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Abstract

Elevated homocysteine levels are a well-known independent risk factor for cardiovascular disease. 

To date, relatively few selective fluorescent probes for homocysteine detection have been reported. 

The lack of sensing reagents and remaining challenges largely derive from issues of sensitivity 

and/or selectivity. For example, homocysteine is a structural homologue of the more abundant (ca, 

20–25 fold) aminothiol cysteine, differing only by an additional methylene group side chain. 

Fluorescein tri-aldehyde, described herein, has been designed and synthesized as a sensitive and 

selective fluorophore for the detection of homocysteine in human plasma samples. It responds to 

analytes selectively via a photoinduced electron transfer (PET) inhibition process that is 

modulated by predictable analyte-dye product hybridization and ionization states. Mulliken 

population analysis of fluorescein tri-aldehyde and its reaction products reveals that the 

characteristic formation of multiple cationic of homocysteine-derived heterocycles leads to 

enhanced relative negative charge build up on the proximal phenolate oxygen of the fluorophore as 

a contributing factor to selective emission enhancement.
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Introduction

Homocysteine (Hcy) is a naturally-occurring amino thiol. It is an intermediate in the 

metabolism of methionine (Met) [1] and a precursor to cysteine (Cys) [2]. The conversion of 

Hcy to Met by remethylation and to Cys by transsulfuration steps modulates Hcy levels in 

human plasma [3]. Metabolic irregularities can lead to Hcy concentrations above 15 μM, a 

condition known as hyperhomocysteinemia (HHcy) [4]. HHcy can be caused by several 

factors including chronic renal failure, enzymatic defects, vitamin deficiency [1], 

overburdening of Met, and accumulation of reactive oxygen species [4]. HHcy is a well-

known independent risk factor for cardiovascular disease [5] and is additionally associated 

with other major disorders including Alzheimer's [6], osteoporosis [7], renal failure [8], 

cancer [9] and neural tube defects [10].
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The association of elevated Hcy levels with major disease risk has led to broad interest in its 

detection. Clinical monitoring is currently performed via chromatography, immunoassays or 

enzyme cycling [11–13]. Direct optical detection without separations or biological materials 

has been of great interest for determining Hcy and/or Cys, due to their relative ease of 

operation and low cost [14–19]. Hcy and Cys have very similar structures; additionally, 

circulating Cys levels are typically 15–20 times higher than those of Hcy. Therefore the 

selective detection of Hcy by abiotic chemosensors or dosimeters has been challenging. For 

example, relatively few optical sensors have been reported for the detection of Hcy over Cys 

and other amino acids [20–27].

Recently, we described a photochemical method for the detection of Hcy in human plasma 

via a redox mechanism [22] as well as an aldehyde-functionalized fluorescein method based 

on pH modulation [27]. Another recent example of a redox probe for Hcy is the dansyl 

derivative reported by Wang [23]. The well-known reaction of aldehyde fluorophores [14–

16, 20, 28] with Hcy and Cys has promoted the design of three other Hcy probes. These 

include an iridium complex [24], BODIPY [25] and pyrene [20] fluorophores. Each of the 

reported probes to date has inherent challenges including either low sensitivity at 

physiological levels, poor selectivity over more abundant thiols, fluorescence via only short 

wavelength excitation, and/ or lack of function in aqueous solvents. To address the current 

issues and increase the pool of useful optical indicators available for Hcy detection, herein 

the synthesis of fluorescein tri-aldehyde and its selectivity for Hcy under physiological 

conditions is reported.

Experimental

Materials

All chemicals were purchased from Sigma-Aldrich and used as received. Ultrapure water 

obtained from a Milli-Q™ direct water purification system was utilized to prepare all 

aqueous solutions. All spectroscopic measurements were conducted in DMSO:buffer (1:99) 

solutions.

