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Improved spatiotemporal resolution of
anti-scattering super-resolution label-free
microscopy via synthetic wave 3D metalens
imaging

Yuting Xiao#*t, Lianwei Chen!?34t, Mingbo Pul?3** Mingfeng Xul?34,
Qi Zhang!#34, Yinghui Guo'?34, Tianqu Chen'?* and Xiangang Luo®2**

Super-resolution (SR) microscopy has dramatically enhanced our understanding of biological processes. However, scat-
tering media in thick specimens severely limits the spatial resolution, often rendering the images unclear or indistinguish-
able. Additionally, live-cell imaging faces challenges in achieving high temporal resolution for fast-moving subcellular
structures. Here, we present the principles of a synthetic wave microscopy (SWM) to extract three-dimensional informa-
tion from thick unlabeled specimens, where photobleaching and phototoxicity are avoided. SWM exploits multiple-wave
interferometry to reveal the specimen’s phase information in the area of interest, which is not affected by the scattering
media in the optical path. SWM achieves ~0.42 A/NA resolution at an imaging speed of up to 108 pixels/s. SWM proves
better temporal resolution and sensitivity than the most conventional microscopes currently available while maintaining
exceptional SR and anti-scattering capabilities. Penetrating through the scattering media is challenging for conventional
imaging techniques. Remarkably, SWM retains its efficacy even in conditions of low signal-to-noise ratios. It facilitates
the visualization of dynamic subcellular structures in live cells, encompassing tubular endoplasmic reticulum (ER), lipid
droplets, mitochondria, and lysosomes.

Keywords: super-resolution; anti-scattering; unlabeled; high temporal resolution

Xiao YT, Chen LW, Pu MB et al. Improved spatiotemporal resolution of anti-scattering super-resolution label-free microscopy via
synthetic wave 3D metalens imaging. Opto-Electron Sci 2, 230037 (2023).

Introduction anisms'~> and image diagnosis®*. However, live-cell mi-
Super-resolution (SR) fluorescence microscopy has croscopy techniques have long been severely limited be-
proved to be an incredible tool to advance science and cause photobleaching and phototoxicity are unavoidable
technology in investigations of cellular or subcellular as inherent properties of fluorescence imaging®'2.
structures. It has essential applications in disease mech- Quantitative phase microscopy (QPM) is a significant
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advancement in the next generation of label-free ima-
ging®, provides an alternative solution using refractive
index as an endogenous dye, and has gained several sig-
nificant advancements'*-1¢.

Imaging through scattering media remains a chal-
lenge in optical detection'’""°. These media, such as bio-
logical tissues, do not absorb light significantly; however,
they scramble the light path and challenge even low-res-
olution resolution'®. The high-contrast super-resolution
imaging is mainly limited to imaging depths of 0.1 to 1
pm, such as total internal reflection fluorescence struc-
tured illumination microscopy (TIRF-SIM) and grazing
incidence structured illumination microscopy (GI-
SIM)>*2!. The resolution and contrast are compromised
inside the cell's deep layers®>. Many approaches have
been demonstrated to overcome the scattering effects
and enable imaging or focusing capability through scat-
tering media**~**. The most direct method is ballistic op-
tical imaging, which filters out the scattered light based
on different characteristics, such as Kerr gate’*” and
confocal microscopy*-!. Confocal laser scanning micro-
scopy (CLSM) has been demonstrated highly axial resol-
ution and accurate phase contrast images, and one im-
portant milestone and promising frontier development is
the Laser
(LOSOM)?*2 Recently, laser-scanning gradient light in-

oblique scanning optical microscopy
terference microscopy (LS-GLIM) combined differential
interference contrast microscopy with CLSM to achieve
non-destructively confocal-level depth sectioning, sensit-
ivity, and chemical specificity on unlabeled specimens™.

