journal of the Optical Society
of America A 38, 288 (2021), arXiv:2010.04064.

[14] C. V. Rimoli, C. Augusto, V. Cruz, V. Cur-
cio, M. Mavrakis, and S. Brasselet, bioRxiv ,
2021.03.17.435879 (2021).

[15] M. P. Backlund, M. D. Lew, A. S. Backer, S. J. Sahl,
G. Grover, A. Agrawal, R. Piestun, and W. E. Moerner,
Proceedings of the National Academy of Sciences 109,
19087 (2012), arXiv:arXiv:1408.1149.

[16] A. S. Backer, M. P. Backlund, A. R. von Diezmann, S. J.
Sahl, and W. E. Moerner, Applied Physics Letters 104,
193701 (2014).

[17] V. Curcio, L. A. Alemán-Castañeda, T. G. Brown,
S. Brasselet, and M. A. Alonso, Nature Communications
11, 1 (2020).

[18] C. N. Hulleman, R. Ø. Thorsen, E. Kim, C. Dekker,
S. Stallinga, and B. Rieger, Nature Communications 12,
5934 (2021).

[19] T. Ding and M. D. Lew, The Journal of Physical Chem-
istry B 125, 12718 (2021).

[20] E. Nehme, D. Freedman, R. Gordon, B. Ferdman, L. E.
Weiss, O. Alalouf, T. Naor, R. Orange, T. Michaeli, and
Y. Shechtman, Nature Methods 17, 734 (2020).

[21] Y. Shechtman, S. J. Sahl, A. S. Backer, and W. E. Mo-
erner, Physical Review Letters 113, 1 (2014).

[22] T. Ding, T. Wu, H. Mazidi, O. Zhang, and M. Lew,
Optica 7, 602 (2020).

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted December 30, 2021. ; https://doi.org/10.1101/2021.12.30.474544doi: bioRxiv preprint 

mailto:mdlew@wustl.edu
http://dx.doi.org/10.1038/nature19948
http://dx.doi.org/10.1038/nature19948
http://dx.doi.org/10.1038/s41589-020-0477-1
http://dx.doi.org/10.1038/s41589-020-0477-1
http://dx.doi.org/10.1146/annurev-physchem-050317-021247
http://dx.doi.org/10.1146/annurev-physchem-050317-021247
http://dx.doi.org/ 10.1126/science.aak9913
http://dx.doi.org/ 10.1126/science.aak9913
http://arxiv.org/abs/1611.03401
http://dx.doi.org/ 10.1038/s41592-019-0688-0
http://dx.doi.org/ 10.1038/s41592-019-0688-0
http://dx.doi.org/10.1038/s41467-021-21652-z
http://dx.doi.org/10.1038/s41467-021-21652-z
http://dx.doi.org/10.1103/PhysRevLett.121.023904
http://dx.doi.org/10.1103/PhysRevLett.122.198301
http://dx.doi.org/10.1103/PhysRevLett.122.198301
http://dx.doi.org/10.1103/PhysRevResearch.2.033114
http://dx.doi.org/10.1103/PhysRevResearch.2.033114
http://dx.doi.org/10.1364/josaa.411981
http://dx.doi.org/10.1364/josaa.411981
http://arxiv.org/abs/2010.04060
http://dx.doi.org/10.1021/acs.chemrev.6b00629
http://dx.doi.org/ 10.1002/cphc.201300880
http://dx.doi.org/10.1364/josaa.411983
http://dx.doi.org/10.1364/josaa.411983
http://arxiv.org/abs/2010.04064
http://dx.doi.org/ https://doi.org/10.1101/2021.03.17.435879
http://dx.doi.org/ https://doi.org/10.1101/2021.03.17.435879
http://dx.doi.org/10.1073/pnas.1216687109
http://dx.doi.org/10.1073/pnas.1216687109
http://arxiv.org/abs/arXiv:1408.1149
http://dx.doi.org/10.1063/1.4876440
http://dx.doi.org/10.1063/1.4876440
http://dx.doi.org/10.1038/s41467-020-19064-6
http://dx.doi.org/10.1038/s41467-020-19064-6
http://dx.doi.org/ 10.1038/s41467-021-26228-5
http://dx.doi.org/ 10.1038/s41467-021-26228-5
http://dx.doi.org/10.1021/acs.jpcb.1c08073
http://dx.doi.org/10.1021/acs.jpcb.1c08073
http://dx.doi.org/10.1038/s41592-020-0853-5
http://dx.doi.org/10.1103/PhysRevLett.113.133902
http://dx.doi.org/ 10.1364/optica.388157
https://doi.org/10.1101/2021.12.30.474544
http://creativecommons.org/licenses/by-nc-nd/4.0/