Methods
1H NMR and 13C NMR were recorded on a ARX-400 Advance Bruker spectrometer 

performing at 400.13 MHz (1 H) and 100.61 MHz (13C). All chemical shifts (δ) were 

reported in ppm using DSS (sodium 2,2-dimetyl-2-silapentane-5-sulfonate) as an internal 

standard (δ = 0.000) for 1H NMR studies. CF3COOD was used as an NMR solvent to 

record 1H NMR spectra. The 13C NMR of 1 was obtained in a 1:4 CDCl3:CF3COOD 

solvent system. ESI-HRMS (high resolution mass spectrometry) spectra were recorded at 

the PSU Bioanalytical Mass Spectrom-etry Facility on a ThermoElectron LTQ-Orbitrap high 

resolution mass spectrometer. FT-IR spectra were aquired on a Thermo Scientific Nicolet 

iS10 spectrophotometer equipped with a single-bounce diamond ATR attachment. 

Deproteinization of plasma was carried out by standard procedures [27].
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Spectrophotometric Measurements

UV-visible spectra were recorded on a Cary 50 UV-Vis spectrophotometer (Agilent 

Technologies). Fluorescence spectra were recorded on a Cary Eclipse fluorescence 

spectrophotometer (Agilent Technologies) with slit widths set at 5 nm for both excitation 

and emission, respectively. Fluorescence spectra were corrected for the wavelength 

dependent response of the R928 photomultiplier tube with the help of a manufacturer 

generated correction file. All spectrophotometric measurements were conducted at rt.

Mulliken Charge Calculations

Geometry optimization and Mulliken population analysis were performed using the PM7 

hamiltonian in MOPAC2012 [29, 30] for compounds 1, 1a and 1b.

Synthesis of 3

Fluorescein (1 equiv., 7.52 mmol) is dissolved in a minimum amount of TFA. 

Hexamethylene tetraamine (HMTA, 10 equiv., 75.23 mmol) is added slowly to the 

fluorescein solution under Ar at rt. The reaction mixture is stirred at 70 °C for 72 h and at 

100 °C for 4 h. A 30 mL solution of 1 N HCl is added and the mixture stirred at 100 °C for 1 

h. Formation of an orange precipitate is observed. The reaction mixture is left at rt. for 15 h, 

the precipitates filtered, washed with H2O and dried in vacuo. Probe 3 is purified by column 

chromatography (CHCl3:MeOH, 98:2 and DCM:EtOAc 97:3) and obtained as a colorless 

solid (yield: 62 mg, 2.0 %). Rf = 0.3 (3 % EtOAc in DCM, silica gel); 1H NMR (400 MHz, 

CDCl3) δ 10.74 (s, 1 H), 10.62 (s, 1 H), 9.93 (s, 1 H), 8.17 (d, J = 7.7 Hz, 1 H), 7.84 (s, 1 

H), 7.74 (m, 2 H), 7.25 (m, 2 H), 6.94 (m, 1 H); 13C NMR (101 MHz, CDCl3) δ 189.69 

(CHO), 187.58 (overlapping, CHO), 166.3 (COOH), 153.6, 152.8, 137.8, 133.5, 131.8, 

127.8, 125.0, 122.4, 122.04, 120.7, 117.9, 115.4, 111.8, 110.8, 109.6 108.0 (overlapping), 

104.36; FTIR, νmax (film), cm−11738 (C = O);. Electrospray ionization (ESI) mass 

spectrometry (negative electron ionization) m/z: 415.04610 [M-H] −, calculated for 

C23H12O8 m/z: 416.05322.

Results

Recently, we showed that fluorescein aldehyde probes could respond to the presence of 

Cys/Hcy in a controllable manner, affording either quenching or enhancement. The presence 

of Hcy could be selectively distinguished from that of Cys at pH 6, whereby Hcy addition 

promoted enhanced emission, while the Cys-induced emission response was relatively very 

weak [27]. Under more basic conditions (pH 9.5), both Hcy and Cys quenched the 

fluorescence. The pH-dependent modulation of the emission by Cys/Hcy is due to a PET 

mechanism. For example, it is known that thiazinane and thiazolidine lone pairs can quench 

proximal fluorophore emission. Since the pKa of the amine of the thiazolidine (∼ 5.7) is 

lower than that of the analogous thiazinane (∼ 6.7) due to hybridization effects, the 

protonation of the thiazinane, affording concomitant PET inhibiton, can be modulated 

selectively as a function of careful solution pH selection (Scheme 1) [27].
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The successful discrimination of Hcy from Cys using relatively high (≥ 50 μM) Hcy levels 

motivated the design of a more sensitive fluorophore (3). The synthesis of 3 was carried out 

via a one-pot Duff formylation of fluorescein (Scheme 2).

