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A neutral pH fluorescent probe (Rh-Met) based ordamaine spirolactam is firstly developed

according to the modulation strategy of hydrogemdsoon pKa values. The pKa value of

Rh-Met was 6.81(+0.06) and higher than that of othedamine spirolactams known. Rh-Met
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1. Introduction

Hydrogen bonding force as an intermolecular
interaction plays an important role in many
chemical phenomena such as regulation of

physicochemical properties (e.g. melting and

boiling point, solubility, density, dielectricity,
acid-base properties) [1], synthesis of polymer
(nylon) and cellulose [2],

[3],

multimeric proteins and DNA [4]. In traditional

infrared absorption
spectrum and determining structure of
textbooks, hydrogen bonding has been shown to
affect the pKa value of many molecules such as
phthalic acid,

*Corresponding author. College of Environmental Smsn

showed a 240-fold enhancement of fluorescence sitieat 585 nm with attenuation of pH
values from 9.7 to 3.5. In addition, Rh-Met displdyan excellent selectivity and reversible
response to hydrogen ion. And it was successfulipleyed for imaging endocellular hydrogen
ion in mitochondria and lipid droplets. These résslggested that Rh-Met could be a potential
tool to assess pH fluctuation in mitochondria apéildroplets, and would promote many new

opportunities for studying the biological effectg in living cells.

Liaoning University, Shenyang 110036, P.R.China, Emai

yuhaibo@Inu.edu.cn

salicylic acid and maleic acid [1]. Compared with
the pKa of fumaric acid (pKal 3.02, pKa2 4.39),
maleic acid has a much lower pKal of 2.0 and a
higher pKa2 of 6.26, which indicates that the
second acid dissociation at pH around 6.26 is more
difficult, due to intramolecular hydrogen bonding
formation [1], as shown in Scheme la. On the other
hand, one of the carboxylate ions of maleate
readily combines with  hydrogen ion to form
carboxylic acid at pH 6.26, and then the oxygen
in another

atoms with electronegative pairs

carboxylate ion become quite prone to form
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intramolecular hydrogen bonding (Schemela).
Recently, Steven R. Kass et al.[5] illustrated the
effect of hydrogen bond on pKa value of acyclic

aliphatic heptaol. The effect of hydrogen bond on

pKa value has enormously captured our attentions.
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Scheme 1 Hydrogen bonding formation of Maleateafs)

Protonation

Rh-Met (b) in the process of protonation

Owing to its excellent properties of ring

switching and low background fluorescence,

especially its pH insensitivity, rhodamine

spirolactam has been widely utilized as a scaffold
design fluorescent probes for metal ions and
reactive molecules in the past two decades
[6-13].Precisely because of its acidic pKa value
(4.0-6.0) and pH independence in the range from
pH 6.0 to 10, rhodamine spirolactam has been a
first-selection for designing fluorescent probedise

in neutral aqueous solutions [14-25]. This
advantage of rhodamine spirolactam limits, to some
extent, its development of neutral pH fluorescent
probes, considered better

though it is as

acid-sensitive  fluorescent  probes  reported

previously[26-31]. W. Lin et al. [32] have desciibe

a strategy to tune the pKa values of rhodamine
2

27

28

29

30

31

32

33

38

39

40

41

42

43

44

45

46

47

48

49

50

51

53

derivatives based on rhodamine 6G

by
incorporating a steric group on the spirolactam
moiety. However, that strategy seems to work very
well for rhodamine 6G rather than for rhodamine B,
rhodamine 6G

due to higher sensitivity of

derivatives. Although a number of
lysosome-targetable fluorescent probes have been
reported [33-36], the development of neutral pH
fluorescent probe based on rhodamine B is still a

great challenge.

1. POCl3, SCH
O CICH,CH,CI O P J O o SCH,
COOH 2L-Methionine <_/
methyl ester COOCH; NaOH COOH
, O o4 O
CH OH,H,0
O O N 3 }\ N g
) RhB Rh-MM )

Rh-Met

Scheme 2 Synthetlc route of probe Rh-Met

In this paper a neutral pH fluorescent probe

(Rh-Met) has been developed, in which
L-methionine was tethered to rhodamine B through
spirolactam. The synthetic route is shown in
Scheme 2. As we know, the pKa of methionine is
about 2.28, then the carboxylic acid will dissoeiat

in neutral aqueous solutions. Similar to maleate,
formylmethionate moiety of rhodamine spirolactam
(Rh-Met) would show a homologous behaviour
with decreasing pH values (Scheme 1b). It is
possible that the regulative effectlofdrogen bond

is also applicable to design neutral pKa fluorescen

probes based on rhodamine B spirolactam.

