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The refractive index serves as an intrinsic contrast in light-scattering measurements for the estimation
of the size, shape, and heterogeneities of microscopic particles. The refractive index of cells, intracellu-
lar organelles, and extracellular materials is an important input to the analysis of diffuse optical imaging
of biological tissues. To improve the accuracy, the measurement is often performed at multiple discrete
wavelengths or sometimes over a continuous wavelength range. Knowledge of the refractive index as
a function of the wavelength is important, as the analysis of the acquired signal heavily relies on the
relationship. Digital holographic tomography allows us to directly measure the three-dimensional (3D)
refractive-index map of a heterogeneous microscopic specimen. Typically, a multitude of images are
recorded for varying angles of illumination and a tomographic reconstruction algorithm is applied for
the 3D reconstruction. Hyperspectral 3D refractive-index imaging has been demonstrated by combining
the beam-rotation tomography with a wavelength-scanning light source; however, the data acquisition
is slow due to the requirement of scanning both the orientation and the wavelength of the illumination.
Recently, several strategies have been proposed to acquire the 3D tomogram in a single snapshot. Here,
we combine snapshot holographic optical tomography with a wavelength-scanning laser to demonstrate
hyperspectral 3D refractive-index imaging at high throughput. Using the developed system, we measure

the refractive-index dispersion of polystyrene beads and single living HeLa cells.
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I. INTRODUCTION

The refractive index is an important physical property
of a material and has served as an intrinsic contrast in the
light-scattering measurement of powders, microplastics,
synthesized nanoparticles, etc. [1]. In a light-scattering
measurement, the refractive index of the interrogated spec-
imens is typically required as an input to estimate the
size, shape, and heterogeneities from the measured scat-
tering signal. The refractive index is typically obtained
for a bulk material, from which the micro- or nanoparti-
cles are derived. To be more precise, the refractive-index
value of the particles needs to be measured, as it can be
different from that of a bulk material due to the physical
and chemical changes during a manufacturing process. To
improve the accuracy, the light-scattering measurement is
often performed at multiple wavelengths, which requires
the refractive-index values for the selected wavelengths.
In addition to being used as an input to the light-scattering
measurement, the refractive index has served as an intrin-
sic contrast for label-free imaging of biological cells and
tissues. In cell imaging, the measured refractive index has
been related to the density of dry materials in a cell [2] to
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study the cell growth [3-5], to study the biomechanics of
red blood cells [6,7], to distinguish cancer cells from nor-
mal cells [8—10], to discern lineage commitments in stem
cells [11], etc. Refractive-index dispersion has been uti-
lized [12] to distinguish white matter from gray matter in
a frozen brain-tissue slice [13], to obtain the hemoglobin
concentration in homogeneous red blood cells [14], and to
quantify nucleic acids and proteins in a living cell [15]. In
diffuse optical imaging of a human tissue, the refractive
index of cells, intracellular organelles, and extracellular
materials (e.g., collagen) is a major input to the analy-
sis. To probe multiple endogenous and exogenous chro-
mophores, diffuse optical imaging has been performed at
multiple wavelengths [16] or even for a continuous wave-
length range [17]. The refractive-index values for various
tissue components need to be known for the selected
wavelength range.

