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A convenient and selective method for the sensing of polyamines, which
are important biomarkers for cancers, has been developed. The fluores-
cence light-up mechanism utilizes the analyte-induced formation
of emissive excimers of a sulfonated probe. Detection is achieved in
aqueous media and artificial urine samples, as indicated by an excellent
fluorescence turn-on signal with a large spectral shift.

Polyamines (i.e, spermine, spermidine, and their precursor
putrescine, Scheme 1b) are naturally occurring organic molecules
that are formed by decarboxylation of amino acids. They are
found in nearly all living cells and perform essential functions
in the regulation of cell growth and differentiation.” Since the
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Scheme 1 Chemical structures of (a) CVDA-1 and anionic probe 1-SOz~
and (b) amines used as analytes. (c) Schematic representation of a
fluorescent “turn-on” sensing mechanism of a polyammonium cation
using anionic probe 1-SO3™.
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association of increased levels of polyamine synthesis and accu-
mulation with cell growth and cancer was first reported in the
late 1960s, many research groups have observed similar changes
in the levels of polyamines in tumor cells.®> Russell and others
showed that the amounts of polyamines were abnormally elevated
in the urine of patients with various types of tumors.* In routine
clinical analysis, therefore, the measurement of polyamine excre-
tion levels in physiological fluids provide a valuable test in the
diagnosis of cancer and in monitoring the response to therapy.’
The detection of polyamines present in biological samples has
primarily relied on capillary electrophoresis® and chromato-
graphic methods,” including high-performance liquid chromato-
graphy, thin-layer chromatography and gas chromatography.
These methods often require laborious sample pre-treatment
and relatively long analysis times, and can suffer from a lack of
specificity or sensitivity.

Fluorescence-based chemosensors have recently attracted sig-
nificant attention owing to their high sensitivity as well as their
simplicity and suitability for high throughput screening.® Our
group and others have developed several different types of fluori-
metric sensing systems for the identification and quantification
of polyamines by using small organic molecules,’ conjugated
polymers,'° dye-assembled nanotubes,'" hydrogel hybrids,"? dye-
embedded micelles,"® or nanoparticles."* In most of them, the
sensing platform involves a displacement approach such as an
ion-exchange reaction of fluorescent dyes with the polycations of
these amines at physiological pH."*** Other approaches employ
an aggregation of carboxylic acid-appended small organic dyes™
or conjugated polymers that is induced by the analyte.'**” In the
aggregates, intramolecular rotation is restricted or exciton
migration is enhanced to induce a change in the fluorescence
properties (i.e., emission intensity and/or wavelength).

Despite these encouraging results, some limitations remain.
“Turn-off” signal responses reduce the attractiveness of some
sensing schemes;'°>%'13% while others require a long reaction
time at high temperature,”®” or must be performed in organic
solvents.’'°*” Therefore, a rational design for a fluorescent
probe with high sensitivity and a rapid response, leading to a
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“turn-on” fluorescence signal, is still in high demand for the
detection of polyamines under aqueous assay conditions for
biological applications.

We recently discovered that a class of cyanovinylene dyes
comprised of an electron donor (aniline), a t-conjugated bridge
(cyanovinyl), and an electron acceptor (benzothiazole) (CVDA)
displays a notable red-shifted emission upon aggregation."’
The CVDA-1 dye (Scheme 1a) shows a weak greenish emission
(Amax,em = 534 nm) in dilute solutions that converts to an
intense red emission upon aggregation (Amaxem = 618 nm) or
crystallization (Amaxem = 624 nm). Experimental data and
theoretical calculations have shown that the unusual solid-
state emission of this family of dyes is caused by formation of
an emissive excimer.

In this study, we successfully exploited the formation of
emissive excimers among CVDA dyes in the design of a new
“turn-on” fluorescent probe for the detection of multicationic
analytes such as spermine and spermidine, at concentration
levels suitable for biomedical applications in buffered aqueous
media. A water-soluble derivative of CVDA-1, the sodium salt
of the sulfonated anionic probe 1-SO; ™, is non-aggregating and
displays a weak background fluorescence emission. Encounter
with a multicationic analyte triggers aggregate formation via
electrostatic pairing, resulting in the formation of the red-
shifted emissive excimer (Scheme 1c).

