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ABSTRACT: Small-molecule chemical calcium (Ca*") indicators ~ 405 nm
are invaluable tools for studying intracellular signaling pathways

but have severe shortcomings for detecting local Ca** entry.
Nanobiosensors incorporating functionalized quantum dots

(QDs) have emerged as promising alternatives but their
intracellular use remains a major challenge. We designed cell-
penetrating FRET-based Ca®* nanobiosensors for the detection of

local Ca®* concentration transients, using commercially available
CANdot565QD as a donor and CaRuby, a custom red-emitting

Ca®* indicator, as an acceptor. With Ca’*-binding affinities
covering the range of 3—20 uM, our CaRubies allow building 565 nm

sensors with a scalable affinity for detecting intracellular Ca**

transients at various concentrations. To facilitate their cytoplasmic delivery, QDs were further functionalized with a small cell-
penetrating peptide (CPP) derived from hadrucalcin (Hadyg;_;;: H11), a ryanodine receptor-directed scorpion toxin identified
within the venom of Hadrurus gertschi. Efficient internalization of QDs doubly functionalized with PEGS-CaRuby and H11 (in a
molar ratio of 1:10:10, respectively) is demonstrated. In BHK cells expressing a N-methyl-p-aspartate receptor (NMDAR)
construct, these nanobiosensors report rapid intracellular near-membrane Ca®' transients following agonist application when
imaged by TIRF microscopy. Our work presents the elaboration of cell-penetrating FRET-based nanobiosensors and validates
their function for detection of intracellular Ca*" transients.

CaZ*ions

604 nm

KEYWORDS: Quantum dot biosensors, nanoparticle surface chemistry, FRET-based calcium probes, red-emitting calcium indicator,
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F ree calcium (Ca") acts as a ubiquitous second messenger membrane volume invaded by local Ca®" signaling events (see
in numerous intracellular signaling pathways. Ca*" controls ref 1 for a measure of the external juxtacellular [Ca**]). Also,
cell metabolism, gene expression, vesicular trafficking and the intracellular diffusion of both the Ca®* ions and the
exocytosis to name a few functions. Ca’* signals gain specificity fluorescent Ca”* indicator contributes to the rapid equilibration
by acting on different spatial and temporal scales. However, of Ca’" gradients. Therefore, immobilizing and up-concentrat-
detecting fast and local Ca®* concentration ([Ca**]) changes

presents a major experimental challenge for microfluorimetric Received: November 12, 2013

Ca®* measurements with conventional Ca?* indicators because Revised:  April 16, 2014

only a few indicator molecules are localized in the small near- Published: April 23, 2014
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Table 1. Physical Parameters of QDs

core/2 shells/surface ligand radius

QD donor
CANdot 565 organic

surface ligand (nm)

HDA/TOP/TOPO

CANdot 565-KC ~1.8 + 025

~24 = ~38

50% pC/(pC + pK)
85% pC/(pC + pK)

~147% + 0.6 + ~12 = ~ 327

R, (A) with ° (A) with PEGS
QY % e M em™) CaRuby kDa
68 303764@40S nm
99040@543 nm
56 303764@40S nm 45 54
S1 99040@543 nm

“CdSe core estimated from the 543 nm first-exciton.*! “CdS/Zn$ shell.** “CdSe/CdS/ZnS by TEM (Supporting Information Figure S2). “(pC+

pK) from ref 29 “See Figure 2b.

ing the Ca’" sensitive dye, for example, by binding several
molecules to a slowly diffusing dextran or nanoparticle is
expected to report local [Ca®"] transients more accurately.

The development of fluorescent inorganic colloidal nano-
particles (quantum dots, QDs, with a core diameter of 2—10
nm) that combine high brightness, photostability, and narrow
emission spectra has been a breakthrough for single-particle
imaging.”> QDs are being used as molecular beacons to
monitor enzymatic reactlons,2 > track single vesicles following
their endocytic uptake,® or for studymg membrane diffusion of
individual QD-tagged receptors,®~ all of which are experiments
in which QDs report molecular position. Adding a sensing
functionality to this localization information, for example, via
Forster resonance energy transfer (FRET) opens new tracks for
developing powerful tools in the fields of toxin detection, cell
physiology, and pathology.'*~"?

