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Mirror-enhanced super-resolution microscopy

Xusan Yang1,*, Hao Xie1,2,*, Eric Alonas2,*, Yujia Liu1,3, Xuanze Chen1, Philip J Santangelo2, Qiushi Ren1,
Peng Xi1,2,3,4 and Dayong Jin3,4

Axial excitation confinement beyond the diffraction limit is crucial to the development of next-generation, super-resolution micro-

scopy. STimulated Emission Depletion (STED) nanoscopy offers lateral super-resolution using a donut-beam depletion, but its

axial resolution is still over 500 nm. Total internal reflection fluorescence microscopy is widely used for single-molecule localiza-

tion, but its ability to detect molecules is limited to within the evanescent field of ~ 100 nm from the cell attachment surface.

We find here that the axial thickness of the point spread function (PSF) during confocal excitation can be easily improved to

110 nm by replacing the microscopy slide with a mirror. The interference of the local electromagnetic field confined the confocal

PSF to a 110-nm spot axially, which enables axial super-resolution with all laser-scanning microscopes. Axial sectioning can be

obtained with wavelength modulation or by controlling the spacer between the mirror and the specimen. With no additional com-

plexity, the mirror-assisted excitation confinement enhanced the axial resolution six-fold and the lateral resolution two-fold for

STED, which together achieved 19-nm resolution to resolve the inner rim of a nuclear pore complex and to discriminate the con-

tents of 120 nm viral filaments. The ability to increase the lateral resolution and decrease the thickness of an axial section using

mirror-enhanced STED without increasing the laser power is of great importance for imaging biological specimens, which cannot

tolerate high laser power.
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INTRODUCTION

The confinement of excitation light is the key for optical microscopy
to resolve sub-cellular fine structures against their neighboring
background1–3. To give a few classic examples, laser scanning confocal
microscopy offers higher resolution than wide-field microscopy
because it uses a tightly focused excitation beam and pinhole detection
to reject out-of-focus background light; stimulated emission depletion
(STED) microscopy offers lateral resolution beyond the optical
diffraction limit because it employs a donut-beam confined excitation
to project an optically saturated virtual pinhole4,5, and 3D super-
resolution can be attained through further axial modulation6; total
internal reflection fluorescence (TIRF) microscopy is suitable for
single-molecule localization microscopy because it takes advantage of
the evanescent field to image a superficial layer of the biological cell
with an imaging depth of ~ 100 nm, attaining sharper features of the
specimen2.
Optical interference has been used to enhance the axial resolution

by generating different types of excitation modulation in wide-field
fluorescence microscopy (Supplementary Fig. S1 and Supplementary
Table S1)7–13. Bailey et al.7 proposed standing-wave excitation micro-
scopy based on mirror reflection, but because wide-field illumination

was used, the interference layer was mixed with the out-of-focus
region in detection. No experimental data using mirror reflection were
obtained until the I5M microscopy14, where two opposing objectives
were used to interfere two coherent incident beams and the
fluorescent signal. Most recently, by employing a low numerical
aperture (NA) objective, a mirror, and a plan-convex lens to form
Newton rings, standing-wave multiplanar excitation was demonstrated
for axial imaging9.
Interference of confocal excitation light during 4Pi microscopy has

been demonstrated with an axial resolution of ~ 100 nm (ref. 15), but
it requires the precise alignment of two diffraction-limited focal spots
by two opposite microscope setups. Similarly, the isotropic focusing
approach utilizes a spatial light modulator (SLM) to modulate the
wave front and generate two focal spots axially, and a mirror is placed
in between to form the constructive interference10,16,17. The position
of the mirror is critical to generate effective interference of the two
‘real’ focal spots; therefore, the alignment precision of the SLM-Mirror
setup is required to be o50 nm, whereas the 4Pi setup requires
alignment precision o100 nm.
Other techniques have been explored to achieve axial super-