Recent developments in digital holographic tomog-
raphy (DHT), which is also called tomographic phase
microscopy, quantitative phase tomography, etc., enable
us to measure the three-dimensional (3D) refractive-
index map of a heterogeneous microscopic specimen at
increasingly higher resolution and accuracy [18,19]. Mul-
tispectral 3D refractive-index imaging has been demon-
strated using multiple laser outputs [20,21]. Combining
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DHT with a wavelength-scanning source, hyperspectral
3D refractive-index imaging has also been demonstrated
[22,23]. For 3D refractive-index imaging, DHT typically
records multiple images for varying angles of illumina-
tion [24,25], varying orientations of the sample [26], or
both [27,28]. Each recorded image is often called a projec-
tion image, as in x-ray computed tomography, even though
the projection approximation, which assumes that the light
passes through the sample rectilinearly without diffrac-
tion, is not adopted. Significant progress has been made
to reduce the data processing time [29], which promises
real-time 3D imaging and visualization [30]. However, the
serial acquisition of projection images currently imposes a
fundamental limitation on the data collection and thus the
final imaging throughput of DHT. The imaging through-
put of hyperspectral 3D refractive-index imaging is further
limited by the requirement to change the wavelength.
Recently, several strategies have been proposed to record
the 3D refractive-index map in a single snapshot [31-33].
For example, we have used angular multiplexing and defo-
cused imaging to record 32 projection images in a single
snapshot at the cost of reduced spatial resolution [31]. We
have called this technique snapshot holographic optical
tomography (SHOT). Mirsky et al. have used angular mul-
tiplexing without defocused imaging to record a relatively
small number (12) of projection images at high resolu-
tion and yet at low angular sampling [32]. Xiong et al.
have demonstrated a different approach using the princi-
ple of light-field imaging for 3D snapshot refractive-index
imaging using partially coherent light [33].

In this study, we demonstrate hyperspectral 3D
refractive-index imaging by combining SHOT with a
wavelength-scanning laser. Built upon modified Mach-
Zehnder interferometry, SHOT requires the optical path
lengths (OPLs) of the sample and reference arms to be
matched. This task is not trivial, as the sample and ref-
erence arms are not identical, which causes the OPLs to
change differently with the wavelength, and the coherence
length of the wavelength-scanning source is only about
20 wm after the tunable filter. To match the OPLs across all
the measured wavelengths, we employ a variable-optical-
path-length (VOPL) strategy, using a mirror mounted on a
motorized translation stage [23].

I1I. SNAPSHOT OPTICAL TOMOGRAPHY FOR
HYPERSPECTRAL 3D REFRACTIVE-INDEX
IMAGING

A. Snapsheot holographic optical tomography

SHOT uses a microlens array (MLA) to generate a mul-
titude of collimated beams, each of which is incident onto
the sample at a different angle and provides a different
perspective of the 3D specimen. On the one hand, this
concurrent illumination obviates the need to scan the illu-
mination angle. On the other, all the beams overlapping

at the sample plane will also overlap at the image plane,
which renders the projection images inseparable. However,
as the beams cross the image plane along different direc-
tions, if the camera is placed at a defocused plane, the
projection images can be separated, although they will be
seriously blurred. It is noteworthy that once both the ampli-
tude and phase of a propagating light field are determined
at a plane orthogonal to the direction of propagation, the
light fields at any other planes in the propagation path can
be calculated using the following angular-spectrum scalar
wave theory equation [34]:

Uz(x,J’) = fﬁl {Hk(uo U,—AZ)}—{UI(X,)/)}} ) (1)

where F and F~! are the two-dimensional (2D) Fourier
and inverse Fourier transforms, respectively, and A is the
wavelength of the light in free space. The light fields
Ui(x,y) and U,(x,y) are each a function defined as
Ux,y) = A(x,y) exp(P(x,y)), where A(x,y) and O (x,y)
represent the amplitude and phase distributions, respec-
tively. Az is the distance between the two planes where
Ui(x,y) and U,(x,y) are defined. (u,v) are the spatial-
frequency coordinates corresponding to (x,y), respec-
tively. H,(u,v;z) is the transfer function for the free-
space propagation over the axial distance of z, defined as

H; (u,v;z) = exp {i2nz\/(1/k)2 —u? — vz}. Propagating
the light fields from the camera plane to the image plane,
we can retrieve the phase images at the image plane for
all the different illumination directions. The 3D refractive-
index map of the specimen can be reconstructed from
the retrieved phase images, as is typically done in DHT.
This single-shot measurement is repeated while varying
the wavelength of the illumination light for hyperspectral
3D refractive-index imaging.

