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Fluorescence Lifetime Imaging Microscopy (FLIM) has been
employed for the detection of intracellular n* levels, implicated
in various signalling pathways, using a family of quantum dot (QD)
nanosensors. The sensing mechanism was based on photoinduced
electron transfer (PET) between an azacycle receptor group and
the QD nanoparticles.

The search for new nanosensors for specific species with
minimal local perturbation is of special interest in fields such
as chemistry, biology or biomedicine. In particular, the
development of appropriate intracellular ion sensors is
singularly important because some ions play significant roles in
cellular biology.1 Multimodal fluorescence imaging, based on
intensity, lifetime and polarization detection, combined with
high spatial resolution enables quantitative readouts that
allow for real time monitoring of biological processes through
biosensing and bioimaging. One of the most interesting
materials for these sensing applications are semiconductor
nanocrystals or quantum dots (QDs).2 QDs have been
proposed as an alternative to conventional molecular probes
because of their unique optical properties, which are ideally
suited for the long-term monitoring of intracellular processes.3
Among these features, QDs show long photoluminescence (PL)
decay times, typically from five to hundreds of nanoseconds,
which make them especially interesting for fluorescence
lifetime imaging microscopy (FLIM).4 Most of the published
intracellular QD nanosensors are based on changes in the
fluorescence intensity when a target ion or molecule interacts
with a nanoparticle.‘r"7 However, fluorescence intensity-based
measurements suffer from uncertainties because they can be
altered by fluctuations in the excitation light, the probe
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concentration and heterogeneities in the optical properties of
the medium. As an alternative, the use of time-resolved
fluorescence spectroscopy and FLIM imaging can overcome
many of these limitations.®® The average PL lifetime of QDs is
significantly longer than the lifetime of the cell
autofluorescence, which makes QDs easily discernible from the
background signal. Although some QD-based luminescence
lifetime sensors have been reported for the determination of
leO and detection of ions, such as a*t or Cu2+,12 the
advantages of the FLIM technique and its use with QDs as
intracellular probes have not yet been extensively exploited.8
A few examples where QD nanoparticles were employed with
FLIM have been described but only for intracellular detection
and not for the quantification of the target molecules.”™* To
date, FLIM has been used as an effective technique only for
the quantitative real-time sensing of intracellular pH.4 Long-
decay, near-infrared, emitting QDs have also been applied for
in vivo pH sensing through FLIM imaging into a nude mouse.’
These works demonstrated the high sensitivity of these QD-
based nanosensors and the great potential of FLIM for
intracellular applications.

In this communication, we have shown that this methodology
can be extended to the sensing of other ions inside cells. We
have focused our attention on Zn** homeostasis as a crucial
intracellular catalytic and signalling mechanism that controls
many important cellular events.'® Deregulation of Zn** levels
can cause several health problems, such as neuronal
dysfunction and immunodeficiency. Relevant concentrations
of zn** range from fM to almost 0.5 mM in some mammalian
brain cells. Hence, many efforts are currently in place to
develop Zn>" sensors with a wide guantitation range.17 In this
communication, the surface of CdSe/ZnS QDs was properly
modified to create a family of intracellular-sensitive Zn*
probes. Two azamacrocycles molecules, cyclen (1,4,7,10-
tetraazacyclododecane, 1) and cyclam (1,4,8,11-
tetraazacyclotetradecane, 2), have been attached by EDC/NHS
covalent coupling to the surface of mercaptopropionic acid
(MPA) capped-QDs (Fig. 1la, and Electronic Supplementary
Information, ESI, for more details), for the preparation of QD-1
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and QD-2 conjugates. We have employed QDs of two different
sizes that emit at 520 (QDs,0) and 600 nm (QDggg). Upon
attachment, a proximal nitrogen lone pair acts as an electron
donor to the excited QD, producing a quenching of the PL
emission via photoinduced electron transfer (PET).18"20 These
azamacrocycle groups act as receptor units for the Zn*" ion,
and after coordination, a dramatic the
photoluminescence emission occurs as PET quenching is
deactivated. However, in addition to the changes in the
steady-state emission, the PL decay traces of QD have also
been modified after assembly. In agreement with previous
reports,g' 2 ap nanoparticles showed long decay times and
multi-exponential behaviour. The best fits of the PL decay
traces of QD-MPA required a sum of three exponential
functions (Tables S1 and S2 for QDs,—MPA and QDgeo—MPA,
respectively) to reach low XZ values, as well as random
distributions of the weighted residuals and auto-correlation
function, which are indicators of the goodness of the fits. Prior
to the immobilization of the azacycle, the intensity-weighted
average PL lifetimes, 7,,. (see Methods of Analysis in the ESI),
of QDs5g—MPA and QDggo—MPA were 15.8 + 0.1 and 18.4 £ 0.1
ns, respectively. The three individual decay time components,
as well as the average PL lifetime of both the QDs, gradually
decreased by increasing the concentration of the azacycle
attached on the surface as a result of the PET mechanism
(Tables S1-S2). After attachment of the optimized amount of
azacycle 1 or 2 on the surface of QDs—MPA to obtain the
proposed conjugates (see Experimental Section in ESI), the
calculated 7, decreased to 8.6 + 0.1 ns (QDs3—1) or 12.0 £ 0.1
(QDs,0—2) (Figure S1). For QDgoo-MPA, the corresponding QD-
azacycle showed a decrease in 7,,, down to 9.2 + 0.1 ns or 13.2
+ 0.2 ns for QDggo-1 or QDgge-2, respectively (Figure S1).

