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1. Introduction

Light beams play a significant role in 
medical science for various applica-
tions, including therapy, diagnosis, and 
fluorescence-guided imaging and sur-
gery.[1] Recently, laser surgery has become 
a major clinical modality in ophthal-
mology and dermatology.[1–4] Dissection 
or manipulation of subcellular structures 
by laser requires nanoscale precision and 
size, shape, and position of focal spot 
play a crucial role. High numerical aper-
ture focusing of light cannot penetrate 
deep into the tissue due to small working 
distances and small focal regions. One of 

Manipulation and precise delivery of optical energies in the regions of 
interest within specimens require different strategies. Hence, proper control 
of input beam parameters is a prerequisite. One of the prominent methods 
is metasurface optics, capable of crafting properties of light at nanoscales. 
Here, the generation of an abrupt autofocusing (AAF) beam by a nanopho-
tonic metasurface for biomedical applications is demonstrated. Fluorescence 
guided laser microprofiling of mouse cardiac samples is experimentally 
investigated, using the AAF beam to deliver optical energy selectively to spe-
cific locations. In addition, photocoagulation of ex vivo swine skin tissue is 
performed and observed through optical coherence tomography. The results 
show great potentials for integrating metasurface optics to realize miniature 
laser surgery instruments for wide applications in biomedicine.
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the possible approaches to creating a high intensity hotspot 
away from the light source is through the structure and propa-
gation properties of spatial optical modes. One of the limita-
tions of most of the currently used laser surgery devices is 
their inability to change output spatial modes. Optical beams 
which produce high intensity contrast between the initial 
and focal plane with nondiffraction properties are of great 
importance. Airy beams in the cylindrically symmetric form 
are known as the AAF beam.[5–7] It offers additional propaga-
tion and focusing properties as a comparison to other nondif-
fracting beams. During free-space propagation, the AAF beam 
naturally gets focused without any focusing optical compo-
nents, and light intensity at the focal plane can reach several 
orders of magnitude, higher than the input plan. The sudden 
increase in the light intensity at the focal plane is the most 
striking feature, very similar to the Bragg effect in proton 
beam.[8] It may provide significant advantages in laser-tissue 
interaction. The physical reason behind this abrupt focusing 
phenomenon is the formation of the circular symmetric 
higher order caustics.[5,9] These beams are peculiar and have 
two entirely distinct sets of propagation regions, as shown in 
Figure 1. In the first region, the beam maintains the hollow 
beam shapes with a strong ring-shaped main-lobe and mul-
tiple weak side-lobes. Whereas, in the second region, the focal 
region beam shows the so-called pseudo-Bessel beam shape, 
with the strong main-lobe at the center and multiple weak 
outer side-lobes. In general, AAF beams may be generated by 
a spatial light modulator, which has a limitation in terms of 
power handling capacity, pixelated structures, and bulky size.

The metasurface[10–13] is an emerging technology in the 
nanophotonics field and is known for its excellent ability 
to modulate all the characteristic properties of light at the 
nanoscale. Metasurfaces are planar photonic nanostructures 
that consist of meta-atoms that are capable of efficiently 
manipulating light properties at subwavelength levels.[11,14–22] 
Recent evidence showed that metasurface could offer several 
advantages over conventional refractive optical elements.[23] 
The ultrasmall physical size and the controllable optical 
properties of metasurface make them suitable for their direct 
integration in biomedical instruments.[24] Here, we dem-
onstrate the generation and biomedical applications of an 
AAF beam by using a planar metasurface. Metasurface tech-
nology can be a potential alternative to conventional optics 
that imposes a fundamental limitation in miniaturizing laser 
surgery tools. A dielectric metasurface working in the visible 
regime was designed by properly choosing geometrical param-
eters of constituent resonance unit cells.

