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Fig. 1. Experimental setup for dual-modality optical microscopy (including quantitative phase microscopy and super-resolution

fluorescence microscopy) based on structured light illumination: (a) Optical setup of dual modality; (b) fringe patterns loaded on

DMD.
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Fig. 2. Image reconstruction of quantitative phase microscopy with structured light illumination and imaging results on fly wing sec-
tions: (a) Hologram of digital holographic microscopy (DHM) illuminated by structured light; (b) spectral distribution of the holo-
gram in Fig. 2(a); (c)—(f) spectra of the object waves obtained using 0°, 45°, 90° and 135° structured illumination; (g) and (h) fre-
quency spectrum of samples under parallel and structured light illumination; (i) and (j) amplitude and phase images of a fly wing
slice, where the left/right halves are images using parallel/structured light illumination, respectively; (k) and (1) the reconstructed
amplitude results of the virtual box in the Fig. 2(i) under plane-wave illumination and structured illumination; (m) and (n) recon-

structed phase results of the dashed box in the Fig. 2(j) under plane-wave illumination and structured illumination.
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Fig. 3. Image reconstruction of structured light-illuminated fluorescence microscopy and imaging results of privet leaf slices: (a)—

(d) Spectral distribution of object waves under structured light illumination with fringe directions of 0°, 45°, 90° and 135°; (e) and

(f) spectral distribution of samples under parallel and structured light illumination; (g) the left and right halves of the figure are

fluorescence images of privet leaf sections illuminated using parallel and structured light illumination; (h) and (i) magnified wide-

field and SIM images of the sample within the white-dash box in Fig. 3(g).
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Fig. 4. Plane-wave/structured-illumination based DHM imaging of SiO, beads: (a) Images of SiO, beads obtained by DHM with

parallel illumination and structure illumination, respectively; (b) and (c) the magnified images within the white-box area in panel

(a) obtained by plane-wave and structured illumination based DHM, respectively; (d) the intensity distributions along the white

lines in panel (b) and (c); (e) statistics of lateral resolution of the two imaging modalities by randomly choosing and FWHM analys-

is of 35 beads for in panel (a).
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Fig. 5. Wide-field and SIM imaging of fluorescent beads: (a) Wide-field (left) and SIM (right) images of the sample; (b) and (c¢) the
magnified wide-field and SIM images of the sample within the white-box in panel (a); (d) the intensity distribution along the white

lines in panel (b) and (c); (e) statistics of lateral resolution of the two imaging modalities by randomly choosing and FWHM analys-

is of 35 beads for in panel (a).

244203-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 71, No. 24 (2022) 244203

Wk 5 UG CCDy il sk, FIH Fik
VR o A A 1 A B0 T DA A 380 5 DR 5t 7 v
ST PR AT S BB

B 3 MR T AU R, 1B 6(a)—
(c). E 6(d)—(f) FIIE 6(g)—(1) 435 g it 7 -
I KRN R A LTI 0 485 44 Y BB A AR /2 6 XL
P RO ZE R, 18] 6(c), () F1 (i) J2 3 FhRE S

AN /5 A I B FTLAE H, [ —FE S AR/
NG HA S — BB AME. R Tt —2
I H R BT R A PR RAR AL /5 DR R Y
fie )1, XF SiHa 4HMIEAT T 3E— 20 A 5256, SEga
B PO R (LR L B HR S, C1049B-
50 pg, s RKAY)) X SiHa 4N B9 RARBE T
Fr S vEHIbRIC, SRJ5 B 4% 11 X L A4 it 2k

20 pm

B 6 2556 IR I A AL /78 WU R B AURER  (a) A (b) W F U1 R 5 A 07 R DE 6 R s (d) T (e) ZK e I 9 L2 Fn 9 56 &%
(g) A1 (h) BRI A WA M TGRS ; () SiHa 20 B AH A7 S ; (k) SiHa 20 A8 2 ki A i 5B ; (c), (F), () F1 (1) 4 FhEEM

FR AL /5 S il A

Fig. 6. Structured illumination based phase/fluorescence dual-mode microscopic imaging of spring leaves, rice leaves, and mouse tail

transection: (a) and (b) Phase and fluorescence images of cross-sections of spring leaves; (d) and (e) phase and fluorescence images

of rice leaves; (g) and (h) phase and fluorescence images of mouse tail transection; (j) phase image of SiHa cells; (k) fluorescence im-

age of mitochondria in SiHa cells; (c), (f), (i) and (1) combined phase/fluorescence images of the four samples.
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Abstract

Quantitative phase microscopy (QPM) is a label-free imaging technique often employed for long-term, high-
contrast imaging of live bio-samples. Yet, QPM is not specific to a certain subcellular organelle. As a remedy,
fluorescence microscopy can visualize specific subcellular organelles once being labeled with fluorescent markers.
In this paper, a high-resolution phase/fluorescence dual-modality microscopic imaging method based on
structured light illumination is proposed. In a dual-modality microscopic system, periodic stripes are generated
by a digital micromirror array (DMD), and are used as the common illumination for both modalities. For QPM
imaging, the holograms of the sample under structured light illuminations from different directions and phase
shifts are recorded, from which a quantitative phase image with resolution enhancement can be reconstructed
via a synthetic aperture procedure. Furthermore, a numerical approach is proposed to compensate for the
environmental disturbances that often challenge aperture synthesis of phase imaging. This method determines
each time the phase distortions caused by environmental disturbances through using the spectrum of the Oth
order of the structured light illumination, and the phase distortions are removed from the phase distributions of
the waves along the 0th and the +1st diffraction orders. Resolution enhancement of QPM imaging is realized by
synthesizing the spectra of all the waves along different diffraction orders of the structured light illuminations of
different orientations. With phase images, three-dimensional shapes, inner structures, or refractive index
distributions of transparent and translucent samples can be obtained. For fluorescence imaging, intensity images
(morie patterns) of the sample under different structured light illuminations are recorded. The spectra along
different diffraction orders are separated by using a phase shifting reconstruction algorithm, and are shifted to
their original positions, forming a synthesized spectrum that is much broader than the spectra of raw intensity
images (NA-limited spectra). An inverse Fourier transform on the synthesized spectrum yields a super-
resolution fluorescence image of the sample. With the reconstructed fluorescence images, specific subcellular
organelles labeled with fluorescent markers can be visualized. The combination of quantitative phase microscopy
and fluorescence microscopy can obtain multidimensional information about the sample. In this dual-mode
imaging system, the spatial resolution of quantitative phase imaging and fluorescence imaging are 840 nm and
440 nm, respectively. The proposed dual-mode microscopy imaging technique has been demonstrated for
imaging fluorescent beads, fly wings, spring/rice leaves, mouse tail transection, and fluorescence-stained SiHa
cells. We envisage that this method can be further applied to many fields, such as biomedicine, industry, and
chemistry.

Keywords: structured illumination, dual-modality imaging, quantitative phase microscopy, resolution

enhancement, phase compensation
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