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ABSTRACT: Lysophosphatidic acids (LPA) are key biomarkers for several
physiological processes, the monitoring of which can provide insights into the
host’s health. Common lab-based techniques for their detection are
cumbersome, expensive, and necessitate specialized personnel to operate.
LPA-sensitive fluorescent probes have been described, albeit for nonaqueous
conditions, which impedes their use in biological matrices. In this paper, we
explore in detail the influence of structure on the extent of aggregation-induced
fluorescence quenching using specially synthesized styrylpyridinium dyes
bearing structural adaptations to bestow them enhanced affinity toward LPA
in aqueous media. Spectroscopic investigations supported by time-resolved
fluorimetry revealed the contribution of excimer formation to the fluorescence
quenching mechanism displayed by the fluorescent probes. Experimental
observations of the influence of structure on detection sensitivity were
supported by DFT calculations

■ INTRODUCTION
Health professionals rely on biomarker monitoring to ensure
disease identification and treatment at early stages of
development to improve the cure success rate.1,2 Biomarker
sensing has been a popular avenue of research in recent years
since the progress in technology allows for a more thorough
characterization of complex matrix constituents and decipher-
ing their relationship with the host health.3−8 Considering the
plethora of compounds found in vivo, determining species
involved in several physiological processes can be advanta-
geous in limiting the number of analyses required.

In 1963, W. Vogt demonstrated the importance of
lysophosphatidic acids (LPAs) as bioactive compounds by
showing their effect on the contraction of the duodenum in
rabbits.9 Since LPAs are found in several biological fluids
ranging from plasma, intestinal mucosa, and even the aqueous
humor, this discovery resulted in a growing interest to
elucidate the origin of these phospholipids as well as their
principle of action.10,11

LPAs are the simplest phospholipids and consist of a
phosphate group, a glycerol spacer, and a hydrophobic chain of
variable size with or without the presence of unsaturations.12

One of the most common, LPA 18:1, is shown as an example
in Figure 1.

LPAs are known to be mediators in cell migration and in the
formation of blood vessels to enable wound healing through
the activation of G-protein transmembrane receptors.10,13−16

Articles reporting on the nominal concentration of LPA in
plasma show a relatively large window ranging from below 0.1
μM up to nearly 150 μM.17−20 According to the group of Kano

et al. who recently investigated the potential causes of these
major discrepancies,21 this variability comes from poor sample
storage procedures which leads to the continuation of the
metabolic production of LPA as well as their degradation ex
vivo. By lowering the storage temperature and adding to the
samples an inhibitor of autotaxin (ATX), a water-soluble
protein involved in the biosynthesis of LPA, they determined a
range of 40−50 nM for LPAs in humans. Over the years, LPA
determination in biological fluids has made it possible to
establish links between the concentration of LPAs and the
appearance of certain diseases or cancers. Increased amounts of
LPAs are linked to various diseases from aortic atherosclerosis,
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Figure 1. Chemical structure of lysophosphatidic acid 18:1.
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peritoneal, endometrial, and cervical carcinoma as well as colon
and ovarian cancers.17,18 This makes LPAs a biomarker of high
interest in health care.

The most common approaches to determine the amount of
LPA in biological fluids are based on chromatography coupled
to mass spectrometry.22 Despite their benefits in terms of
sensitivity and analytical throughput, these methods require
highly trained personnel and are cumbersome, time-consum-
ing, and expensive to operate. In recent years, researchers
pushed the boundaries of LPA sensing by developing
molecular probes that can be used with optical techniques
such as colorimetry and spectrofluorimetry. The latter is well
known for its high sensitivity, lowered costs of instrumenta-
tion,23 and has been applied to target detection directly in
complex biological matrices.24−27

Reported fluorometric probes for LPA sensing exploit
several transduction mechanisms ranging from enzymatic
reaction with LPA to produce a fluorescent species,28 polarity
changes,29 competition assays,30,31 and conformational changes
in polymeric structure.32 The most popular approach consists
in using fluorescent probes having a structure that is
complementary to that of LPAs to induce aggregation upon
interaction with the target (Figure 2).22,33−35 This aggregation

causes fluorescence changes in the form of quenching or
enhancement, depending on the spectral properties of the
probes, and good selectivity is often reported for this
technique. However, to the best of our knowledge, there are
no exhaustive study on the impact of structure complemen-
tarity toward LPA detection. In the work presented herein, we
synthesized several structural variants of a previously reported
styrylpyridynium fluorescent probe to determine the influence
of structure on sensitivity, in particular the length of the
hydrophobic end chain, in addition to three different end

groups often used for immobilization on solid substrates
(Figure 3).

■ RESULTS AND DISCUSSION
Dye Concentration and Effect of pH. From the three

end groups added to the dye structures, i.e., NHS, silane, and
azide (Figure 3B), the azide offers improved stability toward
degradation compared to the potential hydrolysis of the two
others in aqueous conditions. The azido-bearing compounds
were therefore used for mechanistic investigations regarding
LPA detection. Fluorescence spectra were recorded for two
concentrations of Fluo-N3 (1.4 and 14.2 μM) as a function of
the concentration of LPA present in the medium (Figure 4A).
For the lower probe concentration, the fluorescence band
attributed to DSHP decreases rapidly before increasing again
while remaining in a similar wavelength range. At higher probe
concentrations, an initial decrease of the emission band is also
present, but is followed by the appearance of a band at a higher
wavelength. The generation of this broader band coincides
with the visually observable formation of macroscopic
aggregates in the cell. This phenomenon was not observed in
the previous report, a discrepancy that could be due to
different solvent conditions (30% aqueous EtOH as opposed
to HEPES hence herein).34 Moreover, the onset of this
phenomenon occurs at a lower LPA concentration than the
critical micellar concentration (CMC) determined for this
system (220 μM, Supporting Information, Figure S6), and thus
cannot be ascribed to the formation of LPA micelles.
Moreover, it can be postulated that micelle formation would
allow better solubilization of the fluorophores and therefore
prevent the formation of aggregates.

