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ABSTRACT

Since the 1990s, continuous technical and scientific advances have defied the diffraction limit in microscopy and enabled three-dimensional (3D)
super-resolution imaging. An important milestone in this pursuit is the coherent utilization of two opposing objectives (4Pi geometry) and its
combination with super-resolution microscopy. Herein, we review the recent progress in 4Pi nanoscopy, which provides a 3D, non-invasive,
diffraction-unlimited, and isotropic resolution in transparent samples. This review includes both the targeted and stochastic switching modalities
of 4Pi nanoscopy. The schematics, principles, applications, and future potential of 4Pi nanoscopy are discussed in detail.

1. Introduction

Since the discovery of the diffraction limit by Abbe et al. in 1873 [1], the resolution of far-field optical microscopy has
been constrained by the diffraction of light for over a century. However, the pursuit of higher resolution has been in
progress [2], and major breakthroughs have been achieved since the early 1990s [3]. Diffraction limits the resolution of visible
light microscopy in resolving objects no closer than 250 nm; however, nanoscopy has overcome this fundamental limit and
improved the achievable resolution by up to a factor of 10 in the xy-plane and a factor of six along the z-axis. The development
of far-field fluorescence nanoscopy has progressed significantly in the past two decades. Notably, fluorescence nanoscopy
does not refer to a specific technique. Instead, scientists use this term to describe several different modalities as the common
underlying basis is the switching effect on fluorescence emission. All fluorescence nanoscopy concepts realized hitherto
involve the bright (“on”) and dark (“off”) states of fluorophores to record subdiffraction-limited features sequentially in
time [4,5], and the molecular probability of being either in the bright or in dark state depends nonlinearly on the light intensity
applied [4]. By either the coordinate-targeted or stochastic temporal switching of fluorophores, these techniques remarkably
visualize cellular structures specifically labeled with fluorophores at the subdiffraction-limited scale and thus have enabled
the investigation of many fundamental biological phenomena with light microscopy for the first time [6].

As most biological structures are arranged three-dimensionally, extending super-resolution imaging to three dimensions is
desirable to unambiguously visualize these structures and/or their motions. Hence, several innovative approaches have been
developed in this regard. For single-molecule localization microscopy (SMLM) techniques, such as photoactivated
localization microscopy (PALM) [7], stochastic optical reconstruction microscopy [8], and fluorescence PALM [9], methods
for extending imaging from two to three dimensions primarily include the simultaneous imaging of two different focal
planes [10] or point-spread function (PSF) engineering [11-14]. For coordinate-targeted nanoscopy techniques, such as
stimulated emission depletion (STED) microscopy [15] and reversible saturable optical fluorescence transition (RESOLFT)
microscopy [16], the most commonly used strategy is to employ two-phase masks simultaneously to create a three-
dimensional (3D) intensity minimum in the center of the STED/RESOLFT focus [17,18].
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approaches because their resolution benefits significantly from the sharp focusing of light. If light can be focused/collected
from only one side of the focal plane, then the diffractive nature of the light stretches the PSF more along the propagation
direction of the beam. Consequently, it is more challenging to enhance the resolution in the axial direction when using single-
objective microscopes. In practice, the lateral resolution of a nanoscope can be between 20 and 40 nm in the focal plane,
whereas the axial resolution is always ~2.5 times greater.