resolution. Using the STED process, an angle-STED, based on a tilted
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mirror, has been built to generate angled super-resolution excitation
(Supplementary Fig. S1j)11, similar to that of reflected light sheet
microscopy18. Axial localization of fluorescent molecules with spec-
trally self-interference microscopy, by mirror reflection and a large
spacer (410λ) 8 or a Langmuir–Blodgett thin film as spacer with
metal-induced energy transfer has been demonstrated for axial optical
nanosectioning12. Most recently, the fluorescence lifetimes have been
found to correlate highly with the distance of a fluorophore from a
gold mirror because the nanoplasmonics interactions and quenching/
enhancement effects are highly sensitive to the distance, which has
been employed for constructing a novel type of optical nanoscopy to
image the membranes of live cells with super-resolution on a gold
mirror surface13.
In this work, we report a highly practical approach to immediately

enable laser scanning confocal microscopy and STED nanoscopy to
achieve axial super-resolution and to resolve structures, such as the
nuclear pore complex, within the interior of cells (see Figure 1a and
Supplementary Scheme S1). We found that when a mirror is placed
behind the specimen, the interference between the excitation point
spread function (PSF) and its reflection creates an axially narrowed
PSF away from the mirror surface, ~ 110 nm in dimension. Therefore,
working in the far-field regime, this mirror-enhanced axial-narrowing
super-resolution (MEANS) technique enables a more than six-fold
higher axial resolution than the optical diffraction limit. Our MEANS
approach is equivalent to a virtual 4Pi configuration, but it relaxes the

alignment precision and does not require wave front modulation, as in
isotropic focusing. With the axial sectioning capability and two-fold
improvement of the MEANS-STED super-resolution, the inner ring
structure of the nuclear pore complex, as well as the tubular structure
of a viral filamentous virion, has been successfully revealed with
optical microscopy for the first time. Because biological specimens and
the fluorescent dye can be photodamaged by high laser power, it is of
particular significance that MEANS-STED has improved both the
lateral and the axial resolution without increasing the laser power.

MATERIALS AND METHODS

MEANS sample preparation
In MEANS microscopy, a piece of mirror is employed in place of the
microscope slide to provide the interference. Custom-made, first-
surface mirrors were used (China Daheng Group, Beijing, China). The
mirror should be a first-surface mirror, with a protective SiO2 coating,
and an adjustable thickness (50, 100, 150 and 200 nm were tested), so
that the constructive interference with a high NA objective can occur
within the specimen. Due to the existence of the silica layer, cells can
grow normally on the mirror surface. A coverslip can be applied to
seal the specimen. As shown in Supplementary Scheme 1b, we have a
custom-made mirror holder that is the same size as a microscope slide
so that the mirror-backed specimen can be placed easily on any
commercial confocal microscope.
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Figure 1 Schematic diagram of MEANS (a) and correlative images of a single cell acquired in TIRF (b) and MEANS (c) microscopy imaging modes. MEANS
microscopy can be easily realized with a confocal microscope and takes advantage of axial interference between the incident and reflected electromagnetic
field to generate an axially confined PSF ~100 nm above the reflective mirror surface. The merged image (d) of TIRF (green) and MEANS (red) shows that
the MEANS approach complements the oblique illumination-based TIRF modality by optically sectioning a cell at a different axial layer which, in this case, is
close to the mirror surface. The sample here is a Vero cell immunostained for tubulin using an AlexaFluor-488 secondary antibody. Scale bar=10 μm.
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Cellular sample preparation
Vero cells (CCL-81, ATCC, Manassas, VA, USA) were maintained in
high-glucose DMEM (Lonza, Basel, Switzerland) with 10% fetal
bovine serum (GE Healthcare Life Sciences HyClone, Logan, UT,
USA), 100 Uml− 1 penicillin and 100 μg ml− 1 streptomycin (Thermo
Fisher Scientific, Waltham, MA, USA). The human respiratory
syncytial virus (hRSV) strain A2 (VR-1544, ATCC, Manassas, VA,
USA) was propagated in HEp-2 cells (CCL-23, ATCC) at a titer of
1 × 106 p.f.u. ml− 1 Cells were plated the day before infection at 25%
confluency. Cells were infected by removing the media, washing with
phosphate-buffered saline (PBS) (without Ca2+ and Mg2+ ions, Lonza,
Basel, Switzerland), adding virus at a multiplicity of infection (MOI)
of 1, and incubating the cells for 1 h at 37 °C. After adsorption, fresh
medium was added to the inoculum. The cells were grown on top of a
first-surface mirror coated with an SiO2 protective layer.
Vero cells were fixed with either 4% paraformaldehyde (VWR,

