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Advanced biological imaging techniques based
on metasurfaces
Yongjae Jo1†, Hyemi Park1,2†, Hyeyoung Yoon2,3† and Inki Kim1,2*

Advanced imaging techniques have been widely used in various biological studies. Currently, numerous imaging modali-
ties  are  utilized in  biological  applications,  including medical  imaging,  diagnosis,  biometrics,  and fundamental  biological
research. Consequently, the demand for faster, clearer, and more accurate imaging techniques to support sophisticated
biological studies has increased. However, there is a limitation in enhancing performance of imaging devices owing to the
system complexity associated with bulky conventional optical elements. To address this issue, metasurfaces, which are
flat and compact optical elements, have been considered potential candidates for biological imaging. Here, we compre-
hensively discuss the metasurface empowered various imaging applications in biology, including their working principles
and design strategies. Furthermore, we compared conventional imaging modalities with the metasurface-based imaging
system. Finally, we discuss the current challenges and offer future perspectives on metasurfaces.
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Introduction
Biological  imaging  techniques  are  indispensable  for  the
exploration of biological processes, structures, and states.
Advanced imaging techniques  have  been widely  studied
for  various  biological  applications,  such  as  diagnosis,
biometrics,  and  fundamental  biological  research.  As  the
importance  of  biological  imaging  has  been  highlighted,
there has been an increased demand for advanced imag-
ing  techniques  that  are  faster,  wider,  clearer,  and  more
accurate.  However,  enhanced  performance  is  inevitably
accompanied  by  increased  system  complexity,  resulting
in  limited  system  performance.  Many  efforts  have  been
made to reduce the system complexity by utilizing versa-
tile  and  compact  components  that  serve  multiple  func-
tions,  thereby  creating  a  compressed  optical  system1.

Conventional  optical  elements  encounter  limitations  in
miniaturization  beyond  a  certain  thickness  because  of
the  limited  refractive  indices  of  natural  materials2.  Fur-
thermore,  correcting  aberrations  often  necessitates  a
combination of multiple lenses, resulting in an increased
size and the need for precise alignment.

Metasurfaces,  consisting  of  regularly  aligned  nanos-
tructures,  are  considered promising optical  components
for  imaging  techniques.  They  can  manipulate  optical
properties  such  as  amplitude,  phase,  polarization,  ab-
sorption, and reflection through the arrangement of sub-
wavelength-sized  meta-atoms2−6.  Owing  to  their  advan-
tages  over  traditional  refractive  lenses,  metasurfaces  are
characterized by their flatness, ultrathin profile, capabili-
ty  to  achieve  a  high  numerical  aperture  (NA),  and 
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versatility7−9.  Metasurfaces  are  suitable  for  portable  or
miniaturized  imaging  devices  that  facilitate  onsite  diag-
nostics  due  to  their  flat  profile  and  versatility10,11.  Addi-
tionally, they are capable of correcting aberrations to de-
liver  clearer  images12,13.  Recent  studies  focused  on  har-
nessing  the  benefits  of  metasurfaces  for  bioimaging  ap-
plications. In this paper, we discuss the operating mecha-
nisms, design principles, and wide applications of meta-
surfaces  in  bioimaging  research.  We  first  categorized
bioimaging applications of metasurface into broad class-
es based on the subject,  such as cell,  animal and human
imaging.  Then,  representative  techniques  are  classified
into  more  detailed  subgroups  based  on  the  imaging
modalities,  such  as  super-resolution,  analog  image  pro-
cessing,  fluorescent  imaging,  photoacoustic  imaging,
medical  imaging  and  biometrics  [Fig. 1]14−28.  For  read-
ability,  we  referred  to  metalenses,  and  other  similar  de-
vices  as  the  more  general  term “metasurfaces” since  we
comprehensively discuss the bioimaging techniques. 

Principle of electromagnetic phase
modulation

ni nt

θi θr θt

k0

2π/λ0 λ0
dΦ/dx

The operating principle of a metasurface follows the gen-
eralized Snell's  law Eq.  (1),  which is  essential  for under-
standing how a  metasurface  controls  the  light  path29.  In
Eq. (1), ,  denote the refractive indices for the incident
and transmission media respectively, while , , and 
correspond  to  the  angles  of  incidence,  reflection,  and
transmission at the interface [Fig. 2(a)]29. The  denotes
the  magnitude  of  the  free-space  wave  vector,  which  can
be  expressed  as ,  where  is  wavelength  of  free
space.  represents  the  gradient  of  phase  disconti-
nuity.  According to the generalized Snell's  law,  the light
refraction  path  can  be  controlled  by  the  phase  gradient
introduced  on  the  metasurface.  This  principle  allows
metasurfaces to perform various optical functions, such as
focusing or dispersing light, unlike conventional lenses30,31.  

ntsin (θt)− nisin (θi) =
1
k0

dΦ
dx

nisin (θr)− nisin (θi) =
1
k0

dΦ
dx

. (1)

To  precisely  refract  the  light  path,  it  is  necessary  to
carefully design the phase delay and transmission at each
position on the metasurface. Designing a complex phase
map capable of modulating light in the desired direction
and intensity according to the generalized Snell’s law and
diffraction  optical  theory  enables  the  realization  of  di-
verse optical functionalities.  In this section, we focus on

the principles and design strategies for metasurfaces. 

Propagation phase
Propagation  phase  modulation  is  an  innovative  method
for  manipulating  the  phase  delay  of  electromagnetic
waves  propagating  through  meta-atoms.  The  propaga-
tion phase is the phase accumulated during the propaga-
tion of light within the material of the meta-atom, which
depends  on the  physical  parameters  of  the  material  and
the wavelength.  By altering the physical  structure of  the
meta-atom, it  is  possible to control  the 2π phase for the
incident  polarized  light.  The  physical  structure  here
refers  to  the  shape  or  physical  dimensions  of  the  meta-
atom (such as height, length, width).

Propagation phase metasurfaces can be classified into
two  theories:  nano  waveguides  and  medium  equivalent
refractive  index.  The  approach  based  on  the  medium
equivalent  refractive  index  utilizes  the  variation  in  re-
fractive  index  between  two  or  more  media,  where  typi-
cally one of the media is a high refractive index material.
It  is  the  same  concept  as  the  generally  known  effective
refractive index, which explains the complex structure of
the meta-atom as an effective medium. It refers to the ef-
fective refractive index that appears when a wave propa-
gates  through  the  composite  structure,  allowing  control
of  the  phase  change  of  light  propagated  through  the
meta-atom.  This  is  used  to  describe  the  property  of  the
meta-atom  acting  as  an  effective  medium.  Propagation
phase  modulation  involves  using  meta-atoms  as  nano
waveguides,  where  the  phase  delay  is  influenced  by  the
effective  refractive  index  and  the  dimensions  of  the
meta-atom. More detailed discussion on how it acts as a
waveguide will be covered in a sub-section, the dielectric
material part.

The  relationship  between  the  incident  and  transmit-
ted  electric  fields  can  be  expressed  using  the  Jones  ma-
trix  [Eqs.  (2,  3)]35,36,  which  provides  a  mathematical
framework for analyzing the effect of the metasurface on
the polarization state of the incident light. The Jones ma-
trix representation is given as below. 

Et = TEi , (2)
 

T =

[
Txx Txy

Tyx Tyy

]
, (3)

T Ei Et

T

where ,  and  represents  the  transmission  matrix,
incident  and  transmitted  electric  field,  respectively.  In
the  context  of  propagation  phase  modulation,  the
transmission  matrix  encapsulates  the  effect  of  the
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meta-atom's  physical  structure  on the  phase  and ampli-
tude of  the  transmitted light.  By designing the  elements
of  the  transmission  matrix,  precise  control  over  the
phase  shift,  enabling  advanced  applications12,37 like  full-
color imaging and high-resolution optical devices.
 

Geometric phase

The  geometric  phase38,39,  also  known  as  the  Pancharat-

nam-Berry  (PB)  phase,  controls  the  phase  by  changing

the in-plane orientation angle of anisotropic meta-atoms.

The  Jones  matrix  of  rotated  meta-atom  can  be
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Fig. 1 | Representative metasurface-based bioimaging techniques for cell, animal, and human applications. (a, b) Metasurface-based (a)

super-resolution and (b) edge-detection imaging for cell  imaging applications. (a-i) Cross-section of hyperlens and (a-ii)  neuronal super-resolu-

tion image using hyperlens. (a-iii) Diffraction-limited and (a-iv) super-resolution image of same cells using metasurface-assisted SIM, respective-

ly. (a-v) LSPR imaging of live cell. (b-i) SEM image of edge-detection metasurface and (b-ii) i-DIC image of onion epidermal cell. (b-iii) PSF of spi-

ral phase metasurface and (b-iv) edge-enhanced image of onion epidermal cells. (c, d) Metasurface-based (c) fluorescent and PAM for (d) ani-

mal imaging. (c i-iv) PSF of lattice light sheet microscope in (c-i) XY and (c-iii) XZ plane and in vivo fluorescent image of developing embryos ob-

tained by (c-ii) wide field and (c-iv) light sheet microscope. (c-v) PSF of metasurface-based miniaturized two-photon microscope and (c-vi) fluo-

rescent image of Thy1-YFP mouse brain at different depth. (d) Metasurface-based PSF engineering for PAM applications. (d-i,  d-ii)  Schematic

and intensity profile of an achromatic metasurface for dual-channel PAM. (d-iii) Needle beam PSF and (d-iv) label-free histological PAM image.

(e, f) Metasurface-based (e) medical imaging and (f) biometric devices. (e-i) Optical setup and (e-ii) PSF of metasurface-based endoscopic OCT

system.  (e-iii)  Human lung images.  (e  iv-vi)  Metasurface-assisted MRI  images.  (f-i)  SEM image of  metasurface and (f-ii)  fingerprint  image ob-

tained.  (f-iii)  Illustration  of  metasurface-based point  cloud  generation  and (f-iv,  f-v)  implementation  of  3D facial  recognition.  Figure  reproduced

with permission from: (a) (i) ref.14, Springer Nature; (ii) ref.15 American Chemical Society; (iii, iv) ref.16, Springer Nature; (v) ref.17, American Chemi-

cal Society; (b) (i,  ii)  ref.18,  American Chemical Society; (iii,  iv) ref.19 Springer Nature; (c) (i-iii)  ref.20,  De Gruyter; (ii-iv) ref.21,  De Gruyter; (v, vi)

ref.22, American Chemical Society; (d) (i, ii) ref.23, Elsevier; (iii, iv) ref.24, Elsevier; (e) (i, iii) ref.25, Springer Nature; (iv, vi) ref.26, Springer Nature; (f)

(i, ii) ref.27, American Chemical Society; (iii-v) ref.28, American Chemical Society.
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R̂ (θ)

R̂ (θ)
θ

T
T (θ)

expressed using the rotation matrix  [Eqs. (4, 5)]40.
Here, θ represents  the  rotation  angle  of  the  meta-atom.
The  rotation  matrix  describes  the  rotation  of  the
coordinate  system  by  the  angle .  The  rotation  matrix
and  its  inverse  convert  the  transmission  matrix  into

 to account for the rotated meta-atom.
 

T (θ) = R̂−1
(θ)TR̂ (θ) , (4)

 

R̂ (θ) =
[

cos (θ) −sin (θ)
sin (θ) cos (θ)

]
. (5)

Practically, designing a metasurface using linearly po-
larized  light  is  inconvenient  because  the  metasurface
must  be  precisely  aligned  in  the  polarization  direction.
Because of this alignment issue, circularly polarized light
is  commonly  adopted  for  designing  PB-phase  metasur-
face.  The  transmission  matrix  of  the  linear  polarization
basis can be converted to that of the circular polarization

Âbasis using conversion matrix [Eqs. (6, 7)]. 

