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Eagle-Eye Inspired Meta-Device for Phase Imaging

Junxiao Zhou, Fanglin Tian, Jie Hu, Zhixia(Linda) Shi, Veronica Gomez Godinez,
Din Ping Tsai,* and Zhaowei Liu*

The dual-focus vision observed in eagles’ eyes is an intriguing phenomenon
captivates scientists since a long time. Inspired by this natural occurrence, the
authors’ research introduces a novel bifocal meta-device incorporating a
polarized camera capable of simultaneously capturing images for two
different polarizations with slightly different focal distances. This innovative
approach facilitates the concurrent acquisition of underfocused and
overfocused images in a single snapshot, enabling the effective extraction of
quantitative phase information from the object using the transport of intensity
equation. Experimental demonstrations showcase the application of
quantitative phase imaging to artificial objects and human embryonic kidney
cells, particularly emphasizing the meta-device’s relevance in dynamic
scenarios such as laser-induced ablation in human embryonic kidney cells.
Moreover, it provides a solution for the quantification during the dynamic
process at the cellular level. Notably, the proposed eagle-eye inspired
meta-device for phase imaging (EIMPI), due to its simplicity and compact
nature, holds promise for significant applications in fields such as endoscopy
and headsets, where a lightweight and compact setup is essential.

1. Introduction

In the natural world that sustains our existence, numerous an-
imals and plants not only surpass humans in lifespan but also
in independence. Consequently, when confronted with engineer-
ing challenges, humans frequently seek guidance and inspiration
from the natural world. The invention of aircraft is largely at-
tributed to the study of birds’ wings; while, the unique texture and
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structure of shark skin contribute to the de-
sign of waterborne vehicles with reduced
water resistance. The micro-nanostructures
on lotus plant leaves, known as the lo-
tus effect, have inspired the application of
self-cleaning surface designs in construc-
tion materials and coatings.[1] The eyes
of eagles are equally remarkable, featur-
ing two convex lenses for both nearsight-
edness and farsightedness. This distinc-
tive ocular structure enables eagles to per-
ceive objects at varying distances with clar-
ity, obviating the need, as in the case
of humans, to adjust the focal length of
their eyes. Imaging biological cells and
tissues is crucial for advancing biologi-
cal research and medical diagnostics. Non-
invasive methodologies, such as phase
contrast and differential interference con-
trast methods, particularly exhibit favorable
compatibility with biological samples.[2,3]

Recently, quantitative phase imaging (QPI)
has gained popularity for its capacity to
provide precise quantitative information,

establishing itself as a highly consequential technique.[4,5]

Demonstrating its versatility, QPI technology has made signifi-
cant contributions in medical contexts by exploring the biophys-
ical and pathophysiological properties of red blood cells,[4] mea-
suring single-cell volume and weight over time.[6] and quantify-
ing cancer cell phenotypes.[7]

The existing techniques for QPI can be classified into in-
terferometric and non-interferometric methods. Common path
interferometry methods, such as shear interferometry, resolve
the instability in QPI observed in interferometric methods, at-
tributed to time-varying phase noise, by eliminating the re-
quirement for a reference. Non-interferometric approaches en-
compass differential phase contrast,[8] Fourier ptychographic
microscopy,[9] and transport intensity equations (TIE).[10] among
others.[11] In contrast to the former, which requires modu-
lating the illumination, TIE can be considered as modulat-
ing the detection, capturing intensity images at different defo-
cused planes. This approach proves its effectiveness in inco-
herent light and provides a direct unwrapped phase value. Re-
cent advancements in nano-photonics have opened possibilities
for exploring ingeniously designed nanostructured planar ele-
ments. A meta-device, utilizing artificially designed structures
with subwavelength sizes,[12,13] can effectively manipulate elec-
tromagnetic fields in smaller dimensions, offering novel op-
tical functionalities.[14–23] and achieving QPI through existing
techniques.[24–28] It does so, especially, by employing ingeniously
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Figure 1. The concept figure of this work. a) Conceptual sketch of eagle eyes and its schematic representation. Reproduced with permission[32] Copyright
2023, BirdNote. b) The meta-device comprises the geometric phase lens and propagation phase lens. The right panel, a schematic figure, illustrates
that the eagle’s eye contains two foveae: a central fovea and a lateral fovea, located in separate regions of the eye, analogous to our PB phase lens and
propagation phase. c,d) When linearly polarized (LP) light illuminates the meta-device, it spatially separates the LP light into left circularly polarized
(LCP) and right circularly polarized (RCP) components at distinct locations along the propagation direction. A polarized camera, strategically positioned
at the center between the two imaging planes, captures simultaneous underfocused and overfocused images. This concurrent acquisition facilitates the
calculation of intensity differences between the captured images. Subsequently, this process enables the acquisition of QPI based on the TIE. PI is phase
imaging.