Radnor, PA, USA) in PBS for 10 min at room temperature and then
permeabilized with 0.2% Triton X-100 (for nuclear pore complex
immunofluorescent staining, VWR) or with 100% ice-cold methanol
for 10 min at − 20 °C and then permeabilized with 100% ice-cold
acetone for 2 min at − 20 °C (for microtubule immunofluorescent
staining, VWR). Nonspecific antibody binding was blocked with 5%
bovine serum albumin (EMD Millipore, Darmstadt, Germany) in PBS
for 30 min at 37 °C. The cells were then incubated with a primary
antibody for 30 min at 37 °C, washed twice in PBS, incubated with a
secondary antibody for 30 min at 37 °C, washed twice in PBS and
mounted in a mixture of Mowiol 4-88 (Sigma Aldrich, St Louis, MO,
USA) and DABCO (VWR)19.
The primary antibodies used were rabbit anti-alpha tubulin (poly-

clonal IgG, catalog: ab18251, Abcam, Cambridge, MA, USA) and
mouse anti-nuclear pore complex (NPC) proteins that contain FXFG
repeats (monoclonal IgG, catalog: ab24609, Abcam). The secondary
antibodies used were goat anti-rabbit DyLight 650 (Thermo Fisher
Scientific, Waltham, MA, USA) and donkey anti-mouse AlexaFluor
488 (Thermo Fisher Scientific).

Spin capture of RSV filaments on glass
To capture single hRSV filamentous virions on glass, hRSV A2 was
propagated in HEp-2 cells at an MOI of 0.1. At 4 days post infection,
the cell-associated and supernatant fractions were scraped, freeze-
thawed and spun through 5 and 0.45 μm pore-size centrifugal filters
(EMD Millipore) at 5000 ´ g and 4 °C for 4 and 1 min, respectively.
The fraction between 0.45 and 5 μm in diameter was collected and
immobilized onto a poly-L-lysine (Sigma Aldrich)-coated, first-surface
mirror or cover glass by adsorption of 500 μl of filtered virus for 2 h at
4 °C. The immobilized virions were fixed using 4% paraformaldehyde
and were immunofluorescently stained according to the aforemen-
tioned protocol. The antibodies used were anti-RSV F monocolonal
(palivizumab, MedImmune, Gaithersburg, MD, USA) and anti-RSV N
monoclonal (monoclonal IgG1, ab22501, Abcam). Coverslips were
mounted in a mixture of Mowiol and DABCO (VWR)19.

MEANS-STED
MEANS-STED imaging was performed with a Leica TCS SP8 STED
3X system equipped with a white light laser as excitation and 592 and
660 nm for STED depletion. The HyD detector and 100× oil-
immersion objective (NA 1.4) were employed. Time-gated detection
was also used20, in which the AlexaFluor-488 detection is delayed
0.5 ns, whereas the Cy5 detection is delayed 1 ns.