Despite the synthesis and characterization of several
nanobiosensors in vitro, their intracellular use is still
challenging. Two major obstacles have impeded cell studies
with FRET-based QD sensors: (i) in our experience, Ca**
indicators that display low basal fluorescence and high
sensitivity alone often show a disappointing performance
once linked to a QD donor, and (ii) getting across the plasma
membrane in a noninvasive way is another difficult step.
Cationic liposomes yield generally low transfection rates while
further inducing damaging cellular stress. The demonstration
that ferromagnetic beads linked to Tat-derived cell penetrating
peptides (CPPs) enter cells points to a potentially more
efficient delivery strategy.'®> Besides penetratin, a peptide from
the insect homeotic protein Antennapedia,'*'> natural CPPs
have been derived from scorpion toxins targeted toward the
ryanodine receptor.'®™'® In contrast to the widely used
positively charged CPPs,'*™>' these latter peptides efficiently
drive internalization at nanomolar concentrations even if they
are not charged.”

QDs functionalized with these peptides enter cells, the most
potent ones delivering them into the cytoplasm rather than
getting stuck in the endosomal pathway.”*** To date, no ionic
nanobiosensor having both sensing and cell-penetrating
function has been reported. The synthesis of such a
nanobiosensor is complicated by the fact that QDs must be
rendered water-soluble in a first step, bound to the Ca?
indicator in a controlled manner (stoichiometry, donor/
acceptor distance), and the CPPs linked to the surface as well.

Here, we design and validate both in vitro and in situ, a
FRET-based cell-penetrating Ca** nanobiosensor combining a
green fluorescent CdSe/CdS/ZnS (core/2 shells) QD donor
with a red-fluorescent Ca?* indicator of 3 uM affinity for Ca**
binding (CaRubyMe).**

Our sensor is also functionalized with a H11 CPP from a
scorpion toxin to facilitate its cyt glasmlc entry. By building on
the recently developed toolbox*>~>” of CaRuby Ca>" indicators
with affinities for Ca** binding ranging from 3 to 20 uM, Ca**
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biosensors with a similar architecture can be generated that will
cover the entire biologically relevant range of local Ca®" signals.

Results and Discussion. Preparation of Hydrophilic
Peptide-coated Quantum Dots. We worked with a single,
large batch of CANdots that combine high quantum yield (QY:
68%) and narrow peak emission at S65 + 8 nm with a fwhm of
50 nm, that is, small size variability. With the first exciton peak
at 543 nm, their emission overlaps with the absorption
spectrum of our CaRubies (Supporting Information Figure
S1), yielding a calculated Forster radius of 4.5 nm. We used a
single batch, kept in hexane at 4 °C, that was stable over two
years of experimentation.

To obtain hydrophilic QDs we used ligand exchange of the
passivating trioctylphosphine/trioctylphosphine oxide (TOP/
TOPO) layer by short phytochelatin-related peptides that bind
by metal-affinity of a cysteine-rich (FCC); adhesive domain to
the CdZnSe QD surface.”® The number of peptides that can be
accommodated on a ~600 nm emlttmg QD is ~25-30 for the
phytochelatin-like peptides®”*® ensuring valence control. This
amphiphilic peptide coating provides small diameter, mono-
disperse, negatively charged, hydrophilic nanoparticles with a
high colloidal stability. Using transmission electron microscopy,
we estimated their size and obtained a mean radius of 1.8 +
0.25 nm (Supporting Information Figure S2). We showed that
the average size of the core/2 shells particles remained the same
while the total size of QDs slightly increased after the ligand
exchange (Table 1).

