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Time-gated Forster resonance energy transfer (FRET) using the unique material combination of long-lifetime terbium
complexes (Tb) and semiconductor quantum dots (QDs) provides many advantages for highly sensitive and multi-
plexed biosensing. Although time-gated detection can efficiently suppress sample autofluorescence and background
fluorescence from directly excited FRET acceptors, Tb-to-QD FRET has rarely been exploited for biomolecular imaging.
We demonstrate Th-to-QD time-gated FRET nanoassemblies that can be applied for intra- and extracellular imaging.
Immunostaining of different epitopes of the epidermal growth factor receptor (EGFR) with Tb- and QD-conjugated
antibodies and nanobodies allowed for efficient Tb-to-QD FRET on A431 cell membranes. The broad usability of
Tb-to-QD FRET was further demonstrated by intracellular Tb-to-QD FRET and Tb-to-QD-to-dye FRET using micro-
injection as well as cell-penetrating peptide-mediated endocytosis with HeLa cells. Effective brightness enhance-
ment by FRET from several Tb to the same QD, the use of low nanomolar concentrations, and the quick and sensitive
detection void of FRET acceptor background fluorescence are important advantages for advanced intra- and extra-

cellular imaging of biomolecular interactions.

INTRODUCTION

Fluorescent biosensors are essential tools that make it possible to dy-
namically visualize molecular interactions, second-messenger concen-
trations, and other biologically relevant species and processes in living
cells (I, 2). Microscopic imaging of Forster resonance energy transfer
(FRET) between two proximal fluorophores, usually fluorescent pro-
teins (FPs), is the most common strategy for engineering biosensors
(3). FRET is a nonradiative transfer of energy from an excited donor
fluorophore to a nearby acceptor, whose absorption spectrum must
overlap with the photoluminescence (PL) spectrum of the donor
(spectral overlap). FRET can be detected as a decrease in the PL intensity
or lifetime of the donor or as an increase in the PL intensity of the ac-
ceptor, if the acceptor is fluorescent (4). Because FRET is highly sensitive
to changes in distance over a scale of ca. 1 to 20 nm, it is particularly
useful for measuring changes in the level of interaction between two
proteins or conformational changes within a single protein. Although
FPs are the most widely used fluorescent labels for cell-based studies,
their broad and overlapping spectra necessitate acquisition and pro-
cessing of two or three images per frame, resulting in lower FRET
signal-to-noise ratio and temporal resolution (5, 6). Moreover, it is very
difficult to accurately measure signals from two or more colocalized
FRET pairs (2, 7, 8).

Unlike FPs or other conventional fluorescent materials, luminescent
lanthanide (Ln) complexes have millisecond-scale excited-state life-
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times and multiple, narrow-line emission bands that span the visible
spectrum (9). Brightly luminescent Tb(III) and Eu(III) complexes offer
distinct advantages as FRET donors for biosensor design and imaging
(10-13). First, the narrow emission bands can be easily filtered from
sensitized acceptor emission signals. Second, long-lived, Ln-sensitized
acceptor emission can be separated from short-lived scattering, directly
excited acceptor fluorescence, and autofluorescence background by
time gating, where the detector starts collecting light after a brief delay
that follows pulsed excitation. A third benefit of Ln-based FRET is that it
affords the possibility of multiplexed detection or imaging where, for
example, Tb(III) can sensitize emission of two or more differentially
colored acceptors (11). All of these features have been leveraged exten-
sively to develop biosensors for both solution-phase assays using com-
mercial plate reader instrumentation (14-16) and biomolecular
imaging using a variety of custom-built, time-gated (TG) luminescence
microscopes (17-21).

The application of quantum dots (QDs) as acceptors can further im-
prove Ln-based FRET in multiple ways, including (i) distance range
(large spectral overlap integrals), (ii) sensitivity (high QD brightness
and sequential FRET from several Ln complexes to the same QD),
(iii) multiplexing (spectrally broad absorption and narrow emission),
and (iv) versatility (attachment of several biomolecules and fluoro-
phores to the QD surface) (11, 22-30). Despite all these exceptional
FRET properties and the various multiplexed and sensitive biosensing
applications already prototyped with this functional materials combina-
tion, only two studies have demonstrated initial proof of concept for Ln-
to-QD FRET imaging by using biotin-streptavidin interaction (20, 23).
Whereas the first one simply imaged the FRET process on microbeads,
the second study applied Ln-to-QD FRET for cellular imaging using a
Lumi4-Tb complex (Tb) as donor and two different QDs as acceptors.
However, only one QD color was used at a time, and the Tb donor and
QD acceptor were attached to the same substrate for a SNAP-tag that

10of 10


www.nanofret.com

RESEARCH ARTICLE

was expressed on an extracellular dopamine receptor (20). Therefore,
several functional aspects with paramount importance for widely appli-
cable Ln-to-QD intra- and extracellular imaging are still missing: (i) the
use of QD- and Tb-antibody conjugates (because immunostaining is
one of the most frequently applied technique for fluorescence imaging);
(ii) specificity of these antibody conjugates to different receptors or dif-
ferent epitopes on the same receptor (to demonstrate the applicability of
Ln-to-QD FRET between two different biological entities); (iii) intra-
cellular delivery and Ln-to-QD FRET imaging in the cytosol and sub-
cellular compartments (to demonstrate Ln-to-QD FRET applicability
inside cells under different environmental conditions); and (iv) multi-
step Ln-to-QD-to-dye FRET imaging (to demonstrate the multiplexed
imaging potential on a single QD).

