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Discovery and early development of squaraine rotaxanes
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The chemical and photophysical properties of a fluorescent squaraine dye are greatly enhanced
when it is mechanically encapsulated inside a tetralactam macrocycle. This feature article
describes the synthesis, structure, and photophysical performance of first-generation squaraine
rotaxanes, and shows how they can be used as fluorescent imaging probes and chemosensors.

Introduction

The 2008 Nobel Prize was awarded for the discovery and
development of the green fluorescent protein (GFP).! The
story is an inspiring tale of hard work, serendipity, technical
brilliance, skillful molecular design, and insightful analytical
reasoning.” The famous ribbon structure in Fig. 1 shows how
the single stranded protein folds up into an 11-stranded beta
barrel structure with the chromophore-containing section of
the strand threaded through the center.® The surrounding
barrel plays a crucial role protecting the chromophore from
chemical degradation and fluorescence quenching.* GFP can
be viewed as a biological model for chemists who are pursuing
encapsulation strategies to improve the performance of organic
dyes.’> We have contributed to this emerging research topic by
developing squaraine rotaxanes. Our discovery of squaraine
rotaxanes was due to the fortuitous combination of several
factors. In the middle of 2004, one of us (BDS) heard a lecture
from Professor David Leigh who described his remarkable
clipping method for rotaxane synthesis.® During the lecture he
noted that the method was quite promiscuous with regard to
the structure of the thread component, due in part to the
flexibility of the surrounding macrocycle.” A few months later
a new postdoctoral associate, Dr Easwaran Arunkumar,
started in the Smith group with expertise in squaraine dyes.®
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Fig. 1 Green fluorescent protein crystal structure as ribbon diagram
(left), and as cut-away showing encapsulated chromophore (right).
Protein Data Bank entry IEMA.

Squaraines have an internal donor—acceptor—donor structure
as represented by the resonance contributors shown in Fig. 2.°
They are intensely colored fluorescent dyes that absorb and
emit in the deep-red and near-infrared wavelengths.® This
is a valuable wavelength region for many types of imaging
applications; however, squaraines have potential limitations in
biological environments. Under aggregation conditions they
are not fluorescent and they are susceptible to attack by strong
nucleophiles. It occurred to us that both problems would
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Fig. 2 Squaraine resonance structures.

be solved simultaneously if the dye was protected inside a
container molecule and we were particularly intrigued by
papers from the group of Anderson and co-workers
who described examples of acetylene, azo, and cyanine dyes
encapsulated by cyclophanes and cyclodextrins.'®'? Thus, in
September 2004 we attempted to trap a squaraine dye inside a
Leigh-type tetralactam macrocycle. Success was immediate and
three months later we submitted our first communication.'?

Synthesis

Symmetrical squaraine dyes are prepared in one step on a
half-gram scale by heating, under azeotrope distillation
conditions, two equivalents of the appropriate aniline derivative
with squaric acid (Scheme 1).'* Unsymmetrical squaraines are
made in two steps, by first treating an aniline derivative with
squaryl dichloride to give a stable semi-squaraine intermediate,
which is then heated with a second aniline derivative to give the
unsymmetrical squaraine. These dye-forming reactions tolerate
aniline derivatives containing weakly nucleophilic functional
groups including alcohol, carboxylic acid, and ester groups.
Squaraine rotaxanes are assembled by two general synthetic
methods, clipping and capping.'® The differences in these
methods, illustrated in Fig. 3, are distinguished by the order
in which the components are assembled. In the case of
clipping, the thread component is fully formed and serves as
a template for the macrocyclization reaction. Capping, on the
other hand, attaches bulky stopper groups to the ends of a
pseudorotaxane complex that is formed by reversible,
non-covalent self-assembly.'® The technical simplicity of the
Leigh-type clipping reaction, and the commercial availability
of reactants, makes it an attractive starting option for rotaxane
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synthesis. Shown in Scheme 2 are the first reactions we
performed to make squaraine rotaxanes with tetralactam
macrocycles.'® The syntheses involve simultaneous slow addition
of separate solutions of the appropriate diacid dichloride and
p-xylylenediamine under pseudo-dilution conditions to a
stirring, room temperature solution of squaraine dye in anhydrous
chloroform. The reactions produce squaraine rotaxanes 2 in
reproducible yields of 20-35% after purification by silica gel
column chromatography. Although the synthetic yields are
modest, the assembly process is notable because it captures
five components in a single step.

