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Abstract

Super-resolution imaging, which breaks the optic resolution limit and
reveals the cellular metabolism at nano/molecular scale, is ongoingly
transforming the research basis of biological sciences. The foundation of
this technique is constituted on the sparse probing events from fluorescent
dyes in both spatial and temporal. However, small-molecule dyes
demonstrate sever limitation on their fluorescent single-molecule
characteristics, which constitutes a bottleneck for pushing the frontier of
super-resolution techniques.

This study aims to develop fluorescent dyes with synthetic adaptivity in
context of single-molecule characteristic modulation. The new study
expands both the spatial and spectral dimensions of super-resolution
imaging to maximize the fluorescence information. The study also
questions the conventional self-blinking determinant, and suggests a
kinetic indicator for evaluating self-blinking behavior. To satisfy single-
molecule localization and tracking, a bi-functional probe is constructed on
the basis of boron dipyrromethene scaffold. Biorthogonal strategy is
decorated to nitroso-caged rhodamine to provide a labeling toolbox for
living-cell super-resolution imaging.

- Engineer of point spread function of super-resolution microscopy through
astigmatism, to obtain the axial information.

- Correction on the pixel aberrations for two-color super-resolution
imaging.

- Breaking the conventional determinant, i.e. acid disassociation constant
(pKa), of self-blinking. Suggestion on a kinetic rate, i.e. recruiting rate
(ki) as the new self-blinking standard.
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- Rational designed boron dipyrromethene adequate for single-molecule
localizing and tracking.

- Module design through biorthogonal strategy on nitroso-caged
rhodamine for super-resolution imaging multiplex targets.

Keywords: Super-resolution imaging, Single-molecule localization,
organic fluorescent dyes, rhodamine, boron dipyrromethene
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Optical field modulated super-resolution microscopy
a Structured illumination microscopy
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Fig 2. Schematic illustration of the mechanism of super-resolution microscopy.

The mechanisms of structured illumination microscopy (a), saturated emission
depletion microscopy (b) and single-molecule localization microscopy (c).
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a Significance of dyes for fluorescent microscopy

J On microscopy
C Fluorescent functionality
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Fig 3. Core functions of dyes.

(a) The transferring role of fluorescent dyes for microscopy. (b) Labeling dyes to
biomolecules of interest. (¢) Spectral increment and a single-molecule event as a
result of molecular fluorescing.
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YERRE T — RFNWRE AL L4l M 2SR (140, Thermofisher A &) [
Lysotracker R 514kl BY, (H R B M ERE S5 /I MR, Jesesgin 1
G ROP IR M s TR B R ik B A A R B 2 B G PERE
ANE Y E R S G R RN, H AR GRS P AL B v, i
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Wity T g i Je L Ih BE

16 FH R P 1) JEC DA s (A e AR ) = R B, Y T AR T
PERI AR Canng iRl WRIEGS), 1) RE B 77 Bl 5 R e 1 22
Jo 7 H1 300, (LRI 5 3 PR IR FR G 2 (P4 5 A0 22 BE 7 Z ), 87 2493 7
I3 F I RSE B A DA R 440 S 3 4 - S AR 1 L0 35 P I /K i PR o, 38 B
[R5 )6 43 - A B B AR S PR SR A 773 53, 1138 2 X6 R A0 ) A 18 #E ) T
REo S, XEEHLARAR S HnlRe A — @ iR, i i 4k
GRS 2 S s RS, B3 RN BC A& B2 2 A 1 22 vk, T B R «
T ) RRAE A G0 RSAG HP AR A DR D 6 AT S AT R PR ) 1 448 5, (EL7E R
Iy HE AR A RN o R AR T, i RN BASHEA FE ) EE FE

T ID GERR BB AR e B A R R, ¢ 7 (Celick™)
A 2B A W TE S AR e 51 N BIFRET 4> F et i IXRIEAS R N AL
15 DU IBE-BR 3035 /38 S 1 1) Diels-Alder 30 s B3840, 8 58 5 e i) 5
iy J W EEBTALA) IR f RIS B AR, A S T SRR e
TP e A5 G A X BT o DR IR PSR (R R S 1, ] IE A AR e X
I TP AN SN SIS 73 B A 21 58 S Bkl R BE ) 43+~ b, AT SIEER ¢ 56
FFRIC T RE PR T o 28 HHIX IS SRS 5E A gL k), AT DASE I — Ik
okl oIk, X 2R R IR IE A -

PRICIDRE SR YLk} SEEL 2 615 5 U B I OB o 68 70 % A5 A AT SR Y
[  HER R B B, RA GGG RR RS, A ReH THEM
SINTIRMIRI SR . ThEbdstE: =2, HYRIABEGEMbRiC ThRERS,
LR 7 G S A AR i (PR A B S B 1 ek 4y I BE ML 43
i, MBI
1.3.2  PIhEE

Gk 22 e vE R R TR At m 5 e bE g M5 5 1 o8, B etk
S G D RE K Gkl MR RGBT . B TAES R N G IR, &
MG R B ICIRA AR AR XS L6 T REAR, BRI R 75 EIX e - A
B — e WAL R RO vE, BT 58 5l i A% o (ELXEHE 203 ik
B, HTAPRRNRRERT, BNEE N E RS9, 33
X2 6 B BN 73 T S M BE I B SR ARG R P T o BUE AN AR
Bl R ) o> HR AR T 2 A, IXFERRAME ZN N ) 4 7 | RBE s>
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14 CEHERRNA 18), HBIHIHICA TR MBI A 114 (5
S 1/8). R A R S AT R R 1 £ S MR R
5, SCRERA UG R IIEER, R B YRR M B P K
VERJSER 7. DR LR AR, T 0 R 2 R A R T
SR FFURL IR, T ELR B O SR B 5 5
i

R, — Mo I RR 5 YRR A AL 1 43 T B U
RN ROC L, 2800 T SLAE 000 TR OICHT AR o 7700 L7 ok
LR SEOE N i SR ] LY P S
RUBEHLYE . 45— 050 10 Gk ST O I Je 3P, AT th 30
B I 05 T, T 53— il ) 2 5L 0 0 S 440 0,
JUT B T 45T S5R39 R 0
L) B 35t PP 0 AR S AR 5, R TG SR T80 B
A B EL RS0 5 FR AR A R O3 S RO M

X AR AN T 2000 TR RURI T Yokl T3
MR 25 T A TR B AR A5 O 1) 4 AR5 45, 52— A Sk
ST RSB I RLAE RS (S0 SRR (S0 2k i
Ko A THRBE BT, TR SR 850 T HAH T
BRI MR, IR B TR SR SR, A=
EA AR K, iR TR, TS5 T
5 5h 22 LA SRR 350 S0 0 R RS IR 05— 40 T 1R
U R P, 45 R B T ARSI ] U Y T 9 VR 9
RIOFA, LRGN (> 10 ) ERARA, Ti2H A
BREFE. W, 2RIk S TH A TSR SEm S AR, W
ATAEREAS b S HRE S IR GE AR 5 90 M OB AE T
A2 56 L LR 0 R (LB E s 840 F R Ak
R I SRR 1.

BARYRHE 50 TR LSOk LR T B R R 5, (8
Sr T BERSE LR B HAE OV AR 5 3050 F R RO B KT8, B/ 5
LI BRI R, B9 T R AR R,
B T 20 TR0 THIRE R — Ut FIRISHES RIS 1T R
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XM TG EAE BT E T B9 T R RO G AT R A R IR, 45
N T RICHBIFDGF R R . T, 76 E CRRHZOBIIRER, X
AR R REBENZ LS HER,

F 7, ROCHEHR R ICHRFE S F o S5 K A0 7 J Bl ) AT
TR T3 U AH QU481 5 i A i BRAAR S5 e e RO D e, SR AT
RIMFRTF 2R SR B 73 TSR SN, 28R 2T TR S B 54
BAERFANRS), M7 T B IEIACE 52 B AT G
BRRFERE 2 MERIR RN % HRFERR RSB K, F2 &L
GURHEHAB R IR 2ot 7E, R AMAROIEF LR, DA, &
TR IR EA g AR S YR RO TS OGS 4
Prdkaih b, EENL T IAE IR S AT IO AR 2R A

N T HRTFOCTIRE, PisE EAE S OGS VE B Uy B e, 8 E i
W FCTFBL, XG5 S s N AT T IR B FT . Horp— e
N &5 47 7 ekt R BRI AT e R A2 A2, s F il
i FEF 2 (twisted intramolecular energy transfer, TICT) 14939, J4if 5
H,T-# %% (photon induced electron transfer, PET) 132145, fjid i Y
AL HL AT 175 3 N e T B 2 RS BEL 4%, 1] DA 38 bR 2 i) AT
S G ARLE N 5 1 55

ROCHRLER T ARSI FBURGRE ) ORISR,
WEDE, BT, WOLERS) WERIN, o1 BEEASHE LA
A1 L A 3 73 A 3200 AT REXS 67 AL B U RE I . V2 R iR
TR R YL RLSITE AN [ B 11 35 571 J T 58 A AN [RI R BE 2088 1 8 e U
XTI T FE e A7 F2  (Stokes shift) A 7] B8 H K TE B AR L .
GUBL) BE IR VEO'E 230 B AR RIS RUSAS R, H KR i AR
X LAY SR T 53 I BE Z 53 AT R AR B 55 1 7 20 A B AR Ak, T H
IARIT o AEAEAR PRV 7 b e E S AR A B AT 7)1 B1UIE , AERR PRI 7
AR fE B i i SR E AR R FNPUIE . X FHUERER 2T, I
A 2P TGP B 3 L OGRS AR R HE T T 5 MR
FHEAE BRI o0 2R, T AR R 0 THREF BT K o SLRL I ERETH 1] 16
FE0E T KBS T IR IS, K Ak S AR A 71, Rl B SRR A (R4
o
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E R R R 52 Y T4, AT A 5 oK T M e e e ekt
I3 FRATHIBR AR o — P YRR 75 BEAE RSN R B IE A 198 6 R 5
Ihae, fEARExT R bt N 24 B i A% 75 B R G RE T . 738 B)
& TR B G — 0O RN I G, XYk e R R D 52 IR 5 AR
IR, DRI R DAE T EAS R38R N X 204k B AR AR % s Bl
B AR Y TRIREE,  (H15 9 e G R E B3 B & P 58 108 6 R 5T
ARR TG YRR G BE 1 B, 7E AR AT 78 & X W 5 1) b
K T2 R, B, BERERGEEN it omg,
Mk 2D BEATE UG IAAR BB P KR R GRS Sk
(2% Y6 RS DLAR e 15002, BF 53t i KRR YR i 78, Sk 3
3 T8 A AR S B 5 ST AR 1 B P B ekl O 2 R 2
AL RHOY), LD H bR A RS A B A% 7 5K

