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Abstract

A series of BODIPY-based fluorescent probes incatwog different kinds of
hydrophilic groups were synthesized for the detectof biothiols (GSH as a
representative target), naméypP (control), BDP-OH (acidic), BDP-OEG (neutral
and hydrophilic) andBDP-QA (cationic). The incorporation of nitroolefin unit
(-CH=CH-NG,) to the BODIPY core enabled the OFF-ON fluoresqanatbes. The
results indicated that the absorption and fluoneseeemission spectra of the probes
were essentially not affected by the hydrophiliougrs attached on thgara position
of the meso phenyl group. The reaction rate constants werectdtl by the
hydrophilicity of probes. It was highly worth nogirthat the cationi@DP-QA had
the fastest response toward biothiols owing to blest water solubility and the
possible formation of ion pairs with thiolate (R-SThermodynamics illustrated that
the reactions of probes with GSH all had negatinthapy changes and negative
entropy changes. Moreov@DP-QA had the highest affinity toward GSK € 2.54
x 10" M) and the smallest LOD value (18R which benefited from its best water
solubility. This work has primarily elucidated tkeéects of hydrophilic groups from
the kinetic and thermodynamic perspectives. It vplomote better design of

fluorescent probes with fast response and highisffi

Key words: fluorescent probe; water solubility; hydrophilic ogp; Kkinetics;

thermodynamics



1. Introduction

Biothiols, including cysteine (Cys, 30 ~ 2(0M), homocysteine (Hcy, 5 ~ M)
and glutathione (GSH;glutamyl-cysteinyl-glycin, 1 ~ 10 mM), play crutiales for
the maintenance of cellular redox status and healfierations of life systems [1-4].
GSH, the most abundant biothiol and a non-protawl tn living cells, is regarded as
a detoxifying antioxidant that protects cells agaidamage caused by harmful heavy
metals, peroxides and free radicals and so orfg]it is highly necessary to monitor
and detect GSH level in living cells and tissuesthle past few decades, there were
many methods to detect biothiols, such as eleotrootal detection [6], high
performance liquid chromatography (HPLC) [7], etespray ionization mass
spectrometry [8] and so on. Although these methmmdd realize the detection of
biothiols, they have suffered from some drawbasksh as complicated preparations
and operations, expensive testing facilities argdricged applications in living cells
[9]. It was worth noting that fluorescent probesated growing interest owing to
their excellent properties, such as simple opanatmw detection limit, applicability
in living cells and tissuesegtc [10-13]. Over the last decades, researchers have
exploited plentiful fluorescent probes based onfed#nt fluorophores, such as
rhodamine  [14-16], coumarin  [17-20], cyanine [21,22 BODIPY
(boron-dipyrromethene) derivatives [23-28). Among them, BODIPY fluorophores
have advantages such as facile syntheses, striuctusatility, tunable spectroscopic
properties and high quantum yields [29]. Thuss & igood choice for BODIPY probes
to detect and monitor thiols in cells and tissues.

However, BODIPY fluorophores have some drawbacky: qoor water solubility
[30], (L)) slow response [28,31], and) intense fluorescent background [31]. These
problems seriously impeded the applications of rfgoent probes in living cells.
Therefore, many researchers have made an enormniousen of achievements in the
past decades. To resolve the water solubility obes, researchers have employed
many methods including introduction of ionic hydndjc groups (anionic [32,33] and

cationic [34,35]), neutral hydrophilic groups (petlrylene ethanol or polyether chain)
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[36-39], water-soluble polypeptide [40-42], sacdthes [43], amine [44] and
amphiphilic groups [45]etc. These methods improved water solubility of prohed
raised dispersion coefficients of probes by int@dg hydrophilic groups. So the
collision probability of reactant molecules woutttiease and the response could be
faster according to collision theory. Though thaskievements have been made, it is
still unclear how the different hydrophilic groupaffect the efficacies of
BODIPY-based fluorescent probes. To address thallesige, we focused on the
effects of hydrophilic groups on the reaction kiceand thermodynamics. Obviously,
we did not mean to develop an excellent fluorespeabe with high sensitivity and
selectivity in this work. However, this mechanistady could promote better design
of fluorescent probes with fast response and hiiyits.

Because sulfydryl group (-SH) has strong nucledgityl and coordination
capability, many sensing mechanisms have been igqblto detect the biothiols,
including cleavage of sulphonamide [46,47], sultersster [48], Se-N bond cleavage
[49], aryl substitution reactions [3], disulfide fmb cleavage and cyclization [50,51],
and Michael additions [52,53]. Many strategies hasmployed the Michael
addition-based thiol sensing protocols [54-58].tlhis work, the incorporation of
nitroolefin unit (-CH=CH-NQ) to the parent BODIPY dye would introduce a strong
Micheal acceptor (Scheme 1), which would be highlysceptible to sulfhydryl
nucleophiles [59,60]. Besides, the nitroolefin uran improve the response rates of
probes toward biothiols. When biothiols were redctath nitroolefin by Michael
addition, the photo-induced electron transfer (P&1J intramolecular charge transfer
(ICT) were blocked and thereby the fluorescencerobes was switched on [31]. The
effects of different hydrophilic groups (the R gpom Scheme 1) were investigated on
the sensing efficacies fan vitro biothiols from the kinetic and thermodynamic
perspectives. Since we had already demonstrated fltlogescent imaging of
intracellular biothiols with probes of similar sttures in our previous work [28,31],

we were convinced these probes can be appliedlimzgging as well.