Here, we demonstrate that all these important requirements can be
fulfilled and that the many advantages of Tb-QD FRET nanoassemblies
can be exploited for a broad range of biomolecular imaging applications
on and in cells. We have investigated several different extra- and intra-
cellular Tb-to-QD FRET systems on live and fixed cells using two dif-
ferent TG PL microscope setups. For cell surface studies, two different
therapeutic antibodies, cetuximab and matuzumab (Merck), that recog-
nize different epitopes on the epidermal growth factor receptor (EGFR)
were conjugated to Tb and QDs, respectively. The conjugates bound to
EGEFR on the surface of cultured A431 cells, as indicated by a robust,
intramolecular Tb-to-QD FRET signal. Similar results were found when
Tb and QD were conjugated to different single-domain antibodies
against different EGFR epitopes. For intracellular imaging in HeLa cells,
Tb-functionalized peptides (Tb-pep) and cell-penetrating peptides
(CPPs) were prepared as described (31) and attached to the QD surfaces
via polyhistidine self-assembly with varying valencies of Tb-pep and CPP
(32). QD-Tb-pep conjugates were microinjected, and QD-Tb-pep-CPP
conjugates were endocytosed. Tb-to-QD FRET signals were visualized
and quantified in the cytoplasm and the endosomes/lysosomes, respec-
tively. Cytoplasmic signals from QD-Tb-pep assemblies could be de-
tected when the estimated cellular Tb concentration was only 50 nM,
highlighting the PL signal amplification that occurs when multiple,
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long-lifetime Tb donors are paired with a single QD acceptor. Finally,
we demonstrate intracellular TG imaging of a three-way FRET relay
assembly, in which a single QD accepts energy from multiple Tb do-
nors, and the excited QD subsequently transfers energy to multiple
downstream dye acceptors. Together, these results show that careful-
ly designed Ln-QD FRET nanoassemblies have considerable poten-
tial for sensitive and versatile biosensing when applied to fixed and
live cell imaging.

RESULTS AND DISCUSSION

We used three approaches to show the broad applicability of the Tb-QD
FRET system for imaging biomolecular interactions on the cellular
and subcellular level (Fig. 1). A proof of concept for detecting protein-
protein interactions by Tb-to-QD FRET was established by immuno-
staining of different epitopes of EGFR on cellular membranes. Intracellular
FRET biosensing capability was demonstrated by microinjected
Tb-to-QD FRET and Tb-to-QD-to-dye FRET relay nanoassemblies
and cellular uptake by Tb-QD FRET pairs that were cofunctionalized
with CPPs.

Extracellular Tb-to-QD FRET using immunostaining

To demonstrate the feasibility of extracellular Tb-to-QD FRET bio-
sensing by immunostaining with different kinds of antibodies, we used
cetuximab and matuzumab antibodies and EgA1 and EgB4 single-
domain VyzH (variable domain of heavy chain) antibodies (nanobodies)
that recognize different epitopes of EGFR (33, 34). eBioscience eFluor
650NC QDs emitting at 650 nm (QD650) were surface-functionalized
with cetuximab and EgB4, and ultraviolet-visible (UV-Vis) absorption
spectroscopy revealed that the average degrees of labeling (DOLs) were
approximately 6.8 cetuximab per QD650 and 18.1 EgB4 per QD650.
Matuzumab and EgA1l were reacted with N-hydroxysuccinimide
(NHS)-functionalized Lumi4-Tb (Tb), and the DOLs were ca. 4.1 Tb
per matuzumab and 2.2 Tb per EgA1. We then incubated live A431 cells
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Fig. 1. Schematic presentation of the FRET imaging approaches used in this study. (1) Extracellular FRET between Th- and QD-functionalized antibodies
that bind to different epitopes of EGFR on the cell membrane. (2) Intracellular (cytosol) FRET from Tb-to-QD and FRET relays from Tb-to-QD-to-dye using
microinjected QDs conjugated with Alexa Fluor 647 (AF) and Lumi4-Tb peptides via hexahistidine (Hise) self-assembly. (3) Intracellular (endosomes/lysosomes)
FRET from Th-to-QD using CPP-mediated endocytosis of QDs conjugated with Lumi4-Tb peptides via hexahistidine self-assembly.
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in culture medium that contained QD650-cetuximab (9.5 nM) and
matuzumab-Tb (100 nM) for 30 min, washed the cells, and mounted
them immediately on the microscope slide for imaging. TG imaging re-
vealed robust, long-lived PL signals in both the Tb (494-nm) and the
QD (650-nm) detection channels (Fig. 2A). Similar results were seen when
A431 cells were co-incubated with the nanobody conjugates QD650-EgB4
and EgA1-Tb (Fig. 2B). By contrast, hardly any appreciable long-lived
TG signal was detectable in the QD channel when cells were incubated
with QD conjugates or Tb conjugates alone (Fig. 2, C and D). Moreover,
Tb-mediated FRET was undetectable on A431 cells colabeled with
matuzumab-Tb and human epidermal growth factor receptor 2 (HER2)-
specific antibodies conjugated to a QD (fig. S1), although TG Tb PL and
steady-state (SS) QD PL could both be detected. Thus, by eliminating
short-lived, nonspecific signals, intermolecular FRET between both
two different immunoglobulin G antibodies and two different single-
domain antibodies could be clearly visualized, which demonstrated
the applicability of the Tb-QD FRET pair for imaging protein-protein
interactions on cell membranes. Moreover, this FRET system can also
be used for a homogeneous (no separation or washing steps) imaging
of proteins that express on cellular membranes, similar to FRET in
vitro assays (28, 35). This application would be particularly interesting
for live cell imaging or multiplexing.