However, due to motion artifacts of fast-moving sub-
cellular structures in live cells, most increases in spatial
resolution must be matched with an increase in tempor-
al resolution®’. LS technique and the serial detection of
several frames in phase-shifting methods suffer from low
throughput, which limits many applications that require
high temporal resolution, such as tubular endoplasmic
reticulum and neural circuits, due to motion artifacts of
fast-moving subcellular structures in live cells. Moreover,
the precise imaging of anisotropic structures has re-
mained a challenge for GLIM because two interfering
fields are horizontal and vertical. It is worth noticing that
many tissues and biological systems contain anisotropic
structures®’.

In this letter, we present the principles of a label-free
anti-scattering imaging method by integrating multiple
waves to overcome the above limitation. Here, we have
shown that conventional technique avoids photobleach-

https://doi.org/10.29026/0es.2023.230037

ing and phototoxicity in noise-free unlabeled images but
fails in authentic microscopic images containing noise.
Compared with normal optical imaging®, we verify that
the image quality of synthetic wave microscopy (SWM)
has significantly improved, from a blurred image with no
clear object features to super-resolution imaging. By ex-
ploiting the properties of synthetic waves to vary their
phase slowly, the interferometric signal is decoupled
from the incoherent, non-modulating background due to
multiple scattering. This enables us to penetrate scatter-
ing media and successfully image areas of interest. Addi-
tionally, SWM shares the capability of numerous scatter-
ing suppression with LS-GLIM, delivers 4x faster ima-
ging speed at an imaging speed of up to 10° pixels/s, and
has a more direct and integrated optical path by
abandoning liquid crystal modulators. Moreover, SWM
is unaffected by tissue polarization information and can
achieve polarization-insensitive imaging. By introducing
metalens, we demonstrate the SWM with the lateral res-
olution of 0.42 A/NA. Therefore, our SWM can improve
current anti-scattering techniques to push their spati-
otemporal resolution limits and better resolve intricate,
3D, and fast dynamics in live cells.

Metawave imaging model

Theoretical derivation

The essence of our approach is based on the fact when
two light waves with tiny wavelength differences trans-
mit through the scattering media, the phase delay intro-
duced by the scattering media is almost the same. Based
on this, we design one technique with two closely posi-
tioned focused light waves to detect the material prop-
erty at the focal point but ignoring the influence of the
scattering media in its optical paths. (See Supplementary
Section 1 for more information). The optical path and
image processing are presented in Fig. 1(a) and 1(b). The
synthetic wave source generation module comprises two
laser scanning devices and a beam splitter. The amp-
litude of two input electric fields is equal to A. The fre-
quencies of two input electric fields are w, and w,, re-
spectively. The initial phase of two input electric fields
are ¢, and ¢,, respectively. After combination, they form
a synthetic wave pulse:

E(t) —Aeil@rt+e) +Aei(wzt+¢2)
=2Acos [(Awt + Ag)/ 2] &@+9) (1)

where Aw and Ag are the frequency difference and phase
difference of the two sources, respectively, w and @ are
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Fig. 1| (a) The SWM system configuration comprises four main components: a synthetic wave source generation module, a metalens, a pinhole,

and a PMT. (b) The schematic diagram of the post-processing process. The first row is the four phase-shifting frames. The second row is the re-

constructed quantitative phase gradient image. The third row is the reconstructed quantitative phase image.

the average frequency and phase of the two sources, re-
spectively. The superimposed of two simple harmonics
with little frequency difference allows us to enlarge the
harmonics period from femtoseconds to picoseconds.
Considering that the photomultiplier tube (PMT)
already has accuracy at the picosecond level, the PMT
can accurately record the synthesized wave's envelope in-
tensity changes. It should be noted that the picosecond
period is not the limitation of this technique. The period
can be flexibly tuned by changing the frequencies of the
two synthetic waves. Picosecond period is chosen to bal-
ance the performance of the detector and the scanning

speed.

I(r,t) = (|E(r,0)[*)

=2A[1+ cos ((Awt + Ap(r)))] , (2)

where r denotes the pixels in the sample, Ag(r) denotes
the phase difference between the two waves.