R Hydrophilic group

BDP: R=H
BDP-OEG: R = O(CH20H20)30H3

NO, BDP-OH:R=0OH

®
BDP-QA: R = N(CHj);

Scheme 1. The structures of the BODIPY-based fluorescenbgso The R group is
modified for water solubility. The nitroolefin untCH=CH-NG,) is designed for

sensing biothiols.

2. Experimental

2.1 Apparatus and reagents

The NMR spectra were measured in appropriate deetérsolvents on a Bruker
AVANCE IIl HD 400 MHz spectrometer, using tetramggilane (TMS) as the
internal standard. The electrospray ionization nspestra (ESI-MS) were measured
on an Agilent Q-TOF high resolution liquid chromgitaphy mass spectrometer. The
fluorescence spectra were measured by a LS-55 eflaence spectrometer
(PerkinElmer). Absolute quantum yields were detasdiby a FLS1000 fluorescence
spectrometer with an integrating sphere (Edinbuliggtruments). The absorption
spectra were measured by an Agilent Cary 100 UV-\dsuble-beam
spectrophotometer. All reagents and chemicals, senlstated otherwise, were
purchased from commercial suppliers and used withather purification. Solvents
were dried and distilled by drying agents underirsgrt atmosphere prior to use.
Twice-distilled water was used throughout all expents. The stock solution of
probes was prepared at 1 mM in dimethylsulfoxid®@D). Testing solutions were
prepared in 4-(2-hydroxyethyl)-1-piperazineethatfesic acid (HEPES) buffer
solution (20 mM, pH = 7.4).

2.2 Syntheses of probes



O\

3a:R=H (BDP) 3b: R = O(CH,CH,0)3CH; (BDP-OEG) 3c: R = OH (BDP-OH) 3d: R = N(CH3), (precursor of BDP-QA)

Scheme 2. Synthetic routes forBDP, BDP-OEG, BDP-OH and 3d. (i) 2,
4-dimethyl-1H-pyrrole, TFA, DDQ, EN, BFR.OEt, DCM; (ii) phosphorus
oxychloride, DMF, DCE, 627; (iii) piperidine, acetic acid glacial, GNO,, toluene.

2.2.1 Synthesisof 1la

Trifluoroacetic acid (TFA) (15@L) was added to a solution of benzaldehyde (425
mg, 4 mmol) and 2,4-dimethylpyrrole (82L, 8 mmol) in 100 mL dichloromethane
(DCM) under argon atmosphere. The reaction mixtwas stirred at room
temperature for 5 h. Then 2,3-dichloro-5,6-dicydné-benzoquinone (DDQ) (0.908
g, 4 mmol) was added to the mixture and stirredLiomin. Triethylamine (EN) (6.4
mL) was added dropwise to the reaction mixture atded for 15 min. Finally,
BF;.OEb (7.0 mL) was added dropwise to the reaction metdrhe mixture was
stirred at room temperature for 12 h. The resulsalytion was extracted with water
(2 x 200mL). The organic phase was dried over arduglNaSO,. After removing
the solvent in vacuum, the residue was purifiedlagh column chromatography on
silica gel using DCM as the elueriia was obtained as a red solid (400 mg, yield:
31 %).'H NMR (400 MHz, CDCJ): 6 = 7.48 (t, 3H,) = 4.0 Hz), 7.29 - 7.26 (m, 2H),
5.98 (s, 2H), 2.56 (s, 6H), 1.37 (s, 6HC NMR (100 MHz, CDGJ) § = 155.44,
143.19, 141.75, 135.01, 131.45, 129.17, 128.96,9627121.22, 14.67, 14.65, 14.62,
14.40. ESI-MSnvz calcd for GgH1gBFoN, [M + H] *: 325.1682; found 325.1685.

2.2.2 Synthesis of 2a

The N,N-dimethylformamide (DMF) (3.0 mL) was stirred withe bath under
argon. The POGI(3.0 mL) was dropwise added into the DMF and etifior 10 min.
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Then the mixture was stirred at room temperaturé8@omin. Thenla (200 mg, 0.62
mmol) dissolved in 1,2-dichloroethane (DCE) (30 nwas added dropwise in the
mixture. The resulting mixture was stirred at6Zor 3 h. The reaction solution was
cooled to room temperature and slowly dropped sattoirated NaHC@solution (150
mL) with an iced bath. Then the mixture was stirfed 30 min and washed with
water (100 mL). The combined organic phase wagidrer anhydrous N8O, and
evaporated in vacuum. The residue was furtheripdrikith column chromatography
(CH.Cly/petroleum = 25 :1) to gaiPa as a red solid (160 mg, yield: 73 %)} NMR
(400 MHz, CDC}): § = 10.00 (s, 1H), 7.54 - 7.52 (t, 3B= 4.0 Hz), 7.29 - 7.26 (m,
2H), 6.15 (s, 1H), 2.82 (s, 3H), 2.62 (s, 3H), 1(653H), 1.42 (s, 3H)*C NMR (100
MHz, CDCk): ¢ = 186.00, 161.69, 156.54, 147.35, 143.59, 142182,96, 134.17,
129.59, 129.53, 127.71, 126.32, 124.06, 15.16,01413.08, 11.61. ESI-MSm/z
calcd for GoH19BF2N,O [M + H] *: 353.1631; found 353.1626.