These aggregates, although allowing detection with the
naked eye above a certain threshold in LPA concentration, are
disadvantageous in terms of fluorescence transduction given
the higher background signal generated by the heterogeneity of
the mixture. A lower probe concentration was thus employed
throughout the rest of the experiments, acknowledging the fact
that they are more sensitive toward fluorescence quenching in
these conditions (Figure 4B). These results are supported by
spectrophotometric studies showing no signs of dye micro-
scopic aggregates in the absence of LPA and a more significant
signal change of the extinction spectra with LPA for lower dye
concentration (Supporting Information, Figures S7 and S8).

Figure 2. Expected interaction of the developed probes with LPA
18:1.

Figure 3. Fluorescent probes synthesized for the comparative study on LPA sensing.
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For a given concentration of dye in the analysis medium, the
addition of low amounts of LPA induces dye aggregation,
which leads to fluorescence quenching. However, when an
excess of LPA is reached, the observed fluorescence recovery
could come from the destabilization of the aggregates by LPA
molecules, separating the dye molecules from each other even
if the concentration is significantly lower than the CMC. The
pH also affects the probes’ response (Supporting Information,
Figure S14) as the fluorescence quenching and intensity of the
lower-energy broad band show high variability for each of the
studied probes. It is important to note that Britton−Robinson
buffers were used instead of HEPES for this test to provide a
finer control on the pH of the solutions and that the different
chemical makeup of the two buffers could explain the
differences observed with the results in HEPES. As LPA are
biologically relevant compounds, 10 mM HEPES buffer (pH
7.4) was used throughout the following characterizations.

The decrease of the band at 620 nm in favor of the
appearance of a broader band at higher wavelength suggests
the formation of an excimer and the disappearance of the
monomer.41,42 Furthermore, the stabilization of the band at
∼700 nm suggests that at these and higher LPA concen-
trations, all of the available probes already interact within the
aggregates, thus preventing any further increase in signal.
Time-Resolved Fluorescence and Kinetic Experi-

ments. To validate the hypothesis of excimer formation,
time-resolved spectrofluorimetry analysis was performed
(Figure 5).

The exponential decay curve of Fluo-N3 alone in HEPES is
narrow and barely stands out from the instrumental response
function obtained with a suspension of silica nanoparticles.

The addition of LPA in the medium induced a significant
increase in the counts accumulated for longer times, thus
resulting in an increase in the average lifetime. The exponential
decay data were fitted with either a two- or three-component

Figure 4. Fluorescence spectra for two concentrations of Fluo-N3 during calibration with LPA in 10 mM HEPES buffer, pH 7.4 containing 0.07
and 0.7% MeOH for 1.4 and 14.2 μM dye, respectively (A), and related calibration curves (B). Inset: Emphasis on the 0−5 μM range of LPA. λex =
480 nm, slits = 5 nm, fluorescence signal integrated from 575 to 800 nm, n = 3.

Figure 5. Multiexponential decay curves for Fluo-N3 (3.3 μM) as a
function of LPA concentration in 10 mM HEPES buffer, pH 7.4
containing 0.7% MeOH. The instrumental response function (IRF)
was determined with a silica nanoparticle suspension. λex = 475 nm,
λem = 615 nm, slits = 2 mm, n = 1.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06420
ACS Omega 2023, 8, 1067−1078

1069

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06420/suppl_file/ao2c06420_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06420?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06420?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06420?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06420?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06420?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06420?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06420?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06420?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06420?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


exponential curve as dictated by the resulting goodness of fit
(χ2) (Table 1) according to eq 1

=
=

I t t A t( ) IRF( ) e d
t

i

n

i
t t

1

/ i

(1)

where I is the number of counts, t is time, IRF is the
instrumental response function, Ai is the amplitude or weight
of component i, and τi is the component-related fluorescence
lifetime.

In the absence of LPA, a short component (40 picoseconds)
with 90% amplitude weight is obtained, and can be assigned to
source light scattered in the sample cell and routed to the PMT
detector. The longer component (100 ps) was assigned to the
fluorescent decay of the molecular probe. The addition of LPA
in the solution caused the appearance of a third component
having a lifetime an order of magnitude greater than that for
the lone probe. This longer component also increased from
1.13 to 2.96 ns when going from 0.87 to 12.87 μM of LPA,
with a weight proportional to the amount of LPA added. This
study was repeated with Fluo-Silane with an emission
wavelength of 610 and 700 nm in an attempt to separate the
contributions of the “monomers” and the excimers (Support-
ing Information, Figure S10). However, signal cross-talk due to
the width of the bands in the selected channels causing a linear
trend of the mean lifetime over the range from 0 to ∼60 μM
for the monochromator set at 610 nm. The band at 600 nm is
narrower and has a weaker contribution at 700 nm, which
would explain the initial increase in the average lifetime before
some stabilization for the highest concentration of LPA tested.

Mishra et al. reported a detailed study of derivatives
possessing the same fluorescent head as the one used in this
research.43 They varied the carbon chain length with small
increments and compared the absorption spectra as well as the
fluorescence lifetime values in different solvents as well as in
the presence of a surfactant (sodium dodecyl sulfone, SDS).
An average lifetime of 0.09 ns was determined for DSHP in
water, similar to the value of 0.1 ns obtained in this work for
Fluo-N3 in HEPES buffer. Moreover, a directly proportional
increase in lifetime was also observed with increasing SDS in
the medium, thus agreeing with the results presented here with
the addition of LPA.

