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Single-molecule spectroscopy (SMS) is a powerful technique for
studying molecular dynamics in fluorophore-labeled biomolecules
and macromolecules. Because of their small size, broad spectral
coverage, diverse conjugation scheme, and high fluorescence
quantum efficiency, organic fluorophores have been widely used
in SMS. Unfortunately, poor photostability renders most incompat- CB7
ible to applications that require prolonged fluorescence tracking.

Thus, small, bright, and long-lasting fluorophores are being actively =

pursued. Notable examples include relatively large dye-doped silica Figure 1. Molecular structure of CB7 and fluorescence images of (A) R6G
nanoparticles and semiconducting nanopartitléshough they alone and (B) CB7/R6G on coverglasses. Scale barism2

exhibit desirable photophysical properties, their disadvantage in size
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has yet to be fully overcome. A more promising approach would 5000 300 60000
be to retain the advantages of organic fluorophores by including & 4000 200

them in a host that would enhance their fluorescence intensity and % 00 100 40000
photostability without increasing their size significantly. Herein, £ 2000 1) il
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we report the dual functions of cucurbit[7]uril (CB7) to enhance Count Rate (Hz)

the performance of rhodamine 6G (R6G) as a fluorescent probe Nt .
and to effectively immobilize R6G molecules on glass substrates 4000 B90 i Rate 0" 16000

z)
for SMS. ure 2. Emission rate histogram of 103 R6G molecul®,(219 CB7/

. ig
Recently, CB7 has been shown to enhance the brightness a”CEGG complexes®), and 4 individual CB7/R6G complexes (inset). Dashed
photostability of organic fluorophores in ensemble measureménts. |ines are Gaussian fittings to the emission-rate distributions.

As a macrocyclic host, CB7 (Figure 1) has a center cavity that jyeractions between CB7 and glass are reflected by the high number
exhibits a strong affinity toward cationic molecufe©rganic density of immobilized fluorescence spots as opposed to that in
fluorophores like R6G have been shown to bind strongly to CB7 gigre 1A, This is in stark contrast to ref 5 where higher long-
with a binding constant exceeding 50 000 M Unlike nanopar- term storage stability in CB7/R6G was attributed to reduced surface
ticles, a CB7/fluorophore complex is only slightly bigger than, and adsorption. A plausible explanation is that while CB7 helps
is expected to inherit the same degree of conjugation diversity from, j,monbilize R6G, it enhances stability by blocking all extensive
the fluorophore itself, allowing its use even in small molecules with  -yntacts between R6G and glass that facilitate photo- and thermal
little perturbation. Despite multiple advantages, fluorescence en- degradation8. The fluorescence spots above also suggest that
hancement by CB7 has to the best of our knowledge never beenemission from CB7/R6G is consistently brighter than R6G alone,
studied at the single-molecule level. _ _ demonstrating the fluorescence enhancement ability of CB7 on R6G
Synthesis of CB7 was adapted from the literafufigpically a upon complex formation. This fluorescence enhancement is not due
sample for SMS was prepared by drying/800f 0.1 mM aqueous g a faster radiative relaxation of R6G, but has been attributed to
CB7 solution on a clean coverglass atL which leaves behind  the shielding of R6G from solvent induced nonradiative relaxations
aragged lamina of CB7 on the glass surface. The CB7 lamina waspy CB7 in the form of a CB7/R6G inclusion compl@x.
then presented to a 100 nM aqueous R6G solution for 1 min before ~ The fluorescence intensity histograms constructed from single
the sample was rinsed three times with Millipore water to wash molecules of CB7/R6G and R6G were also compared. To afford
away excess CB7 and uncomplexed R6G. After purge drying by higher immobilization efficiency, we trapped free R6G inside a
nitrogen, no discernible trace of ragged CB7 lamina could be 5-pilayer polyelectrolyte/silica hybrid film instead of depositing
identified by visual inspection. All samples were then examined R6G directly onto a coverglass. Our instrument recorded an average
by a home-built raster scanning confocal microscope. signal of 950 Hz and a maximum of no more than 6000 Hz from
Our data indicate that the enhancement of R6G fluorescence andR6G, whereas CB7/R6G delivered brighter emission under similar
photostability persists at the single CB7/R6G complex level. We excitation intensity, with some molecules reaching 17 000 Hz.
also noticed that CB7 provides additional interactions to immobilize Closer inspection on the intensity histogram of CB7/R6G in
R6G onto a pristine glass surface, presumably because of H-bondingrigure 2 reveals a bimodal distribution with emission rates
between the peripheral carbonyl groups of CB7 and the silanol centering around 2070 and 9700 Hz, respectively. Both emission
groups on the glass surface. Figure 1A indicates that freshly rates are higher than that of R6G alone at 950 Hz.
prepared samples remain hydrated and that free R6G diffuses rapidly The peak widths in the intensity histograms also indicate that
on the wet surface while the image is being collected, leaving there is a wider distribution of emission intensity in CB7/R6G
numerous horizontal streaks in the resultant fluorescence ifnage. relative to R6G alone, suggesting that CB7/R6G may also experi-
On the other hand, the CB7/R6G complex appears stationary inence richer dynamics. The internal cavity of CB7 is 7.3 A at the
Figure 1B, producing discrete fluorescence spots on a backgroundequator and 5.4 A at both carbonyl portals, which is not big enough
that is mostly devoid of fluorescence streaking. The strong to accommodate an entire R6G molecule sidé%ofAs a result,
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Figure 3. Side and top views of an AM1 geometry optimized CB7/R6G  Figure 5. Survival lifetime histograms of CB7/R6G and polyelectrolyte/
inclusion complex. silica hybrid film-embedded R6G (inset). Solid lines are biexponential decay
fittings to the histograms using= Aje% + Ae V7,