To facilitate binding of biomolecules to the QDs we first
introduced mixed SH-terminated and NH,-terminated phyto-
chelatin-like peptides (pC and pK, respectively, see legend of
Figure 1 and Supporting Information Material and Methods) in
a 1:1 ratio, half of them, the pCs, to be engaged in a SH/

cell penetrating|
peptide

1 N
__{~Cys-peptide _{~ Lys-peptide g PEGCaRuby ()-maleimide 37

Figure 1. FRET-based Ca® biosensors. (Step 1) The QD TOP/
TOPO passivating layer was replaced by a peptide coating made by
mixing cysteine (SH function) and lysine (NH, function) terminated
peptides (pC, Ac-CGSESGGSESG(FCC);F-amide; and pK, NH,-
KGSESGGSESG(FCC),F-amide respectively). Both components
(hydrophobic QDs and peptides) were first dissolved in their
respective solvents, pyridine and DMSO.* After mixing, surfactant
exchange and peptide binding were initiated by raising the pH. (Step
2) Nanoparticles were further functionalized by adding CaRuby (red
dots) and cell-penetrating peptides (CPP, purple wiggle) onto
peptide-coated QDs using a SH/maleimide linking reaction.

dx.doi.org/10.1021/n1500733g | Nano Lett. 2014, 14, 2994—3001
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maleimide linking reaction for further ligands conjugation®”
(Figure 1). The resulting constructs retained the photophysical
properties of the original hydrophobic QDs (Table 1) with an
only minor decrease of the fluorescence QY by ~12%. Because
we aimed additionally at rendering the QDs membrane
permeable by grafting CPPs, we considered increasing the
relative number of pC peptides, but pC-only decorated QDs
displayed a dramatically reduced QY. In contrast, by adding
peptides in a 85:15% pC/pK ratio, some 25 SH sites are
available for further conjugation® while keeping the QY at 51%
(Table 1). We could thus investigate the properties of the
FRET QDs-CaRuby pairs when varying acceptor to donor
molar ratio (A/D).

Building of QD—CaRuby FRET pairs. CaRuby, the red-
emitting Ca®" indicator used here, is an extended rhodamine
linked to a Ca**-chelating BAPTA moiety and having an
additional linker arm (fluorescence excitation and emission
peaks near 586 and 604 nm, respectively). Its Ca**-dependent
fluorescence results from photoinduced electron transfer (PET)
quenching. Ca®* binding relieves PET and the fluorophore
lights up.”®

To functionalize QDs and avoid performing multiple
reaction steps, we decided to synthesize a NH,-terminated-
PEG-CaRuby. The CaRuby PEGylation was efficiently
performed with a commercially available NH,-PEG-alkyne
and CaRuby-N; by copper-catalyzed click chemistry. This
compound was then transformed by a GMBS reaction into a
maleimide-PEG-CaRuby for linkage. After binding maleimide-
PEG-CaRuby to pC-sites of the QDs surface in a chosen QD/
CaRuby stoichiometric ratio, the excess of unbound molecules
of the dye was removed by dialysis (Supporting Information
Figure S3).

Once assembled, we explored the spectral properties of the
QD-CaRuby complexes in a 2 mM Ca®* containing medium
where FRET from the QD core to the rhodamine moiety is
revealed. As illustrated in Figure 2 for QD-PEGS-CaRuby,
FRET between the QD donor (D) and the CaRuby acceptor
(A) increased with the number of CaRuby molecules, as
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Figure 2. FRET upon 350 nm donor excitation, measured as donor
quenching and acceptor sensitization, as a function of A/D ratio, at a
constant [Ca**] of 2 mM. (a) Series of mixed spectra obtained by
increasing the number of PEGS-CaRubyMe while keeping QD
concentration constant. A/D ratio was measured by absorbance at
407 and 581 nm to evaluate QD and CaRuby concentrations,
respectively. (b) Relative donor quenching (QD photoluminescence,
red) and FRET efficiency (black) after linear unmixing. Acceptor
sensitization (Fcurepy (exc@350 nm) —Fqp (exc@350 nm)/(Fc,ruby
(exc@53S nm) is also reported (green). Symbols A, @, B show
results from 3 experiments; black line: fit with E = nR,%/(nRy*+ r°)
with Ry = 45.5 A and variable r = 54.2 + 1.6 A. The line in green shows
average acceptor sensitization for A/D ratio between 2 and 12
(~22%).

