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Fig. 1 System schematic. (a) System setup strategy for cpFED, where the SLM is conjugated to the entrance

pupil of the objective lens and the sample surface is conjugated to the pinhole plane; (b) phase grayscale images of SLM
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Fig. 2 Imaging of particle with diameter of 200 nm. (a) Solid spot (confocal) image; (b) hollow spot image, where the parts

within the dotted box correspond to the same field of view; (c¢) cpFED image, and its size is the same as the part within the

dotted boxes in (a) and (b); (d)—(f) enlarged images in the solid boxes of (a)—(c). The scale bars represent 1 pm

FEAE AL P 138 3 AL O [ O R B R A e
v 2 T AT DL SE B XT R SRR 25 AR OE , B A0
BB J5 5 (] B 30 0 R 28 A TE 38 BB PR IR S50 G B
25 0 G BE 5 H 0 5 1 LT IIORS W b o

100 nm UkL K HREE#23E cpFED fy #) BR 43 9%
LM RE U HAF A 30 R s BERe J1. K 3 45
T 100 nm U Y 2L 3R £ ES R cpFED &5 A X
. cpFED B4 B 3 1 $2 7+ A 0GE o 40 3 1
e R AR AR I, ] DL A B 3 (o) T TR B TR AR R
(R U9 — k5 B2 4 A1 A5 B SRS A A S0 E . e R AE K
A6 v AR Al it ) 4 4l G 1 43 B Y TR A 4B 44 K JBURE 7E
FED E4 & 0% 15 1R f 43 ¥ o o HL 2 g 4 i 3k
F T 133 nm, HiE T cpFED £ 4t 1Y # fi7 5 % BR 1%
5 he

A W) R il 1 255 [) 285 ) 30 R 4 oK UKL T A %
DGR JE 3 AT AN 5 5 PRI L A SO FH 40 i i P 48 1
(—P:PIEEH —hi. % STAR GREEN) i
— BB AIE R G S PR M AR R A SRR 4 BTR .
XFEGIEL 4 Ca) T 7 Y 2 58 £ TR RORT 8] 4 (b)) TR /Y
cpFED KM AT LLUE o 78 il 22 5% HED) 19 IX B, J5
H oy BRI L B B R T, A B T
cpFED K 4 J2& A 0 15 2 /Y, B I 4 (b) fH# T
Kl 4Ca) s T AR A 7Y 5t S KO,

5 4 1w

ARSCPE T — TP 3L B I AT HEOC AR I 22 0l o B
0 DROAR T 1 8 B A 3 1] 9 i 5 K 2 D IO
8 A 73 3 ) 3 o) DA 2 0 D1 SRR RS Y 560 Dl
AR U T — o BB B 25D O A S0 B BE L X AR
s AT IRAT I . M TSR FED Jrik A kB
A B IFAT DGR B 22 23 70 B O A& . cpFED 52

—cpFED

100 200 300 400 500
Distance along line /nm

P 3 100 nm POk A BB LS R . (0 B AEER; (b) cpFED
EI5 5 (o) iy (al) F (b1 H A 2R 9 13 — £k 5 BE 43 A
(al) a2) 53l Ca) R T HE 1 5 7 HE 2 /i K Kl
(bD) (b2) 4352 (b) h T HE 1 5 4E 2 R IE . St
B AR EMG P IG5 HE 00 41 4B BUR 7E cpFED B4 Hh fig
g 1l oy P R I 2 5K B T 133 nm, BIHY HE )R

R pm
Fig. 3 Imaging of particle with diameter of 100 nm.
(a) Confocal image; (b) cpFED image;