In this case, the phase image Ag(r) is determined from

four intensity —measurements

t=0,T/4,T/2,3T/4, termed as four-step phase-meas-

corresponding  to

uring method. Here, T denotes the envelope period of
the synthetic wave. It should be noted that for a more
general case, more points in the harmonic period can be
chosen to improve the accuracy of the phase detection:

Ag(r) =arg{[I(r,3T/4) — I(r, T/4)],
[1(r, T/2) = I(r, 0)]} - 3)
We used the shear distance value dr, greater than or
equal to the focal spot size.

Ap(r) = @(r+ 0r) — ¢(r) = V,9(r)dr , (4)
where V,¢(r) denotes the phase gradient along the r dir-
ection at a point r on the sample.

Now we convert the coordinate system to a cartesian
coordinate system for data post-processing. We obtain

the phase gradient along the direction of the shear (x-
direction):

X+ 0x,y) — o(x,
Vgl y) = LEEED Z00)),

(5)

where (x,y) denotes the pixels in the sample, Jx de-
notes shear distance value along the x direction.
To integrate the measured phase map, we perform a
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cumulative sum along the direction of the shear direc-

tion:

p(x.7) = [ [Vep(¥,p)dx +9(0.5),  (6)

where ¢(0, y) is the initial value, which is obtained with
some prior knowledge of the specimen. For example, if
(0,y) is a background location, the phase ¢(0, y) should
be set to 0 radians (See Supplementary Section 2 for
more information).

When imaged in a transmission configuration, the ex-

pected phase shift from a phase step object is

2
plx.y) = Tonlx.p)d(x.y) . @)

where A is the wavelength of the illumination, n(x, y) is
the refractive index, and d(x,y) is the height. The
wavelengths of the two sub-waves are nearly identical, so
we refer to A as 1064 nm. In modern laser technology,
high-stability lasers can achieve highly narrow linewidths
in the sub-hertz range*®®, and the corresponding
wavelength linewidth (A1) can be converted to less than
10% m using the formula A = Av - A*/ c. This allows us

to use two lasers with minimal wavelength differences.

The design of SWM

Figure 1(a) illustrates the SWM system configuration,
which comprises four main components: a synthetic
wave source generation module, a metalens, a pinhole,
and a PMT. The synthetic wave source generation mod-
ule consists of two collimated continuous-wave (CW)
lasers, two laser scanning modules and a beam splitter.
Two CW lasers at 1064 nm and 1064.1 nm pass through
the beam splitter and are focused by a metalens. For the
imaging of bio samples, the laser power needs to be con-
trolled to avoid damaging the samples, which is chosen
to be ~1 mW. The scanning modules control the light
source with different tilt angles to generate different
beam shear distance values on the sample, the sample is
placed at the focal plane of metalens. The pinhole is
placed at twice the focal length of the metalens, and the
size is chosen to be 40 um. Then, the light source passes
through a pinhole and is recorded by PMT with ps-level
detection time accuracy (See Supplementary Section 6
for more information). In our experiments, each point of
the sample is scanned over a total time length of
At; =107° s (the speed of the scanning module) with a
step size of At, =107" s (the rate of PMT), so imaging

1
speed reaches 10° pixel/s (E). In this condition, the lim-
1
iting factor is the capability of the scanning module. It is
1
possible to achieve ~10"! pixels/s (> E) imaging if the
2

scanning module's speed is further increased to match
the rate of the PMT. Therefore, SWM is a suitable tech-
nique for observing living cells over long periods, in large
areas, and with high temporal resolution. As shown in
Fig. 1(b), four differential interference phase contrast
(DIC) frames are used to reconstruct the quantitative
phase image in post-processing. We obtain the phase
gradient diagram using Eq. (3) with the four intensity
maps provided. By utilizing the provided phase gradient,
we integrate along the gradient direction using Eq. (6) to
obtain the phase value. Notably, employing a greater
number of frames enhances phase reconstruction accur-
acy (See Supplementary Section 2 for more information).