Intracellular Tb-to-QD FRET in the cytosol

using microinjection

The large difference in excited-state lifetimes of the Tb donor (milli-
seconds) and the QD acceptor (nanoseconds) permits multiple sequen-
tial FRET excitations of a single QD by several Tb donors (11). The
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effective brightness, or rate of photon emission, increases along with
the number of surface-bound Tb donors, in a manner that is indepen-
dent of FRET efficiency and excitation light flux (assuming that light
intensity is high enough to excite several Tb donors at once). Such a
brightness enhancement has also been observed in solution-phase
Tb-to-QD FRET immunoassays (28). To demonstrate this brightness
enhancement of FRET-sensitized QDs in an imaging context, we at-
tached Tb-pep via hexahistidine (Hiss)-mediated self-assembly at
controllable valencies (x Tb per QD) to the Zn-rich surface of 625-nm
emitting QDs (QD625) functionalized with CL4 compact ligands (36).
QDs prepared in this manner have already been proven to be quite ro-
bust and tolerate complex cellular environments (37, 38). The Tb,-QD
nanoassemblies (0.5 uM) were then microinjected into the cytoplasm
oflive HeLa cells. SS QD PL and TG Tb and QD PL were clearly visible
and spread over the entire cytoplasm (Fig. 3A). The TG Tb PL signal
seen in the nucleus (Fig. 3A, middle) can be attributed to the presence
of free Tb peptide, which is small enough to diffuse through nuclear
pores. We observed an increase in the ratio of the TG Tb-to-QD FRET
to SS QD PL signals with increasing x (Fig. 3B), which demonstrates
the brightness enhancement effect mentioned above. A similar trend
was seen if the QD concentration in the injection solution was increased
to 0.9 uM (fig. S2). At a Tb/QD valency of ca. 25, the FRET ratio in-
crease began to level off, suggesting a beginning saturation of the QD
surface. For valencies of x > 40, precipitation occurred at both QD
concentrations. We attribute this to the paucity of hydrophilic residues
in the peptide along with the nature of the Tb complex itself, which
cumulatively destabilize the QD’s colloidal stability at high localized
concentrations.

TG QD PL
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SS QD PL

TG QD PL

Fig. 2. Extracellular Th-to-QD FRET using immunostaining of EGFR. (A and B) Tb-to-QD FRET detected on A431 cells with QD- and Th-conjugated
antibodies (A) and nanobodies (B). For both immunostaining approaches, the time-gated Tb (TG Tb PL) and QD (TG QD PL) channels reveal bright PL signals
originating mainly from the cell membranes. (C and D) In contrast, staining with only QD-antibodies (C) or only Tb-antibodies (D) does not result in TG PL in
the QD channel (TG QD PL, right), and only the pure QD SS PL (C, SS QD PL, left) or the pure TG Tb PL (D, left) become visible. Excitation and emission
wavelengths for the different detection channels were as follows: Aex = 365 nm and Ae, = 494 £ 10 nm for TG Tb PL, Ae = 365 nm and Aer, = 655 £ 20 nm
for TG QD PL, and Aex = 545 + 15 nm and A = 610 + 35 nm for SS QD PL. For TG images, the number of integrations was 220 and 110 for the TG Tb PLand TG QD
PL channels, respectively. Tb-to-QD FRET channel images (TG QD PL) were corrected for spectral crosstalk, and each TG QD PL channel image in this figure is
presented at identical contrast. Scale bars, 20 um.
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Fig. 3. Intracellular Tb-to-QD FRET increase with increasing Tb per
QD valencies. (A) PL images showing cells after injection with Th,5-QD
solution (QD concentration, 0.5 uM). Excitation and emission wavelengths
for the different detection channels were as follows: A = 545 £ 15 nm
and Aern =610 £ 35 nm for SS QD (SS QD PL), Aex =365 nm and Ay, =494 +
10 nm for TG Tb (TG Tb PL), and Aex = 365 nm and Aem = 605 + 8 nm for TG
Th-to-QD FRET (TG QD PL). For TG images, the number of integrations was
660. TG QD PL channel images were corrected for spectral crosstalk. Scale
bar, 20 um. (B) Ratio of spectral crosstalk-corrected TG QD PL signal to SS QD
PL signal plotted as a function of Tb per QD molar ratio in the injection
solution. The FRET ratio clearly increases with the number of Tb on the QD
surface, indicating QD-FRET sensitization by multiple Tbs. PL intensities of
TG and SS QD channels were taken from several regions of interest (ROls)
of >10 cells under each condition. Error bars, SEM.

Another important aspect for a broad applicability of Ln-to-QD
FRET concerns the overall abundance of Tb,-QD assemblies that were
imaged within the cytoplasm of the live cells. To analyze this, we used a
recently developed method, in which we calibrated our TG microscope
to relate pixel gray value under a given set of illumination conditions to
the absolute concentration of Tb molecules in the cytoplasm (39). By
injecting Tb solutions of varied concentrations into HeLa cells and ap-
plying the previously determined calibration curve, the microinjection
system was calibrated so that cytoplasmic solute concentration could be
estimated from the solute concentration in the injection solution (fig. S3).
The results of this calibration showed that the concentration of a solute in
the cytoplasm was about 2% of that in the injection solution. Taking into
account the injection solution concentrations of 0.5 LM, we were able to
detect Tb-to-QD FRET signals when the cytoplasmic concentration of
Tb-QD assemblies was only 10 nM (about 10* copies per cell), with va-
lencies down to 5 Tb (50 nM) per QD (Fig. 3B), and Tb;5-QD assemblies
could be easily visualized at that level (Fig. 3A). By comparison, the
limiting concentration for microscopically detecting green fluorescent
protein fluorescence in the cytoplasm is about 200 nM (40), and we pre-
viously established a low-micromolar limit for TG detection of cyto-
plasmic Tb using the same imaging setup (39). The results presented
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here clearly show that the large difference in the excited-state lifetimes
of Tb donors and QD acceptors can be leveraged to effectively amplify
Tb-mediated FRET signals, resulting in a 100-fold increase in TG detec-
tion sensitivity. Such Tb-QD FRET systems were already used for multi-
plexed detection of microRNA (30), DNA (27), and protease activity (41).
The demonstration of bright intracellular Tb-to-QD FRET is therefore a
highly important step toward the application of this FRET pair to
investigating nucleic acids and enzyme kinetics inside cells.

