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A B S T R A C T   

To confirm the pKa regulation by hydrogen bond, a series of rhodamine alkylamides were developed, and their 
pKa values were measured in aqueous solution. For Rh-APD, intramolecular hydrogen bond derived from hy
droxyl of 2-amino-1,3-propanediol between carbonyl of spirolactam was favorable to the increase of pKa values 
(pKa 5.7). Gaussian stimulation demonstrated a moderate intramolecular hydrogen bond in Rh-APD at DFT/ 
B3LYP/6–31 G(d) level. Except for pH, neither protic/aprotic solvents nor metal ions induced ring-opening 
transformation of Rh-APD. Bio-imaging showed that Rh-APD could specifically accumulate in lysosomes and 
evaluate lysosomal pH fluctuation in living MCF-7 cells. Moreover, Rh-APD also can indicate the acidity of gut 
and ovary of Daphnia magna. Rh-APD would be a potential reagent for water-quality monitoring with the help of 
its pH indication in living cells and water fleas.   

1. Introduction 

Rhodamine spirolactam has captured great attention for its ring- 
switching character, which is applied in many fields such as fluores
cent sensors[1,2], printing and dyeing[3,4], thermo-sensitive materials 
[5,6], optoelectronic devices[7,8], and super-resolution imaging[9,10], 
etc. The switching transformation of rhodmaine spirolactam between 
colorless spirolactam and fluorescent zwitterions is highly sensitive to 
pH of solvents. Then it has been used to design a lot of pH fluorescent 
probes based on rhodamine spirolactam[11–13]. Various primary 
amines have been utilized to develop pH probes with different pKa value 
and applied in acidic or neutral monitoring[14–25]. The pKa value of 
these probes is an important parameter for the range of pH response and 
its accumulation in living cells. Generally, primary amines, such as hy
drazine derivatives [14–17], ethanediamine derivatives [18–22] amino 
acid analogs [23,24], are widely used in the design of rhodamine spi
rolactams for pH indicators. The vast majority of primary amines are 
flexible aliphatic chain in the structure of rhodamine spirolactams, 
whose pKa values are usually in a broad range from 3.0 to 5.2[14–24]. 
Steric hindrance and substitute effect have been proposed to modulate 
the pKa values of rhodamine spirolactams with large steric hindrance, 
such as aniline derivatives[25–27]. Nevertheless, there is little method 

to modulate the pKa of rhodamine alkylamides bearing aliphatic chain. 
The freewheeling regulation between ring-opening and closing form 

of spirolactam is the goal of our pursuit[28–30]. Except for steric hin
drance and substitute effect, positive charge from quaternary ammo
nium salt has been proofed to be an effective factor to water solubility 
and pH responses of rhodamine spirolactam[29,31]. In addition, with 
the aid of steric hindrance, we also have designed a rhodamine pH probe 
(Rh-Met) bearing methionine group with a neutral pKa 6.8, which can 
localize in mitochondria and droplet of living cells[30]. The neutral pKa 
of Rh-Met has been attributed to the steric hindrance and hydrogen bond 
(Scheme 1a). Considering flexible alkyl chain usually possesses small 
steric hindrance, hydrogen bond as the main factor would be beneficial 
for the neutral pKa. To further confirm the pKa regulation by hydrogen 
bond, herein, a series of flexible alkyl chains were introduced into 
rhodamine spirolactams, and the pKa values were measured in aqueous 
solution. Primary amines such as 2-amino-1,3-propanediol, ethanol
amine, 3-pentanamine and the acetylation of amino-1,3-propanediol 
were used to develop a series of rhodamine alkylamides (Scheme 1). 
We anticipate that intramolecular hydrogen bond between the hydrogen 
in hydroxyl of amino-1,3-propanediol and oxygen in carbonyl of spi
rolactam would be conducive to the ring-opening reaction and stabili
zation of the zwitterions form, resulting a larger pKa value of rhodamine 
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alkylamides (Scheme 1b). C. P. Pradeep et al. has reported a rhodamine 
alkylamides containing tris(hydroxymethyl)aminomethane, which can 
be always in a ring-opening form in protic solvents owing to the 
hydrogen-bonding stabilization[32]. Different from tris(hydrox
ymethyl)- aminomethane-rhodamine spirolactam, the ring switch of 
Rh-APD was expect to be modulated by pH, but not by protic or aprotic 
solvents. 

