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Formaldehyde(FA)

« Strong Electrophile
« Reactive Carbonyl Species

@ Microcephaly

©_ @\ skin Pigmentation/

@ Cafe au Lait Spots

Limb
Abnormalities

Short Stature

Developmental Defects

Dingler F. A.; Patel, K. J. et al. Mol. Cell. 2020, 80, 996-1012



Fndogenous Formaldehyde producing

* N-methyl group demethylase

» Serine hydroxymethyltransferase
(SHMT)

* Dimethylglycine dehydrogenase
» Oxidative demethylation enzymes
* P450 oxidase

« Semicarbazide-sensitive amine
oxidases (SSAOs)

e Lipid oxidation enzymes

Lipskerov, F. A.; Komarova, T. V. et al. Int. J. Mol. Sci. 2022, 23, 6642
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Decomposing

Food, Gut Microbiota, Methylesterase
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Nakamura, J.; Bultman, S. J. et al. Genes Environ, 2020, 42, 21

FA is mainly
decomposed by
ADHb5 & ALDHZ2.



Short Summary

Normal

Demethylase,
Catalase, ADH1,
CYP450, SSAO, ROS,
SHMT, Dehydrogenase

Elevated FA

=

DNA_|/\
Repair| || |

Dingler F. A.; Patel, K. J. et al. Mol. Cell. 2020, 80, 996-1012
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Detection of FA

* Colormetric assays

* HPLC X Lack sensitivity
« GC X Invasive destruction
 Radiometric assays — |oss of spatiotemporal

« Mass spectrometry information

Roth, A.; Chan, J. et al. . Am. Chem. Soc. 2015. 157,10890-10893



- Noninvasive > Fluorescent
» High sensitivity Formaldehyde-Probe




Design of Formaldehyde Probe

 Formimine-based
« Hydrazine-based

« 2-Aza-Cope rearrangement

Huang, S.; Sun, H. et al. Chem. Commun., 2022, 58, 14421453
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Formimine-based Probe

FA
Fluorophore NH, '

ICT or PET
Others

Huang, S.; Sun, H. et al. Chem. Commun., 2022, 58, 14421453

/

Fluorophore —N
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AnB

NH,
o
| :
= Hf" ‘\H
NN B e A
. ‘\B.' s,
I:--" ‘MF Fa

e First Formaldehyde Probe

e Based on theoretical calculations

v FA(37%) methanol at pHS8. (5uM)

Song, H.; Yoon,S. et al. 7etrahedron Lett 2012, 53, 4913-4916,
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Calculation of BODIPY series by using computation method
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« C=N isomerization
v Good selectivity

v In vivo (Bruker In vivo Imaging
System)

BOD-NH, - + + +

e« Reversible N 4 ) - .
. . - = - +
—To detect fluctuations Natiso,

(c) Time-dependent response
cycles of BOD-NH, (5 1 M)
towards FA. FA was added at
the reaction of 10 min in 10 mM
HEPES buffer (pH 7.4, 0.5% Tw
80). 2 h later, the solution was
treated with 500 M NaHSO,.
When fluorescence returned to
the starting levels, another 1
equiv. of FA was added to the
mixture. The redox cycle was
repeated 3 times. (d)
Fluorescence responses of
BOD-NH, (5 ¢M) to bio-
relevant RCS, amino acids, and
other relevant biological species.
The bars represented relative
responses at 515 nm of BOD-
NHj to the analytes: 1, blank; 2,
FA (500 uM); 3, FA (500 M)
then 250 1M NaHSO4; 4, FA
(500 M) then 500 uM
NaHSO5; 5, acetaldehyde (50