Probe 1-SO;~ was prepared in moderate yield according to
Scheme S1 (see the ESIT). Its photophysical properties were
investigated in an aqueous buffer solution (10 mM HEPES,
pH 7.4). The absorption and emission spectra show an absorp-
tion maximum at 458 nm (¢ = 4.4 x 10 M~ em™') and a weak
emission maximum at 541 nm (@ = 0.0001). The low quantum
yield of probe 1-SO;™ is ascribed to rapid nonradiative deacti-
vation facilitated via internal bond rotations about the vinylene
group in a diluted solution, as observed for previously reported
CVDA dyes."®

To investigate the sensing of spermine by anionic probe
1-SO; ™, time-dependent absorption and fluorescence spectra of
1-SO;~ (20 puM) were monitored upon the addition of 1 equiv.
spermine in HEPES buffer (10 mM, pH 7.4) at 25 °C (Fig. 1).
Addition of spermine gradually shifted absorption maximum
from 458 to 462 nm. This was accompanied with a considerable
reduction of the absorption coefficient, a broadening the absorp-
tion band (fwhm: from 74 to 95 nm), and a tailing absorption
profile that is attributed to the Mie scattering of nanosized
particles (Fig. 1a).’® This change is indicative of aggregate
formation after addition of spermine. Aggregate formation was
further confirmed by scanning electron microscopy (SEM), which
showed the formation of spherical aggregates with an average
diameter of 350 + 50 nm (Fig. 1c and Fig. S21, S22, ESIt) and
dynamic light scattering (DLS, Fig. S23, ESI{). More noticeably,
the fluorescence spectra of the 1-SO;~ displayed a significantly
intensified red-shifted emission (Amaxem: 600 Nm) over a 30 min
incubation period (Fig. 1b). The growth of the excimer signal at
600 nm coincided with the growth of aggregates, suggesting
that larger aggregates are more favorable to result in enhanced
excimer emission. The fluorescence response of 1-SO;~ after

This journal is © The Royal Society of Chemistry 2016

View Article Online

ChemComm
a
( )1.0
0.8
3
g
506
E-3
s
204
k-]
<02
0.0 . . : 04 : ; e 5
350 400 450 500 550 600 500 550 600 650 700 750 800
Wavelength / nm Wavelength / nm
(c) (d)3s5
| 080064
28 ‘.Q TT
® A
w21 o
w o
14 ®
7 .’
o.’
0 5 10 15 20 25 30
Time / min

Fig. 1 Absorption (a) and fluorescence emission (b) spectra of probe
1-SO3~ (20 pM) upon incubation with spermine (20 uM) for different time
periods in HEPES buffer (10 mM, pH = 7.4) at 25 °C. The spectra were
obtained every 2 min (0—30 min). The black solid line and red solid line
indicate spectra of probe 1-SOz~ before and 30 min after addition of
spermine, respectively. Excited at 470 nm. (c) SEM image of the dried
aggregates, formed from a solution of the probe 1-SOz~ (20 pM) upon
20 min incubation with spermine (20 uM) in HEPES buffer (10 mM, pH = 7.4)
at 25 °C. (d) Relative fluorescence intensity (F/Fo) of probe 1-SOz~ (20 uM) as
a function of incubation time with spermine (20 uM). F and Fq correspond to
the fluorescence intensity of 1-SOz~ in the presence and absence of
spermine, respectively. The values were obtained at Ay, = 600 nm. Inset
shows photographs of probe 1-SO3™ in the absence (A) and presence (B)
of spermine after incubation for 30 min under irradiation with UV light at
A =365 nm. [1-SO37| = [spermine] = 20 uM.

the addition of spermine was evident to the naked eye, as shown
in Fig. 1d inset. The fluorescence intensity at 600 nm increased
34-fold relative to the original value of the free probe 1-SO; ™ after
the addition of 20 uM spermine (Fig. 1d).