The Abbe diffraction limit refers to the minimum res-
olution distance expressed by A/2NA*. Rayleigh further
pointed out that the Rayleigh criterion for physical two-
point resolution is 1 Airy spot (0.61A/NA)*. Con-
sequently, the minimum distance that a focusing ima-
ging system can resolve is nearly the radius of the Airy
spot, which is the focal spot size of the optical system.
Compared with the traditional optical lens, the metalens
is much more attractive due to its distinct advantages of
powerful focusing capabilities*~**. Hence, we design a
metalens to achieve super-resolution imaging. Si and
Al,O3 are used considering large-area fabrication feasib-
ility and their common usage in near-infrared (NIR)
light. As shown in Fig. 2(a), the meta-atom comprises a
Si nanopillar and a rectangular lattice Al,O3 substrate.
Considering fabrication feasibility, the nanopillar height
was chosen to be 700 nm. Then, we calculate the amp-
litude and phase delay of meta-atom using rigorous
coupled wave analysis (RCWA) solver RETICOLO. As
shown in Fig. 2(b) and Fig. 2(c), Lattice constant ranges
from 400 to 700 nm to avoid higher order diffraction and
duty cycle ranges from 0 to 1. As shown in Fig. 2(d),
when we choose a constant period of P = 500 nm, the
transmission efficiency is close to 100% and full 2r phase
coverage is achieved as the width changes from 100 to
320 nm. After scanning the unit cell structure, we ar-
range the meta-atoms based on the ideal phase profiles.
The calculated ideal phase profile of the designed
metalens is shown in Fig. 2(e) and the schematic of de-
signed metalens operating in transmission mode is

shown in Fig. 2(f). The next step involves utilizing
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Fig. 2 | (a) The unit cell of the metalens is shown from both a top view and a side view. (b) The transmission coefficient's amplitude and (c) its

phase delay for square lattice periodic nanopillar transmit arrays as a function of duty cycles of the nanopillars and the lattice constant. The

square lattice period of 500 nm is indicated by a white dashed line. (d) The amplitude and phase of the transmission coefficient with a fixed lat-

tice constant of 500 nm while varying the width of the nanopillars. (e) The calculated phase profile. (f) The schematic of metalens operating in

transmission mode.

techniques such as super-oscillatory lenses® or micro-
spheres®~? to further enhance the resolution, which is
beyond the scope of this work. We investigate the influ-
ence of different size for metalens performance. (See

Supplementary Section 3 for more information)

Results and discussion

Resolution investigation

A commercial electromagnetic software (Lumerical
FDTD solutions) analyzes electromagnetic properties
based on the finite-difference time-domain method. In
the simulations, the cutoff of convergence accuracy is set
as 107°. Considering rapidly changing spatial profiles and
the feasible computation time, a medium size aperture of
20 um (about 191) is chosen as the computation time in-
creases significantly with the increment of metalens size.
A commercial electromagnetic software (Lumerical

FDTD solutions) analyzes electromagnetic properties

based on the finite-difference time-domain method. In
the simulations, the cutoff of convergence accuracy is set
as 107°. To achieve high spatial resolution, a focal length
of 5 um is chosen (NA = 0.89). The parameters in the
text are designed for verifying the concept. However,
metalens with a diameter of 2 inches is entirely feasible
in actual production, has been demonstrated image qual-
ities comparable to a state-of-the-art commercial object-
ive®®. Note that, theoretically with the introduction of the
scanning galvanometers (scanning angle of +11 degrees)
and the fabricated metalens (focal length of 200 mm),
SWM would have an imaging field of 1224 mm?. This
can be further extended if the sample is mounted on a
mechanical translational stage that can further shift the
imaging area.