Figure 1 shows a schematic diagram of the system,
which is built upon SHOT and modified to perform hyper-
spectral 3D refractive-index imaging. We add a supercon-
tinuum laser (NKT Photonics, WL SC400-4) and a tunable
band-pass filter (NKT Photonics, LLTF-VIS) to the orig-
inal SHOT system, which allows scanning of the wave-
length in the (400—1000)-nm range with a bandwidth [full
width at half maximum (FWHM)] of 1.0-2.5 nm. A com-
bination of a MLA and relay optics generates 32 beams
incident onto the sample plane (SP) with the maximum
incident angle of 50 ° with respect to the optical axis. The
beams pass through the sample along different directions
and generate projection images (i.e., images of the pro-
jected phase) for different illumination directions. We use a
100x objective lens (Olympus, UPlanF1) with a numerical
aperture (NA) of 1.3 and the overall imaging magnifica-
tion factor is 48.6. The effective NA for each subimage
is about 0.47; thus, the diffraction limit is 0.67 pum. The
FWHM of the 3D point spread function (PSF), assessed
using 1-pum polystyrene beads in water, is measured to
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FIG. 1. A schematic diagram of the setup. SCL, supercon-

tinuum laser; LLTF, tunable filter; BS1-BS3, beam splitters; F,
neutral density filter; L1-L5, lenses; M1-M2, mirrors; TS, trans-
lation stage; MLA1-MLA2, microlens arrays; CL, condenser
lens; OL, objective lens; TL, tube lens; C, camera; VOPL, vari-
able optical path length; SP, sample plane; BFP, back-focal plane;
IP, image plane; and CP, camera plane.

be 2.0 um in the horizontal direction and 2.8 um along
the vertical direction, without subtracting the actual bead
size. This resolution degradation from the theoretical limit
is mainly attributed to the use of off-axis Fresnel holog-
raphy. The amplitude and phase, which compose the light
field, can be recorded using interferometry [35], a Shack-
Hartmann sensor [36], or a transport-of-intensity method
[37,38]. Among the various choices, we adopt interfer-
ometry, which allows for recording the phase with high
accuracy. The quasimonochromatic laser light after the
tunable band-pass filter has sufficiently high coherence
to generate an interference image with uniform visibil-
ity across the entire field of view, when the OPLs of the
sample and reference arms are matched. To match the
OPLs, we vary the OPL of the reference arm using a
mirror mounted on a motorized translation stage (Thor-
labs, MTS50-Z8), actuated by a dc servo motor. The exact

positions of the mirror for varying wavelengths are deter-
mined by manually inspecting the fringe contrast at 50-nm
wavelength steps and then using an interpolation for all
the wavelength steps. To record the images, we use a 14-
bit charge-coupled device (CCD) camera (Allied Vision,
Pike F-421B) with 2048 x 2048 pixels of 7.4-um pixel
size. We use LabVIEW (National Instruments) for syn-
chronous control of the tunable filter, the motorized stage
in the reference arm, and the camera exposure time.

B. Sample preparation and imaging procedure

HeLa cells (ATCC) are maintained at 37 °C and 5% CO,
in Dulbecco’s modified Eagle’s medium (Fisher Scientific,
11966025) supplemented with 5% (v/v) fetal bovine serum
(Fisher Scientific, 10082139) and 1% (v/v) penicillin-
streptomycin (Fisher Scientific, 15140122). For imaging,
we detach the cells from the surface using TrypLE Express
(Fisher Scientific, 12604021), dilute the cell suspension by
100 times with the culture medium, and plate the cells on
a sterilized cover slip. After incubating the sample for 24
h, we put another cover slip on the sample and mount it
on the microscope stage. In tandem with the hyperspec-
tral SHOT instrument, we install a bright-field microscope
with a large field of view, which facilitates identification of
the cells to be imaged. To record the bright-field image of a
transparent specimen, we use a differential-phase-contrast
method with asymmetric illumination [39]. The recorded
bright-field image is also used for comparison with the
cross sections of the reconstructed tomograms. The wave-
length is scanned in the range of 530—670 nm at 5-nm step
size. For wavelengths below 530 nm and above 670 nm,
the raw interferogram images have poor fringe visibility,
presumably due to low transmission efficiency and chro-
matic aberration of the optical components. Before taking
the cell images, we find an empty region and record a set
of background images for the same wavelength range and
step size. These background images are used in postpro-
cessing to subtract the residual background phase in the
sample images. The tunable filter has a stabilization time of
about 65 ms for the wavelength scan at 5-nm steps, while
the camera frame rate is about 7 frames/s for the acquisi-
tion of 14-bit images at full resolution. The data acquisition
speed is limited by the settling time of the motorized trans-
lation stage, which is installed for the VOPL strategy.
Without optimization, it takes 41 s to acquire 29 images
for each sample. The experiment is completed within 1
h of preparing the sample. The experimental protocol is
approved by the Institutional Biosafety Committee at the
University of Wisconsin-Milwaukee.