AR A 2 YR B4 1 R RO P2 AR B s, BT
P JR 32 IRAE B0 T 2 Tk v s e RIS 25 (0 2 & 3 AR ) B A5
JeGe kbR R — D T W ZIER, (1S 70 e oK 18 H 2 YE
KR SEFIGR, . — AN AL 72, KT 40 N 5 40 3 5 R
WA AE 2011 4EOH6SIg A B B 3L M B3l SNAP-tag HArichr
R A AT AR R A RO g A AR A T B T e SR HE S (H
& IEARIC T B R N B RS B AN, T 3 B I ekl i g M
KIGFEEI5, H BARMET RS2 M E M S S, 7537 20 Pt 32 o S0 401
o R AG R A

M, GURMRZEOCEE (FRRE. M) o T H IR T,
HHZErFEEM . 0 FROME R . #F 704 7 2Ll 5t 47
ZERIACAL BT, FoRAE B AR5 b HAT 50 ZU 5 6 RN ) Gl S B 4y
HENAG . B — 510, 758 _E Yk e 6 R 5 B X )T %
LA 3 FE P R AR P b e AR ) BT A o S ASHRF AL, X BB RAE 5 45 4
(5 SR ATVRANE BB, 8 55 T 90 38 DL 431 RS 9 6 SN B A T A4 3K
S BT
1.4 R geklit 2

2020 22 FIER 2> HERAS 2L Gkl B e g R a2 AR N
WX, NTHIGIE NS, AWRETNH 2020 F 42 JEHE

12



THERUG R G RL fE

I =R T M SuE S S X A, ATk e =28 X
WKICHIBHRAS  EBEEE AR IE B . X RHR G SC RS, B
T T DRI D C IR AE D FF I S HL AT AR Y, v i B
FLAT 5 RN, T 2 P BRI R IEIA 9 A7 B 05 A AR Y
B OUF 2. 7 M HMARRE IR T RN, RIS . X T R A
i, WEFE RN E = EARKER A0, COT) HLEE A
THYEZERNTE. XThsid, JTHEEHRZ, Johnsson Kai fiff 7T
A BAFEIX =i 1 BB A SR, A I 7T 1 AR H 1 VIR R 52
W (K 25, FF HMARZEER A BCAR R B AR S g5 A8 i ke, SRR T LR
5t ¥F 0 e 2 g . WEAR B3, I AE R0 50 38 BUAS ) 9
HAZ AL, BB Ay s.
141 wOGH BRAAE i

B Z R B Gk BEAR B AT 7T 3 2258 T8 o P R o e 4
BT R, BN BRI IR A B P ek

(1) ZPHE YR B A - R T4

XYL RL A My = DL R e M, R HAE 1% I E
TIPS AR, BAA 58 KT8 AE SRk S B Gl i) S et DL K B9y - 5
S HERUE TIRE . B 4 R B B P gl 5 3R A2 . 1
 (ring-closed) RETN, ZPHHYURMHTHE | BHMASR~FiIYE, A
H A4 A] DA X 0 S 5T (5T P G5 44 1A B 8 K U2 75 BB 175
SO, T2 WX N 20 A T AL AR IR &R T AE
661y, Al LA R e el oA gL e A e S = A 543, B
e g ge k. [RIRE, IXFhPAIASE RGN 1 2 P B SR ARV
PEFE A, AR T I 2 P B kb 40 i i REFR bR id il A2 . 5 —
71, fEHIR (ring-opened) RZ, B FFBHRGIEAE -V g5Hy, =
FRAT LA IX 5w B ) o H & 53T RIS BT FlotRZS Qe ksl o+ 2% 10 R 5By
AL M, BIMAEMIRES T BA B r 2w K8, b 1733 5
HNAT e
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'R2RAN X NR'R?  1R2RN
L . O
ST .

RB

Nucleophilic group
$NuH = $OH -§-SH -§-NHR'

¥ 10
R e
Vel 4. 5 PRI T 5P R

Fig 4. The self-blinkable spirocyclization equilibrium of rhodamine fluorophores.

XMPAE LG A 8] B R B4 ) 0 RE AT (R i 2 A il i A T
TETE T S T RN 1 8 AL AR ) I S PR A 4 75 5K, i)
2. B2 B T 7 Ry IR RS P R R e RS, T
BT B )15 R R IF S A L e 2 0] T N FH R 20

TEE I HEUR TR K g Se 3t % PHIH LR, Johnsson PR&EZH
(67.680%: 7 31 B PH I Gk (R4 - m] DA MR IR B S A% A 4% 16
45| N 5R I AT 5 S RN ) RS | BB A, P O
T 4 B AR IR 2, DRI AT DA3E i) 1% 2 e A Gy o I 1) 75 5
MR o T3 Ak, BT T b e i <1 (haloalkane dehalogenase,
Halo) HHERZE (tag) 5FFHHRYEHN 70 7R BEAERE 7T RN A T]
W7 1.4.3), AT IR IEHG 58 AL S PR gL Rt EbRid 2 8 B
K g, 522)E AR EKE R T HIE A, 7T LI B
%o RNk, AT T — K5I MaP ekl (K] 5), XYkl 7E iR
A BB s I ey B, Rl 2R L 15 R AN, S FAAR
AT, I H L1 1K Dso {H (LR R 5 58 FE T8 21 50% U {H N
XN AN SRS E AR HEEHD. BT Halo tag SHEHYS
SR ZIA HAE R, fEARIC )5, MaP R A1 Gk e I H 225 1) S e il
BrERe, BEREE R ETTIER] 47 5. FIAHREYRL, A TR
BT B e M G R T AR AL, FEH R STED
Z O EIN A EI N CE A LB E B, BUR I T R AT BRI
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0 O N_ _CF,

HN y, CFs

Cl

Ng
o)
&o MaP3341216 &o Rho-2CF3

'R2AN . X ' NR'R?
R* R4
. N-y
Ligand O

6]

MaP series dyes

//O ,p /,O /
4y =-4CN -§-Sg ‘E'S\E—}NHE '§'§5N\

B

Hal6~Vi'menl‘Tn

MaP510,, ¥
MaP565, . MaP555__ 20

&l 5. Johnsson ALK JE I sk 1 TN R MaP 2R 51 4l (07:68]

Ilialo-f\l.up%
MaE%Haio

Fig 5. MaP series dyes for resolving nuclear pore complex and no-wash super-
resolution imaging of tubulins and vimentins. Developed by Johnsson group!®”-¢8],

)5, Junfang He 5 Hongyan Sun 8 ZH 1 &4 13— 2D X ax 28
Gkl B IR BT TIRR ABATRIE PEEH L RHR IR PR I 201 8
DESE MR, S AR KIS P2 A R AR, D IR X R G I I RS,
M358 T et S USSRk, TR 17— R8I 5451
FR R BCAHAL 2 FE B Guk), FRx e KR RES B AR HT 1%
= T. WABATA YRR Rho-2CF3 Zukl (& 5), TISCHLX) Halo tag
PR A TP AS

NTHRRBEBE NS PHH R 2 R T e, Schepartz 5
Bewersdorf IR ZHOMME K & T Yale676sb LL A, Cal664sb et (&
6)o XA GURH) H AT IR AR B W 2L pKa 3/ T 6, XM IX
PR e RHE A B pH (7.0-7.4) I, KBS 70 A0 T RIS AR, AT
JE LT S G MR B M B 75 3K o FI ] Yale676sb 5 465K 5 F HMSIR,
W T E 7 1 0 2R AR T Py J5t I X 4 A% . (B — 32,
Yale676sb 5 HMSiR 7] A [E] /) 640 nm OGO, (HETH & 8%
5 HMSIR B2, BRI AT PASEE B — B0 B R
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Halo-Sec61 3, SNAP-QMP25
Yale676sb,,,, HMSIR

-§-RS = -$-CH,CH,F Yale676sb
-§-CH;CHF, Cal664sb
] 6. Schepartz 5 Bewersdorf PR 4H Jx J ) B — SR I 6 BB I K 1 TRIER
ek
Fig 6. Self-blinking dyes for simultaneous one-laser two-color imaging of

endoplasmic reticulum and mitochondria. Developed by Schepartz and Beweersdorf
groups!’%,

HItFER, N7 RSP GYRLE BYE T, LukinaviGius P83
AH LT 22 G RIS A% BRI IR SR AT AT A8 o AT T A DK R Jk Bl
P 51 N5 PEEH IR IR FEARAT , ¥ T3 N S B TE Rl T A e Gl ]
WRZS, Hh9m 72 PRI G RLE R . S8 13— 20 BRI X R AT AL R,
AT T EARMM A Li W57, BB RS 217 ez B, sk
W re 2 % P NGERh BBl Ao R FHIXEegukl, AT 1 X 40
ff12 4 STED @ #Hg (B 7).

Nearby group effect i Halo-Vimeritin
NGERh-630CP,,,,,

"
'"R?RN X NR'R? e

O Ligand
NGERh % : a0 m| A

7. Lukinavi¢ius UREZH A J& 8] B 22 (0 73 9% R B A <AL 48 5 RN Y
NGERh Zuf}71.72]
Fig 7. NGERh fluorophores with nearby group effect for multi-color super-resolution

imaging. Developed by Lukinavi¢ius group!’"-7].
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N T IREGRAEG B INERZD P gt UG T pH SR5E 1 1A)

A, ARG PR T T AR VEI S BT E INHRRF U1 LysoSR549
(B 8) XA ARl 7Rt 3.2 [ pKa, /N TR SR B INERZ T8,

KM ATZE pH = 4 — 6 IIRIVEEBFA T KR TR . T IXRhges),

AT IR R BEAAR AT IB B AR , T2 TRl & AR IR S 21T T

BRI 2R

\
LysoSR549 . 530 ¢ RO | — “C;?
8. ARk VR A A JiE T A 1 TRk} LysoSR 5491721

Fig 8. Self-blinking rhodamine for super-resolution imaging acidic lysosomes.
Developed by Zhaochao Xu group!’?!.

