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ABSTRACT While the use of quantum dot (QD) nanoparticles for
bioimaging and sensing has been improved and exploited during the
last several years, most studies have used emission intensity-based
techniques. Fluorescence lifetime imaging microscopy (FLIM) can
also be employed for sensing purposes, overcoming many of the
limitations of the aforementioned systems. Herein, we show that the
photoluminescence (PL) lifetime of mercaptopropionic acid-capped
QDs (MPA-QDs) collected from FLIM images can be used to determine
intracellular pH. The PL average lifetime of MPA-QDs varied from
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8.7 ns (pH < 5) to 15.4 ns (pH > 8) in media mimicking the intracellular environment. These long decay times of QD nanoparticles make them easily

distinguishable from intrinsic cell autofluorescence, improving selectivity in sensing applications. We demonstrate, for the first time, the successful

detection of changes in the intracellular pH of different cell types by examining the PL decay time of QDs. In particular, the combination of FLIM

methodologies with QD nanoparticles exhibits greatly improved sensitivity compared with other fluorescent dyes for pH imaging. A detailed description of

the advantages of the FLIM technique is presented.
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emiconductor nanocrystals or quantum

dots (QDs) are established photolumi-

nescent (PL) platforms for biological
and sensing applications. QDs feature high
quantum yield, resistance to photobleach-
ing, photostability, broad absorption spec-
tra, narrow photoluminescence spectra, and
size-tunable emissions. These optical prop-
erties suggest that they are ideally suited
for long-term monitoring of intracellular
processes. In recent years, new strategies
for sensing using QDs have emerged. Most
of the proposed QD nanoparticle sensors are
based on the enhancement or quenching of
the PL emission intensity upon reaction or
interaction with the target analyte.>~* How-
ever, fluorescence intensity-based measure-
ments suffer from uncertainties in the
calibration of the responses, particularly
when those systems are applied as intracel-
lular probes. For example, the emission in-
tensity can be altered by the fluctuations in
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the probe concentration and heterogene-
ities in the optical properties of the medium.
Furthermore, the relative localization of the
nanosensor in certain compartments of the
cell can produce misleading readouts.

The use of time-resolved fluorescence
spectroscopy can overcome many of these
limitations. The combination of this tech-
nique with QD nanoparticles is of particular
interest because the PL average lifetime of
QDs is significantly longer than that of most
organic dyes (1—5 ns) and cell autofluores-
cence (2—3 ns) but is efficient enough to
maintain a high photon stream.® These
features indicate that the use of QDs as
time-resolved PL nanosensors has great
potential for multiplexing and time-gated
cellular detection with enhanced selectivity
and sensitivity. When using QDs as intracel-
lular probes, fluorescence lifetime imaging
microscopy (FLIM) can be a very effective
technique for quantitative real-time sensing
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of biologically important targets inside living cells.
Note that although it would be more appropriate using
the term “PL decay time”, we will use instead PL lifetime
for consistency with the name of the technique
“fluorescence lifetime imaging microscopy”.

In addition to long lifetimes (typically 5 to hundreds
of nanoseconds), QDs also exhibit multiexponential PL
decays, with the excited-state lifetime of colloidal QDs
being an optical property of QDs that is not yet well-
understood. These PL decay kinetics are related to the
radiative and nonradiative pathways that an exciton
undergoes to achieve electron—hole recombination
and can be modified by changes on the surface
environment.® Although these complex PL kinetics
might be considered a difficulty or disadvantage, they
can be overcome with the use of appropriate experi-
mental arrangements and data analysis strategies. We
previously demonstrated that time-resolved fluores-
cence spectroscopy is a sensitive technique that can be
successfully applied to the detection and quantifica-
tion of several interactions between QDs and other
molecules based on different response mechanisms,
such as charge or electron transfer.”° Our studies
were the first to report that the PL average lifetime of
QD-based nanosensors can permit the quantification
of analytes such as chloride ions or protons (pH) in bulk
solutions mimicking the intracellular environment.
QDs have also been conjugated with organic dyes for
the development of fluorescence resonance energy
transfer (FRET) systems for sensing applications, which
use the PL lifetime as an analytical signal.'®""’