C. Image processing and tomographic reconstruction

Figure 2 shows the SHOT image processing steps.
SHOT records a series of images at a defocused camera
plane while scanning the wavelength of illumination. The
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FIG. 2. The data processing steps. (a) (i) A raw-image stack acquired with SHOT for varying wavelengths, which shows an example
raw image at the 630-nm wavelength for a living HeLa cell in culture medium. For each wavelength, the raw image comprises a
multitude of subimages. Each subimage records a defocused light field as an interferogram for the illumination beam that is generated
by one of the lenslets in the MLA. As an example, one of the subimages, marked as a square in (i), is magnified and shown in (ii). A
small region in the background is further magnified and illustrated at the top, showing interference fringes with the period of about 3
pixels. (iii),(iv) The amplitude and phase images, respectively, at the image plane, which are calculated from the subimage shown in
(ii). Scale bar 10 um. (b) The light field synthesized from the amplitude (iii) and phase (iv) images in (a) is mapped onto the Ewald’s
sphere (hemispherical cap) in the 3D spatial frequency space. The thick arrow, drawn from the center of the sphere to the origin of the
coordinates, represents the wave vector (i, vy, wo) for the incident plane wave that generates the recorded light field, i.e., the amplitude
(iii) and phase (iv) images in (a). Other subimages are mapped onto the Ewald’s spheres shifted from the origin of the coordinates by
different amounts. The shaded volume of a donut shape represents the 3D spatial frequency map that can be obtained after completing
the mapping. (c) Horizontal cross sections of the 3D refractive-index map of a HeLa cell, which is reconstructed from the raw image

shown in (a). The interval between the cross sections is 1 pum.

raw image for each wavelength is an interferogram and
comprises a multitude of subimages, which correspond to
different illumination angles. For each subimage, both the
amplitude and phase, which compose the light field, can
be extracted from the interferogram using Fourier analysis
[35]. The retrieved amplitude and phase images are out of
focus; however, through applying angular-spectrum scalar
wave theory [Eq. (1)], sharp amplitude and phase images
at the image plane can be obtained. Figure 2(a) shows an
example raw image of a HeLa cell in culture medium for
a 630-nm wavelength, where i and j are the indices for
the horizontal and vertical positions, respectively, of each
subimage. One of the subimages (i = 4,j = 2) is mag-
nified on the right. It is noteworthy that the subimages
have the same fringe orientation, because the reference
beams are shifted replicas of the sample beams; the dif-
ference in the propagation angles of each sample beam
and the corresponding reference beam is the same for all
the subimages. The amplitude and phase images extracted
from each subimage are used to synthesize the light field,
which is propagated to the image plane using Eq. (1). From
the propagated light field, the amplitude and phase images

at the image plane can be retrieved and are shown in
Figs. 2(a)(iii) and 2(a)(iv), respectively. The other subim-
ages can be similarly processed to generate the amplitude
and phase images at the image plane for 32 illumination
angles. Note that each subimage is propagated from the
camera plane to the image plane along a different direction,
which is given by the wave vector of the incident plane
wave at the image plane. The 3D refractive-index map can
be synthesized from the 32 phase images, as is typically
done in DHT and described below.