2. Experimental

2.1 General methods and reagents
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H-NMR and**C-NMR were measured on Varian

MERCURY 300 spectrometer in CDQNith TMS

29

30

as internal reference. Mass spectra were measured31

on a HP 1100 LC-MSD, Gas chromatography/TOF

32

Mass spectrometers and the UPLC/Q-TOF Mass 33

spectrometers. Fluorescence spectra were measured4

on Spectrofluorophotometer (Cary Eclipse).
Absorbance spectra were recorded on a UV-vis
Spectrophotometer  (TU-1901). An inverted
confocal fluorescent microscopy (Olympus FV1000,
IX81, Olympus, Japan) equipped with an objective
lens (x100 oil, 1.4 Numerical Aperture (NA), Scan
mode XY) was used in the imaging of living cells.
All reagents such as CIGHH,CI, POCE},
acetonitrile and triethylamine were purchased from
commercial suppliers and used without further
purification.  Column  chromatography  was
performed with silica gel (300-400 mesh). RPMI
1640 culture medium with  L-glutamine,
4,4-Difluoro-1,3,5,7,8-Pentamethyl-4-Bora-3a,4a-D
iaza-s-Indacene (BODIPY®493/503) and
3,6-diamino-9-[2-(methoxy-carbonyl)phenyl]-xanth
ylium chloride (rhodamine 123, Rh123) were
purchased from GIBCO (Invitrogen, USA), FBS
(fetal calf serum) was purchased from GIBCO

(Invitrogen, USA).

2.2 Synthesis of Rh-MM

Rhodamine B acid chloride (RhB-Cl) was
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synthesized and obtained according to the
procedure previously reported in literature.[14] A
solution of Rhodamine B (RhB) (500 mg, 0.14
mmol) in dry 1,2-dichloroethane (50 mL) was
stirred until the solid dissolved completely, and
phosphorus oxychloride (0.28 mL) was added with
vigorously stirring at room temperature for 5 min.
Then the solution was refluxed for 5 h. The rearctio
mixture was cooled and used without further
purification. A solution of methyl methionine (0.35
g, 0.16 mmol) and NEt(2 mL) dissolved in

CH:CN (10 mL) was added dropwise to the

solution above of crude acid chloride in

1,2-dichloroethane. After stirring over night, the
crude product was purified through silica gel
column chromatography with a mixture of
dichloromethane and ethylene acetate (15:1, v/v) as
eluent. Rh-MM was obtained as a colorless powder
(52 mg, Yield 62.5%)'H NMR (300 MHz, CDC})
§7.91 (dd, 1HJ) = 5.9, 2.9 Hz), 7.48 — 7.39 (m, 2H),
7.17-7.08 (m, 1H), 6.54 (d, 18 = 9.0 Hz), 6.43 (d,
1H,J = 9.0 Hz), 6.38 (t, 2HJ) = 2.4 Hz), 6.27 (m,
2H), 3.83 (t, 1HJ = 6.0 Hz), 3.46 (s, 3H), 3.33 (q,
8H, J = 7.0 Hz), 2.34 — 2.18 (m, 2H), 2.13 — 2.01
(m, 2H), 1.77 (s, 3H), 1.21 — 1.10 (m, 12¥g.
NMR (75 MHz, CDC}) & 170.8, 167.3, 153.7,
153.6, 152.8, 148.7, 132.5, 131.7, 130.7, 129.3,
128.1, 123.9, 122.8, 108.1, 107.4, 97.8, 77.4,,77.2

76.9, 76.6, 65.8, 53.4, 51.8, 44.4, 31.2, 29.57,14.
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12.5. ESI-MS C34H41N304S Exact Mass: 28
587.2818, Found: 588.0307 ([M+H] 29