2996

expected for multiacceptor FRET.>* We determined the A/D
ratio by linear unmixing of the absorption spectra of the
assembly using the pure A and D spectra. The A/D ratio was
very close to the expected one, after correction for the fact that
only 80% of the PEGs were labeled, implying an almost
complete reaction. FRET efficiency (E = 1 — F',/Fp, where F'y
and Fp, are the donor fluorescence intensities in the presence
and absence of the acceptor, respectively) increased up to 80%
while acceptor sensitization plateaued at 20% when the number
of PEGS-CaRuby was increased up to 10. With a Forster radius
of 4.5 nm, data of FRET efficiency (E) were well described by E
= nR,%/(nRy® + 7°). Fit yielded a center-to-center distance r
between donor and acceptor of 5.4 nm. This value results from
the long S kDa PEG linker (black line in Figure 2b).

Ca®* Sensing. Increasing the FRET efficiency should
maximize the signal-to-noise ratio (SNR) for detecting Ca®"
transients. This can be achieved either by increasing A/D ratio
(Figure 2a) or by reducing the D to A distance. To test the
latter strategy, we prepared PEG-CaRubies of variable lengths:
a custom-synthesized short <0.3 kDa NH,-PEG-alkyne (see
Supporting Information Materials and Methods, PEGO0.3) and
commercial § kDa (PEGS) and 10 kDa (PEG10) NH,-PEG-
alkyne. After coupling these CaRuby derivatives to the QDs, we
systematically investigated the Ca**-sensitivity of the resulting
FRET pairs with fluorimetric titrations in which we switched
from a nominally Ca**-free solution (zero Ca** and 10 mM
EGTA, peak photoluminescence, PL = F;) to saturating (2
mM) Ca’": peak PL = F, and we used the relative increase in
CaRuby fluorescence (dynamic range DR = (F — F,)/F,) as an
index of sensitivity.

Although CaRuby retained a high Ca*'-sensitivity after
binding to PEG by click chemistry (DR = 60), unexpectedly,
QD-CaRuby pairs built from short PEGO.3-CaRuby were
largely Ca®*-insensitive (DR = 0.5, n = 2). This was not due to
the absence of FRET as evidenced by the donor quenching in
the FRET pair (Figure 3b). Prasuhn et al.>* obtained a Ca*'-
sensitive FRET signal when linking CaRuby to a QD through a
short linker attached to a 6-His-terminated peptide composed
of 2 a-helix turns. However, this signal was absent when a
DHLA-PEGO0.75 was intercalated instead of the peptide. This
observation led us hypothesize that excessive proximity of the
CaRuby to the QD surface perturbed Ca**-sensing. This should
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Figure 3. Emission spectra of FRET pairs in the presence (solid) and
absence (dotted) of Ca®*. (a) Normalized emission spectra of free
PEGS-CaRuby. (b) Emission spectra of QD-PEGO0.3-CaRuby with A/
D = 18.8 (blue). (c) Spectra of QD-PEGS-CaRuby with A/D = 7.8.
Acceptor and donor contribution to the spectra was separated by
linear unmixing. FRET, estimated from QDs contribution to the
spectrum, is unchanged (traces of QDs emission in 2 mM Ca** and 10
mM EGTA are superimposed). In panels b and ¢, QDs alone with no
dye yielded a peak emission of about 2500 in both cases so allowing
for direct comparison. In panel ¢, the same batch as in Figure 2 dark
green trace.

dx.doi.org/10.1021/n1500733g | Nano Lett. 2014, 14, 2994—3001



Nano Letters

not be the case when intercalating PEGS or PEG10. However,
even for these longer spacers the DR of the QD-CaRuby pair,
while improving, remained quite low. At a 1:1 molar ratio, DR
was ~1, as if CaRuby was still close to the QD surface, possibly
due to the flexible PEG molecule backing upon itself. We
therefore instead aimed at increasing the DR by systematically
increasing the A/D ratio of PEG-CaRuby molecules bound
onto a single QD, constructing stiffer “hairy ball” geometry.
Red fluorescence emission of QD-PEGS-CaRuby, either in
response to direct excitation or via FRET, slowly but steadily
increased with growing A/D ratio from 1 to 15 (Figure 4a; see
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Figure 4. Ca* sensitivity of QD-PEGS-CaRuby as a function of A/D
ratio. (a) CaRuby emission upon FRET excitation at 350 nm (in
black) and direct excitation at 535 nm (in purple). Filled circles refer
to measurements in a 2 mM Ca’* and empty circles to measurements
in 10 mM EGTA. FRET emission and PL obtained by direct excitation
as well, linearly increase with an A/D ratio in the range 1-15 (PL by
FRET in Ca?* = 380 + 119 A/D ratio; FRET in EGTA = 200 + 36 A/
D ratio). With CaRuby direct excitation, PL in Ca = 200 + 540 A/D
ratio; in EGTA = 2 + 92 A/D ratio. (b) Summary graph displaying
FRET absolute value increase (in 2 mM Ca*'; black circles) whereas
DR (blue dots) is constant when molar ratio was varied between 0 and
15. All data refer to the same QDs concentration. Data from 4 batches
of QD-PEGS-CaRuby.