2. Results

2.1. Design of the Metasurface

A schematic diagram of the system is shown in Figure  1a. In 
Figure  1b, a computer-generated phase mask corresponding 
to the AAF beam, is designed to make a phase-only metasur-
face optical element. The metasurface consists of 800 nm GaN  
circular nanopillars whose diameter range from 110 to 200 nm to 
precisely control the local phase of the output light (see Figure S1,  
Supporting Information). It serves as a phase mask designed 

by carefully arranging resonance unit cells along the substrate 
to convert a Gaussian input beam into an output AAF beam. 
The size of the metasurface is 800 µm in diameter and is made 
using electron beam lithography, followed by multiple etching 
processes on a sapphire substrate.[15] An optical and the corre-
sponding scanning electron microscopic (SEM) images of the 
resulting metasurface are shown in Figure  1c–e. In the experi-
ment, a Mitutoyo objective (BD Plan Apo 5×, NA = 0.14) was 
placed in the vicinity of the metasurface to optically Fourier 
transform the diffracted field from the phase mask and a Cannon 
charge couple device (CCD) was used to record the intensity dis-
tribution. Simulation and the corresponding experimental results 
of the propagation of the AAF beam from the metasurface with 
the operation wavelength at 532  nm are shown in Figure  1f,g, 
respectively. Overall, the experimental results show good agree-
ment with theoretical predictions. During propagation, initially, 
concentric circles with a main-lobe and multiple weak side-lobes 
are generated. The propagation of the rings follows a parabolic 
trajectory of the airy beam in a circularly symmetric fashion, and 
funnel-shaped intensity distribution is obtained. The AAF beam 
size gradually shrinks and turns into a sharp focusing Bessel-
like pattern at the focal plane. The sudden change in the size 
of the beam and intensity distribution creates a significantly 
high intensity contrast between the initial and focal planes. 
Notably, with the metasurface, the effective focal length of the 
system is around 5 cm, while the spot size is much smaller than 
the focusing spot of the Gaussian beam from the same objec-
tive (i.e., without the metasurface). The effective focal length 
of our system is around 40  mm without metasurface device 
which depends on the focal length of the microscopic objective  
(Mitutoyo objective BD Plan Apo 5×, NA = 0.14, f = 40 mm).

2.2. Experiments of AAF Beam Propagation Properties

AAF beams own a few intriguing features that can be useful 
for laser treatments. As a type of nondiffraction beams, an AAF 
beam shows a self-healing property due to its unique energy 
flow during propagation. Focusing structures of an AAF beam 
inherently remain, even if an opaque obstacle blocks the optical 
light path during beam propagation. To test the self-healing of 
the AAF beam from the metasurface, opaque beam barriers 
with different sizes were used to partially block the beam before 
its focal plane. In the experiment, an additional 4-f optical 
relay and 20× objective were positioned in front of the metas-
urface/objective combination. As shown in Figure 2a, a ring-
Airy pattern was observed initially, and it gradually shrank and 
turned into a Bessel-like focusing pattern. When an opaque 
barrier partially blocks a quarter portion of the initial ring-Airy 
pattern, the focusing profile remains, as shown in Figure  2b. 
Although the surrounding side-lobe rings were partially incom-
plete, the central focal spot remained tightly focused and axially 
symmetric, which shows substantial evidence of the AAF self-
healing beam property. While half of the ring-Airy pattern was 
further blocked by the opaque barrier, the AAF beam could still 
overcome the opaque beam barrier such that similar results 
were observed (i.e., the central focal spot maintains tightly 
focused and axially symmetric, see Figure 2c).

The corresponding intensity profiles along the central axis 
of the ring with the above described three different conditions 

Small Methods 2022, 6, 2101228
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are shown in Figure 2d, and the abruptly autofocusing property 
can be observed through the three curves. Another prominent 
property of the AAF beam is its sharp focusing. To demon-
strate this, a well-known phase-change material Ge2Sb2Te5 
(GST) thin film, was selected for the investigation. GST has 
been widely used in various technologies, including optical data 

storage,[25,26] and reconfigurable nanophotonic devices.[11,27,28] 
It shows large changes of optical properties between its amor-
phous and crystalline state. As shown in the schematic diagram 
in Figure 2e, under laser illumination, the phase transition of 
material from the amorphous to the crystalline state can be 
induced when the temperature reaches the phase transition 