. 30
2.3 Synthesis of Rh-Met

31

Rh-MM (100 mg, 0.17 mmol) and NaOH (70 mg, -

1.75 mmol) was dissolved in methangcH(5 mL / 33

5 mL) and refluxed for 7 h. After completion of the 34

reaction (monitored via thin-layer chromatography), 35

the methane was evaporated in vacuo. Rh-Met (80
mg, yield 82%) was obtained through silica gel

column chromatography with a mixture of 38

dichloromethane and methane (15:1, v/v) as eluent. 39

'H NMR (300 MHz, CDCJ) § 7.91 (dd, 1H,) = 5.7, 20

2.8 Hz), 7.52 (dd, 2H] = 6.2, 2.8 Hz), 7.13 (dd, 1H, i
J=5.4, 2.5 Hz), 6.45 (d, 1H,= 2.1 Hz), 6.42 (d,

1H,J = 2.1 Hz), 6.41 — 6.37 (m, 2H), 6.32 — 6.23

(m, 2H), 3.83 (dd, 1H] = 9.2, 5.8 Hz), 3.33 (p, 8H, 43
J = 6.9 Hz), 2.54 — 2.30 (m, 1H), 2.18 (t, 2H= 44
7.5 Hz), 1.91 — 1.73 (m, 4H), 1.15 (td, 13H 7.0, 45
3.4 Hz)."*C NMR (75 MHz, CDCJ) § 170.6, 169.9, 46
153.8, 153.5, 153.3, 149.2, 133.5, 130.5, 129.0, 4/
128.6, 124.2, 123.1, 108.6, 108.0, 103.5, 98.(8,77. 48
77.0, 76.8, 67.9, 57.3, 44.4, 30.5, 29.5, 14.95.12. 49

ESI-MS C33H40N304S Exact Mass: 574.2740 50
Found: 574.2736 ([M+H). 51

2.4 Cell culture 52

MCF-7 (human breast carcinoma) were obtained >3

from Institute of Basic Medical Sciences (IBMS) of >4

55
4

Chinese Academy of Medical Sciences (CAMS)
and cultured in RPMI 1640 supplemented with 10%
FBS (fetal bovine serum) in an atmosphere of 5%
CO, and 95% air at 37 °C. Grow MCF-7 Cells in
the exponential phase of growth on 35-mm
glass-bottom culture dishe® 0 mm) for 1-2 days

to reach 70-90% confluency. The cells was washed
three times with RPMI 1640, and then incubated for
10 min in an atmosphere of 5% ¢a&nd 95% air at

37 °C with 2 mL RPMI 1640 containing a certain
concentration of fluorescent probe. Wash cellsawic
with 1 mL PBS at room temperature, and then add 1
mL RPMI 1640 culture medium and observe under

a confocal microscopy.

3. Results and Discussion
3.1 Synthesis

As shown in Scheme 2, a two-step-in-one-pot
synthesis of Rh-MM was very concise and highly
efficient. Reaction of rhodamine B with PQCI
followed by the L-methionine methyl ester afforded
Rh-MM with 62% vyield. In the presence of 10
equiv NaOH, Rh-MM was hydrolyzed to afford

Rh-Met with 82% vyield.

3.2 Spectral responses of Rh-Met vs different pH

values

The spectral response to pH was studied to
confirm the pKa value of Rh-Met. Rh-Met showed

no absorption in @HsOH-H,O (v,v 1:9) solution
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Fig. 1 Emission-spectral changes of (a) Rh-Metp(3,

CHsOH:H,0, 1/9, viv) and (b) Rh-MM (2 uM,

C,HsOH:H,0O, 2/3, viv) vs different pH values. Inset graph:

intensity at emission maximum as a function of fatues.

the solution also turned from colorless to pink,

indicating that spirolactam underwent a

ring-opening reaction in the process of protonation
. . . 35
of Rh-Met. Upon titrating of hydrochloric acid,

36
emission spectral changes were observed as shown
37

in Fig. la. Probe Rh-Met showed a significant 38

fluorescence enhanced signal (240-fold
enhancement of fluorescence intensity at 585 nm) *
with attenuation of pH values from 9.7 to 3.5. The 40
fluorescence titration data provided the pKa of "
42

probe Rh-Met as 6.81 (+0.06) (Fig. 1a), which was

5

much higher than that of Rh-MM (pKa 3.93 (+0.29))
(Fig.1b). Compared with Rh-MM, the carboxylate
moiety of Rh-Met is relatively more alkaline than
the ester group in Rh-MM. Neutral pKa of Rh-Met
can be ascribed to the protonation of carboxylate
and hydrogen bonding formation. Furthermore, a
highly steric group of bulky formylmethinione
moiety may also play a vital role in tuning the pka

of Rh-Met [32].

