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Introduction

The presence and orientation of fibrous media in biological
tissue is indicative of the origin and progression of a range of
serious diseases, affecting organs across the human body from leve
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Colorimetric metasurfaces shed light on fibrous
biological tissue

Zaid Haddadin,t Trinity Pike, Jebin J. Moses and Lisa V. Poulikakos ‘= *

Fiber-affecting diseases — encompassing fibrosis, heart disease, neurological disease and cancer — are
directly linked to the density and reorganization of fibrous media in biological tissue. Polarized light has
unique capabilities to probe the structural reorganization of fibrous biological media, yet naturally occurring
anisotropic light—matter interactions lie below thresholds relevant for disease visualization. Nano-optical
metasurfaces have demonstrated immense capabilities to enhance light—matter interactions. However,
beyond the initial focus of the field on energetic enhancement, the study of nano-optical materials which
selectively enhance anisotropic light—matter interactions is at its infancy. This perspective highlights how
colorimetric metasurfaces, with abilities to quantitatively map the polarization state of light onto structural
color, hold great potential to visualize disease in fibrous biological tissue. We first discuss a range of major
fiber-affecting diseases, where the role of tissue microstructure in disease progression has been
characterized with polarized light, with a focus on Mueller Matrix polarimetry. Subsequently, an overview of
state-of-the-art polarization-sensitive colorimetric metasurfaces in plasmonic, dielectric, hybrid and tunable
platforms is presented. The insights provided forge a path to bridge the fields of tissue polarimetry and
colorimetric metasurfaces for miniaturized, all-optical and label-free disease visualization enabled by the
nanoscale science of light.

fibrosis"” to heart disease>* and neurological disease®® or
various cancers.”'' While current practice in the clinic and
biomedical industry has established technologies to understand
and characterize disease on the cellular, genetic and molecular
1,'> the visualization of tissue microstructure — a critical
indicator of fiber-affecting diseases - remains challenging.'**
Polarized light interacts selectively with anisotropic matter,
including fibrous biological tissue, where the presence and
organization of fibrous media, e.g. ordered structural proteins
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in the extracellular matrix, distinctly alters the polarization
state of light.">'® Polarized light thus presents a unique
opportunity to selectively visualize the microstructural
properties of fibrous biological tissue, with potential to
elucidate the origin and progression of fiber-affecting diseases
in a label-free, non-invasive manner.

However, the inherent weakness of anisotropic optical prop-
erties in fibrous biological tissue has necessitated sophisticated
optical configurations to probe and analyze the selective
interaction with polarized light, as simpler methods such as
polarized light microscopy face challenges in sensitive and
quantitative readout.”” Examples of existing technologies
include confocal microscopy,'®° second harmonic generation
(SHG) microscopy,>"** polarization-sensitive optical coherence
tomography (PS-OCT),>*>* or Stokes and Mueller Matrix
polarimetry;'>?%?” the last of which is discussed in detail in
this work, as it fully quantifies the interaction of a medium
of interest with polarized light. While these and other
methodologies have made significant strides toward revealing
the role of tissue microstructure in disease, the cost and complexity
of the required optical components and configurations, including
modulated optoelectronics, lasers and extensive data post-
processing, pose significant barriers to clinical and industrial
applications.***® Indeed, hand-held devices in PS-OCT*’ and
Mueller Matrix polarimetry’®>*> have made steps toward
clinical translation, yet their underlying experimental design
faces the same challenges as their benchtop counterparts.”®

Here we provide a perspective on how the nanoscale science
of light delivers uniquely suitable tools to address the challenge
of polarization-sensitive imaging in fibrous biological tissue.
In particular, nano-optical metasurfaces, composed of sub-
wavelength-periodically arranged nanostructures with versatile
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optical properties, have been demonstrated to scale down and
enhance the complex manipulation of light on a single optical
surface, thus enabling a host of miniaturized, mobile and
translatable applications.**~3*

The concentrated electromagnetic near fields generated by
optical nanostructures exhibit high sensitivity to changes in the
refractive index environment, which has been leveraged for
a variety of biosensing applications,**® while at infrared
frequencies surface-enhanced spectroscopy enabled by optical
nanoantennas has achieved ultrasensitive monitoring of
molecular composition.***!

Nano-optical metasurfaces have additional abilities to
selectively detect the structural properties of biological matter.
The chirality of biomolecules, embodied in the left- and right-
handed arrangement of their molecular components, has been
detected with enhanced sensitivity and selectivity by means of
metasurfaces which enhance chiral light-matter interactions
either by their chiral geometric configuration,””>® or their
distinct interaction with chiral light.>*>®

Expanding on this concept, metasurfaces have been
designed to exhibit material anisotropy in the geometry or
assembly of their nanoresonator components, resulting in
full phase and polarization control of incident light,>*®" while
further work demonstrated full Stokes polarimetry on a
single optical metasurface,®"** paving the way toward a host
of miniaturized bioimaging applications.®®®” While many of
the abovementioned metasurfaces showcase abilities to probe
light polarization with high sensitivity and selectivity, their
readout remains encoded in the physics of polarimetry, posing
barriers to the extraction of the material properties of interest
and subsequently to widespread clinical and industrial
applications.
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To address this challenge, this perspective focuses on a
further, formative property of nano-optical metasurfaces: their
ability to generate structural color, which to date has been
proposed for applications in display technology,®®*® miniaturized
color printing”®”" or refractive-index sensing.®®”>
biomedical imaging, colorimetry is arguably the most intuitive
and translatable optical sensing metric, circumventing the need
for spectroscopic analysis.

Here, we outline why structural color in metasurfaces
has great potential for polarization-sensitive imaging of
fibrous biological tissue. We first introduce the basic
quantitative principles of polarized light-matter interactions,
focusing on Mueller Matrix formalism. Subsequently, we
discuss a range of representative fiber-affecting diseases,
applicable to organs across the human body (Fig. 1). We
highlight how the tissue microstructural properties of
various disease states have been characterized in terms of
their interaction with polarized light by Mueller Matrix
polarimetry, thus showcasing how polarization-sensitive
analysis provides critical information on disease state and
progression. An overview of polarization-sensitive colorimetric
metasurfaces is then presented, highlighting progress in
this field for metallic, dielectric, hybrid and tunable material
platforms. Finally, we discuss the opportunities and
challenges of bridging these two fields where colorimetric,
polarization-sensitive metasurfaces provide an accessible,
miniaturized and translatable platform to visualize fiber-
affecting disease.

In the context of

Quantifying polarized light—matter
interactions
Stokes parameters

The polarization state of light can be quantified by the Stokes
parameters, written in vector form as

So Eo? + Eo)?
S Eo — Eo?
S = = (1)
Sz 2E()XE()); COS((f))
S3 2E0XE0), s1n(¢)

where Eq,(,) represents the amplitude of the incident electric
field in x and y orientation, and ¢ = ¢, — ¢, represents the
phase difference between x and y components of the electric
field. The zeroth Stokes parameter, S,, describes the total
intensity of the optical beam and the first Stokes parameter,
S, represents the differential intensity of horizontally vs.
vertically polarized light. The differential intensity of linearly
polarized light at +45° is quantified by the second Stokes
parameter, S,. Finally, the third Stokes parameter, Sz, describes
the differential intensity of left- and right-handed circularly
polarized light.>®”
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Mueller matrix

The linear interaction between polarized light and a medium of
interest is fully quantified by means of the Mueller Matrix

mpy mpy Mz Ny

mpy My Mp3 Ny
M = (2)
msy M3y M3z N34

may M4y M43 Mg

a4 x 4 matrix which relates the input and output polarization state
of light, represented by the Stokes’ vectors S, and Sy, as”>*7*

Sout = MSin. (3)

In complex, optically anisotropic media such as biological
tissue, the Mueller Matrix elements simultaneously embody a
variety of phenomena which can pose challenges to their
interpretation.”” Thus, Mueller Matrix decomposition methods
have been successfully implemented to facilitate physical inter-
pretation, as described below.

Mueller Matrix Polar Decomposition (MMPD)" describes
the breakdown of the Mueller Matrix into three constituent
matrices that describe the physical phenomena of depolarization
(M), diattenuation (M), and retardance (Mg)">”>""” as

M = MMM, (4)

all of which have relevant occurrence in biological tissue.
Depolarization represents a decrease in the degree of
polarization of light upon traversing a medium, quantified by
the net depolarization factor 4 € [0,1], where 4 = 1 corresponds to
fully polarized light.”® In biological tissue, depolarization
commonly occurs due to multiple scattering within the turbid
medium, an effect which increases with penetration depth,
becoming particularly significant for thicknesses above 0.5 mm.”**

Decreases in the degree of linear and circular polarization,

can be directly obtained from the Mueller Matrix elements
77,81

as
LDOPp = 21t )
myy + mp2
CDOp — 4Lt i (6)
myp + mig

where LDOP and CDOP denote the linear and circular degree
of depolarization, respectively. Accordingly, the linear
depolarization is written as 1 — LDOP, while 1 — CDOP is the
circular depolarization.