(¢) normalized intensity distributions along the
section lines in (al) and (bl); (al) (a2) enlarged
images of the white frames 1 and 2 depicted in (a);
(bl) (b2) enlarged images of the white frames
1 and 2 depicted in (b). Adjacent particles that
cannot be resolved in the confocal image can be
resolved in the cpFED image, and the full width at
half maximum reaches 133 nm. The scale bars

represent 1 pm
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Fig. 4 Vimentin imaging. (a) Confocal image; (b) c¢pFED image; (al) (a2) enlarged images of the white frames 1 and 2

depicted in (a); (b1) (b2) enlarged images of the white frames 1 and 2 depicted in (b). The scale bars represent 1 pum
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Abstract

Objective Fluorescence emission difference (FED) microscopy is a versatile super-resolution microscopy flexible
for all types of fluorescent dyes. However, the limited imaging speed is the main drawback that hinders the
application of FED, owing to the double imaging process of positive confocal image using a solid spot scan and
negative confocal image using a negative spot scan. Parallel fluorescence microscopy can overcome this limitation
owing to its ability to simultaneously capture positive and negative confocal images. However, the complexity of this
method’s system will increase instability and difficulties in daily maintenance, which also considerably restricts the
popularization of the method. In this study, a new imaging method using a spatial light modulator (SLM) named
common-path parallel FED ( ¢cpFED ) microscopy was proposed. Compared with the traditional parallel FED
microscopy, the proposed method that uses SLM and common path modulation maintains the advantage of doubling
the imaging speed while overcoming the impact of instabilities introduced by different devices in noncommon-path
parallel systems and simplifies the light path.

Methods A property of SLM is that only linear polarized light can be modulated in a fixed direction, which is the
major property of common-path parallel FED microscopy. Using the polarization rotation realized by passing forth and
back through a quarter-wave plate, SLM can modulate the s and p polarization components of the emitted light
(Fig. 1). Using two-phase grayscale patterns, vortex and tilt-grating modulation patterns, to simultaneously
modulate the horizontal and vertical polarization components of the incident laser beam on a single SLM, a staggering
Gaussian solid spot and a hollow spot are generated to form the final convergent light field at the focus plane. The
solid and hollow spots scan the sample simultaneously, and the fluorescence signal excited by the two spots is
measured using two detectors, which will introduce a fixed transverse displacement between two images.
Translating the positive confocal image to align with the negative confocal image and combining with the FED
algorithm, the fast super-resolution imaging of the sample is realized. Experimental results show that the proposed
method exhibits good ultradiffraction-limit imaging capabilities and high imaging speed and the resolution can be
increased by approximately two times compared with traditional confocal imaging.

Results and Discussions To test the performance of cpFED, the experimental results of 200 nm and 100 nm
fluorescent beads were presented herein. The 200 nm fluorescent beads were used to adjust the system and
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demonstrate the translation effect between the positive and negative confocal images because of its’ high fluorescent
quantum efficiency (Fig. 2). The 100 nm fluorescent beads were used to measure and determine the optimum
resolution performance of cpFED (Fig. 3). The full width at half maximum of a single bead plotted in Fig. 3(c)
reveals that the resolution of cpFED in our system can reach up to 133 nm, indicating that the resolution of cpFED
can be increased by approximately two times compared with traditional confocal imaging. Furthermore, a vimentin
sample was used to verify the biological application of cpFED. The insects depicted in Fig. 4(al), (bl), (a2), and
(b2) show that the resolution and contrast in cpFED can be significantly promoted, while the noise in cpFED is
considerably lower than that in traditional confocal imaging.

Conclusions Using SLM, cpFED can realize a small translation between solid and donut spots in a common path and
simultaneously capture positive and negative confocal images, thus overcoming the imaging speed limit and promoting
the biological application of FED. Compared with pFED, the proposed cpFED simplifies the system structure,
reduces the adjustment complexity, and improves the robustness of the system because of the SLM flexibility.
Experimental results demonstrate that cpFED achieves a resolution improvement of two times that of traditional

confocal imaging while achieving double the imaging speed.

Key words microscopy; fluorescence microscopy; fast super-resolution imaging; fluorescence emission difference
microscopy; common-path parallel detection
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