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ABSTRACT: Single-molecule localization microscopy (SMLM)-based super-resolution imaging
techniques (e.g., photoactivated localization microscopy (PALM)/stochastic optical reconstruction
microscopy (STORM)) require that the employed optical nanoprobes possess fluorescence
intensity fluctuations under certain excitation conditions. Here, we present a dual-labeled graphene
quantum dot (GQD)-based Förster resonance energy transfer (FRET) nanoprobe, which is
suitable for SMLM imaging. The nanoprobe is constructed by attaching Alexa Fluor 488 (AF488)
and Alexa Fluor 568 (AF568) dye molecules onto GQDs. Experimental results confirmed the
FRET effect of the nanoprobes. Moreover, under a single 405 nm excitation, the FRET nanoprobe
exhibits excellent blinking behavior. SMLM imaging of microtubules in MRC-5 cells is realized.
The presented nanoprobe shows great potential in multicolor SMLM-based super-resolution
imaging.

■ INTRODUCTION

Optical microscopy is one of the key methods in current medical
science and life science research. Among the various microscopy
techniques, fluorescence microscopy is the essential tool to
study structures and dynamics in cells and tissues. However,
conventional fluorescence microscopy is limited by relatively
low spatial resolution because of the diffraction limit of light. In
recent years, super-resolution imaging techniques that break the
diffraction limit have become a promising tool to allow optical
imaging of many biological structures with up to molecular-scale
resolution.1−3

Super-resolution imaging techniques can be classified into the
following two categories based on the mechanism of surpassing
the diffraction limit: (i) illumination pattern-based approaches,
such as stimulated emission depletion microscopy (STED)4,5

and structured illumination microscopy (SIM);6 (ii) single-
molecule localization microscopy (SMLM),7 including (fluo-
rescence) photoactivated localization microscopy (PALM/
fPALM),8,9 (direct) stochastic optical reconstruction micros-
copy (STORM/dSTORM),10−12 etc.
Among various super-resolution imaging techniques, single-

molecule localization microscopy (SMLM) including PALM
and STORM can provide the highest spatial resolution.13 The
common nanoprobes used in SMLM include fluorescent protein
(e.g., green fluorescent protein),14−16 fluorescent dyes (e.g.,
Alexa Fluor 647),17,18 and quantum dots (QDs).19,20 SMLM
requires stochastic blinking of specific fluorescent nanoprobes,
and this blinking behavior permits them to be observed one at a
time so that their spatial coordinates can be localized with
subdiffraction precision.21,22 Usually, blinking behavior is an
intrinsic property of fluorescent proteins (PALM) or specific

organic dyes (STORM), which can be provoked by specific
excitation conditions (multi lasers to activate and excite the
nanoprobes) and buffer conditions (imaging buffer containing a
primary thiol and an oxygen-scavenging buffer), which limit the
application in long-term live cell imaging.17,18,22

Förster resonance energy transfer (FRET) is a non-radiative
process in which an excited dye donor transfers energy to an
acceptor dye in the ground state through long-range dipole−
dipole interactions. FRET-based nanoprobes have been widely
used to study replication, recombination, transcription, trans-
lation, RNA folding, and catalysis.23−26 Herein, we present a
graphene quantum dot (GQD)-based dual-labeled FRET
nanoprobe with excellent fluorescence intensity blinking
behavior suitable for SMLM. The structure of the FRET
nanoprobes is illustrated in Scheme 1. In general, the FRET
nanoprobe is constructed by attaching AF488 and AF568 dye
molecules onto the surfaces of GQDs. GQDs serve as the donor
and the AF488 and AF568 dye molecules as the acceptor. GQDs
are chosen as the donor because of their fine solubility, stable
fluorescence, excellent biocompatibility, and minimal toxic-
ity.27−29 In our previous work, we have described a GQD-based
nuclear-targeted drug delivery system, which enables real-time
monitoring of the release process through FRET.30 Alexa Fluor
dyes are common fluorescent dyes widely used in SMLM and
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thus are chosen as the acceptor in our experiment. Experimental
results confirmed that the FRET effect is observed under a single
405 nm laser excitation of the dual-labeled nanoprobes. In
addition, dual-labeled SMLM imaging of the microtubule in
MRC-5 cells is realized using the FRET nanoprobe.