The theoretical basis of the tomographic reconstruction
in DHT and SHOT is that, for plane-wave illumination,
the scattered light field after a specimen can be related
to the refractive index of the specimen in the spatial-
frequency space or the Fourier space [40]. Suppose that
a plane wave of wavelength A is incident onto a sam-
ple immersed in a medium of the refractive index ny.
The wave vector of the incident plane wave can be rep-

= Joo/0? = -3,
and the light field in the sample space can be written as
U (x,y,z) = exp {i27 (upx + voy + woz)}. Note that ug
and vy uniquely determine wy. Here, we assume that the

resented by (ug, v, wg), where wy
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scattered light field is measured at the image plane, which
is conjugate to the sample plane (z = 0). The light field at
z = 0 due to the incident plane wave is hereafter written
as UP (x,y;up, vo). The scattering potential of the sam-
ple is defined in terms of the refractive index n(x,y,z) as
Vix,y,z) = —Qm/ro)(n(x,y,2)* — né) [40]. For a plane
wave with wave vector (ug, vg, wp), the scattered light
field U (x, y; ug, vo) can be simply related to the scatter-
ing potential V(x,y,z) of the sample under the first-order
Born or Rytov approximation [41]. Both approximations
produce the same relationship, shown in the following
equation for different definitions of U (x, y; g, vo):

. T~
f{U(S)(xay;u()a UO)} = JV(M_ Up, v — UO,W_W()),
()

where F is the 2D Fourier transform, V(u, v, w) is the 3D
Fourier transform of V(x,y,z), w = /(no/A)? — u? — v2,
and (ug, vg, wp) is the wave vector of the incident plane
wave. A geometric interpretation of Eq. (2) is that the 2D
Fourier transform of a scattered light field provides the
3D Fourier transform of V(x,y,z) at the spatial frequency
points on the Ewald’s sphere, which is shown as a hemi-
spherical cap in Fig. 2(b). The Ewald’s sphere has a radius
of'ng/X and its center is shifted from the origin of the coor-
dinates by (—ug, —vg, —wp); thus, the arrow in Fig. 2(b)
represents the wave vector of the incident plane wave.

The scattered light field U (x, y;ug,vo) in Eq. (2) is
related to U(x, y; ug, vg) as follows:

U (x,y; ug, vo) = U, y; g, vo) — U (x, 3 ug, v),

(3a)
U® (x,y; ug, vo) = U (x,; ug, o)

U .
 In (x,y; uo, vg) ’ (3b)
UD (x,y;uo, vo)

where Eq. (3a) is used under the first-order Born approx-
imation [40] and Eq. (3b) is used under the first-order
Rytov approximation [42]. U(x,y; ug, vo) is the light field
obtained from the amplitude A(x,y) and phase ®(x,y)
images, as shown in Figs. 2(a)(iii) and 2(a)(iv), respec-
tively. U’ (x,y;uo, vo) is the light field similarly obtained
from the amplitude and phase images for an empty region.
Here, we choose the first-order Rytov approximation, as it
is more suitable for biological specimens [41]. In SHOT,
the incident wave vector is determined by the two indices
(i,j) shown in Fig. 2(a)(i) as well as design parameters
such as the focal length of the condenser lens and the MLA
pitch.

By mapping the light fields for different (uo, vy, wo)
values, we can determine the 3D spatial-frequency com-
ponents of the sample at sufficiently many points to allow
for reconstructing the 3D scattering potential and thus the

3D refractive-index map. The gray donut-shaped region
in Fig. 2(b) represents the volume that can be retrieved
using DHT, adopting dual-axis beam scanning; it is the
support of the 3D optical transfer function (3D OTF) for
DHT. SHOT uses a 2D array of lenslets, which gener-
ates the illumination beams tilted along two axes; thus,
the 3D OTF of SHOT has a similar support, although the
sampled data points are more sparsely distributed due to
the smaller number of projection images. Applying the
3D inverse Fourier transform to the 3D spatial-frequency
spectrum, we can obtain the 3D scattering potential of the
sample, which can be converted to the 3D refractive-index
map. Figure 2(c) shows horizontal cross sections of the 3D
refractive-index map reconstructed from the raw image in
Fig. 2(a) using the process described above.