We assumed from previous mechanistic work® that the
key template interaction favoring rotaxane formation was
hydrogen bonding of the immediate acyclic precursor of the
macrocycle to the squaraine oxygens (top of Fig. 3). This
raised the possibility that other macrocycle architectures with
the same pattern of NH residues may also form squaraine
rotaxanes.!” Therefore, we investigated the outcome of
“reversing” the aromatic electron density in the surrounding
macrocycle. A structural isomer was created by switching the
locations of the electron rich xylylene and electron-deficient
phthaloyl subunits. In this case, the Leigh-type clipping
reaction with p-phthaloyl chloride and m-xylylenediamine
produced the isomeric rotaxane 3 but in only 9% vyield.'
The lower yield suggests that hydrogen bonding is important
for the template effect but that the rotaxane assembly process
is optimal when the surrounding macrocycle contains electron
rich p-xylylene subunits as the side-walls.

To employ squaraine rotaxanes as versatile fluorescent
molecular probes for optical bioimaging, it is necessary
to develop robust, high-yielding synthetic methods for
bioconjugation. As unencapsulated molecules in solution,
squaraine dyes react with strongly nucleophilic functional
groups and in solution they slowly decompose in the presence
of amides and alcohols. In contrast, squaraine rotaxanes
exhibit good solubility and very high chemical stability. They
are compatible with most electrophiles and nucleophiles,
and they are excellent building blocks for further synthetic
elaboration, as long as the rotaxane structure stays intact
during the synthesis. Our first-generation squaraine rotaxanes
employed large N,N’-dibenzylamine stopper groups to ensure
unambiguously that rotaxane unthreading did not occur, but
over the past few years we have discovered that unthreading is
not a significant problem even with small stopper groups. For
example, we have prepared and studied the various rotaxanes
shown in Fig. 4 and found that all of them are mechanically
stable in chloroform solvent even at elevated temperatures.'’
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Scheme 1 Synthesis of squaraine dyes.

2a,X=N, 30%
2b, X=CH, 28 %

Scheme 2 Synthesis of first-generation squaraine rotaxanes using

Leigh-type clipping reaction.

Squaraine rotaxane unthreading is most likely to occur in
polar aprotic solvents, such as DMSO or DMF, that effectively
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Fig. 4 Squaraine rotaxanes with different stopper groups.
disrupt hydrogen bonds and also minimize attractive dispersion

interactions.”® However, it is notable that unthreading is
inhibited by the presence of water because the hydrophobic
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Scheme 3 Synthesis of squaraine rotaxane bis-ZnDPA conjugate 4.

®

effect favors the rotaxane’s aromatic stacking. Therefore,
synthetic reactions that modify the structures of mechanically
bonded squaraine rotaxanes are best conducted in weakly
polar organic solvents like chloroform or otherwise highly
polar protic solvents like water.