At lower concentrations of fluorophores, no band was
observed at higher wavelengths. This could be caused by the
excess LPA, which destabilizes the interaction with the
fluorophores without there being enough probes, and therefore
an adequate distance, for the formation of excimers. To reduce
the uncertainty brought by the formation of insoluble
aggregates, a fluorophore concentration of 0.3 μM was chosen
for subsequent experiments in HEPES buffer. Examination of
the fluorescence spectrum in the presence of LPA or in
different organic solvents (Supporting Information, Figures
S11−S12) suggests that LPAs do not induce significant
changes in local polarity and thus would not contribute to
the detection mechanism.

Time-resolved measurements in 10 mM HEPES buffer
solutions containing 0 and 30% EtOH revealed differences in
fluorescence signal stability (Supporting Information, Figure
S13). Dyes in the buffer with 30% EtOH show good signal
stability over several minutes, whereas a significant decrease
was observed in pure aqueous buffer, with a quenching of
around 20% over 2 min. This suggests a poor solubility of the
probes in aqueous conditions and their aggregation over time.
For both buffer compositions tested, the addition of LPA
induced a rapid and significant fluorescence change spanning
only over a few tens of seconds, which could be exploited in
dynamic sensing schemes.
Effect of Dye Structure and Analysis Medium. The

majority of fluorescent probes previously reported for the
detection of LPA possess a perfectly complementary structure
with the molecular target, i.e., a cationic moiety positioned at
the end of a hydrophobic chain. On an individual basis, the
interaction between ionic charges is significantly stronger than
that between hydrophobic groups (van der Waals forces).
However, the additive aspect of the latter makes it possible to
increase their contribution, leading to the development of
probes having a high affinity toward the molecular target. In
this regard, Zhao et al.34 compared the original DSHP probe to
one having the same cationic head, but its hydrophobic chain is
replaced by an allyl group. The probe without a hydrophobic
chain showed a lower sensitivity toward LPA compared to
DSHP, a result supporting the importance of electrostatic
complementarity.34

We synthesized three fluorescent probes having hydrophobic
chains of 6, 11, and 16 carbons, respectively (Figure 3C) to
evaluate the importance of the hydrophobic effect on the
detection of LPA (Figure 6).

Table 1. Lifetime Decay Exponential Curve Fitting Results for Fluo-N3 in the Presence of LPA

[LPA] (μM) τ1 (ns)/weight (%) τ2 (ns)/weight (%) τ3 (ns)/weight (%) τave (ns) X
2

0 0.04/90 0.10/10 NA 0.05 1.656
0.87 0.05/96 0.22/3 1.13/1 0.06 1.280
12.87 0.12/76 0.94/19 2.96/5 0.44 1.820

Figure 6. Calibration curves for three DSHP derivatives (see main
text) at 0.3 μM in the presence of LPA in 10 mM HEPES buffer, pH
7.4 containing 0.07% MeOH. λex = 470 nm, slits = 8 nm, fluorescence
integrated from 540 to 800 nm, n = 2.
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The results show a clear trend between the different carbon
chain lengths. The 16-Azido-FluoLPA derivative exhibits
fluorescence quenching (∼80%) from 0 to 300 nM of added
LPA, compared to ∼10 and ∼40% for the 6- and 11-carbon
derivatives, respectively. The hydrophobic effect therefore
appears to play an important role in the sensitivity of LPA
probes. At LPA concentrations above 300 nM, the signal seems
to reach a plateau while losing in precision, thus limiting the
applicability of the sensors at higher concentrations. On the
other hand, the dynamic range of this fluorescence quenching
phenomenon can be tailored by modifying the probe
concentration, as suggested by the results in Figure 4.

The different hydrophobic chain-bearing probes were
compared under the same conditions (solvent, probe
concentration) to determine whether certain molecular
structures stand out in terms of sensitivity. First, a calibration
was carried out under the same conditions as the reference
article, i.e., in a 10 mM HEPES buffer, pH 7.4 with 30% EtOH
and 20 μM of probes (Figure 7). It can be postulated that the
addition of an organic solvent in the medium prevents the
formation of insoluble aggregates in the range of concen-
trations tested.

The species showing the most significant fluorescence
quenching for these conditions are DSHP and Fluo-NHS.
The lower solubility of these compounds could explain the

results because the hydrophobic chain alone or a compound
bearing an NHS group is generally poorly soluble in water. The
addition of LPA therefore more easily causes the formation of
a compact arrangement or aggregates with the probes.
Unexpectedly, the addition of an amide group on the structure
to promote the interaction of the probes with the glycerol
portion of LPA does not seem to improve sensitivity. The
effect of the addition of a single hydrogen bridge would
therefore be negligible in the total interaction with the LPAs in
comparison with the ionic charge and the additive aspect of the
van der Waals forces with the hydrophobic chain. It is also
possible to observe that the exponential decay trend continues
over the entire range of LPA concentrations in the μM range.
In addition to varying the concentration of fluorescent probes,
the dynamic range can also be extended by changing the
composition of the solvent. This information is particularly
useful for sensing applications that can be completed under
nonphysiological conditions.

We wanted to test our sensors in a purely aqueous HEPES
buffer as a step toward more representative physiological
conditions. Since the sensitivity of the probes is higher in
aqueous environments, the calibration was carried out in the
nanomolar range for easier comparison between the different
probes (Figure 8). It should also be noted that a probe
concentration of 0.3 μM was used to limit the formation of
insoluble aggregates during the experiments.

Different trends were observed for the different fluorescent
probe derivatives. In the case of DSHP, an increase in
fluorescence is initially observed along two distinct slopes,
contrary to the mechanism proposed of an initial extinction of
fluorescence. It is possible that the lack of solubility of the
probe in HEPES buffer causes the formation of small
aggregates which, initially, are destabilized by the LPA. The
lowest sensitivity was observed for the Ref-amide derivative,
which exhibits minimal fluorescence quenching below 200 nM.

The probes bearing a functional end group exhibit
fluorescence quenching of approximately 75% in the range of
0−200 nM. The data were treated using the Stern−Volmer
equation (eq 2) to generate linear relationships of the trends
obtained (Figure 9).