A 3D isotropic resolution is preferred because it offers more natural vision and yields a more precise image-based data
analysis. However, as a conventional lens can collect only hemispherical wavefronts, it is extremely difficult to achieve
isotropic 3D resolution using a single-objective system without sacrificing the lateral resolution. If an imaging system can
collect the other half of the wavefront on the “back side” of the focal plane, producing a (nearly) complete spherical wavefront,
then the PSF will be (almost) spherical owing to the restored symmetry. Consequently, isotropic 3D resolution can be achieved.
Based on this idea, in the early the 1990s, Hell et al. [19,20] introduced a 4Pi microscope equipped with two opposing
objectives. One objective can only encompass a maximum semi-aperture angle of approximately 65°, whereas two opposing
objectives virtually mimic an aperture with a nearly full solid angle of 4w (2.51—3m in practice). In 4Pi microscopy, the counter-
propagating wavefronts of the illumination from opposing objectives form interference fringes at the common focal spot (4Pi
type A), as shown in Fig. 1. Alternatively, the collected fluorescence may interfere at the detector (4Pi type B). This additional
interference around the focal region, which is the essence of scanning 4Pi microscopy, significantly sharpens the PSF along
the optical axis. If only excitation (4Pi type A) or emission (4Pi type B) photons are coherent, then this approach can improve
the resolution by three to four fold. Sharpening both the excitation and emission PSFs (4Pi type C) further improves the axial
resolution up to approximately seven fold [21]. In addition, the 4Pi arrangement can facilitate the doubling of the detected
fluorescence, thereby improving the signal-to-noise ratio (SNR) of the image. Similarly, incoherent interference illumination
image interference microscopy [22] applies an axial-structured light field to illuminate the sample and coherently collects
fluorescence photons through both objectives, thereby attaining a resolution comparable to that of spot-scanning 4Pi
microscopy in a wide-field, camera-based imaging architecture.

Objective"ppm Objective, 4Pi
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4Pi type A 4Pi type B 4Pi type C
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-+ Excitation == Fluorescence M ‘w‘
(a)

Fig. 1. Simplified schematic and principle of 4Pi microscopy. (a) Simplified schematic of 4Pi microscopy. (b) PSFs in 4Pi nanoscopy in axial (xz)
plane. Coherent superposition of PSFs from the upper and lower objectives sharpens focal spot size in z-axis. (c) Effective PSFs of different 4Pi
types. From left to right: 4Pi type A, excitation beams are coherent; 4Pi type B, emission beams (fluorescence) are coherent; 4Pi type C, both are
coherent. APD: avalanche photodiode; BS: 50/50 beam splitter; DM: dichroic mirror; L: lens; M: mirror; SM: scanning mirror.
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When combined with fluorescence nanoscopy methods, 4Pi microscopy can acquire images with further improved
resolution in three dimensions, particularly in the z-direction. Similar to conventional nanoscopes with one objective, 4Pi
nanoscopes can be classified as targeted switching (isoSTED [23]/4Pi-RESOLFT [24]) or stochastic switching
(iIPALM [25]/4Pi-single molecule switching microscopy (SMS) [26]/4Pi-SMLM [27]) modalities, as shown in Fig. 2(a) [23—
27]. In the case of the targeted switching modality, the destructive interference of counter-propagated wavefronts allows a
much sharper central minimum to be created in the axial direction of the STED/RESOLFT focus (Fig. 2(b) [25-27]);
subsequently, the fluorescence emission is confined to the immediate vicinity of the focal spot. The major technical difference
that distinguishes 4Pi-RESOLFT from isoSTED is that the former typically uses reversibly switchable fluorescent proteins
(RSFPs) to provide mandatory bright and dark states. In the case of the stochastic switching modality, enhanced resolution is
realized by converting the phase information hidden in the interference fringes to precise z localization (Fig. 2(b)). Depending
on the design of the interference cavity, both three (iPALM [25]) and four (4Pi-SMS [26], 4Pi-SMLM [27]) interference phase
images can be recorded simultaneously.
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Fig. 2. Simplified schematic and principle of 4Pi nanoscopy. (a) Simplified schematic of isoOSTED/4Pi-RESOLFT (left) and 4Pi-SMLM
nanoscopes (right). For both modalities, the sample is mounted between two opposing objectives. The polarization states at indicated points (I-XI
in circles) are displayed around the beam path. Specifically, in VII, VIII, and XI, dashed arrows represent an additional n/2 phase (introduced by
quartz wedges) delay with respect to the solid arrows along the same direction. Left: in an isoSTED/4Pi-RESOLFT nanoscope, the beams for
STED,, (lateral) and STED. (axial) are combined by a polarizing beam splitter (PBS) and then fed through a scanning mirror unit into a 4Pi cavity.
STED,, and STED, beams are incoherent and orthogonal in the polarization direction. Incoming beams are further split by the second PBS and
generate STED,,, and STED. depletion patterns (the first and the second panels from left in (b), respectively) at the common focus of the opposing
objectives. These two patterns feature the same focal zero in terms of intensity. Their superimposition enables isotropic fluorescence compression
by stimulated emission (the third panel from left in (b)), for which the fluorophores underneath the STED patterns are forced to reside in the dark
(“off”) state. The fluorescence from the immediate vicinity of the focus is inversely collected by the same objectives, reflected by a dichroic mirror,
and finally collected by the detector(s). Right: in a 4Pi-SMLM nanoscope, the fluorescence is split and recombined by a set of beam splitters to
create partial wavefronts with different interference phases. The interference wavefronts are then simultaneously detected by the cameras after the
interference cavity. Whereas the exact beam path and number of detectors may vary in different designs [25-27], the principle for molecule
localization is identical: as the fringe-like interference 4Pi-PSF contains more high-frequency information, the resulting localization precision of
4Pi-PSF is higher than that of single-objective PSF. (b) PSFs in 4Pi nanoscopy in axial (xz) plane. From left to right: STED,,, STED., combined
STED (red) and effective (green) PSFs in isoSTED/4Pi-RESOLFT nanoscopy; fluorescence PSFs with ¢ = 0, 90°, 270°, and 180° in 4Pi-SMLM
nanoscopy. For a clear depiction of the effective PSF in isoSTED/4Pi-RESOLFT nanoscopy and fluorescence PSFs in 4Pi-SMS nanoscopy, the
detected images on the detectors (avalanche photodiode (APD) or cameras) in the focal (xy) plane are presented on the top-right corners of the
corresponding PSFs. GW: glass window; HWP: half wave plate; Q: quartz wedge; VP: 0—2x vortex phase plate; s/p: s-/p-polarization.