2.2.3 Synthesis of 3a (BDP)

2a (170 mg, 0.49 mmol) was dissolved in toluene uradgon. Then nitromethane
(262 pL, 4.9 mmol), piperidine (30QL) and glacial acid (30QuL) were added
successively into the mixture. The mixture wasetirunder reflux for 2 h. Then the
reaction mixture was cooled to room temperaturenTthe solvent was removed in
vacuum. The crude product was purified by columnrogtatography
(CH.Cly/petroleum = 1:1) to gaifa (BDP) as a red solid (67 mg, yield: 35 %
NMR (400 MHz, CDCJ): 6 = 8.03 (d, 1H, = 12.0 Hz), 7.54 (t, 3H] = 4.0 Hz), 7.34
(d, 1H,J = 12.0 Hz), 7.30 - 7.26 (m, 2H), 6.15 (s, 1H),12(8, 3H), 2.61 (s, 3H), 1.47
(s, 3H), 1.42 (s, 3H)**C NMR (100 MHz, CDCJ): § = 161.55, 154.19, 147.37,
142.72, 140.41, 134.58, 134.16, 130.92, 129.67,5629127.82, 124.05, 120.08,
15.15, 14.95, 13.98, 12.84. ESI-M&vz calcd for GiH,0BF:Nz0, [M + H]™:
396.1689; found 396.1702.

Compoundslb, 2b and3b (BDP-OEG) were synthesized in the same waydas
2a and3a (BDP).

2.2.4 Synthesisof 1b



1b was gained as an orange yellow solid (225 mgdyigR %).'H NMR (400
MHz, CDCh): 6 = 7.15 (d, 2H, = 12.0 Hz), 7.01 (d, 2H] = 8.0 Hz), 5.96 (s, 2H),
4.18 (t, 2H,J = 6.0 Hz), 3.90 (t, 2HJ = 4.0 Hz), 3.78 - 3.76 (m, 2H), 3.72 - 3.70 (m,
2H), 3.68 - 3.66 (M, 2H), 3.57 - 3.55 (m, 2H), 3(883H), 2.54 (s, 6H), 1.41 (s, 6H).
3C NMR (100 MHz, CDGJ): § = 159.35, 155.25, 143.20, 141.83, 131.84, 129.15,
127.20, 121.11, 115.19, 71.95, 70.90, 70.69, 70682/6, 67.48, 59.12, 14.65;
ESI-MS:m/z calcd for GeHz3BF2N,04 [M + H] *: 487.2574; found 487.2589.

2.2.5 Synthesis of 2b

2b was gained as a yellow solid (95 mg, vyield: 58 ¥)NMR (400 MHz, CDCJ):

5=9.99 (s, 1H), 7.14 (d, 2H,= 8.0 Hz), 7.04 (d, 2H] = 8.0 Hz), 6.13 (s, 1H), 4.19
(t, 2H,J = 6.0 Hz), 3.90 (t, 2HJ = 6.0 Hz), 3.78 - 3.75 (m, 2H), 3.71 - 3.67 (m,)2H
3.66 - 3.65 (m, 2H), 3.57 - 3.55 (m, 2H), 3.3731), 2.80 (s, 3H), 2.59 (s, 3H), 1.69
(s, 3H), 1.46 (s, 3H)**C NMR (100 MHz, CDCJ): § = 184.97, 165.65, 160.41,
158.73, 155.31, 146.35, 142.69, 141.85, 133.45,1829127.92, 125.20, 122.90,
114.48, 70.89, 69.86, 69.63, 69.56, 68.65, 66.8106 14.13, 13.05, 12.01, 10.80;
ESI-MS:mVz calcd for G/H33BFN2Os [M + H] *: 515.2523; found 515.2537.

2.2.6 Synthesis of 3b (BDP-OEG)

3b (BDP-OEG) was gained a yellow solid (25 mg, yield: 25 %Y. NMR (400
MHz, CDCk): 6 = 8.01 (d, 1H,J = 16.0 Hz), 7.33 (d, 1Hl = 12 Hz), 7.14 (d, 2H] =
8.0 Hz), 7.05 (d, 2HJ = 8.0 Hz), 6.13 (s, 1H), 4.19(t, 2B= 4.0 Hz), 3.91 (t, 2H] =
4.0 Hz), 3.77 (t, 2H, J = 4 Hz), 3.71 - 3.69 (M,)2Bl67 - 3.65 (M, 2H), 3.57 - 3.55
(m, 2H), 3.38 (s, 3H), 2.68 (s, 3H), 2.58 (s, 3HB1 (s, 3H), 1.45 (s, 3HI’C NMR
(100 MHz, CDCY): ¢ = 161.35, 159.83, 154.03, 147.44, 142.86, 140133.46,
134.24, 131.11, 130.99, 129.20, 129.09, 126.20,962319.99, 115.70, 115.56, 71.93,
70.90, 70.66, 70.59, 69.89, 67.56, 59.10, 15.23111513.94, 13.06; ESI-MSn/z
calcd for GgH34BFoN3Og [M + H] *: 558.2581; found 558.2594.