= + [ ]
F
F

k Q10
q 0 (2)

where F0 is the fluorescence without quencher, F with
quencher, kq is the quenching constant, τ0 the fluorescence
lifetime without quencher, and [Q] is the quencher
concentration. The detection limits were then calculated
from these Stern−Volmer curves according to

=
+b

m
LOD

3 b
(3)

where b is the y-intercept, σb is the y-intercept uncertainty, and
m is the slope.

Correlation coefficients greater than 0.99 were obtained for
the probes with end groups. The detection limits (LOD)
calculated from these results are in the order of 47, 36, and 28
nM for Fluo-N3, Fluo-Silane, and Fluo-NHS, respectively.
These values are 1−2 orders of magnitude lower than the
detection limits usually reported for this type of system.34,35

Selectivity and Interference Studies. The development
of sensitive sensors allowing direct detection of targets within
complex matrices is important to overcome the limitations of
common lab-based methods. The selectivity of Fluo-NHS was

Figure 7. Fluorescence spectra of Fluo-NHS (20 μM) as a function of
[LPA] added in 10 mM HEPES buffer, pH 7.4 containing 30% EtOH
(A) and related calibration curves for each of the tested probes for
comparison (B) (λex = 476 nm, slits = 2 nm, fluorescence integrated
from 500 nm to 800 nm, n = 3 for DSHP, Ref-amide, Fluo-NHS and
Fluo-Silane, n = 2 for Fluo-N3).
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investigated by exposing it to different concomitant species:
ions, small molecules, and proteins. Fluo-NHS was selected
since it is the probe offering the best detection performance
compared to the two other derivatives having a reactive group
at the end.

The results presented in Figure 10 show that the Fluo-NHS
fluorescence undergoes quenching in the order of 20% for the

small molecules and ions tested, except for ATP. The addition
of LPA to the medium, however, makes it possible to find a
constant fluorescence quenching of approximately 60% of the
initial signal. In the case of bovine serum albumin (BSA), a
rather significant amplification of the signal was observed and
can be attributed to the insertion of the probe into the
hydrophobic domains of the protein. This is in line with data
acquired previously in solvents of different polarities
(Supporting Information, Figure S7).

Unfortunately, articles describing this type of sensor
generally do not compare the response of the probes with
molecular species structurally similar to LPAs. Different
variants of LPAs are also often ignored in favor of the 18:1
LPA commonly used as a model. We therefore performed
experiments for a series of common LPAs in addition to other
similar structures such as phosphatidic acid (PA), lysophos-
phatidylethanolamine (LPE), lysophosphatidylcholine (LPC),
and dimerystilphosphatidylcholine (DMPC) (Figure 10B).

Fluorescence analysis in the presence of structurally similar
derivatives gave more contrasted readings. DMPC and PA gave
significantly enhanced fluorescence signals, potentially attrib-
utable to the low solubility of these species in HEPES buffer
and therefore more prone to form micelles. LPC and LPE,
although not showing significant differences with the reference
signal, cause interference in the detection of LPA and do not
allow significant LPA detection for LPE.

Figure 8. Calibration curves for 0.3 μM of each of the probes in 10
mM HEPES buffer, pH 7.4 containing 0.07% of MeOH for an LPA
concentration range of (A) 0−5 μM and (B) 0−200 nM. Analysis
parameters are as follows for DHSP, Ref-amide, Fluo-NHS, Fluo-
Silane, and Fluo-N3, respectively: λex = 460, 476, 485, 485, 485 nm,
slits = 8, 6, 7, 7, 7 nm, fluorescence integrated in the ranges 550−800,
500−800, 550−800, 520−800, and 520−800 nm, n = 3 for DSHP,
Ref-amide, Fluo-NHS, and Fluo-Silane, n = 2 for Fluo-N3.

Figure 9. Data from Figure 8 represented in accordance with the
Stern−Volmer theory.

Figure 10. Selectivity and interference studies for LPA sensing with
0.3 μM Fluo-NHS in 10 mM HEPES buffer, pH 7.4 containing 0.07%
MeOH in the presence of 1 μM ions, small molecules, and 1 μg/mL
proteins (A) and 1 μM species structurally similar to LPA (B). λex =
470 nm, slits = 8 nm, fluorescence integrated from 550 to 800 nm, n =
3; ≪ ** ≫ symbols correspond to species that have caused a
significant increase of fluorescence instead of the expected quenching.
Clipping of these bands allows us to put emphasis on the latter.
Dashed lines identified as “F0” represents the fluorescence measured
without added analyte and thus correspond to a stable signal when
adding other species.
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The different structures of LPA, varying according to the
length of the hydrophobic chain as well as the number of
unsaturations, showed more significant fluorescence quench-
ing. Saturated LPAs induced the greatest signal change and the
addition of the 18:1 LPA did not further quench the
fluorescence. A similar trend was observed for LPA 20:4,
although fluorescence quenching was not as significant as for
the other derivatives. The fact that there is no change induced
upon addition of the target in the presence of the LPA
interferents potentially indicates that the probe has fully
interacted with the interferent, preventing a signal change with
the addition of more LPA. Similar trends were also obtained
for the experiments with Fluo-Silane and Fluo-N3 (Supporting
Information, Figure S15).

These results suggest that hydrophobic compounds present
in significant amounts in the sample matrix would be
detrimental to the detection of specific LPA species;
nevertheless, these results show that the fluorescent probes
studied in this work have the potential to perform the
quantification of total LPA following removal of the potential
interferents.
Computational Results. To support our comparative

analysis of the probes developed in this work, we investigated
the structures as well as the thermochemistry of the association
of the different fluorophores with lysophosphatidic acids using
the density functional theory (DFT). We performed the
calculations in water as an approximation of HEPES buffer.
Thus, a possible specific interaction between the probe and
HEPES molecules could alter the thermodynamics of the
reactions in our experimental conditions and cause discrep-
ancies between the calculations and the titration results.
Moreover, while the calculations were performed by
considering one dye and one target molecule, it is expected
that several probes and LPA species can be involved in the
formation of one aggregate.