T circ = Â−1T (θ) Â =

[
TRR TRL

TLR TLL

]
, (6)

 

Â =
1√
2

[
1 1
j −j

]
, (7)

Txx = −Tyy

Txy = Tyx

where,  the  subscripts  R  and  L  in Eq.  (6) indicate  right
and left circularly polarized light, respectively. When the
Jones  matrix  satisfies  the  conditions, ,  and

,  we  can  get  a  new  transmission  matrix,  along
with the transmitted electrical fields for each direction of
circular polarization [Eqs. (8, 9)]. 

T circ (θ) = jTxy

[
0 e−j2θ

ej2θ 0

]
, (8)

  [
EtR

EtL

]
= jTxy

[
0 e−j2θ

ej2θ 0

] [
EiR

EiL

]
. (9)

θAccording  to Eq.  (8),  rotating  the  meta-atom  by 
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Fig. 2 | Working principles of phase modulation of metasurface. (a) Schematic of the generalized Snell's law of refraction. The phase gradi-

ent causes additional refraction of light. (b) SEM image of the circular meta-atoms of propagation phase metasurface. (c) SEM image of the rect-

angular meta-atoms on geometric phase metasurface. (d) Schematic illustrating the principle of combining propagation and geometric phases.

(e) An illustration depicting the spectral dispersion of metasurface in terms of group delay. (f) For a metasurface with a 530 nm wavelength and a

49 μm focal  length,  the group delay and group dispersion delay profiles are shown. Based on the value of n,  the design can be optimized for

achromatic or chromatic performance. Figure reproduced with permission from: (a) ref.29, American Association for the Advancement of Science;

(b) ref.32, American Chemical Society; (c) ref.33, American Chemical Society; (d) adapted with permission from ref. 34, copyrighted by the Ameri-

can Physical Society; (e, f) ref.12, Springer Nature.
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θ θ
π

π

results  in the phase changing by 2  (−2 ).  Thus,  by ro-
tating the meta-atom from 0 to ,  we can cover the en-
tire phase shift from 0 to 2 . The principle of geometric
phase can be applied to all  pairs of orthogonal polariza-
tions, including circular, linear. Notably, the circular po-
larization is favored because it  is less sensitive to the di-
rection of metasurface.

Geometric  phase  metasurfaces  effectively  utilize  their
degrees of freedom to manipulate various electromagnet-
ic  events,  including  unusual  refraction  or  diffraction3,41,
holographic  imaging42−44,  and  specialized  beam  genera-
tion45,46.  Moreover,  some  metasurfaces  can  induce  com-
plex geometric phases by utilizing meta-atoms with high-
order  rotational  symmetry  along  with  nonlinear  and
nonlocal  responses,  which  are  attributable  to  quasi-
bound states in the continuum (quasi-BICs)47,48. This has
significantly  expanded  the  range  of  optical  functionali-
ties  that  metasurfaces  can  offer,  opening  new  possibili-
ties  for  various  optical  applications  through  advance-
ments in metasurface technology.

Scanning  electron  microscopy  (SEM)  images  of  the
meta-atoms in the propagation and geometric phases are
shown  in Fig. 2(b, c).  The  propagation  and  geometric
phase are manipulated by varying the diameter of cylin-
drical  meta-atoms  [Fig. 2(b)]  and  rotating  the  meta-
atoms  [Fig. 2(c)],  respectively.  Intriguingly,  the  geomet-
ric  phase  can  be  combined  with  the  propagation  phase
[Fig. 2(d)] to utilize the metasurface as a mode-changing
(or multifunctional) optical component that operates dif-
ferently  depending  on  the  polarization.  This  allows  the
metasurface  to  function as  various  optical  elements  and
significantly expands the scope of metasurface optics. 

Optimization of unit cell period
The periodicity  of  the meta-atom is  one of  a  key design
factor.  If  the  periodicity  is  too  large  or  small,  unwanted
coupling  between  meta-atoms  may  occur,  owing  to  the
emergence of additional propagation modes and the oc-
currence  of  higher-order  diffraction  orders  [Eq.  (10)],
thereby reducing efficiency. 

Psin (θ) = mλ , (10)

P θ m λ

λair n0

where, , , , and  represent the period of the diffrac-
tion grating,  angle  of  the  diffracted light,  diffraction or-
der, and wavelength of light within the medium, respec-
tively. As light pass through a certain medium, the wave-
length within the medium can be expressed as the wave-
length  in  air, ,  divided  by  the  refractive  index  of

P < λair/n0

P > λair/n0

P

PN PN

the medium. Therefore,  when light  passes  through inci-
dentally  perpendicularly  on  the  grating  surface,  if

,  then  the  output  light  does  not  undergo
diffraction  and  nearly  passes  through  the  medium  per-
pendicularly. But if , diffraction can occur. As

 increases,  higher  diffraction  orders  gradually  emerge.
To determine the size of the meta-atom, it is necessary to
consider  not  only  high-order  diffraction,  but  also  the
pixel  size determined by the Nyquist sampling theorem,
referred  to  here  as .  indicates  how  closely  pixels
must  be  positioned  to  avoid  the  loss  of  high-frequency
components.  According to this  criterion,  twice the pixel
size must be smaller than the desired resolution49. 

U <
λ

2NA
. (11)

U λ NA

NA

Additionally,  the Eq.  (11) should  be  satisfied  for  de-
signing  lens  with  diffraction-limited  resolution.  Where

,  and  are period of meta-atom, wavelength, and
numerical  aperture.  The  physical  intuition  behind Eq.
(11) is that the metasurface refracts light more steeply as
the  radius  increases,  with  the  refraction  angle  reaching
its maximum at the boundary. According to the general-
ized Snell’s law, the upper bound of the period of a meta-
atom is determined by the maximum refraction angle as-
sociated  with  the ,  which  should  be  achieved  for
diffraction-limited  performance  [Eq.  (11)]2.  The  period
of meta-atom must be sufficiently small to accurately re-
construct  the  details  determined  by  the  system  resolu-
tion  [Eq.  (11)].  A  meta-atom  with  a  period  larger  than
this  upper  bound  can  degrade  the  optical  resolution.
This  design  mechanism  can  be  generally  applied  into
both of propagation phase and geometric phase. 

Dispersion modulation
The dispersion is the deviation of light from the original
path  in  a  wavelength-dependent  manner  as  it  passes
through  a  dispersive  medium.  The  dispersion  modula-
tion  is  a  common  issue  in  the  field  of  metasurfaces  for
wavelength  dependent  designing,  such  as  achromatic
metasurfaces12,50−52 and spectrometer53−56.  It  is  important
to  strictly  control  the  dispersion  as  it  can  cause  either
positive (e.g., spectrometer) or negative effect (e.g., chro-
matic aberration) depending on its applications.

The  sophisticated  engineering  of  group  delay  (GD)
and  group  delay  dispersion  (GDD)  is  being  revisited  as
an  effective  solution  for  controlling  the  dispersion40,57.
GD indicates  the  time discrepancy  for  the  wave  packets
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of a polychromatic pulse to reach the focal point, where-
as  GDD  indicates  the  degree  of  dispersion  of  the  poly-
chromatic  pulse  caused  by  the  dispersion  properties  of
the  medium.  The  GDD  is  an  essential  factor  for  main-
taining waveform consistency,  accounting for  variations
in  propagation speed owing to  dispersion.  Different  de-
lays  occur  for  different  wavelengths,  which  can  lead  to
distortions  or  color  dispersion57−61.  Achromatic  design
has been one of the most extensively studied fields, hence
we present it as an example of dispersion modulation. As
previously  mentioned,  controlling  the  GD  and  GDD  in
the metasurface is important for mitigating the chromat-
ic dispersion. They can be optimized by adjusting the ge-
ometric  features  of  the  meta-atoms.  The  general  phase
profile of the metasurface is as follows: 

φ (r,ω) = −ω
c

(√
r2 + f2 − f

)
, (12)

c ω r

φ(r,ω)

where , , f and  are  the  speed  of  light,  angular  fre-
quency, focal length, and radial coordinate. Understand-
ing  the  wavelength  dependency  of  metasurfaces  be-
comes easier with the Taylor expansion of the phase pro-
file12.  The  can  be  expanded  into  a  Taylor  series
around  the  design  frequency,  which  corresponds  the
center wavelength: 

φ (r,ω) =φ (r,ωd) +
∂φ (r,ω)

∂ω

∣∣∣∣
ω=ωd

(ω− ωd)

+
∂2ϕ (r,ω)
2∂ω2

∣∣∣∣
ω=ωd

(ω− ωd)
2
+ . . . , (13)

ωd φ(r,ωd)where ,  are the design angular frequency, the
required relative phase, respectively. In Eq. (13), the first
and second terms represent the constant phase delay and
the linear dependency of the phase delay with respect to
the  wavelength,  respectively.  The  first  term can  be  con-
trolled  by  choosing  an  appropriate  phase  modulation
method, whereas the second term can be manipulated by
selecting  a  suitable  meta-atom50.  Chen et  al.12 used  cou-
pled  meta-atoms  consisting  of  two  closely  placed
nanofins  to  enhance  design  flexibility,  enabling  nearly
zero GDD across  a  wide range of  wavelengths.  Without
the  design  capability  of  the  GD  and  GDD,  high-quality
imaging  is  restricted  owing  to  chromatic  aberra-
tions12,61−64. Therefore, rigorous achromatic design strate-
gies should be considered for high-quality bioimaging. 

Materials for metasurface
Proper selection of  materials  properly is  critical  for bio-
logical  imaging  in  terms  of  imaging  quality,  fabrication

and biocompatibility. The optical properties of materials,
such  as  refractive  index  and  optical  extinction  coeffi-
cient, greatly influence the phase design strategy and de-
gree  of  freedom,  as  they  govern  the  phase  delay,  trans-
mission  and  polarization  of  matesurfaces  in  a  wave-
length dependent manner. The material should be com-
patible  with  nanofabrication  for  building  meta-atoms.
For  biological  applications,  another  crucial  condition  is
biocompatibility.  Metasurfaces  that  do not  directly  con-
tact object being imaged are relatively free from biocom-
patibility  concerns.  However,  in  applications  where  di-
rect contact occurs such as hyperlenses and local surface
plasmonic  resonance  (LSPR),  material  selection  should
be  carefully  considered.  It  is  worth  noting  that  biocom-
patibility  of  designed  metasurfaces  should  be  tested  be-
fore in  vivo and in  vitro applications  since  the  biocom-
patibility depends not only on the materials, but also on
the structure, size and species of subject. For example, al-
though gold is widely known for its biocompatibility and
used  in  plasmonic  applications,  gold  nanoparticles  can
exhibit  cytotoxic  effect  at  certain  sizes  and  concentra-
tions65.  In this  section,  we classified widely used materi-
als for metasurfaces into two broad categories: plasmon-
ic, dielectric materials and tunable materials. 

Plasmonic material
Surface  plasmons  (SPs)66 are  surface  electromagnetic
waves that propagate at the metal-dielectric interface and
decay  exponentially  in  directions  perpendicular  to  the
interface.  A  plasmonic  resonator  involves  the  oscilla-
tions of the electron charge density at the metal surface,
which  are  enhanced when the  metal  is  adjacent  to  a  di-
electric  medium.  These  combined  phenomena  facilitate
the  manipulation  of  electromagnetic  waves  at  the  sub-
wavelength scale, offering advanced control in nanoscale
electromagnetic applications67.