In the following sections, we discuss both the concepts of 4Pi nanoscopy and their applications in detail. By contrast, image
interference incoherent illumination interference structured illumination microscopy (ISS) [28] is beyond the scope of this
review. I5S expands the application of structured illumination in the lateral direction, compressing the effective PSF both
laterally and axially. However, it does not rely on any switching fluorescence effects, either targeted switching or stochastic
illumination. This is advantageous because it makes I5S compatible with almost all types of fluorophores. However,
theoretically, I5S can only double the resolution when using wide-field microscopes as a reference. To further improve the
resolution, nonlinear effects such as fluorescence saturation [29-31] are still necessary. However, saturated ISS (denoted as
“I5SS”) is yet to be realized.

2. Targeted switching of 4Pi nanoscopy

STED nanoscopy is based on a scheme developed in 1994 [15] and was first demonstrated in material science in 1999 [32]
and subsequently in biology in 2000 [33]; since then, it has revolutionized fluorescence imaging. It is the first developed
nanoscopy technique operating in the targeted switching mode; it restricts fluorescence to a subdiffraction-sized region at
known positions by depleting excited fluorophores surrounding it through stimulated emissions. A peak-centered excitation
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signals from a point detector conjugated to the focus. To improve the resolution of the STED method, fluorescence emission
must be inhibited everywhere except at the center of the depletion focus; therefore, a high quality “zero”-intensity point in
the center of the ring-shaped depletion pattern is mandatory [34].