Tomographic reconstruction from a finite number of
projection images is an ill-posed inverse problem, as
the illumination angle can be varied only within a lim-
ited angular range due to the finite numerical aperture
of lenses. This insufficient data collection is responsi-
ble for the empty region, called the missing cone, near
the origin of the coordinates in Fig. 2(b). The missing
cone, which also appears in the 3D OTF of wide-field
fluorescence microscopy [43,44], generates artifacts in
the reconstructed tomogram. The missing-cone artifacts
include the elongation of the reconstructed tomogram
along the optical-axis direction and the underestimation
of the refractive-index value or the fluorescence inten-
sity. These problems can be alleviated using regulariza-
tion incorporating additional information about the imaged
specimen; for example, the 3D PSF [45]. Here, we use
the non-negativity constraint [25], which is based on the
fact that the refractive index of cells is always greater than
that of the surrounding culture medium. This is not really
an assumption, because the refractive index is known to
increase with the density of the nonaqueous content (i.e.,
the dry mass) [46] and the cells are densely packed with
proteins, nucleic acids, etc. The non-negativity constraint
can be applied separately to the real and imaginary parts
of the refractive index. When applied to the imaginary
part, the non-negativity constraint means that there is no
amplification of light, which can be justified for unmod-
ified biological specimens. Here, we assume that there is
no absorption by polystyrene beads or HeLa cells. A more
detailed description of the reconstruction algorithm and a
regularization technique to mitigate the missing-cone arti-
facts are referred to in our previous work [47]. Other alter-
native methods are available, which partially overcome the
problem by recording reflection images [24], rotating the
sample instead of scanning the illumination beam [26], or
combining the sample rotation and illumination rotation
[27,28].

Figure 3 shows example raw interferogram images for
three wavelengths (550, 600, and 650 nm). For each image,
one of the subimages is magnified and shown below and
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(a

FIG. 3.

Example raw images for different wavelengths: (a) 550 nm, (b) 600 nm, and (c) 650 nm. The raw images are pseudocolored

based on the illumination wavelengths. For each image, a subimage is magnified and shown below; a square region in the background
is further magnified and shown on the right. Although the coherence length of the laser light after the tunable filter is very short, owing
to the VOPL strategy, the interference fringes show strong contrast for all the wavelength images, including the ones shown here. The
fringe visibility is 0.43, 0.30, and 0.52 for the magnified background regions in (a), (b), and (c), respectively. Scale bar 10 xm.

a background region is further magnified and shown on
the right. Even though the coherence length of the filtered
quasimonochromatic laser light is only about 20 um, the
VOPL strategy allows us to record the projection images
with high fringe visibility. This high fringe visibility is
critical for accurate retrieval of the phase and thus for
accurate measurement of the refractive index. Each pro-
jection image is circumscribed by the edge of lenslet,
which forms sharp boundaries with the neighboring projec-
tion images. As the wavelength is varied for hyperspectral
imaging, the boundary gets blurred, as shown in Fig. 3,
this being due to chromatic aberration. We use a semiau-
tomated code to select the inner region of each subimage
for each wavelength. Any remaining edge diffraction in the
selected region would contaminate the retrieved amplitude
and phase images, and thus the reconstructed tomogram.
Note that the cell in Fig. 3(c) for 650 nm is more defo-
cused and is shown slightly larger than that in Fig. 3(a) for
550 nm, because the diffraction angle increases with the
wavelength.

