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Fig. 1. Optical imaging results: (a) The imaging results corresponding to the ideal impulse PSF; (b) the imaging

results analogous to the diffraction limited system PSF; (c) the imaging results of the system that point spread

function surpass the diffraction limit.
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Fig. 2. The sketch of confocal imaging process. As can

be seen in the figure, the light illuminated onto the
sample from the left side with a focused beam spot.
After illumination, the emitted fluorescence from the

sample is collected as seen on the right side.
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Fig. 3. The imaging process of STED super-resolution system: (a) The double energy level system of STED;

(b) the excitation spot, STED depletion spot, the spontaneous emitted spot; (c) the sketch of STED system.
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== Confocal STED

{7# /nm

4 JURMITERRG A (a) ERERFE; (b) STED B34 (c) ¢-STED; (d) K (a)—(c) ¥
RS LR YRR T 0T B (KSR & AT LABSAIE -STED AL STED F 35S 5 i 4 ¥ [42]

Fig. 4. The imaging results of several systems: (a) Imaging results of confocal; (b) imaging
results of STED; (c) imaging results of g-STED [42]; (d) intensity of the dashed line part in
fig.(a)-fig.(c), which verify the higher resolution of g-STED than STED.
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K5 SACHIEMMBLR (a) SAC /PRI FRIE IO SR EE I FLRE L R 5t (b) SAC TEAREHRAIAIG IR T I
TR LR, ‘o’ FORFDEIRKITEFOLR, 0 FRMOEMRKM EBAOEH; (c) SAC HISLLIEHEFOCHIR R LA BE 75 0 5a - MO i
TS AR A 2k, T UL B0 e SR INES SAC 5B EBUR IR K L BIAH X STED B INK; (d)—(g) AN F AR 7 2% T 40 M AZ FLHEAT A
BIIZER, (e), (g) 4 MAEX T Confocal 1 SAC 4T 5 ¥ Richardson Lucy &S 45 5 (7]

Fig. 5. The imaging principle and results of SAC: (a) Five-level molecular electronic state model used to calculate the relationship
between the excitation emission intensities; (b) illustration of the saturation of Sp state and the process of competition during
the excitation, ‘a’ denotes the high-intensity competition beam (solid lines) while ‘b’ denotes the low-intensity primary excitation
beam (dashed lines); (c) the remaining fluorescence in S; state analogous to the competition or depletion intensity from SAC
or STED; (d)—(g) comparison between SIM and SAC verifies SAC’s enhanced resolution, (e) and (g) represent the results that

deconvolved from the raw confocal and SAC results after 5 Richardson Lucy iterations, respectively [°7].
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Excitation

Convolution
with pinhole

Convolution
with pinhole

Subtraction
Detection

FED
Confocal Negative confocal

6 FEDREE (a), (b) S BRI OBAIA DIERE PSF; (o), (d) REPTHHEE PSF 4 MZ B2 G 1) PSF; () NS
33 FED ) PSF [2°]

Fig. 6. Working process of FED: (a), (b) Represent the solid and doughnut excitation spot respectively; (c), (d) are the
detected PSF after the detecting process; (e) is the final system PSF of FED after undergoing the subtraction process [f

10! T Confocal
5 3
N (a) \\
£ \
=1
£ 100 ;
o
=2
2
[}
E 101
€
Ll
102 : - .
102 103 10* 10° 106 107
Exc-intensity/W-.cm—2
3kw/cm 30 kw/cm 100 kW/cm
(b) Doughnut sat
Solid .

. n

K7 WM FED B3 HHE (a) 05T IIT6 /T I0R S8 B RE A R DB 3B 4E; (b) AN R HE UG58 T S 0B, 25 ot BE LK Mo AN
FED [ 5HRCR A, T')TL[&%”@%H&FEE’JiggﬁTﬁﬁ{EW%ﬁ}"{dﬁ/ﬁ, A FTHEE; (c) Confocal, FED, LB FED P %
O FLOHRAI SFED X308 IS 45 S, T sFED 78450 A1 ST O HUR S BE RIS, 439 R A 8 B9 A7 77 T 4 2 B o 47 [7O)

Fig. 7. Imaging results of saturated FED (sFED): (a) The simulated results of saturated excitation curve of FED corresponding
to the increase of illumination intensity; (b) simulated PSFs of solid illumination spot, hollow illumination spot, and sFED
result corresponding to different illumination intensities; (c) imaging results of microtubules corresponding to Confocal, FED,
doughnut beam sFED, both doughnut and solid saturated FED, as can be seen in the figures, when the doughnut and solid

excitation spot are both saturated, sSFED achieves the best imaging performance (701,
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WG HERKEE SRR T JLE, STk (25, 62,
63] FEH 7 LA FED RARER K 25 O BEAT S0 A B
A B G ARIRE = o HER I . ek
JREEAT IR A

