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Abstract: Polarization light microscopy (PLM) enables detailed examination of birefringent
materials and reveals unique features that cannot be observed under non-polarized light.
Implementation of this technique for quantitative PLM (QPLM) assessment of samples is
challenging and requires specialized components and equipment. Here, we demonstrate
QPLM on a semiconductor imaging chip that is suitable for point-of-care/need applications.
A white LED illumination was used with crossed polarizers and a full wave plate to
perform on-chip, non-contact-mode QPLM. Polarization complexity is probed by assessing
the multispectral phase shift experienced by white light through the distinct optical paths
of the sample. This platform can achieve micrometer-scale spatial resolution with a Field
of View determined by the size of the semiconductor sensor. Visualization of a biological
sample (Euglena gracilis) was demonstrated, as well as the detection of Monosodium
Urate crystals, where the presence of negative birefringence of crystals in synovial fluid is
important for the diagnosis of gout.

Keywords: CMOS image sensors; quantitative polarization light microscopy; point-of-
care/need applications

1. Introduction
Polarization light microscopy (PLM) is a technique that enables detailed examination

of the internal structures of birefringent materials and reveals unique features that are often
invisible under non-polarized light. While this technique has been extensively employed
for the assessment of birefringent samples, quantitative assessment of PLM presents a more
complex challenge. Nevertheless, steady advances made in polarization detection in recent
years, such as improvements in imaging techniques, automation and integration with other
technologies, have enabled researchers to use PLM to better probe structural details of
anisotropic specimens at the microscopic level.

Polarimetric measurements are a very significant source of information in biomedical
imaging. For instance, metasurface-assisted differential interference contrast microscopy
(DIC) was demonstrated for real-time label-free cellular imaging in the observation of un-
stained breast cancer tissues, exhibiting sharper contrast at cell boundaries when compared
to regular DIC [1]. Moreover, the combination of PLM with modulation techniques such
as optical heterodyne interferometry and polarized structured illumination microscopy
(pSIM) allows for the detection of individual metal nanoparticles [2] and enables super-
resolution imaging, explored in the detection of biological filamentous systems such as
cytoskeleton networks and in imaging the dynamics of protein-labeled microtubules in live
cells [3,4]. Moreover, the combination of PLM with other microscopy techniques, such as
fluorescence microscopy, offers high levels of sensitivity for disease diagnosis such as for
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cancer [5], in which complementary information provided by the multimodal approach has
been applied to assess the severity of the cancer invasion, beyond simple tumor detection.
Furthermore, optical diffraction tomography has also been used in conjunction to PLM to
successfully identify birefringent Monosodium Urate (MSU) crystals by imaging unlabeled
intracellular components and measuring the three-dimensional refractive index of synovial
leukocytes of patients with gout [6], while polarimetric measurements have been used to
discriminate between normal and abnormal cells in pancreatic tissues [7]. The addition
of polarization masks and metasurfaces to high-resolution image sensors is a promising
prospect for real-time full-Stokes polarimetric measurements of biological samples [8].
Equipped with machine learning algorithms, image analysis can assist in the identification
of patterns in complex datasets, which has already been used to improve the efficiency
of polarimetric characterization of cancer by aiding in the classification of non-melanoma
skin cancer tissues in mice [9] and by accomplishing virtual birefringence imaging and
virtual tissue staining in label-free tissue slides of amyloid deposits of cardiac patients [10].
Additionally, quantitative birefringence retardance and orientation information of MSU
has been demonstrated in a lensless holographic imaging system using machine learn-
ing [11]. However, machine learning algorithms rely heavily on the data they are trained
on. Obtaining accurate and reliable data can be challenging, especially for healthcare in
resource-poor environments.

In this framework, the development of portable, lensless microscopy systems enables
real-time analysis of samples in situ, facilitating immediate data collection and interpre-
tation. While lens-based imaging requires costly and bulky optical components, lensless
imaging offers high-resolution capability limited only by the pixel size of the sensor (as
small as 0.7 µm) with an FoV that typically covers the entire sensor area. Therefore, lensless
methodologies enable enhanced portability and cost-effectiveness compared with their lens-
based counterparts [12]. Lensless on-chip imaging is categorized into non-contact mode, in
which the sample is at a distance greater than 10 µm from the sensor, and contact mode,
where the sample is in direct contact with the active area of the sensor. Both cases have
been demonstrated for different microscopy modalities, including dark field [13], fluores-
cence [14], electrochemiluminescence [15], bioluminescence [16] and polarization [11,17,18].
While several lensless on-chip demonstrations for PLM have been published, those experi-
mental designs are relatively complex as they require intricate illumination schemes such
as partially coherent light sources, optical masks and programmable light switching.