The fluorescence response of probe 1-SO;~ (20 puM) to
different concentrations of spermine in the 0-100 puM range
after an incubation time of 20 min is shown in Fig. 2a. In the
absence of spermine, 1-SO;~ showed a very weak fluorescence
(Amaxem = 541 nm). With an increasing amount of added
spermine, the fluorescence intensity of the excimer band near
600 nm increased gradually until saturation was reached at ca.
50 uM, at which concentration the intensity of the fluorescence
signal was enhanced by a factor of about 47. However, further
increases in [spermine] above 50 uM decreased the fluores-
cence intensity (Fig. S6 and S7, ESI{). The normalized fluores-
cence intensities at 600 nm (F/F,) were found to be linearly
proportional to the concentration of spermine in the 5-20 uM
range (R*> = 0.985) (Fig. 2a inset). The critical concentration
range demanded for cancer diagnosis is on the micromolar
level, which falls within the linear range of the assay demon-
strated in this study. The detection limit of 1-SO;~ toward
spermine was calculated to be ca. 0.6 pM (Fig. S14, ESIY),
indicating its aptitude for the detection of trace biogenic
polyamines.

The electrostatic interaction between the ammonium and
sulfonate groups is deemed responsible for the interchromo-
phore aggregation of 1-SO;, which leads to the dramatic green
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Fig. 2 (a) Fluorescence intensity of probe 1-SO3~ (20 puM) in the presence
of different concentrations of spermine. [spermine] = 0, 2, 5, 7.5, 10, 15,
20, 30, 40, 50, 75, 100 pM. Excited at 470 nm. Fluorescence intensity at
600 nm was measured 20 min after addition of spermine in HEPES buffer
(10 mM, pH = 7.4) at 25 °C. The inset shows a linear relationship between
fluorescence intensity (F/Fo) at 600 nm and concentrations of spermine
(5-20 uM). F and Fq correspond to the fluorescence intensity of 1-SO3~ in
the presence and absence of spermine, respectively. (b) Fluorescence
decay profiles of 1-SO3~ without (red) and with (blue) spermine in HEPES
buffer (10 mM, pH = 7.4) at 25 °C. The fluorescence emission was
monitored at 542 nm for only 1-SO3~ and at 600 nm for 1-SO3™ in the
presence of spermine. [1-SO3z~] = [spermine] = 20 puM. Incubation time =
20 min. (lex = 470 nm, pulse width = 100 ps).

to red fluorescence color change. However, the extent of the
red-shift in aggregates of 1-SO;~ and spermine is not as
significant as for the emissive excimers of the previously
reported CVDA-1 dye (/e = 618 nm).'*> We ascribe this disparity
to a more irregular arrangement of the dyes within the aggre-
gates of 1-SO;~ and spermine that is less optimal for excimer
formation.

To obtain further insight into the structure and photophysics
of the aggregates, time-resolved photoluminescence decay
analyses of 1-SO;~ without and with spermine in HEPES buffer
(10 mM, pH 7.4) were performed using fluorescence-lifetime
imaging microscopy (FLIM) upon femtosecond laser excitation
at 470 nm (Fig. 2b and see also Table S1, ESIT). The excited-state
decay curves could be best fitted to tri-exponential functions.
Without spermine, the area weighted mean fluorescence lifetime
(Tavg) Of 1-80; ™ at 542 nm was ca. 0.14 ns with most of the signal
originating from 0.07 ns (81.6%) fraction. The fast excited-state
dynamics for 1-SO;~ in solution is indicative of rapid non-
radiative deactivation, which is corroborated by their weak
fluorescence emission, and consistent with torsion-induced
quenching, as discussed earlier. The addition of spermine to 1-
SO, resulted in slower fluorescence decay at 600 nm (Tayy =
0.38 ns) with increase in extended lifetime species. The shorter
fluorescence lifetime of 1-SO;~ in the presence of spermine
compared to that of the previously reported CVDA-1 dye excimer
(tavg = 0.92 ns),'® just like the smaller extent of the red-shift, is
also consistent with an aggregate structure that is not as favorable
to promote excimer formation.