To achieve bioconjugation, we have developed effective
amide bond coupling methods. A squaraine rotaxane that has
an appended carboxylic acid group can be activated for
covalent reaction with a targeting ligand that has an amine
group. For example, the reaction in Scheme 3 connects an
unsymmetric squaraine rotaxane to a bacteria targeting unit
that comprises two zinc coordinated 2,2'-dipicolylamine-
(bis-ZnDPA) groups.>! The copper catalyzed azide-alkyne
cycloaddition or click reaction is another conjugation method
that works well with squaraine rotaxanes. Click chemistry
readily connects a squaraine rotaxane that has an appended
alkyne group with a targeting ligand that has an azide group.
The use of click chemistry to make bioimaging probes is
attractive for several reasons, the synthetic yields are very high,
the reaction is perfectly atom economical, and the triazole
linkages resist cleavage by common hydrolytic enzymes.*

As mentioned above, squaraine rotaxanes can be prepared by
covalent capping of the ends of a pseudorotaxane complex with
stopper groups. The original Leigh-type macrocycle with
p-xylylene side-walls is incompatible with this methodology due
to its inherent insolubility in organic solvents.* However, we
have discovered that macrocycle family 5, an anthracene variant
of the Leigh-type tetralactam, possesses good organic solubility
and a very high encapsulation affinity for squaraine dyes.>*

5a, X=N, Y=H
5b, X=CH, Y=t-Bu

(PPh3)3CuBr| t-Bu

DIPEA ta
CHCl, ,
92 % tBu (2eq.)

Scheme 4 Capping reaction to form squaraine rotaxane 6.

As shown in Scheme 4, “clicked capping” reactions with
these anthracene-derived macrocycles produce squaraine
rotaxanes, such as 6, in nearly quantitative yield.?*

Structure

It is relatively easy to obtain squaraine rotaxanes as single
crystals that are suitable for analysis by X-ray diffraction. The
first two crystal structures that we solved showed the macro-
cycles in chair conformations with bifurcated hydrogen bonding
between the macrocycle 1,3-dicarboxamide moieties and the
squaraine oxygens (Fig. 5). The 2,6-pyridine dicarboxamide-
containing macrocycle (hereafter referred to as the pyridyl-
containing macrocycle) in rotaxane 2a wraps more tightly
around the squaraine thread than the isophthalamide-containing
macrocycle in rotaxane 2b. This is reflected by a shorter
centroid-to-centroid distance between the macrocycle’s parallel
xylylene units (6.61 A compared to 7.05 /OX), and also by a
lower degree of macrocycle conformational disorder in the
solid-state. The reason for the difference is internal hydrogen
bonding between the pyridyl nitrogen and the two adjacent
NH residues which contracts the macrocycle size and reduces
flexibility.¢

Subsequently we obtained crystal structures of several other
squaraine rotaxanes and discovered a much wider array of
macrocycle conformational diversity.?” In particular, squaraine
rotaxanes with pyridyl-containing macrocycles, such as 7,
have a propensity to adopt boat conformations in the
solid-state (Fig. 6). Interestingly, these boat-conformation
macrocycles retain the intercomponent hydrogen bonding
but the macrocycle is not located directly over the center of
the squaraine thread. In solution, there is no evidence that
these unsymmetric boat conformations are predominant,
because the 'H NMR spectral patterns are symmetric even
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Fig. 5 X-Ray crystal structures of pyridyl-containing rotaxane 2a
(left) and of isophthalamide-containing rotaxane 2b (right).

Fig. 6 Two views of the X-ray crystal structure of squaraine rotaxane 7.

Fig. 7 Macrocycle chair/boat exchange for squaraine rotaxanes.

at very low temperature. Most likely, the rotaxane macro-
cycles exist as a rapidly exchanging equilibrium of boat and
chair conformations that have similar energies. The X-ray
structures provide snapshots of the major intermediates in this
conformational exchange, and indicate that as the macrocycles
flip between chair and boat conformations they undergo a
transverse oscillation of their positions relative to the center of
the encapsulated squaraine thread (Fig. 7). In addition to
chair—boat conformational exchange, the macrocycle may
pirouette around the squaraine thread,® but the molecular
symmetry of the molecules does not allow this motion to be
detected by 'H NMR.
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Shown in Fig. 8 is a crystal structure of a pseudorotaxane
comprising N, N’-tetramethylsquaraine encapsulated inside the
anthracene-derived macrocycle 5a.® As expected the two
anthracene walls stack against the squaraine dye and the