Technical advances in the past 15 years have enabled a new era of 3D imaging in STED nanoscopy. In particular, using
two opposing objectives in a 4Pi geometry allows a sharp central minimum to be created in the axial direction of the depletion
focus. It has enabled a 33-nm z-resolution [35] despite the insufficient resolution improvement in “STED-4Pi
microscopy” [35,36] in the focal plane. An improved version of this method, isoSTED nanoscopy [23], has demonstrated 3D
isotropic resolution (Fig. 2(a)). To isotropically compress fluorescence, isoSTED nanoscopy utilizes two depletion patterns
featuring a common focal zero: one for lateral (STED,,) and another for axial depletion (STED,), as shown in Fig. 2(b).
Adjusting the power allocation between these two patterns enables a precise control of the PSF size and hence the resolution.
Specifically, the formation of the STED, depletion profile relies on the superposition of the waves emerging from the two
objectives propagating in opposite directions. Owing to the highly symmetric intensity and phase distribution of the single-
objective PSF with respect to the focal plane, in addition to the central “zero”-intensity point, the destructive interference of
the waves yields axially repetitive minima above and below the focal plane in the STED, profile, overlapping with the
excitation and detection PSFs. These minima, which theoretically correspond to zero intensity, prevent fluorescence depletion
at their locations, resulting in side-lobes in the effective PSF. These side-lobes create artifacts, i.e., “ghost images,” which
deteriorate the image quality significantly. Furthermore, when the sample is scanned in the axial direction, the positions of
the maxima shift under the PSF envelope; thus, any deconvolution procedure based on a spatially invariant PSF is rendered
futile. In principle, deconvolution with a variable PSF [37] can mitigate this phenomenon; however, the method relies on
accurate knowledge regarding the PSF and is only applicable to images with good SNRs. To eliminate axial side-lobes in an
effective PSF, an effective strategy is to apply defocusing to shift the foci of both objectives and create an axial misalignment
between the two opposing STED, focal spots [38]. By performing the proposed phase manipulation using a phase mask, the
disadvantages of an alternative method involving misaligning the two opposing objectives can be avoided, namely, reduced
fluorescence signal and poor lateral resolution [38]. Similar to the STED., pattern, the STED,, pattern is generated by the
opposing propagating beams in a constructive interference manner. Remarkably, although the intensity profile and total STED
power are generally unchanged with respect to the single-objective modality, the additional interference can double the peak
intensity, equivalent to a resolution enhancement of \/2 times based on the modified Abbe’s equation [39].

The ability of isoSTED nanoscopy in confining the fluorescence to the immediate vicinity of the focus creates an effective
PSF that is 1500 times smaller than that of the confocal one, implying a resolution of 20-50 nm in three dimensions [23]. The
significant gain over the confocal PSF renders isoSTED nanoscopy a powerful noninvasive methodology for the 3D imaging
of transparent samples at the nanoscale. The applications of isoOSTED nanoscopy have been demonstrated in multiple
disciplines. Immediately after invention, an isoSTED nanoscope was applied in material science to image self-assembled
nanostructures [40]. These structures are formed by a block copolymer system (styrene-block-2-vinylpyridine, Fig. 3(a) [40]),
in which the vinylpyridine phase is specifically labeled with Atto 647N to provide fluorescence contrast. The resultant image
of the confocal microscope (Fig. 3(b) [40]) does not show any features of the swelling-induced morphology, whereas, the
isoSTED nanoscope provides more underlying information (Fig. 3(c) [40]). In particular, the unique strength of the isoSTED
nanoscope enables a noninvasive visualization of the complete 3D structure within the sample bulk, which was previously
inaccessible via electron microscopes.

Intensity (a.u.)

Fig. 3. Application of isoSTED nanoscopy in material science. (a) Transmission electron micrograph (TEM) of solvent-annealed thin film showing
lamellar structure. (b) Confocal image of block copolymer is featureless, whereas (c) iSoOSTED image clearly reveals the underlying morphology.
Scale bar: 500 nm. Reproduced form Ref. [40] with permission of ACS, ©2009.

