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Quantum Dots Based Fluorescent Traffic Light Nanoprobe for

1
2 Specific Imaging of Avidin-Type Biotin Receptor and
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11
12 ABSTRACT: Sensitive and specific visualization of cell surface biotin receptors (BRs), a clinical important biomarker, remains a
13 challenge. In this work, a dual emission ratiometric fluorescent nanoprobe is developed for specific imaging of cell surface avidin, a
14 subtype of BRs. The nanoprobe comprises a dual emission quantum dots nanohybrid, wherein a silica-encapsulated red-emission
15 QD (rQD@SI0,) is used as “core” and green-emission QDs (gQDs) are used as “satellites”, which are further decorated with new
16 “love-hate”-type BR ligand, a phenanthroline-biotin conjugate with an amino linker. The nanoprobe shows intense rQD emission
17 but quenched gQD emission by the BR ligand. Upon imaging, the rQD emission stays constant and the gQD emission restores as
cell surface avidin accrues. Accordingly, the overlaid fluorescence color collected from red and green emission changes from red to
18 yellow, and then to green. We refer to such color change as a traffic light pattern and the nanoprobe as fluorescent traffic light
19 nanoprobe. We demonstrate the application of our fluorescent traffic light nanoprobe to characterize cancer cells. By the traffic
20 light pattern, cervical carcinoma and normal cells, as well as different-type cancer cells including BR-negative colon cancer cells,
21 BR-positive hepatoma carcinoma cells, breast cancer cells and their subtypes have been visually differentiated. We further
22 demonstrate a use of our nanoprobe to distinguish the G2 phase from other stages in a cell cycle. These applications provide new
2 insights into visualizing cell surface biomarkers with remarkable imaging resolution and accuracy.
3 g g ging y
24
25
;? INTRODUCTION wavelength.2324 The overlaid fluorescence color obtained from
. . dual emission can be used to precisely image the target.
28 Cell Eurface ;ehceptolrs aﬁe pro{em. receptqrst emf‘!)e;llde.d lm ?eli Another challenge in imaging cell surface BRs involves
29 memmbranes. 1hey play key roles in a variety ol pliysiologica selection of fluorophore-biotin conjugates. As for a
30 and pathological events.* Importantly, cell surface receptors fluorophore- biotin conjugate with a short linker, biotin moiety
31 are involved in progression of degenerative diseases, for may quench the emission of fluorophore in close proximity,
32 instance, cancer, atherosclerosis, and neurological disorder.? resulting in poor sensitivity.”> With a long linker, the high
33 Tr(';l.dltlortla.tl detect140n r:ileglods oftcell :urfa%irecepsgrs 1ncluF1e affinity binding between a population of BRs and the
34 raulome 1ic assay” and How cytomelry.” 1hey either r.equ;fe conjugate may reduce the imaging specificity.6 As a result,
cell 1vasion or do not provide imaging data to visually the subtypes (avidin and streptavidin) of BRs may not be
35 represent proteins on cell surfaces. The fluorescent probe- differentiated.
36 based imaging method provides an alternative to detect cell Instead of a molecular probe, we hereby report a ratiometric
37 surface receptors with advantages in terms of real-time fluorescent nanoprobe to irr’lage cell surface BRs. Our
38 imggiqg, minimal invas?veness and high spatial resolution.®’ nanoprobe comprises a “core-satellite” dual emission QDs
39 Sf:lent}sts have synthesized a pool of ﬂuore§cent probes to nanohybrid with specifically designed BR ligand, a
40 visualize cell-surface receptors such ?_S” epldq‘mal grovyth phenanthroline-biotin conjugate (herein abbreviated as PB).
41 factor receptgrs a}nd folate receptors. Semi-quantitative PB binds to gQDs via metal affinity coordination and
42 ﬂuorescepce imaging methodslzhlzwe thus been developed for quenches the green emission by charge transfer. The
43 cancer diagnosis at early stage.'* | ¢ coll surf: nanoprobe provides a dual emission feature: red emission from
42 Biotin receptors (BRs) are a ¢ ass of ce sui‘ace receptors CdSe/ZnS QD (rQD) inside silica shell is used as the internal
necessary for natural growth of living cells.” In order to reference, while green emission from InP/ZnS QDs (gQDs)
4> rapidly proliferate, cancer cells overexpress BRs to acquire outside of the silica shell is target-responsive (Scheme 1).
46 more biotins than normal cells. For certain cancer cell lines, Relying on molecular feature of PB, our nanoprobe can
47 the overexpressigl}tsproﬁles of BRs are more pronounced than selectively recognize cell surface avidin (AV) rather than its
48 folate receptors.!>'® Therefore, BRs have been recognized as a . - 1 e
P oromising pbiomarker for cancor dinenosts andg therapy.” 1sofo_rm_ streptavidin (SA). The cell surface AV, when binding
> vy the biotin end of PB, can displace PB from the nanoprobe and
50 Although efforts have been made to design fluorophore-biotin restore the green emission. As a result, the dual emission
51 conjugates to image cell surface BRs, none of thes.e probes (restored green emission and constant red emission) produces
52 ;een;s 'g).restohlve. the .problems bfg‘;lgﬁhby SYStimlc errors ratiometric fluorescence response of the nanoprobe. This
involved in the imaging process.'®- eir single-emission . : : :
53 . . - ratiometric fluorescence response results in a change in the
4 ﬂqo'rescence s1gnal§ are ea.sﬂy affegted .by systematic errors overlaid color of cell surface from red to yellow, and then to
55 or1g1nated.from Varla‘illons‘ mn exc_1tat1on ln‘;fzanIty, local prqbe green, as the AV abundance increases. We refer to such color
s concentration, and cell microenvironment. A Qual emission change as a traffic light pattern and the nanoprobe as
rathmetrlc_ method coqldhoffset these systematlc interferences, fluorescent traffic light nanoprobe. This traffic light nanoprobe
57 by including one emission .fr(.)m an internal standard at a is demonstrated below to image living cell surfaces to
58 wavelength and the other emission from the target at a second differentiate cell status, types/subtypes and stages at a
59 molecular level.
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Scheme 1. Illustration of the nanoprobe construction and its use for imaging cell surface BRs.