X

Fig. 8 Two views of the X-ray crystal structure of N,N'-tetramethyl-
squaraine encapsulated by macrocycle 5a.

anthracene centroid-to-centroid distance is 6.8 A. Also expected
are the bifurcated hydrogen bonds between the amide NH
residues and the squaraine oxygens, as well as the internal
hydrogen bonding network that is characteristic of the 2,6-
pyridine dicarboxamide moiety. The macrocyclic conformation
is almost planar, but there appears to be some degree of
flexibility as we have obtained unpublished structures from
different crystals with the macrocycle in a chair-like conformation.

Photophysical properties and chemical stability

Over the years, squaraine dyes have been investigated for
potential applications in many photonic based technologies,
such as photoconductive materials, optical data storage, solar
energy capture, non-linear optics, chemical sensors, and imaging
probes.9 The electronic structures of the Sy and S, states have
been examined theoretically, and they are thought to be
intramolecular charge transfer states.?” The anilino rings and
carbonyl oxygens are donors to the electron-deficient C40,
core and the charge transfer is primarily localized to this core.
Because of this localization, the electronic transition is a
narrow absorption band and there is only a small structure
substituent effect on the observed absorption maxima. As a
result, unsymmetric squaraine dyes have similar quantum
yields and similar absorption/emission bandwidths as symmetric
analogues. The quantum yields are typically quite high in
organic solvents, but they are decreased in polar protic
solvents.*

Not unexpectedly, the photophysical properties of a squaraine
dye are altered when the dye is encapsulated as the thread
component inside a tetralactam macrocycle. The effect is
macrocycle dependent. The original Leigh-type macrocycles
in 2 with p-xylylene side-walls induce a 10-20 nm red-shift in
absorption/emission wavelengths. The effect on fluorescence
quantum yield is varied; rotaxane 2a with a pyridyl-containing
macrocycle exhibits a slighter higher quantum yield than the
parent dye, whereas the quantum yield of rotaxane 2b with a
isophthalamide-containing macrocycle is lower by a factor of
three (Table 1).

Encapsulation inside the anthracene-containing macrocycle
5 leads to a more substantial 20-40 nm red-shift in absorption/
emission wavelengths.®® This red-shift effect was recently
studied by Jacquemin and co-workers using time-dependent
density functional theory.?! The team concluded that the shift
is due to two effects, reduced geometric deformations of the
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Table 1 Photophysical properties of squaraine rotaxane derivatives

Compound Solvent Jabs/NM Jem” /MM oF
1 THF 631 650 0.61
2a THF 639 659 0.70

THF-H,O (4: 1) 643 667 0.58
2b THF-H,O (4 : 1) 650 676 0.15
3 THF 644 672 0.61
4 H,O 650 669 0.08
6 CHCl, 661 704¢ 0.47
7 THF 638 657 0.74
8 H,0 653 675 0.20

“ Solutions were excited at 590 nm and emission monitored in the
region 600—750 nm for estimating @r. ® Fluorescence quantum yields
were determined using 4,4-[bis(N,N-dimethylamino)phenyl]squaraine
dye as the standard (@; = 0.70 in CHCl3), error limit +5%. ¢ Solution
was excited at 605 nm and emission monitored in the region 620-850 nm
for estimating ®y.

squaraine brought on by the encapsulation, and stabilization
of the squaraine excited state by electronic reorganization of
the surrounding macrocycle. Although the squaraine fluorescence
quantum yield was observed to decrease slightly upon encap-
sulation inside 5a, there is a strong insulation effect against
solvent induced quenching due to the deep encapsulation
inside the macrocycle. For example, the quantum yield of a
normal squaraine dye drops by about a factor of 10 as the
solvent is changed incrementally from pure chloroform to
pure methanol. With p-xylylene-containing rotaxane 2a the
squaraine quantum yield decreases by a factor of 3, whereas it
is lowered by only 20% when the encapsulating macrocycle is
the anthracene-containing 5a.?® This trend is reminiscent of
the dramatic increase in quantum yield that is gained by deep
encapsulation of the GFP chromophore inside the surrounding
barrel (Fig. 1).