The focusing characteristics of metalens are character-
ized in detail. We start from the light incident in a nor-
mal direction. Figure 3(a) shows the normalized intens-
ity distribution in the x-y plane and the 1D distribution
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Fig. 3 | (a) Normalized intensity distribution when metawave source is incident normally. The first row is 2D distribution. The dotted line indicates

the Airy spot area. The second row is 1D distribution along the x- and y-direction. The arrow indicates the FWHM of focus spot. (b) Lateral resolu-

tion as a function of incident angles. (c) Normalized intensity profiles of the focal spot for different incident angles x-y plane. (d) Normalized in-

tensity distribution along the x-direction in the x-y plane when metawave source is incident with different angles. The arrow represents the resolu-

tion of the SWM. The incident angles are 2.5°, 2°, 1.9° and 1.8°, respectively. D represents the distance between the centers of two focused light

spots.

along the x- and y-direction. The full width at half max-
imum (FWHM) along the x-direction is 0.42 A/NA due
to the intensity of the sidelobe increases, leading to the
super-diffraction focusing phenomenon along the x-dir-
ection, which is due to its remarkable ability to manipu-
late electromagnetic waves at subwavelength dimen-
sions®*~>*, Figure 3(b) shows lateral resolution as a func-
tion of incident angles. In theory, the minimum resolu-
tion of SWM is achieved when the distance between the
centers of the two focal spots is nearly equal to FWHM.
Figure 3(c) presents the normalized intensity distribu-
tion in the x-y plane. Figure 3(d) presents the normal-
ized intensity distribution in the 1D distribution along
the x-direction. The synthetic wave source incident
angles are 2.5°, 2°, 1.9° and 1.8° respectively. It con-
firmed that the SWM achieves a super-resolution of 0.42
ANA when the metalens is illuminated by two x-polar-
ized plane waves with incident angles of +1.8°.

Anti-scattering capability investigation
We test the anti-scattering capability by changing com-

plexity of the scattering media and the dielectric layer
distance from the sample. Firstly, we reconstruct phase
without scattering media. The ideal phase difference
ranges over 21 radians with a step size of 0.25n radians
(Mg, (i) = i* Z, i=0,1,..

normalized intensity curve recorded by PMT during one

7). Figure 4(a) presents the

synthetic wave period for different ideal phase differ-
ences. Secondly, we establish a model for imaging
through a scattering dielectric layer (Fig. 4(b)). On the
left-hand side, the abrupt phase of the scattering phase
plane is set to the maximum phase multiplied by a ran-
dom number (0~1). It represents a scattering media with
totally random distribution and full period phase dis-
turbance, which stands for the worst imaging conditions
for most cases. We change the complexity of the scatter-
ing media by varying the maximum phase. Figure 4(c)
shows the reconstruction results (Ag, (i),i=0,1,...7)
when scattering media layer in the same focal distances.
The reconstruction results closely match the real values

represented by the red lines, when the maximum phase is
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0.5m. Even when the maximum phase is , there is only a
minor discrepancy. It means that SWM can generate
high-contrast images and are not affected by the scatter
in the optical path. The reconstruction results deviate
from the real values when the maximum phase is 1.57.
This phenomenon is due to less ballistic light and more
multiple-scattered light reach the ideal focus point as the
maximum phase increases.

Next, we assess the impact both of complexity of the
scattering media and the dielectric layer distance from
the sample. We establish a criterion to evaluate the anti-
scattering capability of SWM, which is calculated as the
average measurement error between the reconstructed
> 9 () — 90 ()]

8
In Fig. 4(d) and 4(e) , it can be observed that as the scat-

tering phase screen gets closer to the specimen, the error

phase and theideal phase error =

increases. This phenomenon occurs due to the reduction
in the overlap area between the two beams. Even when
the maximum interference phase is equal to 0.57, the av-
erage error of different distance is less than 0.1 radians.
In this case, it is possible to image the target object

clearly (as demonstrated in Fig. 5). The anti-scattering

capability achieved with the SWM is directly related to
two effects. First, the wavelengths of the two sub-waves
are nearly identical. Secondly, the two interference fields
are also nearly identical except for a small transverse
shift in spatial. Consequently, the two fields suffer equal
degradation, and interferometry remains unchanged. We
conduct an additional simulation to further demonstrate
the capability of the proposed method under a realistic
optical condition (See Supplementary Section 4 for more

information).