In addition to material science, the emerging importance of isoSTED nanoscopy is exemplified in cell biology.
Mitochondrion, an organelle with a fundamental role in energy production, is the first imaging target of the isoSTED
nanoscope. Mitochondria are bounded by two different membranes and have a typical diameter of 200400 nm, as first
revealed by electron microscopy in the 1950s [41] (Fig. 4(a) [42]). The development of isoSTED nanoscopy has enabled
scientists to analyze nanoscale biological structures. By scanning a ~35-nm-diameter PSF throughout the mitochondria,
isoSTED nanoscopy has successfully mapped the distribution of both F;Fj-adenosine triphosphate synthase (ATPase) (Fig.
4(b) [42,43]) and translocase of the outer mitochondrial membrane member 20 (TOMM?20) (Fig. 4(c) [23.,42,43]). In another
demonstration, scientists focused on synaptic vesicles [42], i.e., small, electron-lucent vesicles with an average diameter of
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propagating nerve impulses between neurons. Benefitting from the ability of isoSTED nanoscopy, the spatial distribution of
the surface pool in the periactive zone of the hippocampal boutons was successfully resolved.

FF -ATPase | ©  ~". . TOMM20

~200-400 nm

Fig. 4. Application of isoSTED nanoscopy in cell biology. (a) Dimensions of mitochondrial tubule. isoSTED image of (b) FF(-ATPase and (c)
TOMM20 in wild-type PtK2 cells. Reproduced form Ref. [43] with permission of ACS, ©2009.

Despite the stronger sectioning capability of isoSTED nanoscopy over ordinary STED nanoscopy, the power level of the
depletion laser required by isoSTED nanoscopy is extremely high for most living specimens. To enable live-cell imaging
using 4Pi nanoscopy, 4Pi-RESOLFT was developed [24]. As an isoSTED-derivative, 4Pi-RESOLFT typically replaces
fluorescent dyes with RSFPs to provide “on” and “off” states. RSFP-based RESOLFT is particularly attractive because it
operates at a low laser power (approximately two orders of magnitude lower than that required for isoSTED nanoscopy [24]),
rendering it more compatible for living cells.

3. Stochastic switching of 4Pi nanoscopy

The optical resolution of SMLM has reached a few nanometers, thus enabling the optical analysis of nanobiostructures [45].
It utilizes wide-field excitation and detection to stochastically excite and precisely localize single molecules, achieving super-
resolution capability. This approach is currently widely used as it is easy to implement in conventional wide-field setups [46].
The 3D-SMLM is typically implemented by evaluating the PSF with lateral information as well as with the PSF shape [11—
14]. Alternatively, the axial position of individual molecules can be retrieved by simultaneously imaging multiple focal planes
[10]. Depending on the detected photons, this technique can achieve a lateral resolution of 20-30 nm, whereas the axial
resolution is typically several-fold worse.

Compared with the conventional single-objective 3D-SMLM system, 4Pi-SMLM uses the interference of fluorescence
signals detected by two opposing objectives to increase the z-resolution significantly. The two opposing objectives collect the
(almost) complete spherical wavefront, thereby doubling the number of detected photons and increasing the aperture angle.
Furthermore, overlaying both detection paths can result in the self-interference of individual photons when the optical path
length of the two axial imaging paths is within the coherent length. Single molecules with three [25] or four [26,27]
interference phases are then simultaneously recorded. As the interference phase is highly sensitive to the fluorophore’s axial
position, the resulting axial resolution is approximately six to ten times higher than the axial resolution achievable using the
single-objective system, surpassing the lateral resolution in some cases.

The axial resolution for single-objective nanoscopy can reach ~60 nm [11], but bright synthetic fluorophores are required.
The performance obtained using dimmer fluorescent proteins (FPs) is typically poorer [47]. By contrast, 3D sub-10-nm
resolution is theoretically achievable in 4Pi-SMLM with only 250 photons collected in each objective for an individual
fluorophore [48]. Therefore, 4Pi-SMLM is suitable for imaging biological samples labeled with dimmer photoactivatable
fluorescent proteins (PA-FPs). Endogenously expressed PA-FPs offer several key advantages over synthetic fluorophores [49],
particularly in live-cell imaging. They can be fixed more gently as only mild fixation is required, and the cells are returned to
the physiological media. In contrast to synthetic fluorophores, oxygen scavenging imaging buffers, potentially perturbative
detergents, or treatments are not required to control the photophysics of single molecules.

