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GRAPHICAL ABSTRACT

« Spirolactam based pH probes (RLH A-
C) were built with Rhodamine 6G,
Rhodamine B and Rhodamine 101 to
discuss the tuning effect of
rhodamine fluorophore. ;

« The pK, values and observed rate ,;,3 R o i
constant ko,s of RLH A-C were Ri O O
determined and found to negatively
correlated with the calculated Gibbs Q
free energy differences AGc.o and o
AGrs respectively.

« The pK, values and observed rate
constant kops of RLH A-C determined
the potential application in
intracellular pH detection.
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Ring-opening reaction of rhodamine spirolactam has been widely applied to construct fluorescent probes.
The fluorescence properties of the probe were finely tuned for specific purpose through changing the rho-
damine fluorophore. However, the influence on response range and kinetic parameters of the probe dur-
ing the change has been seldom discussed. Herein, we took pH detection as an example and constructed

spirolactam based probes (RLH A-C) with Rhodamine 6G, Rhodamine B and Rhodamine 101. The pK, val-
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ues and observed rate constant k,,s of RLH A-C were determined and found to negatively correlated with
the calculated Gibbs free energy differences AGc.o and AGrs respectively. The potential applications of
RLH A-C in imaging acidic microenvironment were also investigated in cells. We expect the comparison
of rhodamine fluorophores will facilitate the quantitative optimization of rhodamine spirolactam based

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Fluorescent probe has been widely used as a tool in life science,
for example, directly observing dynamics of bioactive molecules in
cellular physiological processes [1,2]. Any phenomenon that
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results in a change of fluorescence intensity [3], wavelength [4]
or lifetime [5] can be used for the analysis process. The general
and valuable mechanisms of fluorescence change during detection
including intermolecular charge transfer (ICT), photoinduced elec-
tron transfer (PET) and fluorescence resonance energy transfer
(FRET) [6,7]. Lots of fluorescent probes have been developed based
on these mechanisms, such as probes for detecting Ca?*, GSH [8,9].
Besides, some switch structures were also applied in designing flu-
orescent probes. Czarnik’s group reported the first rhodamine
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spirolactam based fluorescent probe in 1997 [10]|. The ring-
opening reaction of Rhodamine B hydrazide was triggered by
Cu?* with the transformation from nonfluorescent spirolactam
structure to fluorescent ion structure. Inspired by this pioneering
work, ring-opening strategy was further extended to other chemi-
cal species detection with the change of groups linked to nitrogen
atom in spirolactam structure [11-13].

Since rhodamine xanthene ring did not participate the binding
of analytic objects in sensing, the choice of rhodamine fluorophore
was rarely considered in fluorescent probe designing. Most of the
spirolactam structures were constructed directly from the com-
mercially available Rhodamine B [14], Rhodamine 6G [15] or Rho-
damine 101 [16]. Through replacing the fluorophores to hybrid
rhodamine, some of the fluorescent probes were further extended
for special fluorescence properties, including near-infrared emis-
sion or large-stokes shift [17-20]. The data from different reports
indicated rhodamine fluorophores greatly influenced the response
range and kinetic parameters of the fluorescent probes [21-23].
Particularly, some of the analogues could hardly recognize target
via similar mechanism compared to their parent fluorescent
probes [24]. Therefore, systematically comparison of spirolactam
structures with different rhodamine fluorophores were beneficial
for the quantitative design of fluorescent probes. Unfortunately,
few works focused on this problem, especially the comparison of
common commercially available rhodamines.

