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ABSTRACT: The photostability of ﬂuorescent labels comprises one of the main limitations in single-molecule
ﬂuorescence (SMF) and super-resolution imaging. An
attractive strategy to increase the photostability of organic
ﬂuorophores relies on their coupling to photostabilizers, e.g.,
triplet excited state quenchers, rendering self-healing dyes.
Herein we report the self-healing properties of trisNTAAlexa647 ﬂuorophores (NTA, N-nitrilotriacetic acid). Primarily designed to speciﬁcally label biomolecules containing an
oligohistidine tag, we hypothesized that the increased eﬀective
concentration of Ni(II) triplet state quenchers would lead to
their improved photostability. We evaluated photon output,
survival time, and photon count rate of diﬀerent Alexa647labeled trisNTA constructs diﬀering in the length and rigidity of the ﬂuorophore-trisNTA linker. Maximum photon output
enhancements of 25-fold versus Alexa647-DNA were recorded for a short tetraproline linker, superseding the solution based
photostabilization by Ni(II). Steady-state and time-resolved studies illustrate that trisNTA self-healing role is associated with a
dynamic excited triplet state quenching by Ni(II). Here improved photophysical/photochemical properties require for a
judicious choice of linker length and rigidity, and in turn a balance between rapid dynamic triplet excited state quenching versus
dynamic/static singlet excited state quenching. TrisNTA ﬂuorophores oﬀer superior properties for SMF allowing speciﬁc
labeling and increased photostability, making them ideal candidates for extended single-molecule imaging techniques.

■

INTRODUCTION
The photostability of ﬂuorophores plays a crucial role in singlemolecule ﬂuorescence (SMF) imaging and super-resolution
imaging.1,2 Photostability is typically improved using solution
additives/photostabilizers that readily quench transient intermediates involved in photodegradation pathways, such as the
excited triplet states of the ﬂuorophores or their reactive radical
intermediates.3 However, photostabilizers at micromolar to
hundreds of millimolar concentrations are required to
eﬃciently intercept these intermediates, thus having the
potential to perturb/aﬀect the system under investigation,
including toxic side eﬀects in cell applications.4 An attractive
alternative strategy, often termed as a “self-healing”5 approach,
involves a direct conjugation of the photostabilizer to the
ﬂuorophores of interest, increasing the eﬀective concentration
of the quencher.6 Such intramolecular photostabilization was
ﬁrst proposed by Lüttke and colleagues, who attached triplet
state quenchers7 and singlet oxygen scavengers8 to ﬂuorophores used in dye lasers. Recently, intramolecular photostabilization was explored by Blanchard9−12 and Cordes5,13−16
groups, toward enhancing the photostability of ﬂuorophores
© XXXX American Chemical Society

used for SMF imaging. Improved photostability has been
shown for ﬂuorophores tethered to cyclooctatetraene (COT),
a triplet energy acceptor,9−11 and Trolox (TX),9,10,14−16
nitrobenzyl alcohol (NBA),9,10 and nitrophenylalanine
(NPA),13,15,16 where the latter three are electron donor/
acceptor moieties that operate via photoinduced electron
transfer (PeT)-based triplet quenching.
Our previous work has shown that Ni(II) is an eﬃcient
photostabilizing agent for DNA-tethered single-molecule
ﬂuorophores including Cy5, Alexa Fluor 647 (from hereon
Alexa647), ATTO647N, Cy3, ATTO532, and Alexa532. It
provides for physical rather than chemical triplet state
quenching yielding an increase in average photon output of
up to 40-fold.17,18 A major drawback of this system, however,
lies in the potential toxicity of free Ni(II) ions in biological
solutions and its potential lower aﬃnity to peptides over DNA
backbones. Parallel work by some of us has shown that Ni(II)
ions may be conjugated to ﬂuorophores via N-nitrilotriacetic
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Figure 1. (a) Structure of trisNTA construct. (b) Structure of Alexa647. (c) Structure of the linkers used for trisNTA-Alexa647; trisNTA-Pro12Alexa647; trisNTA-Pro4-Alexa647; and trisNTA-OEG4-Alexa647 constructs. (d) Schematic illustration of the single-molecule experiment used to
evaluate the photostability of trisNTA constructs.