Supporting Information Figure $4 for QD-PEG10-CaRuby). In
the same range, between 1 and 15 A/D, FRET efficiency
(measured in 10 mM EGTA) also increased. As a result, the
DR from the FRET-activated CaRuby was constant but low at
~2 (Figure 4b). With direct excitation, the DR was about twice
as large but it never exceeded S. Thus, while the DR of CaRuby
is much reduced once linked to QDs, an A/D ratio in the range
of S—15 produces a Ca’**-dependent fluorescence large enough
to allow efficient Ca**-sensing (Figure 4b). As we aimed at
visualizing and hence localize nanobiosensors inside the cell,
even at resting intracellular [Ca®*], we finally retained an A/D
ratio of 5—10 as a compromise for in situ experiments.
Noticeably, these constructs proved to be stable over at least 2
months.

Next, we examined if the Ca®-binding affinity of CaRubyMe
was changed by the nanosensor assembly. Samples of QD-
PEGS-CaRubyMe (A/D ratio = 9) prepared at concentrations
of 0.5 uM CaRuby were mixed with Ca®* concentrations
increasing from 0.1 up to 1000 uM (Figure Sa). Hill fit with
fluorescence peaks from two separate experiments confirmed a
Ky of 2.9 + 0.3 uM (Figure Sb), not distinguishable from the
3.4 + 0.5 uM, previously reported for CaRubyMe alone. Thus,
despite its attachment in proximity of the highly charged QDs
surface, CaRubyMe affinity for Ca** was unaltered. Further-
more, the k,, for Ca®>" binding to the nanobiosensors
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Figure 5. Fluorimetric titration against [Ca’*] of QD-PEGS-
CaRubyMe complexes (A/D ratio = 9; buffer containing (in mM):
100 KCI and 30 MOPS, pH 7.2). (a) Superimposed fluorescence
curves in the presence of increasing concentrations of Ca® as plotted
in the dose—response curve on the right (red dots: direct excitation of
CaRuby at 535 nm). (b) Peak fluorescence versus [Ca®*] for two
independent titrations, filled and empty red dots, respectively. Red
continuous line is Hill fit of all in cuvette data points, K4 = 2.9 + 0.3
M. Black triangles and dotted line show in cell-Ca2+ calibration using
flow cytometry yielding a Ky of 7.6 + 1.4 uM.

(calculated from the Ky and stopped-flow measurement of
the k.g: ~150 s™') was of the order of 10 M~ s7!, as expected
for BAPTA-based Ca** chelator.>>*¢ This high k,, value makes
our sensors an adequate tool for detecting fast [Ca*'];
transients (Supporting Information Figure SS).

Internalization of Nanobiosensors. To promote the
intracellular translocation of functionalized QDs, we used
CPPs of specially high efficiency that we recently identified,
derived from toxins targeted against the intracellular ryanodine
receptor.”” Uptake of H1l (Smartox Biotechnology, Saint
Martin d’Héres, France), a CPP derived from the scorpion
toxin hadrucalcin, was already significant at a concentration as
low as 500 nM (Supporting Information Figure S6). Incubation
of cells with 100 nM QDs functionalized with 5—10 CPPs
brings CPP local concentration in this range. Baby hamster
kidney cells (BHK-21) were incubated for 2 h with 100 nM
QDs doubly functionalized with PEGS-CaRuby and H11 in the
molar ratio 1:10:10 and the internalization efficiency was
evaluated by live-cell confocal imaging. The nucleus and the
plasma membrane were counterstained to better assess the
cytoplasmic location of the QDs (Figure 6a).