Next, we evaluated whether the fluorescence response of
1-SO;~ could be used to detect polyamines selectively over other
amines. The sensory responses of 1-SO;~ (20 pM) in the presence
of various other ammonium salts (from spermine, spermidine,
1,2-ethylenediamine, 1,3-propanediamine, 1,4-butanediamine
(putrescine), 1,8-octanediamine, 1-propanamine, 1-butanamine,
1-hexanamine, 1-octanamine, lysine, benzylamine, tyramine,
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Fig. 3 (a) Fluorescence spectra of 1-SOz~ (20 uM) upon incubation with
1 equiv. of various amine analytes. (b) Fluorescence turn-on response of
1-SO5;~ (20 pM) to amine analytes at different concentrations. Fluorescence
spectra were obtained 20 min after the addition of each analyte to 1-SO5~ in
HEPES buffer (10 mM, pH = 7.4) at 25 °C. Excited at 470 nm. Fluorescence
intensity was recorded at 600 nm. (c) Photographs of 1-SO3~ (20 uM) in the
absence (1) and the presence of 1 equiv. of various amine analytes [spermine (2),
spermidine (3), 1,2-ethylenediamine (4), 1,3-propanediamine (5), 1,4-butane-
diamine (6), 1,8-octanediamine (7), 1-propanamine (8), 1-butanamine (9),
1-hexanamine (10), 1-octanamine (11), lysine (12), benzylamine (13), tyramine
(14), serotonin (15), dopamine (16), creatinine (17), sarcosine (18)] under UV
irradiation (365 nm). Incubation time = 20 min.

serotonin, dopamine, creatinine, sarcosine) were evaluated.
Spectroscopic analyses carried out 20 min after the addition
of 1 equiv. of each analyte exhibited dramatic enhancement in
fluorescence intensity at 600 nm in the presence of polyamines,
such as spermine and spermidine, but excimer emission was
not observed for diamines and monoamines, even at higher
concentrations (up to 500 uM; Fig. 3 and Fig. S17, S18, ESIY).
The fluorescence turn-on response of 1-SO3;~ also showed a
selectivity greater than 10:1 in favor of the tetracationic sper-
mine (pK, = 11.50, 10.95, 9.79, 8.90) over tricationic spermidine
(pK, = 11.56, 10.80, 9.52). These observations are consistent
with the differential binding affinity of monomeric 1-SO3;™
being a function of the cationic charge density of the analyte.
Binding studies also suggest that tricationic spermidine asso-
ciates with fewer equivalents of 1-SO;~ than tetracationic
spermine (Fig. S24, ESIt). Spermine detection with 1-SO3~
was not interfered with these diamines and monoamines,
indicating that probe 1-SO;~ could be highly selective for diag-
nosis applications (Fig. S19, ESIt), and further supporting charge
density as the main factor in the formation of tight excimer-
forming aggregates.

The effect of pH on the fluorescence response of 1-SO3;™
toward spermine was further investigated (Fig. S9, ESIT). There
was little difference in the sensing of spermine between pH
5 and 7.4. However the fluorescence response to spermine was
dimmed above pH 8, most probably due to partial deprotona-
tion of the ammonium groups, emphasizing that electrostatic
interaction is the primary force for the association. Neverthe-
less, the assay is not sensitive to high salt concentrations up
to 150 mM for NacCl (Fig. S10, ESI{). Importantly, the fluores-
cence intensity of 1-SO;~ did not change in the absence of

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 (a) Fluorescence spectra of 1-SO3~ (20 pM) upon incubation with

spermine at different concentrations (0, 2, 5, 7.5, 10, 15, 20, 30, 40, 50 uM)
in artificial urine solutions at 25 °C. The spectra were obtained after
incubation for 20 min. Excited at 470 nm. (b) Fluorimetric assays of
spermine in HEPES buffer and in artificial urine solutions. Fluorescence
intensity at 600 nm was measured as a function of [spermine].

spermine when it was monitored in aqueous media for 12 hours
(Fig. S4, ESIt), suggesting a great stability of probe 1-S0O; ™ under
the assay conditions.

In order to demonstrate the practical utility of 1-SO;™ in a
physiological environment, fluorimetric assays of spermine
were performed in artificial urine solutions. As shown in Fig. 4,
the response of probe 1-SO; ™ toward spermine in urine paralleled
that observed in aqueous buffer (Fig. S27, ESIT). The large jump
in fluorescence intensity above 5 uM coincides with the elevated
urinary spermine levels that are considered as clinical cancer
markers, highlighting the probe’s potential for biomedical
analysis.

In summary, probe 1-SO; ™ can selectively associate via multiple
electrostatic interactions with protonated polyamines, such as
spermine and spermidine, forming aggregates that trigger excimer
emission. The developed fluorescence ‘turn-on” assay for
biogenic spermine and spermidine over other amines is highly
sensitive and operationally simple, and it may be performed in
artificial urine samples without the need for organic solvents.
We suggest that this assay may find use in rapid routine clinical
pre-screenings.
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