1 M); 6, methylglyoxal (50
uM); 7, glyoxal (50 pM); 8,
benzaldehyde (50 1 M); 9,
pyridoxal (50 1 M): 10, 4-nitro-
benzaldehyde (50 uM); 11,
sodium pyruvate (5 mM); 12,
alanine (400 1 M): 13, glycine
(5 mM); 14, serine (5 mM); 15,
arginine (5 mM); 16, cysteine (5
mM); 17, glutathione (5 mM);
18, glucose (1 mM); 19,
hydrogen peroxide (100 u M);
20, hydrogen sulfide (100 1 M);
21, methane acid (100 u M);
and 22, dehydroascorbate (100
1 M). All the above data were
recorded in 10 mM HEPES
buffer (10 mM, pH 7.4) at

37° Cfor2h. A, =495

nm, A, =515 nm. The data
are shown as mean (%s.d.)
(n="7).

Fluorescence image of FA level changes in the peritoneal cavity of BALB/c mice. (a) Group a was injected in thei.p. cavity with FA (500 pM, 50 pLin 1:9

DMSO/saline, v/v) for 1 h as the control. (b) Group b was injected in the i.p. cavity with BOD-NH, (50 uM, 50 pL in 1:9 DMSO/saline, v/v) for 1 h. (c) Group c was
injected in the i.p. cavity with FA (500 uM, 50 pL in 1:9 DMSO/saline, v/v) for 1 h and then injected i.p. with BOD-NH, (50 pM, 50 pL in 1:9 DMSO/saline, v/v) for
another 1 h. (d) Group d was pretreated as described in group c, but given NaHSO, (500 uM, 100 pL in 1:9 DMSO/saline, v/v) for one more hour.

Song, X.; Lv, C. et al. Analyst, 2018, 143, 429-439

13



AlE-FA

E 25004 ()

2 Selectivity of AIE-FA toward different
® 20001 relevant species in PBS, supplemented
8 with 10% DMSO: (1) CH5CHO (5 pM),
E 1500+ (2) CHOCHO (5 pM), (3) CH,COCHO

2 1000. (15 pM), (4) H,0, (100 pM), (5)

o cysteine (1.0 mM), (6) glutathione (10
% sl mM), (7) NaCl (100 mM), (8) KCI (50

S mM), (9) NaHSO; (200 uM), and (10)
g ol FA (15 uM).

12 3 45 6 7 8 910
Wavelength / nm

« Aggregation-Induced Emission

v Fast response
v Great selectivity

/APH sensitivity

Chen, W.; Jiang, J. et al. ACS Omega, 2018, 3, 14417-14422
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(a) Fluorescence intensity at 530 nm for AIE-FA (10 pM) with or without FA (10 uM) in buffers with different pH values (pH 4.0, 5.0,

6.0,6.4,6.8,7.2,7.6,8.0, and 9.0), supplemented with 10% DMSO. (b) Real-time fluorescence responses of AIE-FA (10 pM) to

different concentrations of FA (0, 0.5, 5.0, and 15 pM).
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Hydrazine-based Probe

NH2 FA
Fluorophore NH

PET

« Higher Stability

Huang, S.; Sun, H. et al. Chem. Commun., 2022, 58, 1442-1453

N—
/
Fluorophore —NH
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Na-+A

(A)4350- (B)3500- 0 kn'u 0 5 0 l\rle 0
=y 2800 M
Ty : H™ "H
c 900- 0 —_—
~A\0) 1
= 00- _ HN HN, 2
_. 450 ) R *NH; N
. 0+ ; N Na-FA
450 500 550 600 650 700 450 500 550 600 650 700
Wavelength/nm Wavelength/nm e ? P hoton
The fluorescence response of the probe Na-FA (5 pm) to FA at varied concentrations in PBS \/ Fa St on Set

buffer (pH 7.4, 1 % DMSO). A,=440 nm. A) Spectra were recorded immediately upon treatment
of the probe with FA (0-2000 pwm); B) Spectra were recorded after treatment of the probe with FA

(0-100 pm) followed by a 30 min incubation period. \/ La rge tu r‘n_on Slgnal
v low detection limit