With an overall resolution of < 20 nm in three dimensions for dimmer PA-FPs, 4Pi-SMLM enables biologists to observe
more detailed biological samples in three dimensions. Cell focal adhesions (FAs) that link the extracellular matrix to the actin
cytoskeleton are crucial in morphogenesis, immunity, and wound healing [50]. FAs form small (<250 nm) clustered integrins,
focal adhesion kinase, and paxillin during cell edge protrusion. The multilaminar protein architecture of FAs is critical for
understanding their functions. Combining 4Pi-SMLM with PA-FP-labeled FAs is an ideal approach for imaging the 3D
architecture of different protein composites in FAs. Utilizing the 3D isotropic nanometer resolution capability of 4Pi-SMLM,
Kanchanawong et al. [50] discovered that the vertical distributions of each FA component are highly consistent across FAs
of different sizes and shapes, suggesting that the position of proteins within FAs regulates their activity and function. Using
a similar strategy, Case et al. [51] regulated vinculin activation and function.

Furthermore, 4Pi-SMLM offers quantitative biological insights into many different biological systems, particularly those
requiring ultrahigh resolutions [52—56]. The nanoscale organization of endosomal sorting complexes required for transport
(ESCRT) machinery, which is hijacked by the human immunodeficiency virus (HIV), was resolved at the virus budding site.
The spatial architecture of the ESCRT subunits suggests that the driving force for HIV release may be derived from the initial
scaffolding of ESCRT subunits within the viral bud interior [54]. Two discrete barrel structures, each composed of dozens of
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encapsulates the centrioles within a barrel-like structure [56]. Furthermore, the 3D 4Pi-SMLM image was applied to quantify
the number of proteins in the secretion machinery [52]. Zhang et al. [52] demonstrated 3D molecular clusters of various sizes
formed by a secretion system protein, PrgH, near the cell membrane of a bacterium (Fig. 5 [52]). Recently, 4Pi-SMLM has
been successfully used to resolve the 3D organization of heterogeneous nanoscale crosslinks, providing insights into the
kinetics of microgel formation [57].

(b)

Fig. 5. Ultrahigh resolution 3D imaging of different biological samples using 4Pi-SMLM. (a) 3D imaging of molecular clusters formed by secretion
system protein PgH near bacterial cell membrane. (b) Accumulated 4Pi-SMLM images of PrgH clusters from 58 bacterial cells. Reproduced form
Ref. [52] with permission of NAS, ©2017.

In addition to the application in biology and material science, 4Pi-SMLM has evolved progressively and currently offers
more imaging capabilities. When the 4Pi-SMLM concept was initially realized, the imaging depth was limited to the z range
of one interference period (half of the emission wavelength, ~250 nm). This is because the intensity of the interference is
periodic, and intensity peaks belonging to the adjacent interferometric fringes cannot be distinguished. Two methods have
been applied to solve this problem. The first method addresses this by introducing astigmatism to the 4Pi-PSF [58]. Therefore,
the overall shape of the PSF can be used to unwrap the interference phases in different periods, extending the imaging z depth
to the extent afforded by the astigmatic-based 3D-SMLM method (~1 um). The second method utilizes the concept wherein
the emitted wavefronts are spherical rather than planar, and different oscillations of the zeroth and third central moments are
investigated to precisely determine the z-position in different periods [26]. Recently, adaptive optics have been introduced to
4Pi-SMLM, enabling whole-cell imaging (Fig. 6 [27]). Additionally, multicolor imaging has been introduced in 4Pi-SMLM;
two-color 4Pi-SMLM imaging was first realized by attributing fluorophore color identity with the ratio of s-polarized vs p-
polarized emission components [27]. Recently, three-color 4Pi-SMLM was realized using salvaged fluorescence reflected by
an excitation dichroic mirror [59]. Another exciting development is correlative 4Pi-SMLM-electron microscopy (EM)
imaging. The high resolution and high molecular specificity of 4Pi-SMLM combined with EM substantially reduced the
resolution gap between fluorescence microscopy and EM, providing a much better overlaying of fluorescence signals with
EM images [60,61].