Compound3c (BDP-OH) was synthesized according to the previous liteeat31].

2.2.7 Synthesis of 3c (BDP-OH)



3c (BDP-OH) was gained as a dark red solid (45 mg, yield¥@4vith step iii in
Scheme 2)'H NMR (400 MHz, CDCJ): 6 = 8.05 (d, 1H,) = 16.0 Hz), 7.36 (d, 1H]
= 16.0 Hz), 7.13 (d, 2H] = 8.0 Hz), 7.02 (d, 2H] = 8.0 Hz), 6.16 (s, 1H), 2.71 (s,
3H), 2.62 (s, 3H), 1.51 (s, 3H), 1.26 (s, 3HC NMR (100 MHz, CDCJ): § = 160.35,
156.04, 153.04, 146.39, 141.84, 139.33, 133.39,2B33133.23, 130.07, 128.26,
124.98, 122.96, 122.94, 118.95, 118.93, 115.52,714.4.09, 12.91, 12.01; ESI-MS:
m/z calcd for GiH20BF2N3O3 [M - H] 1 410.1493; found 410.1498.

Compounddd, 2d and3d were synthesized in same wayslas2a and3a (BDP).

2.2.8 Synthesisof 1d

1d was gained as a red solid (300 mg, yield: 21'#4)NMR (400 MHz, CDCJ): 6
=7.06 (d, 2H,J = 12.0 Hz), 6.77 (d, 2H] = 12.0 Hz), 5.97 (s, 2H), 3.02 (s, 6H), 2.55
(s, 6H), 1.48 (s, 6H)*C NMR (100 MHz, CDGJ): § =154.73, 150.66, 143.29,
143.24, 132.21, 128.74, 122.16, 120.86, 112.3874A4.75; ESI-MSnvz calcd for
Co1H24BF,N3 [M + H] *: 368.2104; found 368.2114.

2.2.9 Synthesis of 2d

2d was gained as a black solid (135 mg, yield: 61'%NMR (400 MHz, CDCJ):
§ = 10.01 (s, 1H), 7.05 (d, 2H,= 12.0 Hz), 6.79 (d, 2H] = 8.0 Hz), 6.13 (s, 1H),
3.04 (s, 6H), 2.82 (s, 3H), 2.60 (s, 3H),1.77 (4),8.54 (s, 3H)**C NMR (100 MHz,
CDCl3): 0 = 186.11, 160.71, 156.03, 156.01, 150.97, 147.46,28B, 142.95,128.63,
123.60, 123.58, 123.55, 120.99, 112.38, 112.31304015.32, 15.09, 13.03, 13.05,
12.00; ESI-MSm/z calcd for GoH24BFN3O [M + H] *: 396.2053; found 396.2065.

2.2.10 Synthesis of 3d

3d was gained as a dark red solid (74 mg, yield: 52 % NMR (400 MHz,
CDCl): 6 = 8.05 (d, 1H,) = 12.0 Hz), 7.36 (d, 1H] = 12.0 Hz), 7.05 (d, 2Hl = 8.0
Hz), 6.80 (d, 2HJ = 8.0 Hz), 6.14 (s, 1H), 3.05 (s, 6H), 2.70 (s),3H60 (s, 3H),
1.69 (s, 3H), 1.54 (s, 3H3*C NMR (100 MHz, CDGJ): 6 = 160.68, 153.79, 150.95,
147.52, 144.34, 140.44, 134.24, 131.61, 131.28,8028123.66, 121.02, 119.89,
119.87, 119.83, 112.44, 40.35, 15.39, 15.09, 1318728; ESI-MS:m/z calcd for

CasH2sBF2N4O2 [M + H] *: 439.2111; found 439.2121.
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2.2.11 Synthesis of BDP-QA

Scheme 3. Synthetic route foBDP-QA. (i) iodomethane, acetonitrile, argon, room

temperature.

3d (57 mg, 0.13 mmol) was dissolved in acetonitrileder argon atmosphere.
lodomethane (828L, 13 mmol) was dropwise added into the solutione Teaction
mixture was stirred at room temperature for 24 e the solvent was removed in
vacuum. The crude product was purified by colummetatography (methyl alcohol
as eluent) to gaiBDP-QA as a yellow solid (25 mg, yield: 42 %H NMR (400
MHz, DMSO):d = 8.24 (d, 2H, = 12.0 Hz), 7.97 (d, 1H] = 12.0 Hz), 7.76 (d, 2H]
= 8.0 Hz), 7.60 (d, 1H] = 12.0 Hz), 6.45 (s, 1H), 3.72 (s, 9H), 2.67 (s),355 (S,
3H), 1.46 (s, 3H), 1.37 (s, 3H); ESI-MSw/z calcd for G4H.gBF.N4O, [M]™:
453.2273; found 453.2279.