2. Experimental 

2.1. Synthesis of Rh-APD 

Rhodamine B acid chloride (RhB–Cl) was obtained, according to the 
procedure previously reported[33]. RhB–Cl was used without further 
purification. 2-amino-1,3-propanediol (94.8 mg, 1.04 mmol) was dis
solved in 2 mL C2H5OH solution containing 3 mL NEt3 and 3 mL CH3CN. 
The mixtures were added dropwise into the solution above of crude acid 
chloride in 30 mL CH3CN. After stirring overnight at room temperature, 
the solvent was removed by rotavapor. The crude product was purified 
through silica gel column chromatography with a mixture of dichloro
methane and methanol (35:1, v/v) as eluent. Rh-APD was obtained as a 
pink powder (228.5 mg, Yield 43%). HRMS [M+H]+ C31H38N3O4 Calc. 
516.2862 Found 516.2852, 1H NMR (500 MHz, DMSO) δ 7.76–7.74 (m, 
1H), 7.52–7.48 (p, J = 6.3 Hz, 2H), 6.99–6.97 (m, 1H), 6.39–6.34 (m, 
6H), 4.52 (dd, J = 6.3, 4.9 Hz, 2H), 3.67–3.62 (m, 2H), 3.34–3.30 (m, 
8H), 3.00 (m, J = 11.5, 6.1 Hz, 1H), 1.09 (t, J = 7.0 Hz, 12H). 13C NMR 
(125 MHz, DMSO) δ 167.8, 153.3, 152.8, 148.4, 132.8, 130.9, 129.2, 
128.3, 123.7, 122.2, 107.9, 104.3, 97.0, 65.6, 59.3, 57.1, 54.9, 43.6, 
12.4. 

2.2. pH titration 

pH titration was carried out according to the method we reported 
previously[34]. In pH titration, the concentration of Rh-APD and its 
contrasting compounds was 2 × 10− 5 M in C2H5OH/H2O (v:v 1:1). Conc. 
HCl and NaOH were used during the pH titration. Meanwhile, the ab
sorption and emission spectra was recorded in UV spectrophotometer 
and spectrofluorophotometer, respectively. 

2.3. Cell and Daphnia magna culture 

The procedure of MCF-7 cell culture can refer to that reported pre
viously[35]. Parthenogenetic Daphnia magna was supplied by Shenyang 
Chemical Research Institute co. LTD. Daphnia magna was cultured in 
chlorine-free tap water (pH 7.8 ± 0.2) at room temperature (20 ± 2 ◦C) 
under daylight fluorescent lamps with the photoperiod 14/10 h 
(light/dark). The water was renewed every three days. 

2.4. Fluorescence imaging of MCF-7 cells and Daphnia magna 

MCF-7 cells in exponential phase of growth were stained with Rh- 
APD (5 μM) in an atmosphere of 5% CO2 and 95% air at 37 ◦C for 10 
min. After cells were washed three times with PBS, 5 μM DND-26 in 2 mL 
RPMI 1640 was added and cultured for 10 min. And then these cells 
were washed three times with PBS. Finally, added 1 mL RPMI 1640 
culture medium and observed under confocal microscopy (IX81). Green 
Channel was excited at 488 nm laser and the BF was in the range from 
500 nm to 520 nm. In Red Channel, the excitation wavelength was 559 
nm and the emission signal was collected in the range from 575 nm to 
655 nm. During co-localization imaging, the parameters of HV (sensi
tivity of detector) remain constant. Daphnia magna was taken in Rh- 
APD (5 μM) water solution contain 0.1% DMSO for 5 min. Daphnia 
magna was washed three times with chlorine-free tap water. Fluorescent 
imaging of Daphnia magna stained with Rh-APD was obtained from 
fluorescence microscope (BX-51). 