We found that several possible LPA conformers are possible,
including an open and a closed form (Figure 11).

The open form is caused by the surfactant nature of the
lysophosphatidic acid. Indeed, to limit the interaction of the
hydrophobic tail with water molecules, the LPA will tend to
position itself at the air−water interface in an ordered manner
with the tail in a linear conformation.44,45 However, there are
still some molecules in solution with a random orientation.
The closed form is due to the polarity of the solvent which
causes the hydrophobic chain of the LPA to fold onto itself.46

Comparison of the open and closed LPA forms shows a Gibbs
free energy (ΔG) difference of 3.8 kcal/mol favoring the open
conformation in water. Knowing this, only the open
conformation was considered for the calculations with the
fluorophores. The choice of this conformation was prioritized
here because of its stability and because the experiments were
carried out at LPA concentrations below the critical micellar
concentration, which favors the open conformation in solution.
It is however possible that the closed form interacts with the
sensors, as a value of 3.8 kcal/mol indicates a reversible process
that can also be affected by the compounds added to the
characterized medium. For the fluorophore, the simplest
conformation was used; however, several other conformers
are possible. A more in-depth analysis would then be necessary
to confirm the most stable species as well as to obtain the
reaction mechanisms.

The calculated structures (Supporting Information, Figures
S24−S30) show a linear arrangement arising in part from the

hydrophobic effect between the carbon chains of the two
molecules. Moreover, ΔG values for the association reaction
indicate that all of the interactions between the two molecules
are favored (Table 2).

On the other hand, the interactions between the silane and
the LPA are more favorable than for the other molecules. This
stronger interaction can be explained by a greater destabiliza-
tion of the molecule in water due to the hydrophobic silane
group, thus promoting the arrangement of the two molecules.
For the same reason, the ΔG values of two of the three azido
groups would be closer to 0 given the higher polarity of the
azide allowing better stability in water. Finally, the carbon
chain length of the azido species (16-Azido-FluoLPA, 11-
Azido-FluoLPA, and 6-Azido-FluoLPA) has an impact on the
Gibbs free energy value. Indeed, a chain with a carbon number
equivalent to the lysophosphatidic chain would be more
favored over longer or shorter chains. This difference can be
rationalized by a better stacking between the two molecules,
leading to better stabilization instead of having a potential
destabilization caused by the solvent “icelike” structure around
the remaining carbons of the chain.

Figure 11. Different conformations of lysophosphatidic acid (open
form, top, and closed form, down) in water, calculated at the
ωB97XD/6-311G(d,p) (SMD = water) level of theory.

Table 2. Variation of Gibbs Free Energy (ΔG) and Standard
Enthalpy (ΔH) for the Different LPA/Fluorophore
Associations Calculated at the ωB97XD/6-311G(d,p)
(SMD = water) Level of Theory

fluorophore interacting with LPA 18:1 ΔG (kcal/mol) ΔH (kcal/mol)

Fluo-Silane −12.1 −32.9
DSHP −7.1 −17.7
11-Azido-FluoLPA −5.8 −18.5
Ref-amide −5.7 −18.5
Fluo-NHS −3.4 −21.1
16-Azido-FluoLPA −3.3 −19.1
6-Azido-FluoLPA 0.0 −13.6
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It can be observed that the computational results agree
rather poorly in general with the experimental results. To begin
with, as discussed, the optimal chain length determined by
DFT is 11 carbons (based on ΔG values), whereas the
calibration curves obtained experimentally show a higher
sensitivity for 16 carbon chains (Figure 6). This could come
from the poor solubility and weak stability of the dyes in purely
aqueous medium. Thus, a longer hydrophobic chain would be
more sensitive to aggregation induced by LPA addition.

Secondly, regarding the various end groups, i.e., NHS,
Silane, and N3, similar sensitivities were obtained from the
calibration curves, whereas the calculated ΔG favor the silane
moiety, with −12.1 kcal/mol for Fluo-Silane compared to −3.4
and −3.3 kcal/mol for Fluo-NHS and 16-Azido-FluoLPA,
respectively. Moreover, DSHP and Ref-amide were predicted
to have a better affinity toward LPA compared to the N3- and
NHS-bearing probes. This suggests that other factors
impacting the association of the two molecules (such as
those mentioned above) are not accounted for by the
simulations.

Nevertheless, experimental and theoretical observations do
show an impact of the carbon chain length and of the nature of
the end group on the reactivity of these compounds.
Developing a simulation model closer to the real system, i.e.,
several dyes and LPA involved in aggregate formation, for
instance, could help improve the agreement between simulated
and experimental results.

■ CONCLUSIONS
The different synthesized fluorescent probes were studied in
different solvents, dye, and LPA concentrations. Detailed
spectrophotometric characterization allows us to postulate that
the fluorescence quenching observed for the band at 610 nm
originates from the formation of excimers, a hypothesis
supported by time-resolved fluorescence analysis. The change
in trend at higher LPA concentrations is not believed to be
related to the formation of micelles, given the CMC of LPA
several orders of magnitude higher than the concentrations
used in this study. A concentration of 0.3 μM for the probes
has been identified as optimal in HEPES to prevent the
formation of insoluble macroscopic aggregates causing high
uncertainties in the measurements. This also increased the
sensitivity toward LPA in the nanomolar scale.