Rhodamine spirolactam, as the pH sensitive structure, has often
been applied to detecting pH. Recently, Zhang et al. reported a rho-
damine B lactam derivative with morpholine as a lysosome tracker
[25]. The probe showed a 140-fold fluorescence enhancement over
a pH range from 7.4 to 4.5 and could monitor the lysosomal pH.
Replacing rhodamine B fluorophore of the probe to near-infrared
rhodamine and hemicyanine rhodamine could also sense the pH
change [26,27]. In this paper, we took the morpholine contained
spirolactam structure as an example to illustrate the tuning effect
of rhodamine fluorophore. Three pH probes based on rhodamine
6G, rhodamine B and rhodamine 101 were synthesized. The optical
and chemical properties of these probes were substantiated with
theoretical calculations. Besides, these probes were also applied
to imaging the lysosomal pH.

2. Experimental section
2.1. Materials and instruments

Unless otherwise stated, all reagents and solvents for synthesis
and detection were purchased from commercial suppliers and used
without further purification. All water used was from Millipore
water purification system with a minimum resistivity of 18.0
MQ-cm. 'H NMR and 3C NMR spectra were recorded on a Bruker
400 spectrometer, using tetramethylsilane (TMS) as an internal
standard. Chemical shifts were given in ppm and coupling con-
stants (J) in Hz. Mass spectrometry data were obtained with
Waters Xevo G2-XS QTof. UV-Vis absorption spectra were col-
lected on Shimadzu UV-1900i Spectrophotometer. Fluorescence
measurements were performed on PerkinElmer LS55 fluorescence
spectrophotometer. The fluorescence imaging was performed by
using Olympus FV1000 MPE confocal laser scanning microscope.

2.2. Synthesis

Compound 1: This compound was synthesized according to the
literature [28]. "H NMR (400 MHz, DMSO dg) 6 7.96 (dt, ] = 7.5,
1.1 Hz, 1H), 7.76 (td, J = 7.4, 1.2 Hz, 1H), 7.68 (td, J = 7.4, 1.0 Hz,
1H), 7.18 (dt, J = 7.7, 1.0 Hz, 1H), 6.33 (s, 2H), 6.21 (s, 2H), 5.27
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(t, ] = 5.5 Hz, 2H), 3.27 - 3.09 (m, 4H), 1.90 (s, 6H), 1.21 (t,
J =7.1 Hz, 6H).

General Procedure for Synthesis of RLH A-C: The corresponding
rhodamine (1.0 mmol), 4-(2-aminoethyl) morpholine (3.0 mmol)
and benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluo-
rophosphate (PyBop, 1.1 mmol) were dissolved in 25 mL CH,Cl,.
The mixture was stirred for 12 h at room temperature before evap-
orated under reduced pressure. The crude product was purified by
column chromatography (EtOAc/PE = 3:2) to afford pure product.
RLH A: 86.7%; 'H NMR (400 MHz, CDCl3) 6 7.93 (d, J = 6.8 Hz,
1H), 7.57 - 7.41 (m, 2H), 7.05 (d, J = 6.7 Hz, 1H), 6.35 (s, 2H),
6.26 (s, 2H), 3.63 - 3.46 (m, 6H), 3.25 (dt, J = 15.2, 5.2 Hz, 6H),
2.26 (s, 4H), 2.15 - 2.02 (m, 2H), 1.91 (s, 6H), 1.34 (t, ] = 7.1 Hz,
6H); '3C NMR (100 MHz, CDCl5) 6 168.13, 153.68, 151.70, 147.37,
132.37, 131.16, 128.69, 127.99, 123.75, 122.72, 117.76, 106.10,
96.45, 66.90, 64.94, 56.03, 53.16, 38.38, 36.85, 16.71, 14.74; ESI-
HRMS calcd. for C3;H3sN4Os [M + H|* 527.3022, observed
527.3021. RLH B: 89.5%; 'H NMR (400 MHz, CDCl5) & 7.91 (dd,
J=5.7,3.0 Hz, 1H), 7.45 (dd, J = 5.7, 3.1 Hz, 2H), 7.10 (dd, J = 5.6,
3.0 Hz, 1H), 6.45 (d, J = 8.8 Hz, 2H), 6.39 (d, J = 2.6 Hz, 2H), 6.27
(dd, J = 8.8, 2.6 Hz, 2H), 3.59 (t, J = 4.6 Hz, 4H), 3.40 - 3.26 (m,
10H), 2.27 (t, J = 4.6 Hz, 4H), 2.12 (t, J = 7.5 Hz, 2H), 1.17 (t,
J = 7.0 Hz, 12H); 3C NMR (100 MHz, CDCl3) 6 167.94, 153.47,
153.34, 148.72, 132.29, 131.34, 129.06, 127.99, 123.77, 122.68,
108.04, 105.66, 97.68, 66.88, 64.83, 56.07, 53.22, 44.39, 36.96,
12.59; ESI-HRMS calcd. for C34H43N403 [M + H]+ 555.3335,
observed 555.3333. RLH C: 56.3%; '"H NMR (400 MHz, CDCl3) ¢
7.90 (dd, J = 5.5, 3.1 Hz, 1H), 7.51 - 7.36 (m, 2H), 7.10 (dd,
J = 5.6, 2.9 Hz, 1H), 6.01 (s, 2H), 3.62 (t, J = 4.7 Hz, 4H), 3.31 -
3.02 (m, 10H), 2.90 (t, J = 6.7 Hz, 4H), 2.48 (t, ] = 6.5 Hz, 4H),
2.38 - 2.25 (m, 4H), 2.08 (ddt, J = 17.7, 12.1, 6.9 Hz, 6H), 1.95 -
1.81 (m, 4H); 3C NMR (100 MHz, CDCl5) § 167.99, 153.68,
148.31, 143.52, 132.24, 131.30, 127.81, 124.88, 123.91, 122.58,
117.18, 107.56, 105.77, 66.89, 65.66, 56.07, 53.22, 49.94, 49.49,
36.88, 27.19, 22.05, 21.55, 21.24; ESI-HRMS calcd. for C3gH42N403
[M + H]" 603.3335, observed 603.3331.