3. Results and discussion 

3.1. Geometry optimization 

The optimized geometry of Rh-APD was simulated by Gaussian 
software at DFT/B3LYP/6–31 G(d) level. Similar to common 

Scheme 1. Protonation procedure of (a) Rh-Met and (b) Rh-APD. (c) The structures of Rh-APD, Rh-EA, Rh-AP and Rh-APDA.  

Fig. 1. The geometry of Rh-APD optimized by Gaussian (DFT/B3LYP/6–31 
G(d)). 
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spirolactam, the five-member lactam in spatial structure was planar for 
Rh-APD. The dihedral angle of nonplanar xanthene ring (C1–C2–O4–C3) 
was 175.6◦ in accordance with common rhodamine spirolactam. How
ever, it can be identified a moderate intramolecular hydrogen-bond 
from bond parameters measured in optimized geometry of Rh-APD 
(Fig. 1). The bond length of O1–H1 was 0.991 Å, which was a bit 
longer than that of O2–H2 (0.985 Å). Compared with hydrogen atom H2 
in hydroxyl group, hydrogen atom H1 was close to oxygen atom O3 of 
amide in Rh-APD. The spatial distance of H1–O3 and O1–O3 was 1.850 
Å and 2.732 Å, which were in their respective scope of moderate 
hydrogen bond (Table 1). Moreover, the distance of H1–O3 (1.850 Å) 
was shorter than that of O3–H2 (4.101 Å), but longer than that of O1–H1 
(0.991 Å). The bond angle of O1–H1–O3 (146.4◦) signalled that the 
intramolecular hydrogen bond in Rh-APD was mostly electrostatic 
interaction. Different from the strength of H1–O3 hydrogen bond, the 
H2–O1 interaction was much smaller according to hydrogen bond model 
reported by Jeffrey[36]. Finally, relatively large chemical shift of δH1 
(5.75 ppm) provided further evidence that there was a moderate 

intramolecular hydrogen bond in Rh-APD. In addition, the electron 
distribution of HOMO and LUMO of Rh-APD was mainly delocalized on 
xanthene ring and five-member lactam, respectively. 

3.2. Solvent effect of Rh-APD 

Given the moderate hydrogen bond interaction, we anticipated that 
2-amino-1,3-propanediol bearing two hydroxyl groups in Rh-APD would 
diminish the trend toward open-state transformation induced by protic 
solvent. Then, absorption and emission spectra of Rh-APD were 
respectively investigated in protic (glycol, methanol, ethanol) and 
aprotic solvents (THF, DCM, acetonitrile, acetone, ethyl acetate, DMF 
and DMSO). Either in methanol, ethanol or glycol, the absorption and 
emission peak was not observed in its spectra (Fig. 2). After acetic acid 
was added into Rh-APD solution of ethanol, a bright red color of Rh-APD 
solution appeared and the maximum of absorption peaked at 560 nm 
(Fig. 2a). Meanwhile, a strong fluorescent emission at 585 nm was 
observed upon irradiation with 560 nm light (Fig. 2b). These results 

Table 1 
The hydrogen-bond parameters of Rh-APD.  

parameters Rh-APD Hydrogen bond model[36] 

O1–H1⋯O3 O2–H2⋯O1 Strong Moderate Weak 

A-H⋅⋅⋅B interaction electrostatic electrostatic Mostly covalent Mostly electrostatic electrostatic 
Bond lengths O1–H1<H1–O3 O2–H2<H2–O1 A-H ≈ H⋯B A-H < H⋯B A-H ≪ H⋯B 
H⋯B(Å) 1.850 2.106 ~1.2–1.5 ~1.5–2.2 2.2–3.2 
A⋅⋅⋅B(Å) 2.732 2.814 2.2–2.5 2.5–3.2 3.2–4.0 
Bond angle (◦)a 146.4 127.3 175–180 130–180 90–150 
δH (ppm)b δH15.75 δH2~3.3 14–22 <14 <14  

a Bond angle of hydrogen bond, ∠AHB. 
b Chemical shift of hydrogen in hydroxyl group, ppm. 

