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The formation of a 1:2 inclusion complex between adamantyl
tethered squaraine and p-cyclodextrin inhibited the
aggregation of SQ in aqueous solution, enhancing the
fluorescent emission of the near-infrared dye. The resulting
SQcp-CD complex serves as a sensitive fluorescent probe for
imaging intracellular pH in living cells.

Intracellular pH plays critical roles in enzymatic activity, ion
transport, drug resistance, cell proliferation and apoptosis.'
Abnormal pH values are associated with inappropriate physiological
process and diseases such as cancer and Alzheimer’s.” Monitoring
pH changes inside living cells is important for studying cellular
internalization pathways. Among the many methods used for
measurement of pH, fluorescence based strategies have become the
most attractive approach for pH detection in living cells because of
their intrinsic selectivity and sensitivity, operational simplicity, and
low cost, and are non-invasive, spatial and temporal observation
techniques. Although a large number of fluorescent sensors for pH
have been reported in the literature,® only a few of them worked in
near-infrared band. * Because NIR radiation can penetrate deeply in
tissues, minimizes damage to biological samples, and decreases the
influence of background effects caused by autofluorescence from the
biological samples in the tests, the probes that emit in the red and
near-infrared region have attracted considerable attentions in recent
decades, and there is however still a great need to develop high
performance NIR fluorescent probes for intracellular pH detection.

Squaraines are a class of interesting organic functional dyes, which
possess strong and intense absorption in the red to near-infrared
regions which makes them suitable for fluorescent probes and
biolabelling. Fluorescent squaraine has been widely used in metal
jon sensing,” NIR fluorescent labelling® and detection of thiol-
containing amino acids.” Some pH probes based on squaraine have
been reported,8 but none of them have been used in intracellular pH
detection due to the stability and aggregation problems. The central
electron deficient cyclobutenedione ring (C402) acts as an electron
acceptor easily attacked by nucleophiles,” and the planar D-A-D
configuration of squaraines have a strong tendency to aggregate.
This causes fluorescence quenching,'® which limits their practical
application especially in aqueous solution. Therefore, the
performance improvement of the squaraine dyes by structural
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B-Cyclodextrin (B-CD) is water-soluble, cyclic oligosaccharides
containing seven o-1, 4-linked D-glucopyranose units and has a
cavity with pore sizes ranging from 6.0 to 7.0 A. One of most
interesting properties of B-CD is that the internal cavity is
hydrophobic and can accommodate suitably sized hydrophobic
molecules.” Adamantane (AD) is a pseudo-spherical function-free
hydrocarbon with a diameter approximately of 6.5 A. It is well
known that the solubility of AD in water is significantly enhanced
when the AD molecules are included in the hydrophobic cavities of
the B-CD molecules.”® Supramolecular assembles formed by p-CD
and AD complex are widely investigated to improve the water
solubility of guest fluorophores for use for specific detection.'® In
this work, we report the synthesis of a novel adamantyl substituted
squaraine SQ and the investigation of the interaction between SQ
and B-CD. The interaction between SQ and B-CD forming a 1:2
supramolecular assembly can inhibit the aggregation of the squaraine

in aqueous solution. The resulting SQCB-CD inclusion complex can
be used as pH probe in fluorescence imaging of living cells.

The adamantyl substituted squaraine dye SQ was synthesized
through two steps from the commercially available 2-adamantanone
(1) (Scheme 1). The synthetic sequence was initiated with a direct
reductive amination of ketone 1 by solid-activated sodium
borohydride under solvent-free conditions'’ to afford N-(2-
adamantyl)aniline (2) with a yield of 62%. The steric hindrance of
the adamantyl group decreased the nucleophilicity of aniline 2, thus
avoiding nucleophilic addition of 2 to the electron deficient central
four membered ring of squaric acid, and the condensation between 2
and squaric acid in the mixture of toluene/n-butanol under reflux
occurred smoothly, affording a novel squaraine dye SQ in 35% yield.
To the best of our knowledge, the formation of squaraine dyes
containing secondary amine moieties is relative rare.
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Scheme 1. Synthesis of SQ.
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The photophysical properties of SQ in different solvents are
summarized in Table 1. SQ showed intense absorption at 614-627
nm and strong emission in 625-643 nm. The absorption maximum of
SQ is red-shifted in polar solvents, indicating a positive
solvatochromism.