Similar to 1 and 2, compound 3 (fluorescein tri-aldehyde) exhibits fluorescence 

enhancement in the presence of Hcy and no response to Cys. The fluorescence sensing 

behavior of 3 towards Hcy and Cys was examined at pH 6.0 at their physiological 

concentrations (Fig. 1). Upon reaction of Hcy and Cys with 3, formation of thiazolidine and 

thiazinane takes place respectively (Scheme 3). We noticed that upon adding Hcy in the 

presence of Cys to a solution of 1, an enhancement in the fluorescence was obtained 

whereas Cys by itself does not produce any appreciable change in the optical response of 2 

(Fig. 1). Thus, the presence of excess of Cys does not cause interference in the detection of 

Hcy (Fig. 1).

Moreover, at physiologically-relevant levels of thiols, we studied the response of 3 towards 

Hcy and Cys in deproteinized plasma, where the addition of Hcy to a solution of 3 enhances 

the fluorescence. In contrast, no significant change in the emission intensity was observed 

upon reaction with Cys (Fig. 2).

The response to Hcy was also investigated in the presence of various amino acids (Gly, Ala, 

Met, Gln, Glu, and Asp) in addition to Cys. Figure 3 shows that only Hcy produces a distinct 

response towards 2 in the presence of these interfering analytes. The response to glutathione 

(GSH) towards 3 was also studied; however no significant change in emission intensity was 

observed (Fig. 3). Overall, these results further demonstrate that 3 exhibits a distinct 

selectivity for Hcy.

A concentration dependent experiment was also performed, which indicates that upon 

increasing concentrations of Hcy, the fluorescence response of 3 increases linearly, and with 

a limit of detection (LOD) of 1.88 μM (Fig. 4) that is below physiological human plasma 

levels.

Discussion

As previously described, the fluorescence enhancement of solutions of 3 upon addition of 

Hcy is due to the formation of a thiazinane-4-carboxylic acid, and subsequent protonation of 

the heterocyclic amine affording PET inhibition. To confirm the mechanism and the origin 

of the Hcy selectivity, we studied the reaction of Hcy and Cys at pH 5.0, 6.0 and 9.5. Figure 

5a shows that emission is enhanced at pH = 5 in the case of both Cys and Hcy additions to 3. 

This is due to the expected protonation of the amines of both the Hcy-derived thiazinane and 

the Cys- derived thiazolidine (Table 1).

At pH = 6.0, the ammonium form of the Hcy-derived thiazinane is the predominant species 

(Fig. 5b, Table 1) and affords emission enhancement. In contrast, at pH = 6.0, in the case of 

the Cys-derived thiazolidine, the equilibrating states of the amine and ammonium species, 

are each present in relatively close amounts. This affords a very weak signal change upon 

Cys addition due to the respective competing PET -on and -off states. At higher pH (9.5), the 
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free amine of both het-erocycles predominates, and thus fluorescence quenching is observed 

in solutions of either Cys or Hcy (Fig. 5c, Table 1).

Previously, Huang et al. calculated surface charges based on density functional theory (DFT) 

for an aldehyde-bearing iridium (III) complex. They found that the charges on the N and S 

atoms of the Cys-derived thiazolidine are more negatively polarized than the charges on the 

N and S of the Hcy- thiazinane. The higher negative charges on the thiazolidine were 

ascribed to an intramolecular electron-transfer process from the thiazolidine to the excited 

complex, causing a weak photoluminescence of the probe-Cys complex and larger signal 

from the probe-Hcy complex [24].

In compound 3 (Fig. 6), we also find that the Mulliken charges on the N and S atoms for 

Cys-derived thiazolidine are more negative (N, –0.542, –0.544, –0.529 and S,–0.136, –

0.218,–0.358) as compared to the N and S atoms of Hcy-derived thiazinane (N, –0.202, –

0.194, –0.209 and S, –0.020,–0.043, –0.059). This is in agreement with the results reported 

by Huang et al. for a PET mechanism intramolecular electron transfer process from the 

thiazolidine group resulting in fluorescence quenching or weak enhancement.