2.3 Kinetic and thermodynamic experiments

For kinetic parameters, the concentrations of G, and GSH were 100-fold of
those of probes. So, the reactions of probes wibthinls could be regarded as
pseudo-first-order kinetics. We added GSH intoHiPES buffer solution of probes
and detected the fluorescence intensity as time lporescence spectrometer at
varied temperatures. For thermodynamic parametges,conducted the titration

experiments in HEPES buffer at varied temperatures.

3. Results and discussion



To investigate the effects of hydrophilic groups the efficacies of probes, we
chose BODIPY as the fluorophore and nitroolefinH{<CH-NG,) as the sensing unit
for biothiols (Scheme 1). We synthesized four psobsonjugating different
hydrophilic groups, namel8DP (control), BDP-OH (acidic), BDP-OEG (neutral
and hydrophilic) andBDP-QA (cationic). The neutraBDP was synthesized as the
control to study the properties of different suiosints at thgara position of phenyl
group attached to the BODIPY core. The neutralg@lethylene glycol, GEG),
acidic (‘OH) and quaternary ammoniumQA) substituents at thpara position of
phenyl group endowed the BODIPY-based fluorescestigs water-solubility. All the
compounds reported herein were carefully charasdrby’H NMR, *C NMR and
high resolution ESI mass spectrometry (Figs. S2 n3he Supporting Information).
The®*C NMR data oBDP-QA was not available yet because'i&€ NMR signal was
very weak. However, thtH NMR (Fig. S31) and HRMS (Fig. S32) characterizati
of BDP-QA can well confirm its chemical structure. The isgbular concentrations
of Cys, Hcy and GSH were in the range of 30 ~ gB0 5 ~ 15uM, 1 ~ 10 mM,
respectively. Since GSH was the predominant bibthieells, it was selected as the
sensing target in this work.

First, we investigated whether the hydrophilic gre@affected the optical properties
of probes. The fluorescence and UV-Vis absorptipecta of probes were measured
in HEPES buffer solutions containing ~ 1% DMSO [giouby dilution from the stock
solution (prepared in DMSO),e. almost 100% aqueous solutions. Most of the
previous works conducted the sensing of biothiola mixture solution of water and
organic solvents, acetonitrile (ACN) from exam@elfl,28,31,61]. As shown in Fig.
la, wherBDP-QA was reacted with excess GSH in the HEPES bufferabsorption
maximum was slightly blue-shifted for 1 nm. Besiddbe molar absorption
coefficient slightly increased, presumably owingth® enhancement of dispersion
coefficient of the addudBDP-QA-GSH. The emission maximum &DP-QA was
red-shifted for 12 nm when reacted with GSH in HEePES buffer, possibly due to
the aggregation of BODIPY fluorophores in water.clontrast, the absorption and

emission maxima were blue-shifted in DMSO for 19d a6 nm (Table S1),
9



respectively, which was clearly resulted from tleer@ase ofi-conjugation after the
addition of GSH tdBBDP-QA (Fig. S33a). The solvent had obvious influencetan
optical response of BODIPY probes. Compromises éetwthe aggregation (red shift)
and the decreasegtconjugation (blue shift) were present in the apson and
emission spectra when the probes were appliedeaHBPES buffer. This can well
explain the blue shift of only 1~4 nm in the absanp spectra of probes in the
HEPES buffer after the conjugate addition with GSHe optical properties of other
probes were similar as that BDP-QA (Table 1 and Figs. S33 - 36). The absorption
and emission maxima of these four probes weretdDZ £ 1 nm and 512 £+ 1 nm,
respectively, obviously demonstrating that the stiign with hydrophilic groups on
the para position of meso-phenyl group of BODIPY essentially did not affeébe
n-conjugation and the HOMO-LUMO gap. The low quantyields (QYs) of these
four fluorescent probes in the HEPES buffer werespmably caused by PET and
ICT as well as aggregation-caused quenching (AGQgr they were reacted with
GSH, the quantum yields of adducts were obvioudffgreént, maybe due to their
different water solubility. As shown in Fig. 1b, emBDP-QA was reacted with
different small biological molecules with corresporg biological concentrations,
fluorescent enhancement up to 28-fold was obsarvétke presence of 10 mM GSH,
the concentration likewise in cells. In the celiutanditions, the fluorescent probes
would mostly report the signal caused by G8BP, BDP-OH andBDP-OEG had
similar results (Figs. S34 - 36). These resultscetgd that all the probes could

recognize GSH in the cellular conditions.
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Fig. 1. The optical properties oBDP-QA. (a) The fluorescence and absorption
spectra oBDP-QA in the HEPES buffer solution and (b) the selettiaf BDP-QA
(10 uM). Except for Cys (200uM), Hcy (15 uM) and GSH (10 mM), the
concentration of other analytes was 1 mM respdgtivEhe concentrations of Cys,

Hcy and GSH are close to those in cellular condgio

Table 1. Photophysical properties of probes in the absendepaesence of GSH in
the HEPES buffer solution. QY represents the albs@uantum yield.