Plasmonic  resonators  can  control  the  phase,  ampli-
tude,  polarization,  and  dispersion  of  light  by  adjusting
the  material  properties,  geometry,  and  vibrational  fre-
quency.  Surface  plasmonic  resonators  (SPR)  have  been
adopted as unit cells for metasurfaces owing to their ver-
satility. However, SPR has limitations arising from a phe-
nomenon  known  as  momentum  mismatch68,69,  which
leads to efficiency losses70. This mismatch is a critical fac-
tor that constrains the performance of metasurfaces, par-
ticularly in terms of energy transfer and light manipula-
tion  at  the  nanoscale71.  To  address  these  challenges,
LSPR  is  predominantly  utilized  in  metasurfaces47.  SPR

Jo Y et al. Opto-Electron Adv  7, 240122 (2024) https://doi.org/10.29026/oea.2024.240122

240122-6

 

https://doi.org/10.29026/oea.2024.240122


π

π

π

primarily  occurs  in  continuous  metallic  films,  whereas
LSPR  occurs  in  localized  nanostructures,  such  as
nanoparticles  and  nanorods,  generating  strong  electro-
magnetic  fields within the localized regions.  This  makes
it suitable as a building block for metasurfaces capable of
modulating light properties72. As depicted in Fig. 3(a, b),
the four V-shaped plasmonic metal antennas with differ-
ent length and angles can modulate the phase delay of in-
cident light with a phase interval of /4. These V-anten-
nas exploit symmetric and anti-symmetric modes, which
are  simultaneously  excited  by  adjusting  the  polarization
angle  of  the  incident  light  to  be  within  the  parallel  and
perpendicular  directions73.  To  find  optimized  structures
that cover the 0 to 2  phase while achieving large ampli-
tudes, the optical response of these meta-atoms was ana-
lytically calculated by varying the length of the two equal
arms  and  the  angle  between  them.  Four  antennas  with
high amplitudes were chosen that cover the 0 to  range

π
π π

π

with  a /4  step  size,  and  their  mirror-symmetric  struc-
tures  were  simply  used  to  cover  the  remaining  to  2
phase range.  By integrating these modal  properties  with
the flexibility to select the geometric configuration of the
antenna, an array can be designed to achieve a 2  phase
range with consistent scattering amplitudes29,66,74−78.

Another  promising  plasmonic  resonator  is  the  gap
surface  plasmonic  resonator  (GSPR)79,80.  While  LSPR  is
generated in single metallic nanostructures, GSPR is dis-
tinctly characterized by its occurrence in narrow gaps be-
tween  two  metallic  nanostructures.  As  shown  in Fig.
3(c),  the  metal  surfaces  separated  by  a  thin  dielectric
spacer  dramatically  enhanced  the  electromagnetic  field
in the  localized region.  This  feature  allows GSPR to  en-
able more potent electromagnetic field amplification and
efficacious control over the phase, amplitude, and polar-
ization of the reflected light compared to LSPR81,82.  Fur-
thermore,  high  reflection  efficiency  of  GSPR  (>80%),
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Fig. 3 | Representative metasurfaces consist  of  plasmonic and dielectric  materials. (a)  V-shaped plasmonic  meta-atom.  The V-antennas

activate symmetric and antisymmetric modes depending on the incident light. The unit cells are periodically arranged to manipulate reflection and

refraction of light. (b) SEM image of V-antennas showing the periodic arrangement of unit cells (left). A schematic illustrating the phase-delayed

according to the generalized Snell's law (right). (c) Scattering, absorption, and SPP cross-sections of gap surface plasmon resonator (top). Distri-

bution of electric field enhancement (bottom). (d) A dielectric scatterer with a typical size considerably smaller than the operating wavelength. Di-

electric materials are chosen for their low-loss and high refractive index properties, which allow efficient phase and amplitude control. (e) Electric

and magnetic field distribution of the silicon nanodisk metasurface (left). overlapped vector diagram of the electric field (right). Electric and mag-

netic dipole resonances can be simultaneously generated and overlapped to suppress the reflection of the metasurface. Through the careful de-

sign of the dielectric structure, it is possible to control the transmittance using resonance control. Figure reproduced with permission from: (a, b)

ref.29, American Association for the Advancement of Science; (c) ref.82, Optics express; (d) ref.88, Optics express; (e) ref.89, John Wiley and Sons.
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making  it  suitable  for  various  bioimaging
applications82−85.

Although GSPR achieves high reflection efficiency, re-
ducing  optical  loss  remains  a  challenge  in  the  design  of
highly  efficient  metasurfaces.  This  loss  is  particularly
critical for visible light and communication wavelengths.
Commonly  used  plasmonic  materials  such  as  gold  and
silver  have  limitations  in  the  visible  range  owing  to  the
inherent  loss  of  metals  and  heat  dissipation86,87.  Materi-
als science and design methods for plasmonic resonators
have been actively investigated to address these issues. 

Dielectric material
Owing  to  their  low  efficiency  and  high  intrinsic  ohmic
loss90,  metal  resonators  are  unsuitable  for  use  in  reso-
nant  metamaterials  operating  at  frequencies  above  the
infrared  range.  Efforts  to  address  this  issue  have  led  to
increased  research  on  the  utilization  of  low-loss  dielec-
tric  materials  in  metasurfaces.  The  ability  to  regulate
magnetic  and  electrical  resonances  by  manipulating  the
geometry  and  spacing  of  the  dielectric  resonators  is  an
appealing  aspect  of  metasurface  research87,88.  Dielectric
materials  operate  based  on  the  confinement  of  electro-
magnetic fields and require a high refractive index. Typi-
cally,  dielectric  meta-atoms have  lower  losses  than met-
als;  however, they also have lower refractive indices,  ne-
cessitating  the  selection  of  appropriate  materials  based
on  the  operating  wavelength  to  design  meta-atoms.  Di-
electric metasurfaces can function as either resonators or
waveguides.  In  this  section,  we  will  discuss  these  two
forms  separately  to  provide  a  clear  understanding  of
their distinct mechanisms and applications.

π

Dielectric meta-atoms with high refractive indices can
effectively couple with various multipolar modes of  Mie
resonances91, allowing for efficient control over the phase
changes, polarization, and amplitude92−95 [Fig. 3(d)]. Mie
resonances occur when dielectric meta-atoms have a dis-
tinct  refractive  index  in  contrast  with  the  surrounding
medium. This resonance affects the electric and magnet-
ic  dipole  moments  by  interacting  with  incident  light88.
Dielectric meta-atoms can cover a phase range from 0 to
2  by finely controlling the resonance spectrum of elec-
tric  and  magnetic  dipoles  based  on  the  material  and
shape of the meta-atoms. As shown in Fig. 3(e), the scat-
tering  properties  can  be  controlled  by  designing  meta-
atoms that overlap the electric and magnetic dipole reso-
nances89,  as  explained  by  the  Kerker  effect96.  According
to the Kerker effect,  by carefully designing the dielectric

structure, one can control the electric and magnetic reso-
nances  to  regulate  the  transmittance  and  eliminate
backscattering97,98.  In dielectric meta-atoms, interference
manifests  in  the  forward direction when the  amplitudes
of the electric and magnetic multipoles are in phase; con-
versely,  backward  interference  arises  when  they  are  out
of  phase89,98−100.  Unlike  metal  resonators,  dielectric  res-
onators  do  not  require  magnetic  materials  for  optical-
scattering control101.  However,  such resonances general-
ly occur in narrow bandwidths, leading to low transmit-
tance  and  difficulty  in  phase  modulation  over  a  wide
range.

Δϕ

Dielectric materials with high refractive indices can ef-
fectively refract and confine light, functioning as waveg-
uide modes that facilitate enhanced light-matter interac-
tions.  Operating  as  waveguide  elements  allows  them  to
work over a broad bandwidth, demonstrating high trans-
mittance and complete phase modulation. The energy of
the incident light wave, which is limited inside the meta-
atom, delays the propagation phase of the light, enabling
phase  accumulation32,102.  The  magnitude  of  phase  shift

 is  related  to  the  optical  path  difference,  which  de-
pends  on  the  effective  refractive  index  and  thickness
[Eqs. (14, 15)]. 

Δϕ = Δneffk0d , (14)

k0 2π/λ
d λ

Δneff

Δneff

Δneff

where,  represents  the  wavenumber,  defined  as ,
where  is the thickness of the meta-atom,  is the wave-
length, and  is the difference in refractive index ex-
perienced by light as it passes through two different me-
dia103.  The  is  determined  by  the  volume  weighted
sum of refractive indices of both the surrounding medi-
um  (typically  air)  and  the  materials  of  the  meta-atoms.
For example,  if  the size  of  a  structure increases,  causing
its  volume  to  expand,  the  effective  index  also  in-
creases, leading to significant phase delay104. 

d =
λ

Δneff
. (15)

Δϕ

Δϕ 2π

The fill  factor (FF),  signifying the ratio of  space filled
by  specific  elements  within  a  structure,  allows  for  the
manipulation  of  the  phase  shift ,  where  FF  denotes
the  area  ratio  occupied  by  the  meta-atoms.  To  cover  a
phase  shift  of ,  the  thickness  of  the  meta-atom
must follow Eq. (15)40. Precise control over the propaga-
tion phase can be achieved by tuning the effective refrac-
tive  index  and  thickness  of  the  meta-atom,  facilitating
the design of the phase in planar optical elements105. Re-
cently,  there  has  been  an  increase  in  attempts  of  using
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inverse design methods98,99,101,106 for overcome the limita-
tion of narrow bandwidth. And also there are some try of
optimizing  waveguides  to  adjust  the  dispersion,  thereby
creating metasurfaces for broadband wavelength51. 

Tunable material
Light  modulation  is  sometimes  required  during  optical
imaging in various purposes,  such as  switching between
different imaging modes. Generally, spatial light modula-
tor (SLM) has been employed for these purposes, but it is
associated  with  drawbacks  including  high  cost,  compli-
cated system requiring maintenance, and limited diffrac-
tion angles due to the large pixel sizes. As an alternative
or complement, tunable matasurfaces are being explored
for  specific  applications.  Selecting  appropriate  materials
with  optical  properties  that  can  be  modulated  by  exter-
nal stimuli, such as electric fields or temperature, is cru-
cial  for  implementing  these  devices.  In  this  section,  we
will  briefly  discuss  representative  materials  widely  used
for creating tunable metasurfaces.

One  popular  class  is  phase  change  materials  (PCMs),
which  undergo  transitions  between  states  (e.g.,  amor-
phous and crystalline) depending on the external condi-
tions, resulting in the significant change of optical prop-
erties.  Chalcogenide  compounds  such  as  Ge2Sb2Te5

(GST)107,  Ge2Sb2Se4Te  (GSST)108 are  representative  ex-
amples of PCMs, which can reversibly switch their crys-
talline  state  depending  on  temperature,  resulting  in  re-
fractive change. These materials can be easily and quick-
ly modified using high energy pulse laser or electrother-
mal  devices,  making  them  widely  used  for  creating  re-
configurable  metasurfaces107−109.  Vanadium  dioxide
(VO2)110−112 is  another promising PMC due to its  metal-
insulator transition (MIT) characteristics reasonably low
temperature (~68 ˚C), making it easy to switch113 VO2 is
generally employed for creating metasurfaces working in
the infrared band as it is transparent and tunable within
these  ranges113−116.  PCMs,  which  can  switch  states
through  various  external  stimuli,  offer  the  potential  to
control optical responses in multiple ways.