Imaging result

We compare the temporal resolution of LS-GLIM and
SWM. The acquisition time of each frame depends on
the dwell time and pixel numbers set for the image ac-
quisition. Given an image case with the same acquisition
time of ~1 s and the same dwell time of 1 ps/pixel: In LS-
GLIM, we obtain an image with 500 x 500 pixels for 1
frame. In SWM, we obtain an image with 1000 x 1000
pixels for 1 frame. As shown in Fig5(a), we image a
neuron cell without the scattering layer using LS-GLIM
and SWM, respectively. The temporal resolution of
SWM surpasses that of LS-GLIM, and SWM offers a
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Fig. 5| (a) LS-GLIM image and SWM image taken without the scattering layer. (b) traditional image taken with the scattering layer. (c) SWM im-

age taken with the scattering layer.

fourfold greater field of view compared to LS-GLIM.
This phenomenon occurs due to LS-GLIM needs the li-
quid crystal to modulate the phase shift between the two
orthogonal polarizations after each intensity frame is re-
corded® and SWM abandons liquid crystal modulators
by leveraging the temporal variation of intensity in syn-
thesized waves.

We image a neuron cell over a 90 umx90 um field of
view to compare the anti-scattering capability of tradi-
tional QPM" and SWM. It is important to note that we
did not actually perform experimental tests with biolo-
gical samples, but rather used data from the literature'
for imaging comparisons for proof-of-concept of the su-
periority of our imaging. Conducting imaging experi-
ments on biological samples is the next step in our work,
and all sample preparation procedures involving anim-
als need to be reviewed and approved by the ministry of
health. The scattering layer maximum phase is set to
0.1m, 0.25m and 0.57w, respectively. SWM could achieve
anti-scattering imaging because the two interfering fields
are almost identical except for a small transverse spatial
shift. The two fields suffer equal degradation due to mul-
tiple scattering, so interferometry remains unchanged,
thus allowing it to resolve high-quality images with

greater depth and accuracy compared to traditional ima-
ging techniques. As shown in Fig. 5(b), at a maximum
phase ~0.1m, a substantial fraction of the light has been
scattered, resulting in a blurry background, obscuring
the object features. At a maximum phase of ~0.5m, essen-
tially all of the light has been scattered, and the conven-
tional image degrades to the point where no sharp object
features can be seen. As depicted in Fig. 5(c), SWM al-
lows for clear visualization of the nucleolus and the
dendrites of the neuron cell. Supplementary Video 1 and
Section 7 illustrate the anti-scattering capability of SWM
on unlabeled dynamic neurons for 10 s time-lapse ima-
ging. The SWM image records the dynamic changes of
neuronal cells and does not suffer from scattering medi-
um, phototoxicity, or photobleaching while maintaining
a super-resolution image with high contrast. As a result,
SWM is suitable for the non-destructive study of living
cellular systems over long periods of time. We make a
comprehensive comparison among 5 different optical
imaging techniques in spatial resolution, temporal resol-
ution, live-cell compatibility, and anti-scattering capabil-
ity level. (See Supplementary Section 5 for more inform-

ation)
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Conclusions

In summary, we present a label-free anti-scattering ima-
ging method by the integration of multiple waves. In
comparison to the most advanced QPW techniques,
SWM excels in extending the temporal resolution and is
not influenced by polarization information. Under the
same measurement time, SWM enables a fourfold expan-
sion of the imaged field of view. Most importantly, SWM
exhibits superior anti-scattering performance in compar-
ison to traditional QPW techniques, such that it resolves
high-quality images with greater depth and accuracy. We
anticipate that SWM can be potentially adopted at a
broad scale because a SW source generation module can
be readily added to many existing microscopy systems,
such as structured illumination microscopy and con-
focal microscopy. We hope that the results presented
here can serve as an important step toward the field of
optical detection, which has significant implications for
various fields, including medical imaging, industrial in-
spection, and scientific research.
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