3.3 Selectivity of Rh-Met to Hover other metal

ions and biological relevant species

A probe, Na(),K(1),Ca(1l), Mg(ll), Fe(lll),
" Fe(ln),Cr(ill Cu(ll) Zn(I), H202,
NaOCl, Met, Gly

Normalized Intensity
°
>

0.0
560 580 600 620 640 660 680 700 123456 7 8 910111213 14

c Wavelength (nm) d

1.0

probe,Na(l),K(1), Ca(ll),Mg(lf),Fe(lll),

\ " Fe(ll) Cr(il) Cu(ll) Zn(l), H202, 08
N\ NaoCl, Met, Gly -

0.6

no

0.4

Normalized Intensity

0.24 02

0.0-— T T T T T T 1 0.0
560 580 600 620 640 660 680 700 123 456 7 8 91011121314

Waveleng (nm)
Fig. 2 Normalized fluorescent intensity at 585 ninRb-Met
(5 uM) in the absence and presence of different metas i
and biological relevant species at pH 7.4 (a,b) 45d(c,d).
(b)1:pH7.4, (d)1:pH4.5, 2:Na3:K', 4:F&*, 5:Md**, 6:Zrf",
7.c&*, 8:.Cd*, 9:Fe*, 10:Cr,

11:H0,, 12:NaOCl,

13:Methione, 14:Glycine

Competitive experiments in the presence of
common metal ions and biological relevant species
to examine the effect

were used on pH

measurement. In a phosphate buffer solution with
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pH 7.4 (GHsOH:buffer, 1/9, v/v), the presence of 29

10 equiv various metal ions and biological relevant 30

species, such as’KC#&", Na', Mg*, F&*, Fe", 31

CcU/, zr®*, Cr', H,0, NaOCl, Methinione, 32

Glycine, didn't cause any observable spectral 33

changes that the 34

(Fig.

ring-opening reaction of spirolactam of Rh-Met was 35

2a,2b), indicating
not brought about by presence of these species at36
neutral pH. In order to further assess the efféct o 37
these species on pH measurement in acidity 38
conditions, these species were added into a 39
phosphate buffer solution with pH 4.5 (Rh-Met 5 40
uM, CHsOH:buffer, 1/9, v/v). As shown in Fig. 2c, 41
the strong emission of Rh-Met was not obstructed

by the addition of 10 equiv various species (F). 2

The spectral responses of major metal ions such as
Na', K" and C&" at physiological concentrations
were also investigated (Fig. S3). These results 42
suggested that probe Rh-Met exhibited a high a4
selectivity to hydrogen ion, and had potential @ b 45
used as a neutral fluorescent probe in biological 46
imaging. a7
3.4 Reversibility of the response of Rh-Met to H 48

49
In addition to high selectivity, Rh-Met also

exhibited a good reversible response to hydrogen >0
ion, which was verified by fluorescence titration
of Rh-Met in

experiment agqueous solution

(C,HsOH: H,0, 1/9, viv) at pH values ranging from
54

alkaline to acidic by the alternating addition of
hydrochloric acid and sodium hydroxide. As
illustrated in Fig 3a, upon adjusting the pH vadiie
the solution to acidic (~ 4.6), a color change of
solution from colourless to pink became
immediately visible to the naked-eyes and a red
emission at 585 nm was detected (quantum yeld
0.51 at pH 4.5), whereas when the pH value was up
at 7.2-8.6, both the color and fluorescence of
Rh-Met disappeared (Fig 3b). Rh-Met exhibited a
remarkably higher reversibility towards®Hwhich

indicated that Rh-Met had the potential to be a

useful tool for rapid measurement of pH values.