Diattenuation occurs when orthogonal polarization states
exhibit a differential attenuation upon interaction with a
medium, which can be defined accordingly for orthogonal linear
or circular polarization states. From the first row of the Mueller
Matrix (eqn (2)) the diattenuation value can be obtained as’”

1
D = —v/mi2?? + mi# + mig. )
m

11

Retardance describes a phase shift occurring between
orthogonal polarization states of light, where J denotes

J. Mater. Chem. C, 2021, 9, 11619-11639 | 11621
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(a) Amyloid fibrils in the retina®
detected for early Alzheimer's

disease diagnosis using linear
» anisotropy and linear retardance.

(b-1) Lung cancer”” tissues
exhibit higher diattenuation and
depolarization than healthy
tissues.

(b-2) Lung adenocarcinoma
differenitatied ~ from  lung
squamous carcinoma by
higher  diattenuation  and
depolarization””.

(c) Coronary plaque collagen

assessment?*: type | coronary 28
collagen fiber is more

birefringent than t):epe 1]

coronary collagen fiber.

#d) Crohn's disease differentiated
rom astrointestinal  luminal
tuberculosis by greater fibrous
directionality, ~ lesser  fibrous
orientation, and lower fibrous \
imaging quality by combining /
Mueller Matrix polarimetry with

image processing®.

\ () Giant cell tumor of bone%
lessions can be discriminated with
a 96% accuracy using a deep
learning method compared to 91%
with MMT and 73% with MMPD.

() Cervical cancer®
tissues exhibit lower
birefringence and optical
anisotropy than healthy
tissues.
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(f) Brain tumor® tissues can
be delineated from healthy £ «
white brain matter by their )\
loss of optical anisotropy. %W

L’

?%‘"

(g) Papillary thyroid carcinoma’®
tissues are more optically |
anisotropic than healthy tissues.

(h) Breast ductal carcinoma®
images exhibited different textural
features dependent on the stage of
cancer and whether the cancer was
inside or outside the ductal region.

(i) Liver fibrosis® tissues
display higher birefrignence
and a reater fibrous £
content. These propertles !
increase from stage 1 liver |
cancer to stage 4 liver
cancer.

(i) Colon adenocarcinoma®
tissues exhibit higher
depolarization, diattenuation, and
retardance values than healthy
tissues.

@ (k) Basal cell carcinoma’®
—_— tissues are less optically
anisotropic and less
depolarizing than healthy

tissues.

(m) Prostate cancer®® tissues |
display reduced optical
anisotropy & retardation values

and increased diattenuation
values than healthy tissues.

Fig.1 A visual summary of how disease states can be differentiated and determined using polarimetric methods. Parts (a) through (m)
correspond to data entries in Table 1, which summarizes the experimental setup specifications for the following diseases: (a) amyloid fibrils in

the retina,®® (b-1) lung cancer,”” (b-2) lung adenocarcinoma and lung squamous carcinoma,””
(e) giant cell tumor of the bone,®* (f) brain tumor,®
(k) basal cell carcinoma,”

and gastrointestinal luminal tuberculosis,®®
carcinoma,®® (i) liver fibrosis,%°
BioRender.com.

() colon adenocarcinoma,®*

linear retardance, also known as birefringence, and
denotes circular retardance, also known as optical rotation,
while the optical axis orientation angle of the medium is

written as 0.>%7° The total retardance R € [0,r] is obtained from

11622 | J Mater. Chem. C, 2021, 9, 11619-11639

(c) coronary plaque collagen,®* (d) Crohn's disease
2 (g) papillary thyroid carcinoma,”® (h) breast ductal
() cervical cancer,®” (m) prostate cancer.®® Created with

the Mueller Matrix and allows for further material
classification.?®”®
Mueller Matrix Transformation (MMT)***® is a further

method by which a physically-relevant set of parameters, which

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1tc02030g

Published on 06 2564. Downloaded on 28/1/2569 0:13:43.

Journal of Materials Chemistry C

provide information about the microstructural properties
of anisotropic media, are extracted from the Mueller Matrix.
The MMT parameters A, b, t and x are written as’>#284787

2(mxn + m33)\/(mzz —m3)* + (a3 + m3)?
A= - 2 _c0.1] (8)
(man 4+ m33)” + (Mo — m33)” + (maz + m3,)

b= my -; ms3 ©)

[ \/(mzz - m33)2+(m23 + Wl32)2 (10)

2

x= larctan (@) (11)
2 ms34

wherein A represents the degree of anisotropy and characterizes
the order of alignment of fibrous media. Isotropic and
anisotropic media yield A values of 0 and 1, respectively. The
parameter b is related to the depolarization ability of bulk
tissues while ¢ is sensitive to the degree of anisotropy in
scattering matter. Finally, x is related to orientation directions
of aligned fibrous structures.

Measurement of the Mueller Matrix can be achieved with
Mueller Matrix polarimetry. This has been realized in transmission
and backscattering configurations and, in certain cases, has been
integrated in commercial microscopes (Fig. 2(a)),***® where the
polarization state of the incident light is controlled by a
polarization state generator (PSG) and the output polarization state
is measured by a polarization state analyzer (PSA), both of which
are composed of a frequency-modulated element, e.g a photo-
elastic modulator (PEM), and polarizer arranged sequentially.
The 16 Mueller Matrix elements are obtained in a series of
measurements, where the input polarization state of light is varied
between four polarization states and the four Stokes parameters are
obtained by analysis of the output polarization state in each

case 268991

Characterizing fibrous tissue with
polarized light

This section highlights applications of polarimetric imaging
methods for the detection of diseased states in fibrous bio-
logical tissue. The first section titled Characterizing Individual
Disease States focuses on research that attempts to differentiate
a diseased state from its healthy counterpart. The second
section titled Differentiating Among Disease Stages highlights
how Muller Matrix polarimetry has been used to describe the
progression of a single diseased state. The third section titled
Discriminating Between Disease States features polarimetric
applications for discerning between different diseases that
display similar diagnostic characteristics. Finally, the Miscellaneous
Applications section showcases some unique applications of
polarimetry beyond the categories of the previous sections.
Relevant equations and variables used to quantify polarized
light-matter interactions have been defined in the previous

This journal is © The Royal Society of Chemistry 2021
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section. Fig. 1 summarizes the diseases discussed in the context
of their polarizing optical properties, while Table 1 provides an
overview of the experimental specifications required for the
presented research.

Characterizing individual disease states

Basal cell carcinoma (BCC) Fig. 1(k). Du et al. differentiated
healthy and cancerous tissues affected by basal cell carcinoma
(BCC) by using parameters from three different polarization
imaging techniques: linear degree of polarization (LDOP),
Mueller Matrix polar decomposition (MMPD), and Mueller
Matrix transformation (MMT).”

The backscattering Mueller Matrix of unstained BCC
samples (Fig. 2(b)) measured nondiagonal elements to be close
to zero, indicating isotropic optical properties which may be
attributed to an absence of well-aligned fibers in cancerous
regions.”>**% This indication was confirmed with measurements
approaching zero for the linear retardance (J) and the anisotropic
MMT parameter A. Moreover, cancerous regions presented larger
values of LDOP, D, and b than those in healthy regions, while the
A value was smaller than in healthy regions.” These findings
imply that cancerous regions of BCC tissues exhibit lower
depolarization values than healthy regions.”® As such, cancerous
regions of BCC tissue samples can be characterized as less
anisotropic and less depolarizing than their healthy tissue
counterparts.