■ RESULTS AND DISCUSSION
Characterization of the FRET Nanoprobes. The

structure of the FRET nanoprobes is illustrated in Scheme 1.
First, GQDs were modified with PEG-NH2 via EDC/NHS
cross-linking reaction. The PEG component offered a greatly
enhanced biocompatibility, while the remaining amino group
attached to PEG was further used to conjugate the carboxyl
group of Alexa FluorNHS ester.31 Then, antibodies were labeled
via standard carboxyl-amine conjugation chemistry. Thus, the
FRET nanoprobes were formed.
The transmission electron microscopy (TEM) images are

used to characterize the morphology of the FRET nanoprobes,
and the results are shown in Figure 1a,b. Figure 1a and Figure 1b

show the TEM images of GQDs and the FRET nanoprobes,
respectively. The high-resolution TEM (HR-TEM) images are
shown in the inset. As can be seen, the well-dispersed GQDs
have an average diameter of about 5 nm. The lattice of GQDs is
regular with a d-spacing of 0.212 nm corresponding to the facet
of graphene. As the organic dye is invisible in TEM images, the

FRET nanoprobes have a similar morphology compared to
GQDs. The results confirmed that the fabrication procedure
does not significantly change the character of GQDs.
The optical characterization of the FRET nanoprobe is

subsequently performed, and the results are shown in Figure 2.
Figure 2a shows the fluorescence spectrum of GQDs. When
being excited at 405 nm, the fluorescence emission peak was
located at 512 nm, displaying a green photoluminescence (PL).
As can be seen, the emission spectrum of GQDs is relatively
wide. Here, AF488 and AF568 were chosen as the candidate dye
molecules to confirm that the FRET nanoprobes can be used to
excite different fluorescence signals under 405 nm illumination.
Figure 2b shows the normalized PL spectra of the FRET
nanoprobe with AF488, AF568, and AF488&568. As can be
seen, distinctive emission peaks around 525 and 600 nm can be
observed attributed to the emission of AF488 and AF568. This
confirmed the FRET effect of the nanoprobes with different
organic dyes.
In addition, the functionalization procedures were charac-

terized in detail by Fourier transform infrared (FTIR)
spectroscopy, and the results of the FRET nanoprobe are
shown in Figure 1c. Compared with the spectrum of GQDs, two
new peaks at 2957 (asymmetric stretching of C−H) and 1551
cm−1 (asymmetric stretching of N−H) assigned to the attached
NH2-PEG-NH2 can be observed from the spectrum of GQDs-
PEG. Peaks at 3430 (stretching vibration of O−H) and 1365
cm−1 (bending vibration of O−H) are also presented. In
addition, peaks at 3150 cm−1 (stretching of amideN−H) proved
the successful conjugation of NH2-PEG-NH2. After Alexa Fluor
dyes were attached, peaks at 1704 and 1551 cm−1 ascribed to the
carbonyl stretching of −COOH and the asymmetric stretching
of N−H were found, and peaks at 1650 cm−1 (stretching of
amide CO) confirmed the successful conjugation of Alexa
Fluor dyes.
The luminescence quantum yield (QY) is measured using the

following equation and Rhodamine B solution as the reference
sample, whose QY is 31% under 514 nm excitation.32
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In the equation, Q is the quantum yield, I is the integrated
intensity, n is the refractive index, and OD is the optical density.
The subscript R refers to the reference fluorophore of a known
quantum yield. By calculation, the QY values of GQDs and the
FRET nanoprobes are 28.3 and 3.4%, respectively. According to
the experimental results, the QY of the nanoprobes is lower than
GQDs due to the introduction of nonradiative carrier traps in
the modification and antibody labeling procedure. However,
considering the high sensitivity of the Andor EM-CCD camera
(iXonDU897) used in our experiments, the nanoprobes with
such a QY are still applicable for SMLM imaging. Fluorescence
lifetime (FL) is also characterized to confirm the FRET effect.
Fluorescence lifetime of a photophysical process is the time
required by a population ofN electronically excited molecules to

Scheme 1. Schematic Illustration of the FRET Nanoprobes

Figure 1. TEM and FTIR characterization: (a) TEM images of GQDs;
(b) TEM images of the FRET nanoprobes; (c) FTIR spectra of GQDs,
GQDs-PEG, and the dual-labeled FRET nanoprobes.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.0c05417
ACS Omega 2021, 6, 8808−8815

8809

https://pubs.acs.org/doi/10.1021/acsomega.0c05417?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05417?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05417?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05417?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05417?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05417?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.0c05417?rel=cite-as&ref=PDF&jav=VoR


Figure 2. PL spectra and fluorescence lifetime characterization: (a) PL spectra of GQDs; (b) PL spectra of the FRET nanoprobes; (c) fluorescence
lifetime measurement of GQDs and the FRET nanoprobes.