(2) B PHREIEER 2, 7 for b Adk e B4 1

X REZHEIFFE S, WAL IERIE M, 7] DA R0 Jert
WHHTER A, IIMTSEILZ A% . XTI, WFG K% Yuan Lin #E814H
IR T BAN—MATREME, AT 5] NEEEMR (quinoxaline) 1F
RS, N T ARSI N I FERE B FE, TR RE T A
AR w1782 (Stokes shift) ) YL578 4kl (& 9), iXZRyLkl
AMUEA RIFE i #, FN G BEEFETH=E (0=0.74, €=8.97
x 10* L'mol-em™) . FIFHXFp Gk, A TSZEN T XF 2R A o1 i ) = 2f
STED 7 #¥id%., VARSI & H (Vimentin) 12 8 STED A4 .
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"STED" Halo-Vimentin™
R RGES78,, . e

& *MaP555-actin
GeF'{,tubulin 48

K 9. Yuan Lin UR#IZH  RE K Stokes i % PFHIH YL578 J H = 4E 1 £ (o
IR RUG g5 R
Fig 9. Large stokes shift dyes YL578 and their application in three-dimensional multi-
color super-resolution imaging. Developed by Lin Yuan group!’*!.

BT AR UG /KIEPE TR K, Gibbs PR 7% &' P BE 4Ll
PIHEAR N I AT T KIS PEAZAN o AT Wl I A B ) B B8 n 1 /K
PEREER BAR L, FFI5 bF] R HE Ak A A 1 %0 P B R e 5 OE F A
M s 2 e A 0 B OregonFluor 44kl (B 10). X4k
e B KR IE M, ] I A0 A0 B Y B AR AT AR IS, B an i AT T R
Halo tag 5 SNAP tag tr%5 8 H LAk, 3] 78 N 40 i )N 2214 Halo
SNAP il &8 AT hrid. FIRS, A4 TR B 49k 2 b8 R 290108
B, FT BN IR 456 77, I F AR BRI SR AR bE 2R A
B, FEHEEHL KPR T 249005008, % 7 IR E 5 1T,

Lavis P20 7S A AT 1T & BB 2938 T ke B Jenalia Flour (JF)
ekl T T (B 1D, AT 2,2- 005 BURE LIS T KB T 5
WA JF479. HrdeklAH b1 F S @ & 2 20 T be dukl B 5 s i O
s, DR AT DUSC BE 47 1) S b S e A e B g U AZ A ie S . A 4h
MBATIAE A HR IR X G RIRE IR 9 547 75 2 B 34T 1 s LA,
oo 7 IR AR R AT S AN, AT JF Guklge M A
AR R, o TEfdE kAR . FE, mi1exm 2,
3, 4, S-PUSEACKIE 4 78 Tt AT 28 2 U . A BRI EYE,
TR JF669 Gk, SZE T X2 A4 A0 A 5 Y b i A5
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SN OF550,,.] .

I | ¢
N X N ‘ OF650
- ¥ 4 Halo
N * N J’-{‘ "ﬁ - ‘::
- \\. - . ?
o e,
‘ SO3

Halo/SNAP-tag Ligand

N

Halo-tag ligand
I

%S N s
e Endoplasmic’reticulum 10} | Endoplasmic reticulum 10 um
[O\/\N’% OF550,4, —— | OF650,,, ——
N :
A~
(0]
SNAP-tag ligand
H
N N__NH,
CT1 Y o
o H
N/
¥ 5wl 55y
OF650,
OF580kai0 Halo Mitochondria Mitochondria

10. Gibbs PR & Jie i 25 JRw s M A K VEAFAE OregonFluor ZeA

Fig 10.0regonFluor with membrane permeability and water solubility. Developed by

Gibbs group!™.

(3) D PHHRGIEIR 9 7 BUAR LA

T PHHREIEIR 9 A7 55 A BURIE 1 At S 0 B B e k) )
I IENAGBE T . XuKe WAL TOZE T-5XF T 7 S AL e G i 72, K
P8 AT 5 Alexa Flour 647 AF647 ) ¥4 R4PCXT ) FE I K CF583 A1 CF597
Jebl (& 12). M 51E4 1 Cy3B Bl AF532, CF JeRlfE AF647
AR AT T TR AT SEBLRK B G N REFE, 44 R e e
HiE. ETHUE. H NMR LA CP NMR 58, flifi 18 CF583 &
BT TP A e, IXFR GRS B T ORI AR T ARG 9 £
A, —wEEE PR T ERSHBETE, MmMSLHAE AF647 1
BN RERDEHEEIFE . FIH CF583 5 AF647 Bixt, AhA1szil T
o £ L A7 A1 B RIS B S8 = 288 43 5 1% 1%
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%Ny 50y %Sy ﬁ><s HN\/\O/\

5K = \/ 0, PHo Ph O 0O e S WP W
e wmPan Pagy 55y
Janelia Fluor (JF) dyes JF479%a10

Halo—histone H2B " & Halo—Sec61pf " *
JF479,q, 0050 JF669...,

LT 5

11. Lavis B2 % f& 1] Janelia Flour ]
Fig 11. Janelia Flour dyes library developed by Lavis group!”!.

CF583R

AN

] 12. Xu Ke WREZH #7R B P hAL CF583 Zeilel
Fig 12. Commercial fluorophore CF583 revealed by Xu Ke group!’®!.

Belov PRI NS 2 P} B IG I 9 RrZRIAHEAT 1 & e, A ATIAE
T mbme RS, AR T 565pR Bert (B 13). FIADE R, PLAGE
LIRS PR GRE, ARATTSEEL 1 X SRS B T IR 2 R, s T
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] 13. Belov PRAERZH A JR FIMENE S 1B 565pR AT R kg1 A R

Fig 13. Pyridine based rhodamine 565pR for imaging spermbundles inside
Drosophila melanogaster adult testis by Belov group!’”!.

Bossi I Hell ] PAUSGAE B A 30 ey , K & T Thiophene SiR
gukl (EMEED P, B 14), BT IXIEYRl I H A I 53Rt
2, AAERENESEK, "inE MINFLUX BBG R RE . 3T 5 G
B PGE T IR RS, A 14 MINFLUX 5 7R 7 40 k% 5L
(R EB TR o

I N/ |
_N i Si . N
— N
S
g O©\H/Ligand

0]

Thiophene SiR <
] 14. Bossi Al Hell [Z] B\ &1F & iy nggmy ek 2 P aH 8]
Fig 14. Thiophene SiR developed by Bossi and Hell groups!’®l.

(4) JEIE RS Bt

TERAH AR AR BE 1 70 SR TR, BT R4 A 20 #
R o IXRILRHIOGAE 5 T AE R RIN 45t 85 7 QURl R4 o2
T R AN B RGO ERGE ORI T, ek
WHRGLRL G TSI EER  T5 5« AL, AT IR 4AE 2R R
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FRIEHEE 707 BETE SIS, SR 3 AR AT 32 5 6 RS ) oK

B0 S e TS SRS I R =0 B M, Hell ] PAUOWE 2P PHEA R g
N4 SAATAER RS, KR THEGE PaX RAIGRL (B 15,
KR GLRHE ST A 405 nm YEBUE SKA4F T, 7] kA AL R AL N,
TR R BN G [ o R X FRHT YEIaE Sk, A AT 640 oAz £L
BT T 0SB0 8 LR 70 FF UG EATT » AT 45 SIE T I B 7 1 A%
FLIY 100 nm A4 RSP AIZFLE 8 BB A6 51

g (] 11.0

NUP107-mEGFP o wyo o
PaXSBOInanobody‘ R s -» ;

NR'R?

HOOC 3
PaX series dye

(ne)

H* 405 nm

R2RAN NR'R2 e e ke
l
COOH --

& 15. Hell lMﬁ@Eﬁ%;‘mﬁ{ﬁ@ r%% PaX R %1% *4[79]

Fig 15. PaX series dyes photoactivated with no byproducts. Developed by Hell
group! "],

Hao, Xiao, Jiao 1 Zhang [H1BABOVEAE A e 1 — 0 E wUlintt
i — R4k (SOD1, Bl 16). XEGRIMT RS/ EEEE M4 T, i iH
SR, KA ZREEA, SKIEHTR A E 2P H 100 nm 408
7 HC 5T SEINAE T R AT e 33 Y i [l e 20 v WL o 11 5 4% o AATT R
FHIX P GeRESEI 1 6T B A4S (RS 0 1 AR
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Super resolution image

16. Hao, Xiao, Jiao, Zhang FP\G1E & J& B H0E UM g — R AAM80)

Fig 16. Photoactivatable boron dipyrrolemethene dimers developed by Hao, Xiao,
Jiao and Zhang groups!®l.

