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ABSTRACT: Cellular-resolution optical coherence tomogra-
phy (OCT) is a powerful tool offering noninvasive histology-
like imaging. However, like other optical microscopy tools, a
high numerical aperture (N.A.) lens is required to generate a
tight focus, generating a narrow depth of field, which
necessitates dynamic focusing and limiting the imaging speed.
To overcome this limitation, we developed a metasurface
platform that generates multiple axial foci, which multiplies the
volumetric OCT imaging speed by offering several focal planes.
This platform offers accurate and flexible control over the
number, positions, and intensities of axial foci generated. All-
glass metasurface optical elements 8 mm in diameter are
fabricated from fused-silica wafers and implemented into our

XY, Z=40pm XY, Z= 80pm

3-Foci beam Gaussian beam

scanning OCT system. With a constant lateral resolution of 1.1 ym over all depths, the multifocal OCT triples the volumetric
acquisition speed for dermatological imaging, while still clearly revealing features of stratum corneum, epidermal cells, and
dermal-epidermal junctions and offering morphological information as diagnostic criteria for basal cell carcinoma. The
imaging speed can be further improved in a sparse sample, e.g., 7-fold with a seven-foci beam. In summary, this work
demonstrates the concept of metasurface-based multifocal OCT for rapid virtual biopsy, further providing insights for
developing rapid volumetric imaging systems with high resolution and compact volume.
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n the past three decades, optical coherence tomography

(OCT) has evolved into a versatile platform for non-

invasive imaging, impacting a variety of biomedical fields,
includin§ ophthalmology,1 cardiology,2 angiography,3 neuro-
science, gastroenterology,5 dentistry,” and dermatology.7
Although OCT has a millimeter-scale depth detection range,
it suffers from a limited depth of focus (DOF) especially when
a high numerical aperture (N.A.) lens is used to achieve
cellular resolution. This weakness makes dynamic focusing®’
crucial for high-resolution 3D imaging, where the focus is
axially translated through the scattering tissue and the
volumetric image is reconstructed after through Z-stacking.
However, dynamic focusing does not utilize the full depth of
OCT’s detection range and lowers its 3D imaging rate. Current
approaches to solve this limitation center around methods for
extending the DOF, including digital focusing,m’11 Bessel
beams,’ annular phase filters,'® and the multibeam
method.'® Generally, these approaches suffer from a myriad
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of issues including a loss in signal-to-noise ratio (SNR), low
photon efficiency, performance degradation in dense samples
(e.g, skin), and artifacts caused by sidelobes or axial-intensity
oscillation. Previously, we developed a needle-shaped beam
(NB) with a 20X objective to extend the DOF in OCT'”'® for
dermatological imaging. However, the resolution of a 20X lens
is insufficient for disease diagnosis in some human skin
disorders, necessitating a beam focused via a 40X objective.
However, 40X objective NBs have significantly reduced energy
efficiency, which result in a low SNR.
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Figure 1. Principle of multifocal metasurface. (a) Multifocal metasurface composed of multiple phases of M foci via random spatial
multiplexing. (b) Multifocal metasurfaces (MS) combine with a lens (L) to create hybrid lenses capable of generating multifocal beams.
Simulations of four distinct multifocal beams are shown in linear scale. (c) With multifocal metasurfaces, OCT can generate two, three, or
seven focal planes, as experimentally confirmed by OCT B-scans of 0.8 m PS beads (displayed in logarithmic scale). Gaussian beam has one

focal plane. The four multifocal beams correspond to the ones in

(b).

To balance the trade-off between volumetric imaging speed
and image quality, we propose a multifocal metasurface
platform based on random spatial multiplexing, which can
flexibly adjust the number, positions, and intensities of axial
foci. This approach accelerates the imaging rate by generating
several focal planes with minorly reduced image quality. We
experimentally demonstrated metasurface-based multifocal
OCT for rapid high-resolution skin imaging, which offers
cellular resolution in the volumetric image while simulta-
neously granting a 3-fold increase in imaging rate compared to
normal dynamic focusing. This tool can enable the diagnosis of
more subtle skin conditions such as cutaneous autoimmune
diseases, eczematous conditions, or melanocytic neoplasms
which require higher magnification with cellular resolution for
diagnosis.'” More generally, this multifocal metasurface
platform demonstrates promising applications across a broad
range of microscopic systems, including confocal,” multi-
photon,”" and photoacoustic imaging,”* where it is able to
significantly increase the volumetric imaging speed while
maintaining identical 3D spatial resolution.