Fig. 2. Absorption (a) and emission (b) spectra of Rh-APD in protic, aprotic solvents and acetic acid (contain 50% C2H5OH v:v).  

Fig. 3. Normalized emission (a) and absorption (b) of Rh-APD, Rh-EA, Rh-AP and Rh-APDA at maximum vs pH values in C2H5OH/H2O solutions (v:v 1:1).  
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meant that, neither hydrogen bond nor polarity from protic/aprotic 
solvent could induce a ring-opening reaction of spirolactam in Rh-APD 
except H+. 

3.3. pH response 

To illuminate the pKa modulation by hydrogen bond, pH titrations of 
Rh-APD, Rh-EA, Rh-AP and Rh-APDA in aqueous solutions were per
formed, shown in Fig. 3. The color and fluorescence of Rh-APD did not 
be observed in the pH ranges from 7.0 to 12, owing to its stable spi
rolactam. When pH value was adjusted from 7.0 to 5.5, the fluorescent 
intensity at 585 nm increased gradually. Meanwhile, the absorption 
intensity at 560 nm increased in two folds. The enhanced emission and 
absorption meant that there was a ring-opening reaction of spirolactam 
induced by H+. Rh-EA, Rh-AP and Rh-APDA showed similar changes for 
absorption and emission in the process of acidification. The pKa values 
of Rh-EA, Rh-AP and Rh-APDA were 3.21 (±0.09), 4.51 (±0.14) and 
4.66 (±0.08), respectively, calculated by fluorescent titration (Fig. 3a). 
Comparing Rh-EA with Rh-APD, it can be found that the steric hindrance 
can effectively tune pKa from 3.21 to 4.51. To further magnify steric 
hindrance, the pKa of Rh-APDA esterified from Rh-APD was 4.66, tightly 
clustering about nearly 4.51 (Rh-AP). There was a similar steric hin
drance between Rh-AP and Rh-APD. But the pKa value of Rh-APD was 
up to 5.77 (±0.02), larger 1.2 pH units than that of Rh-AP. Similar re
sults of pKa values between Rh-APD and Rh-AP could be also achieved 
from the fitting data of absorption titration (Fig. 3b). The enhancement 
on pKa of Rh-APD should be attributed to the assistance of moderate 
intramolecular hydrogen bond of O1–H1•••O3 (Fig. 1), which would 
play a vital role in tuning pKa value of rhodamine alkylamides. In 
addition, the sensitive pH range of Rh-APD (5.0–7.0) covered well with 

lysosomal pH (4.5–6.0) of living cells, which suggested that Rh-APD 
might be eminently suitable for lysosomal pH monitoring. 

3.4. Selectivity of Rh-APD to metal ions 

Excluding hydrogen ion, whether was there any other analytes that 
can induce the ring-opening reaction of spirolactam in Rh-APD? As 
known to all, metal ion was the main factor to regulate the ring switch of 
rhodamine spirolactam, which was used to design many fluorescent 
probe for various metal ions[37,38]. In order to verify the interference 
from metal ions, the selectivity of Rh-APD to various metal ions was 
investigated. 10.0 equiv. metal ions such as Na+, K+, Mg2+, Ca2+, Al3+, 
Hg2+, Cr3+, Mn2+, Cd2+, Zn2+,Cu2+, Fe2+ and Fe3+ were added into 
Rh-APD aqueous solution (2 × 10− 5 M) at pH 7.4, respectively. As 
illustrated in Fig. 4, there were not apparent changes for absorption 
intensity at 560 nm and emission intensity at 585 nm, upon addition of 
various metal ions. 