imaging. Overall, our results underscore that trisNTA
ﬂuorophores may be an optimal choice for single-molecule
studies as the construct provides not only a handle to
speciﬁcally tag proteins of interest but also a self-healing
antifading property in the form of Ni(II) quenching of triplet
excited states.

acid (NTA) moieties allowing for speciﬁc, noncovalent yet
kinetically stable (koff ∼ 10−5 s−1; Kd ∼ 0.1−10 nM19) labeling
of biomolecules containing the oligohistidine tag (His6−10
tag).19−26 Eﬃcient chelation of Ni(II) provided a handle and
aborted any toxicity rendering trisNTA ﬂuorophores suitable
labels for a number of ﬂuorescence imaging applications,
including live-cell imaging studies.21,25
We reasoned that the complexation of three Ni(II) ions in
the scaﬀold of trisNTA-ﬂuorophores would impart an
associated improvement in ﬂuorophore photostability, provided Ni(II) proximity is suﬃcient to quench a ﬂuorophore
when in its triplet excited state, while sparing the much
shorter-lived singlet excited state. trisNTA would serve, we
posit, a dual role tagging the ﬂuorophore to oligohistidine
labeled biomolecules but also improving its photostability.
Herein we report SMF and ensemble steady-state and timeresolved studies on four Alexa647-labeled trisNTA constructs
diﬀering in the length and rigidity of the linker connecting
both segments (Figure 1a−c). Our SMF results showed up to
25-fold increase in average number of photons collected for a
construct bearing a short rigid tetraproline linker. The data
illustrates that trisNTA protecting role is associated with
dynamic quenching by Ni(II), where improved photophysical/
photochemical properties for SMF experiments are obtained
when dynamic, rather than static quenching operates.
Our mechanistic studies on the nature of the linker between
connecting ﬂuorophore and photostabilizer illustrate how
length but also rigidity are key parameters to consider, where
a balance between triplet excited state quenching versus singlet
excited state quenching may control the ultimate yield of
photon output when self-healing environments are exploited
under high irradiation conditions encountered in SMF

■

RESULTS AND DISCUSSION

To evaluate the photophysical properties of the various
trisNTA-Alexa647 constructs (Figure 1a−c, Figure S1), we
performed SMF studies using total internal reﬂection
ﬂuorescence (TIRF) microscopy. To speciﬁcally bind the
trisNTA-Alexa647 constructs to the glass surface, a bottom-up
self-assembly strategy was applied where we exploited the
Ni(II)-trisNTA aﬃnity for His6-tagged proteins (Figure 1d).
Here, polyethylene glycol (PEG) coated glass coverslips were
prepared.27−29 A small fraction (1%) of PEG polymers was
biotinylated, which allowed us to speciﬁcally immobilize His6labeled streptavidin proteins on the surface. Surface bound
His6-streptavidin in turn enabled the speciﬁc immobilization of
trisNTA-ﬂuorophores via Ni(II)-trisNTA/His6-Tag interactions. Control experiments without streptavidin, with streptavidin lacking His6, or incubation with EDTA (a strong chelator
for Ni(II) ions) conﬁrmed the speciﬁc nature of this binding
(Figure S2). Upon excitation with a 635 nm laser, images
containing hundreds of single molecules were acquired on an
EMCCD camera. The ﬂuorescence intensities of single
Alexa647 ﬂuorophores were monitored over time in the
presence of an oxygen scavenger to determine for each
molecule the survival time, average intensity as well as the
number of total photons collected before photobleaching
B
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Figure 2. Characterization of diﬀerent trisNTA-Alexa647 constructs in SMF studies. (a) Illustration of how survival time, total number of photons,
and average intensity were obtained from SMF trajectories. (b) The mean survival time for each construct was obtained from the survival time
histogram. (c) The mean number of photons collected for each construct was obtained from the histogram of total number of photons/molecule.
Panels d, e, and f show the mean survival time, average count rate, and mean number of photons detected, respectively, for diﬀerent trisNTAAlexa647 constructs explored in this work. Panels g, h, i, and j show representative single-molecule ﬂuorescence trajectories (100 ms/frame) and
intensity distribution histograms obtained, respectively, for trisNTA-Alexa647, trisNTA-OEG4-Alexa647, trisNTA-Pro12-Alexa647, and trisNTAPro4-Alexa647.