Aaps(NM) Aem(NM) QY (%)
BDP 506 510 <0.01
BDP + GSH 505 516 3.97
BDP-OEG 507 513 <0.01
BDP-OEG + GSH 503 518 4.57
BDP-OH 505 512 <0.01
BDP-OH + GSH 503 517 1.64
BDP-QA 508 512 0.58
BDP-QA + GSH 507 524 15.21

Then, we explored whether hydrophilic groups aéddhe reaction rates of probes
toward GSH. When the concentration of GSH was 1@@4g larger than that of a
probe, the reaction can be regarded as pseudasfist kinetics. So, we can describe
the dependence of the probe concentratporf the reaction time)(by eq. (1):

c = ¢y X exp (—kt)
wherec, represents the original concentration of probadtant) k is the reaction rate
constant. When the probes were reacted with GSHPHI and ICT processes would
be blocked and thereafter the fluorescence of rolas switched on. So the
enhancement of fluorescence intensity can be wsexflect the product concentration.
The kinetics can be fitted by eq. (2):

I = axexp(kt) +Db

11



where a and b are constants without physical saamte,l represents fluorescence
intensity of the resulting produdt,represents the rate constant, amsl the reaction
time. As shown in Fig. 2a, whéDP-QA was reacted with Cys, Hcy and GSH at 298
K, their apparent rate constants were 0.1§200259 & and 0.0162°% respectively.
The results indicated that a biothiol of larger ewnllar weight had smaller rate
constant. The reaction rate constants were affdntdte steric hindrance of biothiols.
Among the three biothiols, GSH (a tripeptide) hiad kargest molecular weight and
therefore the largest steric hindrance as welhasiallest diffusion rate. So, the rate
constant for GSH was the smallest. Besides, thktiha (t,,) of the pseudo-first-

order reaction obeys the following eq. (3):

[n2
2= e

So the half-timd,,, of the reaction oBDP-QA with GSH was 43 s at 298 K. From
Fig. 2b, as the temperature increased, the ratstaais gradually increased owing to
more vigorous molecular movement in the reactiostesy. However, the more
vigorous collision would lead to strengthened nadiative relaxation and therefore
weakened fluorescence. The dependenck @f temperaturd is simulated by the

Arrhenius equation, eq. (4):

k = A X exp (— &>
RT

where A is the pre-exponential factor that represdhe frequency of collisions
between reactive moleculeB, represents the activation energy, d&ds the gas
constant (8.314 J mdlK™). As shown in Fig. 2c, the apparent activationrgnée.)
was 75.24 kJ mdiand pre-exponential factor (A) was 2580 s for the reaction
of BDP-QA with GSH. We also completed kinetic investigatidos other probes
(BDP, BDP-OEG and BDP-OH) (Table 2 and Figs. S37 - 39). The kinetic
parameters were the mean of three independentimeés.BDP-QA had the largest
rate constant. The activation energy had no obvahagges, so these probes should

have the same reaction mechanism and hydrophoigpgr had no obvious effect on it.

The reactions of these probes with Hcy showedithéas trend (Table S2).
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Fig. 2. Kinetics of BDP-QA (10 uM) and thiols (1 mM) in HEPES buffer. (a) The
reactions ofBDP-QA with Cys, Hcy and GSH at 298K; (b) The reactiorfs o
BDP-QA with GSH at different temperatures; (c) The relaship of Ink with 1/T for
the reaction oBDP-QA with GSH.

Table 2. The kinetic parameters of probes reacted with Gskhe HEPES buffer.

The data are the mean of three independent exp@sme

Probes k?(103%sh t1p®P(s)  Ea(kJ mol®) InA

BDP 3.06 £0.23 228 £ 18 73.49 £ 8.27 23.85+3.26
BDO-OEG 3.94+0.34 177 £ 16 59.84 + 8.60 18.58 + 3.29
BDP-OH 5.24+£0.73 133+21 73.33 £ 8.27 23.27 +3.54

BDP-QA 18.53 +2.77 38+6 69.92 + 4.61 2426 +1.74

2 The reactions proceed at 298°KThe half-time of pseudo-first-order reaction.
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Next, we investigated the reaction mechanism ob@sowith biothiols, GSH for
example. As shown in Scheme 4, speculative reactieshanism of probes with
biothiols was proposed according to the nucleoplatidition [62-64]. The nitro unit
(-NO,) was a very strong electron-withdrawing group (EMA&hich could make the
nucleophilic addition happen. First, GSH dissodats GSand H (Step 1). Then
GS attacked the olefinic bond and formed the carbaf@iep 2), which should be the
rate-determining step (RDS) for this reaction [@Q-6he conjugate addition would
result in the turn-on fluorescence. Finally, praton of the carbanion resulted in the
addition product (Step 3). In the HEPES buffer véithH of 7.4, there might be only a
minor concentration of GSBesides the above speculative mechanism, GSH can
possibly attack the nitroolefin and then protom$far occurred from the intermediate
since the -SH group was highly nucleophilic.

