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In this paper, we demonstrate a digital micromirror device (DMD) based optical
microscopic apparatus for quantitative differential phase contrast (gDIC) imaging,
coherent structured illumination microscopy (SIM), and dual-modality (scattering/
fluorescent) imaging. For both the gDIC imaging and the coherent SIM, two sets of
fringe patterns with orthogonal orientations and five phase-shifts for each orientation, are
generated by a DMD and projected on a sample. A CCD camera records the generated
images in a defocusing manner for gDIC and an in-focus manner for coherent SIM. Both
quantitative phase images and super-resolved scattering/fluorescence images can be
reconstructed from the recorded intensity images. Moreover, fluorescent imaging modality
is integrated, providing specific biochemical structures of the sample once using
fluorescent labeling.

Keywords: quantitative phase microscopy, structured illumination, phase gradient, resolution enhancement,
multimodality imaging

INTRODUCTION

Quantitative phase microscopy (QPM) utilizing the phase information of the object wave can
provide not only phase-contrast images but also quantitative information about the three-
dimensional morphology and refractive index distribution of the samples [1-8]. Recently, a
more compact module, nominated as quadriwave lateral shearing interferometry (QWLSI), was
proved for quantitative phase imaging with one-shot. The QWLSI splits an object wave into four
copies, two of which are sheared along the -x and -y directions respectively [9-11].

Most of the phase imaging techniques, or the coherent imaging techniques in more general cases,
utilize monochromatic plane-wave illumination and consequently, the resolution of imaging systems
is limited by wavelength (A) and numerical aperture (NA) of the system [12]. A higher spatial
resolution is favorable to resolve the finer details of the sample for everyone. However, when
designing a microscopic objective, a higher spatial resolution often needs to be traded with a smaller
field of view (FOV). People appeal an approach that can enhance spatial resolution and at the same
time, maintain a large field of view. To meet this demand, synthetic aperture approaches in QPM
have been reported, for instance, oblique illumination [13-15], structured illumination [16-19], and
speckle illumination [20-22] (just to cite a few) have been proposed to improve the spatial resolution
(or the space-bandwidth product) in QPM. Of note, structured illumination microscopy (SIM)
[23-25], is a wide-field, minimally-invasive, super-resolution imaging technique, which utilizes
moiré patterns created by illuminating the sample with periodic stripes. The structured illumination
can downshift unresolvable high-frequency information into low-frequency falling in the supporting
area of the system, as illustrated in Figure 1C, [26]. Furthermore, SIM was demonstrated having an
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FIGURE 1 | The schematic diagram of DMD-based SIM apparatus for multi-modality imaging. (A) Experimental setup. Insets: structured illumination patterns (B)
lateral shearing of the +1 orders in gDIC modality; (C) resolution enhancement upon structured illumination. DM, dichroic mirrors; L1-L7, achromatic lens; MO1-MO,,

Image plane CCD plane

optical sectioning capability comparable with confocal
microscopy [27]. Hence, SIM has found widespread
applications in biomedical imaging [28, 29], and notably long-
term observing dynamics in living cells [25, 30]. Recently, SIM
was applied to phase imaging of transparent samples when being
combined with digital holographic microscopy [31] or reference-
less phase retrieval approaches [18, 32]. Till yet, QPM with
structured illumination has been implemented using gratings
or spatial light modulator (SLM), and the phase imaging
modality is often isolated from other imaging modalities such
as fluorescence imaging. Therefore, the value of QPM is limited
due to the lack of multi-dimensional information for the same
sample.

In this paper, we propose a DMD based optical microscope
that integrate multiple imaging modalities. At first, structured
illumination based QPM enables to providing quantitative phase
image of a sample without fluorescent labeling. Second, coherent
SIM provides absorption/scattering images of unlabeled samples
with resolution-enhancement. Third, this system is integrated
with a fluorescence imaging modality, providing additional
(functional/biochemical) information on the same sample.

METHODS

The schematic diagram of the system is shown in Figure 1A, of
which a diode laser with a wavelength of 561 nm (MLL-U-561,
Changchun New Industries Optoelectronics Technology Co.,
Ltd., China) is used as the illumination source. After being
reflected by the mirrors M; and M, sequentially, the laser
beam is coupled into a fiber and sent to the setup. In the
output end, the light from the fiber is collimated by the lens
L, and guided by the mirror M; to a DMD (1920 x 1080 pixels,
pixel size 7.56 pm, DLP F6500, UPOLabs, China) at an incidence
angle of 24°. On DMD, two groups of fringe patterns with
orthogonal orientations and five-phase shifts (6,, = 2 (m-1)n/