Dye encapsulation helps eliminate another drawback of
squaraine dyes, namely, the tendency to form non-fluorescent
aggregates in aqueous solution. When aggregated or packed in
the solid-state, squaraines exhibit broad absorption bands, a
useful attribute for applications like solar collection and
xerographic devices, but an undesired feature for bioimaging.
This broadening effect is demonstrated in Fig. 9 which shows
that the sharp squaraine absorption in DMSO is lost when
the dye is aggregated in 1 : 1 DMSO-water. The H- and
J-aggregates that are formed under these conditions lead to
blue- and red-shifted bands, respectively.*> In contrast, the
absorption bands of the corresponding squaraine rotaxane 2a
are not broadened, even under the aggregating conditions of
1: 9 DMSO-water. This suggests that when squaraine rotaxanes
are aggregated, the encapsulated dye components are prevented
from getting close enough to engage in effective inter-
chromophore energy transfer.

Ground-state squaraines are susceptible to attack at the
electrophilic C40, core by strong biological nucleophiles
such as thiols, primary amines, and even water.>® Reversible
covalent addition occurs at the positions indicated by the
arrows in Fig. 10. Encapsulation inside a tetralactam macro-
cycle provides substantial steric protection that is easily
demonstrated by color fading experiments. For example, in
aqueous solution, a neutral squaraine dye loses its color within

0.75
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Fig. 9 Absorption spectra of squaraine 1 in DMSO (a), squaraine 1
in 1 : 1 DMSO-H,O (b), and rotaxane 2a in 1 : 9 DMSO-H,O (c).
Reproduced with permission from ref. 13. Copyright 2005,
American Chemical Society.

Nuc

Fig. 10 Sites of nucleophilic attack.

a couple of days, whereas the corresponding squaraine
rotaxane retains its color for many weeks. Furthermore,
squaraine rotaxanes are stable for several hours at extreme
pH values of 2 and 12. Shown in Fig. 11 is a visual comparison
of the different reactivities with thiols. Addition of excess
cysteine to a vial containing free squaraine dye leads to
complete loss of the blue color in five minutes, whereas the

Fig. 11 Addition of excess cysteine to solution of squaraine 1 induces
loss of color within five minutes (A), whereas the same addition to
squaraine rotaxane 2a has no effect (B).
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same treatment of a squaraine rotaxane does not induce any
change in color intensity. The steric protection is macrocycle
dependent. The pyridyl-containing macrocycle in 2a is more
effective at blocking cysteine attack than the isophthalmide-
containing macrocycle in 2b and the isomeric macrocycle in 3.
This agrees with the dynamic picture that the pyridyl-containing
macrocycle is more tightly wrapped around the squaraine
thread than the other two macrocycles, offering fewer transient
opportunities for nucleophilic attack at the electrophilic
squaraine core.

Another major reactivity problem with fluorescent organic
dyes is photobleaching. Squaraines do not undergo rapid
photobleaching for several reasons. Singlet to triplet intersystem
crossing is quite inefficient with non-halogenated squaraines,**
thus irradiation produces relatively low amounts of reactive
oxygen species (ROS), which is a major source of photobleaching.
In addition, squaraines do not have reactive carbon—carbon
double bonds and therefore they react slowly with any ROS
that is formed.>® The Leigh-type macrocycles also have low
reactivity with ROS, and thus it is not surprising that squaraine
rotaxanes have very high resistance to photobleaching. The
remarkable photostability was demonstrated by studying the
tetra(iodo)-substituted squaraine rotaxane 7.°° The heavy
iodine atoms promote intersystem crossing from the squaraine
excited singlet state and subsequent triplet energy transfer to
create large amounts of ROS, including singlet oxygen.’’
However, squaraine rotaxane 7 does not react with the ROS
and therefore does not undergo photobleaching. The results
of this study suggest that halogenated squaraine rotaxanes
are likely to be very useful as research tools for studies of
photodynamic therapy. As inert oxygen photosensitizers, they
can create known amounts of singlet oxygen in a controlled
manner and without the complication introduced by photo-
sensitizer decomposition.
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Squaraine rotaxanes as fluorescent imaging probes
and chemosensors

