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output before blinking or photobleaching. However, a quantita-
tive understanding of the distinct mechanisms for enhancing
fluorophore performance can only be delineated with confi-
dence when married with bulk electrochemical and spectro-
scopic investigations. These combined approaches, although
requiring large quantities of material, could provide grounded
insights into the impact and relative weighting of ‘self-heal-
ing’ and ‘self-protecting’ mechanisms for distinct fluoro-
phore types. Progress on this front will enable both additional
improvements in the performances of known protective agents
and the search for new compounds with similar or improved
properties. Developments of this kind may ultimately facilitate
the design and synthesis of new classes of fluorophores span-
ning the visible spectrum with enhancements in performance
even greater than those observed for the cyanine class* and tai-
lored properties for distinct experimental demands.
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Enhanced photostability of cyanine
fluorophores across the visible spectrum

To the Editor: Our recent demonstration! that proximally linked
‘protective’ agents can yield substantial improvements in the per-
formance of the cyanine fluorophore Cy5 motivated us to develop
more photostable fluorophores spanning the visible spectrum. Such
fluorophores would enable a broad range of applications and experi-
mental demands. Here, using strategies identical to those previously
described!, we show that marked enhancements in performance can
also be achieved for other widely used members of the cyanine class,
Cy2, Cy3, Cy3.5, Cy5.5 and Cy7 (Fig. 1a) when coupled to individual
cyclooctatetraene (COT), nitrobenzylalcohol (NBA) and Trolox mol-
ecules (Supplementary Methods).

We quantified each fluorophore’s performance (Fig. 1b) using
single-molecule fluorescence imaging techniques!. This method
gives access to a number of salient properties of individual fluo-
rophores under continuous laser excitation including the appar-
ent brightness of fluorescent states and the rates at which tran-
sient and permanent nonfluorescent states are entered (‘blinking’
and ‘photobleaching), respectively). These measures can then
be used to assess the average number of photons emitted by a
fluorophore before entering a dark state (the duration of fluo-
rescence (£, ) x mean fluorescence intensity) and the effective
signal-to-noise ratio (SNR) of fluorescence, a parameter that
reports on the variance in a flourophore’s photon emission rate
(Fig. 1b). These data reveal that the performance of each cya-
nine-class fluorophore tested is enhanced when linked to single
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Figure 1 | Enhanced performance of distinct cyanine-class fluorophores
through the direct conjugation to protective agents. (a) Absorbance
(dotted lines) and fluorescence (solid lines) spectra of the cyanine-

class fluorophores. (b) Average number of photons detected before the
fluorophore entered dark states (left) and the average SNR of fluorescence,
a measure of the variance in signal intensity over time (right), observed for
the COT-, NBA- and Trolox-linked fluorophore derivatives of Cy2, Cy3, Cy3.5,
Cy5, Cy5.5 and Cy7. All values were normalized to that of the corresponding
parent compounds. Error bars, s.d. (n = 3 experiments). (c) Representative
Cy7 (left) and Cy7-COT (right) single-molecule fluorescence traces showing
the average enhancement in performance (~70-fold) observed for Cy7-COT
relative to Cy7.

protective agents. Notably, these positive effects varied substantial-
ly for each fluorophore type. For instance, each of the COT-linked
fluorophores showed dramatic enhancements in overall per-
formance. For Cy2-COT, we observed an ~25-fold increase
in the number of photons emitted before a dark-state transi-
tion. For Cy3-COT and Cy3.5-COT, this parameter changed
very little, but the SNR of fluorescence for both molecules
increased approximately four- to fivefold. Cy5.5-COT and
Cy7-COT showed 50- and 70-fold increases, respectively, in
the number of photons emitted before entering a dark state.
Consequently, the average Cy5.5-COT and Cy7-COT mole-
cule could be continuously imaged for ~3 min at an SNR >7:1
(Fig. 1c). Consistent with our previous work!, we observed
only modest improvements for most NBA-linked fluorophores.
However, we observed an almost 70-fold enhancement of pho-
ton count for Cy7-NBA. Trolox, which shows the most favorable
impact on the performance of the Cy5 fluorophore!, also had
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relatively modest beneficial effects for the other cyanine-class
fluorophores.

These data provide compelling evidence that the strategy of
proximally linking protective agents to the fluorogenic cen-
ter to enhance its performance can be generalized. However,
the high variability in a yield of benefits observed for the cya-
nine class suggests the need for a deeper understanding of how
protective agents provide photostabilization. Plausible mecha-
nisms for mediating enhancements in fluorophore perfor-
mance include cycles of reduction and oxidation, triplet-triplet
energy transfer and exciplex-type relaxation?. As suggested
by Tinnefeld and Cordes?, the enhancements in performance of
Trolox-linked fluorophores may arise through favorable reduction-
oxidation cycles with the fluorogenic center. However, the results
we obtained suggest that the benefits of such a mechanism may be
restricted to the Cy5 and Cy5.5 fluorophores, which perhaps reflects
an appropriate matching of their redox potentials. By contrast, we
observed more substantial and general enhancements for each of
the COT-linked cyanine fluorophores. Given the estimated triplet
energy and redox potential of COT (unpublished data) and COT’s
propensity for triplet-triplet energy transfer, these findings suggest
that a triplet-triplet energy transfer mechanism may be the most
generally effective means for cyanine fluorophore photostabiliza-
tion. Forward progress toward quantifying the relative weights
and impacts of each pathway for distinct fluorophores will enable
additional improvements in the activities of these known protec-
tive agents. Insights of this kind may also aid the discovery of new
compounds and the implementation of new strategies to meet the
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specific demands of distinct fluorophore types. Ultimately, contin-
ued efforts on these fronts may yield strategies that can be gener-
alized for tailoring fluorophore performance for a broad array of
distinct experimental demands.

Note: Supplementary information is available on the Nature Methods website.
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Corrigendum: Enhanced photostability of cyanine fluorophores across
the visible spectrum

Roger B Altman, Qinsi Zheng, Zhou Zhou, Daniel S Terry, ] David Warren & Scott C Blanchard
Nat. Methods 9, 428-429 (2012); published online 27 April 2012; corrected after print 27 April 2012.

In the version of this article initially published, the y-axis label on a graph in Figure 1b was incorrect. The error has been corrected in the
HTML and PDF versions of the article.
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