RESULTS AND DISCUSSION

MEANS and TIRF microscopy reveal complementary structural
information
Supplementary Fig. S1 further illustrates the schematic difference
comparing the MEANS technique with a variety of available axial-
enhanced microscopy techniques. MEANS, similar to TIRF by
providing wide-field microscopy with axial confinement and improved
contrast, can confine the axial PSF depth of confocal microscopy to
~ 100 nm, with doubled signal intensity. Furthermore, MEANS
complements the TIRF imaging modality by optically sectioning two
different super-resolution layers: TIRF is responsible for imaging the
sample layer close to the coverslip, whereas MEANS optically sections
the layer that is close to the mirror (interior of the specimen). In
Figure 1b–1d, we demonstrate a series of in situ correlative images of
TIRF and MEANS from a single Vero cell. Whereas the layer near the
coverslip can be imaged by TIRF (or HiLo mode21 because the
refractive index of the medium is larger than the NA of the objective,
Figure 1b), the MEANS imaging modality (Figure 1c) provides super-
resolution information within the interior layer of the cells with a
~ 110 nm axial thickness but a distance of ~ 100 nm from the mirror
surface (wavelength dependent), making MEANS more suitable for
the study of problems that are not at the cell membrane but localized
more deeply within the cell. When the MEANS image is overlaid with
a complementary TIRF image (Figure 1d), the spatial relationship
between the two images is clear (see also wide-field in Supplementary
Fig. S2, in which both layers can be visualized simultaneously).

Theoretical simulation of the MEANS and MEANS-STED PSFs
To predict the axial confinement of the PSF, we simulated the
excitation electromagnetic field for multiple imaging techniques
(Figure 2). Our simulation results of the electromagnetic field of the
MEANS microscopy revealed that, the local maximum intensity for
MEANS (Figure 2c) is approximately four times that of conventional
confocal microscopy (Figure 2a) and approximately two times that of
4Pi (Figure 2b). Because the local maximum is a result of constructive
interference, MEANS can generate local EM-field enhancement over a
long focal distance (Supplementary Video S1), relieving the need for
precise alignment of the mirror.

Demonstration of optical sectioning using MEANS and excitation
scanning
Because the distance between the mirror and the MEANS-enhanced
layer is linearly proportional to the excitation wavelength, we can
realize optical sectioning within the specimen with MEANS through
excitation wavelength modulation (MEANS-excitation scanning opti-
cal nanosectioning, MEANS-ESON), which has been experimentally
verified using MEANS to axially section fluorescent nanodiamonds by
scanning the excitation wavelength and taking advantage of the broad
absorption spectrum of the nitrogen vacancy centers within nanodia-
monds. A laser scanning confocal system (Leica TCS SP8) equipped
with a white light laser and a plan-apochromatic objective (Leica HC
PL APO CS2, 63x/1.40 OIL) has been used. As shown in Figure 3,
three scanning results using different excitation bands resulted in
different layers of nanodiamond nanoparticles (pseudocolor is used to
indicate different layers of nanoparticles scanned by different excita-
tion color). If the nanodiamonds are in the same layer, then the color
should be identical. However, from the arrows, we can see that some
of the nanodiamonds are yellow as the dominant color (which is a
combination of R and G), whereas others are strongly blue (which
locates mainly in the B layer, closer to the mirror).
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Furthermore, taking advantage of the virtual PSF, MEANS modality
has only one sidelobe with which to generate images with sharper
contrast, whereas the PSF of 4Pi has two symmetric sidelobes22, which
requires deconvolution for data representation. In our MEANS
approach, after passing through the confocal pinhole, the only sidelobe
is largely suppressed, making the image very sharp.

Verification of the axial confinement thickness
To verify the improved axial PSF confinement of 110 nm, we prepared
a phantom specimen by embedding 20 nm fluorescent beads inside
low-concentration agarose, which was then evaluated by MEANS
confocal microscopy. As shown in Supplementary Fig. S3, a three-fold
enhancement in the signal-to-background ratio (SBR) was achieved at
the 13–14-μm layer primarily because with the decrease of the PSF, the
fluorescent signal increases proportionally due to the higher excitation
energy confinement. We have also simulated the effect of the
integrated energy enhancement (detection photon number) for
MEANS with different confocal pinhole sizes, and the simulation
further validated our experimental results.

Dual-color MEANS microscopy
To further verify the above simulation results and to demonstrate the
robustness of the MEANS modality, we applied the MEANS approach
on a commercial laser scanning confocal microscope (single- and two-
photon excitation) as well as a spinning-disk microscope. We acquired
a series of images along the z-direction of the microtubules of a Vero
cell grown on the mirror substrate. The images for confocal, two-
photon and spinning disk approaches are shown in Supplementary
Figs S4–S6, respectively. The dual-color imaging of microtubules
and NPCs in a Vero cell is shown in Figure 4. In these figures, image
stacks are acquired by moving the objective toward the specimen.