Bottom

(a)

Fig. 6. 4Pi-SMLM imaging of synaptonemal complexes in whole-mouse spermatocyte. (a) Overview images of whole cell reconstructed from 21
optical sections. 4Pi-SMLM images of (b) top and (c) bottom locations inside the spermatocyte. (d) x—z view of (a). Reproduced form Ref. [27]
with permission of Elsevier, ©2016.

In contrast to single-objective 3D-SMLM, in which the theoretical limited resolution is achieved by maximum likelihood
estimation using a bead-calibrated experimental PSF model [62], the conventional photometry-based 4Pi-SMLM data
analysis workflow fails to reach the theoretical resolution limit [25-27]. This is because the photometry-based method does
not exploit the resolution gain from high-frequency information in the fringe-like interference 4Pi-PSF. The development of
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in [63]. However, 4Pi-PSF is intrinsically four dimensional (x, y, z, and phase). A simple multichannel 3D-PSF model is not
well suited for describing the 4Pi-PSF. A recent 4Pi-PSF model proposed by Li et al. [64] decoupled the phase term from the
3D position of the 4Pi-PSF . Instead of using a four-dimensional 4Pi-PSF, three 3D-matrices in combination with a simple
phase term were used to fully describe the four-dimensional 4Pi-PSF, rendering the calibration of an experimental 4Pi-PSF
much easier in practice. Therefore, it can potentially reach the full potential of 4Pi-SMLM.

4. Discussion and Outlook

Optical nanoscopy has proven to be an effective technique for investigating the molecular details of subcellular structures
via specifically targeted fluorescent labels [45]. It has evolved continually to provide multicolor, 3D, and live-cell imaging
with nanometer-scale resolution. In particular, the highlights of all milestones in 4Pi microscopy and nanoscopy are shown in
Error! Reference source not found.. Most conventional optical nanoscopes offer a resolution in the range of 50-100 nm;
however, a further resolution improvement by a factor of ten would enable the 3D imaging of the molecular basis of
macromolecular assemblies. This would enable biologists to directly visualize the structure and composition of molecular
machinery of cells in situ; for example, 3D observations of DNA conformation at such resolutions would be critical for
understanding chromosomal DNA packaging and gene regulation [65]. This can be realized by a two-order increase in the
number of photons from single fluorescent emitters in stochastic switching nanoscopy or two orders of increase in depletion
laser intensity in targeted switching nanoscopy. However, such a large increase in photons/intensity is typically unfavorable
for practical biological experiments. By contrast, dual-objective 4Pi microscopy can substantially augment the 3D resolution
of almost all single-objective far-field optical nanoscopy techniques by a three- to ten-fold improved z-resolution. It may be
feasible to improve the resolution by an order of magnitude without additional requirements to satisfy the stringent properties
of fluorescent labels or harsh imaging conditions.

4Pi microscopy [3]
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Fig. 7. Instrumental milestones in 4Pi microscopy and 4Pi nanoscopy.