Successful techniques such as Polychromatic Polarization Microscopy (PPM) have
been developed to detect sample birefringence. Although PPM has been employed to
detect MSU crystals in joint fluid aspirates [19], its use relies on a conventional polarization
microscope used in clinical settings. Given the advantages of lensless on-chip platforms
for the development of compact imaging devices, we report here a compact optical system
for non-contact-mode quantitative PLM. This system utilizes crossed polarizers and a full
wave plate to probe polarization complexity by assessing the multispectral phase shift
experienced by white light through the distinct optical paths of a birefringent sample. This
implementation provides a low-cost alternative to lens-based systems and is advantageous
for point-of-care/need applications that require simplicity and scalability in resource-
poor environments.

2. Materials and Methods
2.1. Optical Componentes

Epoxy-encased white light LED was used as the illumination source. The visible
spectrum of the LED source was obtained using the ST VIS Microspectrometer (Ocean
Optics, Orlando, FL, USA). A 50 µm diameter stainless steel pinhole was acquired from
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Thorlabs (Newton, NJ, USA). An optical lens (PMMA) of 18 mm diameter, 6 mm thickness
and f = 50 mm was used. A sheet of linear polarizer film (300 × 200 mm) was acquired from
K&F Concept (extinction rate ≈ 3.8%, polarization efficiency ≈ 92%) (Shenzhen, China).
The full waveplate film (WP560) was acquired from Edmund Optics (Barrington, NJ, USA).
The CMOS sensors (model OV5647, 3.68 × 2.76 mm, 2592 × 1944 pixels and pixel size of
1.4 µm) used in this report were purchased from OmniVision Technologies.

2.2. Samples

The performance of the on-chip polarization microscopy system was evaluated using
five different sample types: Mica plate, Ascorbic Acid Crystals, MSU crystals, Euglena cells
and Polystyrene beads.

Sodium hydroxide (>99%) and ascorbic acid (>99%) were purchased from Sigma-
Aldrich. Uric acid (UB0978, >99%) was purchased from Bio Basic Inc. (Markham, ON,
Canada). Polystyrene beads with 1.6 µm diameter were purchased from Corpuscular, Inc.
(Cold Spring, NY, USA), and diluted in Milli-Q® water (1: 10000 v/v dilution) before use.

Euglena gracilis was purchased from Carolina Biological Supply Company (Burlington,
NC, USA) and grown in liquid Provasoli’s enriched seawater (PES) medium at room
temperature. Euglena gracilis was used in experiments by pipetting a few microliters of the
microorganism from its liquid culture onto the analyzer (LP 2).

2.2.1. MSU Crystal Synthesis

The synthesis of supersaturated solution containing MSU crystals was based on the
procedures described by Liu et al. [20]. Here, 2.44 mL of 1 M Sodium hydroxide was
dissolved in 80 mL of Milli-Q® water and heated to 100 ◦C, after which 400 mg of uric
acid was added. The temperature was then lowered to 60 ◦C and kept for 5 h. Finally, the
solution was allowed to cool down to room temperature and was left stirring overnight.
The sample was conserved in supersaturated solution and stored at room temperature in a
quiet environment.

A total of 5 µL of supersaturated solutions of MSU was drop-casted on top of a
coverslip and left to dry in open air, at room temperature. The precipitated crystals
were then analyzed using Bright Field microscopy (WITec Alpha300R Confocal Raman
Microscopy system) equipped with a 50× objective (NA 0.8, WD 0.58 mm) to evaluate the
needle-like structures formed during the crystallization process [21].

2.2.2. Ascorbic Acid Crystal Synthesis

To produce the ascorbic acid (AA) sample, 26.4 g of AA powder was dissolved in 80 mL
of Milli-Q® water and heated close to the boiling point. While stirring, small amounts of
AA were added to the solution in incremental steps until the saturation point was reached.
The saturation point was determined by visual inspection.