Intracellular Tb-to-QD-to-dye FRET relays in the cytosol
using microinjection

To demonstrate that QDs can also be used as intracellular FRET relays,
in which the QD acts as both FRET acceptor and donor, we co-
assembled QDs with Tb donor- and dye acceptor (AF)-labeled pep-
tides to observe Tb-to-QD-to-AF FRET in live cells. The AF dye was
spectrally selected to be an appropriate downstream acceptor to the
QD. QD625 (2 uM) was incubated with a 20-fold molar excess of
Tb-pep (40 uM) for about 1 hour, after which AF peptides were added
at various concentrations between 5 and 20 uM (with y being the num-
ber of AF per QD). The Tb,-QD-AF, assemblies were injected into
HelLa cells and imaged in both SS and TG modes. As shown in Fig. 4,
both TG Tb and QD (Tb-to-QD FRET) PL signals were clearly observ-
able for all Tb,o-QD-AF, combinations, whereas TG AF (Tb-to-QD-to-
AF FRET) PL only became apparent in assemblies that contained AF
(y = 5). A quantitative analysis (Fig. 4B) showed that increasing valencies
of AF on the QD (at a fixed Tb valency of x = 20) led to a weak decrease
in the ratio of TG QD PL to SS QD PL (because TG QD PL decreases
slightly more strongly than SS QD PL) and a strong increase in the
ratio of TG AF PL to SS QD PL. This significant intensity increase
provided further strong evidence that the energy is passed from Tb to
AF via QD and of the functionality of the QD-mediated FRET relay. It
should be noted that direct Tb-to-AF FRET cannot be excluded because
the Tb PL and AF absorption show some relevant spectral overlap. How-
ever, as demonstrated for the same system applied to in vitro assays (27),
the significant differences in Forster distances [Ry(Tb-to-QD) = 10.1 nm,
Ry(QD-to-AF) = 7.5 nm, and Ry(Tb-to-AF) = 5.7 nm] make Tb-to-AF
FRET 30- and 5-fold slower than Tb-to-QD and QD-to-AF FRET, re-
spectively. Therefore, a direct Tb-to-AF FRET would only provide a minor
contribution to the complete FRET relay system. The capability of TG
imaging of Tb-to-QD-to-dye FRET relays presents an important proof
of principle of using these multiple FRET step systems for intracellular
biosensing applications, such as multiplexed analysis of enzyme kinetics
(41), DNA hybridization (27), or molecular logic devices (42, 43).

Intracellular Th-to-QD FRET in endosomes/lysosomes using

CPP-mediated endocytosis

To investigate another cellular delivery method that is less technically
demanding than microinjection, we used CPPs that were also self-
assembled via Hiss to the QD625 surface functionalized with a polyethylene
glycol (PEG)-methoxy ligand in this case (36, 44). Cellular delivery of
QDs via CPP-mediated endocytosis has been demonstrated many
times before (45, 46), and this particular CPP (ROGGLAAibSGWKHS6)
was shown to deliver QDs mainly in endosomes and, later, lysosomes
(47). It is well known that in eukaryotic cells, endosomes typically
undergo constitutive acidification as they mature with time (48). This
can, in turn, potentially affect the emissive and FRET properties of
fluorophores located within the endosomes (49). Indeed, pH-sensitive
fluorescent dyes are used for sensing purposes in these and similar
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Fig. 4. Intracellular Tb-to-QD FRET and Th-to-QD-to-dye FRET relays after microinjection into live HelLa cells. (A) PL images showing cells after
injection with Tb,o-QD-AF, nanoassemblies with AF valencies (y) of 0, 12.5, or 20 (from top to bottom). Excitation and emission wavelengths for the different
detection channels were as follows: A¢, = 545 + 15 nm and A¢m, = 605 + 8 nm for SS QD (SS QD PL), Aex = 365 nm and Aem =494 + 10 nm for TG Tb (TG Tb PL),
Aex =365 nm and Aem, =605 + 8 nm for TG Th-to-QD FRET (TG QD PL), and Ae =365 nm and Aer, = 710 + 20 nm for TG Tb-to-QD-to-AF FRET (TG AF PL). For TG
images, the number of integrations was 660. TG QD PL channel images were corrected for spectral crosstalk. Scale bars, 20 um. (B) Ratio of spectral
crosstalk—corrected TG QD PL signal to SS QD PL signal (top) and TG AF PL signal to SS QD PL signal (bottom) plotted as a function of AF per QD molar ratio
in injection solution. The ratio of TG QD PL to SS QD PL decreases slightly as the number of AF on the QD surface is increased, whereas the TG AF PL-to-SS
QD PL ratio increases substantially. This indicates a Tb-to-AF FRET relayed by the central QD. PL intensities of Tb-to-QD FRET, Th-to-QD-to-AF FRET, and QD

channels were taken from several ROIs of >10 cells for each condition. Error bars, SEM.

scenarios. There are also examples of pH-sensitive QDs being used
for these purposes, although they consist of CdTe cores without a pro-
tective overcoating shell (50). Such sensitivities can also have marked
effects on FRET efficiency by altering the photophysical properties of
the donor/acceptor materials. Considering these points, it is important
to note that the QD materials along with the AF dye that we used are
stable and unaffected by the expected range of pH changes encountered
here (36, 51). In a similar vein, the intracellular integrity of the Tb within
the Tb-chelate may also be a potential issue (52). However, the structure of
the isophthalamide-type ligand that chelates the Tb ion is designed to
hold the atom with very high affinity (53). Given this, in conjunction with
the lack of any observed significant changes in FRET efficiency over
the lifetime of the experiments, we conclude that intracellular pH and
molecular degradation are not pertinent issues here.