5 m=1,...,5.) for each orientation are loaded to the DMD in
sequence (as shown in the inset of Figure 1A). The fringe patterns
displayed on the DMD are further relayed by the telescope
systems L,-L; and Ly-MO;, and eventually projected onto the
sample placed on the common focal plane of MO; and MO,.
Preferably, the illumination beam is filtered before entering the
sample plane: the illumination light is Fourier transformed by the
lens L, and its spectrum appears in the focal plane of L,. A mask is
located in the Fourier plane and blocks the unwanted diffraction
orders except the +1st orders. As a consequence, the fringe
patterns on the sample plane are of ideal cosine distribution.
Upon the fringe illumination, the sample is then imaged by the
telescope system MO,-Ls to the image plane with a distance Az
apart from the CCD plane (CCD;, 4000 x 3000 pixels, pixel size
1.85 um, DMK 33UX226, The Imaging Source Asia Co., Ltd.,
China). The camera CCD; records diffraction images for different
imaging modes, defocused images in qDIC and focused images in
coherent SIM. Meanwhile, the emission light (fluorescence) from
the sample will propagate along the opposite direction of the
illumination light, and is then collected by the camera CCD,. It is
worth mentioning that the camera CCD; and CCD, are
synchronized with the DMD, yielding an acquisition speed of
15 frames per second, providing a sub-second imaging speed for
every channel.

Quantitative Differential Phase-Contrast
(qDIC) Microscopy With Structured

lllumination

The structured illumination for qDIC microscopy (Figure 1B)
can be expressed as Afn = 2cos (2r/A+68,,) withm =1,2,...,5,
and & indicates the orientation indices of x and y, respectively. r is
the spatial position vector, A is the stripe’s period, and §,, is the
phase shift. Passing through the sample, the object wave under
A% is diffracted and relayed by the telescope system MO,-Ls to
the image plane. After diffraction of a distance of Az, the
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diffraction patterns are recorded by the CCD, camera. The waves
along the +1st orders of A, at the camera plane are U1 and UE
These two waves 1nterfere with each other at the camera plane
and the intensity distribution of the interferogram captured by
the camera can be written as:

I (r) = [US, (O +|US, (] + U, (DU () + US, (DU (r)
= ocg + ocf exp (i26,,) + ocg exp (—i26,,)

(1)
where, ocg equals to ’ (N + ’Ufl (N3, ocf equals to
[I+1 (r)If1 (r)] exp[z (§0d1 + 2m‘/A)] and ocg equals to

I ) (r)If1 (r)] exp[ z(godlff + 27rr/A)] Here, ‘szff denotes the
phase difference between U, f and U* 1 which is generated by the
lateral shearing. And §,, = 2 (m-1)n/5(m=1,2,...,5.) is the
phase shift induced by laterally translating the fringe on DMD.
Despite three-step phase-shifting is enough to solve these three
terms ocg, ocf, and ocg, we use the five-step phase shifting to achieve a
better reconstruction immune to phase shift error and environmental
instability [33]. Accordingly, Eq. 1 can be rewritten as:

1 exp(i28)) exp(-i26;) If(r)
1 exp(i28,) exp(—i2d,) 0‘8 sz (r)
1 exp(i28;) exp(-i28;) |-| & | = L (r)
1 exp (1:264) exp (—1:264) ocg Lf (r)
1 exp(i2d5) exp(—i2ds) 155 (r)
(2)
4

Here o, ocl, and (xz can be solved in a least-square manner via
multiplying both sides of Eq 2 w1th the transpose of the coefficient
matrix. Therefore, ocg, a), and 0(2 along the &-direction can be
achieved, respectlvely In order to compensate for the linear phase
terms in oc‘i and oc2 induced by the oblique illumination of the +1st
orders of the structured illuminations, an accurate calibration was
performed. Actually, the calibration was performed with the same
procedure but in the absence of any samples, and we can get new
terms ocio, (Xil, and “bz Eventually, the pure hase difference of the
sample can be obtained by (p i = Ang{(xl/abl} where Ang{-}
denotes the argument retr1eval operator. Similarly, the phase
difference (p g along the x- and y-axes can be obtained by
rotating the fr1nge 90° with the same calculation procedure.
Ultimately, the phase distribution ¢(r) can be obtained by

integrating % and ¢ [34]:

_i[v"FT{q’ﬁiff} + VyFTl(P{“ff}]}

2n(v)’ + (v) ©)

o(r) = IFT{

where v* and v are the coordinates in the Frequency domain,
respectively. FT{-} and IFT{-} represent the Fourier transform and
inverse Fourier transform, respectively.