2.3. Fabrication of the Lensless Cross-Polarization Device

The cross-polarization device comprises four main parts, assembled with the help of
3D-printed parts, as shown in Figure 1C: (i) a collimated LED source; (ii) a linear polarizer;
(iii) a 1λ retarder (full waveplate, FWP); and (iv) an analyzer module. The 3D-printed
parts provide the flexibility needed for adjustments during the measurement procedure.
Figure 1B depicts the system in greater detail: the non-polarized illumination source (white
LED, 5 mm, 15 mW, 7.5◦ half viewing angle) is filtered by a 50 µm pinhole, after which the
resulting point source illumination is collected by a lens mounted in a threaded tube. The
distance from the lens to the pinhole was adjusted until a collimated beam was produced.
The collimated beam of light was then polarized (LP 1, 120 µm thickness) and moved
through the FWP (150 µm thickness) positioned at ±45◦, both of which were placed in
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manual rotating mounts for angle control. The cross-polarizer (LP 2, 120 µm thickness) and
the image sensor formed the polarization analyzer (Figure 1D), used to discriminate the
polarization of light that reaches the sensor.
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Figure 1. On-chip lensless cross-polarization platform. (A). Schematic diagram of the transformations
imposed to the polarization of light as it propagates down to the image sensor. LP 1—linear polarizer,
FWP—full waveplate and LP 2—linear polarizer (cross-polarizer); (B). exploded view of the main
elements of the device; (C). experimental setup implementation; (D). close-up of the polarization
analyzer module (image sensor + cross-polarizer); and lateral resolution test using (E). one bead;
and (F) two adjacent polystyrene beads. (outset: intensity profile for the two beads along the yellow
dashed line).

2.4. Polarization Measurements

The experimental setup comprises of a non-polarized illumination source, a set of
cross-polarizers and a full waveplate. The illumination source is collimated and then
polarized by LP 1. As soon as LP 1 is introduced, only one polarization interacts with
the birefringent sample. The polarized light is split into two components (ordinary and
extraordinary), which introduces a difference in the number of wavelengths within the
sample’s pathlength. The recombination of light after emerging from the sample results in a
different phase shift and polarization (since the effective polarization vector is rotated). This
effect occurs for all wavelengths. The FWP is used to add or subtract effective retardance
from the sample, depending on its orientation in relation to the polarization of incident
light (±45◦). Then, the polarization analyzer LP 2 reveals a colorful interference pattern
that indicates the amount of birefringence of the sample. The image sensor registers this
pattern as an image for future data processing. By rotating the full waveplate around ±45◦,
different interference color patterns arise. In this sense, the colorful images obtained
with our setup can be explored to extract quantitative data about the birefringence of
the samples.

2.4.1. Colorimetric Evaluation

Human vision takes a complex spectral distribution (color) that can be represented by
the tristimulus values (X, Y, Z), defined by the International Commission on Illumination
(CIE) as [22].

X =
∫ λ f

λi

I(λ)x(λ)dλ, (1)
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Y =
∫ λ f

λi

I(λ)y(λ)dλ and (2)

Z =
∫ λ f

λi

I(λ)z(λ)dλ. (3)

Here, I(λ) is the spectral power distribution of the light source and x(λ), y(λ) and z(λ) are
the standard color matching functions [21]. The integrations were performed over the visible
spectrum, with initial and final wavelengths of λi = 380 nm and λ f = 780 nm, respectively.

The human perception of color change also depends on the intensity of the observed
light. Therefore, the use of the CIELAB color space is preferred to represent visual differ-
ences in color. Human perception of color differences can be quantified by the CIEDE2000
formula within the CIELAB space [23]. Color cameras such as the CMOS sensor used
in this work exploit a Bayer filter coupled to processing algorithms to reproduce colors
that match the perception of the human eye. Therefore, understanding the perceptual
differences between colors is essential. In this context, the perceived difference in color (∆E)
calculated using the CIEDE2000 formula serves as a crucial metric in birefringence estima-
tion by comparing color distances in the imaged color interference pattern that arises from
samples under cross-polarization. The PLM colorimetric evaluation considers that light is
transmitted through the platform/sample, and no attenuation is explicitly considered.

