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  1.     Introduction 

 Optical fl uorescence microscopy is a pow-
erful experimental technique in the life 
sciences, featuring high sensitivity and 
specifi city, and it is minimally invasive 
so that it can be applied to living speci-
mens. [ 1,2 ]  Thus, it is widely employed in 
biomedical research focused on the pre-
vention, early detection, and timely therapy 
of cancer. Robust fl uorescence probes are 
needed for cellular labeling. Organic dye 
molecules play an important role as fl uo-
rescence markers; their photobleaching 
and toxicity, however, limit certain appli-
cations. [ 3,4 ]  With the development of 
nanotechnology, novel nanomaterials 
with interesting fl uorescence properties 
have emerged, such as semiconductor 
quantum dots, [ 5–7 ]  nanodiamonds, [ 8,9 ]  gold 
nanoclusters, [ 10,11 ]  and graphene quantum 
dots (GQDs). [ 12–14 ]  In contrast to microm-
eter-sized graphene and graphene oxide 
sheets, GQDs have diameters <10 nm. 
As a result, they display extraordinary 

properties associated with strong quantum confi nement and 
edge effects. [ 15 ]  Specifi cally, GQDs feature an adjustable emis-
sion wavelength, stable photoluminescence (PL), and good 
biocompatibility. They can be produced by different synthesis 
routes, [ 16–18 ]  and their application as fl uorescence probes for 
biological imaging has been demonstrated. [ 19–21 ]  

 Combining biomolecular nanostructures and fl uorescent 
probes yields optical materials that are endowed with biolog-
ical functionalities. Such nanohybrid structures have enjoyed 
considerable attention in recent years because they appear 
promising as novel tools in research fi elds such as molecular 
diagnostics and biomedicine. [ 22,23 ]  For example, proteins and 
peptides containing an arginine–glycine–aspartate (RGD) 
sequence can specifi cally bind to integrin-rich solid tumor 
types (e.g., melanoma, late stage glioblastoma, prostate, and 
ovarian cancers). Thus, they have been widely employed for 
targeting biomaterials to tumors. [ 22,23 ]  By endowing fl uores-
cent nanomaterials, such as QDs and ZnO nanowires, [ 24 ]  with 
such specifi c functionalities, the unique advantages of both 
fl uorescent probes and biomolecular nanostructures can be 
harnessed. 
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 Peptide nanofi bers (PNFs) are 1D self-assembled nano-
structures with thickness on the nanoscale and length in the 
nano- to micrometer range, large specifi c surface area, fl exibility, 
and good biocompatibility. [ 25–27 ]  Various PNFs and PNF-based 
nanohybrids have been created by controlling the self-assembly 
of designed peptide molecules, and they were successfully 
employed in biomedical applications. [ 28–31 ]  For example, Wei and 
co-workers studied the self-assembly of fi brinogen into amyloid 
structures. They showed that fi brinogen molecules form 1D and 
2D nanostructures with excellent properties as a biotemplate for 
the growth of hydroxyapatite crystals. [ 32 ]  More-
over, Li et al. [ 33 ]  have introduced a new class 
of biodegradable composite materials based 
on amyloid fi brils and graphene. Their elec-
trical conductivity and mechanical properties 
(including shape memory) make these mate-
rials excellent candidates for use in electronic, 
micromechanical, and biological devices. 

 Inspired by previous studies, [ 19,23,30,33 ]  we 
decided to develop a novel nanohybrid struc-
ture for simultaneously visualizing and tar-
geting cancer cells, taking full advantage of 
the interesting optical properties of GQDs and 
the specifi c recognition capability of RGD-
containing PNFs. To this end, we designed a 
novel peptide (RGDAEAKAEAKYWYAFAEA-
KAEAKRGD) with three functional motifs. 
Domain 1 (RGD) possesses a high binding 
affi nity toward integrin-rich tumor cells; [ 34 ]  
domain 2 (AEAKAEAK) provides the capa-
bility of forming nanofi bers; [ 35,36 ]  and domain 
3 (YWYAF) has the tendency to bind with 
carbon-rich surfaces, [ 30,37 ]  i.e., GQDs. PNFs 
were prepared by controlled self-assembly 
of the peptides, based on which functional 
PNF-GQD nanohybrids were synthesized by 
noncovalent attachment of GQDs onto the 
surface of PNFs. Here, we show that these 
nanohybrids are attractive tools for fl uores-
cence labeling and imaging of tumor cells 
( Figure    1  ). 