Super-Resolution Scattering Imaging With

Coherent Structured lllumination

Using the same stripes projection method as in phase imaging, a
resolution enhancement in non-fluorescent imaging can be
realized by using coherent structured illumination. The key to

SIM Based Multimodality Imaging

enhancing the spatial resolution in non-fluorescent/scattering
imaging is the synthetic-aperture effect, as shown in
Figure 1C, which can bring unobservable high-frequency
information into the low-frequency supporting area through
oblique illumination. Different from the phase imaging, the
scattering imaging here records the diffraction patterns in an
in-focus manner. Mathematically, the intensity images in the
CCD, plane can be written as Ifn(r) = |hc(r)®[O(r)-Afn]|2,
where h(r) is the coherent point spread function of the
system, ® is the convolution operator, O(r) is the object
transmittance function, and A% is the structured illumination
filed in the sample plane. After a Fourier transform, we can obtain
the spectrum distribution of Iﬁq (r):

lfn v) = [Gf)(v) + exp (i26,,) - Gil(v - vg) + exp (—i26,,)

. G_l(v + vg)] 4)

where l (v) is the Fourier transform of Ii(r), v is the spatial
frequency vector, and G5, (m = 0, +1) represent the spectral
components along x- and y-directions. Notably, G G (v = Vo) and

G (v+ vo) have the high-frequency spectrum surpassing the
supporting pupil of the imaging system, which was downshifted
by the oblique illumination and therefore passing through the
imaging system. To acquire these three spectral components, five-
step phase-shifting was performed with the phase shifts §,, =
(m-1)n/5. After similar mathematical operations as described in
Quantitative Differential Phase-Contrast (qDIC) Microscopy
With Structured Ilumination different spectra along with the
0th, and +1st orders of the structured illuminations can be solved,
and an extended-spectrum can be synthesized with:

Gs(V) == [GWM+GW]+G(v-v)) + G, (v+)

) + G (v+v) (5)

N =

+G(v-

Afterward, the resolution-enhanced image can be achieved using an
inverse Fourier transform on Eq. 5 and multiplying weight factor. It
is worth noting that in such a coherent imaging system the phase
distribution of different an (m =0, £1) should be compensated e.g.,
with the experiment without any samples, making sure that there are
no additional phase shifts between different terms in Eq. 5.

EXPERIMENTS AND RESULTS
qDIC Microscopy Imaging of Living Cells

In the first experiment, a confirmatory experiment is carried out
to demonstrate qDIC for live samples imaging without
fluorescent labeling. For this purpose, live mouse adipose stem
cells were used as phase samples. The magnification and
numerical aperture of the imaging system MO,-Ls are 10x
and 0.32, respectively. Two groups of binary patterns with the
orientation along the x- and y-directions were loaded on the
DMD, of which the period was set as ten pixels and the
modulation depth is 1. The x- and y- orientated patterns were
shifted by five times and each time had a phase shift §,, = 2 (m-
Dn/5(m=1,2,...,5.). The generated diffraction patterns were
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(E), 40 pm.

FIGURE 2 | gDIC imaging of mouse adipose stem cells. (A,B) The diffraction patterns along the x- and y-directions; (C,D) reconstructed phase derivatives of the
cells along the x- and y- orientations, respectively; (E,F) reconstructed amplitude and phase distribution of the mouse adipose stem cells, respectively. The scale bar in

recorded by the CCD; camera, and shown in Figures 2A,B
respectively. Using the reconstruction method described with
Egs. 1, 2, both the amplitude and phase derivatives of the sample
are obtained. Figures 2C,D show the phase gradients along the x-
and y- orientations, respectively. Despite the contours of the cells
become visible in Figures 2C,D, the result is a mixture of
amplitude and phase-gradient in a nonlinear manner. The
final phase distribution of the sample is then obtained by
integrating the phase derivatives along the x- and y-
orientations, as shown in Figure 2F. Compared to the
amplitude image of the sample shown in Figure 2E, where the
structures of the cells are nearly invisible, the phase image
(Figure 2F) visualizes clearly the structures of the cells, and
notably in a quantitative manner. The comparison reveals that
qDIC can not only visualize the transparent samples with high
contrast but also provide us the quantitative information on the
optical path difference (OPD) of the sample.