Figure 1. Metasurface for AAF beam. a) Schematic diagram of generation of AAF beam using a nanophotonic metasurface. b) The designed phase mask. 
c) An optical microscopic image of the metasurface. d) Zoom-in SEM image of the metasurface. e) SEM image of the center of the metasurface. f) Simu-
lated intensity distribution for propagation dynamics of AAF beam, together with intensity at the initial and focal plane corresponding to dotted lines.  
g) Experimentally obtained intensity distribution for propagation dynamics of the AAF beam, along with intensity at the initial and focal plane corre-
sponding to dotted lines. The intensity contrast between the initial and focal plane is around 100 for the main-lobe (see Figure S2, Supporting Information).
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temperature (≈150 °C).[26] Temperature change in the material 
results in a permanent change in the physical properties of the 
illuminated area of the GST sample, which can be accurately 
analyzed using various microscopic approaches. In our experi-
ment, a 50-nm amorphous GST thin film was sputtered on a 
BK7 glass substrate. The focal spot of the AAF beam with an 
operating wavelength of 532  nm (200  mW) was used to scan 
the GST film's surface. Due to laser exposure, crystalline lines 
were created on the surface. As shown in Figure 2f,g, two lines 
with the significantly lower (higher) transmission (reflection) in 
the optical images are observed on the GST thin film, where 
the change of the optical property is associated with the crystal-
lization of the illuminated area.[29] An atomic force microscope 
(AFM) image and the corresponding line profiles are presented 
in Figure  2h,i, respectively. Due to high power density, the 
crystalline line was formed, with a width of around 4  µm. 
Morphological changes[29] in GST after exposure are shown 
in Figure  2i. To make a comparison, the same procedure was 

performed with a standard Gaussian beam, and the resulting 
width of crystalline lines was found to be ≈50  µm, which  
verifies the sharp focusing property of the AAF beam. The 
details can be found in the Supporting Information (Figure S3).

Laser treatment and imaging of fluorescent specimens by 
shaped light beams may provide numerous clinical and bio-
medical applications, including ophthalmology, dermatology, 
endoscopic laser surgery, tumor ablation and dissection, develop-
mental and genetic biology.[30–34] We demonstrate the implemen-
tation of metasurface-generated AAF beams for the treatment 
of fluorescently labeled samples. First, a fluorescently labeled 
microsphere (Fluoresbrite YG Microspheres 25 µm in diameter, 
Polysciences), on a transparent glass slide, was excited with a 
green laser source (Cobolt Samba 1500) at 532 nm, and one bar-
rier filter (MF530-43, Thorlabs) was placed in front of the camera 
during imaging. In the experiments, the microsphere was ini-
tially positioned on the focal plane of the AAF beam. As shown in 
Figure 3a, under the excitation, the red fluorescence was excited, 

Figure 2. Self-healing and sharp focusing of the metasurface-generated AAF beam. a–c) The intensity distribution of propagation dynamics of the AAF 
beams together with intensity at the initial and focal plane. Left: CCD captured images of the initial ring pattern. Right: CCD captured images of the 
focusing spot. Experimental results of AAF beam's self-healing with a) no beam obstacle, b) a smaller beam obstacle placed on the right side, and  
c) a larger beam obstacle at the center of the ring, respectively. The white dashed lines in (c) and (d) denote the positions of the obstacles. Scale 
bar: 100 µm. d) Intensity profiles of AAF focusing spots along the axis at the center of the ring, highlighted in respective blue, green, and red colors.  
e) Schematic of a test of the focusing property of the AAF beam using a phase-change material GST. f) Optical transmission and g) reflection image 
of the crystalline lines produced by the AAF beam. Scale bar: 50 µm. h) AFM image of the crystalline line on the GST thin film. Scale bar: 2 µm. i) The 
corresponding cross-section along the dashed line in (h).
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and the microsphere was observed. It is important to note, due 
to the unique propagation trajectory, the AAF beam circumvents 
obstacles along the propagation axis and auto-focused onto a tar-
geted zone. To demonstrate this bypassing property, an obstacle, 
with a size slightly smaller than the main-lobe diameter of the 
AAF beam was placed in the middle of the AAF beam path.

As shown in Figure  3b, the fluorescence from the micro-
sphere hidden behind the obstacle was still excited and 
showed the red fluorescence, with no change in intensity was 
observed. Conversely, in Figure 3c, the measurement was per-
formed using a standard Gaussian beam (i.e., the metasur-
face was removed from the setup). In contrast, with the fixed 
obstacle in the beam path, the fluorescent microsphere behind 
the obstacle was not excited because the Gaussian beam was 
blocked by the barrier due to its shape. Therefore, no fluores-
cence image of the bead can be captured by the camera in this 
situation. Next, a green fluorescence tagged mouse cardiac 
slices (10 µm in thickness) sandwiched between two glass slips 
was used. The cardiac slice was excited with a blue light source 
(Calypso, Colbot Inc.) at 491 nm with a band-pass filter (MF530-
43, Thorlabs). The detailed preparation of cardiac slices[35] and 
experimental setup can be found in the Supporting Information 
(Section S4 and Figure S4). A bright-field and the corresponding 
wide-field fluorescence images of a cardiac slice are shown in 

Figure 3d,e. Bypassing properties of the AAF beam were again 
demonstrated using the fluorescently labeled slices.