Taking into account that the azacycles can coordinate some
metals, the proposed QD-azacycle conjugates show a response
in the presence of metals with d* electronic configuration,
such as zinc.'® Indeed, an enhancement of the emission
intensity20 and the average lifetime of QDs were detected
upon the addition of Zn* as a result of the interruption of the
PET mechanism between the QD and azacycle (Figure 1b). The
three individual decay time components of the QD-azacycle
conjugates were gradually augmented when the concentration
of Zn®* of the medium increased (Tables S1-S2). The 7, of the
QD—azacycle conjugates showed a dependency on the
concentration of zn®* with a linear response versus the
logarithm of the concentration in a range covering
approximately three orders of magnitude, between 2 uM and
1 mM for QDggo-1 and between 10 uM and 1 mM for QDs;¢-2
conjugates (Figure 1c-d). These ranges suggest the potential
application of zinc detection in some Zn**-rich intracellular
media, such as brain tissue.”” The range of values (10-16 ns)
and variation of the PL average lifetime make these
nanosensors much more sensitive than previously published
fluorescence lifetime probes. For instance, changes of 0.4 ns
are usually reported for fluorescence protein-23 or organic
fluorophores-based FLIM sensors.”* In some occasions, FRET-
based FLIM sensors have been reported to work with a total
change in the sensor’s lifetime as low as 0.06 ns.” Our family

increase in
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of QD-azacycle conjugates exhibit a sensitivity that is between
10 and 100 times those figures.
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Figure 1. (a) Scheme of covalent coupling reaction for the formation of the QD-
azacycle conjugates. (b) PL decay traces of QDggo-1 cogjuiates in the presence of
0, 0.001, 0.005, 0.01, 0.05, 0.1, 0.5, and 2 mM of Zn™" (Aex = 440 nm and Aem =
598 nm, Tris buffer pH 7.2). Average lifetime calculated from the decays for (c)
QDggo-1 and (d) QDsze-2 conjugates.

The response of the QD-azacycle conjugates toward Zn®* was
in the uM concentration range, with a higher sensitivity of the
QD-1 conjugates than that of the QD-2 conjugates. This is in
agreement with the fact that the binding constant of Zn** with
cyclen 1 is higher than the corresponding binding constant for
cyclam 2.% Nevertheless, the response towards Zn”** shown by
the QDs of different wavelengths coupled to the same azacycle
was very similar, suggesting that the PET mechanism does not
depend on the QD size and allowing for the use of different QD
conjugates depending on the spectral needs. When compared
to other zn®' sensors, the response of our QD-azacycle
conjugates are comparable to other sensors in which the
dissociation constant, K, of the sensor with the metal ion is in
the puM range. The commercially available FluoZin-1 and
Newport Green exhibit K values in this |'ange,17 and hence,
response to UM concentrations of Zn**. These commercial
sensors are fluorescent indicators with a single zn* binding
site (1:1). They can be responsive to a Zn”* variation along two
orders of magnitude (around pK, + 1). Hence, increasing the
linear range for zn* quantitation can only be performed with
multiple binding sites. In our case, as each QD contains several
azacycle units, the quantitation range reaches almost three
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orders of magnitude. Newly designed PET sensors have
decreased the interaction K, of Zn** into the nanomolar range,
allowing for an enhanced sensitivity and quantitation of sub-
micromolar Zn** levels.”” % Commercially available FluoZin-3
exhibits a K; value around 15 nm.Y However, in such cases,
saturation is reached at lower zZn** concentrations, leading to
unsuitable sensors for high Zn®* levels. This situation
establishes the need for a careful selection of the suitable
fluorescent sensor, depending on the aimed concentration
levels of analyte.
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Figure 2. FLIM images and the corresponding lifetime distributions of QDggo-1
conjugates suspended in 10 mM Tris buffer pl| 7.2 deposited on glass slides jp

the presence of cﬂfferent concentrations of Zn“": (i) 0 mM zZn“"; (ii) 0.1 mM Zn“";
and (iii) 1 mM Zn"". White scale bars represent 5 um.