To first test different uptake conditions, we compared various QD
incubation concentrations and valencies of CPPs per QD before the ad-
dition of Tb-pep. For a fixed valency of 25 CPPs per QD, endocytosis
could be clearly observed at QD concentrations of 25 and 100 nM,
whereas the same concentrations of QDs without CPPs did not lead
to any significant cellular uptake (fig. S4). Because the signal-to-noise
ratios were similar for both concentrations, we decided to work with
the lower concentration of 25 nM for testing different valencies of CPPs
per QD. PL images showed no visible cellular uptake for valencies <10,
but 15 and 25 CPPs per QD led to clearly visible endocytosis of the QDs
with the typical pointed PL spots inside the cells, indicating that the
QDs mainly remain in endosomes or lysosomes (fig. S5) and are not
or only partly released into the cytosol. Although 15 CPPs per QD al-
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ready provided a sufficient signal-to-noise ratio for imaging, it could be
more than doubled for 25 CPPs under the same imaging conditions,
showing that the cellular uptake was more than twice as efficient when
using 25 instead of 15 CPPs. We therefore decided to use a fixed valency
of 25 CPPs per QD for the following coassembly experiments of CPPs
and Tb-pep on the same QD. Tb-pep at 12.5-, 25-, 35-, and 45-fold the
QD concentration were incubated with the CPP,5-QD assemblies, and
TG images were recorded in both the Tb and QD channels (Fig. 5). The
QD625 sample has a hard diameter of ~9.3 nm, which suggests that it
should be able to accommodate a surface display of ~60 peptides; how-
ever, this does not predict their effects on colloidal stability (54, 55). For
the CPP,5-QD-Tb;, 5 nanoassembly, no specific TG PL signal, which
would be easily distinguishable from the background noise, could be
detected either in the Tb or in the QD channel. At valencies of >25,
the intracellular PL resulting from Tb PL and Tb-sensitized QD PL
became clearly visible. For all three systems, the Tb-to-QD FRET signals
are brighter than the Tb donor signals, which confirms the brightness
enhancement effect caused by FRET from multiple Tbs to the QD (vide
supra). For the CPP,5-QD-Tb,5 assembly, the intracellular labeling
appears as the most homogeneous (in particular in the Tb-to-QD FRET
channel), whereas intracellular precipitation occurs at higher Tb valen-
cies. This confirms the microinjection experiments, in which a precip-
itation was found at high peptide-per-QD ratios (vide supra). Another
interesting result concerns the images in the Tb channel. At a valency of
25 Tb per QD, FRET to the QD is very efficient and the TG QD PL is
brighter than the FRET-quenched Tb PL, which is only slightly more
intense than the background. At 35 Tb per QD, the Tb-to-QD FRET PL
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is still very bright; however, the Tb PL also became significantly stronger
than the background PL, which confirms the saturation effect found
in the microinjection experiments (Fig. 3B). At even higher valencies
(45 Tb per QD), the PL background in the Tb channel becomes signif-
icantly stronger, and this is particularly apparent outside the cells. At
this valency, a total amount of 60 peptides (25 CPPs and 35 Tb-pep) was
mixed with the QDs, and we therefore assign this background increase
to some free Tb-pep that could not bind effectively to the already sat-
urated QD surfaces.

Taking into account the previous coassembly and concentration-
dependent experiments, as well as the microinjection results, we per-
formed further CPP-QD-Tb intracellular TG FRET imaging experiments
at a larger amount of cells, with QD concentrations of 50 nM and va-

TG QD PL

TG Tb PL

CPPy;
QD
Tb12.5

CPPys
QD
Thys

CPPys
QD
Th;s

CPPys
QD
Tb45

Fig. 5. Intracellular Th-to-QD FRET after CPP-mediated endocytosis. TG
images of different CPP,s-QD-Tb, FRET complexes (with x = 12.5, 25, or 35
from top to bottom) internalized in Hela cells. All samples were excited at
349 nm with a pulsed (100-Hz) laser. The signals were collected with a 60x
objective [UPLSAPO, numerical aperture (NA) = 1.35]. Emission wavelengths
for the different detection channels were Agp, = 542 + 20 nm for TG Tb PLand
Aem = 620 £ 14 nm for TG Tb-to-QD FRET (TG QD PL). Images were acquired
with an intensified charge-coupled device (ICCD) camera, and the gating
parameters were fixed at 10 us for a gate delay, 2.5 ms for gate width, and
400 gates per exposure. Scale bars, 20 um.
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lencies of CPP,o-QD-Tb,, (Fig. 6) and CPP4-QD-Tby, (fig. S6). Both
nanoassemblies showed obvious cellular uptake in both the TG Tb
and QD and the SS QD PL images. However, the CPP,(-QD-Tb,, sys-
tems provide much brighter and clearer images with less background,
as already found in the aforementioned experiments. A quantitative
PL intensity analysis using many ROIs from >20 cells for each of the
two different FRET nanoassemblies, and a control setup in which cells
were stained only with Tb to account for the spectral crosstalk of Tb PL
inside the Tb-to-QD FRET channel, emphasized that both CPP-QD-Tb
systems show significant intracellular FRET. Figure 6B shows the aver-
age FRET ratios of the Tb-to-QD FRET to Tb channel (the background
signal from cell-free regions was subtracted from the ROI signals inside
the cells for both channels). The results confirm the significantly higher
brightness of the CPP,y-QD-Tb,, FRET system, which is about 2.5-fold
larger compared to the CPP4-QD-Tby, assembly. The bigger standard
error in the case of the lower valency system is most probably caused
by a more heterogeneous distribution of peptides on the QD surfaces
and a larger FRET ratio. For 40 peptides, the QD surface is not yet sat-
urated and the valency is expected to be around 40 + 12 peptides. For an
incubation with 80 peptides, the surface of the QD is saturated with pep-
tides, and all free peptides and aggregated nanoassemblies are washed
away and do not contribute to the signal. The remaining CPP-QD-Tb