Cervical cancer (CEC) Fig. 1(I). An examination by
Wang et al. of human cervical cancerous tissues (CEC) using
an ordinary, commercially available light microscope with a
polarization state generator (PSG) and analyzer (PSA) (Fig. 2(a))
showed that while cancerous regions are more birefringent,
they exhibit a lower uniform directionality in their fibers
than their healthy counterparts.®® The purpose of this study
was two-fold: (1) to show how a clinically-available microscope
can be altered to measure the Mueller Matrix elements of a
tissue sample, and (2) to differentiate the characteristic micro-
structural features of the examined cancerous tissues through
measurements of the Mueller Matrix polar decomposition
(MMPD) and Mueller Matrix transformation (MMT)
parameters.5®

The 6 and ¢ values, obtained from MMPD and MMT,
respectively, were observed to be smaller in cancerous regions of
CEC tissue samples than in healthy regions, indicative of
decreased birefringence.*®°> Moreover, parameters characteristic
of the direction of aligned fibers were lower in cancerous regions
than in healthy regions, implying that CEC tissues exhibit lower
optical anisotropy than their healthy counterparts.®*5%%3

Colon adenocarcinoma (COA) Fig. 1(j). Ahmad et al. aimed
to study whether Mueller Matrix polarimetry can be used to
differentiate between ex vivo normal and adenocarcinoma
colon tissue samples in the 425-725 nm visible spectral range
by characterizing the Mueller Matrix polar decomposition
(MMPD).%® It was found that total (4) and linear depolarization
(0), diattenuation (D), and retardance (R) of the MMPD para-
meters were significantly higher for the adenocarcinoma colon
samples than the healthy colon samples.’®

J. Mater. Chem. C, 2021, 9, 11619-11639 | 11623
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b) Crohn’s Disease ITB
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Fig. 2 (a) A Mueller Matrix microscope created by adding a polarization state generator (PSG) and analyzer (PSA) to a commercially available light
microscope. (b) The normalized Mueller Matrix of basal cell carcinoma tissues.”® (c) The m,4 and Mz, elements of the normalized Mueller Matrix of
Crohn's disease and gastrointestinal luminal tuberculosis (ITB).%” (d) The average experimental values of MMPD § (blue squares) and MMT t (green circles)
parameters in different stages of liver cancer.®® (e) MMPD § & 0 and MMT t & x parameters of Crohn's disease and gastrointestinal luminal tuberculosis.®”
The left image of any parameter is of a Crohn'’s disease sample. The right image of any parameter is a gastrointestinal luminal tuberculosis sample. (f) Box
plots of an imaging analysis technique performed on 10 Crohn's disease (CD) samples (red dots) and 10 gastrointestinal luminal tuberculosis (ITB) samples
(blue dots).®” (g) Mueller Matrix plot for healthy lung cells (red), lung squamous carcinoma cells (green), lung adenocarcinoma cells (blue) and a 50/50
mixture of squamous carcinoma & adenocarcinoma cells (purple).”” (b—d) Reprinted (adapted) from ref. 75, 86 and 87 with permission from SPIE Digital
Library. (g) Reprinted/adapted from ref. 77 with permission from Elsevier.

These results are in accordance with previous studies showing depolarization and affected the anisotropic properties of dis-
how alterations to the adenocarcinoma tissue architecture eased colon tissues.”>**7'%° Using statistical and algorithmic
result in malignant glands of varying sizes and disorganized analysis,”®'*"'%* depolarization and retardance were deter-
fibrous stroma. These physical changes in turn increased the mined as good candidates for the discrimination of the normal

11624 | J Mater. Chem. C, 2021, 9, 11619-11639 This journal is © The Royal Society of Chemistry 2021
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Table 1 The experimental polarimetric setup specifications for different disease states

Thickness Light

Wavelength Power Experimental

Tissue sample (mm) source (nm) (mW) geometry Available data in literature
a Retina® — — — — — Intensity map: linear retardance & linear
anisotropy
b Normal lung fibroblast” 0.005 Laser diode 1065 — Backscattering Numerical values: NMM
b Lung squamous cell carcinoma 0.005 Laser diode 1065 — Backscattering Numerical values: NMM
(LUSC)
b Lung adenocarcinoma (LUAC)”” 0.005 Laser diode 1065 — Backscattering Numerical values: NMM
b Mixture of LUSC & LUAC”’ 0.005 Laser diode 1065 — Backscattering Numerical values: NMM
d Crohn’s disease®” 0.012 LED 633 3000 — Intensity map: MM, MMPD, & MMT
d Gastrointestinal luminal 0.012 LED 633 3000 — Intensity map: MM, MMPD, & MMT
tuberculosis®”
e Giant cell tumor of bone® — Halogen = — - = Intensity map: MM
lamp
f Human brain®® 60 x 90 x — 550 — Reflection Intensity map: depolarization & retardance
10
f Calf brain®® 90 X 70 x — 550 — Reflection Intensity map: depolarization & retardance
10
g Papillary thyroid carcinoma’ 0.028 LED 650 3000 Backscattering Intensity map: NMM, LDOP, MMPD, & MMT
h Breast ductal carcinoma®’ 0.012 LED 632 3000 Backscattering Intensity map: MMPD & MMT
i Liver fibrosis® 0.008 LED 632 3000 Backscattering Intensity map: MMPD & MMT
j Colon adenocarcinoma®® 0.003 Xenon lamp 425 150 — Numerical values: MM & MMPD
k Basal cell carcinoma” 0.028 LED 650 3000 Backscattering Intensity map: NMM, LDOP, MMPD, & MMT
1 Cervical cancer® 0.02 LED 632 3000 Backscattering Intensity map: MMPD & MMT

m Prostate cancer® — Laser diode 632.8

— Backscattering Intensity map: NMM & MMPD

The letters in the leftmost column correspond to the disease state described in Fig. 1. Abbreviations: LDOP: linear degree of polarization; MM:
Mueller Matrix; MMPD: Mueller Matrix polar decomposition; MMT: Mueller Matrix transformation; NMM: normalized Mueller Matrix.

and adenocarcinoma colon tissues.”® Normal and adenocarcinoma
colon samples were algorithmically characterized with 100%
accuracy, sensitivity, and specificity for total (4) and linear (o)
depolarization as well as retardance (R).”® Through this work,
Ahmad and colleagues showed how the Mueller Matrix can be
used in combination with statistical and algorithmic analysis for
the identification and classification of normal and adenocarcinoma
colon tissue samples, permitting for future research to utilize this
application toward automated and non-invasive cancer diagnosis.”®

Giant cell tumor of bone (GCTB) Fig. 1(e). Giant cell tumor
of bone (GCTB) diagnosis has low efficiency as it depends on
experience of histopathologists and requires a triple diagnosis
with input from orthopedic surgeons, radiologists, and
pathologists.”'**'% To combat this drawback, Zhao et al.
developed a deep learning model'®® that jointly uses histo-
pathological samples, Mueller Matrix polar decomposition
(MMPD) parameters and Mueller Matrix transformation
(MMT) parameters to predict whether a histological bone
sample is healthy or contains a cancerous lesion.”

When characterizing images of cancerous lesions in histo-
logical bone samples, the deep-learning model showed the
highest accuracy of ~96% when compared to characterization
through MMT (~91% accuracy) or MMPD (~ 73% accuracy).”®
Through this research effort, Zhang and colleagues demon-
strated a proof-of-concept for the use of deep learning models
in the detection of cancerous versus healthy regions of tissues.’”
Moreover, their ability to quantify how well MMT and MMPD
characterize the differences in diseased and healthy states
elucidates how, despite the abundance of information
contained in both types of Muller Matrix decomposition, one
polarization imaging technique may be more sensitive and

This journal is © The Royal Society of Chemistry 2021

accurate to a certain disease state than the other.”® For example,
MMT is said to be orientation-insensitive, potentially explaining
its improved performance with respect to MMPD in the study of
Zhang et al.3*5%°°

Papillary thyroid carcinoma (PTC) Fig. 1(g). Polarimetric
parameters obtained from the linear degree of polarization
(LDOP), Mueller Matrix polar decomposition (MMPD), and
Mueller Matrix transformation (MMT) were used to characterize
and differentiate papillary thyroid carcinoma (PTC) tissues from
their healthy tissue counterparts.”” Du et al utilized the back-
scattering configuration of Mueller Matrix polarimetry to obtain
their results.”®

The Mueller Matrix of unstained PTC samples measured
nondiagonal elements to be non-negligible, indicative that the
PTC tissue samples are optically anisotropic.”>** This conclusion
was further confirmed by Mueller Matrix analysis where LDOP,
the MMT parameter b and the MMPD parameters did not provide
an indication of the cancerous region. However, the MMT para-
meter A revealed the cancerous region.” This finding suggested
the existence of well-aligned structures at the cancerous regions of
the tissues, a result that is in conjunction with previous research
showing that a morphological feature of PTC is fibroplasia, the
development of fibrous structures.”>'®” Moreover, it highlights
that the MMT parameter A may be used as a discriminatory
variable to differentiate between cancerous and healthy regions in
tissues afflicted by papillary thyroid carcinoma.””

Prostate cancer (PRC) Fig. 1(m). Backscattered Mueller
Matrix imaging was utilized by Badieyan et al. to extract the
characteristic optical features of bulk prostate tissues retrieved
immediately after surgery. The aim of this study was to quantify
a difference between prostate cancer (PRC) tissues and healthy
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prostate tissues through measurements of the Mueller Matrix
polar decomposition (MMPD) parameters and the Mueller
Matrix transformation (MMT) parameters, alongside statistical
analysis. The obtained MMPD and MMT values can be seen in
Table 2.