However, only a few fluorescent approaches have
used FLIM as the detection technique for intracellular
sensing, mainly with organic fluorophores and fluo-
rescent proteins, and these approaches displayed
low sensitivity.'>~'® The combination of FLIM with
fluorescent nanoparticles has not yet been exploited.
A few examples with gold nanoparticles'’ and QD
nanoparticles'® 22 have been described but only for
the detection and not the quantification of the target
molecules. Herein, we propose the use of FLIM in
combination with pH-sensitive CdSe/ZnS QD nanopar-
ticles for sensing of intracellular pH. To the best of our
knowledge, this is the first time that a sensor with these
features has been proposed in the literature. First, we
demonstrated the possibility of quantifying the pH
value by analyzing the FLIM images of mercaptopro-
pionic acid-capped QDs suspended in buffered solu-
tions. We further extended the methodology to the
detection of changes in the intracellular pH of different
types of cells. Our goal in this work is to provide an
overview of the great potential of FLIM for intracellular
imaging and sensing that will establish a basis for the
use of QD nanoparticles in fluorescence lifetime-based
nanosensors. With the proper modification of the QD
surface for the creation of new nanoscale, intracellular-
sensitive probes, this methodology can be extended to
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the quantification of a wide range of ions and mol-
ecules inside cells.

RESULTS AND DISCUSSION

MPA-QDs Suspended on Glass Slides. In a previous work,
we proposed the use of MPA-QD nanoparticles as
a suitable pH sensor in time-resolved fluorometry.®
In order to test the potential of this sensor in FLIM
applications, MPA-QD nanoparticles were first sus-
pended in Tris buffer solutions with different pH values
and deposited on the surface of a microscope glass
slide (see Supporting Information for details and Figure
S1). The analysis of the PL decay traces of the overall
FLIM images revealed the characteristic features of the
temporal behavior of the QD's PL emission. The PL
decay traces of MPA-QDs in solution deposited on
glass slides exhibited multiexponential decay kinetics.
From these first experiments, it is observed that the
MPA-QD average lifetime obtained from FLIM images
was enhanced as the pH of the environment increased.
As previously described, the PL intensity of MPA-QDs is
sensitive to the degree of protonation of the mercap-
topropionic acid capping the surface.>?*>%* At basic pH,
the carboxylic acid is deprotonated, and a negatively
charged shell appears on the surface of the QDs, which
increases the confinement of the charge carrier in the
semiconductor, resulting in a higher band gap energy,
shorter emission wavelengths, and higher quantum
yields.?> This pH sensitivity has been observed pre-
viously in steady-state PL spectra and PL decay traces
of MPA-QDs in buffered solutions at different pH
values.2?® The PL intensity of these MPA-QDs displayed
a typical S-shaped curve with respect to the pH value,
with a linear increase within the physiological pH
range. The calibration plot from buffered solutions is
in good agreement with the plot obtained previously
using a time-resolved fluorescence spectroscopy method
with similar MPA-QDs in bulk aqueous solutions (see
Supporting Information) 2

Nevertheless, if the MPA-QDs are intended to be
employed as intracellular nanosensors, the highly
crowded intracellular environment can alter their re-
sponse. One limitation of QDs as probes in live cells is
the nonspecific adsorption of intracellular components
and the formation of a “protein corona”.?’ ~2° QDs bind
nonspecifically via electrostatic interactions to various
cellular proteins, reducing their ability to interact with
their corresponding targets and decreasing signal-
to-noise ratios.3*3! Thus, we evaluated next the pH
response of the proposed MPA-QD nanosensors in
solutions mimicking the cellular cytoplasm. MPA-QDs
were dissolved in buffer solutions with a composition
similar to that of the intracellular environment (see
Experimental Section for composition) and adjusted
to different pH values (synthetic intracellular buffers,
SIBs). The MPA-QDs suspended in SIBs were deposited
on the surface of a microscope glass slide, and FLIM
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Figure 1. (A) FLIM images of MPA-QDs suspended in solutions mimicking the intracellular environment (SIB) at different pH
values. The scale bars (white lines) represent 10 um. (B) Examples of PL lifetime histograms collected from the images in (A). (C)
pH response of MPA-QD nanosensors suspended in SIB based on data obtained from the FLIM images.

confocal images were recorded following the pro-
cedure and analysis described in the Experimental
Section. The PL decays of MPA-QDs collected from
the FLIM images exhibited multiexponential decay
kinetics, and four exponential functions were needed
to obtain the best fit. The analysis of the four-
exponential decay traces of the MPA-QD PL in bulk
solutions revealed that the calculated average lifetime
was dependent on the pH value of the media, with
a linear response in the physiological pH range? In
particular, of the four lifetime components of MPA-QD,
only the two longest components decreased with
decreasing pH because they are related to the surface
states in recombination processes.® The shortest com-
ponents were pH-independent, which can be attribu-
ted to the intrinsic recombination of populated core
states,?