designed metasurfaces for polarization-dependent components
with two distinct focal points, within a 4f optical system, posi-
tioning the metasurface on the Fourier plane of the object, and
leveraging the transport of intensity equation (TIE) algorithm,
the phase of the object can be reconstructed.[26,29] Increased de-
sign freedom can render the entire system with less components,
smaller form factor, and higher optical efficiency. For example,
employing the metasurface located at the Fourier plane or a pair
of metasurface or two-layered metasurface design enables QPI.
However, these require an expanded Fourier plane module, ad-
ditional imaging lenses, or multiple measurements or can only
obtain the phase gradient information instead of phase informa-
tion. In addition, challenges arise from source coherence, system
complexity, and compatibility with existing microscopy methods
for user-friendly applications.

Here, drawing inspiration from the effective structure of the
dual convex lenses found in the eagle eye, we propose the design
of a meta-device that incorporates a polarized camera to achieve
QPI for bioimaging applications. The initial component of our
design comprises a meticulously arranged nano-structured array
grounded in geometric phase principles. The subsequent com-
ponent takes the form of a traditional convex lens calibrated to
achieve the prescribed focal distance. The integration of the first
two parts facilitates the establishment of dual focal planes at dis-
parate positions, catering to distinct spins represented by left and
right circular polarization (LCP and RCP). Such QPI capability is
demonstrated by using a single meta-device in free space with-
out any additional optical components. When the meta-device
is combined with a bright-field microscope, phase imaging of
human embryonic kidney (HEK) cells can be acquired with the
diffraction limited resolution. Moreover, we extend our method
to study dynamic processes such as laser ablation on cells, paving
the way for laser surgery for tumors.

2. Results

Figure 1 illustrates the schematic diagram of the bioinspired dual
focus meta-device. The meta-device comprises a geometric phase

(ΦGeo) component and a propagation phase (ΦPro) component.
The geometric phase component, including half-wave plate ele-
ments (|ϕx − ϕy| = 𝜋) with spatially varying angular orientations
𝜃(x, y), imposes a phase profile on a specific circular polarization
[ΦGeo(x, y) = 2𝜃(x, y)]. These retarders effectuate the conversion
of LCP (RCP) polarization to RCP (LCP) polarization, following a
state-space trajectory dictated by the orientation of each element.
Consequently, a geometric phase emerges, exhibiting a linear in-
crease from 0 to 2𝜋 as the element undergoes rotation within an
angular range from 0 to 𝜋.[30,31] It is imperative to highlight that
the phase profile imposed on LCP light is ΦGeo_LCP(x, y); while,
the phase profile conferred upon an RCP wavefront is inherently
ΦGeo_RCP (x, y) = −ΦGeo_LCP(x, y) in an automatic manner. The
Jones matrix of metasurface with a phase shift 𝜋 and spatially

varying local optical axes 𝜃 is given by: TMS =
[cos2𝜃 sin2𝜃
sin2𝜃 −cos2𝜃

]
.

When an x-polarized incidence passes through the metasurface:

[
cos2𝜃 sin2𝜃
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] [
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]
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For the PB phase meta-device part, split the LCP and RCP com-
ponents, where 𝜃 (x, y) = 2𝜋

𝜆
( x2+y2

4fGeo
).

As depicted in Figure 1b, to achieve the desired dual focus ef-
fect, the phase profile of the mete-device is described by the fol-
lowing expression (See Section S3, Supporting Information for
more details):

Φ(R,L) = ΦGeo + ΦPro ≈ 𝜎R,Lk
x2 + y2

2fGeo
− k

x2 + y2

2fPro
(2)

Here, 𝜎R,L = + 1 or − 1 indicates the RCP or LCP compo-
nent, respectively. The symbol k = 2𝜋/𝜆 represents the wave
vector, where 𝜆 is the wavelength of operation. In addition, fGeo
and fPro denote the specified focal lengths of geometric and prop-
agation phases, respectively. The term ΦGeo signifies that the
nano-structured layer initially converges on the LCP and diverges
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Figure 2. Characterization of the fabricated sample. a) Top-view photograph of the meta-device sample. b) Side-view photograph of the meta-device
sample. c) Orientation angle of the optical axis. d) Measurement of the phase retardance distribution for the meta-device samples. e) Retardance
distribution. f) Wavelength dependent transmission and reflection spectrum of the fabricated sample. g) Dark-field image of the cross-section of the
fabricated sample. Scale bar: 50 μm. h) Scanning electron microscope (SEM) image of the fabricated sample.