7

[23] L. Novotny and B. Hecht, Principles of Nano-Optics
(Cambridge University Press, 2006).

[24] T. Chandler, H. Shroff, R. Oldenbourg, and P. La Riv-
ière, Journal of the Optical Society of America A 36,
1334 (2019), arXiv:1812.07093.

[25] T. Chandler, H. Shroff, R. Oldenbourg, and P. La Riv-
ière, Journal of the Optical Society of America A 36,
1346 (2019), arXiv:1901.01181.

[26] S. Stallinga, Journal of the Optical Society of America A
32, 213 (2015).

[27] A. S. Backer and W. E. Moerner, Optics Express 23,
4255 (2015).

[28] M. Böhmer and J. Enderlein, Journal of the Optical So-
ciety of America B 20, 554 (2003).

[29] M. A. Lieb, J. M. Zavislan, and L. Novotny, Journal of
the Optical Society of America B 21, 1210 (2004).

[30] A. S. Backer and W. E. Moerner, The Journal of Physical
Chemistry B 118, 8313 (2014).

[31] J. Chao, E. Sally Ward, and R. J. Ober, Journal of the
Optical Society of America A 33, B36 (2016).

[32] T. Chandler, S. Mehta, H. Shroff, R. Oldenbourg, and
P. J. La Rivière, Optics Express 25, 31309 (2017),
arXiv:arXiv:0906.4123.

[33] T. Bayerl and M. Bloom, Biophysical Journal 58, 357
(1990).

[34] M. Sobrinos-Sanguino, S. Zorrilla, B. Monterroso, A. P.

Minton, and G. Rivas, Scientific Reports 7, 13707 (2017).
[35] J. Lu, H. Mazidi, T. Ding, O. Zhang, and M. D. Lew,

Angewandte Chemie - International Edition 59, 17572
(2020).

[36] P. Greenspan and S. D. Fowler, Journal of Lipid Research
26, 781 (1985).

[37] A. Sharonov and R. M. Hochstrasser, Proceedings of the
National Academy of Sciences of the United States of
America 103, 18911 (2006).

[38] N. Bourg, C. Mayet, G. Dupuis, T. Barroca, P. Bon,
S. Lécart, E. Fort, and S. Lévêque-Fort, Nature Photon-
ics 9, 587 (2015).

[39] C. Cabriel, N. Bourg, P. Jouchet, G. Dupuis, C. Leterrier,
A. Baron, M.-A. Badet-Denisot, B. Vauzeilles, E. Fort,
and S. Lévêque-Fort, Nature Communications 10, 1980
(2019).

[40] J. J. Schmied, M. Raab, C. Forthmann, E. Pibiri,
B. Wünsch, T. Dammeyer, and P. Tinnefeld, Nature
Protocols 9, 1367 (2014).

[41] R. Lin, A. H. Clowsley, T. Lutz, D. Baddeley, and
C. Soeller, Methods 174, 56 (2020).