Figure 3. Single-particle analysis of the (a) FRET nanoprobe labeled with only AF488; (b) FRET nanoprobe labeled with only AF568; (c) GQDs; (d)
FRET nanoprobe labeled with both AF488 and AF568.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.0c05417
ACS Omega 2021, 6, 8808−8815

8810

https://pubs.acs.org/doi/10.1021/acsomega.0c05417?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05417?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05417?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05417?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05417?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05417?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05417?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05417?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.0c05417?rel=cite-as&ref=PDF&jav=VoR


be reduced by a factor of e. The FL values of GQDs and AF488
and AF568 channels of the dual-labeled FRET nanoprobes are
shown in Figure 2c. The FL at 510 nm corresponds to the AF488
channel, while the FL at 600 nm corresponds to the AF568
channel. GQDs are excited under 405 nm, and FL at 512 nm is
measured. The FRET nanoprobes are excited under 405 nm,
and the FL values at 510 and 600 nm are measured. The
obtained time-dependent fluorescence decay profile is fitted
using the equation

I t A B t B t B

t

( ) exp( / ) exp( / )

exp( / )
1 1 2 2 3

3

τ τ

τ

= + − + − +

−

The FL values of GQDs and the AF488 and AF568 channel of
the FRET nanoprobes are determined to be 6.25, 3.37, and 3.46
ns, respectively. The FL values of AF488 and AF568 are
determined to be 4.1 and 3.6 ns, respectively (data from the
manufacturer). PL lifetime delays were measured using a
PluoroLog 3-TCSPC spectrometer, and the PL lifetime was
obtained by fitting the PL decay spectra with a double-
exponential equation. GQDs show an FL of 6.25 ns, which
reduced to 3.37 and 3.46 ns in the two channels of the FRET
nanoprobes. The FL of the acceptor channels is close to those of
AF488 and AF568, indicating that the FL of FRET nanoprobes
is mainly influenced by the acceptor. The fabrication procedure
of the FRET nanoprobes will cause reduction in the QY due to
the introduction of more nonradiative carrier traps.33,34 To
further investigate the difference in fluorescence lifetime, an
experiment was done to confirm whether FRET occurs solely
from the GQDs to the two fluorophores. The fluorescence
spectrum of the dual-labeled nanoprobes under 488 nm laser
excitation is shown in Figure S2. As shown in Figure S2, under
488 nm excitation, an emission peak around 600 nm can be
observed attributed to the emission of Alexa Fluor 568. In
addition, the fluorescence lifetime of the dual-labeled nanoprobe
(Alexa Fluor 488 channel) under 488 nm excitation was
determined to be 3.83 ns. Both experimental results confirm the
existence of cascade-type FRET.
Single-Molecule Analysis of the FRET Nanoprobe. The

above experimental results have confirmed the FRET effect of
the nanoprobes. However, a prerequisite for nanoprobes used in
SMLM imaging is that their fluorescence intensity must process
blinking or fluctuation under certain excitation conditions. The
single-molecule analysis of the FRET nanoprobes is sub-
sequently investigated using a Zeiss Elyra P.1 system. The
experiment was performed in phosphate buffered saline (PBS).
Figure 3a and Figure 3b show typical time-dependent
fluorescence intensity profiles of an individual single-labeled
FRET nanoprobe at the AF488 channel and AF568 channel,
respectively. As contrast, single-molecule analysis of the dual-
labeled FRET nanoprobes with AF488 and AF568 is also
investigated and the results are shown in Figure 3d. The
exposure time is 20 ms, and the filters were set as BP 495-575 for
the AF488 channel and BP 570-650 for the AF568 channel. The
enlarged images are shown in the panel below. Two properties of
switchable probes crucial to the super-resolution image quality
are (i) the number of photons detected per switching event and
(ii) the on−off duty cycle (or the fraction of time a fluorophore
spends in the on state).21 Experimental results confirm that,
under continuous 405 nm laser excitation, the dual-labeled
FRET nanoprobes blink markedly with the change of time.
Furthermore, compared to the single-labeled FRET nanoprobe,
dual-labeled FRET nanoprobes exhibit a lower on−off duty

cycle and the blinking behavior is better. As is well known,
stochastic blinking of fluorescence intensity is a prerequisite of
SMLM imaging. Consequently, the excellent blinking effect of
the proposed dual-labeled FRET nanoprobes indicates potential
for SMLM application.
Moreover, the single-particle analysis of GQDs immersed in