on the RCP component. On the other hand, ΦPro, signifying
the propagation phase, is employed to slightly increase the focal
length of LCP and invert the RCP, causing it to converge instead
of diverging and attain a comparable focal distance with LCP, as
illustrated in Figure 1c. By carefully designing fGeo (4.6 m) and
fPro (20.1 mm), the focal lengths of LCP and RCP can be deter-
mined as 20.2 and 20 mm, respectively, based on the equation
fR,L = fPro fGeo

fGeo±fPro
. For the parameter design and the simulated results

of the meta-devices, see Sections S4 and S5, Supporting Informa-
tion. As depicted in Figure 1d, when the image system is illumi-
nated by linearly polarized light, it becomes possible to capture
both underfocused and overfocused images by positioning the
detection plane in the middle of the two imaging planes corre-
sponding to the two circular polarizations. In addition, to adhere
to the preference for a single shot approach, strategically plac-
ing a polarized camera between the two focal positions facilitates
the acquisition of images under both underfocused and overfo-
cused conditions. This configuration enables the measurement
of the object’s phase distribution through the acquisition of in-
tensity variation along the propagation direction by solving the
TIE equation.[10] Further discussion will be provided in the sub-
sequent Experimental Section.

For the proof of concept, a meta-device, covering a 6 mm-
diameter pattern area, is created through birefringence pat-
terning using laser writing technology on a fused silica plano-
convex lens substrate with a 1/2 inch diameter, as depicted in
Figure 2a,b. Figure 2c–h primarily focuses on the characteriza-
tion of the fabricated sample. Figure 2c illustrates the local optical
axis distribution 𝜃 of the fabricated metasurface. The phase dis-
tribution of the designed meta-device is twice the orientation an-
gle, 𝜃. In Figure 2d,e, the phase retardance value and uniformity
of the fabricated sample are displayed, indicating that the meta-
device achieves a 264 nm phase retardance for a working wave-

length of 528 nm to attain half-wavelength retardance. The mea-
sured transmission of the manufactured meta-device is ≈95% at
the designed working wavelength and a low reflection, as demon-
strated in Figure 2f. To characterize the fabricated sample from
a side view, we polish the sample substrate with a rough grid
until the sample structure is exposed to the air, as depicted in
Figure 2g. For the polishing procedure of the meta-device, refer
to Section S12, Supporting Information. Figure 2h presents the
measured scanning electron microscope (SEM) imaging of the
fabricated sample.

The working mechanism of the laser writing technology can
be elucidated as follows: when focused fs laser pulses irra-
diate silica glass, laser-induced cavitation in the glass gives
rise to numerous nanopores with dimensions in the tens
of nm. Subsequently, the near-field enhancement effect re-
shapes these nanopores into oblate forms, oriented perpendic-
ular to the polarization direction of the writing laser beam.[33]

The modification induced by nanopores exhibits form bire-
fringence, a property that can be finely tuned by adjust-
ing laser writing parameters such as pulse energy and den-
sity for retardance, and polarization direction for the orien-
tation of the slow axis. This adaptability makes nanopores-
based modifications suitable for fabricating high-efficiency
meta-devices with desired retardance and slow-axis azimuth
distribution.[34] See Section S6, Supporting Information for more
details.

It is crucial to note that the employed working principle is
conceptually akin to the transport intensity equation. Two im-
ages are used in the computation of the quantitative phase im-
age, incorporating various artificial objects. Figure 3 illustrates
the resultant QPI for artificial objects made by SiO2. The objects
are fabricated using a mask-less photolithography process with
thicknesses variations of 80, 140, 200, and 240 nm. The detailed

Adv. Mater. 2024, 36, 2402751 © 2024 Wiley-VCH GmbH2402751 (3 of 8)

 15214095, 2024, 32, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202402751 by U
niversity O

f C
alifornia, W

iley O
nline L

ibrary on [16/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 3. Free space experiment. a) Experimental setup for the artificial phase object. b) Overfocused and underfocused images, along with the extracted
QPI (the red frame indicates the measured AFM areas), is obtained for an 80 nm QR code object for Zhaowei Liu’s research group, captured by a polarized
camera. c) The perspective view of the QPI images; the color bar indicates the thickness of the object (unit: nm). d) The thickness profile from the AFM
measurement. e) A comparison between QPI and AFM results along the dashed line in the right panel of (b). f–i), j–m), and n–q) The samples with
different thicknesses: 140, 200, 240 nm.