As seen on the confocal section shown in Figure 6b, QD-
CaRuby-H11 complexes penetrated inside the cells and were
distributed throughout the cytoplasm. However, compared to
conventional chemical Ca®" indicators our sensors have a
pointillistic distribution. This pointillistic distribution of our
sensors provides a localized read-out of [Ca*"] at discrete
points where the CaRuby has been up-concentrated. Internal-
ization of functionalized QDs occurred without damaging side
effects (Supporting Information Figure S7).

Because the number of internalized QDs varied from cell to
cell, a first quantification of the internalized QDs was carried
out using imaging flow cytometry. For the analysis QDs located
in close vicinity to the plasma membrane were subtracted
whether on its extracellular or intracellular sides. A number of
QDs without CPPs were internalized; QDs internalization,
however, as illustrated in Figure 6c, is almost doubled by CPPs
addition, with no further improvement when going from 5 to
10 CPPs.

Electron micrographs of BHK cells loaded with QD-CaRuby-
H11 complexes show groups of ~15—20 QDs dispersed over
an area of ~500 nm diameter probably corresponding to the
spots observed in confocal microscopy. Though at this point we

dx.doi.org/10.1021/n1500733g | Nano Lett. 2014, 14, 2994—3001
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Normalized number of QDs/cell

QD-CaRuby QD-CaRuby-5H11  QD-CaRuby-10H11

Figure 6. Cell penetration of QDs doubly functionalized with CaRuby
and cell penetrating peptide H11. (a) Confocal microscopy section of
live BHK-21 cells with Hoechst nuclear staining (green) and
concanavalin-Alexa 647 membrane staining (red). (b) BHK-21 cells
with internalized QDs. Gray dots show QDs-CaRuby-H11 emission
upon direct excitation of CaRuby at 561 nm. Scale bar, 20 ym. (c)
Imaging flow cytometry analysis of QDs penetration. Normalized
average number of internalized QDs per cell for QD-CaRuby alone,
QD-CaRuby-5H11, and QD-CaRuby-10H11 complexes, respectively.
Measurements made upon CaRuby direct excitation at 561 nm. Data
show mean + s.e.m for 100 cells of each sample; *—p < 0,05 compared
to QD-CaRuby.

do not know their exact path for cell entry, we show QDs to be
not enclosed in a membrane-delimited compartment (Figure
7). This is the conclusion attained with a TEM image poorly
contrasted to better see the small size QDs (Figure 7) and as

e

RER

Bt * N2
e e 5

500 nm

Figure 7. EM micrograph of QD-CaRuby-H11 complexes internalized
in aBHK cell. Image shows zoom on the region of interest identified
on the inset image. Individual QDs (arrow) appear as electron-dense
spots of ~5 nm diameter, dispersed throughout the cytoplasm. Larger
and less dense punctiform structures are the rough endoplasmic
reticulum (RER) and ribosomes.
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well of an TEM image where the contrast has been increased to
the point when some uranyl acetate deposits are formed
(Supporting Information Figure S8). Thus, our nanobiosensors
are exposed to the intracellular medium and hence should be
able to report the local cytoplasmic Ca*" concentration.

Intracellular Ca** Nanobiosensing. To demonstrate the
Ca’*-sensing ability of our sensors inside live cells we used
HEK293 cells expressing N-methyl-p-aspartate receptors
(NMDARs). These are plasma membrane cation-permeable
channels mediating Ca** influx upon activation by agonist
binding. Our nanobiosensors were loaded as described above,
followed by the resuspension of the cells in a HEPES-buffered
medium for time-lapse fluorescence measurements. External
[Ca®] was raised to 10 mM to maximize Ca** entry upon
receptors activation.

After loading of QD-CaRuby-H11 complexes, some QDs
remained attached to the external side of plasma membrane,
which resulted in a high background fluorescence. This
background was efficiently reduced by adding to the
extracellular saline 40 uM Cu?*, an effective QDs and CaRuby
quencher.”**” The Ca®* binding affinity (K;) to the nanosensor
was slightly increased, an effect described for other Ca*
indicators and possibly related to the higher viscosity of the
intracellular medium (see Figure Sb dotted line).