TG Tb PL

TG QD PL

B 30
25 I
2 2
.
= 15
W
& 10 =
054
00 _*
only CPP,-  CPPy-
Tb QD-Thy, QD-Thy,

Fig. 6. Influence of different CPP and Tb per QD valency. (A) PLimages of
CPP,y-QD-Th,o nanoassemblies internalized into Hela cells. Excitation and
emission wavelengths for the different detection channels were as follows:
Aex = 349 nm and Aeny, = 542 + 20 nm for TG Tb [(A1) TG Tb PL], Ae = 349 nm
and Aem =605 + 15 nm for TG Tb-to-QD FRET [(A2) TG QD PL], and Aey =494 +
20 nm and Aem = 605 + 15 nm for SS QD [(A3) SS QD PLI. The signals were
collected with a 60x objective (Uplsapo, NA = 1.35). SS QD images were
acquired with a complementary metal-oxide semiconductor (CMOS) camera
(acquisition time of 5 ms), and TG Tb PL and TG QD PL images were
acquired with an ICCD camera (gating parameters were fixed at 10 us for
a gate delay, 2.5 ms for gate width, and 800 gates per exposure). Scale bars,
20 um. (B) FRET ratios (intensities of TG QD PL to TG Tb PL channels taken from
several ROIs of >20 cells for each system) of pure Th, CPP4,-QD-Thb,,, and
CPP,y-QD-Thb,o nanoassemblies. Error bars, SEM.
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nanoassemblies are less intense than in the case of the CPP,(-QD-Tby,
system (lower FRET ratio) but also have a less heterogeneous peptide
distribution close to the maximum loading capacity, which is expected
to be around 50 * 5 peptides (cf. Fig. 3B). The demonstration of cellular
uptake of Tb-QD FRET nanoassemblies by coassembled CPPs is an im-
portant step toward the application of this FRET system for intracellular
FRET biosensing that cannot use microinjection of single cells. CPP-
functionalized QDs have already been used for endocytotic uptake and sub-
sequent delivery into the cytosol with minimal cytotoxic eftects (56) and for
imaging of spinal cord extension into various cellular systems in a devel-
oping avian brain (38). The Tb-QD FRET system may extend this intra-
cellular imaging tool to even more versatile sensing applications.

In conclusion, we have developed several TG Tb-to-QD FRET
systems that can be used for intra- and extracellular FRET imaging with
very efficient suppression of sample autofluorescence and acceptor flu-
orescence due to direct excitation, which circumvents the need for
separate acquisition of pure acceptor and pure donor PL images as re-
quired for conventional FRET imaging experiments. We have demon-
strated that Tb-to-QD FRET can be used for extracellular recognition of
the membrane receptor EGFR by Tb- and QD-antibody conjugates that
recognize different epitopes of EGFR. The application of commercial
therapeutic antibodies (cetuximab and matuzumab) and single-domain
VyH antibodies (nanobodies) for successful EGFR FRET detection
on live A431 cells showed the wide applicability of the Tb-to-QD FRET
pair for immunostaining-based fluorescence imaging. For the demon-
stration of intracellular Tb-to-QD FRET and Tb-to-QD-to-dye FRET
relays, we used Tb-QD-dye nanoassemblies (Tb-pep and dye-peptides
self-assembled via His, to the QD surfaces) that were microinjected into
live HeLa cells. Our experiments showed very efficient FRET and multi-
step FRET inside the cytosol and a FRET brightness enhancement due
to FRET from multiple Tbs to the same QD. This certainly bodes well
for future applications that seek to apply the same materials to active
sensing configurations. Moreover, we demonstrated that Tb-QD cellular
delivery via CPPs (coassembled via His, to the QD) is possible, which led
to efficient Tb-to-QD FRET (mainly inside endosomes/lysosomes of
HelLa cells) again with a FRET brightness enhancement for CPP,,-
QD-Tb,, nanoassemblies. The large versatility of single and multistep
intra- and extracellular FRET, combined with the previously shown
possibility of high-order multiplexing with Tb-to-QD-based FRET sys-
tems (11), will make Tb-to-QD FRET a very powerful tool for widely ap-
plicable intra- and extracellular fluorescence imaging and sensing.

MATERIALS AND METHODS

Materials

A431 cells (CRL-1555) and HeLa cells (CCL-2) were purchased from the
American Type Culture Collection. Dulbecco’s modified Eagle’s me-
dium (DMEM,; 10-014-CV), Eagle’s minimum essential medium (EMEM;
10-010-CV), phosphate-buffered saline (PBS; 21-014-CV), Dulbecco’s
PBS (DPBS; 21-030 and 21-031), 0.25% trypsin/0.53 mM EDTA, and
0.25% trypsin/2.21 mM EDTA were purchased from Corning CellGro.
MEM nonessential amino acids (11140), DMEM (no phenol red, 21063),
and Hepes (15630-080) were purchased from Gibco. Micropipette prep-
aration glass-bottom culture dishes (P50G-0-14-F) were purchased from
MatTek Corporation. XenoWorks Microinjection Systems, P-1000 pipette
puller, and borosilicate glass tubes (BF100-78-10) were used for micro-
injections (Sutter Instrument). Cetuximab and matuzumab antibodies
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were from Merck. VizH nanobodies binding to EGFR (EgA1 and
EgB4) were produced as described elsewhere (57). Peptides: CPP,
RIGGLAAibSGWKHS6; Tb-pep, TbL4-GSGAAAGLS-H6; AF-peptide,
AF-CSTRIDEANQAATSLP7SH6). QDs emitting at 625 nm were the same
as described previously (36-38, 45). These were made biocompatible by
cap exchange with dihydrolipoic acid-modified compact ligand 4
(DHLA-CL4) or DHLA-PEG-methoxy (36, 44). See fig. S7 for ligand
structures. Lumi4-Tb reagents were provided by Lumiphore Inc.

QD-antibody conjugation

eFluor 650 Nanocrystal Conjugation Kit-Sulthydryl Reactive (provided
by eBioscience/Affymetrix in lyophilized form) was used for QD con-
jugations. Before the conjugation, protected sulthydryl groups (N-
succinimidyl S-acetylthioacetate) were introduced to EgB4 (no sulthydryl
groups available) at 5x molar excess using a SATA kit (no. 26102, Thermo
Fisher Scientific). The sulthydryl groups were deprotected by diacylation
according to the manufacturer’s protocol. Sulthydryl-activated EgB4 and
cetuximab solutions (in concentration excess compared to the QD solu-
tions) were prepared in 1x PBS and conjugated to QDs according to the
manufacturer’s instructions. Unbound proteins were separated by wash-
ing three to four times in 100-kD molecular weight cutoff (MWCO) spin
columns (Millipore), with 100 mM sodium tetraborate buffer (pH 8.3) as
the washing buffer. QD concentrations were determined by absorbance
measurements using molar absorptivities of 1.1 x 10° M~ cm ™ at
641 nm provided by the manufacturer. Antibodies were quantified by
absorbance measurements at 280 nm using an extinction coefficient of
1.4and 2.4 g ' litercm ™" for cetuximab and EgBA4, respectively. The label-
ing ratios were determined by linear combination of the respective absorb-
ance values of QDs and antibodies within the QD-antibody conjugates.

