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Direct determination of total lysophosphatidic acid (LPA) 

was accomplished using newly developed spiroguanidines 

derived from rhodamine B as universal fluorogenic probes. 

Optimum conditions for the quantitative analysis of total 

LPA were investigated. The linear range for the 

determination of total LPA is up to 5 µM with a limit of 

detection of 0.512 µM. 

Lysophosphatidic acids (LPAs) are a family of phospholipids 

characterized by a single fatty acyl chain, a glycerol backbone 

and a phosphate head group. LPAs stimulate specific, multiple 

processes on the cells of the vessel wall and activation of 

blood platelets through G protein-coupled receptors.1,2 These 

include cell proliferation and migration, stress fiber and focal 

adhesion formation, fibronectin matrix assembly, collagen gel 

contraction, platelet aggregation, endothelial dysfunction, 

expression of cell adhesion molecules, and biochemical 

resistance to chemotherapy and radiotherapy-induced 

apoptosis.3,4 As LPAs are important signaling molecules, their 

tight regulation by LPA-generating and LPA-inactivating 

enzymes indicate their potential involvement in certain human 

diseases that include cardiovascular disease,5 neuropathic 

pain,6 multiple sclerosis,7 lung disease,8 bone metastases,9 

diabetic retinopathy10 and liver fibrosis.11 Moreover, high levels 

of LPAs have been detected in ascitic fluid from ovarian cancer 

patients.12 Clinical studies have suggested that specific LPA 

subspecies (Fig. 1) are associated with ovarian cancer.13  

 
Fig. 1 Lysophosphatidic acids. 

Common detection methods of phospholipids include gas 

chromatography (GC),14 capillary electrophoresis (CE)15 and 

two-dimensional thin layer chromatography (TLC).16 High 

resolution liquid chromatography-mass spectrometry (LC-MS) 

has been developed for quantitative analysis of 

phospholipids.17 However, it is not as accurate as liquid 

chromatography-tandem mass spectrometry (LC-MS/MS). 

Modern soft ionization techniques, such as electrospray and 

matrix-assisted laser desorption, have greatly improved 

phospholipid analysis in a faster and more accurate manner.18 

However, LC-MS/MS is not ideal for LPA analysis.19,20 It is well 

documented that sample preparation for LC-MS/MS analysis 

results in some endogenous matrix, containing highly ionic 

components such as phosphatidyl choline (PC) and 

lysophosphatidyl choline (LPC), which may either suppress or 

enhance ionization in the electrospray MS source.21 

Furthermore, an important issue with using LC-MS/MS in the 

quantification of LPA is the cleavage of the choline head 

group from LPC which releases LPA and thereby produces 

false positives.22 The matrix effects may also result in retention 

time shifts and elevated baselines that can affect the accuracy 

and reproducibility of quantification.16,23 Optical detection, on 

the other hand, is a relatively simple and accessible method 

that can provide the required sensitivity for the detection and 

quantification of LPAs.  Commercially available fluorogenic 

probes for phospholipids detection are fluorescent lipid 

analogs. Their use for phospholipids detection is based on the 

enhancement or quenching of fluorescence emission intensity 

as a result of aggregation/de-aggregation. DiA,24 DPH,25 

DSHP,26 nonyl acridine orange,27 3-hydroxyflavone derivatives,28 

and benzanthrone derivatives29 have been widely used to 

investigate phospholipid behavior in both artificial and 

biological systems.  Since aggregation/de-aggregation is 

dependent on the type, length and number of alkyl chains 

present in a specific phospholipid, the magnitude of a signal 
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for total phospholipids in a sample is influenced by specific 

component structures in addition to total phospholipid levels. 

Therefore, to obtain a more accurate signal corresponding to 

total LPA, fluorophore signal transduction should be 

independent of alkyl chain features.  

 
Fig. 2 Spiroguanidine rhodamines 1 and 2. 

Probes 1 and 2 (Fig. 2) are based on the rhodamine B 

framework functionalized with a guanidine group. They are 

non-fluorescent and colorless in the lactam form, whereas the 

corresponding open amide form is strongly fluorescent 

(Scheme 1).30 The guanidinium moiety is a natural anion-

binding receptor. Its unique combination of cationic charge 

and hydrogen-bond donor properties has inspired its use 

herein in LPA sensor design. Another attractive feature is the 

extremely high basicity of guanidine (pKa = 13.5), which 

guarantees protonation over a wide pH range.31 LPAs have 

two ionizable protons (pKa1 = 2.9 ± 0.3 and pKa2 = 7.47 ± 

0.03).32 The signal enhancement would thus be controlled 

mainly by the phosphate head group rather than the type, 

length and number of alkyl chains present in the phospholipid. 

 
Scheme 1. Spirolactam ring opening of a rhodamine B derivative. 