I11. RESULTS AND DISCUSSION

To demonstrate hyperspectral 3D refractive-index imag-
ing using the developed system, we measure the refractive
index of 10-um polystyrene beads (Polysciences, 17136-
5) with the refractive-index dispersion well known from
the literature [48]. The sample is immersed in index-
matching oil (Cargille Laboratories, n = 1.56 at 589.3 nm
and 25°C), the refractive-index values of which at the

measured wavelengths are obtained from the manufacturer.
Figure 4(a) shows a bright-field image and center cross
sections of the reconstructed tomograms at three selected
wavelengths (550, 600, and 650 nm). The spatial reso-
lution of SHOT is about 2 um; thus, the boundary of
the bead is shown slightly blurred. The mean refractive
index in the center cross section matches well with the
refractive index of bulk polystyrene over the entire wave-
length range, as shown in Fig. 4(b). The measurements of
two polystyrene beads provide almost the same refractive-
index value for each wavelength. The small deviation from
the bulk polystyrene may be explained by the different
crosslinking conditions.

Next, we measure the refractive index of HelLa cells
in the same wavelength range (530—670 nm). Figure 5(a)
shows a bright-field image and center cross sections
of the reconstructed tomograms at the selected wave-
lengths (550, 600, and 650 nm). Note that the internal
organelles can barely be seen in the single projection image
[Fig. 2(a)(iv)]; however, they can be clearly seen in the
cross sections of the reconstructed tomograms [Fig. 5(a)].
Bright-field imaging can directly record the cross-section
image owing to the small depth of field; however, it
does not provide the refractive-index value. The refractive
index of the cell decreases as the wavelength increases,
which is to be expected, as most biological cells, including
HelLa cells, do not show anomalous dispersion in the vis-
ible range. Figure 5(b) shows the refractive-index values
for the nucleus, cytoplasm, and nucleolus of three liv-
ing HeLa cells in the wavelength range from 530 nm to
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FIG. 4. The refractive-index dispersion of polystyrene beads in the (530—670)-nm wavelength range. (a) A bright-field image and
the center cross sections of the reconstructed tomograms for 550, 600, and 650 nm. Scale bar 10 um. (b) The refractive-index values

for two polystyrene beads and the value for bulk polystyrene.

670 nm. The standard deviation is shown as an error bar at
each wavelength. To automatically identify the organelles
in each image, an image-segmentation algorithm using a
fuzzy c-means (FCM) clustering algorithm is applied after
refractive-index thresholding [49]. The FCM algorithm
segments an image by grouping similar data points in
the feature space (i.e., the refractive-index value in this
work) into clusters [50]. Using bright-field images, which
are acquired in parallel, we check the segmentation result
manually, which confirms the validity of the automatic
segmentation. The measured refractive-index values are
slightly lower than, but concur with, those previously

FIG. 5.

obtained using 2D imaging [51], light scattering [52] (both
applied to isolated nuclei), and 3D imaging at a single
wavelength [25]. The slight difference may be attributed
to biological variation, residual missing-cone artifact, or
both. It is noteworthy that the missing-cone artifact would
globally lower the refractive index; however, the shape of
the dispersion curve would not be affected. As shown in
Fig. 5(b), the refractive-index values for both the cyto-
plasm and nucleolus are higher than that for the nucleus
(apart from the nucleolus) by about 0.008 for all measured
wavelengths. Although the refractive index decreases by
only 0.005 as the wavelength increases from 530 nm to

(b) 1.365
®  Nucleolus
Nucleus
Cytoplasm
1.360
x
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©
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Wavelength (nm)

The refractive-index dispersion of HeLa cells in the (530—-670)-nm wavelength range. (a) A bright-field image and the

center cross sections of the reconstructed tomograms for 550, 600, and 650 nm. Scale bar 10 um. (b) The refractive-index values
for nucleolus, nucleus, and cytoplasm within living HeLa cells. Each point represents the average of three samples and the error bar

represents the standard deviation.
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670 nm, the refractive-index values for each organelle are
well fitted to Cauchy’s equation with an adjusted R? value
of about 0.8 or higher.