rophore and the trisNTA moiety are connected by a short alkyl
chain (Figure 1c). We compared the photostability of this
construct to that of Alexa647 when attached to a DNA duplex
and immobilized on the glass surface via biotin−streptavidin
interactions.17 The mean photon output of trisNTA-Alexa647
was 15-fold higher than the photon output of Alexa647-DNA
duplex in the absence of any photostabilizer (Figure 2f, Table

(Figure 2a and Table S1). The mean survival time (τs) and
mean number of photons (τp) were next estimated by building
the survival time and photon histograms and ﬁtting them to
single exponential decay functions (Figure 2b,c).
Figure 2d−f compares the mean survival times, average
intensities, and mean number of photons detected for diﬀerent
trisNTA Alexa647 constructs. We ﬁrst evaluated the most
common construct (trisNTA-Alexa647), in which the ﬂuoC
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S1), illustrating that the trisNTA moiety rendered an improved
photostability for Alexa647 under SMF imaging conditions.
In order to evaluate the improvement in photostability for
the self-healing trisNTA-Alexa647 construct versus the
solution-based photostabilization by free Ni(II), we compared
its total photon output to that of Alexa647-DNA duplex in the
presence of 0.4 mM Ni(II) as a solution additive. We were
initially surprised that the self-healing approach in the trisNTA
construct was less eﬃcient compared to the solution-based
photostabilization. A 24-fold increase in photostability was
achieved in the latter compared to a 15-fold in the former
(Figure 2f, Table S1).18 Moreover, the brightness (average
intensity) of the trisNTA-Alexa647 construct was ∼4-fold
lower when compared to that of Alexa647-DNA duplex in the
presence of 0.4 mM Ni(II) (Figure 2e).
We hypothesized that the lower photostability and brightness of trisNTA-Alexa647 is associated with ﬂuorescence
(singlet excited state) quenching of Alexa647 by three Ni(II)
ions present in too close proximity to the ﬂuorophore. Our
previous mechanistic studies on ﬂuorophores bound to DNA
duplexes17,18 have shown that the photostabilization of
ﬂuorophores under low Ni(II) concentrations (0.1−1.0 mM)
can be achieved with minimal ﬂuorescence quenching. Under
the high duty-cycle conditions of SMF imaging, a small loss of
photons due to the quenching of singlet excited states is amply
compensated by shortening the lifetime of/eliminating nonemissive long-lived triplet excited states. Further, we have
shown that under these conditions the ﬂuorophore and the
Ni(II) ions encounter in primarily dynamic fashion leading to
almost no static ﬂuorescence quenching. On the other hand,
the three Ni(II) ions present in close proximity to the
ﬂuorophore in trisNTA-Alexa647 could potentially result in a
very rapid dynamic, or even static, singlet excited state
quenching. The latter would not only reduce the quantum
yield of the ﬂuorophore leading to its dimmer signal in a SMF
imaging experiment, but could also potentially introduce an
additional photobleaching pathway. Thus, a balance between
minimal (and dynamic rather than static) singlet excited state
quenching and optimal triplet excited state quenching is
essential.
To measure the extent of static and dynamic ﬂuorescence
quenching in the trisNTA-Alexa647 construct we next
performed steady-state and time-resolved ﬂuorescence studies.
The emission spectrum and ﬂuorescence lifetime of trisNTAAlexa647 were analyzed before and after incubating with
EDTA. As shown in Figure 3 (also Table 1), the enhancement
in ﬂuorescence intensity (I0/INi(II)) upon incubating with
EDTA allowed us to determine the overall extent of singlet
state quenching by Ni(II) (both static and dynamic). In turn,
the enhancement in ﬂuorescence lifetime (τ0/τNi(II)) allowed
us to estimate the fraction of singlet state quenching by Ni(II)
associated with dynamic quenching. More than 6-fold
ﬂuorescence quenching (primarily static) was measured for
trisNTA-Alexa647 consistent with its lower brightness and
photostability in SMF studies when compared to Alexa647DNA duplex. In fact, a pronounced ﬂuorescence quenching
was also observed in our preliminary studies with other
trisNTA-ﬂuorophore constructs bearing Cy3, Cy5, and
ATTO647N (Figure S3). Static quenching has led to their
lower photostability in SMF studies in relation to the solutionbased photostabilization with Ni(II) ions when tagged to
DNA.