According to our simulation result (Supplementary Video S1), the
position of the MEANS confinement focal spot is fixed ~100 nm
above the mirror surface during mirror translation. The layers from 2–
2.5 μm in Figure 4 and Supplementary Fig. S4 belong to the MEANS
modality region and show almost identical images due to the fixed
MEANS focal spot. The optical sectioning layers above this 0.5 μm
region belong to the conventional confocal microscopy modality.
These quantitative imaging results indicate that the MEANS-confocal
modality has a tolerant region of ~ 0.4 μm to section an axially
confined thin layer of the cell, 100 nm from the mirror, which is
consistent with our simulation result (Supplementary Video S1).
Comparing the MEANS image (Figure 4f) to the confocal images
(Figure 4a–4c), the MEANS with excitation intensities enhanced by
interference can significantly enhance the image SNR through its
increased fluorescence signal intensity, which suggests that the
conventional axial resolution measurement, in which the specimen
translates relative to the objective will not work in MEANS because the
PSF does not move with the objective.

Moving the MEANS layer within the cell
To show the possibility of imaging at different depths into a cell, we
grew Vero cells on mirrors coated with different thicknesses of silica.
Figure 5 shows different optical sectioning layers of actin filaments
within the Vero cells, achieved by changing the thickness of the silica
coating from 50, 100, 150 and 200 nm. Actin microfilaments, one type
of cytoskeletal element, are responsible for cell shape and cell motility.
Figure 5c and 5d shows the optical sections of the MEANS layer as it is
moved closer and closer to the cell surface membrane when the
thickness of silica spacer is increased from 50 to 150 nm. By rigorously
examining the 50 nm layers, we found that all images (typically shown
in Figure 5b) were rich in actin filaments and bundles but with very
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MEANS takes full advantage of the incident intensity through reflection. Because the intensity of depletion is improved by 3.6-fold, close to two-fold
resolution enhancement over conventional STED can be obtained for MEANS-STED, as shown in (f).
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little blank shadow of the nuclei. The images from the 100 and 150 nm
layers (Figure 5c and 5d) show clear elliptical shadows of the nuclei
free of the actin filaments inside. In addition, the margins of the cell
are more apparent in Figure 5c and 5d compared with the 50 nm in
Figure 5b. After further increasing the thickness of the silica spacer to
200 nm, the images contain both actin and nuclei (Figure 5e), similar
to the control images taken by conventional confocal microscopy
(Figure 5f), suggesting that the axial super-resolution power from the
MEANS modality disappears when the silica spacer is more than
200 nm. In addition, MEANS is tolerant to small-angle misalignments
of the mirror relative to the objective (Supplementary Fig. S7).

MEANS-STED microscopy of the NPC and viral filaments
Another significant advantage of the MEANS modality is its compat-
ibility with STED microscopy. According to our simulation results
(Figure 2d and 2e, and Supplementary Video S2), the local electro-
magnetic field for the vortex-modulated ‘doughnut’ STED PSF is

axially confined to form a 163-nm MEANS-STED depletion PSF.
Therefore, both the intensity of the donut-shaped depletion beam and
the excitation beam23–25 have been enhanced by 3.6-fold within the
MEANS region. Because the resolution of STED is dependent on the
depletion intensity, which can be written as26,27

d ¼ l
2NA

1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Idep=Isat

p ð1Þ

where Idep is the depletion intensity and Isat is the saturation intensity
of the molecule, the constructive interference in MEANS-STED
mode provides close to two-fold resolution enhancement over
conventional STED.
To verify our MEANS method in STED nanoscopy, we applied the