The cancerous prostate tissues displayed higher values for
the MMPD diattenuation (D) and depolarization (4) parameters
than their healthy counterpart. Lower values were obtained for
the MMPD retardance (R) and the MMT A & b parameters of
cancerous samples than healthy prostate tissue.®* These values
are in accordance with the rapid growth of cancerous tissues
leading to a reduction in the order of alignment of the fibers.
The subsequent lowering of the optical anisotropy is seen in the
reduced MMPD retardance (R) and MMT A values. An increased
absorption of light, leading to higher diattenuation, then
follows with an increased cell density.®*'°® Overall, these
results indicated how changes in optical anisotropy can be
powerful differentiators of healthy and cancerous prostate
tissues, providing distinct information on the role of micro-
structure in disease progression.®®

Differentiating among disease stages

Breast ductal carcinoma (BDC) Fig. 1(h). The gold standard
for breast cancer diagnosis has relied on histopathological obser-
vations that depend on the experience of pathologists.'®>'%°
However, previous studies have shown that the progression of
breast cancer affects the collagen structure around ducts and
tumors in intact, unfixed, and non-sectioned mammary glands.®
In their study, Dong et al. characterized the progression of
invasive breast ductal carcinoma (BDC) across disease stages 1
through 3 by segmenting the ductal areas in images of the Mueller
Matrix polar decomposition (MMPD) and measuring their textural
features.””'"°

Dong and colleagues found, when compared to stage 1
cancerous tissues, stage 2 cancerous tissues showed MMPD
linear retardance (6) images with higher texture contrast and
lower texture uniformity outside the ductal region. Inside and
outside the ductal areas, images of the MMPD orientation (0) in
stage 2 tissue showed decreased texture contrast and increased
linear dependence of grey tones across neighboring pixel
areas.”” For stage 3 tissue, the MMPD & parameter exhibited
an increase in texture contrast inside the duct and an increase
in texture uniformity outside the duct, in comparison to stage 2.
Additionally, images of the MMPD 0 parameter for stage 3 tissue
showed an increase in texture contrast and a decrease in the
linear dependence of grey tones outside the ducts.”” This study
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thus demonstrated how the Mueller Matrix can be assessed with
an image textural analysis technique. The resulting quantitative
characteristics aid pathologists to better characterize stages of
progression in ductal breast cancer.®”

Liver fibrosis (LVF) Fig. 1(i). An examination of human liver
cancer tissues by Wang et al. showed that cancerous regions
were more birefringent with higher fibrous density than their
healthy counterparts.®® Their measurements of the Mueller
Matrix polar decomposition (MMPD) and the Mueller Matrix
transformation (MMT) parameters exhibited higher values in
cancerous regions for the MMPD retardation (R) and orientation
(0) parameters as well as the MMT parameters ¢ and x.*>*® The
values of R and ¢ characterize the linear retardance of the media
while 6 and x characterize the direction of the aligned fibers;
thus implying the presence of anisotropic properties, such as
birefringence, in the cancerous tissue.?*%%°>

The progression of liver cancer is accompanied by an
increased development of fibrosis resulting from inflammatory
reactions.®®'! As such, Wang et al. investigated the effects of
this heightened fibrotic accumulation on the MMPD and MMT
parameters across the four stages of liver cancer (F1, F2, F3, &
F4): the orientation of the fibers, as described by the MMPD 0
and MMT x values, remained relatively consistent across the
four stages. In contrast, the R and t parameters showed a
marked increase from F1 to F4*® (Fig. 2(d)). The R parameter
of MMPD changed more prominently than the ¢ parameter of
MMT, implying that MMPD may be more sensitive to the
birefringence of a sample.*® Nonetheless, through their study,
Wang et al. showed that liver fibrosis disease stages can be
differentiated by Mueller Matrix polarimetry.

Discriminating between disease states

Crohn’s disease (CRD) vs. gastrointestinal luminal tuberculosis
(ITB) Fig. 1(d). There remains a need to find a clinically
distinguishing factor for the diagnosis of Crohn’s disease and
intestinal tuberculosis, which exhibit similar radiological,
endoscopic, and histological features."'> As no single pathog-
nomonic trait exists for either disease, misdiagnosis can result
in inappropriate treatments with side effects that risk toxicity to
the patient and a delay in proper treatment. Thus, it becomes
imperative to find a standard by which to discriminate between
both diseases.®”'*? Liu et al applied Mueller Matrix polar
decomposition (MMPD) and Muller Matrix transformation
(MMT) imaging techniques to Crohn’s disease (CRD) and
gastrointestinal luminal tuberculosis (ITB) tissue samples.
The normalized Mueller Matrix of their samples is shown in

Table 2 MMPD & MMT values of cancerous prostate tissues and healthy prostate tissues

MMPD MMT
Sample Diattenuation Retardance Depolarization A b t X
Cancerous prostate tissue 0.7419 0.1648 0.8864 0.2050 0.0955 — —
Healthy prostate tissue 0.7176 0.5094 0.8636 0.3140 0.1565 — —

Cancerous prostate tissues have higher MMPD diattenuation and depolarization values. Healthy prostate tissues have higher MMPD retardance
and MMT A & b values. MMT values x and ¢ were not provided in the literature.
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Fig. 2(c). They determined that birefringence is a dominant
feature of both diseases by their retardance (MMPD parameter
R and MMT parameter ¢) and orientation (MMPD parameter 6
and MMT parameter x)®” (Fig. 2(e)). It was previously shown
that the MMPD parameters are more sensitive to birefringence
than MMT parameters.'"

As such, Liu and colleagues applied an image processing
method to the MMPD linear retardance J and orientation 0 to
quantitatively describe the samples across six physical and
textural features (Fig. 2(f)): coarseness, contrast, directionality,
line-likeness, regularity, and roughness.®’”'** These indicated
that fibrous structures in ITB tissues exhibit approximately the
same orientation (line-likeness) and are of higher imaging
quality (contrast) than CRD tissues. In contrast, fibrous
structures in CRD tissues showed a larger tendency towards a
certain direction (directionality). This supported the finding
that ITB tissues have smaller, more aligned fibers while CRD
tissues  contain  longer  non-uniformly  distributed
fibers.®”"1'>11* These preliminary results indicate how the
Mueller Matrix can be used to discriminate between two
pathologically similar diseases with potential to provide
quantitative information to clinical diagnosis.®”

Lung squamous carcinoma (LUSC) vs. lung adenocarcinoma
(LUAC) Fig. 1(b). Shrestha et al. aimed to incorporate the
Mueller Matrix in a label-free, polarimetric imaging technique
at near-infrared wavelengths for the classification of different
types of histopathological lung cancer samples.”” Specifically,
they utilized an imaging modality technique known as Whole
Slide Imaging, wherein remote scanning of conventional
histopathological samples on glass slides produces digital
images for clinical examination. Whole Slide Imaging is
believed to lead to increased efficiency and improved patient
outcomes if implemented across the healthcare industry.””'*>
The authors introduced new optical polarimetric quantities to
existing digital data analysis techniques.””****'® The four
examined histopathological samples included (1) healthy fetal
lung fibroblast epithelial cells, (2) human stage II squamous
carcinoma cells (LUSC), (3) human stage II adenocarcinoma
cells (LUAC), and (4) a 50%:50% mixture of the human stage II
squamous carcinoma cells and of the human stage II adeno-
carcinoma cells.”’

A normalized intensity plot of the Mueller Matrix elements
of histopathological samples (1)-(4) establishes the diagonal
matrix elements as the best discriminators”” (Fig. 2(g)). Overall,
the diattenuation (D) and depolarization (4) values of LUAC
cells were higher than LUSC cells. Further, the D and 4 values
of LUSC cells were higher than for healthy cells.”” Additional
polarimetric analysis showed an increase in backscattered
polarized intensities from healthy cells to LUSC cells to LUAC
cells.”” This increase in polarized intensity is correlated to an
increase in ratio of nucleus-to-cytoplasmic sizes of the cells -
from healthy to LUSC and from LUSC to LUAC. A larger ratio
contributes an overall more complex morphology. This trend
correlates with the fact that cancerous cells exhibit a higher
depolarization of light than healthy cells.””**"**'?° This study
indicates how the Mueller Matrix along with other optical
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polarimetric tools can be utilized for both the discrimination of
healthy and cancerous lung tissues as well as the differentiation
between types of lung cancers.””

Miscellaneous applications

Amyloid detection in the retina Fig. 1(a). The accumulation
of amyloid plaques and neurofibrillary tangles are hallmark
symptoms of Alzheimer’s disease. However, although their
accumulation begins before symptoms of cognitive impairment
appear, a definitive diagnosis based on these two symptoms
can only be obtained post-mortem.’*'>" Early detection of
these hallmark symptoms may be needed for the development
of novel treatments. To date, no seemingly effective cure exists
for patients who have developed cognitive deficiencies due to
Alzheimer’s disease.”*"?>'?* Qiu et al. demonstrated a promising
route toward early detection of Alzheimer’s disease by utilizing
machine learning methods to detect amyloid presence in the
retina as a biomarker for amyloid build-up in the brain.*****
They utilized three different machine learning algorithms for
this purpose,”*'**'*” where Mueller Matrix polarimetry was
incorporated to distinguish the presence of amyloid deposits.