fabrication process is outlined in the Experimental Section. The
experimental setup is presented in Figure 3a, where linearly po-
larized light passes through the meta device, causing the separa-
tion of LCP and RCP light along the propagation direction due to
different focal lengths. A quarter wave plate placed in the front
of the polarized camera is employed for the preparation of im-
age subtraction in the TIE algorithm.[35] For further details, refer
to Section S1, Supporting Information. Here, we denote the dis-
tance from the object to the meta-device as d1 and the distance
from the metalens to the polarization camera as d2. The relation-
ship is defined by 1

d1
+ 1

d2
= 1

fPro
. It is noteworthy that, for the ex-

periment, we aim to demonstrate that our design not only works
for incoherent light but also for coherent light. In Figure 3b–e,
featuring the QR code object for Zhaowei Liu’s research group,
the illuminated light source is a supercontinuum laser (SuperK
EXW-12, NKT Photonics). Under laser illumination, both under-
focused I(x, y, −∂z) and overfocused I(x, y, +∂z) images are cap-
tured in the left two panels of Figure 3b. Subsequently, we calcu-
late the intensity variation distribution ΔI = I(x, y, +∂z) − I(x,
y, −∂z) for Δz = 200 μm (the focal distance difference between
the LCP and RCP components), which is essential for our phase
reconstruction. This reconstruction employs a universal solver to
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Figure 4. a) Optical setup. The meta-device relays the image from the image plane of the microscope, that is, the brown dash frame, to the imaging
CCD by satisfying the condition 1

d1
+ 1

d2
= 1

fPro
. b) Underfocused and overfocused images of different cell morphological. The scale bar is 2.5 μm. c)

The QPI imaging results of HEK cells with different stages.

calculate the equation −k 𝜕I(x,y)

𝜕z
= ∇

⊥
[I(x, y)∇

⊥
Ψ(x, y)], where ∇⊥

is transverse gradient operator.[35] The detailed reconstruction al-
gorithm is provided in Section S7, Supporting Information. The
right panel of Figure 3b depicts the experimentally reconstructed
phase profile Ψ(x, y) of the object. The captured intensity images
exhibit discernable speckles; although, the extracted phase is not
significantly affected. However, for most applications, incoher-
ent light will be more favorable as it reduces speckles with a uni-
form illumination naturally. Therefore, in Figure 3f,j,n, we use
an incoherent light source, specifically an LED light (Thorlabs,
M530L4-C1) coupled with a spectral filter (528 nm ± 1.4, Ed-
mund Optics). The resulting image appears more uniform and
exhibits fewer speckles. For a better comparison, we also con-
duct experiments with the same sample under both incoherent
and coherent light illumination (Section S8, Supporting Informa-
tion). As the phase shift Ψ is directly proportional to the optical
thickness, the thickness can be estimated from the phase Ψ, con-
sidering the refractive index of silica and the operational wave-
length: tsio2

= 𝜆×Ψ
2𝜋(nsio2

−nair)
. Here n is the refractive index, nsio2

=
1.4609, nair is 1, and 𝜆 = 528 nm is the working wavelength.
The extracted thickness distribution of the objects is shown in
Figure 3c,g,k,o. Specifically, Figure 3d,h,l,p depicts the thick-
ness measurements acquired through atomic force microscopy
(AFM); while, Figure 3e,i,m,q presents a comparative analysis be-
tween QPI and AFM measurements. The observed agreement
between these measurements underscores the system’s profi-
ciency in retrieving quantitative phase data (Section S9, Support-
ing Information). For the results in Figure 3c,g,k,o, the outcomes
reveal a noticeable increase in the phase value corresponding to
the augmentation of structure thickness.