The FLIM technique allows the visual inspection of
the spatial distributions of the PL lifetimes by analyzing
the PL decay traces of the individual pixels. The
average PL lifetimes in the individual pixels comprise
the FLIM images depicted in Figure 1A. The arbitrary
color scale clearly illustrates that the pH response of
the proposed nanosensors was maintained, even in
these crowded solutions, regardless of the presence
of several ions, proteins, and polymers at relatively
high concentrations. The frequency histograms of the
average PL lifetime were obtained from the pixels of
interest (those in which MPA-QDs were visible with a
total intensity greater than a threshold value; see
Methods) from several images (at least four) collected
under the same conditions (Figure 1B). The inspection
of these distributions also permits the establishment of
the pH response of the nanosensor by looking at the
shift in the populations. Finally, the arithmetic mean of
the average lifetimes in the pixels of interest was
obtained and plotted in Figure 1C. The PL average
lifetime of MPA-QDs displayed an S-shaped variation
similar to that observed with increasing pH of the
Tris buffer solution. However, the calculated linear re-
sponse range from MPA-QDs in the SIBs was narrower
and shifted to higher pH values than that from MPA-
QDs in Tris buffer. Under conditions mimicking intra-
cellular media, the MPA-QDs responded linearly from
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pH 6 to 7.5. In addition, the average lifetimes at more
acidic pH values were slightly higher, in agreement
with passivation occurring at the surface as a result
of the nonspecific adsorption of the proteins of the
medium. The average lifetime of the nanosensors
increased from 8.7 £+ 0.3 ns (at pH < 5) to 154 +
0.2 ns (at pH > 9) (Figure 1C). In this case, fewer free
carboxylic groups are available to be protonated and
produce changes in the PL signal. These variations in
the response behavior are of particular interest when
the nanosensors are applied to the quantification of
pH in biological samples because the linear response
is more closely centered on the physiological pH.
Moreover, the standard error calculated for the aver-
age lifetime of MPA-QDs on a glass surface was con-
sistently low, even though the PL lifetime distributions
were calculated from several FLIM images, which
indicates the robustness of the technique. We also
compared the PL average lifetime of MPA-QDs sus-
pended in the SIBs obtained from the FLIM images
with those determined by conventional time-resolved
fluorometry measurements (see Figures 1C and S2).
Both sets of results were in good agreement.

When evaluating the performance of our proposed
MPA-QD nanosensor, it is important to note that
its sensitivity was higher than other types of fluore-
scent pH probes that use the same detection
technique.'*">33 For example, a whole family of fluor-
escent protein-based pH sensors has been reported for
which the maximum change in the fluorescence life-
time along the response range was ~1.5 ns.'?' Herein,
the change in the PL average lifetime of the MPA-QD
nanosensors from the lowest to the highest point of
the linear response range was approximately 7 ns. This
change in the analytical signal is in agreement with
other QD-based pH nanosensors that exhibit linear
response ranges around physiological pH. For instance,
the PL average lifetime of a QD—dopamine bioconju-
gate shifted from ~7 to ~2.5 ns along the pH response
range (pH 6.5-10.0).3* In another example, the PL
average lifetime of a hybrid QD—near-infrared dye
changed from 29 ns (pH < 7) to 12 ns (pH < 5), although
it was insensitive around the physiological pH, indicat-
ing that a ratiometric strategy would be required for
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quantitative pH measurements in cells and tissues.'®
In addition, the high sensitivity achieved when mea-
suring the average lifetime of QD-based nanosensors
differs more greatly than that of conventional organic
fluorescent probes when intracellular imaging is
employed. In most reported FLIM applications, small
changes in the fluorescence lifetime of the correspond-
ing dyes were observed,'>?**3> with changes some-
times as small as one-hundredth of a nanosecond.'*
This finding demonstrates the high potential of the use
of QD nanoparticles for sensitive intracellular sensing
using FLIM methodologies. Therefore, the linear re-
sponse range, which corresponds to the pH range
within the cell, and the good agreement between both
the bulk solution measurements and the microscopy
results suggest the suitability of the proposed MPA-
QD nanosensors for pH determination in intracellular
compartments.