Figure 3. Evaluation of the extent of overall and dynamic ﬂuorescence
quenching in trisNTA-Alexa647 constructs. (a) Cartoon illustrating
the experimental approach. Fluorescence intensities (integrated
emission spectra) and ﬂuorescence lifetimes were measured before
(INi(II), τNi(II)) and after (I0, τ0) incubation with EDTA. (b) Extent of
overall (red) and dynamic (blue) ﬂuorescence quenching determined
for diﬀerent trisNTA-Alexa647 constructs.

Table 1. Average Intensity-Weighted Fluorescence Lifetimes
of trisNTA-Alexa647 and Alexa647-DNA Constructs in the
Absence and Presence of Ni(II) Ions Measured To
Determine the Extent of Dynamic Fluorescence
Quenchinga
average ﬂuorescence lifetimeb
(ns)
τ

Ni(II)

τ0

construct

before EDTA

after EDTA

trisNTA-Alexa647
trisNTA-Pro12-Alexa647
trisNTA-OEG4-Alexa647
trisNTA-OEG4-Alexa647 in 50% glycerol
trisNTA-Pro4-Alexa647
trisNTA-Pro4-Alexa647 in 50% glycerol

0.80
1.24
0.69
1.15
1.03
1.45
τ Ni(II)
+0.4 mM Ni(II)
1.02

1.00
1.23
0.83
1.46
1.25
1.68
τ0
no Ni(II)
1.23

Alexa-647 DNA duplex

For diﬀerent trisNTA-Alexa647 constructs, the ﬂuorescence lifetimes
in the absence of Ni(II) were obtained by incubating with 5 mM
EDTA. bIntensity-weighted average lifetimes. Values were obtained
by ﬁtting the ﬂuorescence intensity decay curves to biexponential
decay functions and using next the two preexponential values and
associated decay lifetimes in the calculation. For biexponential ﬁtting
parameters including χ2 values, see Table S2.
a

A structure that minimized ﬂuorescence quenching while
optimizing the dynamic encounter between the ﬂuorophore
and the trisNTA group, we reasoned, would render self-healing
trisNTA constructs characterized by improved ﬂuorophore
photostability. To evaluate this hypothesis, we examined the
photophysical properties of trisNTA-dyes containing longer
ﬂexible and rigid linkers (Figure 1c). Previous studies have
D
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Optimal photostabilization was thus achieved for trisNTAPro4-Alexa647 with a short yet rigid Pro4 linker. The extent of
ﬂuorescence quenching in trisNTA-Pro4-Alexa647 was drastically minimized if compared to trisNTA-Alexa647 (Figure 3)
while the triplet excited state was eﬃciently quenched (Figure
S4). Single ﬂuorophore molecules appeared very bright in
single-molecule studies, allowing for detection of 6400
photons/s from single Alexa647 dye (Figure 2e,j). The longer
ﬂuorescence decay lifetimes of trisNTA-Pro12-Alexa647 and
trisNTA-Pro4‑Alexa647 in the absence of Ni(II) (1.23 and 1.25
ns, respectively) when compared to trisNTA-OEG4-Alexa647
(0.83 ns) conﬁrmed that nonradiative decay pathways in these
constructs bearing the rigid polyproline helices are minimized
and are comparable to Alexa647-DNA duplex (1.23 ns; Table
1). Consistent with this observation, the ﬂuorescence lifetime
of trisNTA-Pro4-Alexa647 was less sensitive to increased
viscosity (Table 1).
Importantly, the photostability of Alexa647 in the trisNTAPro4-Alexa647 construct even slightly superseded the photostabilization that was previously obtained in the presence of
Ni(II) as solution additive (Figure 2f). Overall, these results
demonstrate that by a judicious choice of the linker length and
rigidity one can minimize ﬂuorescence quenching and
nonradiative decay pathways while still preserving the dynamic
triplet state quenching pathway, achieving photostabilization
via self-healing strategy that meets or even supersedes the
solution-based approach.
To further assess the potential of the trisNTA-dyes for
single-molecule imaging, we also closely examined the SMF
trajectories obtained for each construct. Photostability is a
crucial parameter to almost all single-molecule imaging
applications, however, for some SMF techniques, e.g., singlemolecule Förster resonance energy transfer (SM-FRET) or
protein-induced ﬂuorescence enhancement (SM-PIFE),33,34 a
stable ﬂuorescent signal is also of paramount importance. As
illustrated by selected SMF trajectories (see Figure 2d-g),
ﬂuctuating intensity behavior was observed in all trisNTAAlexa647 constructs. Two diﬀerent intensity populations were
distinguished in SMF trajectories and in their related intensity
histograms (Figure 2g-j). The ﬂuctuating emission behavior of
trisNTA-ﬂuorophores observed in their SMF intensity-time
trajectories spanned the second-time scales. Conformational
changes occurring within the trisNTA construct or the
attached streptavidin could not account for this ﬂuctuation,
as these processes typically occur on much shorter time scales.
We suggest that diﬀerent intensity states and ﬂuctuating
emission properties could be attributed to the reversible
monoNTA-histidine interaction (koff = 1.8 s−1, Kd = 14
μM).19,35 While the overall binding of trisNTA to oligohistidine tag is extremely stable, the transient binding and
dissociation of single NTA group to oligohistidine could
potentially lead to diﬀerent extents of quenching by Ni(II) ions
(e.g., Ni(II) getting closer to the ﬂuorophore upon dissociation
or change in quenching eﬃciency of Ni(II) due to the change
of its ligands). This ﬂuctuating emission behavior would hinder
the use of trisNTA-ﬂuorophores in SMF studies that rely on
quantitative changes in signal intensity, such as SM-FRET or
SM-PIFE. On the other hand, high photostability and photon
output of trisNTA-constructs, such as trisNTA-Pro4-Alexa647,
would make them ideal candidates for extended singlemolecule imaging techniques, such as single-particle tracking.
The self-healing approach by conjugation to trisNTA
moieties is an attractive strategy as it allows to position three