Here, we utilize a metasurface rather than a diffractive
optical element (DOE)"” for two reasons. First, it has several
fabrication advantages: its binary structure eliminates the mask
alignment issue, the single lithography utilized is more efficient
compared to the fabrication of the multilevel DOE, and
scalable fabrication is possible when using optical stepper
lithography.”* Second, the high pixel density of metasurface is
more suitable for random spatial multiplexing, contributing to
multifunctionality.”> Metasurface features the manipulation of
various light properties with ultrathin flat optical components*®
and shows potential in nearly every aspect of light research.””**
Applying flat optics of metasurface to biomedical imaging is an
emerging trend”” and has been studied in brightfield and
differentiated microscopic imaging,’® endoscopic OCT,*!
super resolution imaging,”> two-photon imaging,> and
extended-DOF OCT.** However, to the best of our knowl-
edge, no previous work has demonstrated cellular-resolution
imaging of human tissues using metasurfaces, and the value of
metasurface in clinical diagnosis remains somewhat unclear.
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Furthermore, the current apertures of metasurface optics in
biomedical imaging are relatively small (usually a few hundreds
of micrometers in diameter), resulting in short focal lengths
(or working distances), small fields-of-view (FOV), incom-
patibilities with scanners (e.g., galvo mirror), and an inability
to deal with large diameter laser beams (e.g, millimeters in
diameter). This work aims to solve these problems. We
fabricated all-glass metasurface optics 8 mm in diameter from
fused-silica wafer and integrated these flat optics into our
scanning OCT system. We chose an all-silica design to simplify
the fabrication process and selected fused silica due to its
excellent transmission across the ultraviolet to infrared
spectrum, including the OCT spectrum. Since a metalens has
rampant chromatic dispersion,”*® especially in cases with a
large diameter’” and millimeter-level focal length,*® we bypass
a multifocal metalens in this work and instead use a hybrid
lens™* composed of a metasurface multifocal generator and
an achromatic objective. We have experimentally proven the
hybrid design is a pragmatic and reliable solution.

RESULTS AND DISCUSSION

Principle of Multifocal Beam. To axially generate
multiple foci, as illustrated in Figure 1la, the metasurface
phase is formulated as

M

Py, y) = 2 {[Prens(, 3, fm) = B, ,foo)] XA, (x, )}

m=1

where (x,y) is the planar coordinate, M is the foci number, f,, is
the destinated focal position, f, is the focal length of the
objective cooperating with the multifocal metasurface,

P, = 2m[\f* — (x* +y*) — f1/4 is the lens phase profile,

A is the light wavelength, n is the diffractive index of the
surroundings, and A,,(x,y) is a binary matrix working as the
allocator to randomly assign metasurface pixels to different
foci. The combination of multifocal metasurface and the
objective in Figure 1b gives the phase modulation of

Efle [Pens(®, 9, f) X A, (x, y)]. Assuming an incident
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Figure 2. Metasurface design and fabrication. (a) Phase modulation library of SiO, nanopillars with varying diameters ranging from 340 to
850 nm on the silica substrate. (b) Simulated phase map of the various nanopillar diameters for the wavelengths 800—1050 nm. (c) An
optical photograph of the fabricated metasurface. (d) SEM images of the nanopillars.
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Figure 3. Characterization of multifocal beams. Beam profiles of Gaussian beam, two-foci beam 1 (2Foci-1), two-foci beam 2 (2Foci-2) and
three foci beam (3Foci) in (a) XZ plane and (b) XY planes and their (c) axial intensity profiles and (d) beam diameters along the depth.

beam has a Gaussian amplitude of G(x,y), the beam modulated is equally allocated among foci, and focal intensity is inversely
by the metasurface phase is proportional to the square of the number of foci. We fabricated
M four multifocal metasurfaces which correspond with the four
Z (G(x, y) X expli X P (x, y, ) X A, (x, »)]} multifocal beams in Figure 1b and tested them in our OCT

system (Figure Sla). With the help of the multifocal

m=1
M metasurfaces, the OCT can generate two, three, or even
_ Glx. v) X exoli X P (x A (x seven focal planes, as experimentally demonstrated by OCT B-
m§1 (Gl y) pl Lo, 92 £,)] w6 )} scans (XZ planes) of 0.8 ym polystyrene (PS) beads in Figure
lc.
We set {G(x, y) X expli X B, (x, y, fm)]} as F,,(x, y, fm) Metasurface Implementation. The schematic of meta-
The generated light field is surface design process is given in Figure S2a. We created

fo:l {FTIE,,(x, y, f )] ® FT[A, (x, y)]} and FT denotes metast.lrfaces from a thin f.used silica plate with SiO, cylindrical
m nanopillars of various diameters to modulate phase delay.