MPA-QDs To Determine pH in Live Cells. The results
obtained with MPA-QDs deposited on glass slides
suggested that these pH nanosensors could be pro-
mising pH nanosensors as intracellular probes with
FLIM technology. This methodology is particularly
attractive for intracellular sensing because of the ad-
vantages of time-resolved fluorescence techniques.
Sensors based on emission intensity have several
disadvantages for quantitative measurement because
they are prone to be affected by concentration depen-
dence, interference from cell autofluorescence, and
several sources of optical excitation power drift.
However, the use of PL decay times and FLIM may
overcome many of these limitations. For example, in
contrast to intensity measurements, PL lifetime is
independent of the local concentration of the probe
and is inherently robust in the presence of absorption
and scattering, although it is still highly sensitive to
changes in the environment. These advantages, com-
bined with the excellent intrinsic optical properties of
QDs, such as resistance to photobleaching and longer
decay times, enable long-lasting cell tracking and
monitoring of the intracellular environment for the
detection of changes related to various processes.

Thus, these MPA-QD nanosensors were introduced
into live cells to probe intracellular pH. First, MC3T3-E1
or CHO-k1 cells were seeded onto glass slides and
incubated with MPA-QD solutions added to the culture
medium for 2 h at 37 °C. Both CHO-k1 and MC3T3-E1
cells maintained their native morphology during and
after incubation with QDs, indicating that the QD
nanosensors had low toxicity, at least at the concentra-
tion range and the time frame of the experiments. After
the incubation time, the cells internalized the nano-
particles, mainly by cellular endocytosis, and the cells
were scanned to obtain confocal FLIM images. The
effective incorporation of the QD nanoparticles into
the cytoplasm was confirmed by the use of a lipophilic
membrane dye. MC3T3-E1 cells were labeled with
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Figure 2. (A) FLIM images of MC3T3-E1 cells incubated with
MPA-QDs and DiD membrane dye: QD detection channel (i)
and DiD membrane dye detection channel (ii). The scale
bars (white lines) represent 10 um. (B) Overall PL decay
traces from detection channels (i) and (ii) in (A). Gray shaded
regions indicate the effective time window selected to
rebuild the FLIM images in each channel. The red and blue
lines indicate the times for the 635 and 470 nm laser pulses,
respectively. The bleedthrough of the MPA-QD emission
into the DIiD detection channel, shaded in green, was
effectively eliminated.

Vybrant DiD dye, which was excited by an interleaved
635 nm laser (see Experimental Section). This setup,
with two different detection channels and two inter-
leaved excitation lasers, permits the establishment
of two different detection time windows for the 470
and 635 nm excitations, effectively eliminating bleed-
through®®*” of the MPA-QD emission into the DiD detec-
tion channel (see Figure 2B). As shown in Figure 2A, the
MPA-QD nanoparticles were localized in the cell interior
within the same confocal plane as the cell membrane,
indicating that the nanosensors were successfully incor-
porated into the cytoplasm.

The excellent features of the FLIM technique make
the QD-based nanosensors particularly sensitive and
selective because they can be easily distinguished
from other interfering fluorescence, such as cellular
autofluorescence. Figure 3A shows the FLIM images of
MC3T3-E1 cells before and after incubation with MPA-
QD nanoparticles. The cells shown in this figure were
also incubated with the ionophore nigericin and buf-
fers mimicking the extracellular medium at pH 4.87 (ii)
and 8.14 (iii) to change the intracellular pH (see below
and Experimental Section for more details). In the
absence of QDs, the cells displayed minimal PL emis-
sion at the low laser power employed in the acquisition
and an even distribution of autofluorescence lifetimes
across the entire cell, with lifetimes ranging from 1.45
and 2.43 ns. This lifetime range of intrinsic cell auto-
fluorescence is similar to the fluorescence lifetime of
most conventional dyes (1—5 ns)® and is thus comple-
tely indiscernible based on emission lifetime. However,
the FLIM images of cells after the uptake of MPA-QD
showed a strong contrast between the QD lifetimes
and autofluorescence (Figure 3A). The bright spots are
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Figure 3. FLIM images (A) and lifetime distributions (B) of
MC3T3-E1 cells before (i) and after incubation with MPA-QD
(i and iii). Image (i) shows the autofluorescence of the cells.
MC3T3-E1 cells were incubated with nigericin and buffers
mimicking the extracellular medium at pH 4.87 (ii) and 8.14
(iii). The scale bars (white lines) represent 10 um.