A comparison of the fluorescence images captured, without and 
with the presence of the obstacle at different positions, is shown in 
Figure 3f. With the obstacle that partially blocked the main lob of 
the beam, in Figure 3f (middle), the resultant fluorescence image 
became weaker. When the obstacle was positioned inside the dark 
region of the AAF beam, as shown in Figure 3f (bottom), the fluo-
rescence image became stronger again. This shows the advantage 
of the AAF bypassing property for exciting fluorescently labeled 
cardiac slices. The AAF beam was further utilized for fluores-
cence-guided laser treatment of the targeted area (the red-dashed 
box shown in Figure 3d,e) with a higher power density. When the 
slice was placed at the focal plane of the AAF beam, fluorescence 
at the focal spot was excited as expected, and the tissue structures 
of the slice can be observed in the fluorescence image, as shown 
in the top insert of Figure  3g. After being exposed by the AAF 
beam for a long period (≈10  min), the reduced intensity level of 
the fluorescence signal with time is observed, and eventually, the 
fluorescence is completely bleached, as shown in the bottom inset 
of Figure 3g. The intensity profiles are shown in Figure 3g (plotted 
along the lines in the inserts) further confirm that the fluorescence 
is locally bleached by the AAF beam, and permanent physical 
changes are created on the tissue surface.

Figure 3. Fluoresence imaging using AAF beam. a–c) Using a 25 µm fluorescent microsphere to compare the beam property between AAF and a 
standard Gaussian beam. Fluorescence images of the excited microsphere were captured on a CCD, a) without and b) with an opaque beam obstacle 
presented in the path. c) After removing the metasurface, fluorescence from the microsphere located behind the beam obstacle cannot be excited, 
using a standard Gaussian. Scale bar: 25 µm. d) Bright-field and e) wide-field (fluorescence) images of the fluorescence-tagged mouse cardiac slice 
(10 µm in thickness). Scale bar: 1 mm. f) Using fluorescently labeled mouse cardiac slice to demonstrate the self-healing and bypassing properties of 
the AAF beam. Fluorescence images of the illuminated cardiac slice were captured on a camera, (top) without any obstacle, (middle) with the obstacle 
partially blocked the beam path, and (bottom) with the obstacle inside the dark region of the beam path. Scale bar: 100 µm. g) Zoom-in fluorescence 
images of the highlighted red-dash box in (e). Intensity profiles of the fluorescence in the beginning and after 10 min laser exposure, using the AAF 
beam. Both profiles in red and blue color are plotted along the lines in the inserts. Scale bar: 50 µm.
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To further verify the sharp focusing property of the AAF 
beam, the slice was scanned along the propagation axis of the 
AAF beam (Figure 4a), and the corresponding fluorescence 
images were recorded. Both the initial ring-Airy pattern and 
focusing pattern on the cardiac slice are shown in Figure  4b, 
while sequentially excited fluorescence images of the cardiac 
slices at different positions along the propagation axis are 
shown in Figure  4c. During the scanning process, excitation 
power and camera settings were kept constant. Note that the 
fluorescence signal was barely observed on the CCD when the 
slice was away from AAF focal plane; however, fluorescence 
signals of the labeled cardiac structures were abruptly excited 
when the slice was positioned near AAF focal plane. The self-
healing property of the AAF beam further helps to propagate 
inside the tissue and focus on the targeted plane. To demon-
strate this property, an additional mouse cardiac slice was 
placed between the objective and the targeted slice (Figure 4d). 
As can be seen in Figure 4e, even the focusing pattern became 
noisy, compared to the pattern in Figure  4b, the fluorescence 
from the targeted slice was still effectively excited. These results 
of mouse cardiac tissues illustrate a striking advantage of the 
AAF beam for fluorescence excitation at the targeted plane 
inside biological samples. The autofocus spot maintains unique 
structural properties even after propagating within biological 
tissue samples, separated by millimeters.