Rotationally symmetric elements ensure nonpolarization
focus located at f,. Here we use F(x,y, fm) to represent sensitivity. The relative phase delay of transmitted light in

FT[F,,(x, y, f.)] for simplification. Since the distribution of nanopillars with varying diameters was calculated with respect
" to light propagation in the narrowest nanopillar. These

An(xy) = 1 is random over the entire metasurface, calculations were performed by simulations using the finite
FT[A,,(x, y)] approximates (x,y) X R,, where §(x,y) is the cP v . &

om ; NI o ! element analysis tool (electromagnetic waves frequency

unit impulse function and R,, is the ratio between the number domain, COMSOL Multiphysics). Our OCT system has a
of pixels allocated to focus f,, and the total number of the . ’ YR, Y

- ] ) light source centered at 910 nm with a bandwidth of 200 nm

metasurface pixels. The light field s expressed as 19 3 40x water-immersion objective (UMPLFLN40XW,

2ot [F(x, 3, f ) X R,,], implying multiple foci are generated Olympus) of a focal length of 4.5 mm. We first built the

Fourier transform. FT[E,, (x, y, fm)] is the function for the

from fi, ...,fy, and the energy distribution among the foci is transmission phase library for 910 nm light in Figure 2a, and
controlled by R;, ..,R). As demonstrated by the simulated pixel size is 1 um and each pixel has a nanopillar with a
multifocal beams in Figure 1b, the number and locations of constant height of 3.0 um. The phase delay at 910 nm is
foci can be flexibly changed. In Figure 1b, incident light energy modulated from 0 to 27 by changing the nanopillar diameter
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Figure 4. Volumetric imaging of 0.8 gm PS beads by Gaussian, two-foci (2Foci-1 and 2Foci-2), and three-foci (3Foci) beams. (a) Maximum
intensity projections, scale bar = 25 ym. (b) XY images at different depths by Gaussian, 2Foci-1, 2Foci-2, and 3Foci beams. (c) The axial
intensity profiles, (d) bead diameters at different depths, and (e) the SNR ratios along the depth are measured from the volumetric images.

from 340 to 850 nm. We chose 16 discrete diameters to cover
[0, 2], achieving the phase step of /8, and then scanned the
entire wavelength range generating a phase map shown in
Figure 2b. Chromatic aberration is discussed in Figure S3. The
fabrication was based on e-beam lithography and inductively
coupled plasma (ICP) etching (Figure S2b). The fabricated
pillars have a taper angle around 2° (Figure S2c). The disparity
between the ideal vertical sidewall and the real tapered sidewall
was accounted for in the aforementioned simulations. Figure
2c gives a full view of the metasurface plate (VHX-6000,
Keyence) and Figure 2d is a scanning electron micrograph
(Nova NanoSEM 450, FEI) revealing the nanopillars.
Multifocal Beams for OCT. Our multifocal metasurface
shows significant design flexibility. The number, axial locations,
and energy allocation of independent foci are readily
controlled by the parameters of f;, ...fy and Ry, ..,Ry. Since
the samples for OCT skin imaging are usually dense with
strong light absorption, we purposely limit the number of foci
to achieve a higher power of each focus. As shown in Figure 3,
we chose three multifocal beams for OCT imaging: the two
foci beam 1 (2Foci-1) has an axial interval of 40 ym with
metasurface pixels equally allocated to both foci (R, = 50%, R,
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= 50%), the two foci beam 2 (2Foci-2) has an identical interval
of 40 um and different pixel ratios (R, = 45%, R, = 55%), and
the three foci beam (3Foci) similarly has a 40 gm interval with
ratios R; = 27%, R, = 33%, and R; = 40%. The profiles of the
three beams were measured using the tool shown in Figure S1b
with the OCT light source (910 = 100 nm). As proven by the
XZ profiles in Figure 3a, the foci positions of all three
multifocal beams are coincident with their design. Figure 3b
shows the beam’s cross-sectional profiles at five depths,
demonstrating each focus has a circular Gaussian profile. The
axial intensity distributions of the normal Gaussian beam and
the three multifocal beams are given in Figure 3c. The intensity
ratio between the two foci of 2Foci-1 is 50:50, the intensity
ratio of 2Foci-2 is 46:54, and the intensity ratio of 3Foci is
25:36:39. The experimental ratios were concordant with the
designed values, demonstrating the accuracy of our method.
Figure 3d compares the beam diameters of the multifocal
beams and the focused Gaussian beam. All foci have a diameter
of 1.0—1.1 ym and a DOF of 6 pm. In Figure 3 and following
Figure 4, the focal position of the 40X objective is set as Z = 0.
The focal lengths for 2Foci beams and 3Foci beams are
respectively 4.5 mm 20 pm as well as 4.5 mm + (—40 ym, 0
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um, 40 um). All the foci have an identical focal size because of
negligible differences in focal lengths.