Biomedical science would broadly benefit from an improved
suite of highly stable and very bright fluorescent dyes that
emit at suitably spaced wavelengths between 400 nm to
800 nm.*® These dyes can be attached to targeting molecules,
like antibodies and DNA, to make fluorescent probes that can
be distinguished by microscopes, microarray devices, and
imaging stations that are equipped with different observation
filter sets.®* Many imaging systems split the filter sets into
five channels; blue (425-480 nm, e.g. coumarin), green
(510-570 nm, e.g. fluorescein), red (570-630 nm, e.g.
rhodamine), deep-red (650740 nm, e.g. Cy5) and near-infrared
(770-850 nm, e.g. Cy7).*° The bis(anilino) squaraine rotaxanes
in this article emit in the deep-red channel (650-740 nm,
e.g. Cy5).% This wavelength is very versatile because it can be
seen by the naked eye as a red color but the background
autofluorescence from other biomolecules is low. The deep-red
channel can be excited by cheap lasers, and there are specific rapid
scanning and high performance imaging technologies that take
advantage of the intense laser light (e.g., ultrahigh resolution cell
microscopy, intravital microscopy, and microarray scanning).
Furthermore, deep-red light can potentially penetrate several
centimetres through skin and tissue;*' thus, appropriately designed
fluorescent probes can be used for whole-body optical imaging
of live animals.** At present, the most common fluorescent red
and near-infrared dyes for bioimaging are cyanine dyes (Cy5,
Cy5.5, Cy7) and their derivatives.*> However, cyanine dyes are
far from perfect and have several limitations such as moderate
to poor photostability, undesired reactivity with nucleophiles,
and propensity to self-quench.** The need for improved red
and near-infrared fluorescent dyes is well-recognized by many
research groups around the world.*’
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In 2007, we published a comparative study that highlighted
the performance advantages of squaraine rotaxanes over
Cy5.2! We prepared and evaluated the squaraine rotaxane
probes 4 and 8 and compared them to the Cy5 probe 9.

Each probe has essentially the same absorption/emission
maxima, and each has appended bis-ZnDPA groups which are
known to target the surfaces of bacterial cells (Fig. 12).*® To
measure photostability, separate samples of Escherichia coli
were stained with the three probes and the samples were
irradiated continuously with the light source in an epifluorescence
microscope. The subsequent fading of fluorescent image over
time produced the following photobleaching half-lives: 1080 s
for 8, 197 s for 4, and 11 s for Cy5 9. Thus, direct comparison
between squaraine rotaxane 4 and cyanine 9 indicates that
the squaraine rotaxane is 20 times more photostable. The
symmetric squaraine rotaxane probe 8, which has two
bis-ZnDPA units, is able to associate more strongly with the
bacterial surface and has a lower rate of signal loss due to
probe dissociation. It is an exceptionally stable, high-affinity
bacterial imaging probe and can be used to conduct real-time
imaging experiments that were previously impossible. For
example, Fig. 13 shows a montage of images from a 30-minute
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Fig. 12 Absorption and emission maxima for squaraine rotaxane 8
(red) and cyanine 9 (black). Reproduced with permission from ref. 21.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA.