In addition to 4Pi nanoscopy, other schemes can be used to improve the axial resolution to the sub-50 nm level. For example,
point accumulation may be employed for imaging nanoscale topography (PAINT) [66] or its extension, DNA-PAINT [67,68],
which replaces the stochastic photoactivation of a permanently bound fluorophore with the stochastic binding of a fluorescent
ligand during sample preparation. Another approach that improves the final resolution via sample preparation is expansion
microscopy (ExM) [69,70]. By physically enlarging an organism using an expandable polymer network, ExM allows
investigators to identify small structures within specimens. In terms of instrumentation, minimal photon fluxes (MINFLUX)
is the cutting-edge method for precisely localizing fluorophore molecules [71,72]. In contrast to the classic SMLM that
establishes molecule locations by obtaining the centroid or maximum of sparse diffraction-limited emission spots, MINFLUX
probes each location with an excitation minimum. Alternatively, the recent development of artificial intelligence offers
another route for transforming diffraction-limited input images into super-resolved ones [73] or to significantly reduce the
illumination light doses for super-resolution live-cell imaging [74].

To date, the effects of these newly emerging techniques are primarily verified on single-objective arrangements via both
microscopy and nanoscopy [71,75-79]. Notably, a fundamental barrier that rejects their integration into setups with two
opposing objectives does not exist. One may expect them to provide benefits (higher 3D resolution, better SNR, etc.) similar
to those of iSoSTED or 4Pi-SMLM by using the 4Pi architecture. However, the major challenge is the increased system
complexity: the 4Pi architecture requires a meticulous alignment with a large number of parameters in parallel, in addition to
the additional system optimization required specifically for these new concepts. This issue severely compromises the system
performance if it is not addressed appropriately. In fact, most 4Pi microscopes/nanoscopes are accessible only in advanced
laboratories. A blue print of the 4Pi microscopes, together with open-source software and more operation protocols [80], will
enable non-experts to use 4Pi nanoscopy to achieve a substantial resolution enhancement. Scientists endeavoring to simplify
the setup of 4Pi nanoscopes have achieved remarkable progress. For example, in the initial setup design of the isoSTED
nanoscope, two independent STED beams were implemented to generate STED,, and STED, profiles. Apparently, an
isSoSTED setup with one STED beam can potentially reduce the complexity and improve the mechanical robustness. Hence,
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profiles for each polarization component [81], and another option is to insert a segmented and chromatic wave plate [82].
Both designs have been realized and proven to facilitate routine isoSTED imaging effectively.

Regarding the high symmetry of the 4Pi interference cavity, a more “aggressive” idea is to completely remove the opposing
objectives and use a flat mirror to replace the slide behind the sample in mirror-enhanced super-resolution microscopy
(MEANS) [83]. Therefore, the incident and reflected light can mimic the opposing propagating beams in 4Pi nanoscopes,
creating local interference on the mirror surface and confine the PSF in the axial direction. Initially, MEANS improved the z-
resolution only in a two dimensional (2D)-STED nanoscope. However, its importance is highlighted by its potential in
benefitting both targeted and switching nanoscopies [84]. It provides a general strategy to improve the axial resolution of a
single-objective nanoscope, providing access to 4Pi nanoscopy to more laboratories in a virtual manner.

As different 4Pi super-resolution instruments have been well established, the next research focus will be on their
applications to address scientific questions. The coherent use of two opposing objectives is the most effective approach if the
sample is transparent and accessible from both sides. To maintain a stable interference pattern within the entire imaging
process, 4Pi nanoscopy responds sensitively to aberrations induced by refractive index inhomogeneities within the sample.
Although 4Pi nanoscopy is scarcely reported for cell imaging, its applications to thick samples, for example, tissues, are
almost unexplored. To fully understand aberrations effects, a mathematical model that can describe aberrations in the 4Pi
system with two noncontiguous circular pupils [85] is required. Hence, adaptive optics [86] should be introduced to
compensate for sample-induced aberrations. This concept has inspired several researchers to conduct pioneering studies to
demonstrate 4Pi imaging in whole cells [27] and tissue slices [81]. Although the applications of 4Pi imaging for thick
specimens have begun, the full realization of their potential is yet to be realized. The extension of 4Pi imaging to living
specimens will be critical to this process.
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