PSFrep = PSFetia — 7 X PSFaoughnut;  (8)

H 1 PSFrep, PSFeolias PSFdoughnut 73 7l % N &
FED. S50 6B 250 S BE K PSF; v AR R L.
[A 28 FED FH 8 23 B 0 A7 7 R I Wep A8, £ AH ik
FHIUE DA B 1 T SO R A (64061,

223k o B R (1 FED J7 % AT DAYk 2D i 4%
TR R 167091 FY 1 IR ) S SR AR SO R BEAN
20 G 7 ) A e 2 4 248 7= A B A% 1) i i 6 A
U i)l e 1R sk T 15, R ) BT A 4 S0 YR BE RN A5 o0
ST AN R AT DUSE szl gk B IR AR (R
BR A D70 1) s 39 D' 18 1) HH K (1) S B LA Gt 0 e Y B
2SO X IR EL /N, AT DA BB S (1 2y B R
W] FED £ 488 nm KM T AHAF] 110 nm [
G317,

5 SAC MISTED HIHLELK B, FED R #k
S o 6 BE T2 A0 0 B IR I 48, 4 9 £ b
FED(sFED) (0% B8 4 % ik 7046 & 5w 101 I A
PEFCARIRLNE, FRATIIRAF AN 30 P Ji 11 2O B AN
OAR N 2 DB AR 25 B DR 3R e 1t 258 1) A7
18, PFPIUCEC A EHE — R B H BR T S B e
AR JF HAH S8 FED $& @1 1 g 7 W R AE g
. i 7 fros, #IH sFED 7E 633 nm % K6 I8 B
T R[22 100 nm A4 B3 HER.

FED M4 #7715 B A o e et R 1 J5 4b
PR AR @O0 F, LEAH IR R W 7T 07 T B AT A st it
(] A% 58 5 A 2 AH I (intensity weight subtraction,
IWS) 7573 7. FED 4 J& [ & J& J7 170 AT LA A& )
koL # SR DB ), 0] BUE = 4E/ sFED 3)
A An I 72,

6 T M5 RN 8 B A8 o % 77 %

TE5 & i 2, ML R AE RGN 0 PR
{5 LY 52 BR T pinhole K/)v. Pinhole # A £E5%
oL 2Bk R, (H 55— J7 T R I 2 % e 0 2 05,
/I pinhole | jx . [A 3t pinhole K /N 22 BULE - fif
0.6 AU Fffi P4, Rk, 0.6 AU i pinhole A/
WAR B N TE 5 I REN K. 1988 4F, Shep-
pard 3] $2H 7 2B 00F SIM 771, A¥ILRER

TR HERE U2 2 A5 I AT e ELARBRARHY 95 A 4%
REILF 2 £, {H/E Sheppard 25 (M 11 5 BLLEA % (&
Wit WL IO T, 2 4 R A e T A
W A I 1.53 A, I A FT B S SRR
T (K8 (¢)). 17E Sheppard Frie it f74, %%
BARIA AL IR AR WA 1) B AR R H2 s R I 4%
R T FE AR AR (B8 () 7). JE i xf
TSR 28 3 AT (1) B G 32 F A S B g AT R
FREH, WU AR R R . T
W% G FR N Airyscan (™), 7 ISM 701 F1 OPRA [77)
H AT AR N IX P71 ) 2 B M. Airyscan J7
HEAE 2010 4 H Miiller A1 Enderlein 2 [75) ] F] EM-
CCD 1E N FEFI RN 4345 LASE L. £ 2012 4F, York
2 178 ) 22 AOR SEIL T AE A IR A R RS de
Luca % [ 7 2013 4F U W1 A [F $800 2% (0 45 % =41
AN AT AE J5 A BE A 58 R, AT DU i ' A S
Rescan JE .58 .  Sheppard 25 [ & 746 A % &
Wit W B s oL R, X T — AN AR R ST
FSAR R R DR A 58 FEZ % 30 3l B U 1) 1.84 1,
X Fh A LU T 3 5 £ 1) A0 35 . 95 FR O Superconcen-
tration I R, 75 B IE R A& Airyscan S8R B IS
SIREM KT, (H 2 AL AT (photomulti-
plier tube, PMT) 838 FHR I HSAF BE TR I P 1
Az, DRI B R R R I Y. AR 45 F] 1 Aliryscan
AT i 1 S S A B R AR R, 355
AR A AR, AT He = RS e b, B8 (b) b T
Airyscan (OPRA) FIILER £, %1 W45 ¥ PSF,
A 0 Airyscan £ 42 % b #7718 (c) Al
Bl 8 (d) A H— A AR A — 46 A [F] pinhole 2K 7N [
Confocal 5 Airyscan (ISM) 2545 1 #R 2 (opti-
cal transmission function, OTF) 7347 [FIX] bE, 7] Il
FIH Airyscan BUR T EAMUAEBARME 598 E A
B (B8 (d)), FF HAE s X 38 7 & b gt 58
= (B8 () B AT 4i M Airyscan b 7572,
Kuang 25 B 5] X\ Vikmom J5 2 5 4L Airyscan
AR R 3 2045 5 BUR, Vikmom $4 B 51 £
AT B S 5 R 45 1 6 I B I 7 ik kAT 1A ),
SR 5 51N B8 2 & R (Fourier ptychography
microscopy) A B E Gk E . WK 8 (d) iw,
Vikmom 7E 2 =17 #F 2 2R Al b ] DA 58 = D13
7, A& TE B W AR A6
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Fig. 8. The principle and imaging results of Airyscan: (a) Imaging system of Airyscan (82]