1.42 EREET R

EEFERE R YRR SR IC BRI ) o FHEL LS BARAE DO
PR FAB R BREE XN T ekl o T BB 9 ZU S, IERBEDL T IR i &
REOEHE, IR DO T I (BAER S A, R
WA GO TR . S EASHTER B ANA RN, R GeREE]
POCHREF AR E TN . WK — PRI H2E (Self-healing) %t
BHEN, 3 gLl AE 2% 8] PR B/ b i e = B S K] (9, A= DURRD,
P = B A A AFAE , AT G v VR S A T BUK L AT B S5 1) 5
WEH. BT, B NEERRBUCIER, BHiE Ak —2KHA
P RUF/KVEPERRIE ) 2 R IR R R e i s I 0B AT A, 2
TE T GeRr T KR TE, SEIUN BT SE AR TR R o> T 2 h5id, T
AR HER UG TR

AR ERE T, B 5l ATE H R IE R I SR A IE A bR
g o FETHREULRICHNE, AWIEZ bRid s Gkl Shrid Bl i 1) 4 1
et orBe, AR VR IR SON, G 2 PO A IR LD
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resolution optical fluctuation imaging ).
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Fig 17. Spatial nearby tetrazine silicon rhodamine (sb-HD656) with reinforced
quenching effect. Developed by Herten and Wombacher groups!®3].
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Fig 18. The self-healing mechanism of cyclooctatetraene (COT) studied by Blanchard
[85]
group' .
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&l 19. Herrmann 5 Cordes FIBAPME A J& (175 g B A2 5 Gu b e fE ool
Fig 19. Linker unit with universal functionality for construction of self-blinking dyes.
Developed by Herrmann and Cordes groups®®!.
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Fig 20. A thiol conjugation linker unit with enhanced total photon budgets for CyS5.
Developed by Chen Zhixing and Chen Chunlai groups!®”..
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Fig 21. A study on the labeling kinetics between self-labeling protein tags and their
ligands. Performed by Johnsson group®*.
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Fig 22. Exchangeable silicon rhodamine for Halo-tag labeling techniques. Developed
by Hiblot and Johnsson groups®?.
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Fig 23. Exchangeable silicon thodamine for multi-color PAINT super-resolution
imaging. Performed by Glogger and Heilemann groups!.
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Fig 24. Exchangeable silicon thodamine for multi-color PAINT super-resolution
imaging. Performed by Glogger and Heilemann groups®>!.
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Fig 25. Multiplexed fluorescent lifetime imaging through engineered Halo proteins.
Performed by Johnsson group!®!l.

1.44 W ESS

8 HE RS FOR 320 J ST R IR DB YR st AL 2 . B
2006 L5 BN HEUR SR B S DR, B R
PRI K C &gt T 16 NSk, (HEHAEKIBARRE, 75k
2 SO T MR RE D G R B V) 75 3K 3 1 DR A5
Stefan Hell PA /& Kai Johnsson. Luke Lavis & E FrIiseya2z. Akl
SR NAR 2 0 3 AR B BAS G 8 R 70 3 A5 2 6 SIBAR 2 ek

31



Wit, SHEFR ARG T . T2 B, @2 e gkt
FIB T & T SRR 2338 U1, Gk B Aok o EE 7 5 A% 0 2 S5 430
BELE RSB 2E 7 5% 6 B R BT P AR R« 52 T 29 YRR 78
FEXT R A SRR T AR AW T, B U) B R 4 NERFER TR
77
1.5 AR HE

RIF KRB HERAG D e gk, BIREMH T 2L EAR T,
BLFE GBI BARSE R W1t R REOL AL PR IC SRS O, SR — AN
12 BRI Yk B T RS T R 5

FE G e B AL T T BEIR OGS 5T, AR E Sy FRE T,
DCHRE I 8 A R BRI T, HASRAEAS [F] T 3 At e M
1E, T I FEAR A AL (B, O Bkl T ARG S
PRS0 P RE ), B BT S A T AR AL B S AR )
X A S RO B R M L TR SEAEAE OGS . AL R A2 1T
SRR, BRI, X UG S A R K ARG B A, X %
L2 AL Gt 0 T BE R B 1) B AN 52 e Gl , DRIy %o - BRAHE 43 Rl A% B
K, TR BA T RIE B O TR R g Yokl AE 2 AL 400 73
RPEICARAFIGehl . Ak, A SCH o3t T e BT A BE T R B4
BRAERE IR R, A e Gl BRSO A B R VR, R E A SR
i w21 B A a0 = R St 7 B Y 5 i = O D = N ) 2R S G/ B
JRNES AR, XN TR YR AT B, R o RS B
Gk,

32



2 RS TEALES PR BB
21 HIE—4EHRREADESE

YRR BYEREIRE 1 HE R B PR ) N R R B =
deE g, RGP DR 2 020 S8, Z2FEMEERT
1B B R B OV A AT B AN B R S AR A HE R BN
HENA, DR I 4E R AT IR T FRC SRl ROB1E BAME, &
R > PR R I N R 23 (8] A, 75 B0 B RS Ie F= IA ) 4k
53 % UG 8 s AT SR Bl [ 5, LSRN 22 48 () 5. 03 - 58 ARG
%

T ) =4I W N BB I B R R 2R

(Point spread function, PSF) #4711, 2008 4, Zhuang Xiaowei

APV R T 5t B3 — & =4E 50 T e B, AT R R B SR
e il [FRAR B TN, R B AR T B 55 T8 5 0 R B )
LR AL R4, Bewersdorf A1 BAPSIE G G BE 3R 0 OSUETE,, T AN
[ 6 R H R B0 AT SR I = 4E AR 2009 4, Moerner [FBAP7E
I N[ H 48 (spatial light modulator, SLM), i &4 Bk Hohn
TSR A, I A5 BT o X = MBS 1 I N S
ZHER T EALENS, JEEEA A E AR B — Pl SLM Ay
ANTRI) =48 R34 BeR O™, DAVR WX 2% 4 57 5l 7] 5 PSF TE AR BRGS0,
BEN IEAR B B ) SRR BOE S 00, SEE R Z Al E B
Mo

% ERAG PT B 22 I TE R G EE IR 0 SRR, 3R 0 e XA TE 2 1)
0 221 E 5 B I A g MO B BE S I ISR, il L ZE AR it
Fe, Kuner BIBANACTRIIHFEE 22618 55 51 A8 J7 10 0258 4 (0 22
RONL, BARIXMIT ZAE BRI T 2 G A e, HX R
B ERETE T AR B R], AN T 3 2 A S5 N R U A AR R
Schmoranzer H|EAI®LS Xu ke [ BN M SGIEAF 7 M1 FE, @i 5
WIEAS B, SEILZ (i 0 AR, (B IX M7 v Mk DA G5 5 1) B
A RL S ; Churchman A1 Spudich!95:190142 1 3£ Ardeshir Goshtasby
) J 3B B P 3 RS IR AR 007, DLIEAE 22 T o ) R AR T XL B 70
€N T U T 2

33



F TSI = A USRS C & HoAa ] R L 1
B, T2 RH R, N YR REZERIER @, X1 =4
FAR BT SRR B, T 5 AR EE R R AR B, AR
AT Rl -5 Bl 1) 7 B WS A R TS B 7 F15 5
2.2 AHRAIERAE BRI R B R S g

SINAERR B AT LA R B S B BOE A TS 1, DRI
DTSR z AL B AR R . ML xy A L EREAFR
WA RN, A A5 Gkl e R T E R BoR AN [F B 800 1 AT Bk
PR, N1 26a Firzs, N EE RSG5 AR 70 UG T G s, JE i
B I e R T I NB OptoSplit M9t R4, EIH R A
AG TR IG L. T2 6, TR B Il AWK 26b-e B IUAM
B, O g A OB, B E Bt = 4k AR A4S L A

77777777777777777777777777777777777777

€ .\
NS ) N

Light path of OptoSplit

o4l NN ) e N\ NG| e

=5k \\\ iE:'-Q”\\\
Set3 \ II | @ — S8 \ I] @ Emission

B 26. SIAAERGAE IE A G HE SC L =2 75 H¢ R &
Fig 26. Engineered light path with a cylinder lens for three-dimensional super-
resolution imaging.
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Fig 27. Point spread functions from different optical sets. Scale bar: 1 pm
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Fig 28. Point spread functions with cylinder lens of different focus length. Scale bar:
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Fig 29. Point spread functions at magnified configuration. Scale bar: 1 pm
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Fig 30. Optimized single-molecule point spread function for three-dimensional
localization super-resolution imaging. Scale bar: 1 pm
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Fig 31. Plot of ox, oy vs z depth for optimized point spread function
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Fig 32. Experimental plot of z localization errors vs z depth.
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Fig 33. Three-dimensional super-resolution imaging of tubulins in a fixed HeLa cell.
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Fig 34. Chromic aberrations induced by simultaneous two-color super-resolution
imaging.
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Fig 35. Correction of chromic aberrations by natural neighbor interpolation algorithm.
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Fig 36. Natural neighbor interpolation through experimental beads sampling.

(a) Voronoi diagram of beads positions. (b) New Voronoi cell formed by Interpolation
of a new position
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Fig 37. Vector field plot of chromic aberrations for the super-resolution imaging
microscopy in the key laboratory.

Counter lines plot the absolute aberrations. Unit is pixel.
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Fig 38. Experimental correction accuracy of natural neighbor interpolation algorithm.

(a) Typical plot of corrected localizations on two channels from a bead. (b) Correction
accuracy calculated from n = 8 bead signals.
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Fig 39. Two-color super-resolution imaging of mitochondrial inner and outer

membrane, revealing the significance of natural neighbor interpolation algorithm
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Fig 40. Schematic illustration of equilibrium kinetics on the super-resolution
reconstruction.

(a) The effect of the recruiting rate of fluorophores in SMLM imaging. (b)

Spontaneous spirocyclization equilibrium of rhodamine. (c¢) Integrated emission
intensity vs pH of STMR, Rh-Gly, and HMSIiR in PBS(phosphate-buffered
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saline)/C2HsOH (v/v = 7:3) and the spectral comparison in acidic and basic

conditions.
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Fig 41. Ensemble kinetic study of spirocyclization equilibrium for STMR, Rh-Gly,
and HMSIR bonded to Halo proteins after acid or basic perturbation.

Peak emission intensities (582, 589, and 668 nm) are plotted as a function of time,
showing the rates reflecting equilibrium shifts to ring-opening (ke 4, a, ¢, and e) and
ring-closing states (ke v, b, d, and f).
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Fig 42. Single-molecule photophysical studies of STMR, Rh-Gly, and HMSiR
bonded to Halo-proteins.

(a) Max projection view of imaging stacks shows the sparse distributed single-
molecule fluorescent signals. Typical fluorescence trajectories (b) and the summary of
single-molecule characteristics (¢) of three rhodamines. (d) Switch number of three
dyes under various laser powers. () The recruiting rate of STMR, Rh-Gly, and
HMSIiR under 500 W/cm?2 irradiation. Scale bars: 5 pm.
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Fig 43. Theoretical simulation on super-resolution reconstruction regarding the
recruiting rate versus imaging acquisition time.