pHAss pHAsz pH461
H 4.60
400 o

pH 471

350

300

£

& 250

2
B

200 pH 727

pH 762

190 o5 pHsso
00 P pH 833

b _ PHBE

Fluorescence

Cycles

Fig. 3 (a) Fluorescent intensity at 585 nm of Rh-81M)
in C,HsOH: H,O (1/9, v/v) solution at different pH values
by the alternating addition of HClI and NaOH. (b)\4ku
colour and fluorescent Image of Rh-Mety(@l) in C,HsOH:

H,0 (1/9, v/v) solution at pH 4.5 and 9.5, respedyive

3.5 Laser scanning confocal fluorescent imaging of

Rh-Met

The characteristic negative charge of Rh-Met in
neutral aqueous solution may make Rh-Met tend to
accumulate inmitochondria of cells. Therefore
Rh-Met was applied for biologicamaging in

cultured MCF-7 by using a confocal laseanning
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microscopy. Upon excitation at 559 nm, red

intracellular fluorescence (red channel

BF:565-665nm) was distributed in discrete

subcellular locations of cells (Fig. 4a-4c ), which

suggested that probe Rh-Met with negative charge

could permeate into cells. In order to validate

whether probe Rh-Met can be directionally

accumulated  in mitochondria  of  cells,
co-localization experiments were performed by
co-staining MCF-7 cells with 2 uM
3,6-diamino-9-[2-(methoxy-carbonyl)phenyl]-xanth
ylium chloride (rhodamine 123, Rh123), a
mitochondria tracker. MCF-7 cells showed green
and red fluorescence in Channel 1 and 2(Fig. 4d,
Chl and Ch2), respectively, after staining with 5
uM Rh-Met and 2uM Rh123 for 10 minutes. The
image of Ch2 merged well with the image staining
with Rh123 (Chl) (Fig. 4e,) indicating that Rh-Met
can specifically localize in mitochondria of living
cells. Intensity profile of linear ROl across MCF-7
cells stained with Rh-Met and Rh123 also varied in
close synchrony (Fig. 4f). High Pearson’s
coefficient and overlap coefficient were 0.900 and
0.993, respectively, evaluated using conventional

dye-overlay method [37].

During the experiment of cellular staining, it was
also found that probe Rh-Met could be directionally
accumulated not only in mitochondria but also in

lipid droplets. As illustrated in Fig. 5a, except f

DIC

Ex:559 nm, Em: 565-665 nm Merged image

Merged image

Fig. 4 (a) Fluorescent images of MCF-7 cells stainith
Rh-Met (5uM). DIC: differential interference contrast, (b)
Fluorescent imageiex 559 nm,iem 565-665 nm, (c)
Merged image is overlay of DIC and fluorescent imdgg
Fluorescent image of MCF-7 cells co-stained with RéEM
(5 uM) and Rh123 (2:M). Ch 1 (Channel 1)kex 488 nm,
Aem 495-535 nm), Ch2 (Channel 2)ex 559 nm,Aem
565-665 nm, Merged image is overlay of Chl and Cép.
Intensity correlation plot of stain Rh-Met and Rh1Z8

Intensity profile of region of interest (ROI, reahdi cross

MCF-7 cells

weak fluorescence in cellular mitochondria, there
were a lot of discrete spots with strong red
fluorescence in cells stained with Rh-Met. To
further confirm the dot organells, co-localization
experiments were performed by co-staining MCF-7
cells with 4,4-Difluoro-1,3,5,7,8-Pentamethyl-
4—Bora—3a,4a—Diaza—s—Indacene(BODf?Zm3/503),

a lipid droplets tracker. As shown in Fig. 5b, in C

MCF-7 cells stained with BODIPY®493/503
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exhibited a strong fluorescence in lipid droplets,
while in Ch 2, MCF-7 cells stained with Rh-Met
showed a significant red fluorescence in lipid
droplets and a weak fluorescence in mitochondria.
The image of Ch2 merged well with the image
staining stained with BODIPY®493/503 (Chl).
These results indicated that Rh-Met may tend to
accumulate in lipid droplets in a certain growth
stage of living cells. It was interesting that Rietv
accumulating in lipid droplets displayed a strong
red fluorescence. In order to determine the efiéct
polarity on the fluorescence properties of Rh-Met,
the solvent effect of Rh-Met was investigated (Fig