2.3. Sample preparation

RLH A-C were dissolved in DMSO to afford 2.0 mM stock solu-
tion. The stock solution was diluted to 5 pM with Britton-Robison
(BR) buffer solution for absorbance and fluorescence measure-
ments. Except for kinetic analysis, the test samples were incubated
for 30 min at room temperature before measurements.

2.4. Determination of pK, and kinetic parameters

pK; of RLH A-C was obtained by using the equation below:
Finax + Finin % 10P" Pk
1+ 107" PKe

Time-dependent fluorescence change of RLH A-C was fitted on
the following equation:

F=F, + Ae os(t-10)

where kqps is the observed rate constant.
The observed half-life t1, can be defined as follows:

In2
tip = Ror

2.5. Computational details

The starting structures of RLH A-C and their protonated ver-
sions were obtained using Avogadro with UFF minimization of
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energies. The ground and transient states geometric optimizations
were then performed at r?’SCAN-3c composite method [29] using
ORCA 5.0.0 [30-32]. Single point energies of these optimized struc-
tures were further calculated using RI-wB97M-V/def2-TZVP. The
calculated Gibbs free energy differences were corrected by sub-
tracting the calculated absolute hydration free energy [33]. The
excited states were assessed on TDDFT RI-PBEQ/def2-SV(P). All cal-
culation were conducted in the CPCM solvation model of water.
The corresponding electrostatic potential, absorption and emission
were analyzed by Multiwfn [34]. Molecular representations were
conducted by VMD [35] and Avogadro [36].

2.6. Cell culture and imaging experiments

HuH-7 cells were cultured in Dulbecco’s modified Eagle’s med-
ium (DMEM) containing 10% fetal bovine serum (FBS) under stan-
dard culture conditions (atmosphere of 5% CO, and 95% air at
37 °C) for 48 h before imaging. The cells were then rinsed twice
with PBS and incubated with RLH A-C (5 pM) and Hoechst
33342 (0.5 pg/mL) in serum free DMEM for 15 min. After incuba-
tion, cells were rinsed with PBS twice again for imaging.