PBS solution is also studied and the result is shown in Figure 3c.
It can be observed that, under continuous 405 nm laser
excitation, the fluorescence intensity gradually decays over time
and without obvious blinking behavior. This confirmed that the
blinking behavior of the FRET nanoprobe is caused by the
FRET effect of the nanoprobes.
Switching properties of the presented dual-labeled nanoprobe

are given in Table 1, and compared to the switching properties of

common organic dyes, the presented nanoprobe exhibits great
switching properties similar to organic dyes. In addition,
according to the Lambert−Beer law, the molar concentration
of GQDs can be measured by UV−vis spectrum character-
ization, and we can use the extinction spectra to determine the
concentration of dye molecules in the FRET nanoprobes by
comparing the absorbance value with dye standard solutions;
the per number of dye molecules that bond to GQDs can be
roughly calculated (∼6.8).

SMLM Imaging with the FRET Nanoprobes. In our
previous experiment, the dual-labeled FRET nanoprobes have
been shown to process the fluorescence blinking property and
are suitable for SMLM imaging. Before SMLM imaging, the
MTT assay was performed to investigate the cytotoxicity of the
FRET nanoprobe with different GQD concentrations, and the
FRET nanoprobe shows quite low cytotoxicity, as shown in
Figure S1; different doses of GQDs (25−200 μg/mL) do not
weaken the cell activity.
Then, the FRET nanoprobes were applied to cell imaging.

Immunofluorescence imaging of microtubules using the FRET
nanoprobe was performed in MRC-5 cells. MRC-5 cells were
immunostained with primary antibodies and then labeled with
the FRET nanoprobes. The fluorescence signals were collected
with different filters under 405 nm laser excitation. The filters
were set as BP 495-575 for the AF488 channel and BP 570-650
for the AF568 channel. The SMLM images of the AF568
channel were reconstructed followed by the AF488 channel. The
fluorescence image and SMLM images are shown in Figure 4.
The SMLM images show a drastic improvement in the
resolution of the microtubule network as compared to the
conventional fluorescence image. In the regions where micro-
tubules were densely packed and undefined in the conventional
fluorescence image, individual microtubule filaments were
clearly resolved in SMLM images at both channels (red box in
Figure 4a−c). To determine the imaging resolution more
quantitatively, we measured the apparent width of an individual
microtubule filament in the SMLM images by examining the
cross-sectional profile. Cross-sectional distribution of local-
ization (Figure 4g) for a microtubule segment, as indicated by
the red line in Figure 4b,c, is measured. The Gaussian fit to the

Table 1. Switching Properties of the Presented Nanoprobes

detected photos per
switching events

on−off
duty cycle

number of
switching cycles

Alexa Fluor 488
channel

8200 0.00095 82

Alexa Fluor 568
channel

6100 0.00086 35
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profile yielded a full width at half-maximum (FWHM) of ∼50
nm in both channels (Figure 4b,c). The localization precision of

SMLM imaging is ∼25 nm at both channels, as acquired by the

analyzing software of the Elyra P.1 system, which is obviously

higher than conventional fluorescence microscopy. More

importantly, as shown in the merged image (Figure 4f), the

microtubule filament is more continuous and more details are

shown.

■ DISCUSSION AND CONCLUSIONS

A different route to SMLM is PAINT (point accumulation for
imaging in nanoscale topography); freely diffusing dyes or dye-
labeled ligands target molecules by permanent or transient
binding. Specifically, DNA-PAINT has been developed to
overcome some limitations of super-resolution techniques. In
DNA-PAINT, repeated imaging, washing, and reintroduction of
new imager strand species are exploited to achieve necessary
blinking. However, the nonfluorogenic nature of imager strands