    2.     Results and Discussion 

  2.1.     Characterization of GQDs 

 GQDs were prepared by hydrazine hydrate reduction of 
oxidized graphene quantum dots (OGQDs), which were 
synthesized by electrolysis of graphite rods in alkaline milieu. [ 38 ] 

  Figure    2  A shows a typical atomic force microscopy (AFM) 
image of GQDs. The topographic height of the synthesized 
GQDs is mainly between 1 and 3 nm (Figure  2 B), indicating 
that these GQDs consist of 2-3 graphene layers. [ 38–40 ]  Further-
more, we studied the morphology of GQDs by high-resolution 
transmission electron microscopy (HRTEM). Their diameter is 
in the range of 0.5–2.5 nm (Figure  2 C,D), in agreement with 
the AFM data. The uniform size distribution of GQDs obtained 
from both AFM and transmission electron microscopy (TEM) 
images indicate a good dispersity of the GQDs in aqueous 
media. The GQDs are highly crystalline, as inferred from the 
0.25 nm lattice spacing (Figure  2 C, inset). [ 41 ]  

  The typical optical absorption peak of GQDs at 227 nm has 
been assigned to the π–π* transition of graphitic sp 2  domains 
( Figure    3  ); the weak shoulder at ≈300 nm is associated with 
the n–π* transition. [ 38 ]  The fl uorescence emission of GQD 
solution is strongly dependent on the excitation wavelength, 
which is commonly observed for the emission of GQDs that 
may result from optical selection of differently sized GQDs 
and surface defects of GQDs. [ 19 ]  With the excitation wavelength 
increasing from 320 to 440 nm, the emission maximum shifts 
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 Figure 1.    Schematic depiction of the fabrication of PNF–GQD nano-
hybrids and the subsequent cellular imaging.

 Figure 2.    Structural characterization of GQDs. A) Typical AFM image of GQDs. The line indi-
cates the selected region for B) section analysis. C) Typical HRTEM image of GQDs (inset: 
close-up of a selected GQD, showing its crystalline structure) and D) the corresponding size 
distribution.
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from 437 to 515 nm (Figure S1, Supporting Information). The 
excitation spectrum shows a distinct peak at 315 nm (red curve 
in Figure  3 ), which results in an intense emission band cen-
tered on 438 nm. Under illumination by a UV lamp (365 nm), 
homogeneous and bright blue fl uorescence is observed from 
an aqueous solution of GQDs (Figure  3 , inset), revealing 
strong fl uorescence and good colloidal stability. These results, 
together with other more detailed characterizations (Figure S2, 
Supporting Information), demonstrate that fl uorescent GQDs 
were indeed successfully obtained. 

    2.2.     Synthesis and Characterization of PNFs 

 Peptide self-assembly may be induced by 
hydrogen bonding, hydrophobic, electro-
static, and van der Waals interactions. [ 42–44 ]  
The molecular model and amino acid 
sequence of our multifunctional peptide are 
shown in  Figure    4  A. The AEAK sequence 
was adopted from self-assembling and ion-
complementary peptides; they form β-sheet 
structures that aggregate into nanofi bers in 
aqueous solution. [ 35,36 ]  We recently reported 
self-assembly of AEAK-containing peptides 
and formation of uniform PNFs. [ 30 ]  The head 
and tail motifs (RGD) can bind to integrins 
on the tumor cell surface, [ 34 ]  and the center 
motif (YWYAF) has the tendency to absorb 
to graphene surfaces. [ 37 ]  Indeed, YWYAF-
containing peptides were shown to bind onto 
graphene oxide nanosheets. [ 30 ]  

  Well-defi ned PNFs were obtained via self-
assembly of our designed peptides. Figure  4 B 
shows a typical AFM image of the PNFs, 
obtained by keeping a peptide solution of 
50 ng µL −1  in 20% ethanol at 37 °C for 5 d. 
Proper amount of ethanol is able to mediate 
the conformation transition of peptide mol-
ecules to form β-sheet structure, which 
can then self-assemble and aggregate into 

uniform PNFs. [ 25,45 ]  We obtained PNF heights in the range of 
0.2–0.5 nm by AFM section analysis (Figure  4 C). TEM charac-
terization (Figure  4 D) revealed formation of long and smooth 
PNFs with branched structure, and the width of PNFs is in 
the range of 10–40 nm and the length is from 500 to 2000 nm 
(Figure S3, Supporting Information).  