To understand the impact of recruiting rate for super-resolution reconstruction, the
blink kinetics were simplified to one blink for each molecule. Thus, ideal condition
was hypothesized (kqa = 0.001 s!; kr = 0.001 s7'; ky = 100 s!) in the simulation to form
probable one blink for each molecule. A few molecules exist more than one frame
were merged in localization analysis. Scale bar: 0.5 um.
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iR X W% (Jaccord index, JAC) MSIRJIAR| 70%PA F. R, 1EE
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PE 2 R NG R A% 8 (ke =5.057, 125's) FIEIG S HE R
AR BSAG I TR BB I T (ke =0.04571,0.55), FeRlANRELEREA
Hh 52 R 45 4 B AR 43 15 B A o X2 TR R W g T Gk
Oy TGS I A AT RFAE, L RAR PR, 7E K EIEIT (8] N YekHE 5
JUF- B I, AN S R IR B R s T Gl R A g T, 7R
FAGBT T, 8 78 0 Gkl i ¥ B T IR 45 2L TR 45 3T
W, HEEZBRE T HINKRE PRS2 HF G RE, DL ZR4E 5%
(B AT I DBy k) 3 R s ] 23 3

SIS, A8 S 2 A JE I W R A 4 B SRS SR R I TR R R
JE A REL, % STMR. Rh-Gly A1 HMSIR = Fh LRl 46 3258 %
b gt R 2 WK 42e. BT Rh-Gly ((ke=0.0075s"), STMR (k.
=4.59 s HMSiR (k. =0.38 )2 H B0 PR () FR 288, ml il
JE VR AR BRAE O PR 3 AR I R SR . T Rh-Gly T HAH S E R
I, FEAASGEIH B HE 0 AR SE I8 I ] 4 HER 755K, Rl ANidE H
TEA RS SEL . BEAh, BT A MR GLR 0 S R BN ST TR0
FeER AR, IX 1 B AE 8 R S i 1 YRR B AR S5 4 AIE B TR T 22
NI WAE= S

NHEBR AR TR Z N S 30 57 22 R, T =%
Z 5Pt B ER FIRE, KPR G4k pK, St — IS 5644 T & ek
PO PEPIRES, e X gkl W SE R 2 etk . TS EE R
B 1) Gl I B ) 22 R E , 1R P RE L2 B 1 - P S 5 A
JR IR T4, X T =Fgekl, ff1EEARM pK. fEF M pH
A N EANFEPIFFI 5, 51HRAFE R PSS AR 5T
FFIR ECBI SR SR R S R HEA . A RZem R &, 75 Rh-Gly
5 HMSIR FifEREN pH 2 6, A XHFIZ PS5 STMR AAH
WIFEREE, SR 5 e FE X Fh Akt T AR R S 2R . g5 R mT WA
42c, BIREFR TIREERN, 1H Rh-Gly K8 558 R4 WH B8 TF, 15
IR T 221% (ke =0.052 571, ANERUEIH & E €A77 K. 1 HMSIR K
BRI A, T =Fh ekl p S R I R, ke=1.61s", T LAULALH
SIHERAG TR o =P YL XS T 5 AR O B S T R BT, U
IRl T RHARE M Z 7, 72 SRR FE 3 2 T IR I R B8] ) 20 2=
SRR e MR K 2
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T EIRNAE H RS P B G RE ) T BRREAE 2251 B 5 I 4R
JuiBME A (] 44a), XTRE G 27 P DL S 388 5 TR R B (Rh-Gly
HMSIR F13T H#H Johnsson 1B\ & J& ) MaP & 51| 4k} MaP33, MaP555)
BT T INERSD 15008 98 o X T B INERZ PFB Gkl A T3S 1 R
BT iad ke U2 P iazs s 7 A B s, REERS
WRFEOR G, MNLAT ke R BIESEE ST bk KAEEA.
Mo A G AR g s, rliln & B B34S

a
Spirocyclic k.

form \ .
b
Dark state //k//

Bright state = ——= Bleached state
k

d

Laser power
(kW/cm2)

STMR 518+26 204+0.9 0.60+0.06 434 +£112 2.0
SRhB 217120 234127 042+0.04 442 + 0.65 2.0
PySRh 550+28 119+11 047 +0.07 4.13+0.73 2.0
PiSRh 36.8+13 1.3+02 0.14+0.04 0.63 £ 0.07 2.0
Rh-Gly 7.3+33 6.8+£08 1.48+0.16 [0.0075£0.0043] 2.0
HMSIR 9.0+1.5 0.48+0.05 0.91+0.59 0.38£0.04 0.5
MaP33 24.1+0.8 0.32+0.01 0.15+0.06 0.31£0.03 2.0
MaP555 10.1+16 11.6+1.2 1.16+0.10 i 2.0
Reported rate in brackets was suspicious with low counts of signals.
44, TEIRILHE S PT IR AL B KRS T GERL I TN RN 71 22 R4k
Fig 44. Blinking kinetics of sulfonamide rhodamines and typical self-blinking
rhodamines.

Dye k. (s) k (s7) k. (s k_(s7)

d

(a) Schematic illustration of the kinetic model for self-blinking. (b) Summary of
single-molecule kinetics.

H AR 2 P B Gkl R B 1 3)) g 2 s 2 0 & 4 SR 41 E ]
44b T, TEER I SR R I Ee 2 i B TR 2 P Gk} BE R
N RSN 7 22 . BT A I i D P R I kg > 20 871, A
STMR. SRhB #l PySRh @It PUd ik B e i 42, ARATTH) & >
10s. AHECT HMSIR 82 00 B [N FR D FE I &5 (1) N PR 2R, Rk i
G Rl RS PR A ask R A ) Rt v 20 PR 43 A%, DA B i (] 43
AR TR Ak, XYkl I AN F LB ko/ke (~1 —28), TJ
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SRAEA[RIRE FEMGEE , 38 BT A [ AR EE LB 14 B0 93 5 S8 73 7% Bl
%

25 27
= ) PySRh - . RhB
y=0.313x-0.277 2 STMR éz _16433)7( 8.472 2 STMR

. - Y PySRh
¢ 09¢Rh-Gly
[
X
\x_
=
-2

0.5 5 3 pA 49 2 4 6

log(k_/k2™") log(k_/k=")

c rc

45, INKRIER ko ke SIHZER ke IRIBIRR
Fig 45. Investigation of the correlation between blinking rates (k, k) and k.

Since Rh-Gly has the smallest ki, its blinking rates were implemented as the basis for
the calculation. The rates were transformed to natural logarithm form to search for the
dependence.

SRR IRR B P S IR 540 T B 1 0 S0 3R
U R, MR (ho) 5 IREN 112 (o k) 2T
AT T AR I R S SRR T O T4, FeuE S S
BT, BRI AR T Rh-Gly (BTSN ko) ST
ff. G5 45 B, BT Rh-Gly 24b, 11 IRARB FH ekl i 3
7 5 IR PR A B B e 11 LR MR I R (R > 0.98),
50 57 Hh R B TR ER A et R B B T Rl Do AR
AR B L RN, S SR ) S P e 5
AR LA TN R 2. % T Rh-Gly, XANJuk sk
BEEI, LA 2 X 990 V) T 50 9 PR DRI A2 010 52 e
PR TR 5 T AR, AR 2 DAY BT i R 1%,
Sk WG A e 2 A R AT 2 [ 2 T B e 0 T R
A PR FRORRENE). TR T E KRR 2
A BN AR, FE S RN U B R RO R K R (ELA
WA SIRE, ENARE PRt T POt A S R 1, Boe s Fr et
TR 222 2 DA e b S A B A 50 e e
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HE- 5 SRHTF IR RE I AR R 8] 25 5%, IXARRERD SRR S5 5
AR R B T ek B S A R RE B )5 o TR
R e E 1%, B AT AU B N BRI B0 5 G TN MR A 55 A AT 14
RV TPAEPIRGS NI R VIR B INFRE FPHU R B2 3A4E
I EE PR TR SR YR B0 O IN PR B IS B 2L, [F) I 4 S5 5
IR 1 EH INERZ T BB 1A T IR B) ) A4 2 PRAl B A
FRGLREE INERZhRERIAZ 0L S HL

3.5 FABLED TR SRS 2 BB IT

Halo-H2B Ja-WF Halo-Sec61pB

N
N

Halo-BTubulin

f
N

(=]
@

5

4 46. STMR 3£ Halo tag £ [ AR B S I 4H 0 S 4H I 45 40 6 7 7% B A%

I /

Fig 46. Super-resolution imaging of living cells labeled with STMR through Halo-tag
technology.

Super-resolution reconstruction reveals the distribution of nucleus H2B (a),
microtubules (BTubulin, b), the morphology of endoplasmic reticulum (Sec61p, ¢),
and mitochondrial outer membrane (TOMM20, d) proteins in live HeLa or Vero cells.
The insets (overlaid with labels suffixed with WF) represent the wide-field images
from the same location for the corresponding reconstruction. Time lapse images of
endoplasmic reticulum (e) and outer mitochondrial membrane dynamics (f). Scale
bars: 1 um (a—d); 0.5 um (e, f).
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BT e B P B P T A R T, IX S Gl ml i T A
(1) 8 AR 2SR 73 FE AR, JC IR T 1) B A AU 12 B RRE 14 IF 241 i
o TEBERAG F, BEBERZ S FF I PR 2 R, AT USRS
I 1] > FER 3T, R B UE TR

BT ERTN, LA STMR A, Xt S 1B (148 4 P g
RE J1EAT T HFSE . 4R AARICIE L Halo tag 25 FAFRZESEME SLIL, FRic
SR AR AZ (H2B). % (Btubulin). PWFM (Sec61p) FlLkki
WA EMEE A (TOMM20) . JE40H I G &5 R 46 Fis, M
FALG TN iE (Wide-field, WF), #8743 ¥R 45 B G Wi 1 40
PR AL S X E B LR . T SR 24588 DL &
LRI AR AN IE A dURERFAE . XA, STMR 36 7] DLSZELXT A J57 X A1 25
FARSMNE ) BN BAG %2, LI 155 73 F 22 ke 9 o /N8 I 4 12 3))
ROZRARLAR 45 i R FP R IR B 1 0 AR R AIE
3.6 BE