3. Results and discussions
3.1. Probe design and synthesis

Spirolactam contained probes RLH A-C were constructed from
commercially available rhodamine 6G, rhodamine B and
rhodamine 101 with the link of morpholine. As illustrated in
scheme 1, rhodamine 6G were hydrolyzed in KOH solution to
afford compound 1. The carboxylic acid residue in compound 1,
rhodamine B and rhodamine 101 reacted with 4-(2-aminoethyl)
morpholine in the presence of PyBOP reagent to afford RLH A-C
respectively. The final structures of RLH A-C were characterized
by 'H NMR, 3C NMR, and HRMS.
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Rho101

3.2. Spectroscopic responses to pH

We examined the absorption and emission spectra of RLH A-C
in BR buffers containing 0.25% DMSO at different pH. As depicted
in Fig. 1a, RLH A exhibited almost no absorption above 400 nm
at neutral and basic pH environments. When the pH decreased
from 6.08 to 2.55, the gradually enhanced peak at 530 nm indi-
cated the transformation of RLH A from colorless ring-colsed spiro-
lactam to pink ring-opening ion. When pH varied from 6.08 to 2.55,
the emission maxima of RLH A in 551 nm increased, in agreement
with the absorption changes (Fig. 1b). The baseline drifts of RLH B
absorption at neutral and basic pH environments were similar to
our previous report in Si-rhodamine [37]. We attributed this phe-
nomenon to the aggregation of RLH B. Gradual decreases in the
pH from 5.91 to 4.00 result in the ease of baseline drifts and
increase of absorption peak in 561 nm (Fig. 1c). The fluorescence
spectra of RLH B in Fig. 1d showed the emission maxima increase
in 581 nm with the pH decrease from 5.91 to 4.00. RLH C displays
no absorption from 450 nm to 650 nm and maintains a ring-closed
spirolactam structure under basic pH. A stepwise decrease in pH
value from 7.40 to 3.10 leads to a new absorption peak at
584 nm with corresponding increases in the intensity (Fig. 1e).
Similar to absorption, the fluorescence with peak of 602 nm grad-
ually increased due to significantly enhanced m-conjugation as the
spirolactam ring opens under acidic conditions (Fig. 1f).

3.3. pK, and kinetic parameters

The pK, values for RLH A-C were determined as 3.92, 5.00 and
5.57 respectively via pH titration of fluorescence intensity at their
emission maxima (Table 1 and Fig. 2a). These comparative results
indicate the response range of spirolactam structure to pH were
rhodamine fluorophore dependent. Considering the intracellular
acidic lysosomes pH values from 4.0 to 5.5, the pK, values of RLH
A-C were suitable for lysosomal pH tracking.

To further study practical applications of RLH A-C, we pro-
ceeded to investigate the kinetics of these probes. Time courses
of fluorescence intensity at emission maxima were examined in
BR solution (pH 4.00). Notably, RLH C responded the most rapidly

(o

HzN/\/N

v

PyBop, DCM, Et;N

Scheme 1. Synthesis of RLH A-C.
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Fig. 1. Absorption and fluorescence spectra of 5 uM RLH A (a, b), RLH B (c, d) and RLH C (e, f) in BR solution with different pH. (Insets: photographs of the representative
probe solution under daylight or 365 nm UV light. Note: photograph in 1f contain the fluorescence (400-550 nm) from julolidine structure of ring-closed RLH C.)

Table 1

The pK,, kinetic parameters and calculated Gibbs free energy differences of RLH A-C.
Probe pK, kops [s71] Tip2 [s] AGeo [eV] AGrs [eV]
RLH A 3.92 0.0057 121.60 -0.0417 0.5143
RLH B 5.00 0.0047 147.48 -0.3743 0.5850
RLH C 5.57 0.0250 27.73 —0.4952 0.4890

to protons and fluorescence intensity saturation reached in a short
time (within 200 s). The ring-opening reaction of RLH A and RLH B
were much slower with the saturation time about 800 s. The calcu-
lated kinetic parameters of these probes were summarized in
Table 1.