Table 1. The photophysical properties of SQ.

Trifloroacetic acid titrations of SQ in MeCN showed that
protonation occurred at the oxygen atoms of the central ring first,
leading to a bathochromic shift of absorption (Fig. S13, ESIY). At a
high excess of acid, protonation of the nitrogen atom of the anilino
side chain occurs, resulting in a new broad hypochromic band
between 500 and 550 nm, formed with a loss of fluorescence (Fig.

S14, ESI¥). '"H NMR experiment with D,SO, confirmed the
protonation of the anilino N (Fig. S15, ESI{). However, p-CD
provided protection for SQ from the protonation of the anilino N and
helped to keep high fluorescence of SQ in strong acidic condition.'®

€
Solvent  Ap,, (nm) A, (nm) S h?;:)?;;) (x10° ¢°
M 'em™)

THF 620 634 14 2.25 0.86
CHCl,4 615 630 15 2.30 0.78
CH;CN 621 641 20 1.85 0.12
EtOH 627 645 18 1.95 0.26
CH;OH 627 645 18 1.80 0.10

Due to the electron deficient central ring, an adduct between OH and

SQcB-CD formed in basic condition and the conjugated
chromophore was broken, leading to fluorescence quenching. This
process can be confirmed by ESI-MS (Fig. S16, ESIt). pH-

Dependent spectroscopic properties of SQCB-CD further showed

* With reference to ZnPc in DMF (g = 0.28).

Squaraines have a high tendency to form aggregates in aqueous
solution due to their planar structure and D-A-D interaction between
the molecules. The aggregates formed not only lead the maximum
absorption shift, but also lead to dramatic fluorescence emission
quenching. In ethanol, SQ exhibits a sharp absorption peak at 627
nm, which can be attributed to the squaraine monomer. As the
percentage of water in ethanol increases to 60% slight absorbance
decreases and red-shifts are observed. The N-H bond improves the
water solubility of SQ by forming the intermolecular hydrogen
bonds with water. Further increasing the water ratio from 60% to 70%
leads to a dramatic decline the absorption. The absorbance decreases
further as the percentage of water increases to 80% and the
absorption band broadens, indicating aggregation of SQ (Fig. S9,
ESIY).

The rigid structure of adamantyl conforms to the cavity of 3-CD, so
that B-CD can be added to further improve the solubility of SQ and
prohibit the aggregation in aqueous solution (for DLS evidence see
Fig. S10, ESIf). In the absence of B-CD SQ shows a broad
absorption band in water which is attributed to the aggregate of SQ.
Upon addition of B-CD, a sharp peak of SQ appears at 628 nm,
indicating that the central chromophore is exposed in a polar
environment and that the binding site of B-CD is at the adamantyl
side arm of SQ. The absorbance increases with increasing
concentration of B-CD, and is saturated when the concentration of p-
CD reaches 3.0 mM (Fig. S11, ESIt). Further investigation shows
that the fluorescence intensity of SQ is dramatically enhanced upon
addition of B-CD. The binding interaction between SQ and B-CD in
water was analyzed by the Benesi-Hildebrand equation, showing a
1:2 complex formation between SQ and B-CD, with a calculated
equilibrium constant of 4.7x10° L*mol? (Fig. 1). The complex
formation was further confirmed by ESI-MS (Fig. S12, ESIt).
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Figure 1. Fluorescent spectroscopy of SQ (2.0 uM) in pure water
with difference concentrations of B-CD (0-0.6 mM). Insert: Benesi-
Hildebrand plots for complexation between B-CD and SQ in pure
water. (A,=610 nm, A.,=643 nm, slit: 5 nm/5 nm, PMT Volts: 650).
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that only a slight red-shift occurred in both fluorescence and
absorption as pH decreased from 5.0 to 2.0, and the fluorescence
emission was kept “on” even in a strong acidic condition (pH 2.0).
However, when the pH increased from 5.0 to 8.0, both emission and
absorption intensity decreased dramatically and the maximum
shifted to 643 nm and 628 nm, respectively. Upon increasing the pH
from 8.0 to 10, no significant change in spectroscopic properties was
observed. These results demonstrated that SQCB-CD can serve as a
fluorescent pH probe (Fig. 2 and Fig. S17, ESIt). After nonlinear
data fitting of fluorescence spectra, the pKa value of SQCB-CD is
calculated as 6.33. The alternative addition of NaOH and HCI to
SQCB-CD showed highly reversible response to pH in both
absorptive and fluorescent channels (Figs. S18 and S19, ESI¥). The