2.4.2. Jones Matrix Formalism

By applying the Jones matrix formalism to account for polarization rotation for each
spectral component of the illumination source, color images can be used to extract quantita-
tive data from birefringent samples in a process that transforms the emerging interference
colors into phase differences, resulting in phase images. Our approach calculates polar-
ization rotations for each wavelength of the spectral power distribution of the chosen
illumination source (white LED) as it propagates through the optical path. The effective
interference color is then calculated, based on Equations (1)–(3), exploring the resulting
spectral power distribution that reaches the image sensor. Waveplates and polarizers were
modeled analytically using Jones formalism. Therefore, the polarization rotation detected
at the CMOS sensor for a given wavelength, JTxy(λ), is [24]

JTxy(λ) = My−pol(λ)Msample(λ)M f wp

(
±π

4
, λ

)
Jxy(λ) (4)

in which Jxy(λ) represents the x-polarized (horizontal) light and My−pol(λ) is the Jones
matrix for the y-axis (vertical) polarizer for a given wavelength. The spectral distribution
of the light source must be considered, as it directly affects the resulting colors. The full
waveplate (FWP), M f wp

(
±π

4 , λ
)
, and the birefringent sample, Msample(λ), are modeled as

linear phase retarders with wavelength dependence, as follows [24]:

M f wp

(
±π

4
, λ

)
= R

(
±π

4

)[ejϕ0(λ)/2 0
0 e−jϕ0(λ)/2

]
and (5)

Msample(λ) = R
(π

4

)[ejϕ(λ)/2 0
0 e−jϕ(λ)/2

]
. (6)

Here, R(±π/4) is the rotation matrix at ±45◦, ϕ0(λ) is the FWP phase shift and ϕ(λ)

is the phase shift introduced by sample birefringence. Moreover, to derive the color change
introduced by the sample exploring the effective retardance, the optic axis of the sample
is positioned 45◦ relative to the axis of the xy-plane, as indicated by the rotation matrix
in Equation (6). For each wavelength, the spectral power distribution, I(λ), is retrieved
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taking
(

JTxy ·J∗Txy

)
. Therefore, for each phase shift, the resulting spectral power distribution

is computed into a specific color and stored as a reference for the future retrieval of phase
shift from a sample placed in the experimental setup.

2.4.3. Phase-Retrieval Algorithm

In the PLM system, as light propagates through the sample, a spatial phase distri-
bution emerges, leading to a color map of the sample on the image sensor. Knowing the
illumination spectrum and waveplate rotation of the imaging system, the phase shift intro-
duced by the birefringent sample can be extracted from the interference colors, using the
CIE’s color matching functions (Equations (1)–(3)) and Jones matrix formalisms (Equations
(4)–(6)). In other words, the quantification of color changes in the PLM image, based on the
CIEDE2000 (∆E) metric, can be translated into phase shifts, and vice versa.

However, the periodic nature of phase shift promotes color similarity along different
interference orders. Therefore, for each pixel of the image sensor, its color is compared with
the computed reference colors using the CIEDE2000 formula. Pixel’s phase shift value is
determined by color similarity, i.e., minimizing the ∆E metric. Furthermore, as white light
is employed, the average phase difference in the visible range, ⟨∆ϕ⟩, must be considered
for the extraction of quantitative data from a real sample.

3. Results and Discussion
Phase-retrieval methodology allows for the association of the observed color of a PLM

image with the induced average phase difference due to light propagation through the
birefringent sample. Figure 2A indicates the calculated color difference values (CIEDE2000),
raised from the induced phase shift, considering a mica sample placed in the on-chip
PLM system, with its optical axis positioned 45◦ relative to the axis of the xy-plane. The
correlation between interference colors, sample thickness and birefringence are well known
and documented by the Michel-Lévy interference color chart [25]. For a single wavelength,
phase shift is given by

∆ϕ =
2πd ∆n(λ)

λ
, (7)

where d is the sample thickness. As a broad-spectrum light is employed on the PLM system,
we apply the Average Function Value integral to the phase shift equation:

⟨∆ϕ⟩ = 2πd(
λ f − λi

)∫ λ f

λi

∆n(λ)
λ

dλ. (8)

As a first approximation, ∆n is taken out of the integral by assuming it is constant;
therefore, the sample birefringence, ∆n, is given by

∆n =

(
λ f − λi

)
⟨∆ϕ⟩

2πdln
(

λ f /λi

) , (9)