Compound 1 is synthesized in four steps starting from 

rhodamine B (Scheme 2).  Rhodamine B hydrazide 4 is 

synthesized according to the procedure reported by Yang et 
al.33 in 95% yield. Attempts to synthesize compound 1 via 

guanidinylation of 4 with cyanamide under acidic conditions 

were unsuccessful.34 Alternatively, the use of the 

guanidinylation reagent, 1,3-bis-boc-2-methyl-2-

thiopseudourea, and HgCl2 as the catalyst following a modified 

procedure reported by Dardonville et al.35 affords the di-N-

Boc-protected guanidine 5 in 90% yield. After removal of the 

Boc protecting group and neutralization, compound 1 is 

obtained in 60% yield. 

 
Scheme 2. Synthesis of spiroguanidine rhodamine 1. 

Rhodamine B acyl chloride 7 is obtained according to the 

procedure reported by Liu et al.36 (Scheme 3).  Initial attempts 

to obtain 2 via direct acylation reaction of guanidinium 

chloride with rhodamine B acyl chloride were unsuccessful. 

Guanidinylation of the rhodamine B lactam with 1,3-bis-boc-2-

methyl-2-thiopseudourea to afford di-N-boc protected 

spiroguanidine rhodamine, was also unsuccessful.37 As an 

alternative, the direct acylation reaction of 1,3-bis(tert-

butoxycarbonyl)guanidine with 7 under basic condition was 

attempted. Following a modified procedure reported by of Liu 

et al.,38 the di-N-boc-protected intermediate 8 is obtained in 

62% yield. Upon Boc deprotection and neutralization, 2 is 

obtained in 52% yield. 

 
Scheme 3. Synthesis of spiroguanidine rhodamine 2. 

Stock solutions of 1 and 2 were prepared in CHCl3. Aliquots 

were transferred into 4 mL vials, and evaporated under a 

stream of N2. Different solvent systems, including aqueous 

buffers at different pH values as well as DMSO, DMF, THF, 

CHCl3, MeOH and EtOH, were evaluated by reconstitution of 

the dry probe with solvent. The absorption and fluorescence 

spectra of 5 μM solutions of 1 and 2 in CHCl3:DMSO (9:1) 

show that these newly developed probes have similar 

maximum absorbance and emission wavelength as compared 

to the parent rhodamine B (Figs. S1 and S2, ESI†).  The relative 

fluorescence quantum yields (ϕ) of 1 and 2 were calculated by 

using rhodamine B base as the reference standard, following 

the procedure of Würth et al.39 Spectroscopic properties of 1 

and 2 in EtOH are summarized in Table S1 (ESI†). High 

fluorescence emission intensity is observed for 2 in protic 

solvent systems, which is attributed to the open form (Scheme 

S1, ESI†), while 1 remains as the spirocyclic form with low 

fluorescence intensity. Probes 1 and 2 were evaluated for the 

detection and quantification of LPA. LPA 16:0 was chosen as a 

model analyte to carry out LPA fluorescence sensing 

experiments. Of the various solvent systems evaluated, the 

greatest fluorescence enhancement was observed in CHCl3 

upon treatment of both 1 and 2 with LPA. However, it was 

found that LPA 18:0, in its protonated form, exhibited only 

partial solubility in CHCl3. Addition of DMSO improved 

solubility. In order to obtain more uniform samples for 

measurement, films of each LPA subspecies were prepared 

from their respective MeOH solutions. MeOH was evaporated 

under a stream of N2, and the films reconstituted in 

CHCl3:DMSO (9:1) for spectral analysis. Initial screening (Fig. 3) 

showed that 2 had a higher fluorescence emission in the 

presence of LPA 16:0 as compared to that of 1. 
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Fig. 3 Fluorescence emission intensity comparison between 1 and 2 in the 

presence of LPA 16:0. Ex/Em = 550 nm/570 nm; final probe concentration: 5 µM, 

final LPA 16:0 concentration: 5 µM; solvent system: CHCl3: DMSO 9:1. 

In order to prove that the fluorescence enhancement is 

independent of the degree of unsaturation and length of alkyl 

chains present in the phospholipids, fluorescence 

measurements of 2 with different LPA subspecies were carried 

out. As shown in Fig. S4 (ESI†), equimolar solutions (10 µM) of 

different LPA subspecies resulted in the same fluorescence 

emission intensity upon interaction with 2 (10 µM). Upon 

treating an LPA solution with 2, enhanced fluorescence 

intensity was instantly observed and as shown in Fig. S5 (ESI†). 