The enhanced sensitivity of probe 3 compared to previously reported 1 and 2 is attributed to 

the presence of three aldehyde groups rendering the fluorophore more electrophilic. Further, 

the selective signaling for Hcy is also consistent with an investigation of the ionic charges of 

the xanthene phenolate oxygens. From Mulliken charge calculations, it is observed that the 

phenolate anion (and the bridging ether oxygen) of the thiazinane (Hcy)-dye adduct bear 

higher negative charges (–0.729, – 0.686 and –0.326, respectively) compared to those of the 

Cys-derived thiazolidine (–0.508, –0.621 and –0.280, respectively) and 3 alone (–0.659, –

0.576 and –0.261, respectively (Fig. 6). The development of enhanced negative charge 

density on the fluorophore phenolate oxygen upon formation of the Hcy-derived thiazinane 

results in an increase in fluorescence emission. Phenolate ion formation is well known to 

lead to emission enhancement in xanthene dyes.

Conclusion

In summary, a highly selective fluorescein tri-aldehyde for the detection of Hcy at its 

physiological levels in biological media has been developed. At pH = 6.0, protonation of the 

amine of the Hcy-derived thiazinane takes place in a selective manner due to its higher 

basicity compared to the amine of the Cys-derived thiazol-idine. The protonation results in 

inhibition of PET quenching and selective signaling for Hcy. The presence of three electron-

withdrawing aldehyde groups makes the fluorophore highly reactive and enhances the Hcy 

detection limit. Mulliken charge calculations confirm the PET mechanism and also reveal 

that the Hcy-derived thiazinane renders the fluorophore phenoxide oxygen relatively 

electron rich as compared to the Cys-derived thiazolidine. This affords an enhanced 

emission signal upon addition of Hcy to 3.
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Fig. 1. 
The fluorescence spectra of solutions of 3 and thiols after 2 h. Physiological concentrations 

of the thiols are used: 3 (4 μM), Cys (250 μM) and Hcy (15 μM) in phosphate buffer (100 

mM, pH 6.0): DMSO 99:1 at 20 °C, λex = 495 nm. Cys does not interfere with Hcy 

detection
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Fig. 2. 
Optical sensing behavior of 3 towards Cys and Hcy in deproteinized plasma at pH 6.0 after 2 

h. Solutions are composed of 3 (20 μM), Cys (250 μM), and Hcy (15 μM) in phosphate 

buffer (100 mM, pH 6.0):DMSO 99:1 at 20 °C, λex = 495 nm
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Fig. 3. 
Fluorescence emission of 3 with Cys and Hcy in the presence and absence of amino acids 

(AAs: Gly, Ala, Met, Gln, Glu and Asp) and GSH after 2 h. Solutions are composed of 3 (4 

μM) and each analyte (50 μM) in phosphate buffer (100 mM, pH 6.0):DMSO 99:1 at 20 °C, 

λex = 495 nm and λex 525 nm
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Fig. 4. 
Spectral response of 3 towards increasing levels of Hcy in phosphate buffer (100 mM, pH 

6.0). Solutions are composed of 3 (4 μM) with Hcy (0–25 μM) in phosphate buffer (100 

mM, pH 6.0): DMSO 99:1 at 20 °C, λex = 495 nm
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Fig. 5. 
Fluorescence spectra of 3 due to Cys and Hcy in buffer after 2 h. (a) At pH 5.0 in phosphate 

buffer, (b) at pH 6.0 in phosphate buffer, (c) at pH 9.5 in carbonate buffer. Solutions are 

composed of 3 (4 μM) and analyte (1 mM) in 100 mM buffer solution: DMSO(99:1) at 

20 °C, λex = 495 nm

Barve et al. Page 12

J Fluoresc. Author manuscript; available in PMC 2017 August 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
Predominant species of compounds 3, 3a and 3b at pH 6.0. Calculated Mulliken charges are 

shown for the oxygen atoms in the fused ring system
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Scheme 1. Mechanism of the signal transduction in fluorescein aldehydes upon reaction with Hcy 
and Cys
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Scheme 2. One pot synthesis of 3 (yield not optimized)
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Scheme 3. Reaction of 3 with Hcy and Cys
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Table 1
Signal transduction of 3 upon reaction with Cys and Hcy as a function of pH

5.0 minor major minor major

6.0 comparable amounts minor major

9.5 major minor major minor
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