MEANS approach in a commercial Leica TCS SP8 STED 3X super-
resolution microscope. As a result of the MEANS-assisted STED
(Figure 6a–6d), we achieved 19-nm resolution to visualize the inner
rim of the NPC using a relatively low 592-nm depletion laser power of
60 mW measured at the back aperture of the objective. The NPC
restricts the diffusion of molecules between the nucleoplasm to the
cytoplasm and is composed of three concentric ring nucleoporins
(Nups) held together by linker proteins. The inner channel is
composed of the phenylalanine-glycine (FG) Nups28. Because of the
small diameter of FG Nups (~50 nm), its ring structure has only been
revealed by electron microscopy from isolated NPC complexes29,30.
Even when other super-resolution techniques, such as dSTORM, were
utilized with localization precision of 20 nm, the ring structure was
unresolvable31. After the inner channels (including Nup62, Nup95 and
Nup110 proteins) of the NPCs were stained, MEANS in conjunction
with a commercial STED system enabled us to record one of the first
optical images of an FG Nup in a mammalian cell (Figure 6a–6d).
The measured diameter relative to the size of the whole nuclear
pore complex confirmed that the antibody was indeed bound to
Nups in the center of the NPC29. The resolution of 19 nm is
one of the new record of STED super-resolution in biological
applications32–36. The resolution improvement is largely because
two-fold resolution enhancement can be obtained without increasing
the depletion laser power. Because biological specimens and fluor-
escent dyes are generally very sensitive to high power laser, this is a
very important advance in order to dramatically improve the resolu-
tion without increasing the laser power. A comparison with conven-
tional 3D STED can be found in Supplementary Fig. S8.
The axial super-resolution achieved by the MEANS approach has

further assisted STED for 3D super-resolution visualization of the sub-
micron hollow structures. hRSV produces filamentous virions that are
100–200 nm in diameter and up to several microns in length. The
distance between the centroid of the fusion (F) proteins was measured
as ~ 120 nm by dSTORM37. To use this model system to test MEANS-
STED, we immunofluorescently stained the F protein, which is in the
virion membrane, and the nucleoprotein (N), which is bound to the
genomic RNA inside the virion space. Without the mirror, despite
using even higher STED depletion power (108 mW at 592 nm) than
the MEANS-STED (72 mW), the conventional STED with the axial
PSF of over 500 nm cannot resolve the F protein on the two opposing
sides of the membrane (Figure 6f–6i) due to contaminating light from
the F protein present on the top and bottom of the filament. With the
MEANS implementation (Figure 6l–6o), a thin section in the middle
of the filament is excited, and the top and bottom of the filament are
not excited, allowing us to resolve the F proteins on opposing sides of
the viral envelope with the N protein in the center.
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These two model systems illustrate the benefits of the MEANS
implementation. The NPC structure (a ring laying parallel to the
mirror surface) benefits from increased lateral resolution. According
to the Nyquist-Shannon sampling theorem, to resolve a ring structure
of ~ 50 nm in diameter, a 25-nm imaging resolution is needed.
For the hRSV filament (a cylinder lying parallel to the mirror surface),
a very thin optical section (less than the diameter of the filament)
is required to avoid exciting the entire surface of the filament
envelope and to resolve two opposing sides. A more detailed
explanation of the geometry of the viral filament can be found in
Supplementary Fig. S9.

Because the axial light confinement occurs away from the metal
surface, the MEANS method is immune to metal surface quenching13.
The working distance for MEANS super-resolution can therefore be
adjusted by customizing the thickness of the silica coating, which is a
standard procedure for commercial protective mirrors. Growing the
cell on a coated layer of silica rather than directly on the metal surface
provides a more compatible environment for cell growth13. Further,
with excitation wavelength tuning, MEANS can be extended to axial
sectioning of the specimen through MEANS-ESON.
MEANS is compatible with a variety of confocal-based technologies,

such as laser scanning, spinning disk and two-photon. In addition,
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Figure 5 Imaging of the actin filaments with different thickness of silica spacer. Adjusting the spacer thickness can obtain the cross-sectional imaging of
different layers of the cell specimen. For MEANS constructive interference, the maximum spacer thickness is 100–150 nm. The images are all of the same
size. Scale bar=10 μm.
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Figure 4 Confocal and MEANS image of the dual-stained Vero cell. The microtubules of the cell are stained with Dylight 650 (pseudo-colored red), and the
nuclear pore complex of the cell is stained with Alexa 488 (pseudo-colored green). (a–h) Image series taken from a confocal microscope (Olympus FV1200)
with axial step of 0.5 μm. As observed, MEANS forms at 2.5 μm depth in f, in which the nuclear pore proteins are shown clearly as grains. Scale bar=5 μm.