QDs inside the cytosol, which were mostly incorpo-
rated via endocytosis. As indicated by the arbitrary
color scale and the lifetime distributions in Figure 3A,B,
the PL average lifetime associated with the QDs was
significantly longer than that of cell autofluorescence,
even when the pH on the inside of the cells was fairly
acidic and the MPA-QD nanosensors displayed the
shortest lifetimes. These long lifetimes are one of the
main advantages of using QD nanoparticles as intra-
cellular imaging probes because they facilitate the
discrimination between the signal from the probe
and the intrinsic fluorescence of the cells and produce
an enhanced signal-to-background ratio.

Many intracellular fluorescence microscopy studies
emphasize the need for fluorophores in the red or
near-infrared region of the spectrum to avoid the
contribution of green cell autofluorescence.®®3? How-
ever, we have demonstrated that the use of FLIM
eliminates the requirement for a near-infrared probe.
The CdSe/ZnS QDs employed in this work exhibited
green fluorescence with an emission maximum cen-
tered at 535 nm, within the range of the green auto-
fluorescence of cells. Nevertheless, FLIM overcomes
the spectral limitation of the fluorescent probe as long
as the fluorescence lifetime of the dye is noticeably
longer than that of the cell autofluorescence.

Once the excellent advantages of the combination
of FLIM with QDs for intracellular detection were
established, the usefulness of the MPA-QDs for intra-
cellular sensing and pH determination was evaluated
in the cytoplasm of CHO-k1 cells. To further explore the
effect of changes in the intracellular pH on the PL
lifetime of MPA-QDs in these cells, the pH of the cell
medium was varied from 4.70 to 8.2 by exposing the
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Figure 4. FLIM images (A) and recovered lifetime histo-
grams (B) of MPA-QDs in the cytoplasm of CHO-k1 cells
after incubation with nigericin in extracellular buffers (EBs)
at different pH values: 5.70 (i), 6.50 (ii), 6.73 (iii), and 8.19 (iv).
The scale bars (white lines) represent 10 um.

cells to the H*/K* ionophore nigericin. The extracellular
buffers (EB) contained K™ at the intracellular concentra-
tion but at different pH values. The ionophore nigericin
equilibrates the concentration of H* and K* along the
cellular membrane. When the extracellular K+ concen-
tration is similar to the intracellular K* concentration in
the presence of nigericin, the intracellular pH approx-
imates the extracellular value.® In these experiments,
the EBs, which provide the depolarizing concentration
of extracellular K, were prepared to reach different pH
values by mixing different proportions of the following
solutions: (a) 135 mM KH,PO, + 20 mM NaCl and (b)
110 mM K,HPO4 4+ 20 mM NaCl. After the uptake of
the QD nanoparticles, the cells were incubated in the
EBs at 37 °C for 10 min and were scanned to record the
FLIM images.

Figure 4 shows the changes in the PL lifetime of
MPA-QDs in the cytoplasm of CHO-k1 cells treated with
nigericin in EBs at pH values of 5.70, 6.50, 6.73, and 8.19.
The arbitrary color scale of the FLIM images permits
the direct visualization of the changes in the MPA-QD
emission lifetime. Likewise, the PL lifetime distribu-
tions of the regions of interest (pixels with QD emission
detected) permit a more quantitative recognition.
The PL decays of MPA-QDs in the cellular cytoplasm
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displayed the typical temporal behavior of these nano-
particles, indicating that the cytosolic environment
does not significantly affect the multiexponential
kinetics of these semiconductor nanoparticles. How-
ever, the PL decays were fitted to three exponentials
because the number of photons collected from the
images of the QDs in the cells was lower than that
obtained when the QDs were suspended on glass
slides. Further optimization of the laser power or the
scanning speed could increase the number of photons
collected. Figure S3 in the Supporting Information
shows a larger compilation of representative FLIM
images and PL lifetime distributions, demonstrating
the reproducibility of the results.