Liquid crystal (LC)117,118 is also often used to make tun-
able  metasurfaces.  It  has  anisotropic  optical  properties
(e.g.,  anisotropic dielectric constant) and respond to ex-
ternal  electric fields,  originating from its  high aspect ra-
tio molecular structure119.  When external electric field is
applied  to  a  LC  molecule,  they  align  in  the  direction  of
electric field,  thereby modifying their effective refractive
index, which modulates the phase of certain polarization

direction  of  incident  light120,121.  Additionally,  LC  cells
provide real-time responsiveness and high transparency,
enabling  fast  and  efficient  modulation.  Combining  LC
cells  with  metasurfaces  provides  opportunities  for  vari-
ous  applications  such  as  mode  switching122 r varifocal
metasurfaces123.  Mechanical  stress  can  also  adjust  phase
of metasurfaces if flexible substrates is employed. By ap-
plying  mechanical  stress  to  metasurfaces  fabricated  on
flexible  substrates,  the  geometric  parameters  of  meta-
atoms  are  altered,  finely  tuning  the  optical  response124

since  phase  profile  of  metasurface  is  highly  sensitive  to
the structures of meta-atoms125. This approach offers the
advantages of simple structural design and low cost, as it
does  not  require  additional  devices  for  stimulation126.
While the range of working wavelengths is limited by the
material  properties,  the development of  advanced mate-
rials  provides opportunities  for more flexible and versa-
tile design. In conclusion, by leveraging the properties of
various  materials,  it  is  possible  to  implement  tunable
metasurfaces  with  more  flexible  and  verstile  designs.
Such designs are essential for the multipurpose commer-
cialization of metasurfaces. 

Applications
To acquire high-quality images from biological samples,
several  parameters  of  optical  system  should  be  opti-
mized,  such  as  NA,  field  of  view  (FOV),  depth  of  field
(DOF), achromaticity, and imaging time. These parame-
ters should be carefully tuned depending on the imaging
modalities  to  build  a  high-performance  optical  system
since they trade off against each other and typically can-
not be optimized simultaneously. For example, while uti-
lizing  high  NA  metasurfaces  enables  high-resolution
imaging,  it  reduces  the  FOV  and  DOF,  restricting  the
large-field  3D  bioimaging.  Thus,  many  kinds  of  opti-
mization  techniques  have  been  adopted  to  find  optimal
metasurfaces  for  bioimaging127.  Due  to  fabrication  diffi-
culties,  the  available  size  of  metasurfaces  is  limited  to
around  ~2  mm,  which  also  restrict  the  imaging  FOV.
The short DOF or small FOV can be somewhat compen-
sated by using 3D scanning system (e.g., galvo or motor-
ized stage), but this comes at the expense of imaging time
and signal-to-noise ratio (SNR).

The point spread function (PSF) engineering could be
a good solution for optimizing the system for microscop-
ic imaging. It is particularly worth noting the utilization
of non-diffracting light, which preserves the size and in-
tensity  profile  during  propagation,  in  the  field  of
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bioimaging128,129.  Metasurfaces  are  well-optimized  for
this  kind of  beam shaping  since  they  are  specialized  for
modulating  polarization,  diffraction,  and  amplitude  of
light,  which  is  not  possible  with  classical  optics20,130−134.
The  Bessel  beam,  the  most  popular  non-diffracting
beam,  is  almost  a  basic  option  for  building  large  DOF
imaging system without degradation of lateral resolution.
It has also been employed for enlarging the FOV in per-
pendicular  illumination  systems  such  as  light  sheet  mi-
croscopes135. Variations of the Bessel beam is still active-
ly  being  studied  to  form  sharper  and  longer  PSFs.  The
vortex  beam,  which is  another  subset  of  non-diffracting
beam,  is  an  essential  component  for  edge-detection  mi-
croscopy122,136,137.  In  this  section,  we  introduce  various
advanced  imaging  techniques  using  metasurfaces.  We
will  discuss  how the  metasurfaces  are  incorporated  into
imaging systems to overcome the limitations of conven-
tional optics, referring to specific application examples. 

Metasurfaces for cell imaging applications
Owing  to  its  simplicity,  cells  have  been  used  as  a  basic
object for imaging in the field of biology. They are often
used in a wide range of biological studies such as clinics,
diagnostics,  and  drug  screening.  Due  to  their  impor-
tance, a lot of imaging techniques adapted for cell imag-
ing  have  been  developed.  In  this  section,  various  meta-
surfaces  for  advanced  cell  imaging  techniques  are
discussed. 

Super-resolution imaging
The optical resolution is defined as the minimum distin-
guishable  distance  between  two  points  and  is  deter-
mined by the NA and wavelength of the optical systems.
Even  when  enhanced  using  high-NA  optics  or  short
wavelengths,  the  resolution  does  not  improve  beyond  a
certain  level  (~250  nm)  at  visible  wavelengths  owing  to
the  physical  limit  of  diffraction,  known  as  the ‘diffrac-
tion limit’138,139. In biological imaging, the diffraction lim-
it  restricts  the  quantitative  imaging  of  subcellular  net-
works, such as mitochondria, microtubule networks, and
synaptic connections,  which are related to cellular func-
tionalities.  Furthermore,  molecular  studies  suffer  from
limited  optical  resolution,  for  example,  in  investigating
the spatial distribution of membrane protein and molec-
ular interactions. Various super-resolution imaging tech-
niques have been adopted in the field of biological imag-
ing based on PSF engineering (i.e., STED), structured il-
lumination  (SIM),  and  single  molecule  localization  (i.e.,

PALM,  STORM)  to  overcome  the  diffraction  limit140,141.
However,  these  techniques  require  a  complex  and  cost-
inefficient  optical  setup  and  computationally  intensive
postprocessing. Moreover, some techniques are available
only  with  special  fluorescent  labeling  and  are  not  used
for general imaging.

To  achieve  diffraction-unlimited  resolution,  the  be-
havior  of  wave  propagation  should  be  considered.  Ac-
cording  to  angular  spectrum  theory,  waves  are  catego-
rized  into  propagating  and  non-propagating  waves,
termed  evanescent  waves.  Evanescent  waves  are  expo-
nentially decaying waves near a light source that convey
structural  information  smaller  than  its  wavelength142,143.
As  they  carry  high-frequency  structural  information,
capturing evanescent waves is essential for achieving su-
per-resolution.  In 2000,  John Pendry proposed the con-
cept of a perfect lens capable of producing super-resolu-
tion  images  using  negative-index  materials144.  However,
the  implementation  of  negative-index  material  is  chal-
lenging  because  it  does  not  exist  in  nature.  Fortunately,
Pendry proved that a material can work as a perfect lens
if it satisfies either negative permittivity or negative per-
meability  in  polarized  light.  Although  Pendry  showed
that lossy metals, such as silver, can act as perfect lenses,
they cannot  recover  images  exactly  same as  the  real  ob-
ject,  even  in  theory,  owing  to  the  damping  loss  of  the
metal.  An  imperfect  lens  is  defined  as  a  superlens.  The
first  superlens  operating  in  the  optical  regime  was
demonstrated  using  metamaterials  in  2005  by  Fang  et
al.145,  which  is  a  promising  technique  for  satisfying  the
necessary conditions for superlenses, given its versatility
in  modifying  optical  properties.  However,  conventional
imaging  remains  impractical  because  it  operates  in  the
near-field  regime.  A  more  practical  approach  is  to  em-
ploy  a  hyperlens  consisting  of  hyperbolic  metamaterials
with  a  highly  anisotropic  permittivity146.  Although  the
hyperlens  consist  of  hyperbolic “metamaterial” and  is
termed “lens”,  its  working  principle  is  entirely  different
to  the  metalens,  which  is  specialized  for  focusing  light
and  imaging.  Thus,  there  is  controversy  regarding  the
categorization  of  hyperlens  as  a  metalens2.  However,  as
we  comprehensively  cover  the  bioimaging  techniques
primarily based on metasurface with a few instances in-
volving metamaterial, we introduce hyperlens in this sec-
tion.  A  common  way  to  implement  hyperlens  is  to  cre-
ate a periodic structure by alternating two different ma-
terials with subwavelength thicknesses. The wave propa-
gating in the direction of the anisotropic axis undergoes
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a different effective permittivity and dispersion relation-
ship [Eq. (16)]147,  where , , ,  represent the angular
frequency, speed of light in vacuum, wavevector, relative
permittivity,  respectively.  The  subscripts ,  indicate
components  parallel  and  perpendicular  to  the  propaga-
tion  direction  of  wave,  respectively.  The ,  and 
should have the opposite sign. 

ω2

c2
=

k2∥
ε∥

+
k2⊥
ε⊥

. (16)

The  initial  versions  of  hyperlenses148 were  also  slab
lenses145,  like  superlenses.  However,  cylindrical,  and
spherical  shapes  were  found  to  be  considerably  more
practical  than  slab  shapes.  These  shapes  are  more  suit-
able  for  performance  optimization,  including  ensuring
equivalent  path  lengths  and  minimizing  surface  scatter-
ing14,146,149.  The first  biological  imaging using a  spherical
hyperlens  array  was  performed  by  Lee  et  al.15 [Fig. 4(a,
b)].  They  captured  fine  neuronal  structures,  which  are

crucial  for  investigating  the  functionality  of  the  brain
and  resolved  features  of  approximately  150  nm  at  a
wavelength  of  410  nm.  Another  potential  biological  ap-
plication of hyperlenses is single-molecule studies in cells
based  on  fluorescence  correlation  spectroscopy.  The  fo-
cal volume, the size of the PSF, in single molecular imag-
ing  is  related  to  the  available  concentration  of
biomolecules and sensitivity for measuring diffusion het-
erogeneity150. A previous study revealed the spatiotempo-
ral heterogeneity and hindered diffusion of lipid interac-
tions  using  scanning STED-FCS (sSTED-FCS),  which is
not available with diffraction-limited focal volumes [Fig.
4(c)]151.  In  2023,  Barulin  first  proposed  the  theoretical
feasibility  of  hyperlenses  for  sub-diffraction  single-
molecule imaging in cell  membrane structure through a
simulation  study  [Fig. 4(d)]152.  They  simulated  the
nanoscale  dynamics  of  lipids  in  the  cell  membrane  and
demonstrated  the  possibility  of  capturing  location-de-
pendent  hindered  diffusion  with  a  spatial  resolution  of
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40 nm using a metal-dielectric hyperlens.
Metasurfaces also can be used for SIM, which achieves

super-resolution  by  combining  images  illuminated  by
several  patterns.  The  maximally  achievable  spatial  fre-
quency of conventional SIM is determined by the sum of
the illumination and detection spatial frequencies16. Gen-
erally,  only ~2 times resolution enhancement can be at-
tained  with  conventional  SIM  compared  to  diffraction
limited resolution, since the spatial frequencies of illumi-
nation and detection are restricted by the diffraction lim-
it.  Extending  detection  spatial  frequency  is  more  diffi-
cult  than  increasing  the  illumination  frequency  in  opti-
cal regime. Thus, many efforts have been focused on in-
creasing  the  illumination  frequency,  particularly  using
near field. Plasmonic materials are specialized for gener-
ating  high-resolution  near  field17,153−157.  Notably,  hyper-
bolic  materials  can  be  one  of  the  easiest  available  solu-
tions,  attributed to  their  simple  fabrication method.  Lee
et  al.158 developed  speckle  metamaterial-assisted  illumi-
nation  nanoscopy  (speckle-MAIN)  and  reconstructed
high-resolution  images  using  blind-SIM  algorithm,  ac-
complishing a resolution of ~40 nm. They fabricated hy-
perbolic  metasurfaces  consisting  of  periodically  stacked
Ag and SiO2 layers with a root mean square roughness of
~1.1  nm,  generating  high-resolution  and  near  field
speckle under illumination. Then, they illuminated exci-
tation light through the vibrating multimode fiber to ob-
tain  enough  random  speckle  patterns.  This  hyperbolic
metasurface assisted SIM method also successfully works
for label-free imaging, as well. Lee et al. also substantiat-
ed the feasibility of hyperbolic material assisted illumina-
tion  for  label-free  imaging.  They  developed  hyperbolic
material  enhanced  scattering  (HMES)  nanoscopy  with
dark-field  detection  system,  which  improved  resolution
by a factor of 5.5 times than diffraction limit158. Since it is
challenging  to  directly  detect  near  field  with  optical  de-
tection in visible range, SIM is a remarkable method for
recovering  high-resolution  near  field  speckles,  unlike  to
the superlens.