Tb-antibody conjugation

Lumi4-Tb-NHS (Tb, provided by Lumiphore in lyophilized form) was
used for labeling of matuzumab and EgA1. Tb was dissolved to 8 mM in
anhydrous N,N’-dimethylformamide and mixed (in concentration ex-
cess to the antibodies solutions) with the antibody samples in 100 mM
carbonate buffer at pH 9.0. The mixtures were incubated while rotating
at 25 rpm (Intelli-Mixer, ELMI) for 2 hours at room temperature. For
Tb-conjugate purification, the samples were washed four to six times
with 100 mM tris-Cl (pH 7.2) using 50-kD MWCO spin columns for
matuzumab and 3-kD MWCO spin columns for EgA1. Tb concentra-
tions were determined by absorbance measurements at 340 nm using a
molar absorptivity of 26,000 M™' cm ™" as provided by the manufacturer.
The labeling ratios were determined by linear combination of the respec-
tive absorbance values of Tb and antibodies (1.4 and 2.4 g " liter-cm ™" at
280 nm for matuzumab and EgA1, respectively) within the Tb-antibody
conjugates.

Cell culture

HelL.a cells were maintained in DMEM" (DMEM supplemented with 10%
FBS, 1x MEM nonessential amino acids, and 15 mM Hepes) at 37°C and
5% CO,. The cells were passaged with 0.25% trypsin/2.21 mM EDTA.
A431 cells were maintained in EMEM" (EMEM supplemented with
10% FBS and 1x MEM nonessential amino acids) at 37°C and 5% CO,.
The cells were passaged with 0.25% trypsin/0.53 mM EDTA.

Cell surface labeling with antibodies/nanobodies

Cells were trypsinized and seeded at 23,000 cells per well in an eight-well
chambered cover glass (Nunc, 12-565-470) and incubated at 37°C and

7 of 10



RESEARCH ARTICLE

5% CO, overnight. The following day, the cells were washed three times
with DPBS (+Ca/+Mg), 100 pl of various combinations of QD/Tb-
attached antibodies or nanobodies (in DMEM without FBS) was added
to different wells, and the cells were incubated for 30 min at 37°C and
5% CO,. The cells were washed again with DPBS (+Ca/+Mg) and
immersed in DMEM without phenol red before imaging.

Self-assembly of peptides on QDs

Tb-pep was mixed with QDs in PBS buffer, and the solution was incu-
bated at room temperature for 2 hours, followed by 16 hours of in-
cubation at 4°C. For measurements of Tb-to-QD-to-AF FRET, AF-peptide
was added to the above solution, and the mixture was incubated at room
temperature for an additional 1 hour. The solution was filtered before
microinjection (0.22 pM).

Microinjection

HeLa cells were grown to 60 to 70% confluency in a glass-bottom dish.
A Sutter Instruments P100 pipette puller was used to prepare micro-
pipettes using the following parameters: heat, ramp-40; pull, 90; velocity,
40; time, 100; and pressure, 500. Micropipettes were loaded with the de-
sired solution via capillary action, and the solutions were injected into
the cytoplasm using the following microinjector parameters: transfer
pressure, 20 hPa; injection width, 0.4 s; and injection pressure, 40 to
60 hPa. For high-concentration solutions (=200 uM) of Lumi4-NH,
(Tb), injection pressure was raised to 70 to 80 hPa. Before imaging,
100 pl of 1 mM patent blue V solution in DMEM (without phenol red)
was added to the cells to quench extracellular luminescence from leak-
age of Tb-QD conjugates from the microinjection capillary.

TG microscopy with light-emitting diode excitation

Images of cytoplasmic and cell surface Tb-mediated FRET were acquired
using a wide-field, TG luminescence microscope that uses a UV light-
emitting diode (LED) for pulsed excitation and an ICCD camera for gated
detection. The design, operation, and characterization of the micro-
scope system have been described extensively (17, 39, 58, 59). For each
TG image acquisition, the signal from multiple excitation/emission events
was accumulated on the ICCD sensor and read out at the end of the
camera frame. The camera control software enabled summation of mul-
tiple frames to yield a single composite TTFF image with a bit depth equal
to 1024 multiplied by the number of frames. All images were summations
of four frames (bit depth, 4096), and a feature of the camera control
software was enabled that removes large variations in signal resulting
from ion feedback noise of the intensifier. The UV LED source and the
ICCD timing parameters were the same for all of the time-resolved im-
ages and data presented here: excitation pulse width, 1500 ps; pulse
period, 3000 ps; delay time, 10 ps; intensifier on-time, 1480 ps. Sensi-
tivity was modulated by either varying the frame length (and thus, the
number of integrations) or the intensifier gain voltage. All TG images
were acquired at an intensifier gain of 889 V, except for images used to
calibrate the microinjection system, which were acquired at 833 V.

Image processing

Raw, 12-bit images were imported into National Institutes of Health
Image]J (version 1.47) (60) for all processing operations, including
cropping, contrast adjustment, and quantitative analysis. TG images
were corrected for flat-field effects as follows. For each channel, 20 dark
frames and 20 images of a luminescent Tb complex solution were
stacked, converted to 32 bits, and median-filtered (radius 1), and each
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stack was averaged. The flat-field average was divided by the mean in-
tensity of its central nine pixels to generate a normalized flat-field image.
For each sample image, a median filter (radius 1) was applied and the
master dark frame was subtracted. The resulting image was then divided
by the normalized, master flat-field image, and the mean value of the
detector offset was added back to the image.