"W‘ 13-fold longer than that of R6G alone. The 1.5 fold improvement

- reported in previous measurements is likely due to interference from
> 400 uncomplexed, less photostable R6G molecules. In addition, the
- 3°°-Wu higher propensity of photodegradation for surface immobilized, as
200-1 PR PRy § ‘lr)J-‘ﬁ opposed to free, R6G helps widen the difference in photostability
il W e R further.

% TN In summary, the photophysics of single CB7/R6G molecules have
been investigated by a novel immobilization strategy that is based
on the strong H-bonding between CB7 and a glass surface. This
strategy is particularly attractive in studying cationic fluorophores
only part of the xanthene moiety would be protected by CB7. This because of the special affinity of CB7. The CB7/R6G complex
is illustrated qualitatively in an AM1 geometry optimized CB7/ displays two stable conformations with different degrees of
R6G complex shown in Figure®3Presumably, the imperfect fitting ~ fluorescence enhancement. Measurements on single CB7/R6G
of a T-shaped R6G molecule into CB7 prevents the formation of a molecules at low irradiance also registered a slightly higher
stable inclusion complex. This may lead to a wide range of complex photostability than previous reports obtained from ensemble
conformations and therefore a broader peak width in the fluores- measurements. Our results suggest that CB7/fluorophore is a
cence intensity histogram. Accordingly, the bimodal intensity superior probe than the fluorophore itself for SMS. Moreover, the
distribution suggests that there are two relatively stable conforma- combination of small size and potential for conjugation diversity
tions in CB7/R6G, possibly with the better protected R6G fluoresc- provide a competitive edge for this inclusion complex over other
ing at a higher emission rate. A less likely alternative is that CB7 probe technologies currently being developed.

and R6G may form an exclusion complex with high enough
conformational flexibility to account for the broad peak width and
bimodal intensity distributioA?
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Figure 4. Polarization resolved emission from a CB7/R6G molecule (lower
trace) and the corresponding emission polarization (upper trace).
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