Typically, the metasurfaces for super-resolution imag-
ing  based  on  near  field  approaches  suffer  from  optical
loss  and  sample  mounting159.  To  achieve  super-resolu-
tion  imaging  using  them,  the  metasurfaces  should  be
placed  or  fabricated  near  the  samples.  Furthermore,  a
strong  light  source  is  needed  to  obtain  a  strong  enough
signal  from  the  sample  due  to  the  optical  loss  of  near
field metasurfaces, which cause phototoxicity of biologi-
cal  samples.  To overcome these  limitations,  super-oscil-

latory lens (SOL) has been suggested for achieving super-
resolution  imaging  through  the  far  field  approaches160.
The phenomenon of  super-oscillation refers  to  the local
oscillation  in  band-limited  function  that  oscillate  faster
than  their  fastest  Fourier  components.  This  phe-
nomenon  was  originally  discussed  by  Aharonov161,  and
its application for optical super-resolution was suggested
by Michael Berry and Sandu Popescu160. Berry et al. pre-
dicted  that  super-oscillation  can  be  generated  by  a
diffraction  grating  and  delivered  through  the  propagat-
ing beam without evanescent wave. The first experimen-
tal  observation  of  the  super-oscillation  generated  from
quasicrystal array of nanoholes in a metal screen, result-
ing in a ~220 nm of hot spot (~0.37λ) opened the possi-
bility of far field super resolution imaging162.

By  sophisticated  design,  practical  SOL  metasurfaces
have been fabricated by patterning a periodically aligned
concentric  nanostructure159,163,164.  Qin  et  al.  experimen-
tally  resolved  structures  as  small  as  65  nm  (~0.16λ)  us-
ing their long working distance (~135λ) supercritical lens
(SCL)165 .  They  adopted  scanning  microscope  with  a
high-speed  piezo  stage  to  obtain  large-area  and  high-
quality images, achieving imaging speeds 16 times faster
than  previous  study159.  Overcoming  limitations  such  as
chromatic  aberration166,167,  extending  DOF168−172,  short
working  distance  and  limited  FOV  is  indispensable  for
more  practical  bioimaging.  Theoretically,  functions  for
super-oscillation  can  make  sharp  peaks  as  small  as  de-
sired at the expense of several parameters such as inten-
sity of side lobe, bandwidth, and peak intensity164.  Thus,
it is important to maintain the balance between these pa-
rameters  for  practical  imaging  applications.  In  a  recent
study,  Li  et  al.  simultaneously  optimized  these  parame-
ters  of  SOL  by  applying  a  multi-objective  genetic  algo-
rithm127.  Their  apochromatic  SOL  exhibited  awesome
performance with ~0.53λ (488 nm) resolution, including
>10λ of  DOF,  428  µm  of  focal  distance  and  suppressed
side  lobes.  Using this  advanced SOL,  they  first  acquired
3D,  multicolor  fluorescent  images  of  neuronal  tissue.
These consecutive and sustained reports of super-resolu-
tion metasurfaces imply the potential of metasurfaces in
advanced bioimaging. 

Edge-detection metasurface
In the field of bioimaging, computational image process-
ing  has  become  indispensable  for  advancing  optical
imaging techniques. However, these techniques often re-
quire significant computational resources and processing
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time, which prohibit the real-time monitoring of biologi-
cal  activities.  A promising  solution to  alleviate  this  bur-
den is to employ an special optical elements for all-opti-
cal analog image processing, similar to hardware acceler-
ation  in  the  field  of  electronics173.  Metasurfaces  provide
numerous  degrees  of  freedom  for  designing  image  pro-
cessing filters and have the potential to process extensive
biological data with minimal computational resources174.
Edge-detection  is  a  key  filter  used  in  image  processing
that highlights object  outlines by recognizing abrupt in-
tensity gradients at object boundaries175−177.  This typical-
ly  involves  the  convolution  of  kernels  or  Fourier  trans-
formations,  which  consume  significant  computational
resources178. Normally, this process can be achieved with
phase modulation devices such as SLM by creating spiral
phase filter at Fourier plane. However, this method tends
to  increase  the  overall  system  size179−181.  Recently,  edge-
detection metasurfaces  have  been actively  studied to  re-
place  conventional  bulky optical  elements.  Metasurface-
based all-optical edge-detection enables a more compact
and  simpler  optical  system  by  eliminating  the  need  for
additional  components.  This method not only improves
the design flexibility but also facilitates faster image pro-
cessing, making it highly suitable for the miniaturization
of microscopes and imaging devices182,183. This technolo-
gy can be utilized for the label-free imaging of transpar-
ent samples, such as cells or tissues [Fig. 5(a)].

Second-order  spatial  differentiation  is  a  sophisticated
mathematical  procedure  employed  to  ascertain  the  rate
of change in the spatial gradient of a function182,184−186. In
image processing, this operation is pivotal for accentuat-
ing  edges  and  distinct  features  by  emphasizing  regions
where  rapid  intensity  fluctuations  occur.  An  advanced
optical  filter  that  functions  as  a  Laplacian  operator  can
execute  the  second-order  spatial  differentiation  of  the
transmitted light characterized by a specific electric field
profile.  Consequently,  the  output  is  the  second  deriva-
tive of the initial image, which distinctly underscores the
edges and salient features of the image [Fig. 5(b)]187.

Edge-detection  can  also  be  implemented  using  spiral
phase  metasurfaces  that  incorporate  a  hyperbolic  phase
with a topological charge of 1122,188,189. The amplitude and
phase distributions of the spiral metasurface at the focal
plane exhibited ring and spiral  shapes,  respectively [Fig.
5(c)].  The  uniform regions  are  cancelled  out  because  of
destructive  interference,  allowing  only  high-contrast  ar-
eas to be observed. However,  their applicability for gen-
eral purpose imaging has been limited, as those methods

heavily  rely  on  4f  systems  with  coherent  illumination.
Recently, Wang et al.137 developed a metasurface that op-
erates  with  an  incoherent  light  source  by  digitally  sub-
tracting  images  taken  from  different  linearly  polarized
lights [Fig. 5(d)]. Each image is captured using polariza-
tion  camera  with  polarization-multiplexed  metasurfaces
having hyperbolic (x-polarization) and spiral (y-polariza-
tion)  phases.  This  technique  delineates  the  contours  of
an  object  more  clearly  even  with  incoherent  light,  pre-
senting an excellent approach for general purpose imag-
ing. Also Zhou et al.190 demonstrated a Laplace differen-
tiator  based on a  metasurface  with  toroidal  dipole  reso-
nance. This metasurface achieved 2D second-order edge
detection,  significantly  enhancing  image  processing  ca-
pabilities.  Recently,  Chu et  al.191 experimentally  demon-
strated a meta-microscope that achieves both optical and
digital  phase  contrast  imaging.  This  technology  lever-
ages  deep  learning  models  to  enable  high-contrast  and
accurate imaging. Optical  phase contrast imaging uses a
spiral phase metasurface to enhance edge contrast, while
digital  phase  contrast  imaging  converts  bright-field  im-
ages  into  edge  enhanced  images  using  deep  learning  al-
gorithms. This research highlights the potential of meta-
surface multifunctionality using deep learning.

One promising approach for edge detection is  nonlo-
cal  metasurface,  which  manipulate  light  in  momentum
domain.  The term “nonlocal” indicates  that  meta-atoms
of  the  metasurface  interacts  with  the  incident  light  in  a
collective  manner  rather  individual  elements192−194.  This
approach  offers  new  opportunities  for  designing  novel
functions,  such as  greater  degree of  freedom, compress-
ing space for light propagation, and creating mathemati-
cal  operators193,195.  It  is  noteworthy  that  nonlocal  meta-
surfaces  are  specialized  for  implementing  mathematical
operators  for  analogue  image  processing.  Kwon  et  al.
suggested the basic differential  operators using nonlocal
metasurfaces, and showed the Laplacian operator can be
implemented  by  combining  1D  operators  for  analogue
edge detection196. Additionally, Kwon et al. proposed de-
sign strategies of polarization insensitive nonlocal meta-
surface for edge detection197. Zhou et al. fabricated Lapla-
cian operator metasurface based on photonic crystal slab,
as well as demonstrated low-power and high-speed edge
detection  on  biological  cell  samples  with  minimal  opti-
cal elements.

Differential interference contrast (DIC) microscopy is
another  example  of  label-free  imaging  of  trans-
parent  samples198,199.  DIC  microscopy  visualizes  subtle
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differences in the thickness or refractive index variations
in phase objects such as transparent cells or intracellular
structures200. However, conventional anisotropic DIC (a-
DIC)  microscopy  requires  mechanical  rotation  of  the
prism  to  obtain  isotropic  differential  images,  making  it
unsuitable  for  rapid  imaging  of  live  specimens201,202.
Wang  et  al.19 overcame  this  limitation  by  employing  a
single-layer metasurface for isotropic DIC (i-DIC) imag-
ing, which is not available with conventional optical ele-
ments. This represents a key component of next-genera-
tion  imaging  technology  capable  of  precisely  visualizing
minute  structural  details  in  transparent  samples.  The
metasurface  plays  a  crucial  role  in  modulating  the  opti-
cal properties, including polarization transformation and

data alteration, and was designed to capture directional-
ly  invariant  differential  contrast  in  a  single  shot  [Fig.
5(e)]19.  The  unique  functionalities  of  metasurfaces  stem
from  their  intricate  nanostrucatural  designs.  They  have
potential applications in biomedical imaging by harness-
ing the compactness and functionalities of metausrfaces,
driving a cascade of ongoing research endeavors.
 

Tunable metasurfaces
Correlative  imaging  across  various  imaging  modalities
(i.e., combining bright field and edge-detection mode) is
often  required  to  unveil  complex  biological  processes.
However, complexity of optical setup restricts the imple-
mentation  of  combining  different  imaging  modalities.

 

a

b

e

d

c

Differentiator off Differentiator on

Bright field Phase contrast Dark field Edge-detection
1

0

Min Max
Bright-field (λ=900 nm) Differentiated (λ=740 nm)

Amplitude (a.u.)

0
x-pol

x-pol

y-pol

y-pol

1 0 2π

Edge

Polarization
camera

Phase (rad) i

ii

WF

WF

i-DIC

Entropy: 1.14

NA 0.1 NA 0.7

Entropy: 1.90

Entropy: 5.79

Entropy: 5.53

Entropy: 5.21

Entropy: 0.26

Entropy: 6.91

Entropy: 6.55

i-DIC

WF

WF

i-DIC

i-DIC

1.0
0.8
0.6
0.4
0.2In

te
ns

ity
 (a

.u
.)