Our EIMPI technology holds significant promise in the field
of life sciences as it facilitates the direct detection of thickness in
live specimens within biological samples. The variability in thick-
ness may provide essential information about cell health, biolog-

ical function, and response to environmental stimuli, with po-
tential implications for understanding cell behavior and disease
mechanisms.[36] Our proposed EIMPI is completely compatible
with a standard commercial microscope setup as it operates with
incoherent light, eliminating the need to alter the illumination.
In Figure 4a, our meta-device is positioned at the image plane of
Zeiss inverted microscope (Carl Zeiss Microscopy, Munich, Ger-
many), with an objective 1.2 NA, 60×. As depicted in the top panel
of Figure 4b, the cells exhibit various stages, representing normal
growth and metabolic activities. The middle panel illustrates nu-
cleus and cell division, resulting in two identical daughter cells.
The process of cell division leads to the formation of two geneti-
cally identical daughter cells. The bottom panel shows the phys-
ical separation of one cell. By capturing the underfocused and
overfocused images, the reconstructed QPI images of top view
and perspective view can be obtained, as shown in Figure 4c. Note
that the image resolution of the cells is crucial for the biological
field. In this work, the obtained image resolution is ≈230 nm;
which is close to the diffraction limit 220 nm (𝜆/2NA). For more
details, see Section S10, Supporting Information.

Laser ablation, also known as “laser microsurgery,” alters cellu-
lar and intracellular structures at a microscopic level. It has been
increasingly utilized to explore metabolic variations within cell
populations through in situ analysis of individual cells based on
the mass spectrum analysis.[37] In this context, we propose an-
other visualization method with quantitative information about
the singe cell ablation. An 80 MHz Ti:Sapphire laser, operating
at an 800 nm wavelength and generating an ≈100 fs beam, facil-
itates the process. The light is directed to the Zeiss inverted mi-
croscope’s port through highly reflective coated mirrors. A single
dual-axis fast scanning mirror (FSM-300-01, Newport) enables
precise scanning within the microscope optical field using a 60×
(1.2 NA) microscope objective. Pulse energy at the focused spot
is modulated by adjusting the orientation of a Glan–Thompson
polarizer on a motorized rotational stage. LabVIEW is utilized for
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Figure 5. EIMPI enables time-lapse of a HEK cell culture undergoing laser ablation. The title number: before the colon, the unit is in seconds (s); after
the colon, the unit is in milliseconds (ms). a–d) and i–l) These panels present the QPI results at different times, as indicated. e–h) and m–p) These
panels display the corresponding stereoscopic view images. Scale bar: 5 μm. The red dash circular indicates the laser position.

communication and control of the polarized camera controller, as
well as for scanning mirror control. This setup enables the cre-
ation of patterns with any desired geometry in the target cell or
organelle. In Figure 5, a red circular dash line indicates the tra-
jectory of the line used to cut the cell from the bottom right to
top left. Utilizing our EIMPI scheme, we obtain the final quan-
titative microscopic imaging over time. This experiment demon-
strates the efficacy of quantitative microscopic imaging in laser-
induced ablation in HEK cells. Residues remain in the vicinity
of the cutting section, as shown in Figure 5l. The relationship be-
tween laser ablation and QPI lies in their combined application in
studying dynamic cellular processes. When combined with laser
ablation, this imaging method can provide real-time visualiza-
tion of laser-induced cellular changes, offering comprehensive
insights into the direct and subsequent impacts on cell morphol-
ogy and function.

3. Discussion

We would like to highlight several advantages of the proposed
EIMPI scheme. First, in comparison to interference based on the
phase-shifting method for extracting phase gradient information,
our method directly obtains the phase information. This elimi-
nates the necessity for integration along the x and y directions,
thereby avoiding the accumulation of background noise. IN addi-
tion, without non-common path-length interference, the system
exhibits stability, which is user friendly. Second, our EIMPI sys-
tem is more lightweight and compact, requiring no additional 4f
system preparation or imaging lenses. Third, our method does
not require modifications to the illumination, allowing for the
direct extraction of phase information and compatibility with tra-
ditional bright field microscopes. Fourth, EIMPI operates with
an incoherent light source, resulting in speckle-free imaging and

demonstrating suitability for strong light-sensitive biomedical
specimens. Fifth, its single-shot capability accelerates data ac-
quisition, thereby enhancing efficiency in experimental settings.
When employing a universal solver to calculate the TIE, the total
computation time is 0.09 s on a 2.6 GHz laptop. We would also
like to mention that it is feasible to design and fabricate a metal-
ens of a relatively large size capable of generating different focal
lengths for LCP and RCP components to achieve the same experi-
mental results, instead of using the plano-convex lens, which will
make the whole system more compact.