—For tracking of endogenous
FA in living cells

Tang, Y.; Lin, W. et al. Angew. Chem., Int. Ed., 2016, 55, 3356¢C



Short Summary

v High real-time resolution
v High Spatial resolution
—Qualitive

/\ Stability (Formimine-based Probe)
/\ Low selectivity (Hydrazine-based Probe)

—OQuantitative

X pH sensitivity

17



/2-Aza-Cope Rearrangement-based probe

Fluorophore X o Fluorophore

| -

o}
TN N
| Fluorophore
|: Fluorophore 0/\_/‘\)' =S D/\)g‘ ; O’QLH

HoNTTM Y

o Stability
« High Selectivity

—Quantification

Huang, S.; Sun, H. et al. Chem. Commun., 2022, 58, 1442-1453
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NH HJLH
& ol
N =

HO,C = 6 }
3 o

0

1 2 3 4 5 6 7 8 9 10 11 12 13

+ Spirocycl ‘based
I ro C C I Z at I O n a S e Legend: (1) PBS; (2) FA; (3) acetaldehyde; (4) 4-hydroxynonenal; (5)
dehydroascorbate; (6) glucose, 1 mM; (7) glucosone; (8) oxaloacetate;
(9) pyruvate; (10) H,0,; (11) glutathione, 5 mM; (12) methylglyoxal; (13)
methylglyoxal, 10 pM.
C

b

a

v Good Selectivity
v In Cell

0 200 500 1000
[FA]/um

Brewer, T. F.; Chang, C. J. et al. J. Am. Chem. Soc. 2015. 137,10886-10889 19



Normalized Fluores cence Intensity

2 0.0 T T T — . ;
Non-fiuorescent Highly Fluorescent 840 660 680 700 720 740 és"\ & oow-‘* _?3 & & & O &
Wav elength (nm) o \f 54 & .{9} oY
4 ‘*,s

1 (a) Fluorescence response of 1 uM FP1 to 0.25 mM FA in PBS buffer (pH 7.4) at 37° C. FP1 was
® 4 - N I t r O b e n Z y | fo r d - P e T excited at 633 nm, and the emission was collected between 640 and 750 nm. Time points are 0, 15,
30, 45, 60, 75, 90, 105, 120, 150, and 180 min. (b) Fluorescence response of 1 uM FP1 to

biologically relevant aldehydes, reactive sulfur species, and hydrogen peroxide. Bars represent
normalized fold changes in response to treatment with each analyte listed at 1 mM for 3 h.

a b

N Sensitivity
N Selectivity
tability

In Cell

Confocal microscopy
images acquired by
irradiation of HEK293TN
cells treated with (a) a
DMEM vehicle control,
(b) 1, (c) 2.5,and (d) 5
mM FAfor3hat37° C
with the 633 nm HeNe
laser. Scale bar
represents 20 pm.

X Long incubation time

Roth, A.: Chan, J. et al. .. Am. Chem. Soc. 2015. 137 10890-10893 20



A Trigger

« Caged

e Self immolative

v Selectivity

—Apply to multiple types

of platforms

Brewer, T. F.; Chang, C. J. et al. /. Am. Chem. Soc. 2017, 139, 5338-5350

Caged OFF
fluorophore

FAP385
hex =385 nm/ A, =498 nm

FAP555

hex =555 nm /[ A, =572 nm

L
S
R 0 N" T CF

FAP498
Aex =498 nm /., =515 nm

FAP573
Aex =573 nm /[ A,, = 585 nm
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hv,, hv,
n
2’2_‘ R MR | j\ R HN?Z |
=2 H™ "H SN 2-aza-Cope
R R R R

N 0" "0 N 0”0 N

RFAP platform -

A, =420 nm

« Ratiometric imaging

v Selectivity
v Time-dependent
v Concentration-dependent

hv,, hv__ Ratiometric Readout
X ] 7z !
R g 5y
=
oY R 5 N 0o : 2
HZN? E
400 450 500

excitation % / nm

Rel. Ex. Ratio

1 2 3 4 5 6 7 8 9 10 11 12

(1) PBS; (2) FA; (3) acetaldehyde; (4) pyruvate; (5) glucose, 1 mM; (6) 4-HNE; (7) dehydroascorbate;
(8) oxaloacetate; (9) glucosone; (10) acrolein; (11) methylglyoxal; (12) methylglyoxal, 10 uM.