  2.3.     Synthesis and Characterization of PNF–GQD Nanohybrids 

 PNF–GQD nanohybrids were fabricated in situ by simultane-
ously adding excess amount of OGQDs and hydrazine hydrate 
solution (80%) to a PNF solution. The mixture was kept at 
37 °C for 6 h under gentle stirring, during which the OGQDs 
were reduced to GQDs and associated with the PNFs by non-
covalent forces such as electrostatic or π–π stacking interac-
tions. [ 31,37 ]  Afterward, the composites were dialyzed against 
water for 24 h to remove free GQDs and remaining impuri-
ties (Figure S4, Supporting Information). A typical AFM image 
( Figure    5  A) of the obtained PNF–GQD nanohybrids shows 
single GQDs well dispersed on the surface of PNFs, with 
heights in the range 1.5–4.0 nm (Figure  5 B), as expected from 
the heights of the PNFs (0.2–0.5 nm) and GQDs (1.0–3.0 nm). 
Figures  5 C and D display typical TEM images of the created 
PNF–GQD nanohybrids. The GQDs are arranged along the 
PNFs to form a linear hybrid nanostructure. The close-up in 
Figure  5 D (inset) reveals a crystalline carbon structure and 
thus proves that the GQDs are indeed deposited onto the sur-
face of PNFs. Note that the simultaneous addition of OGQDs 
and hydrazine hydrate solution to a PNF solution is vital for 
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 Figure 3.    Absorption (black), fl uorescence excitation (red, emission at 
500 nm), and emission spectra (blue, excitation at 315 nm) of an aqueous 
solution of GQDs. The inset displays photographs of GQDs in room light 
(left) and under UV illumination (365 nm, right).

 Figure 4.    PNF characterization. A) Molecular model and motif sequence of our designed pep-
tide molecule. B) Typical AFM image of the prepared PNFs, the line indicates the region for 
C) cross-section analysis. D) Representative TEM image.



FU
LL P

A
P
ER

5475wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the synthesis of PNF–GQD nanohybrids with 
high density. The synthesized OGQDs can 
effectively bind onto the YWYAF domain, 
and subsequently the OGQDs can be reduced 
to GQDs by hydrazine hydrate. 

  We then characterized the surface charge 
of PNF–GQD nanohybrids in aqueous solu-
tion by measuring the ζ-potentials of PNFs 
and GQDs, which were +8.7 and −46.9 mV, 
respectively. The ζ-potential of the purifi ed 
PNF–GQD nanohybrids was −7.6 mV, indi-
cating that the ζ-potential of the PNFs was 
shifted to a more negative potential by asso-
ciating with the negatively charged GQDs. 
Therefore, besides π–π interactions between 
GQDs and PNFs, [ 33 ]  electrostatic interac-
tions also play an important role in forming 
PNF–GQD nanohybrids. The absorption and 
emission spectra of the as-prepared PNF–
GQD nanohybrids are practically identical 
to those of GQDs, indicating that the GQDs 
retain their optical properties in the hybrids 
( Figure    6  B). We also investigated the fl uo-
rescence decay and photostability of PNF–
GQD nanohybrids in aqueous solution. The 
fl uorescence decay of GQDs remains essen-
tially unchanged before and after complexa-
tion with PNFs, with an average lifetime of 
6.1 ± 0.1 ns. PNF–GQDs exhibit similar 
photostability as GQDs only; upon illumina-
tion by a 405 nm laser (0.6 mW cm −2 ) for 
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 Figure 5.    Size characterization of PNF–GQD nanohybrids. A) Typical AFM image, the line indi-
cates the region for B) cross-section analysis; C) TEM and D) HRTEM images (inset: close-up 
of a selected GQD in a PNF–GQD nanohybrid, showing its crystalline structure).