In summary, we propose and demonstrate Eagle-Eye-Inspired
Phase Imaging (EIMPI), a scheme in QPI tailored for dynamic
observation of unlabeled specimens. Our method relies solely on
the combination of geometric and propagation phase elements
in an integrated meta-device, separating LCP and RCP image
planes along the propagation axis. By placing a polarized camera
between the two focal planes, quantitative phase information is
obtained based on intensity deviation using TIE. We demonstrate
its application in free-space experiments, requiring only the as-
sistance of QPW. The working scheme is also applied to cells,
calculating their thickness information. Additionally, we observe
that EIMPI can be used for laser ablation, engaging in dynamic
specimen observations without the need for labeling to provide
quantitative information. The proposed EIMPI, characterized by
its simple and compact design, holds promise for significant ap-
plications in fields such as microscopy and endoscopy.

4. Experimental Section
Metasurface Fabrication: The entire process was executed using an ul-

trafast laser operating at a wavelength of 1030 nm, with a pulse duration
of 300 fs. The incident laser was focused by a numerical aperture of 0.16,
and its polarization was controlled by a half-wave plate. Consequently,
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manipulation of the distribution of slow axis birefringence was achieved
by altering the polarization azimuth of the writing beam using a half-wave
plate. The meta-device was fabricated 50 μm away from the flat surface
of the plano-convex lens. Scanning along the designated path could be re-
peated at different depths within the sample thickness by adjusting the po-
sition of the sample relative to the focusing arrangement along the beam
propagation direction. This allowed for the fabrication of more than one
layer of nanostructures onto the metasurface to obtain the desired phase
retardance. The single-layered sample of this study was also fabricated for
reference. Please refer to Section S6, Supporting Information.

Phase Object Preparation: The artificial phase mask was fabricated us-
ing a mask-less photolithography process. This comprehensive fabrication
procedure was performed in part at the San Diego Nanotechnology In-
frastructure (SDNI) of UCSD, a member of the National Nanotechnology
Coordinated Infrastructure (NNCI), which was supported by the National
Science Foundation (Grant ECCS-2025752). Initially, diced silicon dioxide
(15 × 15 × 0.5 mm3, double face polishing) was subjected to sonication in
acetone, isopropanol (IPA), and deionized (DI) water, followed by prebak-
ing at 180 °C for 10 min. Subsequently, a negative photoresist (NR9-1500)
was spin-coated onto the wafer at 3500 rpm for 40 s, forming a film ≈1.5
μm thick. The soft bake process was then conducted at 150 °C for 3 min
on a hotplate. Following this, the designed pattern creation was executed
using AutoCAD, a computer-aided design software. Subsequently, a mask-
less photolithography machine (Heidelberg MLA150) was employed for
UV exposure (laser wavelength: 375 nm, dose: 1350 mJ cm−2), followed
by a post-exposure bake process at 100 °C on the hotplate for 3 min. The
wafer was then immersed in RD6 developer for 12 s with agitation and
rinsed with DI water for 3 min. A nitrogen gun was employed to evaporate
any residual solvent. Following development, dry etching was conducted in
the Oxford Plasmalab 80 Plus reactive ion etching (RIE) machine, employ-
ing CHF3 gas for chemical etching (with an etching rate of 60 nm min−1)
and utilizing argon for protection. Subsequently, an etch-back process was
executed by immersing the sample in Remover RR41 and rinsing it with
acetone. By varying the etching time, samples with different thicknesses
were obtained.

Cell Preparation: HEK 293 cells were grown on 60 mm Nunc cell
culture dishes (ThermoFisher) and bathed in growth medium consist-
ing of Advanced Dulbecco’s modified Eagle medium supplemented with
10% heat inactivated fetal bovine serum and 1× Glutamax (Gibco, Ther-
moFisher). The cells were maintained in a humidified incubator set to
a temperature of 37 °C and 5% CO2. One to two days prior to experi-
ments, cells were washed three times with Hanks Buffered Saline Solution
(HBSS; ThermoFisher) devoid of calcium. They were then gently detached
with 1 mL of 1× TryplE Express Enzyme (Gibco, ThermoFisher). Cells were
viewed after 5 min in TryplE to check for detachment. If detachment was
not observed, they were incubated in TryplE an additional 5 min. Upon de-
tachment, TryplE was quenched by the addition of 4 mL of growth medium.
Detached cells were then seeded onto 35 mm glass bottom imaging dishes
(Cell E. & G.) with growth medium at a cell density of 5–10% to facilitate
single cell imaging. The volume in the 35 mm dishes was brought up to
2mLs with growth medium. Cells were imaged on a heated stage incu-
bator in the growth medium described above to maintain optimal health
conditions.
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