Brewer, T. F.; Chang, C. J. et al. Chemi. Sci. 2017, 8, 4073-4081
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Ratiometric imaging

Q

Rel. Emission Intensity

N
o

o
oo
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lex / nnlﬂ

hv,, hv,.,
2'2‘ RoONHy | R
X BN
KR
N 0" 0 N 0”0

RFAP platform
*,, =420 nm

Brewer, T. F.; Chang, C. J. et al. Chemi. Sci. 2017, 8, 4073-4081

Rel. Ex. Ratio

FA response and selectivity of RFAP-
1. Data were acquired at 37° Cin
20 mM PBS (pH 7.4). Excitation
spectra were collected between 400
and 500 nm with emission
monitored at &, =510 nm. (a)
Excitation ratiometric response of
10 uM RFAP-1 to 100 uM FA.
Excitation spectra are shown at 0,
30, 60, 90, and 120 min (red, yellow,
green, blue, and purple traces,
respectively) after addition of FA. (b)
Quantification of 470/420 nm
excitation ratio over time.

0 1 1 | 1
0 30 60 90 120
time / min
_ Emission Intensity (4,,470)
Ex. Ratio =

Emission Intensity (4,,420)
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Ratiometric imaging

e Correlate with the concentration of FA

b

max

0 25 50 100 200
[FA] / uM

Representative ratiometric confocal microscopy images of FA detection in live HEK293T cells loaded with 10 uM RFAP-1. Images were taken 60 min after the addition of (a)
vehicle, (b) 25 uM FA, (c) 50 uM FA, (d) 100 uM FA, and (e) 200 uM FA. (f-j) Bright-field images of the cells in (a-e). Scale bar represents 40 um in all images. (k) Mean 488/405
excitation ratios of the HEK293T cells treated with varying concentrations of FA for 60 min relative to the mean 488/405 excitation ratios before FA addition; error bars denote
SEM, n=5.***P<0.001.

Brewer, T. F.; Chang, C. ). et al. Chemi. Sci. 2017, 8 4073-4081 24



RFEAP

R=0OH or i#L

(RFAP-1)

Brewer, T. F.; Chang, C. J. et al. Chemi. Sci. 2017, & 4073-4081

H/\/O\/\O/\N\/CI
(RFAP-2)

25



Retention

‘ RFAP-1 i RFAP-2

5 7
; ek , s L | e |
4 |
e ok ok 5 B
R ! 4l |
« o RFAP-2 showed
L'Cz | 1 3 F .
, | better cellular retention.
1 }
1 -
0 0
0 25 50 100 200 0 50 100 200
[FA] / uM [FA] / uM

(k) Mean 488/405 excitation ratios of the HEK293T cells treated with varying concentrations of FA with 10 uM RFAP-1 for 60 min
relative to the mean 488/405 excitation ratios before FA addition; error bars denote SEM, n=5. ***P <0.001
(i) Mean 488/405 excitation ratios of the HEK293T cells treated with varying concentrations of FA with 10 uM RFAP-2 for 60 min
relative to the mean 488/405 excitation ratios before FA addition; error bars denote SEM, n=4. ***P <0.001.

Brewer, T. F.; Chang, C.J. et al. Chemi. Sci. 2017, 8 4073-4081 26



Staining

405 nm ex. 488 nm ex. Brightfield

RFAP-1

RFAP-2

RFAP-1 displays punctate staining in HEK293T cells. HEK293T cells were treated with 10 uM RFAP-1 or
RFAP-2 in BSS for 30 min at 37 ° C, washed with fresh BSS, then imaged. Scale bar represents 20 um.