Qiu and colleagues performed post-mortem analyses to
determine whether detection of amyloid deposits required the
fluorescent marker thioflavin.®* Their findings indicated that it
may be possible to distinguish between fluorescent and non-
fluorescent retinas by their polarizing optical properties (i.e.,
linear anisotropy and linear retardance), which implies that the
ordered arrangement of the fibrils may be key to distinguishing
between them.®*** Moreover, a previous study has shown
that in vivo detection of retinal amyloid deposits stained with
curcumin is possible as a proof-of-concept imaging trial in
Alzheimer’s disease.'®® The data presented by Qiu et al. provide a
step towards the development of non-invasive, dye-free clinical
methods of imaging retinal amyloid deposits as a predictor of
amyloid build-up in the brain.****!

Assessment of coronary plaque collagen for acute coronary
syndromes Fig. 1(c). Optical coherence tomography (OCT)
operates analogously to ultrasound imaging but uses light,
instead of sound, to obtain higher image resolution by measuring
the back reflection of near-infrared light at the micron scale.>*"*°
When expanded to polarization sensitive OCT (PS-OCT), the
birefringence of tissues can be measured.**?**"*° Giattina et al.
used this imaging technique for in vivo assessment of coronary
plaque collagen to detect vulnerable artery plaques that may lead
to acute coronary syndromes.>*'*°

Giattina and colleagues showed that PS-OCT has significant
correlation in identifying birefringent properties of collagen in
comparison to Picrosirius staining, a dye used for assessment
of organized collagen.>>"*' Moreover, it was shown that PS-OCT
images can correlate the concentration of fibers with the type of
fibers: type I fibers, which are denser & larger, show higher
birefringence than the smaller type III fibers.>**** The difference
in birefringence and resultant appearance of type I and type III
fibers was also observed when examining cardiac tissue under
polarized light.* Although only 60% of the light had diagnostic
value due to partially polarized illumination,> a relation
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between PS-OCT images and Picrosirius stained images was
identified regarding the build-up and presence of collagen in
the coronary arteries. This demonstrated the capability of PS-
OCT images to assess plaque collagen content, thus making an
argument for its potential in the clinic.>*

White matter visualization during neurosurgical procedures
Fig. 1(f). The extent of surgical brain tumor removal is an
important factor in determining the post-operative prognosis
a patient may receive.’®'** However, no more than 36% of
patients achieve full resection of their brain tumors."** Chal-
lenges lie in the difficulty of delineating the boundary between
solid brain tumor and white brain matter during surgery, even
with intraoperative microscopes. Incomplete removal can result
when too little resection occurs, while too much resection can
give rise to neurological deficits.”®'** Cancer invasion leads to
substantial tissue remodeling that destroys the ordered struc-
tures of fibrillary tracts, characteristic of healthy white brain
matter, resulting in a loss of optical anisotropy that can be used
as a delineating factor.”®*** In their 2020 paper, Schucht et al.
utilized wide-field Mueller polarimetry to detect healthy white
matter by its anisotropic properties, thus revealing the location
of tumor tissue.’® The visualization of white brain matter was
performed by deriving the azimuth of the tissue optical axis
from Mueller Matrix polar decomposition (MMPD) images of
thick specimens measured in reflection.’®

In fixed human brain tissue and fresh animal tissue, it was
found that the orientation of fiber tracts in healthy brain white
matter could be visualized by the azimuth of their optical axis,
obtained from backscattered Mueller Matrix images.’® This
proof-of-concept study illustrates how Mueller Matrix polari-
metry can be used in real time during surgical procedures for
the detection of the tissue-tumor interface. Though Schucht
et al. emphasized its use in neurosurgery, this technique could
potentially be applicable to any fiber-affecting disease where a
boundary in the tissue can be delineated with polarized light,
such as those highlighted earlier in this perspective.

Polarization-sensitive colorimetric
metasurfaces

Structural color is a phenomenon that occurs when nanostruc-
tures selectively scatter and absorb incident light due to varia-
tions in the index of refraction. Prime examples from nature
include wings of the morpho butterfly**"** and bird of
paradise,'®® feathers of hummingbirds'*® and peacocks,"*® or
the scales of jewel beetles'*® and peacock spiders.*** Compared
to color arising from the absorption of light in chemical
pigments, structural color offers vivid saturation, improved
resolutions, and increased resistance to high temperatures.'**

Recent advances in nanotechnology have enabled research-
ers to emulate the effects observed in nature by realizing
artificial structural color. A first glimpse into this world
was demonstrated by colloidal assembly of so-called
photonic pigments.™*? The disordered arrangement of these
colloidal particles can constitute photonic glasses which
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generate  angle-independent, non-iridescent  structural
color.””** In contrast, when optical nanostructures are
arranged in ordered, periodic assemblies to form photonic
crystals'*®!*” or metasurfaces, the symmetry or asymmetry of
their geometric configuration enables additional degrees of
tunability in the generation of structural color."*® For example,
structural colors enable inkless color printing through con-
trolled crazing'*®'*® which leverages miniature material
patterns in transparent polymers to produce color, and photo-
nic crystals, which contain periodic structures that manipulate
light to generate bright, tunable colors.">"

In the following sections, we provide a broad overview of
structural color response in nanostructures composed of plas-
monic, dielectric and hybrid material platforms. Plasmonic
metasurfaces generate color response from the resonant prop-
erties of surface plasmons in metallic nanostructures.'*%1>>133
Dielectric metasurfaces leverage the electric and magnetic
dipolar resonances of high-refractive-index dielectric nanos-
tructures or guided-mode-resonant properties for optical
output."*®1%4 137 Hybrid systems utilize and combine the
strengths of purely plasmonic and dielectric counterparts. After
introducing each material platform, we highlight examples of
corresponding polarization-tunable metasurfaces. For a com-
prehensive review of structural color in metasurfaces we refer
the reader to prior articles, 153138159

Structural color in plasmonic nanostructures

Surface plasmons arise from the collective oscillation of the
free-electron cloud at the surface of conductive materials."®
Noble metal nanoparticles, with surface plasmon resonances
(SPRs) in the visible wavelength range, are effective generators
of structural color.*® A diverse set of plasmonic nanostructures
including nanoholes, nanogratings and metal-insulator-metal
systems have been arranged in periodic lattices to form
metasurfaces."*"'®*"'®* The optical properties of plasmonic
nanostructures exhibit a high sensitivity to their refractive
index environment."*>"® The resulting tunability of SPRs has
enabled a variety of applications in refractive-index-sensing
which can be leveraged in biomedical applications.'®® With
improving nanofabrication processes, enhancement in color
saturation capabilities, and high customization, plasmonic
nanostructures have a wide scope of applications which utilize
structural color."*®

The SPR effect renders plasmonic nanostructures particu-
larly suitable for high resolution color generation at the optical
diffraction limit."*® Kumar et al. achieved bright-field color
prints with diffraction-limited resolution by raising silver (Ag)
or gold (Au) nanodisks above a plasmonic backreflector film via
nanopillars made of hydrogen silsesquioxane (HSQ). The
resulting pixels of 250 nm pitch were able to generate indivi-
dual colors.'®” Subsequent work by Tan et al. expanded on this
system and demonstrated photorealistic color printing by vary-
ing nanodisk size, spacing and dual-size variations within a
single pixel of 800 x 800 nm."®® By utilizing aluminum (Al) as
the plasmonic material, a low-cost, environmentally friendly,
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and minimally lossy system was achieved in comparison to its
Ag and Au counterparts.

Exploring various geometries of plasmonic structures has
expanded possibilities for customization. For instance,
configurations of nanohole arrays, where extraordinary optical
transmission can hinder loss,"®® have been designed to control
and enhance structural color output (Fig. 3(a)).'*>" %!
Additionally, nanoclusters can be leveraged to achieve an
engineered color response. To this end, King et al. fabricated
ultraviolet and visible Fano resonant aluminum nanoclusters to
colorimetrically sense changes in refractive index in the particle
surroundings (Fig. 3(b))."”> Though most nanohole color filters
are polarization insensitive due to the symmetric nature of the
nanohole lattice,'®™'” the work of Dai et al. showed an added
benefit of utilizing a triangular lattice array, which enabled

improved color purity and a resolution of 12700 dpi.'®*

Polarization-sensitive plasmonic metasurfaces

Many metasurfaces are composed of symmetric nanoresonator
unit-cell elements arranged in regular, periodic patterns to
achieve vibrant color output. However, breaking symmetry in
metasurface lattice or nanoresonator geometry can enable a
polarization-sensitive color response.’®® In plasmonic nano-
structures, polarization of the incident light directly impacts the
excitation of localized surface plasmon resonances (LSPRs)."”*
Several researchers have leveraged polarization-dependent