The fluorescence intensity of each subspecies remained 

constant for at least 30 min. Based on the preliminary positive 

results described above, the performance of 2 for LPA 

detection was optimized.  From the screening of a series of 

solvent systems (e.g., Fig. S5, ESI†), it was found that a 

CHCl3:DMSO 95:5 mixture produced the best results in terms 

of fluorescence enhancement. To avoid potential ring opening 

and interference due to the presence of acids, the solvents 

were passed through anhydrous K2CO3.  

A Job’s plot (Fig. S6, ESI†) was conducted keeping [2] + [LPA] 

= 10 µM. The inflection point was found at 0.5, indicating a 

1:1 stoichiometry for 2 and LPA (ESI†). The binding constant 

(Ka) for the interaction of 2 and LPA was determined to be 

4.622 × 105 M-1. The concentration of LPA in the protonated 

form (free acid), was determined by LC-ESI/MS/MS using LPA 

17:0 as an internal standard. Calibration curves of individual 

LPAs were obtained over a 1-15 μM range (Fig. S7, ESI†). 

Acceptable correlation factors (R2) were obtained for all the 

LPAs (Table S2, ESI†).  Solutions of increasing concentrations 

(0, 0.5, 1, 3, and 5 μM) of LPA subspecies were prepared in a 

mixture of MeOH:CHCl3 1:1.  After evaporation under N2, 

samples were reconstituted with a CHCl3:DMSO (95:5) mixture. 

Emission intensity for each solution was recorded from 560 to 

700 nm using an excitation wavelength of 550 nm. As shown 

in Fig. S9 (ESI†), a linear relationship between fluorescence and 

LPA concentration in the range of 0-5 μM was obtained with a 

limit of detection (LOD) of 0.512 μM. This value is considered 

suitable for the quantification of total plasma LPA levels from 

both healthy and ovarian cancer patients. According to a 

clinical study,40 the mean preoperative total plasma LPA levels 

are below 1 μM in healthy women, and between 1 and 5 μM 

in ovarian cancer patients. 

The proposed LPA sensing mechanism involving 2 is based on 

the conversion from a spirocyclic guanidinium system to a 

ring-opened form assisted by the interaction of the phosphate 

group on LPA. Extensive studies of the guanidinium group as 

a receptor for phosphate are well documented in the 

literature. It has been found that phosphate can bind through 

an extensive hydrogen-bonding network as well as through 

the formation of a salt bridge with the guanidinium moiety.41 

This type of structural complex has been found in many crystal 

structures of enzyme complexes with phosphate substrates as 

well as in simple guanidinium salts.42   

The mechanism is envisioned to begin via an intermolecular 

proton transfer from the LPA phosphate to the guanidine 

moiety resulting in the formation of a guanidinium salt 

(Scheme 4).  

 
Scheme 4.  Proposed LPA sensing mechanism with spiroguanidine rhodamine 2. 

Non-fluorescent 2 gives rise to fluorescence emission upon LPA binding. 

The carbonyl adjacent to the protonated guanidine group 

weakens the spirolactam, thus promoting conversion of 2 to a 

more delocalized xanthene dye via ring opening. The resultant 

positively charged fluorescent xanthene form is further 

stabilized via interaction with the polar anionic head group of 

LPA. Molecular simulations (Sybyl-X™ version 2.0, Certara) 

show that in addition to the electrostatic interaction between 

the phosphate group and the xanthene diethyliminium group, 

there are two hydrogen-bonding interactions that reinforce 

the non-covalent binding of LPA with the open form of 2. One 

is formed between the central bridging oxygen of the 

fluorophore and the sn-2 hydroxyl group of LPA and the 

second between the phosphate and guanidine groups (scheme 

4). 

Conclusions 

Two universal fluorogenic probes (1 and 2) have been 

developed for LPA analysis based on spiroguanidine 

derivatives of rhodamine B. Probe 2 was found to afford a 

relatively brighter signal in the presence of LPA.  The 

consistent response of 2 to each of the most abundant LPAs, 

despite their structural variability, simplifies LPA determination 

by precluding the need to calibrate each individual LPA 

subspecies. Because the magnitude of the fluorescence signal 

corresponds to total phospholipid levels and is not dependent 

on specific component structures (e.g. type and length of the 

fatty acyl chain), this method may be applied to the 

quantification of total LPA levels in conjunction with selective 

LPA isolation from bodily fluids. According to a procedure 

recently reported by Wang et al.,24 relatively more abundant 

phospholipids can be readily removed affording a mixture 

containing the most significant five bioactive LPA subspecies 

as the major components. Ongoing work in our group 
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includes the use of 2 and analogs for (i) key components of 

sensors for direct measurement of LPA levels without mass 

spectrometry and HPLC separations, and (ii) to create 

chemosensors with enhanced selectivity for individual LPA 

subspecies. 
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Fluorescent indicators have been developed that enable the determination of 

lysophosphatidic acids via signaling that is independent of the size or degree of 

unsaturation of the fatty acid side chain. 
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