nanchybrid

Cytoplasm
EXPERIMENTAL SECTION
Reagents and Chemicals. 1-Butanol, 5-amino-

phenanthroline were supplied by Alfa Aesar. Thionyl chloride
and cysteine (Cys) were purchased from Aladdin. AV, SA,
pepsin, bovine serum albumin (BSA), thrombin (TB) and
RNase A were purchased from Sigma-Aldrich. Biotin and 4-
dimethylaminopyridine were purchased from TCI. N,N-
dimethylformamide (DMF) and Glutathione (GSH) were
purchased from J&K. Methoxy-poly(ethylene glycol)-
monocarboxylic acid (MPEG;y-COOH) was purchased from
ToYong Bio. Co. Ltd. (Shanghai, China). The pure water (p>
18.2 MQ cm) was obtained from a Pall Cascade AN synthesis
system.

Synthesis of PB. PB was synthesized with a modified
procedure.”’ Typically, 0.22 g of biotin was dissolved in 10
mL of thionyl chloride with stirring for 20 min to obtain biotin
acyl chloride. In parallel, 0.20 g of 5-amino-phenanthroline
and 0.02 g of 4-dimethylaminopyridine were dissolved in 15
mL of dry DMF, to which the biotin acyl chloride in 10 mL of
DMF was transferred. The reaction was allowed to stir for 18
h at room temperature. The product was purified by alumina
chromatography. 0.24 g of PB was obtained in a yield of 63%.
'H NMR [(CDs),SO]: 6 10.70 (1H, s), 9.12 (1H, dd), 9.03 (1H,
dd), 8.60 (1H, d) 8.45 (1H, d), 8.16 (1H, s), 7.82 (1H, dd),
7.74 (1H, dd), 6.44 (1H, s), 6.36 (1H, s), 4.32 (1H, m), 4.17
(1H, m), 3.17 (1H, m), 2.83 (1H, m), 2.59 (1H, m), 1.72-1.48
(8H, m).