Structural Color in Plasmonic Nanostructures
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plasmonic nanostructures for colorimetric applications. For
example, Goh et al. fabricated tunable color pixels with linear
polarization dependence using nanoscale ellipses and squares.
Different polarization directions revealed two sets of color
patterns in the same nanostructure, one square-shaped and the
other star-shaped.”* Similarly, Duempelmann et al achieved
directional structural colors with tunable, symmetry-breaking
aluminum plasmonic nanowires. Due to the asymmetry, plasmon
resonances were only excited by a certain direction of incident
light. The structure appeared colorful in one angle of observation,
but colorless in the opposite direction.'”*

High aspect ratio geometries have also been implemented to
achieve polarization-dependent color response. Duempelmann
et al. developed a plasmonic phase retarder using silver nano-
wires. The nanowire geometry was optimized to decrease angle
and orientation dependence and tune the LSPR effect into the
visible spectrum. Rotating a polarizer displayed four distinct
colors (Fig. 3(c))."”” Olson et al. constructed vibrant plasmonic
color pixels from Al nanorod arrays, which produced a

spectrally narrow, polarization-tunable optical response

(Fig. 3(d)).*®

Cross-shaped geometries have activated polarization-based
phenomena in plasmonic metasurfaces. The work of Li et al.
presented periodically arranged cross-shaped plasmonic nano-
apertures fabricated in an aluminum film, which exhibited a
polarization-switchable color response in transmission."”®

Polarization-Sensitive Plasmonic Metasurfaces
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Fig. 3 (a) Top-to-bottom: Schematic of color thin-film transistor by Heo et al. with color response by transmitted incident light shown to the left. SEM

images of nanohole structure with scale bar 500 nm.*’° (b) Left-to-right: Theoretical spectra by King et al. of a nanocluster in air (n = 1.0), PDMS (n = 1.4),
PMMA (n = 1.5), and diphenyl ether (n = 1.6). Schematic of refractive index sensing setup, with labeled angle of incidence and polarization of excitation
light. Aluminum nanocluster with charge plot (negative, red; positive, blue) at the subradiant mode of the Fano resonance.’? (c) Left-to-right: Schematic
of the angle variation of the incident polarizer (0,) and the analyzing polarizer (0,) in the experimental setup by Duempelmann et al. Color response for
varying 6, angles, resulting in four different images of Marilyn Monroe.’® (d) Top-to-bottom: Image of Al pixels with polarized image of pixel array (part
A), image of the array with polarizer parallel to x-axis (part B), unpolarized image of pixels sorted according to D,/D, ratio and length (l) taken with
scattering DSLR camera (part C). Bottom: Schematic showing the Al pixel unit cell by Olson et al. with labeled physical parameters (length [, width w,
height h, and edge-to-edge spacing I'). Diagram of excitation geometry for the pixel, where p-polarized white light propagates across the yz plane.®®
(e) Left-to-right: Transmission images of localized surface plasmon (LSP) pattern sample (above) and twisted chromatic plasmonic polarizers sample
(below) by Ellenbogen et al. for varying angles of polarized light. SEM image of LSP sample showing that the background nanoantennas (region “2") are
perpendicular to the letter ("LSP") nanoantennas (region “1").1%2 (a—c and e) Reprinted (adapted) with permission from ref. 152, 170, 172 and 175. Copyright
2020, 2015, 2016, 2012 American Chemical Society. (d) Copyright 2014 National Academy of Sciences ref. 68.

This journal is © The Royal Society of Chemistry 2021 J. Mater. Chem. C, 2021, 9, 11619-11639 | 11629


https://doi.org/10.1039/d1tc02030g

Published on 06 2564. Downloaded on 28/1/2569 0:13:43.

Perspective

Ellenbogen et al developed plasmonic optical nanoantennas
with high sensitivity to polarized light. This system, termed
chromatic plasmonic polarizers (CPP), exhibited a visible color
response to birefringent chicken breast tissue and plastic foil
due to their cross-shaped structure (Fig. 3(e)). Based on selective
excitation of either the vertical or horizontal LSPR, incident light
polarized along the short cross axis displayed a blue color, while
light polarized along the long axis showed yellow." This finding
offers key insights into biomedical applications, where nano-
photonics solutions can contribute to tissue imaging without
invasive staining procedures.

Material challenges in plasmonic metasurfaces

Plasmonic metasurfaces effectively produce structural colors.
However, the resonance mechanism of each unit-cell nano-
structure, material limitations, and production methods pose
notable challenges. For instance, refractive-index-based LSPR
sensing relies on specific environmental conditions and
requires surface contact, which is not always possible in clinical
settings.'’? Plasmonic diffraction gratings produce vivid colors,
yet they provide limited spatial resolution.'>® However, certain
variations in the nanostructures have improved plasmonic reso-
lution. For example, disk-hole coupling has achieved ~ 100000
dpi.*® Nonetheless, fabrication of such nanostructures is
challenging to replicate for large scale manufacturing.

Moreover, intrinsic material loss in plasmonic metasurfaces
can significantly limit color saturation."”””"”® The cost of
fabrication and environmental degradation present further
hurdles to high-throughput, durable applications. Typical
plasmonic metals include gold, copper, silver, and aluminum.
Gold and silver are too costly to be considered practical, while
copper, silver, and aluminum exhibit rapid oxidation that
renders them non-enduring candidates.'®*®* Gold is more
robust, yet does not produce blue light due to its strong
transition band. Aluminum, which forms a thin, finite oxide
layer upon environmental contact, is a low-cost, relatively stable
plasmonic material. However, it exhibits notable loss due to its
interband transition.'®* Though imperfect, aluminum has been
frequently utilized by researchers as a lightweight material with
favorable optical properties and could be an option for wide
scale production in the future.'*%*%®

Structural color in dielectric nanostructures

All-dielectric nanostructures have been demonstrated as
efficient generators of saturated structural color in comparison
to their plasmonic counterparts. This is attributed to their low
dissipative losses and high refractive index contrast with
respect to the surrounding environment.*"'#>'8 When spatially
confined in three dimensions to form subwavelength nano-
particles, these all-dielectric systems exhibit spectrally distinct
electric and magnetic Mie resonances that are tuned by altering
resonator geometry and material crystallinity.'®”'%8

Examples of high-refractive-index dielectric materials
exhibiting strong scattering behavior include silicon (Si),
gallium arsenide (GaAs), and gallium phosphide (GaP).'*°
Further systems which exhibit low losses at visible frequencies

11630 | J Mater. Chem. C, 2021, 9, 11619-11639

View Article Online

Journal of Materials Chemistry C

encompass silicon nitride (Si;N,) or titanium dioxide (TiO,).
A multitude of periodic arrangements can be leveraged to
construct all-dielectric metasurfaces. The configuration of
Mie-resonant dielectric nanoparticles in two-dimensional
lattices of different geometries can alter the metasurface optical
response.”” Therein, for example, changes in periodic nano-
structure spacings can alter color response due to partial reflection
of the incident light and changes in the index of refraction. Further,
two-dimensionally-confined dielectric nanostructures that form
sub-wavelength gratings can be patterned periodically to generate
high-quality-factor resonances'®®'®> with potential to generate
high-purity structural color.'**™**>

A variety of silicon metasurfaces have generated vibrant
colors over a range of frequencies, for which we highlight
examples here. To leverage the potential of low-order electric
and magnetic Mie resonances, Proust et al. developed an all-
dielectric silicon nanopillar array with variation in the nano-
structure diameter and aspect ratio to achieve a colorimetric
optical response by reproducing a Mondrian painting on the
micrometer scale (Fig. 4(a)).'®” Hgjlund-Nielsen et al. tested the
color output of square silicon nanostructures in a square lattice
with varying periodicity. The resulting silicon diffraction
gratings produced strong, uniform structural colors over a large
angular interval'®® Cross-shaped patterns also elicit compelling
color effects from all-dielectric metasurfaces. Vashistha et al.
utilized arrays of equilateral cross-shaped Si nanoresonators to
obtain narrow resonances, high hue, and high saturation in the
visible spectrum. The nanoresonators were polarization-
insensitive, yet allowed ample color control with the dimen-
sional parameters in the cross structure. A range of colors was
produced by adjusting the length, width, and periodicity of the
crosses."®®

In addition to geometry, the surrounding environment of
the metasurface can play a crucial role in the customization of
the color response. Yang et al. fabricated silicon nanostructures
and showed that increasing the refractive index of the
surrounding medium will improve vibrancy of the metasurface
structural color response (Fig. 4(b)).”> The increase in the
refractive index causes the electric dipole resonance to undergo
a redshift, whereas the magnetic dipole resonance is insensitive
to environmental changes. The narrower-bandwidth spectral
response in transmission and reflection, resulting from
subsequent destructive and constructive interference of the
electric and magnetic resonances, generated structural color
of improved brightness and purity.”**”