IR —ELIF AT, B FEE BRIACR FH pKa < 6 B8 XA N H INERS
FFAIARUE. SRT, Rh-Gly [P a5 A g5 R ARG T BN €
NXARR: XS P RAL S pKa € X, H1 R BEFEUE HHR /D 1
NER(E S, AN CLUCESEE D HE g xT T EH INER I BE T oK . T FiREE
S, PRAEME B AL pK, A2 8 H TN BRI R ) 4850 bt

R E IR Y8 B NSRS PR R EEAR BT, A 358 X — Rt
fiiz %P1 DL B LT B R B (Rh-Gly. HMSIR LK MaP & 51 4t
BL 34T o AR Ry 1 RE S )1 5T, RIERAE ST B NGRS
FEAANT R TR ko XASFISEO BT B INRS PEH 4372
T2 R MO IS S 30 BN I A B T 22 RHIE, H H A
RIGF, JeRAL 0§ AES) )2 R I 280 il 5 ARSI
JUBHR S AR DL S T BR BN )52 B ORI 7, B UE 1 48 S %6 e ) H
AR P B BRI I 22 P75 T 50T 08 Y I SR e e MR, i)
B TSR R AR M E N KR PSR 7 9% 5 Th e i B - 2
F-INBREN F727 DL AR S R T, Rk e 27 1 WH AE S8 b 4 i A%
T P 2ok A4 IS Y vy o 3 40 M 0 A

TSR RAE 5> T 550 S BB T IR B Sy 2 i % 2 4, m]
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FIKRVPAG 2 P IGERL ) B N R RERFE » 36888 70 # AR 78 7145 1
Mo SXASHIE RN B INERD P B B R hs ], IR P ARk G
FHIEFCE S B INER D P SRR EE o
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4 DY TEEr

4.1 HI'E 4L R 7 W R AR R

LS FIASE 2 DU A B 32 B RS TR, B mph s it
FEANEIT R FI W R RS VAT 2. o 170 2140 At DU 2 I 5 R0 23 ) A%
X5, ERTESMIIEE R 7 NRPME K120 1000, £ 581
[ R R A B O R N A NN A i 1 A RS ) N R M|
P T 2 B 53R T B U S5 A AN ) 77 SRR » X LS 2055 S5 i AN 3)) 77 5238 4k
TR MBI ThREN 12, A X Se A S B M A2 W ]
RETR 207 IR FE AT TR, DL BAAS 2T 40 o SO 2 IR DA A AR 3244 1 A= iy
HB KT

5

Autofluorescence

Ex: 532 nm |b Ex: 640 nm [oRoREe
{ 400-
3004

photons

200+
~ 100

0 532 nm 640 nm
Kl 47, LR B RO
Fig 47. Autofluorescence of RBCs.

The fluorescence from an RBC excited under a 532 nm (a) or 640 nm (b) laser. The
powers of two excitation lasers were adjusted to be identical (~0.8 kW/cm?). (c)
Comparison on the average autofluorescence of RBCs when excited at different
wavelengths. Significance was determined through a two-sample t-test with P <

0.0001 **** (sample size n =214 RBCs). Scale bar: 2 pm.

e Gt 1) 16 5 BRAR R RERE 73 7% 238 A BE W A5 1 e AT 21 240 B AR 2 T )
SIRVESS R AN Z) T2 i, N A8 G 73 % R SRR X 24
RS 512 W, S By 1 A F A REER S 45 Y A L RO T IR B
HTRRZN JJA R L, Xuke FTBAM20Mg HY CM-Dil X [ 5 2148 ffd i
RIHEAT 1 2 O H BT, 875 1 20401 R 1 20 B 5
Feo ORI, XL ) 70 T2 W B2 H AT AR BE S . T
N, SEBR T 2L AR B 1 B ot (B 47) Ak 204 1 sl 1 2
BRRFAE (18 48). ZL4HM & A RERMLALE A, £570 7 & MR
WOROCHIS, A A nl B B R 2OEH 5, XA AT
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117 21240 0 2 T AR sl G I R AL, AR 2L AR AN 5 T I B B
Jot (R 3 ) 2R, AT E AR I 7 A A 05l TR B A RS L

reconstructi

Surface of coverslip

48. ZLAMMAE 2 B R I RIE 3

Fig 48. Motion of RBCs on coverslip.

(a) [lustrative chart presents the probable motion of RBCs during imaging
acquisition. (b) Overlaid edges of RBCs during 1.5 min in a static buffer. (c¢) Blurred
super-resolution reconstruction of RBC membranes due to motion. Scale bars: 5 pm.

DA LLAH AR 5 SO W il 74 J R I £L RO Y
I AR TR, EL IR 3 A2 B0 1 8 (S8 70 AR AT 73 1B
BB R M NARIRIFHSGE, B T A EOR YR IO R ST
I S R AL, T B IR B EOR YR AN TR AR RO, XA
LT EANHER, W RRb it R R R 2K 55— J7 i, X s 4040
M R, T Bl T B SR TT S A, L AR N 18] A A [
LA, XMWV ER LA R B R 1 A R B kAR
4.2 TERT AR S T2 W m L Jerl vt

Iy T Wb T R By 7 AR, X 380 Gk H A
o HL T IN PR S KA AOE I EORIVRT (] 49a) . (HAETEAMINGH
B AR IR BRI T, JUF A R S G R RES 18 21X
TN T B0 T ROGCIESR o 1 221 7 HE R Gkl Bt EE R
X e ALEGE R — T oK BIan B INERZ T B AR, X SR geri it
XF FL N BRRFAE T A1 AR 1 HesaSHr Ot e, AR KIS 7
BERRARRE TS BB E Gl B U R = H AR ], e KGR
ST, BEBEAEA B INEREE T, IR lifsifE 5 i T
BTN AR « TFR A B 1 e M AE BR DI RE A SRt 5 21 H Ai
SRIE— IR )R K
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AL gekl (B 49b) B R DGR E A ED S, 2K
J& o TSR R IR AH R X RGBT R I H 55 ) 6 i i
INKRZIRE, AN Re B3N T 500 1@ AL 70 R /5 3K o 1 25 J LA T,
N T BRI GRL ) 1 R ZOCDIRE, JeRH 7838 0 ek T 2
R FEM T & o Hodr, XuKe BRAAHIEIS X 3/5 £7 B AE RE g St
Bu, R R R A B TR T RE B #N L s Gerl (&
49¢); Smith A1 Winter!*%), Zhang A1 Raymol &5 R th & g T B
A G R B B GRUII LE ns Jl o SRTMT, IX L GURs] ) — ™ B L ]
el G EAKERS, WaEn et o FEER K.
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b Parent BODIPY d  Photoactivatable BODIPY € 3,5-Alkenyl BODIPY for dSSTORM
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2 b d il C Aryl substituted BODIPY
2 |
£ ! MeH  H O HMe
T

B

I
Consistent 4

S G

1. Symmetric structure with high

emission brightness and stability.

2. Adding photoswitching possibilites
through cis-trans isomerism.

3
& X/X' = NH/CH/S, Ry/R;= H/OMe,
o naln'=1/2 0N 3. Far-red emission, avoiding the
’ ' 2 autofluorescence.
\ J/ photocleavable cxane-BODIPY
D VL L A
] 49. BDP-Mem Bk} 737t 5

Fig 49. The molecular design strategy of BDP-Mem.

(a) The conflicting requirements of blinking and persistent emission for single-
molecule super-resolution imaging and long-term single-molecule tracking.
Molecular structures of parent BODIPY (b), core conjugation system of aryl

substituted BODIPYs (c) and photoactivatable BODIPY's (d) for localization super-
resolution imaging. (¢) The molecular structure of BDP-Mem.

N R Je IR I e 4 B0 51 5 L AR 2 PO BB AL s A [ P i A2 21
B AR T B R LD RO I 75 22 BT Ul g o 6 BT EHA R T 17—
M BDP-Mem G4kl (J& 49¢). ZGURMRER 1 S BYIAtL s (1) BE AR 25
1, UMK RS B AT 2R G 1, A3 R e I AR = Je T4k Py )
N [N, @S et 3, 5 A EMTAROIGEER], M3, 5
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37 B XU A NS e Ay g e, SEINEA )7 RS S MG A AR o AEATAE R
LIFXIAL, A AR, I i i RN EAREE TN, et
BEARBE T AR BB AR AR SRRk, I SEBDGIG 2088 . K
TR AET7 & e A et 2= 3, S am gk 7K IE 1, R derHENE b
(GA=NI0E |33 O Cil N e e =s = - L S 7R S VA (1L 1l s e
faf 2 (twisted intramolecular charge transfer, TICT) U321 3E4E T ERIT
W, R GLRL S

BDP-Mem 34} H)& B2 ANE 50 Frox. @i sk Ak Bede &%
Xt IR C A B 3, 6 Az, “ER P-BDP; #R)m, il
LLAEFFGEFE DMF Y57 oo PR R IR 2444k, BRI 3RS BDP-Mem.

piperidine
N " toluene

o p flux, 56 h
& n N N reflux,

N B,‘N

FF
| [':'7
N \ N
BODIPY / P-BDP \ G} BDP-Mem [

50. BDP-Mem e k}-& Bk 14
Fig 50. Synthesis of BDP-Mem

BDP-Mem H)GHE BT 78 25 SRR BB ARt B TUPIRIG 2058 6 A5
HAEAF B3R a7t BB R 3R 1 A HDGIE I E 453, BDP-
Mem {EIRFFIEF (&M ke, 5. “HEIHD LU TV

CHEE, K. BERRZEI PBS) "3 EA KT 650 nm HIMRISFIZE
U (A M Aem) o BDP-Mem M AR IO, HEE/RI R €
FERR PBS 2 AMA R H1, ¥KT 8.0 x 10* mol' L -em™. MHELT
T, fEAERFHRIF, BDP-mem JEBLH > 0.2 ZtETFr=EK,
[l A A S AR S BT, HE TR 0.5 XA UOL
BT AR 72 S ORAE GLRE RN T 85 AR AN I i i e 2 R v ) 5O
SEIE, RN ET GRS S FE G (5 70) (BN, PBS 22t HIE R

I R
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% 1. BDP-Mem 7EAN A Ge 11+ o) o il 14

Table 1. Spectral properties of BDP-Mem in various solvents

Aab Aem e x 10*

Solvent (nm) (nm) (mol-L'-cm™) ®
DCM 650 671 12.2 0.52
Methanol 652 681 11.5 0.54
Acetonitrile 654 685 13.5 0.44
Water 651 711 8.9 0.05
DMSO 677 727 12.5 0.21

PBS 686 -8 4.7 -4

2 The long-wavelength fluorescence (red shifted normal fluorescence compared to absorption) of
BDP-Mem in PBS was negligible, except for a blue shifted fluorescence peaked at 676 nm, which
is probably induced by the aggregation of BDP-Mem molecules.

