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Early diagnosis and treatment of cancer requires the development of tools that are both sensitive and
selective in detecting spermine. In this study, we presented a "supramolecular cyclization-induced emis-
sion enhancement” strategy for the sensitive and selective detection of spermine. A new pillar[5]arene
probe (P1) demonstrated excellent solution/solid dual-state emission properties, and the addition of cer-
tain spermine (Spm) resulted in fluorescence enhancement due to the synergy of multiple weak inter-
actions that restricted the free motion of P1 in the P1>Spm complex. This mechanism was further con-
firmed by time-resolved spectroscopy, DFT calculations, and IGM analysis. With its low limit of detection
and high selectivity, P1 is a promising tool for measuring spermine in artificial urine samples.

Probe © 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
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Medica, Chinese Academy of Medical Sciences.

Spermine (Spm) is a polyamine widely present in eukaryotic
cells and bodily fluids, playing a critical role in cell proliferation
and development [1-3]. Recent studies have linked elevated lev-
els of spermine to the presence of cancer, making it a promis-
ing biomarker for early detection and efficacy evaluation of cancer
treatment [4,5]. However, conventional detection methods such as
chromatography and immunoassays are time-consuming and ex-
pensive [6,7], necessitating the development of a swift and accu-
rate diagnostic tool. Fluorescent probes have been recognized as
a potent approach for spermine detection, with various organic
molecules [8-13], quantum dots [14], conjugated polymers [15-
17], organic metal compounds [18,19], and supramolecular self-
assemblies [20-25] being employed in the past decade. However,
the development of novel fluorescent probes for its detection re-
mains desired because the probes for the identification of sper-
mine with high selectivity are still rare.

Pillar[5]arene has been extensively employed in supramolecu-
lar chemistry due to its rigid structure and favorable host-guest
characteristics [26-33]. By altering its structure, functionalized pil-
lar[5]arenes have been developed and used for the detection of
ions and small molecules [34-39]. Recently, we designed a func-
tionalized pillar[5]arene with aggregation-induced emission (AIE)
group and multiple-binding-site for the selective discrimination of
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specific alkylenediamines [40]. Here we proposed a “supramolec-
ular cyclization-induced emission enhancement” (SCIEE) strategy
for the selective detection of spermine. By introducing multiple
binding sites to pillar[5]arene as a new host (P1), P1 and sper-
mine can form a host-guest complex with a ring-like structure by
supramolecular cyclization. Such a ring-like self-assembly restricts
the free motion of the host, resulting in the fluorescence enhance-
ment and selective detection of spermine.

In this study, two modified versions of pillar[5]arene (P1 and
its control counterpart P2, Scheme 1) were designed and synthe-
sized for the purpose of sensing spermine. Due to the inclusion of
diphenylethene groups, both P1 and P2 exhibited strong emission
properties in both dilute solutions and solid state, featuring dual
state emission. P1 was designed with three binding sites specifi-
cally suited for spermine, with the distance between two carboxyl
groups of P1 matching the alkyl chain length of spermine. This de-
sign activated the supramolecular cyclization upon the addition of
spermine, restricting the free motion of P1 in the host-guest com-
plex and resulting in enhanced fluorescence. However, P2 was not
effective in recognizing spermine despite also having three binding
sites, as the distance between two carboxyl groups of P2 was too
great for the amino groups at the end of the spermine to bind to
them simultaneously.

The synthetic route of P1 and P2 was shown in Scheme S1
(Supporting information). Initially, intermediates 6a and 6b were
produced through the Suzuki reaction of compounds 2/4 and 5,
respectively. These intermediates were subjected to a sequence of
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Scheme 1. Chemical structures of P1, P2, and NP and the schematic illustration of
detection mechanism.
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Fig. 1. (a) Photos of the fluorescence emitted by P1 and P2 in solution and the solid
state; (b) Spatial distribution of the HOMO and LUMO of P1 and P2. Fluorescence
spectra of P1 (c) and P2 (d) (2.5 pmol/L) in DMSO/H,0 mixtures with varying water
content ranging from 0 to 99%.

Williamson and hydrolysis reactions to obtain the desired P1 and
P2 compounds. NMR and HRMS analysis were conducted to fully
characterize the related compounds, as shown in Figs. S1-S25 (Sup-
porting information).