Brewer, T. F.; Chang, C. J. et al. Chemi. Sci. 2017, 8, 4073-4081

RFAP-2 showed
better cellular staining.

27



Using RFAP-2 to detect cells FA level

- [FA]endogenous =25%19 I'lM

_§ 4= no exogenous FA added

0 100 200
[FA]/ uM

Calibration curve for [FA] in cells using RFAP-2. Intracellular [FA] was assumed to be equivalent to exogenous [FA] (except in case
of no exogenous FA) to construct calibration curve. Leastsquares fit was extrapolated to observed R/RO for [FA]lexogenous = 0 u M
to give predicted [FA]lendogenous = 25 £ 19 u M, where = 19 1M is the 95% confidence interval.

R/R,
O = N W B U1 O

Brewer, T. F.; Chang, C. J. et al. Chemi. Sci. 2017, & 4073-4081
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Application

RFAP-1 imaging

09} /%

Excitation ratio
o
(o]
\
\
!
\
—O0—
\

@
B
r

\
\

0.6

0 25 50 75 100 125
Formaldehyde (uM)
Standard addition curve of FA in HepG2 by RFAP-1

fluorescent probe. Error bars represent the SD (n = 4) of

technical cell replicates for each concentration.

Con.[FA]=49+10uM

A Identifying FA-sensitive cysteines

( 2.3 5
s MATIA Ratio >3
®FA : FA-reactive
o=t Peptides
0 Cys120 SrOH

@D || ] v

FA modifies MATIA m/z FA inhibits MAT1A

C Epigenetic changes through FA overload

Adh5~~vs.WT [+ .
FA A \S/D 8 :
| g™
Hypo- and
GA hypermethylation

CpG methylation W

~22200 Ll fpATEA] —~ (ATIE) A

B FA lowers downstream methylation sites

D FA-SAM form a one-carbon feedback cycle

0 FA
iA —> SAM V¥
H”  H

Expression A

N/

Compensatory
regulation

* FA regulates S-adenosylmethionine biosynthesis by react with MAT1A.

Pham, V. N.; Chang, C. J. et al. Science, 2023, 352, 3 Nov. 2023.
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Short Summary

v Good Stability
v Good Selectivity
—Quantitative

X Long time to detect

2-Aza-Cope Rearrangement-based Probe

30
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Summary

2-aza-Cope
I e

Spatial PAQAQAe YAQA@ ke i’\d\d\(
Time YAQA @RS PAQA @A
Sensitivity YAQAGAS PAQAG A i’??’h’?
Selectivity Y@K PAQAS PAQAQAe
Stability pAS YAQ ke PAQA @A
Con. dependent YAY YAY PAQAQAe

Application Qualitative Qualitative  Quantitative



Thanks for your attention, and

Please feel free to ask
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A is mainly decomposed by ALDH? & ADHb

P<0.0001
60 1
P<0.0001 Serum levels of formaldehyde (n = 43, 20,
’E" [ | 51, 4, left to right). Boxes with lines
= P<0.0001 indicate quartiles and median, and Tukey
o 407 |_| o whiskers extend to 1.5 interquartile
g ranges. Two-tailed Mann-Whitney U test.
5 i
ke
E T
[ ]
5 207
LC ®
L=C

Dingler F. A.; Patel, K. J. et al. Mol. Cell. 2020, 80, 996-1012



Detection limit of AIE-FA

Ezsoo- (b) ) g
> . ; u
"t 2000 - . ” . . .
S o Ziom) 3 FA concentration was obtained in
£15001 2., e the range of 100 nM to 1 pM with a
1000 = ™ detection limit estimated to be 40
3 | ™ § 600 nM ”
 s00{ * fwo '
o ] = . 02 04 06 08 10
Y ... .