These results suggest the excellent response of
the proposed MPA-QD lifetime-based nanosensors in-
side the cells. When the MPA-QD nanosensors are
compared with other well-settled intracellular pH in-
dicators, the advantages of the proposed methodol-
ogy are still well-evidenced. For instance, BCECF has
been the most widely used pH indicator for intracellu-
lar sensing by ratiometric excitation methods but is
unsuitable in ratiometric emission approaches since
its relative emissions at any two different wavelengths
are not significantly dependent on pH.*' However,
unlike our method, BCECF shows disadvantages for
intracellular pH measurements, such as pK, shifting
from 7.8 to 6.8 depending on the ionic strength of the
environment*? and leakage from cells.** Furthermore,
if the dye accumulates in certain regions of the cell,
then it can provide different pH values indicative of dye
concentration differences. Ratiometric cell permeant
benzoxanthene dyes, such as the SNARF family, have
also been widely used.*’ These compounds show
improved properties as pH indicators because their
ratiometric fluorescence is not significantly dependent
on the dye's concentration or on the ionic strength of
the surrounding aqueous media, but they also show
some drawbacks, such as low quantum yields and the
fact that intracellular pH values under 7.0 cannot be
measured accurately because of a pK, as high as 7.5.*
Giving that certified standards for measuring intracel-
lular pH do not exist, the advantages of our method
should support a performance at least as reliable as
the well-established approaches. Moreover, our sensor
also presents the previously mentioned advantages of
the FLIM technique over other intracellular fluorescent
nanoparticle-based pH sensors that use PL intensity as
the detection signal.>3*4%446 Only a few studies have
investigated the combination of pH-sensitive QDs and
PL lifetime measurements, with no reports on intra-
cellular applications.2'%3* For instance, Mattoussi and
colleagues developed a QD—dopamine bioconjugate
that included the characterization of the pH response
with lifetime measurements. Nevertheless, for moni-
toring variations in the intracellular pH, they did not
take advantage of the time-resolved techniques but
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used conventional fluorescence microscopy.>* Another
benefit of the proposed methodology is that it only
needs a single detection channel, in contrast with the
ratiometric approaches, which require multicolor or
multichannel detection systems.*>*® Thus, to the best
of our knowledge, this work represents the first attempt
to detect and quantify changes in the intracellular
pH with lifetime imaging of QD nanoparticles in living
cells. This application demonstrates 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.

CONCLUSIONS

We have demonstrated the unique features of FLIM
in combination with QD nanoparticles for intracellular
sensing. Although previous studies have reported
nanosensors based on modified QDs, luminescence
intensity has been by far the most popular choice for
the detection, mainly because they require relatively
inexpensive instruments and simpler performance and
analysis. In this work, it has been shown that PL lifetime
is highly sensitive to changes in the environment,
which permits its use as detection signal for the
development of sensors. As a proof of principle, the
intracellular pH was monitored using pH-sensitive MPA-
QDs and time-resolved fluorescence methodologies.
The FLIM technology permits the monitoring of pH
changes within the cellular cytoplasm and therefore
provides a sensitive readout for the quantification of
the intracellular pH.

The results presented herein show a successful first
approach. Nevertheless, there is still a place for several
improvements. On the one hand, automation of the
analysis process can shorten the postprocessing time.
Although an intensity threshold was employed to en-
sure the analysis of pixels containing only QDs emission,
a visual inspection of the selected regions of the
image was required to avoid potential artifacts. The
development of automated algorithms for the selection
of regions of interest is, hence, an attractive line for
progress. On the other hand, the linear response of
the proposed nanosensors is located around 6.0—7.5,
which limits their applications to this range. However,
the applications might be extended to the quantifica-
tion of the pH in other cellular compartments with more
acidic pHs, like endosomes and lysosomes, by the
correct modification of the QD surface. For instance,
we are currently optimizing the attachment of some
specific receptor groups on the QDs in order to deliver
the nanosensors to particular organelles, like the mito-
chondria. This would permit measuring changes of pH
within these compartments during important cellular
processes. In addition, we are also investigating the
effect of active charge transfer derivatives attached on
the QD surface to cause shifts to the pH response.
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With careful selection of the chemistry on the QD
surface for the preparation of new nanoscale, intra-
cellular sensitive probes, the method can be extended
to the determination of a wide range of molecules

EXPERIMENTAL SECTION

Materials. All experiments were performed using molecular
biology grade chemicals and Milli-Q water. CdSe/ZnS core—
shell QDs with a maximum emission at 535 nm and hexadecy-
lamine as a lipophilic chain surfactant were purchased from
Evident Technologies (New York, NY). 3-Mercaptopropionic acid
(MPA) was purchased from Fluka (Spain). Ficoll400, bovine serum
albumin (BSA), nigericin, and all inorganic salts and buffers were
used as obtained from Sigma-Aldrich (Spain). The pH of solu-
tions and buffers was adjusted using diluted NaOH and HCl
dissolved in Milli-Q water. Vybrant DiD membrane cell labeling
solution was purchased from Invitrogen (Spain). For cell culture,
Dulbecco's modified Eagle's medium (DMEM), alpha minimum
essential medium (MEM), fetal bovine serum (FBS), penicillin,
and streptomycin were obtained from Sigma. All chemicals were
used as received without further purification, and stock solutions
were kept at 4 °Cin a refrigerator and in the dark when not in use
to avoid possible deterioration via exposure to light and heat. All
solutions were filtered with 0.2 um filters (Whatman) before use.