The fluorophores bearing a reactive group at the end of the
chain have shown the best analytical performance in
comparison with the other derivatives. Detection limits of
the order of tens of nanomolar were obtained, i.e., significantly
lower than those reported previously for this type of probe. In
addition, they exhibited good selectivity in the presence of ions
and small molecules. The presence of hydrophobic compounds
in the sample matrix must however be avoided; nevertheless,
the fluorescent probes described herein could be used for total
quantification of LPA following the removal of hydrophobic
components such as albumin.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Palmitic acid (≥99%), N-

hydroxysuccinimide (NHS, 98%), N,N′-dicyclohexylcarbodii-
mide (DCC, 99%), diisopropylethylamine (DIPEA, 99.5%), 3-
aminopropyltriethoxysilane (APTES, 99%), triethylamine
(99%), HEPES (99.5%), boric acid (99.5%), and N,N-
dimethylformamide (DMF, 99.8%) were purchased from

Sigma-Aldrich. Dichloromethane (DCM 99.9%), methanol
(99.9%), sodium hydroxide (98%), and o-phosphoric acid
(85%) were purchased from Fisher Scientific; chloroform from
(BDH Chemicals); sodium bicarbonate (99.7%) and acetic
acid (≥99.7%) from Anachemia; and diethyl ether from
Honeywell. Flash column chromatography was performed on a
230−400 mesh silica gel R10030B (Silicycle, Canada).
Instrumentation. Organic compound characterizations

were performed using an Agilent DD2 500 MHz NMR and
an Agilent 6210 LC-TOF mass spectrometer in electrospray
mode. The reaction to form the Fluo-Silane was achieved using
a thermomixer (Model Thermomixer C, Eppendorf). Varian
Cary spectrophotometers (models 50, 5000 and 7000) were
used for the spectrophotometric analysis. Steady-state
fluorescence measurements were done on a Jobin-Yvon
Fluorolog 3 from Horiba. Time-resolved fluorescence analysis
(time-correlated single photon counting, TCSPC) was done
on a FluoTime 200 fluorimeter (PicoQuant GmbH) and the
generated data were processed with the FluoFit data analysis
software from the same supplier. The micellar concentration of
LPA was determined using an isothermal titration calorimetry
apparatus (Nano ITC, TA Instruments). The pH of buffers
was measured with an Accumet Excel XL20 pH meter from
Fisher Scientific.
Synthesis of the Probes. The full synthesis scheme used

in this study is presented in the Supporting Information,
Scheme S1, while the synthetic details of the newly reported
compounds are presented below.
Synthesis of Ref-Amide (Compound 10). In a 50 mL

round-bottom flask equipped with a stir bar were added 0.48
mmol (0.211 g) of compound 8, 0.48 mmol (0.123 g) of
palmitic acid, 0.48 mmol (0.056 g) of NHS, and 0.71 mmol
(0.149 g) of DCC. DMF (25 mL), DCM (5 mL), and DIPEA
(1.43 mmol, 251 μL) were then added to initiate the coupling
reaction after solubilization using an ultrasonic bath. The
reaction mixture was stirred for 1 h in an ice bath followed by
16 h at 25 °C. After solvent removal under reduced pressure,
the crude product was purified by column chromatography
(silica gel, 9:1 CHCl3/MeOH, Rf = 0.4). Since the NHS eluted
at the same time as the product, the fractions were combined
and the solvent was evaporated under reduced pressure before
transferring the product in a separating funnel with 50 mL of
DCM. Liquid−liquid extraction was then performed by
washing the organic phase with 2 × 50 mL of H2O and 2 ×
50 mL of brine. The organic phase was separated, dried with
MgSO4, filtered under gravity, and evaporated under reduced
pressure to obtain 0.100 g of Ref-amide (35% yield). 1H NMR
(500 MHz, CDCl3) δ 9.24 (d, J = 6.4 Hz, 2H), 8.77 (s, 1H),
7.77 (d, J = 6.3 Hz, 2H), 7.59 (d, J = 15.9 Hz, 1H), 7.55 (d, J =
8.5 Hz, 2H), 6.89 (d, J = 15.8 Hz, 1H), 6.80 (br, 2H), 4.82 (t, J
= 6.8 Hz, 2H), 3.41−3.27 (m, 2H), 3.10 (s, 6H), 2.48−2.22
(m, 4H), 1.62 (p, J = 7.7 Hz, 2H), 1.39−1.12 (m, 30H), 0.87
(t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 175.5,
154.2, 144.2, 142.7, 142.2, 130.8, 122.9, 58.0, 41.5, 36.4, 35.7,
32.1, 31.4, 29.9, 29.86, 29.84, 29.81, 29.75, 29.7, 29.6, 29.5,
26.2, 22.8, 14.3. HRMS (Supporting Information): m/z calcd
For C34H54N3O+: 520.43 [M]+; found, 520.4297.
Synthesis of Fluo-NHS (Compound 16). In a 250 mL

round-bottom flask equipped with a stir bar, 1.86 mmol (1.00
g) of compound 15 was dissolved in 200 mL of DCM. In a
second 250 mL round-bottom flask was added 1.87 mmol
(0.828 g) of compound 8, which was dissolved in 100 mL of
DMF with 4.66 mmol (814 μL) of DIPEA. The content of
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each flask was combined in a 500 mL round-bottom flask
equipped with a stir bar, and the mixture was stirred at 25 °C
for 48 h. This solvent mixture was chosen to allow complete
dissolution of the reactants. The solvents were then evaporated
under reduced pressure. The NHS residue was removed using
liquid−liquid extraction before purifying the remaining crude
product by column chromatography following the procedure
described below. First, the flask content was dissolved in 100
mL of DCM, transferred to a separating funnel, and washed
with 100 mL of H2O. The aqueous phase was isolated and
extracted with 100 mL of DCM to retrieve dyes that were
transferred to it. The organic phase, now constituted of 200
mL of DCM, was washed with 100 mL of H2O, and the
formed emulsion was stopped with the addition of 50 mL of
brine. The phase separation was allowed to proceed for 1 h
before isolating the organic phase and removing the solvent
under reduced pressure. The remaining crude was then
purified with column chromatography (silica gel, 9:1 DCM/
MeOH, Rf = 0.47) with a gradient until 50% MeOH was
reached. The fractions containing the product were combined,
dried with MgSO4, and filtered on Celite with DCM
containing up to 20% MeOH. Solvent evaporation under
reduced pressure gave 0.398 g (27% yield) of Fluo-NHS
(compound 16). 1H NMR (500 MHz, CDCl3) δ 9.15 (d, J =
6.3 Hz, 2H), 8.34−8.25 (m, 1H), 7.74 (d, J = 6.1 Hz, 2H),
7.59 (d, J = 15.9 Hz, 1H), 7.52 (d, J = 8.8 Hz, 2H), 6.85 (d, J =
15.8 Hz, 1H), 6.71 (d, J = 8.8 Hz, 2H), 4.78 (br, 2H), 3.36 (br,
2H), 3.09 (s, 6H), 2.83 (br, 5H), 2.59 (t, J = 7.5 Hz, 3H),
2.48−2.24 (m, 5H), 1.73 (p, J = 7.5 Hz, 3H), 1.61 (p, J = 7.8
Hz, 3H), 1.45−1.17 (m, 42H). 13C NMR (126 MHz, CDCl3)
δ 144.1, 130.8, 123.1, 51.5, 36.0, 31.3, 29.9, 28.8, 26.5, 25.5,
18.8, 17.5. HRMS (Supporting Information): m/z calcd for
C42H63N4O5