Preparation of the QDs Nanohybrid. The synthesis of
water soluble mercaptopropionic acid-capped gQD (InP/ZnS,
EM: 519 nm) and oil soluble rQD (CdSe/ZnS, EM: 619 nm)
were described previously.??® The silica encapsulated rQD
rQD@Si0,) were prepared by a reverse microemulsion
approach,’ and further functionalized with mPEG,-COOH
via typical carbodiimide reaction. The QDs nanohybrid was
prepared by dropwise adding 0.5 uM of gQD into 0.03 pM of
PEGylated rQD@Si0, with stirring for 20 min.

nanoprobe

Nucleus

Preparation and Characterization of the Nanoprobe.
The nanoprobe was prepared via a phase transfer process.?!
Typically, Tris-HCI buffer (10 mM, pH 7.4) of the QDs
nanohybrid was mixed with 1 equiv. of 1-butanol solution of
PB (10 uM), followed by shaking for 2 min. After a 10-minute
standing, the two solutions in the cuvette were stratified, and
the aqueous solution was stored for further use.

The photostability was characterized by illuminating the
nanoprobe in Tris-HCI buffer with a laser at 405 nm for
different time (up to 2 h), followed by fluorescence
measurements. The biocompatibility was characterized by
incubating HeLa cells with varying concentrations of the
nanoprobe for 24 h, and subsequent staining with (3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide)
(MTT) for 4 h, followed by absorption measurements.

Fluorescence Measurements. All the fluorescence
measurements were conducted with a 0.2 cm-thick quartz
cuvette, an excitation wavelength at 405 nm and a 5 nm slit.
For sensitivity assessment, solutions of the nanoprobe were
equally mixed with varying concentrations of AV. For
selectivity assessment, solutions of the nanoprobe were
equally mixed with solutions of 0.2 uM of AV, SA, pepsin,
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BSA, TB or RNase A, or 0.1 mM of GSH or Cys, respectively.

For competitive binding experiment, solutions of the
nanoprobe were mixed with 0.2 pM of AV, followed by the
addition of 0, 0.1 or 0.2 uM of biotin-C-peptide, respectively.
Docking Calculations. The structure of PB was optimized
by Gaussian 03 at HF/3-21G level of calculation. The
crystallographic structures of AV and SA were obtained from
the Protein Data Bank (https://www.wwpdb.org). The standard
protocol of merging hydrogens, assigning Gasteiger charges
and AutoDock atom types, was followed to prepare ligand and
protein input files. Docking calculations were performed by
using the AutoDock v4.2 (https://autodock.scripps.edu) and
AutoDockTools ADT v1.5.6 (https://mgltools.scripps.edu).3?33
The docking grid size was set to 60x60x60 points with grid
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spacing of 0.375 A, which embraces the binding sites of the
proteins. The docking utilized the standard AutoDock force
field and the Lamarckian Genetic Algorithm (LGA) search for
the lowest energy docked ligand conformers. Each docking
calculation consisted of 10 independent LGA runs with the
maximum number of energy evaluations for each LGA run set
at 2 500 000 with the generations set to a maximum of 27 000.
The resulting docking poses were analyzed based on their
AutoDock binding energies.

Cell Surface Imaging. Cell imaging was carried out after
the nanoprobe-treated cells were washed with PBS, and fixed
with paraformaldehyde on Lab-Tek 8 well chambered
coverglass. Green-channel (509-529 nm) and red-channel
(609-629 nm) emissions were collected, respectively, upon
laser excitation at 405 nm. The fluorescence images were
quantitatively — analyzed wusing the Image] software
(https://imagej.nih.gov/ij/). Fluorescence colors of the overlaid
images were also analyzed.