3.5. Reversibility of the response of Rh-APD to H+

The reversible response of Rh-APD to pH between 4.5 and 7.0 was 
illuminated in Fig. 5. Adjusted the pH value of aqueous solution 
(C2H5OH: H2O, 1/1, v/v) to ~4.5, a pink color of solution could be 
instantly captured by naked-eyes, and in the meanwhile a red emission 
at 585 nm was detected upon excitation at 365 nm. Whereas the pH 
value was adjusted to ~7.0, both the color and fluorescence of Rh-APD 
faded fast. Rh-APD possessed an excellent reversibility towards pH, 
suggested that Rh-APD might be a potential indicator for pH monitoring 
in the environmental water system. 

Fig. 4. (a) Absorption intensity at 560 nm and (b) emission intensity at 585 nm of Rh-APD in C2H5OH/tris-HCl buffer (1:1, v:v, pH 7.4) in the absence and presence 
of metal ions. 1 Blank, 2 Al3+, 3 K+, 4 Hg2+, 5 Cr3+, 6 Mn2+, 7 Ca2+, 8 Na+, 9 Cd2+, 10 Zn2+, 11 Mg2+, 12 Cu2+, 13 Fe2+, 14 Fe3+. 

Fig. 5. Absorption intensity at 560 nm (a) and fluorescent intensity at 585 nm (b) of Rh-APD (2 × 10− 5 M) in C2H5OH: H2O (1/1, v/v) solution at pH 4.5 and 7.0. 
Inset: absorption and emission color of Rh-APD in aqueous solution at pH 4.5 and 7.0, respectively. 
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3.6. Bioimaging 

For the sensitive spectral responses of Rh-APD at pH range from 5.0 
to 7.0, Rh-APD was expected to be used as a powerful tool for fluorescent 
imaging of cells’ acidic environment. As shown in Fig. 6, MCF-7 cells 
stained with Rh-APD can glow with red discrete fluorescence in sub
cellular locations, upon excitation at 559 nm (Fig. 6a–c). Furthermore, 
large red discrete regions distributed in the cytoplasm near the cell pe
riphery, suggested that Rh-APD might be targetable for lipid droplet or 
lysosome. Herein, lipid droplet tracker BODIPY®493/503 and Lyso- 
tracker DND-26 were chosen for co-localization imaging with Rh-APD, 
respectively (Fig. 6d–l). MCF-7 cells stained with BODIPY®493/503 
showed the dotted fluorescence, which did not coincide with fluores
cence of Rh-APD in merged imaging (Fig. 6d–f). Intensity correlation 
plot of Ch1 and Ch2 in Fig. 6g provided further evidence that Rh-APD 
can’t specifically enrich into lopid droplet. The Pearson’s coefficient 

and Mander’s overlap coefficient were 0.23 and 0.21, respectively. 
Finally, the co-localization imaging of Rh-APD and lyso-tracker DND-26 
were illustrated in Fig. 6h–l. Observed with the optical microscope, 
MCF-7 cells stained with DND-26 and Rh-APD emitted green and red 
fluorescence, respectively. There was a good overlay between DIC 
image, DND-26 and Rh-APD within the cells (Fig. 6j). Intensity corre
lation plot of DND-26 and Rh-APD distributed typically on the diagonal 
(Fig. 6k). Moreover, the Pearson’s coefficient and Mander’s overlap 
coefficient were high up to 0.94 and 0.96. Intensity profile of linear ROI 
across MCF-7 cells stained with DND-26 and Rh-APD also varied in close 
synchrony. These results indicated that Rh-APD can specifically accu
mulate in lysosomes of MCF-7 cells. Different from amino-containing 
targetable groups, the hydroxyl group of amino-1,3-propanediol in Rh- 
APD could induce rhodamine spirolactam into lysosome while avoid
ing the “alkalizing effect”. 