demonstrated that introducing a linker (such as oligoethylene
glycol (OEGx) or oligoproline helix (Prox) between the
ﬂuorophore and the trisNTA group can help minimize the
ﬂuorescence quenching by Ni(II).22,23
We ﬁrst tested the photophysical properties of trisNTAOEG4-Alexa647 with a longer ﬂexible linker between the
ﬂuorophore and trisNTA moiety. Ensemble ﬂuorescence
quenching studies conﬁrmed that introducing the OEG4 linker
helped to reduce the ﬂuorescence quenching by Ni(II) from
∼6.4-fold in trisNTA-Alexa647 to 1.8-fold in trisNTA-OEG4Alexa647 (Figure 3b). Nevertheless, single trisNTA-OEG4Alexa647 molecules still appeared dim in single-molecule
studies (Figure 2b,e), leading to only slight improvement in
mean number of total photons detected in SMF studies. Given
the shorter average ﬂuorescence lifetime of trisNTA-OEG4Alexa647 in the absence of Ni(II) ions (0.83 ns, Table 1) when
compared to trisNTA-Alexa647 also in the absence of Ni(II)
ions (1.00 ns, Table 1), we postulate that trisNTA-OEG4Alexa647 must exhibit an additional nonradiative decay
pathway. Cyanine dyes, such as Cy3, Cy5, and Alexa647,
exhibit an eﬃcient nonradiative relaxation due to trans−cis
photoisomerization, rendering their emission quantum yield
extremely sensitive to local molecular environment and
viscosity.30 We suggest that the lower brightness of the
trisNTA-OEG4-Alexa647 construct arises from the lower
rigidity of the ﬂuorophore surrounding environment. This
hypothesis is also consistent with an almost 2-fold increase in
the ﬂuorescence lifetime of trisNTA-OEG4-Alexa647 when
measured in a 50/50 (v/v) water/glycerol solution (Table 1).
To explore whether the brightness of Alexa647 could be
preserved by replacing the OEG4 linker with a more rigid one
we evaluated the photophysical properties of trisNTA-Pro12Alexa647 and trisNTA-Pro4‑Alexa647 containing rigid Pro12
and Pro4 helices as linkers, respectively (Figure 1c). As
demonstrated by ensemble ﬂuorescence studies (Figure 3 and
Table 1), the introduction of a longer helix in trisNTA-Pro12Alexa647 construct eliminated the ﬂuorescence quenching by
Ni(II) ions. Here the same ﬂuorescence lifetimes were
obtained before and after Ni(II) removal from the construct
(1.24 and 1.25 ns, respectively). This resulted in brighter signal
from single ﬂuorophores in SMF studies (Figure 2e,i).
Nevertheless, the average survival time of trisNTA-Pro12Alexa647 was much shorter than the one observed for
trisNTA-Alexa647 or trisNTA-OEG4-Alexa647 constructs
(Figure 2d), suggesting that the longer Pro12 helix prevented
the desired dynamic collisions between Alexa647 and Ni(II) to
occur in a timely fashion to eﬃciently quench the triplet
excited state of the dye. Fluorescence intensity autocorrelations31,32 of individual immobilized trisNTA-Pro12-Alexa647
and trisNTA-Pro4-Alexa647 showed that the triplet excited
state was observable for the former, but not the latter
construct. Thus, a contribution to the amplitude of the
autocorrelation relaxation curve in the microsecond domain,
consistent with the triplet excited state decay, was recorded for
trisNTA-Pro12-Alexa647 in the oxygen scavenger buﬀer, which
is absent from the trisNTA-Pro4-Alexa647 construct under
similar conditions. For the Pro4 construct rapid intramolecular
deactivation of the triplet excited state prevents its observation
within the time resolution of our intensity autocorrelation
analysis, see Figure S4. Importantly, the contribution to the
amplitude assigned to the triplet state is also absent for
trisNTA-Pro12-Alexa647 in an air equilibrated buﬀer lacking
the oxygen scavenger.
E