To study the kinetics of imaging, HeLa cells were pre-
stained with a plasma membrane dye, DiD [DilCg(5)], and
then treated with 0.05, 0.15 and 0.25 mg/mL of the nanoprobe
for 1, 2, 4, 6 and 8 h, respectively. The reference red emission
of the nanoprobe was monitored to indicate its localization on
cell surfaces. To study the specificity of imaging, HeLa cells
were pre-incubated with 0.5 pM of AV or SA for 12 h, or 10
uM of biotin for 1 h, followed by treating with the nanoprobe
(0.15 mg/mL, thereafter) for 6 h. To differentiate
normal/cancer cells, Ectl/E6E7 cells and HeLa cells were,
respectively, treated with the nanoprobe for 6 h. To
differentiate cancer cell types/subtypes, HCT116 cells, MDA-
MB-231 cells, SKBr3 cells and HepG2 cells were,
respectively, treated with the nanoprobe for 6 h. To image the
stages during a cell cycle, HeLa cells were pre-incubated with
200 nM of L-mimosine for 24 h (Gl phase), 2 mM of
thymidine for 24 h (S phase), 3 uM of nocodazole for 24 h
(G2 phase), as well as 2 mM of thymidine for 18 h and 0.3 pM
of nocodazole for 12 h (M phase), respectively, followed by
treating with the nanoprobe for 6 h.

Instruments. Fluorescence spectra were collected with a
fluorescence spectrometer (Hitachi F-7000, Japan). UV/Vis
absorption spectra were acquired on a Hitachi U-4100
spectrophotometer. The '"H NMR spectrum was recorded on a
Bruker DRX-400 NMR spectrometer. Fourier transform
infrared (FT-IR) spectra were obtained on a Thermo Scientific
Nicolet-5700 spectrometer. X-ray photoelectron spectroscopy
(XPS) was acquired from a PHI 5000 VersaProbe
spectrometer (ULVAC-PHI, Inc.) equipped with a
monochromatic Al Ko source at room temperature. Zeta
potential measurements were performed on a Malvern
Zetasizer Nano-ZS particle analyzer. Transmission electron
microscopy (TEM) images were taken on a JEOL JEM-2100
microscope. Confocal fluorescence images were taken on a
confocal laser-scanning microscope (TCS SPS8, Leica,
Germany).

RESULTS AND DISCUSSION

Preparation and Characterization of the Nanoprobe.
The nanoprobe was assembled by a two-step adsorption
process. At first step, mercaptopropionic acid-capped gQDs
were adsorbed onto an amino-modified PEGylated rQD@SiO,
via electrostatic interaction to form a QDs nanohybrid. The
TEM image shows that the nanohybrid has a well-defined
“core-satellite” structure, in which one rQD (d = 7.5 nm) is
embedded within a ~17 nm-thick silica shell and multiple

gQDs (d = 3.3 nm) are anchored on the surface of silica shell
(Figure 1A). The thickness of silica shell well exceeds the
Forster radius (~5-7 nm),3*3 thereby blocking resonance
energy transfer between the rQD and the gQDs. In accordance
with the electrostatic adsorption, { potential drastically
changes from 18.4 mV for rQD@SiO, to -22.6 mV for the
QDs nanohybrid (Figure S1).

At second step, the ligand PB was adsorbed onto gQDs of
the QDs nanohybrid by metal affinity coordination. This
coordination was confirmed by the findings that a band peaked
at 397.1 eV for N 1s signal and another band peaked at 1020
eV for Zn 2ps, signal appear in the XPS spectrum of
nanoprobe with respect to that of the QDs nanohybrid (Figure
1B, a,b). These results indicate that the coordination takes
place between two N atoms on phenanthroline moiety of PB
and surface Zn atoms of gQDs (InP/ZnS).3%37 It is worth
noting that PB is virtually insoluble in water. Therefore, the
PB/gQD binding was via a phase transfer approach, by which
eight PB molecules can be adsorbed onto one gQD (Figure
S2). At this PB/gQD ratio, the nanoprobe shows intense rQD
emission and weak gQD emission (quenched to be one fifth of
the original), making the overlaid fluorescence color show red
(Figure 1C).