 Figure 6.    ζ-potentials and optical properties of nanostructures. A) ζ-potential of PNFs, GQDs, and PNF–GQDs in aqueous solution; error bars denote 
the standard deviation. B) Absorption (black) and fl uorescence emission spectra (blue, excitation at 315 nm) of PNF–GQDs in aqueous solution. 
C) Fluorescence decays of GQDs (black) and PNF–GQDs (red) in aqueous solution upon excitation at 488 nm. D) Photoemission intensity of GQDs 
(black) and PNF–GQDs (red) under continuous illumination by a 405 nm laser, monitored at 520 nm.
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1 h, the fl uorescence intensity of both decreased by about 20%. 
Moreover, the PNF–GQDs possess a similar colloidal stability 
as GQDs in aqueous medium. Almost no change of their fl uo-
rescence intensity was observed after storage at 4 °C in the dark 
for three months. Together, these results show that the optical 
properties of GQDs are unaltered by conjugation with PNFs, 
which is advantageous for biological applications. [ 46 ]  

  Considering the increasing concerns about 
nanosafety of engineered nanomaterials in 
recent years, [ 47–49 ]  it is important to examine 
the biocompatibility of novel nanohybrids. 
Accordingly, we incubated HeLa cells with 
PNF–GQDs and GQDs, and assessed cel-
lular viability via the MTT (thiazolyl blue 
tetrazolium bromide) method. As shown in 
 Figure    7  , for both GQDs and PNF–GQDs, 
cell viability was unchanged within 24 h, as 
compared with the control group. Over 48 h 
and 72 h, the cell viability in the presence of 
PNF–GQD was even slightly increased with 
respect to the control group and GQDs only. 
The origin of this phenomenon remains 
unknown but may be related to the observa-
tion that PNFs are advantageous for cell pro-
liferation. [ 50 ]  In any case, the current MTT 
data clearly reveal an excellent biocompat-
ibility of PNF–GQD nanohybrids. 

    2.4.     Cellular Imaging 

 Next, the application of our PNF–GQD nano-
hybrids for imaging integrin-rich cells, HeLa 
cells, [ 51 ]  was investigated by confocal fl uores-
cence microscopy.  Figure    8   displays typical 
images of HeLa cells after incubation with 
PNF–GQDs for 2 h. The bright fl uorescence 
from PNF–GQD nanohybrids can easily be 
seen inside the cells (Figure  8 D), indicating 
successful labeling of the HeLa cells. The 
overlay with the corresponding bright-fi eld 

image shows that the nanohybrids mainly reside inside the 
cells (Figure  8 F). Cellular internalization of GQDs showed sim-
ilar internalization as PNF–GQDs (Figure  8 A–C). Quantitative 
image analysis revealed a fi vefold lower intensity from HeLa 
cells, however, as compared with those incubated with PNF–
GQDs (Figure S5, Supporting Information). Since the fl uores-
cence properties of GQDs remain unchanged in the PNF–GQD 
complex, this observation suggests that the intensity variation 
refl ects the different amounts of GQDs delivered into the cells. 
In other words, more PNF–GQD than bare GQD optical probes 
were delivered, making PNF–GQDs highly promising for 
optical labeling applications. Thanks to the positive charges of 
PNF, stronger interactions of the PNF–GQD nanohybrids with 
overall negatively charged cellular membranes are expected, 
which then greatly facilitate the cellular internalization of 
GQDs. [ 52 ]  Interestingly, for COS-7 cells treated with PNF–GQD 
solution under identical conditions, only weak fl uorescence 
could be observed (Figure  8 G), indicating weak internalization 
of PNF–GQDs. Quantitative image analysis revealed a seven-
fold reduction in uptake yield. Such a remarkable difference in 
the cellular uptake for different cell lines suggests that these 
nanohybrids could be preferentially internalized by tumors in 
vivo, thereby avoiding possible side effects on normal cells. [ 53 ]  
In this way, our PNF–GQDs realized specifi c targeting and 
optical imaging of tumor cells simultaneously, which is 
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 Figure 7.    Viability of HeLa cells after incubation with GQDs (red) or 
PNF–GQD (blue) in cell medium for different times as determined by an 
MTT assay. Control samples (black) are HeLa cells incubated in medium 
without GQDs or PNF–GQDs. The error bars represent variations among 
three independent measurements.

 Figure 8.    Confocal microscopy images of cultured cells. HeLa cells were incubated with 
A–C) GQDs or D–F) PNF–GQDs in DMEM for 2 h; COS-7 cells were incubated with G–I) 
PNF–GQDs in DMEM for 2 h. Shown are A,D,G) confocal fl uorescence, B,E,H) bright fi eld, 
and overlay C,F,I) images. Scale bar: 20 µm.
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advantageous over previous studies using either GQDs [ 54 ]  or 
PNFs [ 55 ]  for bioapplications. 