Injection to the cell suspension of the NMDAR agonists
glutamate and glycine in the presence of external Ca’
produced an increase of the CaRuby fluorescence (Figure 8c,
red trace), as expected from the NMDAR-mediated Ca’* influx
(Figure 8a), confirming the intracellular responsiveness of our
Ca’" nanobiosensors.

Preincubation of the cells with APV, a NMDAR antagonist,
(Figure 8b) almost completely abolished the agonist-evoked

glutamate ’ .glycine

(o]

Normalized fluorescence

Time, s

Figure 8. Intracellular [Ca®*] measurement in a suspension of
HEK293 cells transfected with NMDARs and incubated with 100 nM
nanobiosensors. Schematic representation of (a) NMDAR activation
by coapplication of agonists (100 M glutamate and 20 M glycine)
followed by Ca** influx into the cell and (b) of the NMDAR blockade
by an antagonist (100 uM APV) preventing Ca®* influx upon
application of the agonists. (c) Intracellular Ca**-dependent acceptor
fluorescence as a function of time. Arrowhead marks application of
agonists in absence of antagonist or after blocking NMDAR by APV,
red and black traces, corresponding to conditions (a) and (b)
respectively (2 replicates in 3 independent experiments).

dx.doi.org/10.1021/n1500733g | Nano Lett. 2014, 14, 2994—3001
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Ca*" response (Figure 8c, black trace). Likewise, no
fluorescence increase was observed when applying agonists in
Ca’ free medium (data not shown). The Ca** response of our
sensors is similar to that obtained using conventional dyes and
cells, expressing the same subunits of NMDA receptor-
channels.®® We thus show that our QD-based Ca®* nano-
biosensors can specifically detect Ca** changes in a biologically
relevant paradigm of receptor activation.

Finally, to demonstrate the ability of developed nano-
biosensors to detect local subcellular Ca?* signals in live cells,
we loaded QD-CaRuby-H11 nanobiosensors into BHK cells
stably expressing the NR1 and NR2 subunits of the NMDAR.*®
To visualize near-membrane QD sensors, we used total internal
reflection fluorescence (TIRF) microscopy, simultaneously
detecting in the green and red channel upon 405 and 568
nm evanescent-wave excitation on a custom prism-type VA
TIRF microscope,” (Supporting Information Figure S9). To
reduce noise caused by extracellularly attached QDs, QD-
loaded cells were trypsinized and replated on quartz coverslips
displaying a low autofluorescence. After trypsinization, transient
CuSO,, addition to BHK cells is not necessary unless an
improved signal-to-noise ratio is sought (see Supporting
Information Figure S10 illustrating the characteristics of the
Cu?* effect).

Evanescent-wave illumination allowed visualizing only those
nanosensors close to the basal cell membrane with a high
contrast, permitting readout of the fluorescence emitted by
QD-sensors (Figure 9a,b). Ca*" transients were evoked by
NMDAR activation (100 M glutamate, 20 4M glycine and S
mM CaCl,) and responses continuously recorded at 4 Hz
during 3 min before and during agonists application. Figure 9¢
shows the Ca®" transients detected at single sites, after
background subtraction and correction for photobleaching,
expressed as F/F,, where F; is the (local) basal value before
NMDAR activation. Our nanosensors read out local [Ca*]
transients that were distinct both, between cells (cell 1 and cell
2 in Figure 9¢,d) and at the subcellular level, some displaying an
F/F, up to 2.0 whereas some sensors nearby were silent and
others show intermediary values.

Interestingly among the detected Ca®" transients, the F/F,
peak value read in a single cell at saturating concentration of
agonists here applied was 2.2 + 0.9 (ranging from 1.4 to 4.7, n
= 14 cells, on 6 distinct coverslips from 4 distinct batches of
cells). In cell 1, time constants at three regions of interest were
500, 700, and 900 ms, from top to bottom, respectively. In
addition to variability in the agonist application, the distance
from the biosensor to the Ca®* source may account for such
local variations. Along this line, the nonresponsiveness of red-
emitting QDs is coherent with a localization in a cytoplasmic
region ensuing no change in [Ca®'], but also alternatively with a
localization in endosomes because this structure has a [Ca**]
saturating for the probe. Average kinetics of fluorescence
transients recorded with QD-CaRuby-H11 were similar to
those obtained with a conventional bulk-loaded small-molecule
chemical Ca*" indicator, X-rhod-1, AM, when the same cell was
stimulated again following dye loading at the end of the
experiment (Supporting Information Figure S10). Control
applications in Ca®*-free extracellular saline failed to produce
measurable fluorescence changes.