photobleaching experiments also confirmed a good photostability of
SQ in soluton (Fig. S20, ESIY).
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Figure 2. pH-Dependence of SQ fluorescence spectra (2.0 uM) in
PB (20 mM) buffer solution with B-CD (2.0 mM). Insert:
Fluorescence intensity changes in PB (20 mM) buffer solution.
(Aex=610 nm, A,;=643 nm ,slit: 5 nm/5 nm, PMT Volts: 650V.).

To test the practical application of SQCB-CD further, competitive
experiments were conducted to determine whether the existence of
other metal ions or anions would interfere the probe’s responses to
pH. Either in the presence of K, Fé’ * Niz+, Zn2+, Na®, A13+, Cu2+,
Mg*, Ca*', Ba®*', Fe**, Li*, Hg*', Pb>" and Co*" or of COy*, NO,,
HCOy, S*, CH;COO', ClOy, T, SCN, CI, SO,”, and NO; the
fluorescence responses of SQCB-CD in pH 5.0 PB buffer solution
were examined. All cases showed very similar fluorescence spectra.

These results implied that SQCB-CD in aqueous media could
respond to pH change exclusively in the presence of various metal
ions or anions usually present in a complex system. The interference
of these ions were also tested in pH 8.0, the fluorescence responses

are the same between ions, which further confirmed the SQCB-CD
unique response toward pH (Fig. S21, ESIt).
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The prominent spectral features of SQCB-CD prompted us to test its
potential applications for fluorescence imaging in living cells. The
HeLa cells were incubated with 2.0 mM B-CD and 2.0 uM SQ for
20 min at 37 °C and then were washed three times with PBS buffer
solution. Subsequently, two group cells were incubated in PBS
medium at pH 4.5 and 8.0 with added nigericin (5 pg/mL™") that
could rapidly equilibrate the intracellular and extracellular pH. The
other group cells were incubated in culture medium. After 15 min,
the cells were used for fluorescence imaging. As shown in Fig. 3, the

cells incubated with SQCB-CD in pH 4.5 PBS medium show bright
red fluorescence emissions, while no fluorescence was observed in

culture medium and pH 8.0 medium. This indicates SQCB-CD is an
excellent pH probe for living cells.

Figure 3. Fluorescence images of living HeLa cells. (a) Bright-field
image of HeLa cells incubated with SQcf-CD in PBS medium at
pH 4.5; (b) Fluorescence image of (a); (c) the overlay image of (a)
and (b); (d) Bright-field image of HeLa cells incubated with SQcf-
CD in culture medium; (e) Fluorescence image of (d); (f) the overlay
image of (d) and (e); (g) Bright-field image of HeLa cells incubated
with SQcB-CD in PBS medium at pH 8.0; (h) Fluorescence image
of (g); (i) the overlay image of (g) and (h).

In conclusion, a host-guest assemblage of adamantyl substituted
squaraine in B-CD has been designed as an intracellular
fluorescent pH probe. Encapsulation of B-CD improved the
water solubility of squaraine, inhibited the aggregation of the
dye, and protected it from protonation of the anilino side chain,
leading to a high fluorescent emission in an acidic environment.
It has been successfully applied for monitoring pH in living
cells.
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