The photophysical characteristics of P1 and P2 were examined
in acetonitrile and solid states. The absorption spectra of P1 and P2
were similar with two absorption bands being observed at ca. 305
and 331 nm (Fig. S26a in Supporting information). Similarly, the
normalized fluorescence spectra of both compounds were nearly
indistinguishable, with blue emission at 397 nm (Fig. 1a and Fig.
S26b in Supporting information). DFT calculations indicated that
the photophysical properties of P1 and P2 were nearly identical
due to their comparable conjugated structures and energy gaps
(Fig. 1b and Fig. S27 in Supporting information). Additionally, the
emission of P1 and P2 showed weak solvatochromic properties,
with a redshift of 16 and 20 nm, respectively, from toluene to DMF
(Fig. S28 and Table S1 in Supporting information).

In the solid state, both P1 and P2 emitted strong blue emission
at ca. 413 and 415nm, respectively (Fig. S29 in Supporting infor-
mation). To investigate their fluorescence properties in the aggre-
gated state, dimethyl sulfoxide and water were chosen as the good

Chinese Chemical Letters 35 (2024) 108626

1.6
= 3
=~ 038+ E
o 2
S Fi
o
£
0 B T T T T -
350 400 450 500 550
0.0 1 Wavelength (nm)
T

L . PR T . T A T . T
0 2 4 6 8 10 12 14
[Spermine] (umol/L)

Fig. 2. Binding isotherm of P1>Spm complex fitted with a 1:1 binding model. In-
set: Dependence of fluorescence of P1 on the concentration of spermine in acetoni-
trile. [P1] =2.5 pmol/L.

solvent and poor solvent, respectively. In a dimethyl sulfoxide so-
lution, P1 (2.5umol/L) exhibited blue emission at 401 nm. The flu-
orescence intensity of the mixture solution showed a tendency to
increase and then decrease with the increase of water volume frac-
tion (fw). However, the magnitude of the fluorescence change was
not significant for all samples, and all samples emitted strong blue
light (Fig. 1c and Fig. S30a in Supporting information). Similarly,
P2 also displayed significant blue fluorescence in both the solution
and aggregated state (Fig. 1d and Fig. S30b in Supporting informa-
tion). These findings demonstrate that P1 and P2 possess excellent
solvent/solid dual state emission properties. The large conjugated
structure of both compounds enables efficient fluorescence in di-
lute solutions, while the presence of the pillar[5]arene structure
prevents the formation of m-m stacking in the aggregated state,
resulting in excellent fluorescence performance of the aggregates.

Furthermore, solution-thickening experiments were conducted
to confirm whether fluorescence enhancement could be attained
by limiting the free motion of P1 and P2. As depicted in Fig. S31
(Supporting information), the fluorescence of both P1 and P2 un-
derwent a significant enhancement as the volume fraction of glyc-
erol increased, indicating that the intramolecular rotation of P1
and P2 could be constrained by the thickening approach, resulting
in an increase in fluorescence.

The host-guest complexation between P1 and spermine was
investigated in acetonitrile. The emission of P1 was significantly
increased upon the addition of spermine (Fig. S32 in Support-
ing information). The observed fluorescence enhancement corre-
lated with the results of time-resolved spectroscopy experiments,
where the fluorescence lifetime of P1 was found to increase from
2.80ns to 3.14ns upon the addition of spermine, as shown in Fig.
S33 and Table S2 (Supporting information). To quantify the host-
guest binding, a fluorescence titration experiment was conducted
with the concentration of P1 held constant. As depicted in Fig. 2,
the fluorescence intensity of P1 increased gradually with the ad-
dition of spermine. The binding isotherms were fitted well to a
1:1 binding model using the Scientist 3 program. The equilibrium
binding constant of P1 to spermine was determined to be (7.7 +
0.6) x 10° L/mol in acetonitrile. In order to examine the solvent ef-
fect on the P1-spermine binding, we investigated the fluorescence
response of P1 (2.5 umol/L) upon adding 5 pmol/L spermine in var-
ious solutions, including an acetonitrile/water mixture (1:9, v/v),
an aqueous solution, and PBS buffer solutions (pH 6.5 and 7.4).
As shown in Fig. S34 (Supporting information), the fluorescence of
the P1 solution barely changed when spermine was added to the
aqueous solution or PBS buffer solution, indicating that the bind-
ing capacities of P1 to spermine were not high in those media.
The fluorescence enhancement of P1 was observed in the acetoni-
trile/water mixture (1:9, v/v) with the equilibrium binding con-
stant of P1 to spermine determined to be (2.3+ 0.2) x 10%L/mol,
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Fig. 3. '"H NMR spectra for the binding of P1 with spermine (400 MHz, DMSO-

dg). (a) P1 (5mmol/L); (b) P1 (5mmol/L) and spermine (5mmol/L); (c) spermine
(5 mmol/L).

which is 33 times lower than that in acetonitrile (Fig. S35 in Sup-
porting information). The binding capacity of P1 to spermine de-
creased greatly in the presence of water, which may be attributed
to the competition between spermine and water for the binding of
carboxylic unit of P1 and high solubility of spermine in water.