0 2 4 6 8 10 12 14 16

[FA] uM

Fluorescence intensity at 530 nm as a function of FA concentrations and linear
fit between the fluorescence intensity and the concentration of FA (inset).

Chen, W.; Jiang, J. et al. ACS Omega, 2018, 3, 14417-14422



Na-FA liver tissue

0 pm

10 pm

10 pm

10 pm

20 pm

20 pm

20 pm

30 pm

30 pm

30 pm

40 pm

40 pm

40 pm

S0 pm

S0 pm

S50 pm

60 pm

60 pm

60 pm

Two-photon fluorescence
imaging of endogenous
FA in liver slides.

A) Fluorescence images of
liver slides.

B) Fluorescence images of
liver slides incubated with
the inhibitor NaHSO; for
30 min, and then with the
probe (10 pm) for another
1 h. C) Fluorescence
images of liver slides
incubated with probe

(10 pm) for 1 h. Excitation
was at 880 nm by
femtosecond laser, and
the emission collection
was from 500-550 nm.
Scale bar: 50 pm. Labels
from 0-60 pm indicate
scanning depths of the
tissue slices.




FA Trigger's selectivity

(a)

Intensity

Rel. Emission

(b

Intensity

Rel. Emission
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Brewer, T. F.; Chang, C. J. et al. /. Am. Chem. Soc. 2017, 139, 5338-5350

Fluorescence responses and selectivities of FA
probes. (a—c) Fluorescence responses of 10 yM

(a) FAP38S5, (b) FAP498, (c) FAP555, or (d) FAP573 to
100 uM FA. Data were acquired in 20 mM PBS (pH
7.4) at 37 ° C. Emission was collected between (a)
450-535 nm (A, = 385 nm), (b) 505-645 nm (A, =
498 nm), (c) 560-625 nm (A, = 555 nm) or (d) 578-
650 nm (A, = 573 nm). Lines represent time points
taken at 0 (lightest gray), 30 (light gray), 60 (gray), 90
(dark gray), and 120 min (colored) after addition of
100 uM FA. (e—h) Fluorescence responses of 10 yM
probe to RCS or relevant biological analyte. Bars
represent emission intensity responses to 100 yM
analyte unless otherwise stated for 0 (lightest gray),
30 (light gray), 60 (gray), 90 (dark gray), and 120
(darkest gray) min, except FA, which is shown in
colored bars. Analytes were prepared as stated in the
Selectivity Tests section of the SI. Legend: (1) PBS, (2)
FA, (3) acetaldehyde, (4) glucose (1 mM), (5) 4-
hydroxynonenal, (6) dehydroascorbate, (7) glucosone,
(8) pyruvate, (9) oxaloacetate, (10) acrolein, (11)
methylglyoxal, (12) H,0,, (13) glutathione (5 mM).
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o
o 3 L
2 L
1 _ .
0
0 50 100 200
[FA] / UM

Representative ratiometric confocal microscopy images of FA detection in live HEK293T loaded with 10 uM RFAP-2. Images were taken 60 min after the
addition of (a) vehicle, (b) 50 uM FA, (c) 100 uM, and (d) 200 puM FA. (e-h) Bright-field images of the cells in (a-d). Scale bar represents 40 um in all images.
(k) Mean 488/405 excitation ratios of the HEK293T cells treated with varying concentrations of FA for 60 min relative to the mean 488/405 excitation ratios
before FA addition; error bars denote SEM, n=4. ***P < 0.001.

Brewer, T. F.; Chang, C.J. et al. Chemi. Sci. 2017, 8 4073-4081 39



SAM

« S-adenosylmethionine
« Key methyl donor

NH,

L-methionineMAT1A ¢ 1} Methylation <’: )
— > | NN N
J\/\/S@ - > )I\./\/S
ATP T k% T °
OH OH OH OH
SAM SAH
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