5T BDP-Mem [ 6 5, 5o 35 Gebeh i i e €0 30 N 34T 10k
VBT T o A5 Y 3 1o i o AR N i BEED USRI £ 41 0 T 52 ”(“ ghost ™)
(AR SRS, Fi A B A R B I A6 1,2- VI 3 -sm- T = J2E-3-HH A,
B2 ( 1,2-dioleoyl-sn-glycero-3-phosphocholine, DOPC ). #H fif g
(sphingomyelin, SM) FIfH[EEE (cholesterol, Chol). & 4G, @HidH
—B§lE DOPC #% <200 nm a5k, % 100 nM BDP-Mem 4%} PBS
L, DOPC WL 3R € TR B &, 3RHU BDP-Mem Xf N id& s
FOR TP A2 (B 5la). 255 Bon 4BEs o Je R B 1
100 fFEHARI%T BDP-Mem FOUIAIL B, B35 DAV AD G5 B e A 75
BDP-Mem X ANEA P2 EE G BRI (3N . &l 51b @7~ T BDP-
Mem TEAN[FIZH 73 N3 Rg RAR 1) 06 6 R 61, 7RIS TET (liquid-
disordered, Ld) J§fi{&flE (DOPC/Chol) ., BDP-Mem ‘i~ i 4 nm
I HE EFE hem =720 nm) A LT AH R IR FUAARIE (SM/Chol)
BT AP, /£ NLEFREREE (DOPC) L, BDP-Mem .7~
H 1.7 55 OE R T, 1% T H YRR AT B BN T R B i e
Fel, (15 T0 P R SR B R e o TG B I e R A o ABAEXS [F N A
T A P A K H 23V (Giant unilamellar vesicles, GUVs) Zeffy
A2 (& 51b 7 &)D, BDP-Mem &ox BN S IE GRN, Xt
BH G AE ot I A T e A TG B S A ) 7« 3T BDP-Mem X1 A id
T RIFE RN, NI FOZ R T R AR T, B0 “ R
527 BIRNE N . Gk Slc Fizx, BDP-Mem fEZL4HM “ Bist”
et fm 2O ROKCRN S s 3 5, e IS RS EAT IR B 3 %,
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B 51. BDP-Mem X A& AR SR I3 A 2830 ) 9 6 et RN F 72
Fig 51. Fluorogenicity of BDP-Mem on artificial and natural liposomes.

(a) The fluorescence response of 100 nM BDP-Mem on staining artificial liposomes
at different DOPC lipid concentration. The inset shows a confocal fluorescent image
of a GUV stained by BDP-Mem. (b) The fluorescence spectra of BDP-Mem on LUVs
with different lipids composition (DOPC: Chol or SM: Chol=1: 0.9). (c) Absorption
and fluorescence spectra of BDP-Mem upon staining RBC Ghosts. Scale bar: 3 um.

BRI E 45 5 B 7R BDP-Mem E A B 1 0 G I8 L (0 3508,
B X Fh G E R Al i e 2 B IUERE R ? itk B dekt
BDP-Mem 5 i i A0 [FIAF L0 S IX 8] DD Gl — ] 5% v 21 40 i 4%
tt, JEd S RERGILEENINZES . B 52 Bon 7 AR g 4
%, BDP-Mem .7 H b DIiD SE U7 LL A0 A8 CL s, 8 LR 20 40 i
JE R THI ¢ 5= L DIiD & 8 % .

BDP-Mem 25
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©
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¥ 52. BDP-Mem X £L4H 3 44 4 i 4
Fig 52. Fluorescent image of live red blood cells stained by BDP-Mem.
Scale bar: 10 pm.

43 ST W B T OWEERBTR

AR B ORI BT, JCH R B AR B R 1R e,
R & PRI B 01 5@ AL AE B IR HE - O 1 AU A A3 B 2 57
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71, T RIRIE AT HRE, 20 AU S K AR A P e F A A B
BB B R B B gk IR R AR ] 53a H . FE TR B S Y
ERIAE AR LA EENE -, BDP-Mem JE7s H 5 5% [ B 70 4 K 77 (440
photons/40 ms) FUENEESEF 2L (1.3 x 105 photons). A UL, Frije
BHATE TR E R i 5 KM E (4.95s, Bl 53b),
XM LE A R S A RS2 I [R] S ARG T Sk} S B 70 -8 B8 0 AT o 1T 7
LJK bl ST R RTEE T, BDP-Mem 1/52R R B — e R FE
WA G RE ), ETIRE ERINERIRETIA S 4.4 Ik, Sos G
7[‘4 LHTE ML T e MAG 5 R 1. B 53¢ RIL—N KA 2 IROGH:
Heil 72 BDP-Mem Gl 731 (1) S 2R I [A] 8 ST

a
. Brightness  Photons per ) Total collected Photoswitching
Condition (per 40 ms) switching cycle On time (s) photons cycle
Wet film 201 12x10* 1.05 3.7 x 10* |
Dry film 440 13 x 104 4.95 23 x 104 4.4
SLB 392 0.56 x 10* 044 1.2x10* 2.8
b Wet
0-0.4 » [ R e LI
0.4-08s
08-12s
1.2-16s
1.6-20 < [ R N A B
2.0-2.4 | R S N
2.4-2.5 = [ R I B
28-32s
e |
3.6-4.0 - | R A el
C 1um
&,1 07 x10 1100
c
go.s}wm e M H
0.0 A et el WA A A A
0 5 10 15 20
Time (s)

&l 53. BDP-Mem fEfi5_E ) 5751 6V B ik 7t
Fig 53. Single-molecule photophysics of BDP-Mem on membranes.

(a) Summarized single- molecule characteristics of BDP-Mem. (b) Time-series stack
images of typical BDP-Mem molecules on a wet or dry film. (c) A single-molecule
intensity trajectory ofBDP-Mem on a dry film. Inset shows dispersed single-molecule
signals. Scale bar: 3 um.
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N T iE—PE BDP-Mem GYRMEAYINE )T e E vt
JR, X GRLE  BUE 55 B R DR R T S HE B ER XUZ FEE (supported
lipid bylayer, SLB) b, FFFITIXMIAEE T & B H 55 I BENE R
BARE T NEE A AR RN T L, BDP-Mem REILH K
JIIBERL N B, B RFEN EAKIL 0445, EH T H 5 TIE
EREIFE R (RO 10 ms BT SRS |, AEER >40 WifE 5. R,
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Fig 54. Microfluidic chip for capturing RBCs.

(a) Implementation of a microfluidic chip for imaging. An example of microfluidic
chip filled with red or blue ink is shown on the right. (b) Schematic chart depicts the
geometry of one channel. (c) Cross- section view of a cell chamber.
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Comsol Multiphysics Modeling
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Fig 55. Comsol simulation of the time evolution of buffer exchange on the
microfluidic device.
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membranes through sample preparation, microfluidic system establishment and
multidimensional computational data analysis.
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(a) Localizations from BDP-Mem molecules reconstruct the membrane morphology
of a red blood cell. The frame acquisition time is 20 ms. Conventional fluorescent (b)
and bright-field (c) images of the same cell. (d) Histogram of localization
uncertainties. (¢) FRC analysis of the reconstruction. Comparison of single-molecule
brightness (f) or survival fractions (g) between BDP-Mem and DiD (n>10 RBCs)
during super- resolution imaging. (h) 3D super-resolution reconstruction of a living
RBC membrane. Colors are indexed according to axial positions. Conventional
fluorescent (i) and bright-field (j) images of the same cell. (k) Cross-section view of
the marked sector region in (h). (1) Serial Z-step 3D reconstructions. (m) Movement
of a typical BDP-Mem molecule on the RBC membrane. (n,p) Magnified view of two
typical molecular trajectories, with colors indexed by their velocities. (0,q)
Cumulative distribution function (CDF) of the square displacements from trajectories
(n) and (p). The CDF was fitted with a single exponential function. (r) Overlay of
single-molecule tracking trajectories (over 10 steps) of BDP-Mem on the same
membrane of (a). Colors are indexed by their diffusion coefficients. (s) PDF of the
diffusion coefficients, fitted with a log-normal distribution. (t) Magnification of
highlighted regions in (r). From left to right: magnification of overlaid trajectories,
time-colored trajectories, velocity map, direction map and localization cluster
analysis from the same region. Scale bars: 300 nm (n,p); 500 nm (t); 1 pm (a—c, h-1,
r); 2 um (m).
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Fig 58. Ultrastructures and dynamics of RBC membranes under osmotic stresses.

(a—e) Super-resolution images of the membrane morphology from typical RBCs. (f)
Comparison of the intensity profiles on the dashed lines highlighted in super-
resolution (a—e). Single-molecule trajectory overlays (g, 1, k, m, 0), velocity maps (h,
J, L, n, p), mean squared displacements (MSD) log plots (q, s, u, w, y) and diffusion
coefficient (D) distributions (r, t, v, X, z) of BDP-Mem on RBC membranes. The
frame acquisition time is 20 ms. Colors of MSD plots are indexed by diffusion
coefficients, consistent with trajectory overlay images. Scale bars: 1 um.
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Fig 59. Studying disordered membranes of living RBCs.
(a—d) From left to right demonstrates the super-resolution reconstructions, overlaid
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single-molecule trajectories and diffusion coefficient distributions on the RBC
membranes at specified disordered states. (¢) Dynamic reconstructions of living RBC
membranes at normal state. The foci colors indicate the different localization clusters.
(f) Box plots of foci density on RBC membranes: whiskers indicate 10, 25, 50, 75, 90
data percentiles and the crosses indicate the average data. Significance was
determined through a two- sample t-test with p<0.001, ***; <0.0001, **** (n>17
RBCs). Scale bars: 1 pm.
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Fig 60. Foci study on disordered membranes of living RBCs.