For particles of known size and regular shape (e.g.,
a sphere), a light-scattering measurement, in combina-
tion with Mie simulation, can be used to determine the
refractive index [53]. For particles of irregular shape or
heterogeneous across the volume, DHT is necessary. DHT
is typically slow due to the need to acquire a series of pro-
jection images for varying illumination directions. Here,
we use SHOT, a snapshot optical tomography technique
that allows for simultaneous recording of all the projection
images. Combining SHOT with a wavelength-scanning
laser, we demonstrate hyperspectral 3D refractive-index
imaging at high throughput. The measured refractive-index
values for transparent polystyrene beads and cells match
well with the dispersion of bulk polystyrene and previously
reported values, respectively.

We have recently demonstrated hyperspectral 3D fluo-
rescence imaging using snapshot projection optical tomog-
raphy (SPOT) [54]. The technique has been extended
to hyperspectral 3D absorption imaging by adding an
illumination module [55]. For those demonstrations, we
have combined SPOT with Fourier transform spectroscopy
(FTS), which can provide high spectral resolution and a
high signal-to-noise ratio. In this work, we demonstrate
hyperspectral 3D refractive-index imaging using SHOT,
because the existing snapshot optical tomography methods
including SPOT are not compatible with coherent illu-
mination. For hyperspectral 3D refractive-index imaging,
here we use a broadband laser in combination with a tun-
able filter. The quasimonochromatic light has a sufficiently
narrow bandwidth but the coherence length is still only
about 20 um. The chromatic aberration of the lenses can
easily generate an optical path difference greater than the
coherence length. Using a VOPL strategy, which varies the
optical path length of the reference arm as the wavelength
is scanned, we are able to achieve high fringe contrast over
a broad wavelength range. Alternatively, common-path
interferometry can be used to record the sample-induced
phase alteration of the quasimonochromatic light [56].
We also note that, for near-infrared applications, a swept
source can be used instead of the broadband laser and
tunable filter. The swept source typically used for optical
coherence tomography allows for a fast wavelength scan
over a narrow wavelength range.

By adopting off-axis Fresnel holography and dividing
the sensor array to record all the projection images, the
spatial resolution of SHOT is currently limited to about
2 um in the transverse direction and 2.8 um along the ver-
tical direction [31]. The spatial resolution can be further
improved by reducing the number of projection images
that are recorded simultaneously; however, this will lower
the angular sampling and thus the quality of the 3D recon-
struction. The optimal number of projection images to be

recorded would depend on the sample type. A calibra-
tion sample of a known shape and refractive index similar
to those of the imaged specimen will help to optimize
the imaging parameters [57]. The wavelength range can
be extended by adopting optical components with higher
transmission efficiency and active chromatic aberration
compensation. It currently takes 41 s to acquire a four-
dimensional (4D) data set (i.e., 2D projection images for
32 angles and 29 wavelengths) with the speed mainly lim-
ited by the motorized stage installed for the VOPL strategy
and the camera frame rate. The data acquisition speed can
be significantly improved using a translation stage with a
faster response and a shorter settling time, a fast camera,
or a fast tunable filter. On a desktop computer with a six-
core 3.5-GHz CPU (Intel Core 17-5930K) and 32 GB of
memory, the data processing takes about 10 min, with the
regularization being the most time-consuming part. Paral-
lel processing using a general-purpose graphic processing
unit can greatly expedite the process [29].

IV. CONCLUSIONS

We demonstrate 4D (3D structural and one-dimensional
spectral) refractive-index imaging using SHOT in com-
bination with a wavelength-scanning laser and a variable
optical path-length strategy. The hyperspectral 3D imaging
system is demonstrated by measuring the optical disper-
sion of polystyrene microspheres and HelLa cells. The
measured spectra matches previously published data that
are obtained with different methods. With the high through-
put, the developed system can be used to measure the
refractive-index dispersions of a variety of microscopic
particles and single living cells.
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