     3.     Conclusions 

 We have demonstrated successful fabrication of novel 
bifunctional PNF–GQD nanohybrids based on noncova-
lent interactions (π–π and electrostatic interactions) between 
motif-designed PNFs and fl uorescent GQDs. The PNF–GQD 
nanohybrids possess strong fl uorescence and good dispersity 
and biocompatibility, making them promising candidates for 
specifi c imaging of tumor cells. They can effi ciently label live 
HeLa cells and, notably, a signifi cantly enhanced internalization 
effi ciency was observed in comparison with plain GQDs and 
nontumorous COS-7 cells. Our motif-oriented peptide design 
strategy using RGD as a targeting sequence can easily be gen-
eralized to other specifi c targeting peptides or proteins, offering 
new opportunities for producing multifunctional nanofi ber-
based composites for biological and biomedical applications. 
We also envision the possibility of introducing additional 
functionalities to these nanofi ber-based nanocomposites, e.g., 
by incorporating chemotherapy agents or magnetic imaging 
agents, to achieve more advanced multifunctional materials 
that can be tailored toward further specifi c applications.  

  4.     Experimental Section 
  Reagents and Materials : Natural graphite rods were purchased from 

Shanghai Tansu Factory (Shanghai, China). Peptides were custom-
ordered from Pepmic Co., Ltd. (95% purity, Suzhou, China). Sodium 
hydroxide, 2,2,2,-trifl uoroethanol (TFE), and absolute ethanol were 
purchased from Beijing Chemicals Co., Ltd. (Beijing, China). Hydrazine 
hydrate (analytical grade, 80% aqueous solution) was purchased 
from Tianjin Yongda Chemicals Co., Ltd. (Tianjin, China). Thiazolyl 
blue tetrazolium bromide (MTT) was purchased from Sigma-Aldrich 
(Milwaukee, WI, USA). Dimethylsulfoxide (DMSO) was obtained from 
Carl Roth (Karlsruhe, Germany). Phosphate buffered saline (PBS, pH 7.4) 
was obtained from Invitrogen (Carlsbad, USA). Dialysis bags (MD34, 
MWCO 3500 Da, and MD31, MWCO 100 kDa) were purchased from 
Baiyiju Biological Mall (Shanghai, China). Filter membranes (0.2 µm, 
MICROPES) were supplied by Tianjin Jinteng Experimental Equipment 
Co., Ltd. (Tianjin, China). All chemicals used in this work were of 
analytical reagent grade and directly used without additional purifi cation. 
The water used was purifi ed through a Millipore system (≈18.2 MΩ cm). 

  Preparation of GQDs : OGQDs were synthesized according to a 
reported electrochemistry method. [ 38 ]  Briefl y, bulk electrolysis of graphite 
rods with coulometry was performed on an electrochemical workstation 
(CHI760D), consisting of the graphite rod as the working electrode, a Pt 
foil as the counter electrode, and an Ag/AgCl electrode as the reference 
electrode. The graphite rod in 0.1  M  NaOH electrolyte solution was 
continuously electrolyzed for 10 h. Subsequently, the supernatant was 
removed and fi ltrated by a 0.2 µm fi lter membrane. The purifi ed sample 
was further dialyzed in a dialysis bag with a molecular weight cutoff 
(MWCO) of 3500 Da against deionized water to obtain a pure OGQD 
solution. A pure GQD solution was prepared by reduction of the OGQD 
solution with hydrazine hydrate (volume ratio 2:1) at 37 °C and dialyzed 
against deionized water for 1 d. 

  Self-Assembly of Peptide and Formation of PNFs : In accordance 
with our previous reports, [ 30,56 ]  the peptides were dissolved in TFE 
(2,2,2,-trifl uoroethanol, 1%) at a concentration of 1 mg mL −1 . Afterward, 
deionized water was added to achieve a fi nal concentration of 50 ng µL −1 , 
and the peptide stock solution was mixed with absolute ethanol with the 

volume ratio of 4:1. PNFs were obtained after keeping the mixture in a 
water bath at 37 °C for 5 d. 