The Gaussian beam and the three multifocal beams were
characterized in our OCT system (Figure Sla) using 0.8 ym
PS beads. The resultant B-scans are shown in Figure lc. The
maximum intensity projections of the beads along the depth
direction (Figure 4a) shows that the Gaussian beam can only
acquire clear bead profiles from a thin depth layer with a
relatively low number of beads in the field-of-view (FOV).
Contrastingly, the 2Foci-1 and 2Foci-2 beams can clearly
resolve beads from two focal planes, providing significantly
more useful information in the same data acquisition process.
Similarly, the 3Foci beam can reveal the most beads, as it
captures data along three focal planes. Figure 4b gives the XY-
planes at five depths. While the Gaussian beam distinguishes
beads clearly at Z = 0, the bead profiles enlarge significantly in
the unfocused depths. Both two-foci beam profiles resolve the
beads accurately at Z = —20 and 20 pm, and three-foci beam
shows clear resolution at Z = —40 um, 0, and 40 um.
Additional bead phantom imaging details are available in
Figures S4—S7. Axial intensities of the four beams were
measured from the bead phantom volume and are plotted in
Figure 4c. As previously stated, the multifocal beam is

formulated as Zle [F(x, 5, f) X R,,] and the intensity is

2
predicted by {Zf\::l [F(x, y, fm) X Rm]} . The intensity ratio

between the two foci of 2Foci-1 is 51:49, close to the design of
(50:50)* = 50:50. The intensity ratio in 2Foci-2 is 41:59
similar to the designed (45:55)* = 40:60. The ratio in 3Foci is
25:31:44 and is approximate to the design of (27:33:40)*
21:31:48. It is worth mentioning that the intensity ratio in the
camera-acquired images (Figure 2) is linear to Ry, ..,Ry,, since
the light source is wideband low-coherence and the camera
imaging has no dispersion compensation (digitally or physi-
cally) that is commonly used in OCT. Bead diameters were
measured to evaluate resolution (Figure 4d). All beams present
comparable resolution power around their focal planes with
the measured bead diameter around 1.1—1.2 pgm. The signal-
to-noise ratios (SNRs) along the depths of 3D bead images are
shown in Figure 4e. Here, SNR = (peak intensity — average
background intensity) + standard deviation of background
intensity. The multifocal beams outperform Gaussian beam in
SNR at their focal planes.

For OCT virtual biopsy, 2Foci-2 and 3Foci beams were
selected for two reasons. First, the intensity of a single focus is

proportional to (R,,). In other words, basically focal intensity
is inversely proportional to the square of number of foci.
Ideally, the signal intensity of a two-foci beam is around 25% of
that in a Gaussian beam, while a three-foci beam is roughly
10% of a Gaussian’s intensity. Also, the maximum SNR of a
multifocal beam decreases with increasing foci number, as
proved in Figure 4e. We tested two-, three-, four-, five-, and
seven-foci beams and found two-foci and three-foci beams are
the most pragmatic and reliable for dense and highly scattering
samples. Additionally, the efficiency of a metasurface is not
100%, and thus it is critical to accurately determine the number
to ensure sufficient energy for each focus. According to our
OCT experiments, the efficiency of two-foci metasurface is
about 70% and the efficiency of three-foci metasurface plate is
about 85%. Second, 2Foci-2 and 3Foci beams are designed to
deliver more energy to deeper focus/foci, allowing us to
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enhance SNR from deep regions in highly light-absorbing
samples.