By identifying the sample color in the imaging system and knowing the sample
thickness, it is possible to determine the value of ∆n. For example, considering the images
of the leftmost and middle boxes in Figure 2B, it can be seen from Figure 2A that the
respective colors correspond to phase variations of 1.89π and 3.85π. These colors represent
the regions highlighted by red arrows in Figure 2A.
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To illustrate the birefringence quantification methodology, a flat piece of birefringent
mica of known thickness (d = 210 µm) was introduced in the setup, replacing the FWP
(see Figure 1B). The mica sample was adjusted to have its optical axis 45◦ to the xy-plane
axis. Thus, the on-chip PLM produced an image containing only one color, uniform across
the FoV and illustrated by the rightmost box of Figure 2B. This color was then compared
against each color recorded using the steps described in Sections 2.4.2 and 2.4.3, resulting
in Figure 2A. Furthermore, the minimization criterion of color similarity was applied to the
possible results and ∆E was minimized. Therefore, for minimum ∆E values, the calculated
birefringence obtained by this method was estimated as 0.0051 (ii), a close match to the
actual mica birefringence (0.0054) [26].

Figure 2C–F depict one of such high birefringence centers of the AA sample, imaged
under our on-chip cross-polarization device for different polarization and FWP configurations.
For that, 5 µL of supersaturated solution of AA was drop-casted onto a coverslip, placed on
top of the polarization analyzer and left to dry in open air, forming crystal centers surrounded
by a thin crystal sheet with radially aligned optic axes. All figures depict the same crystal
center. Figure 2C,D depict, respectively, the birefringence center for LP1 removed and LP1
reinserted in the optical path (sample under cross-polarized light). Figure 2E,F emphasize the
interference colors that appear by inserting the FWP at +45◦ (Figure 2E) and −45◦ (Figure 2F)
in the optical path. Additionally, Figure 2D–F show a Maltese cross, an interference pattern
that arises from uniaxial crystals under cross-polarization [27]. Its presence is an indicative
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of sample birefringence and allows for easy identification of specimens found in nature,
where it has been used to identify starch grains [28] and fatty molecules [29].

In Figure 3, the effect of the full waveplate in the production of interference colors in
birefringent samples is shown. The cross-polarized images of Figure 3A,D demonstrate
the sample birefringence in the absence of the FWP, as light depolarized by the sample is
allowed to reach the sensor. A crystalized sample of AA with centrosymmetric patterns
around the crystal centers is shown in Figure 3A–C, in which the total FoV of the device is
demonstrated. The introduction of the FWP in the optical path contributes to the overall
phase shift. Rotating the FWP by ±45◦ adds (subtracts) phase shift to the sample and
induces changes in the interference colors by producing higher or lower order interference
patterns. By changing FWP orientation, the local birefringence of the sample is revealed,
highlighted by the color “mirroring” that ensues. This phenomenon is material-dependent
and is used for sample identification in fields such as geology [30] and rheumatology [31].
Here, the addition and subtraction of phase shift is also visualized in living organisms
(Euglena gracilis) (Figure 3D–F). The dependence of the image colors on the FWP angle is
also depicted in Figure 3E,F. Without the FWP, the interference wavelength is too small,
and the colors appear washed (Figure 3A,D). Phase shift is introduced by adding the FWP
through the increase in interference order. Positioning the FWP at ±45◦ produces slight
changes in the interference colors and enables sample identification (Figure 3B,C,E,F).
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Figure 3. Birefringent samples in the on-chip cross-polarized device: (A). AA sample under cross-
polarization; (B). under cross-polarization with FWP positioned at −45◦; and (C). under cross-
polarization with FWP positioned at +45◦. (D). Euglena gracilis sample under cross-polarization;
(E). Euglena gracilis sample under cross-polarization with FWP positioned at −45◦; and (F). Euglena
gracilis sample under cross-polarization with FWP positioned at +45◦. The white arrows depict the
FWP rotation in the xy-plane.