The photostability of the dual emission nanoprobe is further
evaluated. Both the gQD emission and the rQD emission are
found to slowly bleach upon continuous laser illumination, but
they exhibit nearly identical photo-bleaching behavior (Figure
S3). As a result, the dual emission based fluorescence
ratiometry remains nearly constant, indicative of high
detection accuracy by the nanoprobe.
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Figure 1. (A) TEM images of rQD@SiO,, gQD, and the QDs
nanohybrid. (B) XPS spectra of the QDs nanohybrid (a), the
nanoprobe (b), and the nanoprobe in the presence of AV (c) or SA
(d). Spectral components of N 1s are N-C (yellow) and N-Zn
(blue). Spectral components of Zn 2p;, are Zn-O (pink), Zn-S
(green) and Zn-N (blue). (C) Fluorescence spectra and
photographs of the QDs nanohybrid and nanoprobe solutions.

Sensitivity Assessment of the Nanoprobe in a Test Tube
Setting. The nanoprobe is initially tested by free AV which
binds biotin in the same way as cell surface AV.*® As shown in
Figure 2A, the nanoprobe exhibits a ratiometric fluorescent
response to a dose range of AV. Increasing the AV
concentration results in stronger gQD emission at 519 nm
(I519), while the QD emission at 619 nm (/59) remains
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constant. The relative green-to-red emission intensity ratio
displays a linear correlation with the AV concentration in the
range of 0.1-100 nM, with a correlation coefficient of 0.991
(Figure 2B). The limit of detection can be defined as 0.1 nM.
From the linear correlation, the apparent dissociation constant
(Ky) of PB is calculated to be 7.5x10-% M, which is 10°-107-
fold larger than that of free biotin (~10-'5 M).

More importantly, under UV illumination, the nanoprobe
solution displays a color change from red to yellow and then
to green, as AV concentration increases (Figure 2, top). The
color change is analogous to that of a traffic light. We refer to
such color change as a traffic light pattern: the red light is on
when the AV concentration is no more than 10 nM; the yellow
light makes transitions when the AV concentration is in the
range of 25-50 nM; the green light is on when the AV
concentration is greater than 60 nM. Clearly, this traffic light
pattern facilitates to visualize AV in a semi-quantitative
manner.
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0.1 1 10 25 40 50 60 75 100

- .- &._4 h
(o o o

5 5
A B ¥ k,=75.10%m
A
44 : o 4 3 §
- 2 L]
=] ©
8 3] i~ : :92 3
2 < | I 2
8 2] ! = R =0.991
S 2
E : 3 2
| : &
1
500 600 700 0 50 100 150
Wavelength (nm) [AV] (nM)

Figure 2. (Top) Photographs of the nanoprobe in a test tube
setting as AV concentration increases. (Middle) The traffic light
pattern represents the overlaid fluorescence color of the
nanoprobe at different concentration ranges of AV. (A)
Fluorescence spectra of the nanoprobe (0.15 mg/mL) in the
presence of varying concentrations of AV. (B) Relative green-to-
red emission intensity ratio as a function of AV concentration.
The error bars represent the relative error propagated for green-to-
red emission intensity ratios for three replicated measurements.

Specificity Assessment of the Nanoprobe for BRs. To
investigate the specificity of the nanoprobe, the nanoprobe is
treated with a variety of proteins, i.e., AV (model target for
AV-type BRs), SA (model target for SA-type BRs), pepsin,
BSA, TB and RNase A, and biothiols (GSH and Cys). The
relative green-to-red emission intensity ratio is examined for
each of the proteins/biothiols. We find that our nanoprobe is
specific for AV only. AV displays larger relative green-to-red
emission intensity ratio than SA by a factor of ~10-fold
(Figure 3). The change in fluorescence ratiometry induced by
other proteins/biothiols is negligible. The specificity of the
nanoprobe toward AV versus SA is further confirmed by other
spectral measurements. When AV is present, PB is displaced
from the gQDs characterized by all nitrogen band peaks
disappearing in the XPS spectrum (Figure 1B, c). As for SA, it
does not dislocate PB from the nanoprobe (Figure 1B, d). FT-
IR spectra also show that characteristic vibration bands for PB

(2973 cm! for alkyl group; 1660 cm™ for amide group)
disappear from the nanoprobe in the presence of AV, while
these bands still exist in the presence of SA (Figure S4).
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Figure 3. Histogram of relative green-to-red emission intensity
for the nanoprobe (0.15 mg/mL) in the presence of 0.1 uM of
proteins (AV, SA, pepsin, BSA, TB, or RNase A), or 0.05 mM of
biothiols (GSH or Cys). The error bars represent the relative error
propagated for green-to-red emission intensity ratios for three
replicated measurements. The inset shows the corresponding
fluorescence spectra.