Figure 4. SMLM imaging of the microtubules in MRC-5 cells. (a) Conventional widefield image of the microtubules in MRC-5 cells; (b, c) SMLM
images of the same area with the FRET nanoprobes at the AF488 channel (b) and AF568 channel (c); (d, e) localization precision of panels (b, c); (f)
merged image of panels (b, c); (g) cross-sectional profiles of the region, as indicated by the red lines in panels (a−c).
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is limited to the achievable image acquisition speed as compared
with SMLM. Furthermore, DNA-PAINT applications are
currently limited to fixed specimens. Live cell imaging could
be more difficult to achieve as compared with the other SMLM
techniques.
Compared with DNA-PAINT, fluorescence blinking of the

dual-labeled FRET nanoprobe is caused by the FRET effect, and
SMLM imaging of the dual-labeled FRET nanoprobe does not
require a specific thiol containing buffer; consequently, the
nanoprobe is suitable for live cell SMLM imaging. The
advantages of the dual-labeled FRET nanoprobe mainly include
single-laser excitation, non-special imaging buffer, low cytotox-
icity, and excellent blinking behavior; these properties can
simplify imaging conditions and are quite suitable for live cell
imaging.
In conclusion, the FRET nanoprobe was successfully

fabricated using GQDs as the donor and the AF488 and
AF568 channel as the acceptor. The FRET nanoprobe can be
excited under a single 405 nm laser excitation. Time-dependent
single-particle analysis confirmed that the FRET nanoprobes
exhibit fluorescence blinking behavior. SMLM imaging of
microtubules in MRC-5 cells was realized using the proposed
FRET nanoprobe with a localization precision of ∼25 nm. The
advantages of the dual-labeled FRET nanoprobe mainly include
single-laser excitation, non-special imaging buffer, low cytotox-
icity, and excellent blinking behavior, and these properties can
simplify imaging conditions and are quite suitable for live cell
imaging. Compared with common organic dyes used in SMLM,
the presented nanoprobe exhibits similar switching properties,
and in SMLM imaging, a single laser was used and does not need
special imaging buffer. However, considering the occupation of
multiple channels, the application in multicolor imaging is
limited. Even so, the presented dual-labeled FRET nanoprobe
can also be applied to imaging different organelles, enhancing
our ability to visualize molecular interactions in cells and tissues.

■ EXPERIMENTAL SECTION
Materials. Graphite powder was purchased from Sinopharm

Chemical Reagent Co., Ltd. Dimethylformamide (DMF), 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), and N-
hydroxysuccinimide (NHS) were purchased from Sigma-
Aldrich. NH2-PEG-NH2 (Mw = 2000) was purchased from
Jenkem Co., Ltd. Poly(ethylene imine) (PEI,Mw = 15,000) was
purchased from Alfa Aesar. Alexa Fluor NHS ester and Goat anti
mouse IgG were purchased from Thermo Fisher Scientific.
Phosphate buffered saline (PBS, pH 7.4) was purchased from
Beijing Biosynthesis Biotechnology Co., Ltd. All the reagents
were used as received. Deionized water (Millipore Milli-Q
grade) with a resistivity of 18.2 MΩ/cm was used in all the
experiments.
Preparation of Graphene Quantum Dots (GQDs).

Graphene oxide (GO) was prepared by the modified Hummers
method using graphite powder as the starting meterial.35

Typically, 1 g of graphite powder was stirred in 23 mL of
H2SO4 (98%) overnight. Afterward, 4 g of KMnO4 was gradually
added, the mixture was stirred for 60min in an ice bath, and then
stirred at 40 °C for 30 min. Next, the temperature was increased
to 100 °C, and themixture was diluted to 100mLwith water and
stirred for another 30 min. Subsequently, 10 mL of H2O2 (30%)
solution was added and the color of the mixture changed to
bright yellow quickly. The mixture was washed by repeated
centrifugation and filtration, first with HCl aqueous solution
(5%) and then distilled water until the pH of the solution

became neutral. To exfoliate the oxidized graphite, the product
was treated with an ultrasonic probe at 400 W for 30 min and
GO was obtained followed by centrifugation.
The GQDs were prepared through a facile one-pot

solvothermal method.36 In brief, GO was dissolved in
dimethylformamide (DMF) at a concentration of ∼200 mg/
mL. Themixture was first ultrasonicated for 40 min (120W, 100
kHz), then transferred to a poly(tetrafluoroethylen)-lined
autoclave (100 mL), and heated at 200 °C for 6 h. After cooling
to room temperature, the obtained mixture was filtered through
a 0.22 μm microporous membrane to remove the precipitates,
obtaining a brown solution. Excess DMF was removed by
evaporation. Finally, the obtained GQD was further dialyzed
using a dialyzer (500 Da) to remove the DMF residues
completely.