Synthesis of Water-Soluble MPA-Capped CdSe/ZnS Nanoparticles. As
reported previously,’ core—shell QDs coated with MPA (MPA-QDs)
were obtained by exchange of the lipophilic (hexadecylamine,
HDA) capping on the surface of the commercial CdSe/ZnS core/
shell QDs with a water-soluble molecule, MPA. The procedure is
briefly described in the Supporting Information. These nanoparti-
cles were stable for several months, provided that they were kept
dissolved in buffer solutions of pH greater than 7. At acidic pH,
the MPA-QD nanoparticles started to aggregate. The final con-
centration of the nanoparticles was calculated by absorption
spectroscopy.

Cell Culture. Wild-type Chinese hamster ovary (CHO-k1; ATCC
No. CCL-61) and MC3T3-E1 preosteoblast (ECACC 99072810)
cell lines were provided by the Cell Culture Facility, University of
Granada. CHO-k1 cells were grown in DMEM supplemented
with 10% (v/v) FBS, 2 mM glutamine, 100 U/mL penicillin, and
0.1 ug/mL streptomycin at 37 °Cin a humidified 5% CO, incubator.
MC3T3-E1 cells were grown in MEM containing 10% fetal bovine
serum and 1% penicillin—streptomycin at 37 °C in a humidified
5% CO, incubator, as described previously.”” For the microscopy
experiments, CHO-k1 and MC3T3-E1 cells were seeded onto
20 mm diameter slides at a density of 11250 cells/cm?. The glass
slides were washed with DMEM medium and phosphate-buffered
saline (PBS) before adding the cells.

QD Uptake and Intracellular pH Modification with Nigericin. CHO-k1
and MC3T3-E1 cells seeded onto glass slides were incubated
with MPA-QDs (200 uL, 2 uM in Tris pH 8) for 2 h at 37 °C.
The cells were washed twice with 10 mM Tris buffer at pH 7.4.
The QD-loaded cells were later incubated at 37 °C for 10 min
with a buffer mimicking the extracellular medium (extracellular
buffers, EB) in the presence of 52 uM nigericin, a H*/K*
ionophore.*® The EB was prepared by mixing appropriate
proportions of solutions of 135 mM KH,P0O,/20 mM NaCl and
110 mM K,HPO,/20 mM NaCl at room temperature to obtain
different pH values ranging from 4.70 to 8.16.

Instrumentation. Fluorescence lifetime images were recorded
with a MicroTime 200 fluorescence lifetime microscope system
(PicoQuant, GmbH, Germany) using the time-tagged time-
resolved (TTTR) methodology, which permits the reconstruction
of the photoluminescence decay traces from the QD nano-
particles in the confocal volume. In the experiments involving
solely QDs in a single detection channel, the excitation source
consisted of a 440 nm pulsed laser (LDH-P-C-440, PicoQuant
GmbH, Germany), operating at a power of ~0.9 uW. The
experiments performed with QDs in cell cultures with Vybrant
DiD as the cell membrane reporter were carried out in the same
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with high biological impact inside cells. Thus, FLIM
is a useful tool on which to base the development
of new time-resolved-based nanosensors for use in
research.

instrument, but using dual-color pulsed interleaved excitation
(PIE).3%37 The excitation was achieved by two spatially over-
lapped lasers, alternated on the nanosecond time scale. The two
lasers were a 470 nm (LDH-P-C-470, PicoQuant) and a 635 nm
(LDH-P-635, PicoQuant) pulsed laser. Further details on the
FLIM setup can be found in the Supporting Information. In all
experiments, data acquisition was performed with a Timeharp
200 single photon timing module (PicoQuant) in TTTR mode,
with a time resolution of 116 ps per channel, enabling the
reconstruction of the PL decay histogram. To image a region,
the sample was raster-scanned with an x—y piezo-driven device.
The image data were normally acquired with a 512 x 512 pixel
resolution with a collection time of 0.60 ms per pixel.