Ligand-Governed Specificity of the Nanoprobe toward
AV. To obtain insights into the specificity of the nanoprobe,
docking studies for PB-AV monomer and PB-SA monomer
are performed using AutoDock program. The calculations
show that PB can bind AV, with the biotin end (red) inside the
binding pocket and the phenanthroline arm (blue) nearby the
protein surface (Figure 4A, left). This configuration of PB-AV
complex is similar to that of other biotin conjugate-AV
complexes.**40 In contrast, PB may not access into the binding
pocket of SA regardless of dimensional adjustment (Figure 4A,
right).

The difference in binding may be attributable to the
conformation of critical loop at the surface of proteins. For
AV and SA, three polypeptide loops (L3-4, L5-6 and L7-8)
cover their binding pockets, among which L3-4 (connect
strands B3 to P4) is regarded to play a critical role in ligand
binding. This critical loop contains nine residues in AV but
only six residues in SA.*'"4> Therefore, L3-4 of AV is larger
and more flexible than that of SA. The lid-like loop L3-4 of
AV may adopt an openable conformation, whereas L3-4 of SA
has a closed conformation upon ligand binding.*+45

The steric structure of the ligand PB also contributes to the
specific binding. PB features a “love-hate” structure*®: on one
hand, it has a biotin end that favors high-affinity binding with
the pocket of AV or SA (“love” mode); on the other hand, PB
has a rigid phenanthroline arm that sterically clashes with the
surface of proteins (“hate” mode). The flexible open
conformation of L3-4 in AV may enhance the “love” mode
and suppress the “hate” mode, which results in binding
between PB and AV (Figure 4B, left). In contrast, the closed
conformation of L3-4 in SA enhances the ‘“hate” mode,
restricting the binding of PB with SA (Figure 4B, right).

Additionally, we study the fluorescence of the AV pre-
treated nanoprobe in the presence of a binding competitor, i.e.,
biotin-C-peptide. Biotin-C-peptide shares the same biotin end,
but has longer (7-atom) linker and much larger arm (C-peptide)
than PB. As illustrated in Figure S5, the restored green
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emission of nanoprobe by the presence of AV is quenched
again with the addition of biotin-C-peptide. This result
indicates that biotin-C-peptide competes with PB, and
displaces it from the binding pocket of AV. The higher affinity
binding of biotin-C-peptide than PB may be attributed to the
fact that the 7-atom linker allows the bulky C-peptide arm
away from protein surface without generating the steric
clash.#¢4” Consequently, the “hate” mode of the ligand is
suppressed. Together the results suggest that the “love-hate”
mode governs the specific ligand/protein binding. For PB, the
balance between the dual modes reduces its binding affinity
(K4 of PB >> that of free biotin), but improves its binding
specificity (AV versus SA).

Figure 4. (A) Side view and top view that depict the docking of a
PB molecule toward AV monomer (left) and SA monomer (right).
(B) Illustration of the specificity of the nanoprobe toward AV
versus SA.

Ratiometric Imaging of Cell Surface AV and
Differentiation of Normal/Cancer Cells. The nanoprobe is
used to examine BR-positive HeLa cell line. Prior to cell
imaging, biocompatibility of the nanoprobe is evaluated. The
MTT assay reveals that up to 0.25 mg/mL of the nanoprobe
has a negligible effect on cell viability in 24 h incubation,
indicative of low cytotoxicity of the nanoprobe (Figure S6).
Furthermore, kinetics for cell imaging is conducted by
fluorescence co-localization experiments. The cell membranes
are pre-stained with a dye DiD, and the reference rQD
emission of the nanoprobe is used to indicate its localization
on cell surfaces. As shown in Figure S7, at a concentration of
0.05 mg/mL, the nanoprobe cannot be localized on entire cell
surface even after 8 h incubation, displaying the weak red
emission. At higher concentrations of 0.15 and 0.25 mg/mL,
the nanoprobe can be localized on entire cell surface by 6 h
treatment, showing the intense red emission which overlaps
with that of DiD. With 8 h incubation at such concentrations,
the nanoprobe can partially enter into the cell plasma. These
results suggest that a 6 h treatment with 0.15 mg/mL of the
nanoprobe is preferential for cell surface imaging.