To evaluate the ability of Rh-APD for pH fluctuation monitoring in 

Fig. 6. The fluorescent imaging of MCF-7 
cells stained with Rh-APD: (a) Differential 
interference contrast channel (DIC) (b) Red 
Channel (Ex: 559 nm, Em: 575–665 nm) (c) 
Merged image of DIC and Red Channel, 
(d–g) the fluorescent imaging of MCF-7 cells 
stained withBODIPY®493/503 and Rh-APD: 
(d) Green Channel Ch1: λex 488 nm, λem 
500–520 nm, (e) Red Channel Ch2: λex 559 
nm, λem 575–655 nm, (f) Merged image, (g) 
Intensity correlation plot of Ch1 and Ch2, 
(h–l) The fluorescent imaging of MCF-7 cells 
stained with Lyso-tracker DND-26 and Rh- 
APD (h) Green Channel Ch1:λex 488 nm, 
λem 500–520 nm (i) Red Channel Ch2: λex 
559 nm, λem 575–655 nm, (j) Merged image 
(k) Intensity correlation plot of Ch1 and 
Ch2, (l) Intensity profile of region of interest 
(ROI, white line) cross MCF-7 cells.   
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lysosomes, the time course of fluorescent imaging of MCF-7 cells stim
ulated by choroquine and Daphnia magna imaging were demonstrated 
in Fig. 7. After choroquine was added into MCF-7 cells stained with Rh- 
APD, the fluorescent intensity decreased along with the prolongation of 
the time. Two minutes later the average fluorescent intensity of MCF-7 
image decreased by more than half from 100% to 47% (Fig. 7b). The 
red fluorescence of MCF-7 cells fade away with prolonging the contact 
time. After 4 min, the average fluorescent intensity of MCF-7 cells 
reduced up to 70%. Significantly, as a result of Rh-APD intake, red 
fluorescence was visible in the digestive tract and ovary of Daphnia 
magna (Fig. 8)[39]. The fluorescence at midgut was fainter than that at 
the hindgut, which indicated that the pH value at the midgut was more 
acidic. Different from the midgut and hindgut of Daphnia magna, the 
fluorescence of the ovary was very bright, suggesting the strong acidity 
at the ovary of Daphnia magna. These results revealed that Rh-APD 
would be a potential indicator for pH fluctuation in lysosomes of 
MCF-7 cells and the gut of Daphnia magna. 

4. Conclusion 

In summary, a series of rhodamine spirolactams such as Rh-APD, Rh- 
EA, Rh-AP, Rh-APDA, bearing flexible alkyl chains were developed to 
verify the pKa tuning by hydrogen bond. Rh-AP and Rh-APDA had 
similar pKa values, 4.51 (±0.14) and 4.66 (±0.08), which was larger 

than that of Rh-EA (3.21 ± 0.09). Different from rhodamine spirolactam 
Rh-AP and Rh-APDA, the pKa of Rh-APD was large up to 5.7 (±0.02), 
owing to its intramolecular hydrogen bond derived from hydroxyl of 
amino-1,3-propanediol between carbonyl of spirolactam. Gaussian 
stimulation demonstrated a moderate intramolecular hydrogen bond in 
Rh-APD at DFT/B3LYP/6–31 G(d) level. Neither in protic solvent nor 
aprotic solvent Rh-APD maintained closed form, and the spirolactam 
couldn’t be induced open-state by metal ions. Cell imaging showed that 
Rh-APD could specifically accumulate in lysosomes and evaluate the pH 
fluctuation of lysosomes in live MCF-7 cells. Finally, Rh-APD also was 
used to indicate the acidity of gut and ovary of Daphnia magna. We 
expect that Rh-APD would be a promising fluorescent probe for pH 
indication in lysosomes of living cells and water fleas. 
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