To confirm the host-guest interactions between P1 and sper-
mine, '"H NMR was conducted (Fig. 3). The disappearance of the
peak of protons Ha on the carboxyl group of P1 indicated a proton
exchange process between P1 and spermine, while upfield shifts
of the NMR peak was observed for protons Hg on the methylene
group. The NMR peaks for protons H¢, Hy, and He on spermine
displayed substantial upfield shifts and broadening, which were at-
tributed to the inclusion-induced shielding effects and complexa-
tion dynamics [41]. Comparatively, the NMR peaks for protons H,
and H, on spermine exhibited downfield shifts, possibly due to the
effect of protonation of the amino group and the inability of the
cavity of P1 to fully encapsulate spermine, leaving the exposed H,
and H, protons outside the cavity. Besides, 'H NMR titration exper-
iments were performed to further investigate the binding between
P1 and spermine where DMSO was used as the solvent instead
of acetonitrile due to P1's inadequate solubility in acetonitrile for
NMR experiments (Fig. S36 in Supporting information). The chem-
ical shifts of protons on spermine were shifted with the addition
of P1 and the binding isotherm was fit well with a 1:1 binding
model, suggesting a 1:1 host-guest binding. The equilibrium bind-
ing constant of P1 to spermine in DMSO was calculated to be
(5.3+ 0.8) x 103L/mol using the Scientist 3 program (Fig. S37 in
Supporting information). Additionally, an ESI-MS experiment was
conducted, which also revealed the formation of 1:1 host-guest
complex in the P1/Spm system, as evidenced by the presence of
the [P1>Spm]* peak in the spectrum (Fig. S38 in Supporting in-
formation).

The control experiments were conducted by observing the flu-
orescent behavior of two control molecules of P1 (i.e., P2 and NP)
upon the addition of spermine (Fig. S39 in Supporting informa-
tion). The absence of substantial fluorescence enhancement in P2
and NP indicated their inability to effectively bind with spermine,
which was attributed to the great distance between two carboxyl
groups of P2 and the lack of a pillar[5]arene cavity in NP. This
finding reinforced the importance of the pillar[5]arene cavity and
the dual carboxyl-amine interactions in the selective recognition of
spermine.

To further investigate the mechanism behind P1’s selective
recognition of spermine, several methods were employed, includ-
ing DFT calculations and independent gradient model (IGM) anal-
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Fig. 4. The complex structure of P1>Spm (a) and P2>Spm (b) predicted by DFT
calculation. (c) §g"e" =0.01 a.u. isosurfaces graphs of P1>Spm.

ysis. The complex structure of P1>Spm was optimized by DFT and
depicted in Fig. 4a. One binding site showed a strong electrostatic
interaction (1.328 A) between the carboxylate anion and the alky-
lammonium cation due to proton transfer from a carboxyl group
of P1 to an amino group of spermine. At another binding site, an
O-H-N bond (1.607 A) was formed between a carboxyl group of
P1 and an amine group of spermine, consistent with the charac-
teristics of carboxyl-amine interaction, namely, charge-assisted hy-
drogen bond [42]. IGM analysis revealed strong electrostatic inter-
action, hydrogen bond (indicated by blue areas in the isosurfaces),
and van der Waals interactions (indicated by green areas in the
isosurfaces) between P1 and spermine (Fig. 4c) [43]. In contrast,
the amino groups at the end of spermine could not attach to two
P2 carboxyl groups simultaneously to establish two carboxyl-amine
interactions, as shown in Fig. 4b. These theoretical studies con-
firmed that the synergy of carboxyl-amine interactions and van der
Waals interactions between the host and the guest played a key
role in restricting the free motion of P1 and achieving supramolec-
ular cyclization-induced emission enhancement.