Mirror-enhanced super-resolution microscopy
X Yang et al

6

Light: Science & Applications doi:10.1038/lsa.2016.134

http://dx.doi.org/10.1038/lsa.2016.134


MEANS-STED is broadly applicable to PSF engineering-based
super-resolution techniques, including the pulsed or time-gated
STED20, RESOLFT4, ground-state depletion, excitation-state absorp-
tion, saturation38, optical data storage39, upconversion40 and
charge-state depletion41. Compared with the other imaging techniques
based on the recollection of the signal through interference to confine
the axial resolution, including 4Pi 15, I5M 14 and wide-field standing-
wave microscopy7 or mirrors combined with spatial light
modulator10,42, MEANS is much simpler and does not require precise
alignment of the mirror. In addition, MEANS is compatible with
conventional sample preparation procedures, which is advantageous
over virtual imaging43.

CONCLUSION

It has been demonstrated that with axial confinement, such as TIRF,
improved image contrast can be obtained. We found that through the

straightforward use of a mirror beneath the specimen, we can generate
an interference-enhanced layer away from the mirror reflective surface
with a thickness of ~ 110 nm. A 3.6-fold local EM field enhancement
can be obtained, resulting in an increased SBR. Although MEANS is
very similar to the 4Pi approach, when using MEANS, the height of
the interference-enhanced layer is constant during mirror translation
of 0.4 μm, which largely relieves the requirement of ultra-precise
system alignment. Furthermore, MEANS is compatible with a series of
confocal modalities, such as two-photon, spinning disk and laser
scanning. When MEANS is applied to STED, both the lateral and axial
resolution can be improved simultaneously. The ring structure of the
inner NPC structure (diameter of 53 nm) can be visualized with a
resolution of ~ 19 nm. To the best of our knowledge, this resolution is
among the best recorded for STED super-resolution in biological
specimens. Taking advantage of the thin axial depth of MEANS, we can
discern the tubular structure of the hRSV-F protein with a diameter of
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Figure 6 The NPC of a Vero cell (a–c) imaging using confocal (a: upper right) and MEANS-STED (a: lower bottom) modalities, and the hRSV viral filaments
imaging via conventional STED (f–i) and MEANS-STED (l–o) modalities. MEANS-STED gives clear lateral resolution enhancement in a. (b) Magnification of
the boxed area in a, in which the porous structure of the NPCs can be observed. (c) Magnified individual NPCs. (d) Plot of the intensity distribution along
arrows in c. To demonstrate the advantage of the axial confinement of MEANS-STED, the hRSV filaments are imaged with conventional STED (on coverglass,
f–i) and MEANS-STED (on mirror, l–o). The simulation of the convolution of conventional STED PSF vs MEANS-STED PSF with the filament structure is
shown in (e) and (k), respectively. The central hollow structure is hard to visualize due to the uniform intensity distribution in e, but in k it can be observed.
(i,o) Magnifications of the white box areas in h and n, respectively. The hollow structure of the hRSV-F can be visualized, taking advantage of the optical
sectioning of MEANS-STED. (j, p) Intensity plots of the line indicated by the yellow arrows in i and o, respectively. Gaussian fitting of the data in j only
shows one slope with width of 214 nm, whereas the fitting in p indicates that the width of the hRSV-F is ~56 nm, and the distance between the split peaks
is ~119 nm. Scale bar=500 nm (f, l).
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~120 nm. The capability of achieving optical sectioning and high
lateral resolution is particularly appealing to biological applications
because the specimens are usually prone to strong light power.
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