In a clinical setting, detecting MSU crystals through polarized light microscopy is
regarded as the gold standard for diagnosing gout. Uric acid, a byproduct of purine
metabolism, is typically excreted naturally. MSU crystals, one of the most prevalent salts
derived from uric acid ions, can form in the renal tubules, ureters and synovial or soft
tissues. The precipitation of these crystals in the synovial fluid triggers an inflammatory
response that results in intense pain. Therefore, the presence of MSU in synovial fluid
indicates the presence of gout [19,32].
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Synthesized MSU crystals were used to mimic the optical response of gout in syn-
ovial fluid. Figure 4A shows a Bright Field microscopy image (50× objective-NA 0.8,
WD 0.58 mm) of the synthesized MSU crystals, with their typical long needle-shape and
crystal thickness of 1.1 µm. Due to their symmetry, the typical thickness of the MSU crys-
tals was estimated measuring the short axis length of the crystal using WITec Alpha300R
Confocal Raman Microscopy system software. The MSU sample was drop-casted in the
lensless setup and imaged under cross-polarization. Figure 4B illustrates the high contrast
achieved between birefringent MSU crystal and the non-birefringent background, typical
of cross-polarized experiments. Such crystals show strong negative birefringence under
polarized light [17]. Their long axis is the “fast” axis (yellow dashed line). The apparent
size of the crystal is misleading, due to the separation between the sample and CMOS
sensor. The FWP was used to produce additional retardance and enhance interference
colors, as depicted in Figure 4C. If the long axis of a gout crystal is aligned with the slow
axis of the FWP, the resulting phase difference should result in a yellow interference color.
Conversely, when the long axis of a gout crystal is aligned with the fast axis of the FWP, the
phase difference results in a blue color. In Figure 4D, the interference colors are processed,
and a phase image is obtained for the −45◦ (left) and the +45◦ cases (right). The colors are
virtual and were chosen to match the expected MSU colors in a clinical setting.
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Figure 4. (A). Bright Field image of the MSU crystals after synthesis; (B). cross-polarization image of a
single MSU crystal in the PLM system, without FWP. (C). Same MSU crystal under cross-polarization
with FWP at ±45◦. These are the real colors imaged by the CMOS sensor used for (D). Birefringence
maps reconstructed for the sample. The white arrows depict the FWP rotation in the xy-plane.

For the proposed cross-polarization setup, image resolution is highly limited by the
distance between the sample and the CMOS sensor and the pixel size. Therefore, the
thickness of LP2 in the analyzer module is a constraint of utmost importance to our limits of
detection. Consequently, spreading of the rays after passing the object produces an image
larger than the actual sample.
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To evaluate the optical resolution of the system, 2 µL of 1.6 µm polystyrene (PS)
beads was drop-casted onto a coverslip, placed on top of the polarization analyzer. After
drying at room temperature, the PS beads were imaged, as depicted in Figure 1E. The
apparent PS bead size was obtained fitting a sinc function to the intensity profile diffracted
by the bead, resulting in an FWHM of 4.27 µm. The apparent larger size of the PS bead
arises from the point spread function. Reducing sample distance to the CMOS sensor
should reduce the measured bead diameter. Figure 1F depicts two resolved (within the
Rayleigh criteria) PS beads. The outset represents the intensity profile along the yellow
dashed line. Furthermore, the use of CMOS sensors of smaller pixel size would result
in more detailed images, without resorting to signal processing techniques and intricate
illumination schemes.

4. Conclusions
On-chip PLM was implemented exploring a simple cross-polarization platform with

a rotating full waveplate for the imaging of birefringent samples. A methodology for
quantitative color analysis was proposed through the modeling of birefringence using
Jones formalism. The broadband character of the illumination source combined with
the mathematical modeling of the interference colors was investigated for phase recon-
struction. Our compact platform has the potential to achieve micrometer-scale spatial
resolution with a Field of View determined by the size of the semiconductor sensor (in
our case, 3.68 mm × 2.76 mm). Visualization of a biological sample (Euglena gracilis)
was demonstrated, where the correlation between interference colors, sample thickness
and birefringence are well known and documented by the Michel-Lévy interference color
chart. Moreover, a demonstration of this technique for the detection of MSU crystals was
shown, where the presence of negative birefringence of crystals in synovial fluid is impor-
tant for the diagnosis of gout. Although the proposed method enables the quantitative
characterization of birefringent materials, its application is subject to certain limitations,
such as the need for precise control of sample orientation and accurate knowledge of the
sample’s dimensions. Overall, this technique can be further miniaturized and built into
a portable, point-of-care/need device that can be applied to a variety of biological and
non-biological samples.
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