, CL, collecting lens; M, reflecting
mirror; L, lens; SL, scanning lens; TL, field lens; OL, objective lens; DM, dichroic mirror; (b) the normalized PSFs of
widefield, Confocal with 1 AU, Confocal with non-pinhole, and Airyscan microscopies; (¢) the normalized OTF for confocal
microscopes with different pinhole sizes and ISM with a large array (891, (d) the unnormalized OTF for a confocal microscope
with different pinhole sizes in Airy units, the OTF for ISM with a large array is also shown; (e) imaging results of Confocal
with 0.2 AU pinhole, Confocal with 1 AU pinhole, Airyscan, and Vikmom with 0.2 AU pinhole; (f) imaging results of a
single particle using spinning-disk Airyscan, on the left, upper, spinning-disk confocal result, middle, the Airyscan result,
lower, the Airyscan result after the Fourier reweighting, on the right is the plot of three methods; (g) the imaging results

of biological samples upon spinning-disk confocal method and Airyscan method (831,
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Fig. 9. Principle of subwavelength manipulation using scattering control

[88]: (a) Conventional optics can only control or

observe propagating far-field wave vectors that fall within the cutoff spatial frequency, For |k| - |ko|, where kg is the wave

vector in free space, the wave vectors are evanescent and are consequently inaccessible in the far field using conventional

optics; (b) a conventional lens can therefore only control the far field within the cutoff frequency, when the phase of each

wave vector within the cutoff frequency is matched at a target point, a diffraction-limited focus with a width of 1/2 can be

obtained; (¢) when a plane wave is incident on random media, the wave is multiply scattered and converted into a manifold

of different wave vectors that contain both propagating and evanescent terms, the scrambled random phase of each wave

vector results in a speckle containing subwavelength spatial modes; (d) when the impinging wavefront is controlled at a

target position, the resulting wave vectors can be phase-matched to construct a subwavelength focus at a target position.
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Abstract

Optical microscope has been giving impetus to the development of modern technology. As the advancement of these
techniques, high resolution microscopy becomes crucial in biological and material researches. However, the diffraction
limit restricts the resolution of conventional microscopy. In 1968, confocal microscopy, the first pointwise scanning
superresolution method, appeared. It improves the imaging resolution, enhances the contrast, and thus breaks through
the diffraction limit. Since then many superresolution methods have come into being, among which the pointwise
scanning superresolution method earns reputation for its high imaging resolution and contrast. The stimulated emission
depletion microscopy becomes the most prominent method with an achievable resolution of about 2.4 nm and then widely
used. Besides, the newly developed fluorescence emission difference microscopy (FED) and the saturated absorption
competition microscopy (SAC) have their advantages of non-constraint on fluorescent dyes, low saturated beam power,
simplified optical setups, while they achieve a resolution of lower than A/6. Further explorations of FED will be keen on
vivo biological observations by using it, while that of SAC can concentrate on enhancing the resolution on a nanoscale
and reducing the signal-to-noise ratio. In addition, the Airy scan technique in which a detector array is used for
image acquisition, can serve as a complementary tool to further enhance the imaging quality of pointwise scanning
superresolution method. The detector-array enables both the narrowed size of pinhole and the increasing of the acquired
signal intensity by 1.84 folds. The other methods, e.g. superoscillation lens and high-index resolution enhancement
by scattering, have the potentialities to obtain superresolved image in material science or deep tissues. After being
developed in the past three decades, the superresolution methods now encounter a new bottleneck. Further improvement
of the current methods is aimed at imaging depth, and being used more practically and diversely. In this review, we
detailedly describe the above pointwise scanning superresolution methods, and explain their principles and techniques.
In addition, the deficiencies and potentialities of these methods are presented in this review. Finally, we compare the

existing methods and envision the next generation of the pointwise scanning superresolution methods.
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