0 5 10 15 20 25
Horizontal position (μm)1.0

0.8
0.6
0.4
0.2In

te
ns

ity
 (a

.u
.)

0 1 2 3 4 5
Horizontal position (μm)
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imaging. (e) (i) Metasurface-assisted DIC image of the USAF 1951 resolution test chart under NA of 0.1 and 0.7, respectively. (ii) Images cap-

tured  with  wide-field  and  i-DIC  microscope.  Figure  reproduced  with  permission  from:  (a)  ref.182,  Springer  Nature;  (b)  ref.186,  Oxford  University

Press; (c) ref.188, John Wiley and Sons; (d) ref.137, American Chemical Society; (e) ref.19, Springer Nature.
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Thus,  tunable  optics  are  preferred  for  constructing  cor-
relative imaging systems, as they can minimize the physi-
cal  vibration  and  perturbations  during  mode  switching.
Metasurfaces also have emerged as strong candidates for
tunable  imaging  system  owing  to  their  thin  nature  and
abundant design flexibility. Switching modes of metasur-
faces  can  be  achieved  in  several  ways,  including  electri-
cal,  mechanical  (e.g.,  stretching),  and stimuli-responsive
(e.g., thermal) methods. In this section, tunable metasur-
faces are comprehensively discussed.

Liquid crystal (LC) cell is the most representative tools
for realization of electrically tunable metasurfaces. Their
anisotropic  refractive  index  and  responsiveness  to  elec-
tric  fields  enable  effective  modulation  of  optical
phases203−206.  Consequently, metasurfaces combined with
LC  cell  function  as  electrically  tunable  lens  by  applying

an electric field, like liquid crystal display (LCD)206−208. As
demonstrated  by  Badloe  et  al.122 in  2023,  this  technique
was used to switch between bright-field and edge-detect-
ed modes within a few microseconds, allowing the seam-
less  correlative  imaging  of  transparent  cells  [Fig. 6(a)].
The  integration  of  LC  with  metasurfaces  eliminates  the
need  for  additional  devices  for  mode  changing  and  of-
fers  substantial  benefits  in  terms of  miniaturization and
correlative imaging. This type of mode changing also can
be  conducted  through  physical  distortion  of  metasur-
faces209,210. The metasurfaces fabricated on an elastic ma-
terial  can  be  easily  deformed  under  an  applied  force,
modifying  the  meta-atom  period,  and  resulting  in  the
distortion  of  the  wavefront  [Fig. 6(b)].  Sophisticated  re-
shaping  of  metasurfaces  allows  the  mode  changing,  but
this  requires  complex  device  such  as  microelectro-
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mechanical  systems  (MEMS)  for  fast  and  reproducible
mode  control211−213.  Arbabi  et  al.214 demonstrated  a
MEMS-integrated  varifocal  metasurface  that  adjusts  the
distance  between  two  metasurfaces  [Fig. 6(c)].  Another
example is the work by Luo et al.215 who achieved a tun-
able  metasurface  using  a  moiré  metalens  composed  of
cascaded  phase  plates  with  complementary  phase  pro-
files. This structure adjusts the focal length not by chang-
ing the distance between two metalenses, but by modify-
ing  the  mutual  angle  of  the  cascades,  which  can  be  ad-
vantageous for ultra-thin systems. Phase-change materi-
als,  which undergo changes in physical  properties in re-
sponse  to  external  stimuli  (e.g.,  thermal  expansion  or
phase  transition112,216−218),  are  also  potential  candidates
for tunable systems. Song et al.219 utilized VO2 to achieve
a tunable lens that can switch between dual-focus, single-
focus,  and  no-focus  modes  at  a  wavelength  of  4  μm
through  temperature  control.  They  also  accomplished
opposite  circular  polarization conversion and adjustable
focusing.  Another  example,  Shalaginov  et  al.112 show-
cased an varifocal metasurface by adopting phase change
material  GSST  that  deform  in  crystalline  state  under
thermal  annealing  [Fig. 6(d)].  This  tunable  varifocal
metasurface  operates  at  a  wavelength of  5.2  μm and ex-
hibits  a significant refractive index contrast  between the
amorphous  and  crystalline  states  of  GSST.  GSST  offers
the advantage of broadband transparency in the infrared
region in both states. 

Metasurfaces for tissue and animal imaging
applications
Optical  microscopy is  an indispensable tool  for imaging
biological  sampels220.  With  the  increasing  demand  for
complex structures and large-field imaging of animal tis-
sue,  advanced optical  imaging techniques have attracted
increasing  attention.  Notably,  along  with  the  develop-
ment  of  fluorescent  protein  engineering  and  hardware,
fluorescence  imaging  has  emerged  as  the  gold  standard
for  biological  imaging.  Concurrently,  advanced  optical
microscopy has also been developed to fully utilize fluo-
rescent  techniques  such  as  confocal,  light-field,  light-
sheet, super-resolution microscopy, fluorescence correla-
tion  spectroscopy  (FCS),  and  ultrafast  imaging  tech-
niques221−223. In addition, various optical imaging modali-
ties  that  do  not  require  fluorescent  labeling  also  have
been  developed,  including  optical  coherence  tomogra-
phy  (OCT),  photoacoustic,  phase  contrast,  polarization,
dark field, and holographic imaging224−228.

Although  these  techniques  exhibit  superior  perfor-
mance,  they  require  expensive  and  bulky  hardware  and
careful maintenance. Integrating multiple functions into
a  limited  space  requires  considerable  cost  and  effort  to
precisely  maintain  and  align  the  systems.  Metasurfaces
have  received  increasing  attention  as  alternative  solu-
tions to address these issues. The multifunctionality and
thin  nature  of  metasurfaces  enable  the  combination  of
multiple  optical  elements  into  a  single  flat  component,
resulting in significant system simplification. In this sec-
tion,  conventional  optical  imaging  methods  specialized
for  animal  and  tissue  imaging  are  introduced  and
explored  to  understand  their  potential  replacement  by
metalsurfaces. 

Fluorescent microscopy
As  the  demand  for  fast  and  large-field  imaging  has  in-
creased in the field of biology, various types of advanced
fluorescent  microscopies  are  under  development.
Among  them,  light-sheet  microscopy  is  particularly
promising  owing  to  its  efficiency  and  fast  imaging
speed229−231. Metasurfaces are potential candidates for re-
ducing  the  complexity  of  conventional  light-sheet  mi-
croscopy systems because they allow easy modulation of
the  illumination  profile.  In  addition,  light-sheet  mi-
croscopy is relatively free from chromatic aberration be-
cause  the  excitation  and  emission  paths  are  separated.
Luo  et  al.21 demonstrated  the  feasibility  and  perfor-
mance  of  a  metasurfaces-based  light  sheet  microscope
[Fig. 7(c)]21.  Among the  various  types  of  light-sheet  mi-
croscopes,  the  lattice  light-sheet  microscope,  first  devel-
oped  by  Chen  et  al.230 has  demonstrated  superior  axial
resolution (~370 nm) and out-of-focus background sup-
pression  compared  with  conventional  microscopes.
However, it should be noted that the optical setup for the
lattice  light-sheet  microscope  is  highly  complex.  Meta-
surface-based lattice-light-sheet illumination can signifi-
cantly  simplify  the  system.  According  the  simulation,
metasurface  results  in  an approximately  3-fold larger  il-
lumination area compared to a conventional lattice light-
sheet  microscope  [Fig. 7(d)]20,230.  In  a  recent  study,  a
metasurface-based Bessel  beam lattice  was  implemented
and applied to record neural activity232. The use of meta-
surfaces greatly simplifies the system complexity,  result-
ing in easier maintenance and alignment.

Another important microscopic technique in the bio-
logical  field  is  multiphoton  microscopy  for  deep-tissue
imaging  using  a  femtosecond  laser  in  the  near-infrared
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range. However, designing a metasurfaces for multipho-
ton  fluorescence  microscopy  is  challenging  because  of
the  larger  difference  between  the  excitation  and  emis-
sion  wavelengths  compared  with  single-photon  mi-
croscopy. By utilizing the multifunctionality of metasur-
faces, Arbabi et al.233 realized a metasurface for two-pho-
ton  microscopy  by  separating  the  excitation  and  emis-
sion phase profiles with polarization dependency. Meta-
surfaces are also suitable for miniaturized optical micro-
scopes used in vivo neural  recordings in freely behaving
rodents.  The  miniaturized  head-mounted  microscopy
enables the capture of neural activity from freely behav-
ing rodents to correlate the brain signal with animal mo-
tion.  However,  in  the  case  of  mice,  total  weight  of  the

head-fix  microscope  should  be  less  than  15%  (<4  g)  of
the body weight to allow free movement234. The weight of
conventional  optics  interrupts  the  behavior  of  rodents
and may result  in artifacts in recorded neuronal signals.
Wang  et  al.22 developed  a  miniaturized  two-photon  mi-
croscope  with  only  ~1.36  g  of  weight  using  a  metasur-
face  [Fig. 7(e)].  They  obtained  neuronal  image  from
transgenic  mouse  up  to  a  cortical  depth  of  70  µm  with
nearly diffraction-limited lateral resolution (~0.92 µm of
lateral,  ~18.08  µm  of  axial  resolution)  at  920  nm  of
wavelength.

Fluorescence  is  the  process  of  emitting  light  with  a
longer  wavelength  after  absorbing  light  with  a  shorter
wavelength and is  known as the Stokes shift.  Because of
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its  broadband  spectrum,  fluorescence  imaging  typically
involves  optical  components  designed  for  wide  spec-
trum.  While  currently  available  conventional  achromat-
ic  lenses  exhibit  superior  performance  in  correcting
chromatic  aberrations,  compensating  for  chromatic
aberrations  remains  a  challenge  for  metasurfaces39.  To
implement metasurfaces  suitable  for  broadband fluores-
cent imaging, the aberration issues should be addressed.
The  most  basic  approach  for  implementing  achromatic
metasurfaces  involves  adjusting  the  group  delay  and
group delay dispersion of light by modifying the dimen-
sions and structures of the unit cells50,51,235. Notably, Chen
et  al.12 reported  a  broadband  achromatic  metasurfaces
operating  within  the  visible  range  that  independently
and precisely controlled the group dispersion and phase
delay using a pair of nanofins [Fig. 7(a, b)]. Owing to the
physical limitations of the metasurface design, computa-
tional image processing has emerged as promising strate-
gies for correcting chromatic aberration. Classical decon-
volution methods, such as the Wiener algorithm and op-
timization  already  have  demonstrated  the  feasibility  of
computational  correction236−238.  Furthermore,  with  re-
cent advancements in deep learning, convolutional neu-
ral  networks  (CNN)  have  been  widely  used  for  aberra-
tion  correction  as  well  as  automated  optimization  of
metasurfaces,  showing  extremely  high-quality  post-pro-
cessing239,240.  The  development  of  these  techniques  has
established  a  technical  foundation  for  broadband  fluo-
rescent imaging using metasurfaces. 

Photoacoustic microscopy (PAM)
Photoacoustic microscopy (PAM) is an innovative imag-
ing approach, overcoming the limitation of the penetra-
tion  depth  of  light  in  scattering  media  by  harnessing
acoustic  signals225,241.  The  underlying  mechanism of  this
technique is photoacoustic effect, which converts the ab-
sorbed light into acoustic waves through thermal expan-
sion. As attenuation of acoustic signal is lower than that
of light signals in tissue, imaging in deeper tissue is per-
mitted. Depending on the illumination strategy, they can
be  classified  as  optical-resolution  photoacoustic  mi-
croscopy  (OR-PAM)  and  acoustic-resolution  photoa-
coustic  microscopy  (AR-PAM).  Typically,  the  penetra-
tion  depth  of  OR-PAM  and  AR-PAM  reaches  up  to  ~1
mm and several centimeters, with 0.4-5 µm and >40 µm
of  lateral  resolution,  respectively23,242−247.  Notably,  elabo-
rate PSF engineering could significantly enhance the im-
age quality for OR-PAM, given its utilization of focused

light. Recent studies have employed metasurfaces for sys-
tem improvement owing to their design flexibility.