1665 s

Fig. 13 Binary fission of E. coli cells stained with probe 8. The cells
were imaged every 5 s for 30 min by using fluorescence microscopy.
The scale bar represents 2 pm. Reproduced with permission from
ref. 21. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
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Fig. 14 Fluorescence optical imaging of a live nude mouse with
separate subcutaneous injections of S. aureus and E. coli that
were prelabeled with 8. Reproduced with permission from ref. 21.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA.

movie that monitors binary fission of E. coli cells stained with 8.
These images of healthy, living cells emphasize not just the
photostability of the probe but also the low phototoxicity of
squaraine rotaxanes. The potential for in vivo imaging was
demonstrated in the following way: separate samples of E. coli
and Staphylococcus aureus were stained with rotaxane 8 and
then injected subcutaneously into the upper rear legs of a
living nude mouse. The entire animal was irradiated with light
filtered to be 625 + 40 nm and an image of fluorescent
emission at 670 + 20 nm was collected by a charged coupled
device. The optical image in Fig. 14 shows that both inoculations
are very apparent with fluorescence signal intensities that are
about 100 times greater than the background fluorescence.
Taken together, the imaging data suggest that squaraine
rotaxanes can be converted into bright and highly stable
deep-red fluorescent probes that should enable a range of
new biomedical imaging techniques such as high intensity
intravital microscopy, re-usable microarrays, and endoscopic
detection of diseases such as cancer and bacterial infection.

There is also recent evidence that squaraine rotaxanes can
be developed into fluorescent chemosensors and logic devices
that report the presence and concentration of target analytes.
Recently, we reported that the well-known tetralactam, 10, can
encapsulate squaraine dyes with modest affinity and partially
quench the squaraine fluorescence (Fig. 15).%° This enabled the
construction of a dye displacement process that reports the
presence of inorganic anions. Macrocycle 10 is known to
strongly bind small anions like chloride and acetate.*” Thus,
addition of these anions as tetrabutylammonium salts to the
psuedorotaxane leads to displacement of the squaraine dye
and restoration of its fluorescence intensity.

An example of a metal ion sensing is shown in Fig. 16. The
crown ether derived macrocycle 11 only binds a squaraine dye
when Na" ions are present in the solution.*® Two Na™ ions
bridge the squaraine and the crown ether oxygens, an inclusion
process that enhances the dye’s fluorescence. Addition of K
leads to ejection of the squaraine and the Na™ ions from the
cavity, and a return to lower squaraine fluorescence. This
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Fig. 16 Crown ether cyclophane 11 encapsulates squaraine dye only in the presence of Na*. Reproduced with permission from ref. 48. Copyright

Wiley-VCH Verlag GmbH & Co. KGaA.

multicomponent assembly system acts like a rudimentary
Boolean logic device, where the presence of Na™ alone causes
an increase in fluorescence, but K™ alone or a Na—K ™ mixture
produces no change in signal. It is important to remember
that the deep-red squaraine fluorescence is well-suited for
operation in biomedical samples, thus next-generation designs
of squaraine rotaxane chemosensors have potential for rapid
translation as practical devices.

Conclusions

Squaraine rotaxanes are emerging as a promising new family
of deep-red fluorescent dyes with extreme brightness and very
high stability. Covalent conjugation of squaraine rotaxanes
with biological targeting agents produces fluorescent probes
that are very effective in various bioimaging applications. The
structure of the surrounding macrocycle is a molecular design
parameter that can be used to fine-tune the photophysical
properties of the encapsulated squaraine dye. Squaraine
rotaxanes are an excellent example of how molecular encap-
sulation can be used to protect and improve the chemical and
photophysical attributes of a fluorescent dye. The encapsulation
strategy is reminiscent of the process used by GFP to exhibit
its extraordinary fluorescent properties. The intrinsic dynamic
properties of rotaxanes, especially the capacity to undergo
large amplitude shuttling motions, raise the possibility
of creating dynamic squaraine rotaxanes that can report
recognition-induced translocation processes as red fluorescent
signals.
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