[42] M. D. Lew and T. Wu, “pixOL: pixel-wise dipole spread
function engineering for simultaneously measuring the
3D orientation and 3D localization of dipole-like emit-
ters,” OSF (2021), https://osf.io/97gmv/?view_only=
4ee39b406ea24e6b8fa628767eb531ef.

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted December 30, 2021. ; https://doi.org/10.1101/2021.12.30.474544doi: bioRxiv preprint 

http://dx.doi.org/10.1017/CBO9780511813535
http://dx.doi.org/10.1364/JOSAA.36.001334
http://dx.doi.org/10.1364/JOSAA.36.001334
http://arxiv.org/abs/1812.07093
http://dx.doi.org/10.1364/JOSAA.36.001346
http://dx.doi.org/10.1364/JOSAA.36.001346
http://arxiv.org/abs/1901.01181
http://dx.doi.org/http://dx.doi.org/10.1364/JOSAA.32.000213
http://dx.doi.org/http://dx.doi.org/10.1364/JOSAA.32.000213
http://dx.doi.org/10.1364/OE.23.004255
http://dx.doi.org/10.1364/OE.23.004255
http://dx.doi.org/10.1364/JOSAB.20.000554
http://dx.doi.org/10.1364/JOSAB.20.000554
http://dx.doi.org/10.1364/JOSAB.21.001210
http://dx.doi.org/10.1364/JOSAB.21.001210
http://dx.doi.org/10.1021/jp501778z
http://dx.doi.org/10.1021/jp501778z
http://dx.doi.org/10.1364/JOSAA.33.000B36
http://dx.doi.org/10.1364/JOSAA.33.000B36
http://dx.doi.org/10.1364/oe.25.031309
http://arxiv.org/abs/arXiv:0906.4123
http://dx.doi.org/10.1016/S0006-3495(90)82382-1
http://dx.doi.org/10.1016/S0006-3495(90)82382-1
http://dx.doi.org/10.1038/s41598-017-14160-y
http://dx.doi.org/ 10.1002/anie.202006207
http://dx.doi.org/ 10.1002/anie.202006207
http://dx.doi.org/10.1016/S0022-2275(20)34307-8
http://dx.doi.org/10.1016/S0022-2275(20)34307-8
http://dx.doi.org/10.1073/pnas.0609643104
http://dx.doi.org/10.1073/pnas.0609643104
http://dx.doi.org/10.1073/pnas.0609643104
http://dx.doi.org/ 10.1038/nphoton.2015.132
http://dx.doi.org/ 10.1038/nphoton.2015.132
http://dx.doi.org/ 10.1038/s41467-019-09901-8
http://dx.doi.org/ 10.1038/s41467-019-09901-8
http://dx.doi.org/ 10.1038/nprot.2014.079
http://dx.doi.org/ 10.1038/nprot.2014.079
http://dx.doi.org/ 10.1016/j.ymeth.2019.05.018
https://osf.io/97gmv/?view_only=4ee39b406ea24e6b8fa628767eb531ef
https://osf.io/97gmv/?view_only=4ee39b406ea24e6b8fa628767eb531ef
https://osf.io/97gmv/?view_only=4ee39b406ea24e6b8fa628767eb531ef
https://osf.io/97gmv/?view_only=4ee39b406ea24e6b8fa628767eb531ef
https://osf.io/97gmv/?view_only=4ee39b406ea24e6b8fa628767eb531ef
https://osf.io/97gmv/?view_only=4ee39b406ea24e6b8fa628767eb531ef
https://doi.org/10.1101/2021.12.30.474544
http://creativecommons.org/licenses/by-nc-nd/4.0/

	pixOL: pixel-wise dipole-spread function engineering for simultaneously measuring the 3D orientation and 3D localization of dipole-like emitters
	Abstract
	Introduction
	Pixel-wise optimization for SMOLM DSF design
	6D SMOLM reveals membrane morphology and composition
	Conclusion
	Funding Information.
	Acknowledgments.
	Disclosures.

	References