Coherent SIM Imaging of SiO, Particles
In the second experiment, resolution-enhanced nonfluorescent/
scattering imaging using coherent structured illumination was

proved by imaging SiO, beads (diameter: 500-nm). Binary
fringe patterns were loaded on DMD to generate sinusoidal
fringe stripes at the sample plane after being filtered in the
Fourier plane. The period of the binary patterns was set as five
pixels, and after the de-magnification, the period of the
sinusoidal fringe stripes was 0.95 pm at the sample plane. As
explained in Super-Resolution Scattering Imaging With
Coherent Structured Illumination, the binary fringe
patterns were shifted by five times (yielding the phase shifts
0, =2(m-1)n/5,m=1,2,...,5) along the x- and y-direction,
and the generated diffraction patterns are recorded in sequence
by CCD; located at the image plane. The super-resolution
reconstruction is then realized with the method elaborated in
Super-Resolution Scattering Imaging With Coherent
Structured Illumination. The reconstructed image of SiO,
beads is shown in Figures 3A,B shows the conventional
wide-field image obtained using a perpendicular plane-wave
illumination. It is clear that the coherent structured illumination
provides a high-resolution image on the SiO, beads.

The numerical aperture (NAgeeer = 0.32) of the detection
objective MO, limits the lateral resolution to dpja, = 1.44 um for
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FIGURE 3 | Coherent SIM imaging of 500 nm SiO, beads. The images obtained using the convention al optical microscope under plane-wave illumination (A) and
coherent SIM (B). (C) The intensity profiles along the blue/red solid lines in (A) and (B). The scale bar in (A), 30 pm.
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FIGURE 4 | Dual-modality imaging of lily anther. The image obtained using the conventional optical microscope under plane-wave illumination (A) and coherent SIM
(B). (C) Fluorescence image (spectrum band: 600/50 nm) of the same pollens. The scale bar in (A), 30 pm.
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0

the conventional imaging using a perpendicular plane wave
illumination. When the structured illumination is used, the
illumination angle of the +1st diffraction orders of the fringe
stripes is Oyum = 0.30 rad, and thus the theoretical lateral
resolution can be estimated with &y = 0.82\/(sin
(Oium)+NAgetect) = 0.75 um [35]. For a quantitative evaluation
of the lateral resolution, ten random SiO, beads were randomly
chosen, and the intensity distributions along the line crossing the
center of each bead are analyzed, as shown in Figure 3C. The
statistics on the ten beads tells that the averaged full widths at half
maximum (FWHM) under these two illuminations are 1.86 +
0.20 um for perpendicular uniform illumination while 1.10 +
0.10pum for coherent structured illumination. When
considering the non-negligible size (the diameter d = 500 nm)
of the SiO, beads, the final resolution can be calculated by
Ores = [(6p1an/str)2 - d?\2 yielding the lateral resolution &, =
1.80 + 0.20 pm and 0.98 + 0.10 um for the conventional wide-field
imaging mode and coherent structured illumination mode,
respectively. It should be noted that there is a mismatch

between the measured and theoretical resolutions due to the
system’s aberration and other uncertain factors.

Dual-Modality (Scattering/Fluorescence)
Imaging of Lily Anther

In the third experiment, the dual-modality (non-fluorescent
scattering/fluorescent) imaging capability of the proposed SIM
apparatus was demonstrated with lily anther as the sample. The
coherent SIM image was shown in Figure 4B, and the
fluorescence image was captured by the camera CCD, after
being filtered by a color filter (600/50 nm, central wavelength/
full-width at half maximum) and is shown in Figure 4C.
Compared with the wide-field image in Figure 4A obtained by
using a uniform illumination, the SIM image in Figure 4B shows
more detailed structures and clearer background. Moreover, the
fluorescent image in Figure 4C shows clear pollen structures
(having autofluorescence) in the context of a clean background. It
is also distinct that the SIM image (transmission) and the
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fluorescent image (reflection) have the opposite contrast for the
same sample.

DISCUSSION

In this paper, we have proposed a DMD based transmission SIM
apparatus, which can be exploited for multi-modality imaging,
including quantitative differential phase-contrast (qQDIC) imaging,
coherent SIM with resolution enhancement, fluorescence imaging.
Structured illumination based gDIC is immune to environmental
disturbances, compared with interferometric approaches.
Coherent SIM provides super-resolved, scattering images of
non-fluorescent samples. Fluorescent imaging furnishes specific,
biochemical structures of samples once using fluorescent labeling.
For both gDIC and coherent SIM, a DMD is used to generate
structured illumination, and therefore, it has the features of high
speed and high flexibility. It is worth noting that the qDIC is only
applicable to continuous samples since the integration of phase
derivatives are used. Moreover, both qDIC and coherent SIM
cannot be realized in a real-time manner since both need to
record multiple raw images once a sample is illuminated with
structured patterns of different orientations and phase shifts. We
believe such a simple and versatile apparatus will be widely applied
for biomedical fields and life science.

In the proposed approach periodic patterns were projected to
obtain the resolution enhancement and/or the phase information.
As future prospective non periodic patterns (e.g., Walsh
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