+: 703.48 [M]+; found, 703.4812.
Synthesis of Fluo-Silane (Compound 18). In a 1.5 mL

Eppendorf was dissolved 7.1 μmol (0.005 g) of compound 16
in 120 μL of DMF using an ultrasonic bath. Then, 6.8 μmol
(1.6 μL) of APTES and 11.4 μmol (1.60 μL) of triethylamine
were added. The Eppendorf was stirred in a thermomixer at 25
°C and 1000 RPM for 16 h to generate the Fluo-Silane
(compound 18). HRMS (Supporting Information): m/z calcd
for C47H81N4O5Si+: 809.60 [M]+; found, 809.6049.
Synthesis of 6-Azido-FluoLPA (Compound 28). In a 10

mL round-bottom flask equipped with a stir bar were added
0.11 mmol (0.050 g) of compound 8, 0.11 mmol (0.018 g) of
compound 20, 0.12 mmol (0.014 g) of NHS, and 0.15 mmol
(0.031 g) of DCC. The powders were dissolved in 5 mL of
DMF containing 0.30 mmol (52 μL) of DIPEA. The reaction
mixture was stirred for 1 h in an ice bath followed by 48 h at 25
°C. The product was concentrated under reduced pressure
before purifying the crude product by column chromatography
using a solvent gradient (silica gel, starting at 9:1 CHCl3/
MeOH, Rf = 0.18). The fractions containing the product were
combined, and the solvent was evaporated under reduced
pressure. The product was then dissolved in 30 mL of CHCl3
and washed with 1 × 30 mL saturated sodium bicarbonate.
The aqueous phase was extracted with 30 mL of CHCl3 to
retrieve dyes that were transferred to it. The organic phases
were combined and washed with 2 × 60 mL H2O and 1 × 60
mL brine. The organic phase was dried with MgSO4 before
removing the solvent under reduced pressure. A trituration
with diethyl ether allowed the removal of compound 20
residues to obtain 0.008 g (13% yield) of 6-Azido-FluoLPA. 1H
NMR (500 MHz, CDCl3) δ 9.23 (br, 2H), 8.96 (br, 1H), 7.83

(br, 2H), 7.66−7.56 (m, 3H), 7.05-6.93 (m, 3H), 4.84 (t, J =
6.8 Hz, 2H), 3.36 (br, 3H), 3.25 (t, J = 6.8 Hz, 3H), 3.12 (s,
6H), 2.47−2.29 (m, 5H), 1.73−1.52 (m, 7H), 1.46−1.38 (m,
3H). 13C NMR (126 MHz, CDCl3) δ 175.2, 169.4, 168.9,
154.5, 152.6, 143.8, 143.5, 133.8, 130.9, 122.5, 116.2, 112.2,
57.9, 40.3, 40.2, 36.6, 35.6, 31.3, 31.1, 29.85, 29.84, 29.81,
29.77, 29.75, 29.72, 29.69, 29.6, 29.5, 29.2, 28.9, 26.1, 25.8,
24.7. HRMS (Supporting Information): m/z calcd for
C24H33N6O+: 421.27 [M]+; found, 421.2792.
Synthesis of 11-Azido-FluoLPA (Compound 29). In a

10 mL round-bottom flask equipped with a stir bar were added
0.11 mmol (0.050 g) of compound 8, 0.11 mmol (0.026 g) of
compound 22, 0.11 mmol (0.013 g) NHS, and 0.15 mmol
(0.031 g) of DCC. The powders were dissolved in 5 mL of
DMF containing 0.30 mmol (52 μL) of DIPEA. The reaction
mixture was stirred for 1 h in an ice bath followed by 48 h at 25
°C. The product was concentrated under reduced pressure
before purifying the crude product with column chromatog-
raphy using a solvent gradient (silica gel, starting at 9:1
CHCl3/MeOH, Rf = 0.3). The fractions containing the
product were combined, and the solvent was evaporated
under reduced pressure. The product was then dissolved in 30
mL of CHCl3 and washed with 1 × 30 mL saturated sodium
bicarbonate. The organic phase was washed with 2 × 30 mL
H2O and 1 × 30 mL brine before drying with MgSO4 and
removing the solvent under reduced pressure. A trituration
with diethyl ether allowed the removal of compound 22
residues to obtain 0.011 g (16% yield) of 11-Azido-FluoLPA.
1H NMR (500 MHz, CDCl3) δ 9.30 (d, J = 6.0 Hz, 2H), 8.93
(br, 1H), 7.87 (br, 2H), 7.72−7.59 (m, 3H), 7.04 (m, 3H),
4.85 (br, 2H), 3.37 (br, 3H), 3.24 (t, J = 7.0 Hz, 3H), 3.13 (s,
6H), 2.44−2.30 (m, 5H), 1.69−1.51 (m, 6H), 1.36−1.18 (m,
20H). 13C NMR (126 MHz, CDCl3) δ 175.7, 154.1, 144.3,
130.7, 123.3, 51.6, 36.2, 35.8, 31.4, 29.8, 29.57, 29.55, 29.54,
29.46, 29.3, 29.0, 26.8, 26.1. HRMS (Supporting Information):
m/z calcd for C29H43N6O+: 491.35 [M]+; found, 491.3528.
Synthesis of Fluo-N3 (Compound 30). In a 10 mL