Rapid High-Resolution Cellular Imaging. Currently,
cellular-resolution imaging is achieved with a high N.A. lens
and is limited within the lens’ short DOF. OCT imaging using
a 40X objective was conducted on normal skin obtained from
the nasal side-wall of a 74-year-old man (Figure Sa). The focal

XY, Z= 80pm

XY, Z= 40pm

Figure 5. OCT imaging of normal human nasal skin by (a)
Gaussian, (b) two-foci (2Foci-2), and (c) three-foci (3Foci)
beams. The Gaussian beam is focused on the skin’s surface (Z = 0)
and one bright layer is observed in B-scan (XZ-plane). The first
focus of 2Foci-2 and 3Foci beams are placed on the skin’s surface
with two and three focal planes captured in B-scans. At Z = 0, all
three beams resolve identical structures in the stratum corneum,
e.g., the feature marked by the orange arrows. Both 2Foci-2 and
3Foci reveal epidermal cells at Z = 40 pm. 3Foci beam further
resolves cells at Z = 80 ym. Several epidermal cells are indicated by
red arrows. Scale bar = 30 ym.

plane was located at the skin surface (Z = 0). While the
features of the stratum corneum are clearly visualized, the
images from the epidermis area are too blurry to distinguish, as
illustrated by the XY planes at Z = 40 and 80 pm. With the
two-foci beam (2Foci-2), two focal planes are generated in the
B-scan (Figure Sb), and stratum corneum at Z = 0 and the
epidermal cells at Z = 40 um are exactly profiled. The OCT
system utilizing the three-foci beam (3Foci) can reliably
acquire cellular-resolution images from three focal planes
simultaneously. Cells are easily resolved at the discrete depths
of Z=0,Z =40 um, and Z = 80 um. These experimental
results demonstrate that multifocal beams can collect highly
detailed image data from multiple planes, gathering 2- to 3-fold
the volume of a Gaussian beam under identical parameters.
To perform high-resolution volumetric imaging, dynamic
focusing is utilized. The focal plane is axially translated to scan
consecutive stepwise depths. After every translation, the
sample is imaged volumetrically again and only the layers
within the DOF are extracted to store. Finally, all the stored
layers are digitally reconstructed to form the entire high-
resolution 3D image. In theory, the number of axial
movements (Z-stacks) is inversely proportional to the number
of foci of the beam. Theoretically, the two-foci or three foci
metasurface beams only requires half or one-third of the
number of Z-stacks compared to the Gaussian beam, allowing
significantly faster cellular-resolution skin imaging.
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Figure 6. Volumetric imaging of normal human nasal skin by Gaussian with 42 Z-stacks, two-foci (2Foci-2) with 21 Z-stacks, and three-foci
(3Foci) beams with 16 Z-stacks. The sample volume is 250 gm X 250 pm X 250 gm (X X Y X Z). (a—c) In the 3D images captured by the
three beams, the stratum corneum, epidermis, and dermis are equally and clearly identified. The extracted B-scan (located at Y = 125 pm)
shows the same cells can be identified across all three volumes, with some examples denoted by red arrows. Scale bar = 40 ym. (d—f) XY
images at different depths across all three beams demonstrate equivalent image qualities, showing the features in the stratum corneum
(marked by orange arrows), epidermal cells (red arrows), and dermal-epidermal junctions (white circles). SC, stratum corneum; ED,
epidermis; D, dermis.

a

Figure 7. Volumetric imaging of a BCC nasal sample by the three-foci (3Foci) beam (imaging volume, X X Y X Z = 250 ym X 250 gm X 250
pm). (a) 3D imaging, scale bar = 40 gm. (b) The B-scan (XZ plane) located at Y = 120 ym. (c—e) The XY cross sections at three depths. SC,
stratum corneum; ED, epidermis; D, dermis.