(a) Localizations from BDP-Mem form clusters dynamically on the membranes. The

colors are used to distinguish different foci. Box plots of foci sizes (b), circularity (c)

and localizations density (d): whiskers indicate 10, 25, 50, 75, 90 data percentiles and
the crosses indicate the average data fromn = 17 RBCs. Scale bar: 1 um.
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Fig 61. Comparison of the diffusion coefficients of BDP-Mem on the RBC
membranes under osmotic stress and disordered conditions.

The boxplot elements are defined as following: center line, median; box limits, upper
and lower quartiles; whiskers, the 10th percentile and the 90th percentile.
Significance was determined through a two-sample t-test with -, ns; p<0.05, *; <0.01,
**; p<0.001, ***; <0.0001, ****,
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Fig 62. Nitroso-caged strategy for rhodamine fluorophores.
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Fig 63. Spectral properties of NORs.

Spectra of NOR-COOH (a) or NOR-Tz-BCN (b) in PBS solution (pH = 7.4,
containing 10 or 50% v/v methanol) before and after photoactivation under UV light.

Absorption and fluorescence spectra are colored in blue and red, respectively. (¢)
Proposed photo-uncaging process of NOR-COOH and NOR-Tz-BCN. (d)
Summarized spectroscopic properties of the uncaged NOR probes.
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Fig 64. Green light-photoactivated NOR.

(a) Absorption spectra of NOR-COOH at 100 pM in methanol or dimethyl sulfoxide.
The inset shows the magnified spectra of the highlighted region. (b) Spectral
comparison of photoproducts from NOR-COOH in PBS solution (pH = 7.4,

containing 10% v/v methanol) through green light and UV light photoactivation.
Absorption and fluorescent spectra are colored in blue and red, respectively. (c)

HPLC analysis of NOR-COOH or its uncaged products under UV light or green light

irradiation (“Mix” represents a sample, which is a mixture of two samples subjected

to UV light and green light). (d) High-resolution mass spectrometry of NOR-COOH
(top row) and its green light photoproducts (tr = 7 min, bottom row).
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Fig 65. Single-molecule photophysical study of NOR.

(a) Typical fluorescence trajectory of a NOR molecule under continuous irradiation of
a 532 nm laser (2.0 kW/cm?). The inset shows the max projection of recorded
fluorescence stack images. The red box highlights the molecular signal corresponding
to the trajectory (a). (b) Probability density function (PDF) of activation time, on
time, off time, and photobleach time of the NOR at the 2.0 kW/cm? condition fitted to
single or double exponential functions. (¢) Summarized key photophysical properties
of the NOR under a series of laser powers. Scale bar: 5 um.
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Fig 66. Super-resolution imaging of microtubules with NOR in a fixed HeLa cell.

(a) Super-resolution image of microtubules immunolabeled with a primary antibody
against a-tubulin and a secondary antibody labeled with NOR-COOH. A conventional
image is overlaid at the bottom. Histogram of localization uncertainties (b) and
single-molecule brightness (c) of the reconstruction. (d) Intensity profiles of
microtubule filaments highlighted with blue lines in the super-resolution image (a).
Scale bar: 2 um.
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Fig 67. Super-resolution imaging of glycans with NOR through bioorthogonal
strategy in living cells.

(a) Labeling of glycans was achieved by the MOE technique with BCN-AcsManN
and NOR-Tz. (b) Confocal fluorescent imaging of glycans/unnatural mannosamines
in live HeLa cells. Super-resolution imaging of cytoplasm (c¢) and plasma membrane
(d) in living HeLa cells. The green arrows mark the mitochondria, whereas yellow
arrows indicate the endoplasmic reticulum. The acquisitions were conducted at 100
Hz. Scale bars: 10 (b); 2 (¢); and 4 pm (d).
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Fig 68. Super-resolution imaging of mitochondria with NOR through bioorthogonal
strategy.

(a) Mitochondria labeling was realized through bioorthogonal reaction with BCN-
TPP and NOR-Tz. Extracellular is abbreviated as Ex and intracellular is abbreviated
as In. Super-resolution image (b) and convention image (c) of mitochondria in a live

HeLa cell. The acquisition was conducted at 200 Hz. (d) Histogram of localization

uncertainties. () Intensity profiles of mitochondria highlighted with blue lines. (f)

FRC analysis of the super-resolution image (b). (g) Super-resolution image of
mitochondria in an entire live HeLa cell. The acquisition was conducted at 100 Hz.
Scale bars: 2 (c) and 4 pm (g).
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Fig 69. Super-resolution imaging of H2B proteins with NOR through the HaloTag
technology.

(a) Labeling H2B fusion proteins through a two-step approach with NOR-Tz. (b)
Reconstructed image of H2B-Halo fusion proteins in a live HeLa cell. Histogram of
localization uncertainties (c) and FRC analysis (d) of (b). Scale bar: 2 um.
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Fig 70. Background barrier for three-dimensional single-molecule localization

Top panel shows a simulation of single-molecule signals (1000 photons) at different
levels of background (a, 0; b, 300; ¢, 1000; units, photons per frame). Bottom panel
exhibits the surface plots (d, e, f) of the same signals.
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3 g, dan, hem @Nd @ were determined in dichloromethane with 10% trifluoroacetic
acid; pK, was determined from fluorescence titration curves of fluorophore in
PBS solution (contained 30% ethanol);

b bracketed pK, was determined from absorption titration curves;

¢ quoted from ref.28. (spectroscopical characteristics measured in ageous
solution at pH=4.0).
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Fig 71. Design of a rhodamine lysosomal probe surpassing the background barrier.

(a) Molecular principle to cancel the fluorescence of piperazine rhodamines. (b)
Fluorescence spectra of Lyso-Ropa at a series of pH conditions. (c) Comparison on
pH titration curves of two piperazine rhodamines. (d) Summarized spectroscopic
character- statistics of piperazine rhodamines.
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Fig 72. Comparison study on the super-resolution imaging capability between Lyso-
Ropa and Lyso-R.

(a) Comparison of experimental single-molecule signals from Lyso-Ropa and Lyso-R
in no-wash-stained live HeLa cells. Magnification shows typical single-molecule
events, the fit models, and the unused photon residual. Red crosses indicate the
localized position of molecules. The pixel size is 104 nm. Comparison of the (b)
background and (c) localization uncertainties between two fluorophores. Asterisk (*)
labeling marks the counting bias, due to the high backgrounds. The significance was
determined by the two- sample t-test: *P < 0.05; ** P <0.01; *** P <0.001; and ****
P <0.0001. Typical super-resolution reconstructions of lysosomes from (d) Lyso-
Ropa and (e) Lyso-R. The insets show the conventional image (WF) acquired from
the same location.
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Fig 73. Multidimensional single-molecule super-resolution imaging of lysosomes in a
live HeLa cell by no-wash Lyso-Ropa staining.

(a) 3D super-resolution image of lysosomes reconstructed at a temporal resolution of
2 s. Adjacent insets show the cross-sectional views of the highlighted region of
interests (ROIs 1-2). (b) Conventional fluorescent image of the same lysosomes in
(a). Highlighted lysosomes (ROIs 3—6) were magnified (c, e, g, 1) and modeled in 3D
(d, £, h, j) on the basis of Delaunay triangulation. (k) Super-resolution images and (1)
3D models of lysosomal evolvement on the time domain. For all 3D models, the
lengths of axes are utilized as the scale bars: (d, I) 1 um and (f, h, j) 300 nm.
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Fig 74. Super-resolution reconstructions of lysosomes in normal and starved live
HeLa cells.

Reconstructed lysosomes in (a) normal and (b) starved cells. (¢c) Summarized
statistics for lysosomes at two conditions. Comparison on the (d) single-molecule
brightness of Lyso-Ropa, (e) lysosomal volumes, and (f) sphericities in cells at
normal and starvation conditions (number of localizations n > 4.3 x 106; number of
lysosomes n > 2400). The significance was determined by the two-sample t-test: *P <
0.05; ** P<0.01; *** P<0.001; and **** P <0.0001.
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Cell 1-10: Normal red blood cells (310 mOsm/kg)
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Cell 11-15: Red blood cell “ghosts” (143 mOsm/kg)
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Cell 16-20: Stomatocytes (251 mOsm/kg)

Cell 16 alé |b16 di6 e el6 4 5
Al : XS 80 ) D = 0.196 um/s
z aa h16 i16 |R==099
: = % B gglﬂE e g % .F‘
: ¥ iy E 4 06 /
: i / ) : 0.4
4 Y% TR Qi : o
bia 1010 o
0032 01032 1 32 001 0.1 i
time () D (pmi/s)
f .

Cell 17 a17 |b17 el7 - ﬁ'l‘"'

£

107
0.032 01032 1 32
time (s)

b18 el8”

Cell 18

0.01 D (pm¥s) 4 80 -
— oI B = 0.249 yméfs

| g18 h18 i18 |R*=0.3
i g e 0.8
e ,\{EIO‘
. S %o‘e
o100 004
w
= 02
) 102 ol
> 0032 01032 1 32 001

0.1
time (s) D (unvrs)

al8
Cell 19 al9

3wl2

0.01 D (umifs)

0.01 D (umfs)

102
00‘032 01032 1 32
time (s)

122



(B2

Cell 21-25: Echinocytes (381 mOsm/kg)
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Cell 26-30: Echinocytes (466 mOsm/kg)
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Cell 31-35: Red blood cells with Low-_gog}ent level of .c_holestgro_l
f.
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Cell 36-40: Red blood cells with high-content level of cholesterol
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Cell 41-45: Red blood cells after membrane proteins degradation
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Cell 46-50: RBCs incubated with Senicapoc
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Cell 51-55: RBCs incubated with Senicapoc and Pb?* (t = 0-1 h)
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Cell 56-60: RBCs mcubated with Senicapoc and Pb2+ (t=1-2h
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Cell 61-65: RBCs poisoned by Pb?* (t = 0-1 h)
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Cell 66-70: RBCs poisoned by Pb* (t = 1-2 h)
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