round-bottom flask equipped with a stir bar were added 0.45
mmol (0.201 g) of compound 8 and 0.45 mmol (0.134 g) of
compound 27 with 0.442 mmol (0.052 g) of NHS and 0.58
mmol (0.121 g) of DCC. The powders were dissolved in 6 mL
of DMF containing 1.16 mmol (204 μL) of DIPEA. The
reaction mixture was stirred for 1 h in an ice bath followed by
48 h at 25 °C. The product was concentrated under reduced
pressure before purifying the crude product by column
chromatography using a solvent gradient (silica gel, starting
at 9:1 CHCl3/MeOH, Rf = 0.38). The fractions containing the
product were combined, and the solvent was evaporated under
reduced pressure. The product was then dissolved in 50 mL of
DCM and washed with 3 × 50 mL of H2O and 1 × 10 mL
brine to remove residual NHS. The organic phase was dried
with MgSO4 before removing the solvent under reduced
pressure to obtain 0.096 g (33% yield) of Fluo-N3 (compound
30). 1H NMR (500 MHz, CDCl3) δ 9.24 (d, J = 6.4 Hz, 2H),
8.72 (br, 1H), 7.78 (d, J = 6.4 Hz, 2H), 7.60 (d, J = 15.9 Hz,
1H), 7.56 (d, J = 8.7 Hz, 2H), 6.91 (d, J = 15.9 Hz, 1H), 6.85
(d, J = 8.5 Hz, 2H), 4.82 (t, J = 6.8 Hz, 2H), 3.36 (br, 2H),
3.26 (t, J = 7.0 Hz, 3H), 3.11 (s, 6H), 2.40−2.29 (m, 5H),
1.66−1.54 (m, 6H), 1.37−1.19 (m, 32H). 13C NMR (126
MHz, CDCl3) δ 175.5, 154.2, 144.1, 130.8, 122.9, 58.0, 51.7,
41.4, 36.4, 35.7, 31.4, 29.81, 29.80, 29.77, 29.72, 29.69, 29.6,
29.55, 29.3, 29.0, 26.9, 26.2. HRMS (Supporting Information):
m/z calcd for C34H53N6O+: 561.43 [M]+; found, 561.4317.
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Stock Solutions. A stock 0.1 M HEPES buffer (pH 7.4)
was prepared by dissolution of 2.38 g of HEPES in 80 mL of
Milli-Q water. The pH was adjusted to 7.4 with sodium
hydroxide before completing the volume to 100 mL with Milli-
Q water. A 10-fold dilution produced the 10 mM stock
solution used to prepare the various LPA solutions.

For titrations with LPA, a 1 mM LPA solution in 10 mM
HEPES buffer was prepared and incremental volume additions
were performed directly in the cell containing the dyes.

To ensure complete dissolution of the dyes, stock solutions
were prepared in MeOH (0.5 mM for Ref-amide, Fluo-NHS,
Fluo-Silane, Fluo-N3, 6-AzidoFluoLPA and 11-AzidoFluoLPA)
except for DSHP to match the conditions of the paper from
Zhao et al. in EtOH (1 mM in EtOH).34

To study the effect of pH on probes interaction with LPA,
Britton−Robinson buffers containing 40 mM H3PO4, 40 mM
CH3COOH, and 40 mM H3BO3 were prepared according to
the following procedure. Boric acid was dissolved in Milli-Q
water to obtain a 0.5 M stock solution, and acetic acid and
phosphoric acid were diluted to produce 2 M stock solutions.
In a 150 mL beaker equipped with a magnetic stirrer, 40 mL of
Milli-Q water was added followed by the addition of 8 mL of
boric acid solution and 2 mL of acetic acid and phosphoric
acid solution. While monitoring pH, the mixture was titrated
with sodium hydroxide until the desired pH was reached. Milli-
Q water was added to reach a total volume of 100 mL in a
volumetric flask. This procedure was repeated for every pH
needed, and the measured pH values of the final buffer
solutions are presented in the Supporting Information (Table
S1).

For the selectivity and interference experiments, stock
solutions of 1 mM for the ions and small molecules were
obtained from the dilution of prepared 50 mM solutions in 10
mM HEPES buffer, pH 7.4. The BSA solution used was at 1
mg/mL. The structurally similar compounds (1 mM) were
prepared in methanol to ensure their solubility. Interfering
species (3 μL) were added to reach a concentration of 1 μM
(except for BSA, 1 μg/mL) in the cell containing 0.3 μM of the
studied probes.
Computational Details. All of the calculations were

performed on the full structures of the reported compounds.
Calculations were performed with the GAUSSIAN 16 suite of
programs.36 The ωB97XD functional37 was qualified as
promising by Grimme38 and was chosen as a good general
functional for organic molecules. It was used in combination
with the 6-311G(d,p) basis set for all atoms.39 We used
implicit solvation effects included with the SMD40 method
(solvent = water) for all calculations. The stationary points
were characterized as minima by full vibration frequency
calculations (no imaginary frequency). All geometry optimiza-
tions were carried out without any symmetry constraints. The
Cartesian coordinates of all structures are fully detailed in the
Supporting Information (Figures S17−S33).
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