Figure 5 shows the confocal microscopy images of HeLa
cells treated by the nanoprobe at the preferential condition.
The red channel images demonstrate localization of nanoprobe
on cell surfaces, and the green channel images are associated
with abundances of BRs. While the relative green-to-red
emission intensity ratio for the original nanoprobe is 0.3:1, the

native Hela cells (first column) exhibit a much higher relative
green-to-red emission intensity ratio of 0.8:1, which indicates
the presence of BRs on cell surface. Further, the images of
native HeLa cells are compared with those of AV- and biotin-
pretreated HeLa cells. AV-pretreated HeLa cells have enriched
AV-type BRs on the cell surfaces and the biotin-pretreated
Hela cells have biotins that already bound to cell surface BRs.
For AV-pretreated HeLa cells, the red channel emission
intensity remains the same, while green channel emission
intensity increases relative to that of the native cells, and the
relative green-to-red emission intensity ratio increases to 1.4:1
(second column). In contrast, for biotin-pretreated cells, the
green channel emission intensity was suppressed relative to
that of native cells, and the relative green-to-red emission
intensity ratio becomes 0.3:1, identical to that of the original
nanoprobe (third column).

Alternative to quantification by green channel and red
channel emission intensities, a more convenient method to
assess the abundance of cell surface BRs is examination of the
dual emission overlaid color, i.e., ratiometric fluorescence
imaging by the nanoprobe. For AV-pretreated, native, and
biotin-pretreated HeLa cells, cell surfaces show overlaid green
light, yellow light, and red light, respectively. The traffic light
pattern of the overlaid color indicates that our ratiometric
fluorescent nanoprobe features semi-quantification of cell
surface BRs with remarkable imaging resolution.

To assess the imaging specificity, the images of SA-
pretreated HeLa cells (fourth column) are compared with those
of native and AV-pretreated HeLa cells. The SA pretreatment
enriches SA-type BRs on the cell surface. Despite this, the
overlaid image of SA-pretreated HeLa cells also shows a
yellow light, with the relative green-to-red emission intensity
nearly identical to that for the native cells. These results
indicate that only AV-type BRs are specifically visualized on
cell surfaces by the nanoprobe, in consistency with the
specificity toward free AV in the test tube setting.

On the basis of sensitivity and specificity, the nanoprobe is
further used to examine normal cervical (Ectl/E6E7) cells. For
Ectl/E6E7 cells, the green channel emission intensity was
suppressed relative to that of HeLa cells, and the relative
green-to-red emission intensity ratio reaches 0.4:1 (fifth
column). The overlaid image of Ectl/E6E7 cells shows an
orange red light. The high contrast of the overlaid color
between normal and cancer cells suggests that our nanoprobe
has high potential for the application in early diagnosis of
cancer.
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Figure 5. Confocal microscopy images of cervical cells by
nanoprobe on (from left to right) Hela, AV-, biotin-, SA-
pretreated Hela cells, and Ectl/E6E7 cells. Scale bar: 20 um.
Histograms represent cellular emission intensities collected at the
green channel (G-ch) and red channel (R-ch). Error bars represent
the standard derivation for ten fluorescent foci on cell surface.
The traffic lights represent cell surface colors in the overlaid

images obtained from red and green emission.