4

Step1: GSH —— GS + H

SG SG
/\/Noz GS )\/Noz H )\/NOZ

Step 2 Step 3

Rate-determining step

Scheme 4. The speculative reaction mechanism of probes ®i#H. Step 1: Thiol

deprotonation; Step 2: Conjugate addition; Steprdtonation.

We usedBDP-QA to certify this speculation. First, we detected timal product of
BDP-QA reacted with GSH in the HEPES buffer (Fig. S48). NMR spectra of
BDP-QA exhibited protons of olefin double bond at 7.9967 7.62 and 7.58 ppm,
respectively (Fig. S40a). When reacted with GSld, glotons of olefin double bond
disappeared (Fig. S40b). So we speculated thatetiation site should be the olefin
double bond. As shown in Fig. S41, we performed Ef4-MS experiment of the
reaction solution. After reacting with GSH, the keaf [GSH + HJ, [BDP-QA] °,
[2GSH + H]", [2GSH + NaJ, [2GSH + K] and BDP-QA-GSH]" appeared in the
mass spectrum. Due to the far excess of GSH, ¢malscorresponding to the adduct

was relatively weak. These results proved our dpgon of the conjugate addition.
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Then, we carried out the kinetic experiments utdeic conditions. As shown in Fig.
3, the kinetic experiments were performed at pHahd 13.0, respectively. It was
found that the apparent reaction rate constants @®211 ¢ at pH 7.4 and 0.000107
s' at pH 13.0, respectively. When the pH increasée, fate constant sharply
decreased. This might be due to the difficult pnaton of the carbanion (Step 3 in

Scheme 4) under such a basic condition (pH = 13.0).

(b) 120

a .
@) 2401 50P.aa + GsH (pH = 7.4 BDP-QA + GSH (pH = 13.0)

2180+ 2 904
()]
c c
Q 4 [0]
1S =
120 = 60-
o i
(] 1 (0]
= k=0.0211s"; R = 0.999 =
T 60 ' ' ' T 304
(0] [0)
4 12 k=0.000107 s™"; R = 0.999

o
1 N
o

0 60 120 180 240 0 300 600 900 1200
Time (s) Time (s)

Fig. 3. Kinetics for the reactions &DP-QA with GSH at pH 7.4 (a) and pH 13.0 (b).

With the above results in hand, we considered ffeets of hydrophilicity on the
reaction rates. Among the four probes, we knew BE#®-QA had a positive charge,
so we can make a judgment that its hydrophilicitagswthe largest. Then, we
determined the hydrophilicity of other three prolbgsliquid chromatography mass
spectrometry (LC-MS). As shown in Fig. 4, the réitmm time of BDP, BDP-OEG
and BDP-OH were 4.382 min, 2.533 min and 1.550 min, respeltisby extracting
extracted ion chromatography (EIC) from total idwamatography (TIC). Because
the chromatographic column of LC-MS apparatus was8Ceversed-phase column,
the sequence of polarity waBDP-OH > BDP-OEG > BDP. The sequence of
hydrophilicity would follow this order. So, the hyphilicity of four probes was in
the order ofBDP-QA > BDP-OH > BDP-OEG > BDP. In combination with the
reaction rate constants in Table 2, we could irifeat the rate constants were

positively correlated with the hydrophilicity ofgives.
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Fig. 4. LC-MS experiments for BDP, BDP-OEG and BDP-OH. The
chromatographic column is C-18 reversed-phase aokumd the eluent is a mixture of

acetonitrile and watewrfv = 8:2).

We further considered whether the ionic strengtfecad the reaction rate
constants in the HEPES buffer. The kinetic expenisiewere performed under
different concentrations of NaCl (Fig. 5a). Theitstrength might influence the
guantum yields of fluorescent probes. Though theezihad different final intensities,
they would not affect the calculation of rate cam$s. The curves were fitted with
first-order reaction kinetics to obtain the rategtants. As shown in Fig. 5b, as the
concentration of NaCl increased (0 ~ 1 M), the aestant first increased and then
slightly decreased. At first, the increased ionicersgth would benefit the thiol
deprotonation (Step 1 in Scheme 4) by stabilizatbrthiolate anions, presumably
owing to the formation of ion pairs. To be notétg cationicBDP-QA can form ion
pairs with the GSanion. Exposed to further increased ionic strengtiwever, it
would be harmful to the protonation of the carbaniStep 3 in Scheme 4) according
to the primary salt effect, so the rate constanilddecrease. In contrast, thealues
of other probes increased with the increase ofciatiength (Figs. S42 - 44). This

may be due to the favorable stabilization of thieltte anions (Scheme 4). These
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results indicated that the cationic probe had #ngést rate constant, possibly owing

to the cationic nature dDP-QA and consequently the improved hydrophilicity.