The selectivity of the Zn>* nanosensors was also considered in
the presence of other metals and molecules that can be found
in biological samples. QD-1 and QD-2 conjugates were exposed
potential interfering agents at different
concentrations, and the PL decay traces were collected. Figure

to several

S2 shows a summary of the potential interfering species that
were tested with no effect in the average PL lifetime of QDs.
The 17, of the proposed nanosensors showed negligible
response toward the major intra- and extracellular cations
(Na*, K*, ca®" and Mg?"). Metals such as Fe**, Fe**, Co®* or Cu®*
produce some quenching of the photoluminescence of QD-
MPA due to some adsorption and inner filter effects;29 thus,
this effect was also detected with the QD-azacycle conjugates.
Figure S2 show the maximum concentration of such
interferents that has no effect on the nanosensor 7. All these
interferents are commonly found in other zZn* sensors, such as
commercial FluoZin-3 or Newport Green.*® Other transition
metals, such as Ni** or Mn2+, could also coordinate into the
azacycle,31 slightly affecting the 7, of the QDs. However,
these free metal cations are not present, to a large extent, in
the majority of biological systems; thus, not representing a
major issue for the use of these nanosensors in physiological
samples. Moreover, the effect of changes in the pH value of
the medium in the response of the Zn>* nanosensors was also
evaluated. The pH value may have an effect because it alters

This journal is © The Royal Society of Chemistry 20xx

the coordination efficiency of the azacycles toward Zn2+, and
because of the presence of remaining free carboxylic groups
on the surface from nonreacted MPA. Nevertheless, at the
different pH tested, the 7,,. of the QD—azacycle conjugates
after reaction with 0.1 mM Zn®' increased a similar amount
(55% at pH 5.47, 65% at pH 6.49, and 47% at pH 7.20, Figure
S3), indicating that the zn* response was not altered.
Therefore, the pH of the medium must be known and
controlled while determining Zn** concentrations with the
proposed conjugates.

We tested the usefulness of the QD—azacycle nanosensors for
the detection of Zn** concentrations by employing FLIM
imaging, especially in intracellular applications. First, QDggo—1
nanosensors dissolved in 10 mM TRIS buffer at pH 7.2 with
different Zn** concentrations and deposited on a glass slide
were imaged using a confocal FLIM microscope. The increase
in the 7,,. with increasing concentrations of Zn* was visible in
the arbitrary colour scale image, as well as in the lifetime
distributions obtained upon analysis of the images (Figure 2).
These results suggested that the proposed nanosensors could
be promising as FLIM-based intracellular zZn** probes.
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Fi%ure 3. FLIM images and the corresponding lifetime distributions of HepG2
cells in PBS pH 8.0: (i) autofluorescence; (ii) cells with QDgoo-1 conjugates; (iii)

cells with QDggo-1 conjugates incubated with 1 mM Zn“. White scale bars

represent 5 um.

The QD-1 nanosensors were introduced into live HepG2 cells
for intracellular zn** sensing. After the incubation, the cells
internalized the nanoparticles mainly by cellular endocytosis
(Figure S4). After the 2-hour of incubation time, the QDs
exhibited negligible toxicity on the cells (see ESI and Fig. S5 for
survival rates). Figure 3 shows FLIM images of QDggo-1 in the
absence and presence of 1 mM Zn**. The images show an
enhancement of the average PL lifetime of QDs in cells treated
with zn®". The changes in the PL lifetime distributions of the
regions of interest indicate the excellent response of the
proposed QD lifetime-based nanosensors inside the cells. It is
important to note that the long-lived PL of the QD
nanosensors can be easily distinguished from the interfering
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cellular autofluorescence. In the absence of QDs, the cells
displayed minimal emission with lifetimes of approximately 2.6
ns (Figure 3). In contrast, the 7, associated with the QDs was
significantly longer than that of cell autofluorescence, even in
the absence of Zn**. The commercial probe, Newport Green,
has been previously used to measure intracellular Zn*" levels
using phase-modulation FLIM,32 with the fluorescence lifetime
increasing from 0.88 to 2.93 ns; values which lie in the same
range than cellular autofluorescence, presumably causing
interferences. The use of the long lifetime of the QD sensors is
a much more powerful approach, as the cell autofluorescence
is discarded by applying suitable time windows.

In conclusion, we have demonstrated the advantages of the
FLIM methodology, particularly in combination with QD
nanoparticles, whose very long PL lifetime greatly enhances
the sensitivity and selectivity of the nanosensors. These long
decay times facilitate the discrimination between the signal
from the sensor and the intrinsic fluorescence of the cells and
produce an enhanced signal-to-background ratio. Moreover,
the FLIM technique also eliminates the need for a near-
infrared probe because it can use fluorophores with emission
within the range of the green cellular autofluorescence.
However, all of these excellent advantages have not yet been
exploited because recently, only a couple of studies using the
combination of QDs and FLIM microscopy have been
published.4’ 13 Nevertheless, those works are aimed at pH
sensing. To the best of our knowledge, this is the first time that
QD-based FLIM sensors are
intracellular detection of an

for
important metal This
methodology can be extended to the development of other
nanosensors for the detection of a wide range of molecules of
interest. Other photophysical processes, such as charge
transfer or energy transfer (FRET), that may take place at the
QD surface with other ligands have an effect on the PL decay
time.’ Any of these processes can be optimized for developing
specific FLIM nanosensors. Nevertheless,
application, special attention to excessive aggregation or cell
intake must be taken into account.

specifically designed
ion.
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