3.4. Selectivity to pH

To explore the practical application of these probes, the selec-
tivities of RLH A-C to protons were investigated with fluorescence
responses at pH 7.40 and 4.00. As shown in Fig. 3, the presence of
50 puM cations such as Na*, K*, Ca®*, Mg?*, Cd?*, Co**, Ni**, Zn?",
Cu?*, Fe**, or anions such as Ac”, NO>-, SO%", CO3~ showed negligible
influence to the probes in pH 7.40 or 4.00. In addition, the fluores-
cence intensity of RLH A-C in pH 7.40 and 4.00 remained stable
upon addition of common amino acids and biothiols such as Cys,
Ser, Arg, Met, Lys, Thr, Leu, Trp, Glu, His, Asp and GSH. These results
demonstrated that RLH A-C were highly selective to detect acidic

pH even in complicated biological environment. Besides single
interferent, we also investigated the selectivity of the probes to
pH over complex interferents. The addition of interferences men-
tioned above (without SO3™; SO%; HS™; HCO3 and CO3%~ for stable
solution) at the same time did not affect the selectivity to pH
(Fig. S12).

3.5. Computational analysis

In order to verify the pK, and kinetic difference between RLH A-
C, we conducted theoretical studies (geometry optimization, elec-
trostatic potential, single point energy and TD-DFT calculations)
using ORCA 5.0.0. The oxygen of carbonyl group has the most neg-
ative electrostatic potential in RLH A-C, which benefit the binding
of proton at the primary of the ring-opening reaction (Fig. 4a, S13,
S17, S21, Tables S8, S9, S17, S18, S26 and S27). Although the mor-
pholine group might bind another proton and form the two posi-
tive charged structure [25,26], we ignored this possibility to
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Fig. 2. (a) pH titration curves of RLH A-C (5 uM) at Apax in BR solution; (b) Time-dependent fluorescence change of RLH A-C (5 pM) at the Ay.x in pH 4.00 BR solution.
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simplified the sensing process and proposed the reaction path in
Scheme 2 according to previous reports [38-40]. The occurrence

of the final amide rotation was subjected to the relative stability
of 02 and 03. The final protonated products were named RLH
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Fig. 4. (a) Electrostatic potential surfaces of RLH A-C; (b) Relative Gibbs free energy of representative states of RLH A-C in ring-opening process; (c) computed frontier orbitals
and energy levels of RLH A-C and their proton versions RLH A-CH*.

AH*, RLH BH* and RLH CH*, which featured open spirolactam

arrangements.

Liu and Xu described the spirocyclization equilibrium of rho-
damine with the Gibbs free energy differences between the closed
and open forms (AGc.o) and applied to spontaneously blinking rho-

damines designing [41,42]. Inspired by these pioneer works, we
tried to connected pK, with the corresponding AGo.c. As shown
in Table 1 and Fig. 4b, AGco of RLH A-C were calculated as
—0.0417, —0.3743 and —0.4952 eV respectively, which was nega-
tively correlated with pK, values. The transformation of C2 to 01
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Scheme 2. The ring-opening process of RLH A-C during acid-activation.

was the rate-determining step in the ring-opening process because
it was the only step that involves the breaking of chemical bonds
[40]. According to the transition-state theory, the larger AGrs
resulted slower reaction rate. We then calculated the energy bar-
rier AGrs of the ring-opening reaction of RLH A-C (Table 1 and
Fig. 4b). Our results showed RLH B exhibited the highest energy
barrier (0.5850 eV) followed by RLH A (0.5143 eV) and RLH C
(0.4890 eV) from C2 to 01, which was also negatively correlated
with kops values.