(a) 1 = Control e 0.1 MNaCl (b) 27 - BDP-QA + GSH
2004 4 0.5MNaCl ] "
>
g { v 1MNacl 4.
§ 150 —~ .
< ‘n
| ) 4 "
L 1004 ) 21
é’ ] OM:k=0.0215s"; R = 0.999 <
< 504 0.1M:k=0.0263s"; R =0.998 184
o ] 0.5M: k=0.0229s"; R =0.998 ]
0 1M: k=0.0157 s"; R = 0.999 154 "
0 50 100 150 200 000 025 050 075 1.00
Time (s) Cract (M)

Fig. 5. (@) The kinetic experiments &DP-QA reacted with GSH in the presence of
different concentrations of NaCl. (b) Dependenc& oh the concentration of NacCl

for the reaction system &DP-QA and GSH.

To obtain the affinities of the BODIPY-based prolieward GSH, the reaction
thermodynamics was further investigated. Owingh® Wweak fluorescence of probes
(the reactants), the enhanced fluorescent intesstan represent the adducts formed
by the probes and GSH. The fluorescent intensipragortional to the concentration
of adduct [65]. So, the dependence of fluorescentensity change AF) on the

concentration of reactant)(can be fitted by eq. (5) [28]:
BKc
~ (1+Ko)
where K is the equilibrium constants and B is a constahickv has no physical

AF

meaning. As shown in Fig 6a, the results indicdteat the equilibrium constants
gradually decreased with increased temperature. ddmendence of equilibrium

constanK on the temperaturk can be fitted by the van’'t Hoff equation, eq. (6):
i = _ A1 A8
"METRI TR

whereAH is the enthalpy change an&is the entropy change. From the linear fitting
in Fig. 6b, the enthalpy change and entropy chaveye - 52.13 kJ mdland - 89.79

J mol* K, respectively. The negativeS was reasonable since an adduct was formed
17



by the reaction oBDP-QA with GSH. The negativaH illustrated that the reaction
was exothermic. The thermodynamic parameters oéroginobes with GSH were
similar with BDP-QA (Figs. S45 - 47). As shown in Table 3, all reactiomere

exothermic. The more hydrophilicity of probes ledthe larger equilibrium constant

K, i.e. the greater affinity. In addition, we calculatdxe timit of detection (LOD) by
eq. (7):

Lop = 22

S

whereo is the standard deviation of blank sample valme&d times, and is the
slope of the linear regression equation. As shawiiable S3, the LOD values for
BDP, BDP-OEG, BDP-OH andBDP-QA were 14.5uM, 3.81uM, 1.55uM and 182
nM, respectively. We found that the LOD values kygllepended on their
hydrophilicity. With enhanced water solubility ofgbes, the LOD values would

decrease owing to their better dispersion in w&tewever, the linearity ranges were

gradually narrowed (Table S3).

(a) 100 (b) 102
x 299 K e 303K BDP-QA + GSH
A 306K v 310K
2 754 10.0
(72}
C
ko)
= 504 X 9.8
™ 299 K: K = 25393 M"; R = 0.999 =
o
2 303 K: K=19775 M"; R = 0.998
& 251 9.6 AH = - 52.13 kJ mol
K 306 K: K = 16317 M"; R = 0.999
B AS =-89.79 J mol K
310 K: K = 12756 M"; R = 0.999
0 9.4
00 02 04 06 08 10 321 324 327 330 333 336
¢ (mM) 1/T (107 K™

Fig. 6. (&) The reaction oBDP-QA with GSH at different temperatures (299 ~ 310
K). (b) Relationship of IK with 1/T.
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Table 3. The reaction thermodynamic parameters of probds @6H at ~ 298 K.

K (M AG (kJmol")  AH(kJmol)  AS(J mol* K™

BDP 1467 - 18.06 - 63.57 - 152.80
BDP-OEG 5268 -21.23 - 31.69 -34.89
BDP-OH 6681 -21.82 -49.15 - 90.54
BDP-QA 25393 - 25.13 -52.13 - 89.79

4. Conclusions

A series of BODIPY-based probes with different togtilic groups, namelBDP,
BDP-OEG, BDP-OH andBDP-QA, were designed and synthesized. The absorption
and fluorescence emission spectra were not affdoyethese hydrophilic groups.
These probes had 27~38 fold fluorescence enhantemdine presence of 10 mM
GSH. The cationi@DP-QA had the fastest response toward GSH owing to ¢isé b
water solubility and the possible formation of ipairs with the thiolate anion. The
reaction rate constants of probes were positivelyetated with their hydrophilicity.
Thermodynamics indicated that the reactions of @sobith GSH all had negativeH
and negative\S. The LOD values would be lowered with the increglsgdrophilicity.
Our work emphasized the importance of hydrophilicit the fluorescent probes. This
work had built the fundamental basis for the desgifluorescent probes with fast

response and high affinity.
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Highlight:

(1) OFF-ON fluorescent detection based on the conjugate addition with nitrool efin.
(2) The greater hydrophilicity, the faster response.

(3) The fastest response, highest affinity and lowest LOD with cationic BDP-QA.
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