Taken together, these experiments comfort our interpreta-
tion that QD-CaRuby-H11 sensors indeed detect cytoplasmic
Ca’ transients evoked by NMDAR-mediated Ca** influx across
the plasma membrane. Furthermore, sequential applications of

2999

agonists

C cell 1

Figure 9. Read-out of local Ca** transients. (a) Localization of
internalized biosensors (QD-CaRuby-HI11 in a ratio 1:10:10) on the
superimposed bright-field and time-averaged TIRF image of cultured
BHK cells. (b) Schematic representation of the TIRF imaging of Ca**
nanobiosensors. Confinement of excitation light (L) excites only
fluorophores present in a ~100 nm layer above the quartz coverslip
(Q). Among the three nanosensors schematized, only two are
fluorescent while the third one is out-of-reach of the evanescent
wave. (c) Local Ca** detection. Traces show simultaneously acquired
transients in distinct spots in response to bath application of saturating
concentrations of NMDAR agonists (during bottom black line) at
various points in two neighboring cells “1” and “2” (left and right
columns respectively); 700 images, ., = 250 ms. (d) Pseudocolor-
overlay of spot positions on the cell outline. (e) Repetitive simulation
evokes reversible Ca®" transients. Superimposed traces, recorded at a
same point, are responses to two successive bath applications of
NMDAR agonists at a saturating concentration within between a 15
min long continuous bath perfusion of CTR saline for recovery from
desensitization. Ca>* signals were recorded with (c) and without (e) a
previous transient application of Cu?*.

NMADR agonists produced stereotyped reversible Ca**
transients at the same site as expected (Figure 9e).
Compared to classical chemical Ca?" indicators, FRET-based
nanobiosensors are attractive for probing microdomain Ca®"
signals because, (i) QD-based, they combine high brightness
with low cytoplasmic mobility**~* and low photobleaching
compared to organic Ca** probes. (ii) They further allow
localizing by green fluorescence candidate sites even at resting
Ca?*. (iii) With conventional chemical small-molecule Ca?*
indicators and genetically encoded Ca?* indicators (GECIs),
only a few indicator molecules are localized in the small near-
membrane volume invaded by local Ca®* signaling events.**
Here, covalently linking the Ca** sensor to the QD surface
locally up-concentrates the indicator up to the approximately
millimolar range, a concentration that cannot be attained by
simple aqueous dilution, thus (iv) permitting to attain signal-to-
noise ratios favorable for the detection of fast and local Ca?*
transients. (v) Average cytoplasmic concentrations is main-
tained low, and hence exogenous Ca** buffer capacity. (vi)

dx.doi.org/10.1021/n1500733g | Nano Lett. 2014, 14, 2994—3001



Nano Letters

Compared to other red-emitting low-affinity Ca®" probes like
Xrhod-SF or CaRuby-Cl alone, their large molecular weight
prevents mitochondrial internalization and light-induced
cytotoxicity.

Here, using a commercial QD donor, our CaRuby as a red-
emitting Ca®'-sensitive acceptor and a cell-penetrating peptide-
derived cytoplasmically active toxin to facilitate cell entry, our
Ca®** nanobiosensors combine ease of synthesis, controlled
stoichiometric assembly, high colloidal stability and efficient
cytoplasmic delivery. Added to the extracellular saline, these
Ca®" nanobiosensors are internalized within 2 h to display a
punctate cytoplasmic distribution when imaged with TIRF
microscopy on the day thereafter, after replating. In a cell line
stably expressing the Ca**-permeable NMDA receptor channel,
we detected heterogeneous intracellular Ca®" transients
following receptor-activation with specific agonists, thus
providing the first validation of Ca’" nanobiosensors for
subcellular biological Ca®" imaging in live cells.

The next logical step is the targeting of our sensor by its
further functionalization with specific antibodies to a high-
conductivity Ca®>* channel such as the RyRs (400 pS) or
NMDARs (50 pS) and perform optical single-channel record-

mng.
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