The Z-stacked volumetric images of the normal human skin three-foci beam (3Foci) first scanned the depths from Z = 0 to
sample are shown in Figure 6. The sample volume is 250 ym X Z =120 pm, and then used its second and third foci to detect
250 pm X 250 pm (X X Y X Z) and the axial interval of the remaining area (from Z = 120 ym to Z = 250 um). The
dynamic focusing is 6 ym. The Gaussian beam was initially first focus was not applied to the deeper area in this sample as
focused at the skin’s surface (Z = 0) and was axially translated the first focus’s SNR was relatively weak. The 3Foci beam
to Z = 250 ym in 6 um steps between scans, generating 42 Z- captured 16 Z-stacks. Referring to Figure 6a—c, all three beams
stacks. For the two-foci beam (2Foci-2), its two foci were can generate high-quality cellular-resolution 3D images where
initially located on Z = 0 and Z = 40 um respectively, and it the stratum corneum, epidermis, and dermis are -easily
scanned the depth range 0—80 pm with the same step interval recognizable. We can identify the exact same cells across all
of 6 ym. In order to avoid scanning previously scanned three volumes (marked by red arrows) in extracted B-scans. In
regions, its foci were relocated to Z = 80 ym and Z = 120 um Figure 6¢c, some deep cells seem a little larger since 3Foci
respectively, whereafter it scanned the depth range of 80—160 beam’s SNR is lower, as shown in Figure 4e, thus weak signals
pm. This jumping pattern was then employed across the entire from a deep cell (especially for its core area) become low
depth range of 250 ym, generating 21 Z-stacks. Similarly, the observable or may be lost in the B-scan image. Figure 6d—f
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presents the XY images at different depths in the volumetric
reconstructed scans captured by Gaussian, 2Foci-2, and 3Foci
beams. At Z = 10 um, identical landmarks in the stratum
corneum are identified by the three beams; one example is
denoted by orange arrows. In the epidermal layer (from Z = 35
um to Z = 95 ym), numerous individual cells are revealed and
identical cells (such as the ones pointed by red arrows) exist
among the images taken by all three beams. In the dermis layer
(from Z = 195 ym to Z = 170 um), the structures of dermal-
epidermal junction (marked by white circles) are captured.
More detailed comparisons among the three beams are given
in Figure S8 and Video S1. In summary, the above
experimental analysis proves that the two-foci and three-foci
beams can produce volumetric images highly comparable with
the Gaussian beam, while only requiring half or one-third of
the volumetric acquisition time that Gaussian beam needs.

Figure 7 shows OCT imaging of a basal cell carcinoma
(BCC) sample obtained from the nose of a 75-year-old man.
The image was captured via the three-foci (3Foci) beam.
Compared to the normal skin sample shown before, the BCC
sample demonstrates a thick stratum corneum and unclear
boundary between tumor keratinocyte cells and surrounding
stroma (Figure 7a). The stratum corneum displays an irregular
honeycomb pattern (yellow asterisks in Figure 7a—c). In
Figure 7a,b,e, single bright tumor islands (blue asterisks)
surrounded by dark peritumoral clefts (white arrowheads) are
found. Figure 7d shows distinct tumor keratinocytes crowded
together with no intervening stromal cells (black asterisks).
These findings are consistent with characteristics of BCC
observed using the high-resolution reflectance confocal
microscope (RCM) to observe skin cancers.* ™" In RCM,
the above abnormal morphological information can be
diagnostic criteria for BCC. The same sample was also imaged
using Gaussian beam and two-foci beam (2Foci-2) in Figure
S9 and Video S2. The numbers of Z stacks for the three beams
are 42, 21, and 14, respectively.

Discussion. We examined two additional properties of the
multifocal metasurface developed in this work. The first is see
how many foci at most can be generated using this method. In
our experiments, the record is seven foci, as shown in Figure
S10. We designed the device with equal energy distribution
among the seven foci, but the real uniformity did not perfectly
match the hypothesized profile (Figure S10a,b). Because the
intensity of a single focus in the seven-foci beam is quite low
(about 2% of the normal Gaussian beam in our experiments),
the adverse influence of the fabrication errors becomes
prominent. However, the diameters of foci still maintain
close to Gaussian focal size (Figure S10c). While the OCT
system is capable of producing seven focal planes in the bead
phantom (Figure S10d—g), it is impractical for dense samples
because of the weak focal intensity. The second exploration is
to adjust this theoretical model for metalens. Referring to the
above section of principle, we directly endowed the metasur-

face with the phase pattern fozl (Pens(®, 3, £ ) X A, (x, y)]