Extending DOF significantly increases the clear imag-
ing volume, as the PAM acquires an ultrasound signal in
the  vertical  direction.  Although  Bessel  beams  are  com-
monly employed to increase the DOF, their low efficien-
cy and the need for additional optical elements are obsta-
cles  to  high-quality  imaging.  Song  et  al.244 developed
PAM using a metasurface-based needle-like beam to ex-
tend the DOF, thereby increasing the clear imaging vol-
ume [Fig. 8(a)]. The enhanced DOF also minimizes out-
of-focus image blurring in unprocessed tissues  with un-
even  surfaces  for  label-free  histological  imaging.  These
features make it suitable for intraoperative label-free his-
tological imaging and virtual staining, in which reducing
the staining time is important.  Another metasurface ap-
plication  of  PAM  is  in  multichannel  imaging.  Dual-
channel imaging at the UV and visible wavelengths is re-
quired  for  PAM  imaging  to  observe  multiple  objects,
such as DNA/RNA and vascular-related disorders simul-
taneously. However, UV-visible dual-channel imaging is
hindered  by  chromatic  aberrations  resulting  from  large
gaps in wavelengths. To correct this problem, a hafnium
oxide multilayered metasurface compatible with the UV-
visible range was proposed for photoacoustic imaging in
a  simulation  [Fig. 8(b)]23.  This  specially  designed  meta-
surface, 1.4 µm thick with a high NA of 0.8, outperforms
commercially available UV-visible lenses,  which typical-
ly have NA of 0.5. The combination of metasurfaces and
PAM  is  suitable  for  clinical  applications  that  require
miniaturized and high-performance systems for imaging
in  narrow  spaces.  It  is  worth  noting  that  photoacoustic
endoscopy  is  quite  effective  in  detecting  gastric  cancer
and inflammation248.  Several studies have been conduct-
ed to integrate  compact  and high-resolution optics  with
intravascular photoacoustic and ultrasound imaging sys-
tems76.  We  anticipate  that  the  integration  of  metasur-
faces into PAM will introduce new opportunities for ul-
tracompact,  high-performance,  and  multispectral  appli-
cations of PAM in biological imaging. 

Metasurfaces for human applications
This  chapter  discusses  innovative  idea  of  metasurfaces
for  human applications.  From medical  devices  and  bio-
metrics, metasurfaces have enhanced the resolution, sen-
sitivity,  and diversity of  devices for human applications,
such as endoscopic imaging,  MRI,  3D facial  recognition
and  fingerprint  imaging.  This  chapter  explores  into  the
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innovative  potential  of  metasurfaces  on  devices  for  hu-
man applications. 

Endoscopic imaging
Endoscopy is an optical imaging technique used to visu-
ally inspect internal organs. This technology has become
an essential  tool  for  acquiring minimally  invasive  organ
images,  particularly  by  using  high-resolution fiber-optic
systems249,250. OCT is another imaging technique utilized
for  acquiring  cross-sectional  views  of  biological  tissues,
providing  detailed  features  of  the  microstructure  with
high-resolution  (1–15  μm).  The  combination  of  these
technologies is considered a valuable tool for the identifi-
cation, diagnosis, and monitoring of diseases, particular-
ly  eye  conditions  such  as  glaucoma.  Additionally,  when
combined with a  catheter,  it  aids  in  the  diagnosis  of  in-
ternal  organ diseases  such  as  vascular  and gastrointesti-
nal  disorders.  However,  traditional  endoscopy  encoun-
ters  significant  limitations  owing  to  optical  aberrations
and the trade-off between transverse resolution, depth of
focus  and  penetration  depth251−254.  To  overcome  these
limitations, metasurfaces have attracted considerable in-
terest because of their light modulation ability3,10,255.

Pahlevaninezhad  et  al.25 successfully  obtained  high-

resolution images with an adequate imaging depth of fo-
cus using a metasurface for endoscopic OCT system[Fig.
9(a)].  The  use  of  metasurfaces  allows  for  focus  with
smaller astigmatism compared to traditional lenses, such
as gradient-index (GRIN) lenses or ball lenses [Fig. 9(b)].
The  effective  depth  of  focus  reached  was  211  µm  (tan-
gential) and 315 µm (sagittal), surpassing the expected 90
µm  from  an  achromatic  lens  with  the  same  NA25.  They
successfully  navigated  the  challenges  related  to  optical
aberrations and the compromise between the lateral res-
olution  and  depth  of  focus,  obtaining  high-resolution
images  of  the  internal  organs  [Fig. 9(c)].  Pahleva-
ninezhad  et  al.256 also  developed  large  depth  of  focus
(1.25  mm)  tomography  maintaining  high-resolution
(~3.2 µm @1300 nm) in three dimensions. Because of the
balance required between the depth of focus and the lat-
eral resolution, which depends on the NA, the group seg-
regated  this  relationship  using  metasurface-derived  bi-
jective  illumination.  The  overall  PSF  of  the  bijective
metasurface, shaped by multiplying the illumination and
collection PSF, displayed a precise form at the focal line
where  the  two  PSFs  converged.  Although  they  did  not
implement  a  miniaturized  endoscopic  system,  they  sug-
gested the possibility of a metasurface-based miniaturized
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endoscope  with  superior  performance256.  Fröch  et  al.257

studied  a  meta-optical  fiber  endoscope  capable  of  real-
time full-color imaging [Fig. 9(d)]. This research utilized
the  characteristics  of  a  metasurface  not  only  to  provide
color imaging across the entire visible spectrum but also
to achieve a 33% reduction in the length of the rigid tip
compared to traditional GRIN lenses.

As  mentioned  previously,  the  ability  of  metasurfaces
to  control  the  properties  of  light  enables  more  accurate
diagnostics  that  are  not  possible  using  traditional  fiber-
optic catheters. Endoscopic imaging using a metasurface,
which is sensitive to polarization, allows for a clearer dis-
tinction  of  the  surrounding  tissues  compared  to  tradi-
tional fiber-optic endoscopes258−260. Endoscopy using op-
tical  fibers  integrated  with  metasurfaces  is  expected  to

enable  a  wide  range  of  applications  in  bioimaging  and
clinical  fields,  including  real-time  biopsies,  cancer  diag-
nostics,  and  high-resolution in  vivo medical  imaging.
Additionally,  integrating  metasurfaces  with  deep  learn-
ing  can  reduce  the  overall  imaging  processing  time  and
quickly  obtain  high-resolution  tomographic  images261.
This integration enables real-time processing, high-reso-
lution image acquisition, and non-invasive diagnostics in
bioimaging using metasurfaces262. 

Magnetic resonance imaging (MRI)
MRI is an advanced medical imaging technology that has
evolved  over  nearly  50  years  and  can  visualize  a  wide
range  of  anatomical  structures  such  as  the  brain,  spine,
muscles,  joints,  organs,  and  blood  vessels.  It  offers
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exceptional contrast for soft tissues, enabling the diagno-
sis of neurological disorders, musculoskeletal conditions,
cardiovascular diseases,  and cancer264,265.  One of the pri-
mary  advantages  of  MRI  is  that  it  is  non-invasive  and
does  not  use  a  high-energy  radiation  beam,  making  it
safer than X-rays or CT scans. However, the current MRI
technology  is  limited  by  its  low spatial  resolution.  Most
MRI  machines  used  for  medical  purposes  operate  at
magnetic strengths of 1.5 T or 3 T266,  typically achieving
a  resolution  of  approximately  1.5×1.5×4  mm3.  A  com-
mon approach for  increasing the  spatial  resolution is  to
use a stronger magnetic field, which can potentially have
negative effects  on the human body and result  in image
distortion267.

The use of metasurfaces has been proposed as a solu-
tion to enhance MRI resolution without a stronger mag-
netic  field.  A  metasurface  can  resonantly  enhance  the
strength  of  a  magnetic  field  and  spatially  redistribute  it
by increasing the coupling between radio-frequency coils
in specific areas268.  Additionally, owing to their thin and
flat  characteristics,  the  use  of  metasurfaces  in  MRI  al-
lows closer placement in the patient and between the re-
ceiving  coil  arrays,  offering  several  advantages269,270.  For
example, by integrating a metasurface within 1.5 T MRI
scanners,  the  deployment  of  a  metallic  wire  array  facili-
tates the controlled manipulation of the radio-frequency
electromagnetic  field  at  a  subwavelength  scale,  signifi-
cantly  amplifying  local  magnetic  fields.  This  enhances
the  SNR by  a  factor  of  ~2.7,  enabling  the  acquisition  of
higher-resolution images in a shorter time269,271.  Similar-
ly,  various  studies  have  been  conducted  using  metasur-
faces  to  reduce  MRI  scanning  times  and  improve  the
SNR26,272.

Schmidt  et  al.26 recently  developed  an  innovative
metasurface structure to enhance the performance of ul-
tra-high-field  MRI  scanners  [Fig. 9(e)].  This  newly  de-
signed metasurface  consists  of  a  two-dimensional  meta-
surface combined with a dielectric substrate with a high
dielectric  constant.  The primary goal  of  this  structure is
to  improve  the  local  functionality  of  the  MRI  scanners.
Notably, this is the first metasurface that can be integrat-
ed with closely  fitted receiving-coil  arrays that  are com-
monly used in clinical MRI scans. This compact and flex-
ible resonant structure has great potential for advancing
MRI technology. Furthermore, in another study, the im-
plementation  of  a  1.5  T  MRI  scanner  with  a  flexible
metasurface  enabled  the  detailed  imaging  of  body  parts
according to the body curvature [Fig. 9(f)]263. These stud-

ies  demonstrate  that  enhancing  the  MRI  performance
with metasurfaces can pave the way for faster and more
accurate diagnostics and treatment decision-making. 

Devices for facial recognition
Traditional facial recognition has been studied for auxil-
iary  communication,  mental  health  and  emotion  moni-
toring,  pain  assessment,  and  the  interpretation  of  facial
nuances273−277.  However,  biometric  authentication  is  a
more  practical  application278,279.  This  technology  has  al-
ready been widely utilized in smartphones to unlock de-
vices  and  make  payments280.  This  has  brought  conve-
nience to daily life; however, the need for more accurate
recognition has been increasingly highlighted in terms of
security.  For  this  reason,  facial  recognition  has  been
adopted not  only  for  2D imaging but  also  for  3D depth
imaging. Light-field cameras and dot projections are typ-
ically used for 3D depth encoding.

Metasurfaces  are  considered  promising  components
for dot projection-based 3D depth encoding devices ow-
ing  to  their  simplicity  and  ability  to  generate  an  enor-
mous number of point clouds28,49,281,282. The generation of
numerous dot arrays for dense sampling over a wide an-
gle is important for the precise acquisition of facial con-
tours. In 2018, Li et al.281 reported a metasurface capable
of  generating  4044  random points  over  a  90°  angle,  ad-
dressing  the  drawbacks  of  diffractive  optical  elements
(DOE), such as the difficulty of depth-controlled fabrica-
tion  and  large  thickness.  Kim  et  al.49 fabricated  a  dense
dot  array  generating  metasurface  (~10  K)  covering  a
wider  angle  (180°)  [Fig. 10(a)].  As  a  proof  of  principle,
they reconstructed a 3D depth map of a facial mask even
when it was placed at a 50° angle from the optical axis.