Differentiation of Cancer Cell Types/Subtypes by the
Nanoprobe. Accurate differentiation of cancer cell types at a
molecular level 1s highly desirable for diagnostic and
therapeutic purposes. By imaging cell surface AV, the traffic
light nanoprobe 1s used to differentiate different cancer cell
lines including colon cancer (HCT116), breast cancer (MDA-
MB-231 and SKBr3), and hepatoma carcinoma (HepGZ) cells.
The confocal mlcroscopy images are presented in Figure 6.
The red channel emission 1nten51ty remains nearly constant,
while green channel emission intensity differs among these
cells. The obtained relative green-to-red emission intensity
ratios are approximately 0.3:1 for HCT116 cells, 0.45:1 for
MDA-MB-231 cells, 0.55:1 for SKBr3 cells, and 1:1 for
HepG?2 cells, respectively. As a result, the overlaid cell images
display traffic light-analogous pattern for different types of
cancer cells (red for HCT116 cells, orange for MDA-MB-231
cells, yellow for SKBr3 cells and yellowish-green for HepG2
cells, respectively). Notably, MDA-MB-231 and SKBr3 cells,
the subtypes of breast cancer cells, can be visually
differentiated by the nanoprobe. On the basis of the overlaid
colors, expression levels of cell surface AV can be semi-
quantitatively assessed to be “-” for HCT116 cells, “+” for
MDA-MB-231 cells, “++” for SKBr3 cells and “+++° for
HepG?2 cells, respectively. Our ratiometric imaging results of
cell surface AV for these cancer cell lines are consistent with
the results obtained by the flow cytometry method.*8
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Figure 6. Confocal microscopy images of different types of
cancer cells by nanoprobe on (from left to right) HCT116, MDA-
MB-231, SKBr3 and HepG2 cells. Scale bar: 20 um. Histograms
show cellular emission intensities collected at the green channel
and red channel. Error bars represent the standard derivation for
ten fluorescent foct on cell surface. The traffic lights represent cell
surface colors in the overlaid images. Symbol of “-” represent
BRs-negative cells, and symbols “+7, “++”, “+++” represent BRs-
positive cells with increasing expression levels.

Tracking a Cell Cycle by the Nanoprobe. Knowledge of
cell cycles is potentially important to understand the progress
of human diseases. Here, the traffic light nanoprobe 1s further
used to examine a cell cycle by tracking the change in
expression level of cell surface AV. Hela cells were pre-
treated to obtain the interphase (G1, S, and G2) and the
mitosis (M) phase, respectively, followed by treating with the
nanoprobe at the preferential condition. The confocal
microscopy images are presented in Figure 7. The change in
green channel emission during the cell cycle is not obvious. In
contrast, the overlaid cell images display a distinguishable
color change. With an overlaid color of yellowish-green, the
G2 phase can be distinguished from other stages (yellow
color). The relative green-to-red emission intensity ratio for
G2 phase (0.9:1) 1s higher than that for G1/S phase (0.6:1),
and also higher than that for M phase (0.8:1). With respect to
the G1/S phase, the G2 phase involves pronounced cell growth
and protein synthesis ahead of mitosis, and therefore
necessitates overexpression of BRs (including AV) to acquire
biotin. For M phase, due to the cell division, each daughter
cell has reduced abundance of AV embedded on the surface.
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Figure 7. Confocal microscopy images of Hel.a cells at different
stages of cell cycle by the nanoprobe on HeLa cells at G1, S, G2
and M phases. Scale bar: 20 pm. Histograms show evolution of
the relative green-to-red emission intensity in the cell cycle. The
traftic lights represent cell surface colors in the overlaid images.

CONCLUSIONS

In conclusion, we present a dual emission ratiometric
fluorescent nanoprobe to image biotin receptors on cell
surfaces. A “love-hate”-type ligand has been developed to
allow specific imaging of cell surface avidin. Confocal images
have been studied at red and green channels on different cells
and at various phases of cell cycle. We have examined the
overlaid images obtained from red and green emussion for the
cell surfaces. The overlaid color (analogous to traffic light) has
been used as an indicator to characterize cell status,
types/subtypes and phases. Our ratiometric nanoprobe
provides a promising tool with both sensitivity and specificity
to image cells for diagnostic and therapeutic uses.
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Supporting Information.

Conjugation, biocompatibility of the nanoprobe, competition
experiment with biotin-C-peptide, and confocal microscopy
images of HeLa cells treating with varying concentrations of
the nanoprobe for different times. This material 1s available
free of charge via the Internet at http://pubs.acs.org.
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