PEGylation of GQDs. In brief, 12 mg of EDC and 18 mg of
NHS were added to 5 mL of the as-prepared GQD solution. The
mixture was ultrasonicated for 1 min and stirred for 30 min at
room temperature. Then, 1 mL of NH2-PEG-NH2 solution (50
mg/mL in PBS) was added to the mixture and reacted for 6 h.
The solution was dialyzed using a dialyzer (3500Da) and further
purified by ultrafiltration (Amicon Ultra-15, 3 KD, Millipore).

Preparation of the FRET Nanoprobes. Alexa Fluor NHS
ester was covalently conjugated onto amine-functionalized
GQDs-PEG through the carboxyl group (−COOH). In a
typical experiment, 1 μL of 0.1 mM of Alexa Fluor NHS ester
was added to as-prepared GQD-PEG solution. The mixture was
shaken for 4 h at room temperature. Excess Alexa Fluor dyes
were removed by dialysis (3500 Da). The obtained solution was
concentrated by ultrafiltration (Amicon Ultra-15, 3 KD,
Millipore) and redispersed in PBS solution.

Antibody Labeling of the FRET Nanoprobes. The
antibody labeling of the FRET nanoprobes was according to
the following procedure. Goat anti-mouse IgG (100 μL) was
added to 2 mL of the GQD-Alexa Fluor dye solution pretreated
with EDC and NHS. The mixture was shaken for 4 h at room
temperature and further reacted at 4 °C overnight, and the
obtained solution was concentrated by ultrafiltration (Amicon
Ultra-15, 50 KD, Millipore).

Cell Immunostaining. Human embryonic lung fibroblast
(MRC-5) cells were purchased from China Type Culture
Collection. Cells were kept under standard cell culture
conditions (5% CO2, 37 °C). The culture media (Dulbecco’s
modified Eagle’s medium, DMEM) were supplemented with
10% fetal bovine serum (GIBCO) and 1% penicillin−
streptomycin (Nanjing KeyGen Biotech. Co., Ltd.). For
fluorescence imaging, MRC-5 cells were seeded into cell culture
dishes and incubated for 24 h before use. Microtubules were
immunostained using the following procedure: washing in PBS;
fixation in a mixture of 4% paraformaldehyde and 0.1%
glutaraldehyde in PBS for 20 min; 3× washing with PBS;
reduction with 1 mg/mL of NaBH4 for 7 min; 3× washing with
PBS; permeabilization with 0.2% (v/v) Triton X-100 in PBS for
30 min; 3× washing with PBS; blocking with 3% (w/v) bovine
serum albumin (BSA) for 90min and staining overnight with the
mouse antibody against β-tubulin; 3× washing with PBS; post-
fixation in a mixture of 4% paraformaldehyde and 0.1%
glutaraldehyde in PBS for 10 min.

Single-Molecule Analysis. The FRET nanoprobes and
GQDs were immobilized onto the bottom of cell culture dishes
as follows. First, the bottom of the cell culture dish was modified
with PEI (0.1%) for 20 min to introduce amino groups. Then,
excess PEI was washed away with water. FRET nanoprobes (4
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μL) were added into 120 μL of deionized water. After
ultrasonication for 10 s, the diluted FRET nanoprobes were
added into the cell culture dishes and incubated for 20 min to
allow electrostatic adsorption of the nanoprobes. After washing
away excess FRET nanoprobes with water, 120 μL of imaging
buffer was added into the cell culture dish, which was
subsequently imaged using a Zeiss Elyra P.1 microscope. The
immobilization of GQDs followed the same method, as
described above.
Instruments. Extinction spectra were recorded by using a

Shimadzu UV-3600 PC spectrophotometer with quartz cuvettes
of a 1 cm path length. Photoluminescence emission spectra were
recorded by using an Edinburg FLS 920 spectrofluorometer.
Transmission electron microscopy (TEM) images were
obtained with an FEI Tecnai G2T20 electron microscope
operating at 200 kV. Fluorescence and SMLM images were
acquired using a Zeiss Elyra P.1 microscope equipped with 405
(50 mW), 488 (100 mW), 561 (100 mW), and 640 nm (150
mW) lasers. Fluorescence images were recorded using a 100×/
1.46 oil immersion objective and an Andor EM-CCD camera
(iXon DU897). Imaging data were analyzed using the Zeiss Zen
2012 software.
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