Structured  light-based  facial  depth  encoding  tech-
niques have been adopted in smartphones for device un-
locking  and  biometric  payment  systems.  Conventional
facial  recognition  modules  often  employ  vertical  cavity
surface-emitting  lasers  (VCSEL)  as  structured  light
sources owing to their low power consumption. The in-
tegration  of  metasurfaces  with  VCSEL  has  been  pro-
posed for more power-efficient and arbitrary light mod-
ulation282.  Moreover,  recent  research  has  been  conduct-
ed  on  depth  perception  and  facial  recognition  using
structured light with a photonic crystal  surface-emitting
laser (PCSEL), which is more compact and reduces pow-
er  consumption  compared  to  VCSEL  [Fig. 10(b)].  The
PCSEL-integrated  metasurface  system  achieved  a  form
factor  approximately  233  times  smaller  than  that  of
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DOE-based  dot  projection  modules.  Additionally,  it  ex-
hibits  better  performance  than  previous  methods  in
terms of the number of dots,  angular field of view, area,
and  sampling  rate28.  The  use  of  metasurfaces  for  facial
recognition  not  only  significantly  contributes  to  device
miniaturization but also has the potential to reduce pow-
er  consumption  and  enhance  performance.  Owing  to
these  benefits,  biometric  recognition  methods  using
metasurfaces  can be widely  employed in potent  security
systems. 

Devices for fingerprint recognition
Biometric  fingerprint  recognition  is  a  robust  security
mechanism  that  utilizes  the  unique  fingerprint  patterns
of  individuals  for  identity  verification.  The  journey  of
fingerprint recognition commenced in England in 1684,
when Grew discovered the uniqueness of people's finger-
prints284.  Fingerprints  can  be  distinguished  uniquely
based  on  intricate  ridge  patterns  on  the  fingertips285.  In
addition,  the  enduring  nature  of  fingerprints,  which  re-
main  consistent  from  birth  and  rapidly  regenerate  even
after  alterations  caused  by  external  factors,  underscores
their  reliability  in  identification285.  This  specificity  and
invariance  render  fingerprint  recognition  one  of  the
most  longstanding  and  trusted  biometric  technologies
for  personal  identification286−288.  Fingerprint  recognition

offers significant advantages in terms of security,  as it  is
resistant to forgery and cannot be lost289,290.

Recently, there has been an increasing demand for fin-
gerprint  recognition,  particularly  for  its  integration into
handheld devices such as smartphones, driving continu-
ous  advancements  in  technology.  To  satisfy  these  in-
creasing demands, the use of metasurfaces has led to sig-
nificant  advancements  over  traditional  methods.  This
enables  the  creation  of  compact,  high-resolution,  and
sensitive  optical  systems,  significantly  enhancing  their
applicability  in  security  and  personal  authentication.
Metasurfaces  are  particularly  suitable  for  large-field
imaging  over  short  distances,  such  as  fingerprint  imag-
ing. Quadratic phase metasurface imaging systems, with
their  wide  FOV  (~100°)  and  ability  to  capture  the  fine
patterns with high precision (~100 µm), can offer a com-
pact  and  reliable  method  of  fingerprint  authentication
[Fig. 10(c)]27.  In addition, the use of a metasurface array
can reduce the thickness of the sensing module (~1 mm)
while  enabling  clear  fingerprint  imaging  [Fig. 10(d)]283.
The  miniaturization  of  these  systems  not  only  con-
tributes to the reduction in the size and cost, but also of-
fers  a  much  simpler  and  more  efficient  solution  com-
pared to  conventional  methods.  Therefore,  the  develop-
ment  and  research  of  metasurface-based  fingerprint
recognition technology are expected to continue, leading
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to progress in the field of biometric authentication. 

Conclusions and future perspectives
In this  review,  we have explored the principles  of  meta-
surface design and its comprehensive applications in the
field  of  biological  imaging.  The  remarkable  features  of
metasurface,  such  as  their  multifunctionality,  thinness,
and  compatibility  with  conventional  optical  systems,
render  them  promising  optical  elements.  Particularly  in
bioimaging, their potential to replace bulky and complex
components  with  simpler,  more  efficient  ones  is  note-
worthy.  To  comprehensively  cover  the  metasurfaces
from  basic  principles  to  applications,  we  first  discussed
the  principes  of  phase  modulation  of  metasurfaces.
Then, we have explored the representative classes of ma-
terials  for  creating  metasurfaces  depending  on  their
properties.  Particularly,  dielectric  materials  and  tunable
materials are most widely used for bioimaging due to its
compatibility  within  visible  range  and  versatility.  Fur-
thermore, we showcased the broad applications of meta-
surface in biological field depending on the subject, such
as  cell,  tissue,  and  human.  The  detailed  categories  in-
clude  promising  techniques  for  bioimaging,  such  as  su-
per-resolution15,152,  analog  image  processing182,186,  fluo-
rescent  imaging20,21,  PAM23,  endoscopy25,257,  MRI,  and
biometrics.  Indeed,  metasurfaces  have widely  utilized in
these field and exhibited superior performance in partic-
ular aspects.

Although  metasurfaces  appear  to  be  promising  tools,
three  major  limitations  and  challenges  need  to  be  ad-
dressed for them to replace, or at least be used alongside,
conventional  optics.  First,  current  metasurface-based
imaging  systems  suffer  from  aberrations  and  efficiency
issues.  These  problems  degrade  image  quality  and  hin-
der the accurate collection of biological data. Additional-
ly,  the small  metasurfaces require additional topcail  sys-
tem  for  magnification.  Imaging  through  current  meta-
surfaces has lower light efficiency and higher aberrations
compared  to  traditional  lenses.  For  instance,  fluores-
cence  imaging,  which  is  gold-standard  for  bioimaging,
requires a sensitive detection system due to its poor effi-
ciency,  and  light  collection  efficiency  of  metasurfaces  is
not adequate. Efforts are being made to resolve these is-
sues through computational methods. Recent image pro-
cessing techniques based on deep learning offer impres-
sive  correcting  performance.  Additionally,  advanced  in-
verse  design  methods  enables  the  development  of  high-
efficiency  metasurfaces239,240.  Second,  there  is  the  chal-

lenge of manufacturing. Mass production of large and di-
verse  metasurfaces  remains  difficult.  Existing  metasur-
faces  face  inefficiencies  in  terms  of  size  and  fabrication
cost.  High-performance  bioimaging  often  requires  spe-
cialized  systems  tailored  to  specific  imaging  subjects,
species  and  environments.  For  example,  miniaturized
microscopes  or  endoscopes  are  necessary  for in  vivo
imaging  of  animal.  Super-resolution  microscopy  is  re-
quired  for  imaging  subcellular  structures  of
biosamples15,152,  and  MRI  remains  the  only  method  for
measuring  whole  brain  activity  of  live  humans.  There-
fore,  a  variety  of  metasurfaces  need  to  be  produced  in
large  quantities  to  meet  the  demands  of  different  imag-
ing  fields.  While  conventional  optical  elements  benefit
from  well-established  mass  production  platforms,  most
metasurfaces  currently  rely  on  e-beam  lithography,
which  has  low  in  productivity.  To  address  this,  various
approaches,  such  as  nanoimprint  lithography291,  have
been studied to improve the productivity of high-perfor-
mance  metasurfaces.  Lastly,  the  development  of  ad-
vanced  materials  is  crucial  for  achieving  high-quality
bioimaging.  Current  metasurfaces  are  often  optimized
for  infrared  wavelength.  While  infrared  light  has  been
adopted  in  some  bioimaging  applications,  visible  spec-
trum remains the most widely used for this purpose. Sili-
con  nitride,  for  example,  is  frequently  used  for  visible
metasurfaces  due  to  its  transparency,  but  its  low refrac-
tive index restricts the design flexibility and complicates
the fabrication (e.g., high aspect ratio meta-atoms). TiO2

offers  good  refractive  index  and  excellent  transparency
but requires hard fabrication process such as atomic lay-
er  deposition.  Therefore,  developing advanced materials
enables  design  capabilities  and  simplify  the  fabrication
process.

Despite these limitations, leveraging the advantages of
metasurfaces  can  significantly  enhance  the  performance
in  bioimaging,  making  them  a  promising  technology.
Among  their  various  merits,  we  would  like  to  highlight
three  key  advantages  of  metasurface  for  bioimaging.
First,  metasurfaces  are  highly  specialized  for  PSF  engi-
neering,  which  offers  significant  benefits  for  scanning
type microscopes. If strong illumination, generally avail-
able for scanning type microscope,  is  given,  it  can com-
pensate  for  the  low  efficiency  of  metasurfaces.  Further-
more,  data acquisition using scanning methods enlarges
imaging  field  of  view  and  reduces  aberrations.  Indeed,
this  is  well  demonstrated  in  previous  studies  such  as
PAM23,  and  SOL  based  super-resolution  fluorescent

Jo Y et al. Opto-Electron Adv  7, 240122 (2024) https://doi.org/10.29026/oea.2024.240122

240122-23

 

https://doi.org/10.29026/oea.2024.240122


microscopy127.  The  second  advantage  is  compatibility
with automatic differentiation, which enables the simul-
taneous optimization of entire system with metasurfaces.
In many cases, performance of metasurfaces can be sim-
ulated using the scalar diffraction theory, which is based
on Fourier transform. This simulation can be effectively
integrated  with  gradient  backpropagation  methods  and
deep learning, resulting in metasurfaces being optimized
to  simultaneously  improve  both  the  model’s  perfor-
mance  and  the  optical  system.  This  approach,  known
end-to-end optimization, can be applied to various appli-
cations.  For  instance,  Tseng  et  al.  developed  a  deep
learning  model  for  correcting  chromatic  aberration  and
combined it with metasurfaces designer, resulting in the
optimized metasurface that  enhance the performance of
the deep learning model239. This approach paves the way
for  creating  customized  systems  tailored  for  specialized
applications.  Lastly,  system miniaturization is  a  promis-
ing application of metasrufaces. The thickness of optical
components and the required free space for light propa-
gation  are  significant  obstacles  for  compressing  optical
systems.  While  the thin nature of  metasurfaces  address-
es the thickness issue, reducing the propagation space re-
mains a challenge. Notably, nolocal metasurfaces197 have
gained attention as a potential solution for this problem.
Indeed,  several  studies  have  demonstrated  space  com-
pression using nonlocal metasurfaces that operate direct-
ly  in  momentum  domain196.  This  capability  enables  the
creation  of  compact  and  miniaturized  optical  systems,
facilitating the development of more compact hybrid sys-
tems that  integrate various types of  microscopes95,234.  By
combining these technologies, more precise and efficient
imaging can be achieved.

Although  still  in  the  early  stages,  the  integration  of
metasurfaces with biological imaging holds the potential
to revolutionize the field. The synergy between metasur-
faces  and advanced imaging techniques  promises  to  en-
hance  the  performance  and  capabilities  of  imaging  sys-
tems, introducing novel functionalities that are unattain-
able  with  traditional  optical  components.  In  the  future,
we anticipate that metasurfaces will play a pivotal role in
various  imaging  applications,  including  real-time  diag-
nostics, high-resolution imaging, and non-invasive med-
ical procedures. Continued research and development in
optics,  materials  science,  and  image  processing  will  ex-
pand the  application  boundaries  of  metasurfaces,  estab-
lishing  them  as  a  cornerstone  of  next  generation
bioimaging technologies.
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