2.3. Application in Biomedical Laser Treatment

The experiment with the mouse cardiac slices is a situation 
where the tissue sample is thin; however, in practice, biomedical 
laser treatment processes often involve highly scattering sam-
ples in volumetric conditions. Here, we utilized ex vivo swine 
skin tissues to show the photocoagulation effect obtained from 
the focal spot of the AAF beam (Figure 5a). The experimental 
results were examined through optical coherence tomography 
(OCT),[36–39] an optical sectioning imaging technique to acquire 
subsurface images of tissue structures in highly scattering envi-
ronments. The detailed experimental OCT setup can be found 
in the Supporting Information (Section S5 and Figure S5).

Figure 5b shows the OCT images of thick swine skin, with 
clear boundaries between skin layers. The longitudinal dimen-
sion of the images is ≈3 mm (336 pixels), transverse dimension 
6.6 mm (B-scans), scanned using a laser with an axial (depth) 
scan rate of 400  kHz and a central wavelength of 1310  nm. 
Figure 5b highlights structural changes due to the photocoagu-
lation effect at both dermis and hypodermis layers, which are 
observed within the red dashed curve. Figure 5c shows resultant 
en face OCT images at different depths beneath the tissue sur-
face. The AAF beam succeeds at making photocoagulation 
beyond 1.2  mm in depth, while skin tissue at both epidermis 
and part of dermis layers remains intact. Depending on the 

Figure 4. Sharp focusing and self-healing properties for scattering cardiac tissue samples. a) Schematic diagram of the experimental setup. The mouse 
slice was moved along the propagation direction of the AAF beam for observing fluorescence excitation at different axial positions. b) Images of AAF 
beam on the slice sample at 10 mm from the focal plane (left panel) and the focal plane (right panel). Scale bar: 100 µm. c) Fluorescence images of 
the slice at different positions. Scale bar: 100 µm. d) Schematic diagram of the self-healing effect of the AAF beam through two stacked cardiac slices. 
An additional cardiac slice, serving as a scattering layer, was placed between the targeted slice and the objective. e) Images of the focal spot of the AAF 
beam focused on the second slice (left) and the corresponding fluorescence image (right). Scale bar: 100 µm.
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temperature changes in biological tissues can be permanent 
and irreversible. Direct absorption of the laser light of the AAF 
beam in the laser-tissue interaction results in temperature rise, 
and it is mainly controlled by laser parameters like laser power, 
spot size, and laser exposure time of the laser. As in our case, 
the laser source is in continuous wave mode, and power levels 
are a few hundreds of milliwatt (mW); only the phenomena of 
photocoagulation were observed in the ex vivo swine skin tis-
sues. (More detailed performance using a standard Gaussian 
beam can be found in Figure S6, Supporting Information.)

AAF beams at the focus show similar characteristics as the 
Bessel beam, but these two beams belong to different classes of 
beams due to their propagation behavior, focusing properties, and 
beam structure. Bessel beams have conical wave fronts, whereas 
the ring Airy beam has cubical-shaped wave fronts. The ring 
Airy beam follows the parabolic path and changes its behavior 
from a hollow beam to a pseudo-Bessel beam at the focus. The 
Bessel beam maintains its structure throughout its propagation 
and has a uniform focal spot size in the generation region. In 
the case of the AAF beam, the transition from the ring Airy to 
the Bessel is of the utmost importance, and hence both the ini-
tial as well as the focal plane provide useful properties. It's also 
worth noting that the AAF is a self-accelerating, nondiffracting 
beam with a parabolic path, whereas the Bessel beam exhibits 
nondiffraction only. The structure of the Bessel beam remains 
constant in the generation zone, and the region extremely close 
to the optical element that creates the Bessel beam, as well as the 
far-field regions, are of less consequence.[40,41]

3. Conclusions

In conclusion, we demonstrate the implementation of a planar 
dielectric metasurface for the generation of AAF beam for 
biomedical applications. The high intensity contrast between 
the initial and focal plane (≈100 times) generated by the AAF 
beam was applied to various samples. The permanent physical 

changes in a phase change material by sharp focal spot-size 
(4  µm) using the AAF beam were observed. Moreover, we 
show the fluorescence-guided light treatment of mouse cardiac 
slices and photocoagulation inside swine skin tissues beyond 
the dermis layer (≈3 mm). Penetration depth can be tuned by 
changing control parameters during the design of the metas-
urface for the AAF beam, and further enhancement can be 
achieved using longer wavelengths. Ultrathin size (800 nm in 
thickness) makes our nanophotonic metasurface suitable for 
designing miniature integrated optical devices for the new bio-
medical instrument. High-energy density hotspot generated by 
the AAF beam may find important applications in nanosurgery, 
high-resolution imaging, and photodynamic therapy.