DOI: 10.1021/jacs.8b04681
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

Article

Journal of the American Chemical Society
Present Address

triplet state quenchers, e.g., Ni(II) ions, in close proximity to a
ﬂuorophore, maximizing the potential for triplet excited state
quenching eﬃciency. Diﬀerent from redox-based triplet state
quenchers, Ni(II) quenches triplet excited states via a
photophysical mechanism,17 therefore avoiding the formation
of potential radical intermediates, and chemical damage to the
quencher (healing) moiety as it may be sometimes observed
under self-healing conditions relying on ROXS mechanisms.14
What makes trisNTA-ﬂuorophores most attractive is that the
photostability comes associated with highly speciﬁc targeting
ability from the trisNTA group, allowing for robust,
speciﬁc,19,23 and photostable labeling of biomolecules of
interest, targeted delivery25 and minimal toxicity (as compared
to free Ni(II) as photostabilizer) in live-cell imaging experiments.21,25,36 As the trisNTA/His-tag interaction was successfully utilized in single-particle tracking22 as well as singlemolecule localization microscopy in living cells,25,26 both
techniques will synergistically proﬁt by the improved photostability combined with the highly speciﬁc protein labeling.
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■

CONCLUSION
In conclusion, SMF studies on trisNTA-Alexa647 constructs
revealed that conjugation of ﬂuorophores to three Ni(II) ions
via NTA groups not only allows for the speciﬁc labeling of
biomolecules of interests but also improves the photostability
of the parent ﬂuorophore. Our studies underscore the
important role of the linker when designing eﬃcient selfhealing dyes containing triplet state quenchers that are also
potential ﬂuorescence quenchers. Here, we show that
successful photostabilization of model Alexa647 ﬂuorophore
requires a minimization of unproductive singlet excited state
quenching and nonradiative decay pathways and optimization
of desired triplet excited state quenching pathway. This
rational optimization of the linker in the trisNTA self-healing
scaﬀold allowed us to demonstrate up to 25-fold improvement
in photon output of Alexa647 dye. The advent of new Ni(II)
chelators such as the recently developed hexaNTA,36,37 while
permitting tighter binding to the substrate of interest, will
require an optimization of Prox linkers to satisfy a “Goldilocks
zone” where eﬃcient triplet excited state quenching takes place
yet minimal ﬂuorescence quenching occurs. Ultimately, we
posit that the optimized constructs will permit kinetic proﬁling
of His-tagged proteins as well as single-molecule superresolution imaging in live, intact cells.
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2016, 7, 10372.
(26) Wieneke, R.; Raulf, A.; Kollmannsperger, A.; Heilemann, M.;
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