  Preparation of PNF–GQD Nanohybrids : 0.3 mL OGQDs and 0.6 mL 
80% hydrazine hydrate were simultaneously added to 2.7 mL PNFs 
solution (50 ng µL −1 ). The mixture was kept in a water bath at 37 °C 
for 6 h under gentle stirring. Immediately thereafter, the solution was 
dialyzed in a dialysis bag (MWCO 3500 Da) against deionized water for 
1 d to remove excess hydrazine hydrate and then dialyzed in another 
dialysis bag (MWCO 100 kDa) for 1 d to remove excess GQDs. The fi nal 
purifi ed PNF–GQD nanohybrid solution was stored at 4 °C in the dark 
for further use. 

  Cell Culture and Cytotoxicity Tests : Both HeLa and COS-7 cells 
were cultured in Dulbecco’s modifi ed Eagle’s medium (DMEM), 
supplemented with 10% fetal bovine serum (FBS), 60 µg mL −1  of 
penicillin, and 100 µg mL −1  of streptomycin in a humidifi ed incubator at 
37 °C and 5% CO 2 . Cell viability was assessed via the metabolic activity 
of HeLa cells using an MTT assay. [ 57 ]  Cells were seeded in a 24-well plate 
in 1 mL of cell medium overnight, and then incubated with the same 
concentration of GQDs or PNF–GQD (18 µg mL −1 ), in DMEM without 
FBS for 2 h at 37 °C and 5% CO 2 . Cells were washed twice with PBS, 
and 200 µL fresh medium and 10 µL MTT stock solution (5 mg mL −1  
in dimethylsulfoxide (DMSO)) were added to each well. Afterward, the 
cells were further incubated for 4 h at 37 °C and 5% CO 2.  Finally, DMSO 
was added to each well and mixed thoroughly before measuring the 
absorbance of the solution at 550 nm. For evaluating cell viability over 
periods longer than 2 h, after removal of free GQDs or PNF–GQD, cells 
were further incubated in FBS-complemented DMEM until the desired 
time, and then subjected to MTT assays as described above. 

  Cellular Imaging : Cells were seeded in eight-well Lab Tek chambers 
(Nunc, Langenselbold, Germany) and allowed to adhere overnight in 
a humidifi ed incubator at 37 °C and 5% CO 2  before they were washed 
twice with PBS. Cells were then incubated with 18 µg mL −1  PNF–GQD or 
GQDs in DMEM without FBS for 2 h at 37 °C and 5% CO 2 . Subsequently, 
cells were washed twice with PBS and fi xed with 1 mL of 4% (by mass) 
paraformaldehyde (Applichem GmbH, Darmstadt, Germany) in PBS at 
37 °C for 5 min. In the chambers, the fi xed cells were covered with PBS 
for the imaging experiments. Fluorescence imaging was performed using 
an Andor Revolution XD spinning disk laser scanning microscopy system 
(BFi OPTiLAS, München, Germany). [ 58 ]  GQDs were excited at 405 nm; 
emission was detected through a band-pass fi lter (525 nm/50 nm center 
wavelength/width, AHF, Tübingen, Germany). The fl uorescence images 
were analyzed quantitatively by using the Image J software. 

  Characterization Instruments : The morphology of GQDs, PNFs, 
and PNF–GQD was studied by using a NanoWizard 3 NanoScience 
atomic force microscope (AFM, JPK Instruments AG, Berlin, Germany) 
in tapping mode. TEM and HRTEM were carried out on a TEM (JEM-
3010) with an accelerating voltage of 200 kV. Fourier transform infrared 
spectroscopy (FTIR, Nicolet 6700, Thermo-Fisher, USA), UV–vis 
spectroscopy (UV-2900, Hitachi, Japan, scanning rate 400 nm min −1 ), 
and X-ray photoelectron spectroscopy (XPS, ThermoVG ESCALAB 
250) were used to analyze the structures of OGQDs and GQDs. A 
FluoroMax-4 fl uorescence spectrophotometer (HORIBA Jobin Yvon, 
USA) was used to characterize the fl uorescence of OGQDs and GQDs. 
The fl uorescence emission decay was measured by time-resolved single-
photon counting (TCSPC) in a confocal microscopy system (Microtime 
200, PicoQuant, Berlin, Germany) equipped with a water immersion 
objective (1.2 NA, 60×) (Olympus, Tokyo, Japan) and a pulsed diode 
laser (488 nm, PicoQuant) for picosecond pulsed excitation. The 
fl uorescence was collected with a band-pass emission fi lter 520 nm/35 
nm. The decay curves were fi tted by two-component exponential decay 
functions, based on which intensity-weighted average lifetimes were 
obtained.  

  Supporting Information 
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