Photoluminescence decay traces of the QDs in bulk solu-
tions mimicking the intracellular environment were recorded in
single photon timing mode using the FluoTime 200 fluorometer
(PicoQuant, GmbH) described previously.7 Briefly, the samples
were excited by the 440 nm pulsed laser mentioned above with
a 10 MHz repetition rate. The full width at half-maximum of the
laser pulse was ~80 ps. The fluorescence was collected after
crossing through a polarizer set at the magic angle and a 2 nm
bandwidth monochromator. Fluorescence decay histograms
were collected in triplicate using a TimeHarp200 board with a
time increment per channel of 36 ps at an emission wavelength
of 540 nm, until reaching 6 x 10* counts in the peak channel.
The histograms of the instrument response function (IRF) were
acquired with a LUDOX scatterer.

FLIM Imaging of MPA-QDs in Buffered Solutions and in CHO-k1 and
MQT3-E1 Cells. FLIM imaging experiments of MPA-QDs at differ-
ent pH values were performed in 10 mM Tris buffer or in buffer
solutions mimicking the intracellular environment. The compo-
sition of these synthetic intracellular buffers (SIB) was 10 mM
Tris buffer, 150 mM K™, 50 mM Na™, 1 mM Ca®", 1 mM Mg*>", 1%
Ficoll400, and 0.2 mg-mL~" BSA, adjusted to different pH values
with HCl or NaOH. The following protocol was used for image
acquisition. The microscope glass slide was washed and soni-
cated twice with 1 M KOH, followed by ethanol. Once the slide
was positioned on the microscope objective, the surface was
washed twice with 40 ulL of the buffer to be analyzed. Then,
40 uL of the MPA-QDs (approximately 400 nM) was dissolved in
the same buffer at the required pH and was deposited on the
slide. After 5 min, the solution was removed, and an additional
40 uL of the buffer was added. This protocol ensured that
the coating of the surface was not too crowded, was suitable for
imaging, and avoided interactions between individual nano-
particles, while maintaining the pH of the solution. Finally,
raster-scanned confocal images in TTTR mode were recorded
by the MicroTime 200 fluorescence lifetime microscope system.
A prescan of a wide area was performed to choose regions of
interest. Then, smaller regions (between 100 and 300 zm?) were
imaged with a spatial resolution of 20 to 35 nm/pixel.

For the microscopy experiments with CHO-k1 and MC3T3-
E1 cells, the glass slides with seeded cells loaded with MPA-QDs
were imaged on the FLIM microscope. Unless otherwise stated,
80 x 80 um regions were scanned with a spatial resolution of
156 nm/pixel.

Methods of Analysis. The FLIM image data were analyzed using
SymphoTime (PicoQuant) software. The FLIM images were
reconstructed by sorting all photons corresponding to a single
pixel into a temporal histogram by the TTTR methodology. The
regions of interest (pixels containing QD emission and at least
200 photons per pixel) were selected, and the overall PL decay
trace from these regions was reconstructed. The decay trace
was fitted to a three- or four-exponential function through an
iterative reconvolution method (see Supporting Information)
based on the maximum likelihood estimator (MLE), which yields
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the best parameter fitting for low count rates.*® The instrument
response function for the iterative reconvolution analysis was
reconstructed from a monoexponential decay trace from 30 nM
fluorescein in basic pH aqueous solution, using the Sympho-
Time software. To obtain the FLIM image, spatial rebinning of
5 x 5 pixels and temporal binning of four channels in the single
photon timing scale (for a final 464 ps/channel temporal
resolution) were employed to achieve higher counts in each
pixel. The individual decay traces in each pixel were fitted to the
same multiexponential function, leaving the decay times as
fixed parameters and the pre-exponential factors as the only
adjustable parameters. The image could then be redrawn using
an arbitrary color scale showing the average lifetime values in
each pixel, calculated using eq 1:*°

Tave = ZG,‘TI-Z/ZG;T; (1)

In the images from the cell interior, a decay time of 1.5 ns
was fixed to account for cell autofluorescence. The average
decay time of the QDs was then calculated using eq 1 but
removing the contribution of the 1.5 ns component.

Frequency distributions of the average lifetimes found
in the pixels of interest are presented in Figures 1, 3, and 4.
These distributions give an idea of the average lifetime value,
as well as the precision of the measurements (width of the
distributions). Broad distributions indicate a heterogeneous
environment for the MPA-QDs. These distributions have the
potential to reveal the presence of different populations
(different pH environments). The single average PL lifetimes
reported in Figure 1C and Figure S1 are the arithmetic mean
from the average lifetimes in all the pixels in the regions of
interest.
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