As presented in optimized geometries of the probes (Tables S1-
7, S10-16 and S19-25), the torsion angles between xanthenyl ring
and pendent ring were greatly increased from RLH A-C to their
protonated versions RLH AH*-CH". The specific increase in angle
labeled C1-C2-09 ranged from 140.33 to 179.55, 140.80-179.56
and 142.90-178.24°, respectively. Besides, the selected atoms list
in Tables S7, S16 and S25 revealed shorter distances upon protona-
tion, which indicated the probes became more conjugated during
the ring-opening reaction.

Electronic transition maxima of RLH A-C were calculated at
218, 220 and 224 nm, respectively (Fig. S14, S18 and S22). The
ring-opening induced by acid shifted the transition to visible range
and calculated to be 439, 455 and 475 nm for RLH A-CH" respec-
tively (Fig. S15, S19 and S23). In terms of fluorescence calculation,
RLH A-CH* presented the emission maximum at 511, 523 and
555 nm (Fig. S16, S20 and S24). These results were in reasonable
agreement with the experimental data.

As shown in Fig. 4c, the HOMO and LUMO of RLH A-C were
localized respectively on the xanthenyl ring and the spiro ring.
Whereas in their pronated version RLH A-CH*, the HOMO and
LUMO both localized on the xanthenyl ring, which facilitate the
electronic transition and lead to strong fluorescence. Besides, the
decrease in HOMO-LUMO energy gaps from RLH A-C to RLH A-
CH* supported the red-shift of the absorption spectra during
ring-opening reaction.

3.6. Applications in cellular imaging

We investigated the potential application of RLH A-C for fluo-
rescence imaging of acidic microenvironment in HuH-7 cells. After
incubating the cells with RLH A and Hoechst 33342, we only
observed the fluorescence of Hoechst 33342 in nucleus under the
excitation of 405 nm. Whereas, the fluorescence corresponded to

RLH A under the excitation of 488 nm were observed outside the
nucleus. Similarly, we could also find the fluorescence of RLH B
and RLH C in the same position under the excitation of 561 nm
(Fig. 5a). The fluorescence of RLH C was much brighter than RLH
A and RLH B, which was attributed to the higher pK, value. Besides,
the most rapid reaction rate to protons further indicated RLH C
was superior to the other two probes in imaging acidic microenvi-
ronment. Considering the acidity in lysosome, we anticipated that
RLH C could selectively target lysosomes in cells. The co-
localization analysis of RLH C and Lyso Tracker Green DND-26 with
Pearson’s coefficient of 0.96 indicated RLH C selectively stains lyso-
somes in live cells (Fig. 5b). The excellent spectral and pH response
features of RLH C prompted us to further investigate the ability of
it to monitor the pH fluctuations in living cells. HuH-7 cells were
incubated with different pH PBS buffers in the presence of 10 uM
nigericin to equilibrate the intracellular pH with external media.
As shown in Fig 6¢, the fluorescence intensity of RLH C decreased
with the pH increased from 4.00 to 8.00. This trend was in perfect
agreement with the in vitro result.

4. Conclusions

In summary, we have constructed spirolactam based pH probes
(RLH A-C) with three common rhodamines. After measured the
spectroscopic responses to pH, we determined the pK, values and
the observed rate constant k,ps of RLH A-C. These results were neg-
atively correlated with calculated AGco and AGrs respectively.
Besides, the spectra properties were also coincident with the com-
putational results. The highest pK, value and reaction rate resulted
RLH C was superior to the other two probes in selectively imaging
lysosomes. These results in our research might facilitate the quan-
titative optimization of rhodamine spirolactam based fluorescent
probes.
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Fig. 5. (a) Confocal images of HuH-7 cells stained with Hoechst 33342 and RLH A-C; (b) Co-localization images of HuH-7 cells stained with Lyso Tracker Green DND-26 and
RLH C; (c) Confocal images of HuH-7 cells in different pH PBS buffers stained with RLH C.
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