The investigation of the selectivity of P1 towards spermine
in the presence of various amines was carried out. Firstly, 1,12-
diaminododecane, which has the same chain length as spermine,
was chosen to bind to P1. As shown in Fig. S40 (Supporting infor-
mation), the emission of P1 was significantly increased upon the
addition of 1,12-diaminododecane, indicating that the presence of
1,12-diaminododecane may cause interference in the detection of
spermine. However, 1,12-diaminododecane is not biogenic amine
and not typically present in the physiological environment and is
therefore unlikely to cause interference in the detection of sper-
mine [44]. Thus, taking into account practical application scenar-
ios, interference was mainly selected from some common biogenic
amines. Secondly, the results presented in Fig. 5 showed that the
fluorescence emission of P1 was significantly enhanced upon the
addition of spermine, while no significant increase in fluorescence
was observed in any of the other biogenic amine solutions. Thirdly,
considering that spermine is a basic compound, the impact of NH3
on the spermine sensing process was investigated. As depicted in
Fig. S41 (Supporting information), P1 was capable of accurately de-
tecting spermine in the presence of varying concentrations of NHjs.
Additionally, competition experiments were conducted to evaluate
P1’s ability to distinguish spermine from other amines, as shown
in Fig. S42 (Supporting information). The experimental findings
indicated that P1 exhibited selective detection of spermine and
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Table 1
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Real sample analysis data for different samples pre-spiked with the known concentrations of spermine.

Sample Prepared (umol/L) Found (pmol/L) Recovery (%) RSD (%, n=3)?
Artificial urine with 3 3.18 106 0.91
spermine 5 4.82 96 2.28

9 9.42 105 2.84

2 Relative standard deviation.
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Fig. 5. The fluorescence spectra of P1 (2.5pmol/L) with different biogenic amines
(5umol/L) in acetonitrile. Inset: photographs of samples under 365nm UV illu-
mination. Guests are 1: Spermine, 2: Spermidine, 3: 1,5-pentanediamine, 4: 1,4-
butanediamine, 5: Tryptamine, 6: Histamine, 7: Tyramine, 8: Urea, 9: Ethylenedi-
amine.

was barely influenced by basic compounds. The limit of detec-
tion (LOD) for spermine in acetonitrile was determined as 0.094 +
0.002 pmol/L using the equation 30 /S (where standard deviation,
o =11 and slope, S=3.5 x 107) (Fig. S43 in Supporting informa-
tion) [20]. These results indicated that P1 possessed high sensitiv-
ity and selectivity in recognizing spermine, placing it among the
most selective and sensitive probes (Table S3 in Supporting infor-
mation).

To showcase the potential utility of P1 in detecting spermine
in artificial urine, the fluorescence spectra of P1 were determined
with the addition of artificial urine (depicted in Fig. S44a in Sup-
porting information). The results showed that the fluorescence in-
tensities at 400 nm were linearly proportional to the spermine con-
centration in the range of 0-17 umol/L, as demonstrated in Fig.
S44b (Supporting information). The LOD for spermine in artificial
urine was determined to be 0.4pmol/L, which is sensitive enough
in pathological conditions. The findings of the recovery experi-
ments are summarized in Table 1.

In conclusion, we used supramolecular cyclization induced
emission enhancement as a new strategy to detect spermine by
pillar[5]arene derivative (i.e., P1) bearing three binding sites for
spermine. An increase in the fluorescent emission of P1 with the
addition of spermine was attributed to the inhibition of P1’s free
motion in the P1>Spm complex by supramolecular cyclization,
aided by multiple weak interactions. P1 possessed high sensitiv-
ity and selectivity in recognizing spermine (with LOD of 0.094
pmol/L and 0.4 pmol/L for spermine in acetonitrile and artificial
urine) due to the synergism based on the pillar[5]arene cavity, the
dual carboxyl-amine interactions, and the proper chain lengths of
P1 and spermine, placing it among the most selective and sensi-
tive probes. However, a similar pillar[5]arene derivative P2 cannot
form such a ring-like structure by supramolecular cyclization, re-
sulting no obvious emission enhancement because the chain length
of P2 does not match that of spermine. Another similar probe NP
does not show the supramolecular cyclization-induced emission
enhancement due to the lack of a pillar[5]arene cavity. This study
presents a novel approach to developing probes for spermine de-

tection, and suggests potential applications in early cancer diag-
nosis. However, it should be mentioned that other alkanediamines
with similar chain lengths, i.e., 1,12-diaminododecane may increase
the emission of P1. Fortunately, 1,12-diaminododecane is not bio-
genic amine and therefore may not interfere the detection of sper-
mine in the physiological environment samples.
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