in order to construct a multifocal metalens that does not
require an independent objective. We fabricated a dual-focal
metalens with focal lengths 4.4 mm and 4.6 mm (in water).
The experimental results (Figure S11) show that it was capable
of generating two foci with a narrow bandwidth light of 910 +
10 nm but failed with a wider bandwidth 910 + 100 nm. This
is the result of serious chromatic dispersion, which can be
corrected”™*® at the cost of structural complexity and
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transmission efficiency. Our next work will focus on building
an achromatic multifocal metalens. Due to their flat and thin
construction, metalenses can effectively minimize the OCT
probe, expanding the applications of OCT. Another approach
to further improving OCT image quality is to apply adaptive
optics*” to multifocal beams by reducing the effect of incoming
wavefront distortions due to tissues’ inhomogeneity. Apart
from OCT, the spatial-multiplexing method developed here for
multifocal beams offers possibilities for multifunctional
photonic devices or imaging.**~** By randomly allocating the
pixels of a metaoptics for different groups, each group can not
only be focused into a specific spatial area but also can be given
with a different optical function or tailored for an independent
imaging ability, such as polarization sensitivity, wavelength
sensitivity, imaging a specific area, multichannel optical
communication, or parallel optical computing.

CONCLUSIONS

In this work, we demonstrated the concept of metasurface-
based multifocal OCT applied to rapid histology-like imaging
(virtual biopsy). The multifocal OCT can triple the volumetric
acquisition speed of high-quality cellular-resolution dermato-
logic imaging, with no degradation to spatial resolution. Sparce
samples allow for even greater imaging speed increases, e.g., a
7-fold improvement with a seven-foci beam. The multifocal
phase model we propose leverages random spatial multi-
plexing, which can flexibly and accurately manipulate the
number, positions of foci, and intensities of independent foci.
We developed a fabrication procedure for large (e.g,, 8 mm in
diameter) all-glass metasurface optics with fused silica wafer. In
future work, we will develop achromatic multifocal metalenses
to allow miniaturization of the OCT probe, and thus
significantly more applications. The techniques developed in
this work are not only practical for OCT applications but are
also applicable to other microscopic systems, such as confocal,
multiphoton, and photoacoustic imaging, where acceleration of
the volumetric imaging speed would be beneficial. Briefly, this
work provides prospects for developing rapid volumetric
imaging systems with consistently high spatial resolution and
compact volume.

METHODS

OCT System. As shown in Figure Sla, our OCT system is based
on a commercial OCT instrument (Ganymede OCTP-900, Thorlabs)
and the light source is centered at 910 nm with a bandwidth of 200
nm (EXR-9 continuum laser, NKT Photonics). The Gaussian beam
diameter before entering the objective is 4.6 mm (1/e?). Its
acquisition rate is 30,000 A-scans/s. The imaging depth is 2 mm in
air or 1.5 mm in water with 1024 pixels, thus the axial pixel size is
about 2.0 um in air and 1.5 gm in water, and the experimental axial
resolution is 3 pixels (fwhm in linear scale). It is equipped with a 40X
water immersion objective (UMPLFLN40XW, Olympus), offering a
FOV of 0.5 mm X 0.5 mm with a good image quality. The laser power
entering the objective aperture is controlled below 10 mW. For the
experiments in Figures 4—6, pixel number in both the X and Y
directions was chosen as 512, and FOV was set as 0.125 mm X 0.125
mm for bead imaging and 0.25 mm X 0.25 mm for skin imaging,
respectively. During image reconstruction, a 2D Gaussian filter with a
standard deviation of 2 pixels was applied for every XY image to
reduce speckle noises. All OCT images were presented in log10 scale.