4. Experimental Section
Fluorescently Labeled Cardiac Slices Preparation Process: The 

fluorescently labeled cardiac slices with a thickness of 10  µm were 
used to investigate the propagation properties of the Gaussian beam 
with/without an obstacle. Cardiac sections were prepared from the 
hearts of adult Tg (Myh6-cre/Esr1):mTmG mice (MHC/mTmG) mice at  
8–10 weeks of age. The mice were sacrificed by CO2-induced euthanasia, 
and the hearts were harvested and then embedded in optimal cutting 
temperature compound for frozen sections (10  µm per section (33) 
MHC/mTmG mice were bred by crossing the tamoxifen-inducible 
B6.FVB(129)-Tg(Myh6-cre/Esr1)1Jmk/J mice (stock number: 005657, 
Jackson Laboratory, USA) with ROSA26-mTmG reporter mice (stock 
number: 007676, Jackson Laboratory, USA). All animal procedures and 
protocols followed the US National Institutes of Health and European 
Commission guidelines and were approved by the Institutional Animal 
Care and Use Committee (IACUC) of National Taiwan University College 
of Medicine and College of Public Health. All animal experiments were 
conducted at an AAALAC-accredited facility. The MHC/mTmG mouse 
contains a transgene of the mouse cardiac-specific alpha-myosin 
heavy chain promoter (αMHC) directing expression of a tamoxifen-
inducible Cre recombinase (MerCreMer) and a cell membrane-targeted 
switchable-dual-color fluorescent Cre reporter in the ROSA26 locus. 
Before tamoxifen-labeling, a floxed membrane-targeted tdTomato (mT) 
cassette in the ROSA26 locus expresses strong red fluorescence in all 

Figure 5. Biomedical laser treatment using the metasurface. a) Experimental setup for laser treatment of volumetric swine skin tissue. b,c) OCT 
images of the skin sample after exposure with the AAF beam. b) B-scan (cross-sectional image) of skin with different sublayers of epidermis, dermis, 
and hypodermis using a 1310 nm OCT system. c) En face (subsurface) sections of (b) within the area of the yellow-dashed lines (lateral dimension of 
0.91 mm, and vertical dimension of 3.08 mm). The separation in depth is 1.2 mm. The scale bars are both 200 µm in the left and right figures. The 
photocoagulation region is highlighted in the red-dashed curve.
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tissues and cell types. After MHC/mTmG mice treated with tamoxifen 
(solved in corn oil at the concentration of 20 mg/mL, 2 mg/mouse/day, 
intraperitoneal injection, for consecutive five doses) at 8–10 weeks of 
age, Cre recombinase expressed in cardiomyocytes was transported into 
nuclei, leading to excision of the floxed membrane-targeted tdTomato 
(mT) cassette thereby converting the expression of tdTomato to cell-
membrane-localized eGFP (mG) in cardiomyocytes.

OCT Introduction: Optical coherence tomography (OCT) is a 
noninvasive optical imaging technology allowing 2D or 3D imaging of the 
tissue architecture without requiring exogenous contrast agents. In this 
study, in order to examine the unique characteristics of the AAF beam 
for the photocoagulation effect, a swept-source OCT (SS-OCT) system 
with a central wavelength at the 1310  nm was utilized. The SS-OCT 
system was based on a Mach–Zehnder interferometer configuration, 
comprising of two fiber optic couplers with a power split ratio of 50:50 
and two fiber optic circulators. The developed SS-OCT system could 
provide an imaging speed of 400 000 axial (depth) scans per second. 
The imaging resolution of the OCT system was ≈9  µm (lateral) and 
≈14  µm (axial, in tissue). In the same arm, as shown in Figure S5 
(Supporting Information), a galvanometer was used to provide 2D beam 
scanning over the sample surface. An in-house developed graphic user 
interface with C++ programming language was used to acquire OCT 
data, providing real-time OCT imaging preview and data saving.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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