Polarization-sensitive dielectric metasurfaces

The optical properties of all-dielectric metasurfaces provide a
stable platform for polarization-sensitive nanophotonics.
Researchers have leveraged symmetry breaking to achieve
polarization-based color response. For example, Vashistha
et al. developed an all-dielectric color filter using non-
equilateral cross-shaped Si nanoantennas. The color filter was
sensitive to polarization angle changes in transmission and
reflection modes due to the asymmetric design (Fig. 4(c)).
Furthermore, the team achieved an array of high-quality colors
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Fig. 4 (a) Mondrian micropainting by Proust et al. made with silicon nanoparticles on glass and labeled schematic of all-dielectric metasurface
structure.!® (b) Left-to-right: Top-view SEM image by Yang et al. of a Si metasurface patterned to show a peacock with an orchid (scale bar of 100 um).
Bright-field microscope image of the peacock with orchid in air.”?> (c) Top-to-bottom: Dielectric metasurface by Vashistha et al. containing
nonsymmetric cross-shaped Si nanoantennas with inset schematic of wave propagation for x-polarized (® = 0°) and y-polarized (@ = 90°) normally
incident light. To the right, an SEM image showing the top view of the dielectric metasurface with scale bar 250 nm. Below, a graph of polarization-based
color changes from magenta to yellow for transmission mode and from green to blue for reflection mode (simulation results for polarization angle of
incident white light (@) from 0° to 90° with A® = 10° are shown, and blue numbers correspond to ideal color wavelengths). 18 (d) Left-to-right: Spectral
response of the red-yellow polarization-controlled tunable color filters by Uddin et al., with a yellow filter for TM polarization and green filter for TE
polarization. Schematic of final GMR color filter structure, with perceived colors calculated using the experimental reflectance values of the pixels. 124
(e) Left-to-right: Schematic illustration by Poulikakos et al. of the metasurface colorimetric response for a localized tumor and a metastasized tumor.
Reflectance spectra showing colorimetric sensing of the metasurface for isotropic media with varying relative permittivity ¢ = 1: 0.2: 2, with insets and
line colors corresponding to reflected structural color. Colorimetric sensing capabilities for an anisotropic sample matching linearly birefringent
properties of fibrous biological tissue for ¢ = 2 and varying orientation angle 0 of the tissue optical axis.** (a) Reprinted (adapted) with permission from
ref. 187. Copyright 2016 American Chemical Society. (b and c) Creative Commons Attribution 4.0 International License. (d) [Reprinted/adapted] with
permission from ref. 194. Copyright The Optical Society. (e) Reprinted (adapted) with permission from ref. 195. Copyright 2016 American Chemical
Society.

by varying the size and aspect ratio of the crosses.'®* Instead of ~periodic modulation in the waveguide, can generate a narrow-
cross shapes, Wang et al. tuned the dimensions of rectangular bandwidth resonant response.'”®'*” In GMR metasurfaces, the
nanoblocks to produce vibrant, polarization-sensitive colors in resonance wavelength can be tuned using refractive index,
transmission. His team fabricated asymmetric monocrystalline pattern periodicity, waveguide thickness, and incident angle.
silicon nanoblocks that were arranged in arrays on a flexible Notably, dielectric GMR reflective filters have achieved
substrate. Different polarization angles shifted the transmission  structural colors with high efficiency, purity, and a narrow
wavelength, giving access to a wide range of colors. The color bandwidth. For example, Uddin et al. designed a GMR-based
filter demonstrated subwavelength resolution in the visible color filter array using subwavelength silicon nitride gratings
wavelength region.'”® In another study, Shibanuma et al on a glass substrate with an efficiency of ~95% and a narrow
developed dielectric metasurfaces that shifted optical response bandwidth of ~12 nm. The filter separated the incident
from high transmission to high reflection due to changes in transverse electric (TE)-polarized white light into its three
incident light polarization. The metasurfaces contained arrays of ~ primary colors: red, green, and blue.'*?
high-refractive-index dielectric dimers. The excited electric and Manipulating metasurfaces to create an anisotropic
magnetic dipole modes of the dimers were coupled to form geometry allows for selective response to polarized light. Uddin
hybridized modes. Incident polarization manipulated the hybri- et al. fabricated polarization-controlled tunable color filters
dized modes, thus varying the optical response.'®® Asymmetric, using subwavelength gratings etched into a thin Si;N, film on
elliptical nanopillars fabricated from TiO, were developed by a glass substrate. Depending on grating dimensions, the
Yang et al. to circumvent Ohmic loss in all-dielectric colorimetric  authors demonstrated two color filters which exhibited red-
metasurfaces.'® The observed narrow-bandwidth reflectance yellow and green-blue reflected structural color upon transverse
spectra resulted in polarization-sensitive structural colors of electric (TE) or transverse magnetic (TM) polarized light
high saturation, efficiency (>90%) and resolution. excitation, respectively (Fig. 4(d))."** In a further study which
Guided-mode-resonant dielectric metasurfaces provide an explored the scope of potential applications, Magnusson et al.
additional versatile avenue to generate polarization-sensitive utilized similar guided-mode-resonant grating structures
structural color. The Guided Mode Resonance (GMR) effect for refractive-index-based biochemical sensing with high
occurs in thin-film structures with diffractive elements and an  sensitivity and selectivity.>*® Guided-mode-resonant dielectric
optical waveguide layer. Therein, leaky modes, arising from metasurfaces have also been leveraged to quantitatively map
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the presence and orientation of birefringent media onto struc-
tural color. Poulikakos et al. developed a guided-mode-resonant
dielectric metasurface from dispersion-engineered SizN, and
SiO, layers on a SiO, substrate. The reflective and rotational
symmetry breaking achieved by the rhombohedral metasurface
unit-cell-element enabled each incident polarization state
to be attributed to a distinct colorimetric response
(Fig. 4(e))."* The results of this numerical study hold potential
for future applications in polarization-sensitive biomedical
applications.

Material challenges in dielectric metasurfaces

High-refractive-index dielectric materials have enabled a new
class of metasurfaces with versatile advantages. However,
common material platforms such as silicon (Si), silicon nitride
(SizN,) or titanium dioxide (TiO,) also present drawbacks that
should be considered for nanophotonics applications. For
example, silicon exhibits intrinsic, non-negligible material loss
at visible frequencies, which can limit color saturation and
range.’°"?°> Several engineering methods have been put
forward to address this challenge, such as thermal annealing,
geometric tuning, or addition of an antireflective layer.>**>>
SizN, and TiO, have been explored as alternatives with low
material loss in the visible spectrum. Contrary to SizNy,
both TiO, and monocrystalline silicon (c-Si), are not readily
compatible with Complementary Metal Oxide Semiconductor
(CMOS) fabrication and would therefore face challenges in
mass production,'*®202,200-209

In general, high refractive index dielectric nanostructures
generate Mie resonances with high-quality reflection spectra,
leading to vibrant colors.">*?!° However, current research
demonstrates that producing additive colors from dielectric
metasurfaces in transmission mode remains challenging. As a
potential CMOS-compatible alternative, amorphous silicon
(a-Si) can be used, yet high material loss would hinder color
saturation.>®® In the future, hybrid platforms that integrate
plasmonic and dielectric nanostructures could provide another
solution for additive color generation."*

Polarization-tunable structural color in hybrid and dynamic
metasurfaces

In addition to metasurfaces composed purely of metallic or
dielectric nanostructures, hybrid metasurfaces, which combine
the strengths of various material platforms, have been demon-
strated as effective generators of structural color, offering new
avenues toward dynamic color tunability.®®*¢>2117215 we now
focus on examples of hybrid metasurfaces that have produced
polarization-tunable structural color.

Metasurface gratings, an inherently polarization-tunable
optical system, are a versatile platform to demonstrate the
combined advantages of metallic and dielectric metasurfaces.
Kim et al. developed one-dimensional poly(methyl methacrylate)
(PMMA) gratings on a lossy metallic substrate with the ability to
generate structural color of high vibrancy and contrast.>* Their
hybrid nanograting leveraged phase shifts between spectrally
separate resonances arising from orthogonal TE and TM grating
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modes to achieve a sharp spectral response when observed
between crossed polarizers. For silver (Ag), tungsten (W) and
platinum (Pt) substrates, this study was able to achieve coverage
of the sRGB color gamut at 55%, 69% and 90%, respectively.
Metallic nanogratings on dielectric films have been presented
by Koirala et al, where an ultrathin aluminum (Al)
grating was fabricated on a subwavelength silicon nitride
waveguide. The resulting broad color palette, observed in
transmission mode upon tuning incident light polarization
and grating geometry, was attributed to reinforcement of electric
and magnetic field profiles in the silicon nitride waveguide
layer.>*?