Metasuraface Fabrication. Figure S2a shows the fabrication
procedure. Step 1: Use excimer laser (532 nm laser, 15W, 200 mm/s
writing speed, 67 kHz with 80% duty factor, Delphi Laser) to divide
one 4 in. fused silica wafter (4 in. in diameter, S00 gm thickness) into
12 1 in. circular plates, then clean by soaking the 1 in. plates in
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piranha solution (9:1 H,SO,:H,0,) for 20 min at 120 °C. Step 2:
Coat 400 nm PMMA-950-A4 photoresist onto the 1 in. plate with
Headway spinner (1500 rpm, 1 min), and softback for 1.5 min at 180
°C. Step 3: Sputter S nm/10 nm gold (corresponding to e-beam
current 5 nA/27 nA) onto the PMMA surface (Cressington sputter
coater). Perform e-beam patterning with Raith Voyager (700 u#C/cm?
dose, e-beam current S nA/27 nA, e-beam step 10 nm/2S nm), which
takes 2.5 h for a 5 mm-diameter pattern under the S nA current or 2.7
h for an 8 mm-diameter pattern under the 27 nA current. Remove
gold deposition with gold etchant (Sigma-Aldrich) for 60 s, followed
by two 60 s deionized (DI) water baths. Develop the exposed PMMA
with MIBK/IPA 1:3 developer for 90 s, followed with 60 s IPA bath,
60 s DI water bath, and N, drying; postbake at 100 °C for 90 s. Step
4: Descum the developed silica plate with RIE (50 sccm Ar and S
sccm O, at SO W for 1 min, Oxford-RIE80). Deposit 200 nm chrome
with e-beam evaporator (Kurt J. Lesker) at the rate of 0.3 nm/s. Step
S: Lift-off using two 5 min ultrasonic baths of PG remover, followed
by one 60 s IPA bath and one 60 s DI water bath. Step 6: Etch the
silica plate with the chrome mask using ICP (Plasma Therm
Versaline: the parameters are 450 W ICP, S0 W BP, 38 sccm CHF;,
16 sccm CF,, 20 sccm Ar, S mT, 4T He, 10 °C electrode, 70 °C liner,
90 °C spool, 90 °C lip. The etching rate ~2.8 nm/s, selectivity
between silica and chrome ~20). Step 7: Remove the remained
chrome with chrome etchant (40 °C for 10 min) and clean the final
silica metasurface plate with piranha solution for 10 min and
successive DI water.

Beam Characterization. Beam profiles were measured by a
microscope system shown in Figure SIb. Its magnification is 55.5
when using a 20X water immersion objective (UMPLFLN20XW,
Olympus) with a 500 mm lens for imaging. The axial scanning step
size was 1 um for Gaussian, two-foci, and three-foci beams, 2 yum for
the seven-foci beam, and 10 ym for the beams in Figure S9. The beam

diameter (fwhm) in a 2D image is calculated as 2 X | A/ 70, where

Afypm is the area where the beam intensity is no less than the half of
the maximum intensity (after background subtraction). The beam
resolution in OCT system was tested with 0.8 um PS beads. The
resolution at specific depths was determined by the average diameter
(fwhm in linear scale) of bead profiles. Each XY layer containing
beads in a volumetric image was measured to determine the complete
resolution profile of the target beam. Within each depth, about 100
beads were averaged to give reliable results.

Samples. The phantom used to characterize the multifocal beams
in OCT was made by uniformly distributing 0.8 um polystyrene (PS)
beads (TP-08—10, Spherotech) in ultrasound gel (Aquasonic 100,
Parker). The phantom was degassed with a centrifuge (15 min at
15,000 rpm, ST16-R, Thermo) with bead concentration around 1.5 X
10°/mm?®. Human skin biopsies were obtained from discarded
specimens from two patients undergoing Mohs Micrographic Surgery
under IRB-48409. Two human skin samples were used in this paper,
both of which were freshly procured from the Dermatologic Surgery
Clinic at Stanford. Sample 1 was an adjacent normal skin sample from
the right nasal dorsum of 74-year-old male patient and was collected
from the nose as peripheral tissue dogears during surgery. Sample 2
was a basal cell carcinoma, collected from the nose of a consenting 75-
year-old male patient. Both samples were prepared for imaging in an
identical way. Following surgical excision, both were stored on ice in
DMEM media and were immediately transported from the surgical
clinic to the lab. Upon arrival at the lab, samples were removed from
DMEM and placed face-down on a glass coverslip, so the epidermis
lay flat on the surface of the glass. A 4% Agarose gel was then heated,
and once liquid, poured into a histological cassette. The coverslip with
the attached sample was then inverted above the cassette, submerging
the sample in gel. Once the gel cooled and hardened, the coverslip
was removed. This created a tissue bound within the gel, with the
epidermal surface of the tissue upright and uncovered, ready for
imaging.
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OCT, optical coherence tomography; PS, polystyrene; FT,
Fourier transform; ICP, inductively coupled plasma; SEM,
scanning electron microscope; IPA, isopropyl alcohol; DI,
deionized; RIE, reactive ion etching; fwhm, full-width-at-half-
maximum; DOF, depth-of-focus; FOV, field-of-view; SNR,
signal-to-noise ratio; N.A., numerical aperture.
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