TG FRET images were corrected for spectral crosstalk (bleed-
through) of the Tb donor signal into the FRET channel. Bleedthrough
correction was accomplished by measuring signals from many ROIs
(>100) containing Lumi4-NH,(Tb) probe in both the Tb emission
channel (494 + 10 nm) and the FRET emission channels (605 + 7 nm,
650 £ 20 nm, and 710 + 10 nm). The FRET channel signal was plotted as
a function of the Tb channel signal, a line was fit to the data, and the slope
of that line was taken to be the correction constant. The correction con-
stants for the 605 + 7-nm and 650 + 20-nm emission channels were
0.057 and 0.142, respectively. Bleedthrough of Tb signal into the 710 +
10 nm was negligible. The Tb channel image was multiplied by the ap-
propriate bleedthrough correction constant, and the resulting image was
subtracted from the FRET channel image to yield the true FRET image.

Quantitative image analysis

Acceptor-denominated FRET ratios were determined from images of
cells injected with Tb-functionalized QDs and QDs functionalized with
both Tb and AF dye. Images were visually inspected, and cells that ex-
hibited a diffuse distribution of SS QD fluorescence signal and TG Tb
and Tb-to-QD FRET signals throughout the cytoplasm were selected
for analysis. Following flat-field correction, the mean gray value of 10
or more background ROIs was measured, and this value was subtracted
from the whole image. In the background-subtracted images, the mean
gray value within ROIs drawn in the cytoplasm was measured. For each
ROJ, the TG FRET signal was divided by the SS QD fluorescence signal
to yield a ratio, and ratios from multiple ROIs (>10) were averaged.

Microinjection system calibration

The microinjection system was calibrated so that the cytoplasmic con-
centration of QDs could be related to the QD concentration in the mi-
croinjection solution. This was accomplished by imaging cells that were
injected with Lumi4-NH,(Tb) and applying a calibration factor that re-
lates integrated pixel gray value to Tb complex abundance. As previous-
ly reported, relation of gray value to Tb complex abundance was
accomplished by imaging microbubbles of an aqueous solution of
Lumi4-NH,(Tb) dispersed in mineral oil (39). Integrated pixel gray
values within ROIs containing bubbles were plotted as a function of
total number of Tb complexes, as determined by microbubble size
and solution concentration. By measuring integrated gray counts in
ROIs of defined size drawn in the cytoplasm of cells injected with
Lumi4-NH,(Tb), assuming a cell thickness of 5 um and applying the
microbubble calibration factor, it was possible to estimate cytoplasmic
Tb concentration. Cells were injected with Lumi4-NH,(Tb) solutions of
varied concentration. Estimated cytoplasmic concentration was
determined from ROIs drawn in the cytoplasm and plotted against
microinjection solution concentration. From this plot, it was determined
that cytoplasmic solute concentration is approximately 2% of its con-
centration in the injection solution (fig. S3).

Cellular delivery of CPP-QD-Tb nanoassemblies

Lumi4(Tb)-Hiss and QD625 were incubated in DMEM-buffered me-
dium at room temperature for 30 min. Then, CPP was added for an
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additional 30 min. HeLa cells were seeded on microscope cover glasses
(Marienfeld, 0111520) at 10° cells/ml and left overnight for adhesion.
Cells were then rinsed three times with PBS, and CPP-QD-Tb solutions
were added. Cells were incubated for 3 hours at 37°C and 5% CO,. After
incubation, cells were washed three times with PBS and fixed with 4%
paraformaldehyde in PBS for 10 min. Cells were rinsed twice with PBS
and mounted onto glass slides with a drop of Fluoro-Gel (Electron Mi-
croscopy Sciences, 17985-10) mounting medium. For FRET efficiency
control experiments that account for the Tb spectral crosstalk to the
Tb-to-QD detection channel, A549 cells were incubated with a primary
antibody against anti-E-cadherin and a secondary antibody labeled
with Lumi4(Tb).

TG microscopy with laser excitation

Images of Tb-to-QD FRET experiments for cellular delivery with CPPs
were acquired using a wide-field, TG luminescence inverted microscope
(Olympus IX71) that uses a UV laser [349 nm, 100 Hz, Nd:YLF (neodymium-
doped yttrium lithium fluoride), Triton, Spectra-Physics] for pulsed exci-
tation and an ICCD camera (PI-MAX3, Princeton Instruments) for gated
detection. Fluorescence signal was collected with a high-NA (=1.35)
objective (UPLSAPO 60XO, Olympus) and was detected using two
channels: a donor (Tb) channel with a 405-nm dichroic mirror (Di02-
R405) and 542-nm band-pass filter (FF01-542/20-25) and an acceptor
(Tb-to-QD FRET) channel with a 552-nm dichroic (FF552-Di02) and
605-nm (FF01-605/15-25) or 620-nm (FF01-620/14-25) band-pass filter.
All filters were purchased from Semrock Inc. Acquisition settings in
WinView software controlling the camera were generally fixed at the
following: delay time, 10 ps (plus intensifier time, 870 ns); gate width,
2.5 ms; gates/exposure, 400 to 800; and intensifier gain, 100 V.

SS microscopy

SS microscopy was particularly used to observe the QD signals. QDs
were excited through the epi-illuminator and 60x magnification objec-
tive (UPLSAPO 60XO, Olympus) system using a mercury lamp (X-Cite
120Q, Lumen Dynamics). The luminescence was collected using the
same objective and a set of filters: 438-nm (FF02-438/24-25) or 494-nm
(FF01-494/20-25) excitation filter, 552-nm dichroic mirror (FF552-Di02),
and 605-nm (FF01-605/15-25) or 620-nm (FF01-620/14-25) emission fil-
ter. Images were recorded with a CMOS camera (pco.edge, PCO), with
acquisition times below 30 ms.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/6/e1600265/DC1

fig. S1. PL images of A431 cells labeled with anti-EGFR-Tb and anti-HER2-QD antibody
conjugates.

fig. S2. Intracellular Tb-to-QD FRET at 0.9 uM QD concentrations.

fig. S3. Calibration of microinjection system.

fig. S4. Cellular uptake of CPP-QDs at different QD concentrations.

fig. S5. Cellular uptake of QD at different CPP per QD valencies.

fig. S6. PL images of CPP4-QD-Th4, nanoassemblies internalized into Hela cells.

fig. S7. QD ligand structures.
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