Metal-insulator-metal grating metasurfaces, which act as
plasmonic nanoresonators, were demonstrated by Xu et al. as
highly efficient, high-resolution color filters across the visible
spectrum.””® In the work by Jung et al an etalon structure
composed of a subwavelength nanoscale silicon dioxide (SiO,)
and Ag layers was fabricated, where the upper Ag layer was
structured as a nanograting to enable a polarization-tunable
color filter.'®* Therein, changing the refractive index of the
dielectric environment and the thickness of the SiO, spacer
layer varied the generated color. As an additional benefit, an
increased transmission and higher resolution color images
were observed with this system. Further studies*®*'®* showed
numerically that stacked multilayered thin films of metal and
dielectric grating structures were able to create an optical
coupling of the resonance fields at the metal-dielectric inter-
face. This effect suppresses the noise caused by higher order
diffraction, which would then narrow the Full Width at Half
Maximum (FWHM), leading to an improved color purity and
transmission. Additional noteworthy material systems include
chalcogenides, such as germanium antimony telluride (GST),
where transitions between amorphous and crystalline phases
yield dielectric to plasmonic material properties, respectively.
To this end, Gholipour et al. put forward a GST nanograting
where additional tailoring of structural color was achieved by
phase change.’*®

Liquid crystals exhibit optical properties which are tunable
through variations in electric and magnetic fields, chemical
composition, or temperature. These parameters offer an
additional versatile platform to enhance the polarization
tunability of metasurfaces. Olson et al. utilized periodic
arrays of Al nanostructures as switchable pixels in liquid
crystal displays with high chromaticity.*® Plasmonic
nanohole arrays, assembled in a rectangular lattice, were
interfaced with a twisted nematic liquid crystal by Lee et al
to obtain an electrically- and polarization-tunable metasurface
color filter.*'* Sharma et al included a liquid crystal layer
on top of an Al metasurface between two indium tin oxide
(ITO) coated glass substrates which behaved as an electrode
in their device.”®® By changing the voltage that is applied
across the electrode, the device was able to both gradually
and abruptly change its color. The observed color-
tunability occurred as the liquid crystal varied its orientation
along the electric field, thus altering the incident light
polarization.

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1tc02030g

Published on 06 2564. Downloaded on 28/1/2569 0:13:43.

Journal of Materials Chemistry C

Colorimetric metasurfaces in tissue
imaging: challenges and opportunities

The ability of polarization-sensitive, colorimetric metasurfaces
to quantitatively map the polarization state of light onto
structural color holds great promise for biomedical imaging
and disease visualization, as shown schematically in Fig. 5.
As was highlighted for specific examples in this work (Fig. 1),
the presence and orientation of fibrous tissue is an indicator of
a range of serious diseases affecting major organs of the human
body (Fig. 5(a)). In contrast to biochemical markers, which can
provide disease-specific information at the cellular, molecular
or genetic level," the ability of polarized light to probe tissue
microstructure is translatable across diseases and organs, thus
rendering a powerful versatility to all-optical analysis.
Moreover, recent developments in biocompatible and bio-
degradable inorganic nanostructures for biomedical applications,
such as black phosphorous nanosheets, present potential
prospects for the manipulation of tissues in diagnostic and
theranostic applications.”’” 2> The anisotropic nature of
these material platforms offers opportunities for analysis via
polarimetry and may provide a direct impact in the design and
development of nano-optical metasurfaces in the future.
Additionally, metasurfaces enable label-free visualization, thus
circumventing several drawbacks encountered with fluorescent
probes such as photoblinking, photobleaching and result
convolution.”**

Leveraging colorimetric metasurfaces to visualize tissue
microstructure (Fig. 5(b)) presents several advantages over
existing high-sensitivity optical techniques, where this work
focused on Mueller Matrix polarimetry. The ability of nano-
optical structures to enhance the intensity and selectivity of
light-matter interactions®*>*** holds potential to overcome
detection challenges arising from the naturally weak optical
anisotropy of biological tissue. Encoding the polarization state
of light onto the structural color response of a metasurface

(a) Fiber-Affecting Diseases Across
Organs of the Human Body

(b) Metasurfaces for Colorimetric
Characterization of Fibrous Tissue

Retina Lung Brain
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Fig. 5 Schematic illustration of the opportunities for colorimetric meta-
surfaces to visualize the origin and progression of disease. Fibrous tissue
from a range of fiber-affecting diseases exhibits a selective interaction with
polarized light (part a). Colorimetric metasurfaces can be designed to
quantitatively map the polarizing properties of fibrous biological tissue
onto structural color (part b). Part a created with BioRender.com.
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allows for a user-friendly readout of the polarizing properties
of a medium of interest, thus circumventing extensive data
post-processing required in Mueller Matrix polarimetry and
alternative methodologies.*** The facile tunability of metasurface
optical properties, based on the material, geometry and
arrangement of their nanoresonator unit-cell elements, allows
for the design of customizable metasurfaces which can be
adapted for various applications. Additionally, when metasurfaces
are leveraged to probe the polarization state of light, direct contact
between the metasurface and the material of interest is not
required, as shown schematically in Fig. 5(b). Importantly, this
circumvents artefacts arising from tissue roughness, which can
realistically range around 1um for sectioned tissue samples.”*”
The opportunities of contact-free nanophotonic detection lie in
contrast to alternative metasurface sensing techniques. These
methods frequently rely on sensitivity to the refractive-index
environment, resulting from concentrated electromagnetic near
fields, which decay exponentially from the sensing interface.
Finally, perhaps the most compelling property of metasurfaces
lies in their ability to scale down the complex manipulation of
light to a single optical surface. This enables a host of affordable,
mobile and readily translatable applications in the clinic and
biomedical industry including ex vivo platforms in pathology
and bioimaging or in vivo devices which could be utilized intra-
operatively. For example, metasurfaces could be integrated into
in vivo imaging systems as metalenses on optical fibers.?*®>*°
Pahlevaninezhad et al. attached a metalens to an optical coher-
ence tomography catheter to perform endoscopic imaging in vivo.
Utilizing the high resolution of the metalens, the smallest
FWHMs of the nano-optic endoscope were 6.37 um (tangential)
and 6.53 um (saggital).>*® Metasurface-based devices can achieve
subwavelength resolution at submillimeter thickness. Thus,
metasurfaces provide a uniquely precise, portable bioimaging
solution compared to traditional spectrometers.>**2%23!

Along the path to clinically- and industrially-translatable
colorimetric metasurfaces, challenges must be overcome. The
complex optical properties of fibrous biological tissue play a
central role when leveraging metasurfaces to visualize
tissue microstructure. The superposition of depolarization,
diattenuation and retardance (eqn (4)) which constitute the
polarizing properties of a tissue of interest, must be accounted
for when designing a metasurface probe or assessing its optical
response. For example, depolarization, which varies based on
the refractive index and size of scatterers present in a
medium,”® significantly increases at tissue thicknesses greater
than 0.5 mm.>*> While tissue biopsies are typically below
thicknesses where depolarization plays a significant role,'?
these effects may become more significant in backscattering
applications on bulk tissue.?® Fortunately, the tunability of
metasurface design presents opportunities to optically separate
competing physical effects in a sensing or imaging
application."

Nanofabrication methodologies which are cost-effective at
an industrial scale, preferably compatible with high throughput
roll-to-roll processes,>** are required to fabricate translatable
metasurface devices. While electron-beam lithography has
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proven to be an accurate and reliable technique to demonstrate
proof-of-concept metasurfaces at the research scale (ca. 100 x
100 um?), metasurfaces at a larger scale, e.g. expanding over the
surface of a 1 x 3 inch microscope coverslip, would require
long electron-beam exposure times which are not economically
viable or serial stitching processes.'’* Alternative, scalable
technologies include nanoimprint lithography,*** where high-
throughput and low-cost pattern transfer of high-resolution
nanostructures is achieved by compression molding from a
reusable template. Laser interference lithography (IL)**®
presents a further opportunity for large-scale patterning with
laser sources, where nanoscale features can be achieved by
illumination at ultraviolet wavelengths with extreme ultraviolet
interference lithography (EUV-IL),>*® or immersion interference
lithography.>*>**” These cost-effective, scalable fabrication
techniques could increase the accessibility of metasurface-
based technology, enable widespread implementation of
metasurfaces into bioimaging devices, and reduce the need
for expensive optical equipment in biomedical and clinical
environments. The optical complexity of biological tissue and
challenges of mass production present obstacles to immediate
clinical use. However, with demonstrated tunability and
emerging scalable processes, metasurfaces have the potential
to overcome existing limitations and transform the future of
medical diagnostics.

Outlook

Precisely and rationally designed material anisotropy and
colorimetry in nano-optical metasurfaces present exciting
opportunities for quantitative imaging of biological tissue.
While the enhanced electromagnetic near fields in meta-
surfaces have enabled a host of successful refractive-index-
based or surface-enhanced sensing applications, the avenue
of enhanced detection of material anisotropy with metasurfaces
remains largely unexplored. In combination with their ability to
generate polarization-sensitive structural color, such metasurfaces
hold promise to enable a new class of quantitative, miniaturized,
cost-effective and user-friendly bioimaging platforms with facile
implementation in the clinic and biomedical industry.
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