S4). Absorption and emission

Ex:559 nm, Em:565-665 nm Merged Image

Merged Image

Mitochondria) Mitochondria

lipid droplet lipid droplet lipid droplet

Fig. 5 (a) Fluorescent images of MCF-7 cells stainith
Rh-Met (5 uM). DIC: differential interference contrast,
Fluorescent imagetex 559 nmaem 565-665 nm, merged
image is overlay of DIC and fluorescent image. (b)
Fluorescent image of MCF-7 cells co-stained with RéEM
(5 uM) and BODIPY®493/503 (uM). Ch 1 (Channel 1):
Aex 488 nmaem 495-535 nm), Ch2 (Channel 2px 559
nm, kem 565-665 nm, Merged image is overlay of Chl and

Ch2.

25

26

28

38

39

40

41

42

43

44

45

46

47

48

49

spectra of Rh-Met were obtained in solvents such as

dichloromethane, ethyl acetate, tetrahydrofuran,

methanol and N,N-dimethylamino formamide,

respectively (Fig S4). In methanol and

dichloromethane, the maximum absorption of
Rh-met was much lower than that of Rh-Met under
acidic condition, but relatively higher than thdt o

Rh-Met in THF, DMF and AcOEt. These results
indicated that the polarity of solvent was not the
main factor affecting the ring-opening reaction of
Rh-Met. Hence it is inclined that the fluorescence
signal from lipid droplet may be due to the local
acidity rather than the lipophilic nature of the
droplet. The possible reason may be that
phosphatidic acid, as a transient intermediate in
lipid biosynthesis, may cause the pH to fluctuate i

lipid droplets [38,39]. Laser scanning confocal
microscopy experiments of MCF-7 cells approved
showed that Rh-Met would be a potential

fluorescent probe to assess the pH values andirevea
the relationship between mitochondria and lipid

droplets.

In order to further determine the feasibility of
monitoring pH fluctuation of Rh-Met in living cells
acid stimulating experiment was used to perturb the
cellular pH and demonstrate the changes of
fluorescence signal in living cells. Upon excitatio
intracellular fluorescence was

at 559 nm, red

distributed in MCF-7 cells in the absence of acetic
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acid as a stimulant, as shown in Fig 6a. Upon
addition of acetic acid (10 equiv.), the MCF-7 sell
displayed measurable levels of red fluorescence in
discrete subcellular locations, as shown in Fig 6b.
These results indicated that Rh-Met could repat th
fluctuation of pH in mitochondria of living cells i

the presence of induction drug.

Merged Image

a Ex:559nm, Em:565-665nm

Ex:559nm, Em:565-665nm Merged Image

Fig. 6 (a) DIC image, fluorescent image and mergeaye
of MCF-7 cells stained with Rh-Met (5.0M) (b) DIC
image, fluorescent image and merged image of MCEHg ¢

stained with Rh-Met (5.QM) and acetic acid (10 equiv.)

4. Conclusions

In summary, we have developed a neutral pH
fluorescent probe (Rh-Met) based on rhodamine
spirolactam bearing L-methionine moiety. Rh-Met
exhibited a 240-fold enhancement of fluorescence
intensity at 585 nm with attenuation of pH values
from 9.7 to 3.5. The pKa value of Rh-Met was
6.81(+0.06) and higher than that of other rhodamine
spirolactams known, which can be attributed to a

stabilization of hydrogen bonding formation in

23

24

25

36

37

38

39

40

41

42
43
a4

I

8
49
50
51

ring-opening reaction of spirolactam. Rh-Met
displayed an excellent selectivity and reversible
response to hydrogen ion. Rh-Met was successfully
employed for imaging endocellular hydrogen ion in
mitochondria and lipid droplets, suggesting that
Rh-Met could be a potential tool to assess pH
fluctuation in mitochondria and lipid droplets.ist
anticipated that this new probe will further reveal
the relationship between mitochondria and lipid

droplets, and promote many new opportunities for

studying the biological effect of pH in living cell
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Highlights:

1. A neutral pH probe inspired by effect of hydrogen bond on pKa was devel oped.

2. The pKa of probe was 6.81 and higher than that of other rhodamine spirolactams known.
3. Probe displayed an excellent selectivity, organelle-targeting.

4. It would be a potential tool to assess pH fluctuation in mitochondria of live cells.



