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Abstract

A novel nanoparticle-based fluorescence probe was developed for NF-«B transcription factor detection and in situ imaging via steric
hindrance. The probe contains gold nanoparticles (AuNPs) to quench fluorescence, and nucleic acids immobilized on the surface of
AuNPs to output fluorescence. In the basal state, Cy5 labeled DNA1 folds its long chain into a hairpin structure and quenches
fluorescence by forcing the Cy5 fluorophore close to the surface of AuNPs. After the probe enters the cell, the NF-«kB transcription
factor can bind to the kB site in the DNA duplex of the nucleic acids. The steric hindrance caused by NF-kB leads to the extension of
the long chain of DNA1 and the removal of the Cy5 fluorophore from the surface of AuNPs, thereby restoring the fluorescence of the
probe. By measuring NF-«kB in cell lysis in vitro, the probe obtains a detection limit of 0.38 nM and the linear range from 0.5 to 16 nM.
Repeated measurements showed the recovery in the cell nuclear extract was between 93.38 and 109.32%, with relative standard
deviation less than 5%. By monitoring the sub-localization of the Cy5 fluorophore in single cell, the probe system can effectively
distinguish active NF-kB (nucleus) and inactive NF-kB (cytoplasm) through in situ imaging. The well-designed probe will make up for

the shortcomings of the existing technology, and reveal the regulatory role of transcription factors in many disease processes.
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Introduction

Transcription factors (TFs) are DNA-binding proteins that can
bind to DNA enhancers or silencers sequence-specifically, and
regulate gene transcription by localizing in the 5'-upstream re-
gion of the target genes [1, 2]. As key proteins for the decision
of cell fates, TFs participate in cell differentiation, signaling or
regulatory pathway, and are potent markers for diagnostic and
treatment of diseases [3, 4]. Nuclear factor kappa B (NF-«B),
named for its ability to bind to the kB site in the DNA duplex, is
an enhancer of the k light chain consisting of 10 nucleotides
(5’-GGGACTTTCC-3") [5]. The NF-«B family is composed of
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five members that form hetero- and homo-dimers, which are
RelA (p65), RelB, c-Rel, NF-kB1 (p50), and NF-kB2 (p52).
Typically, p50/p65 (NF-kB1/RelA) hetero-dimer is the main
form of NF-kB activity, although other dimers such as p50/Rel
or p52/p65 (NF-kB2/RelA) often coexist [6, 7]. Over the past
decades, a large number of approaches for detecting NF-«xB
have been developed, including classic methods such as elec-
trophoretic mobility shift assay (EMSA), Western blotting, im-
munohistochemistry, and newly developed methods such as
enzyme-linked immune sorbent assay (ELISA). Although the
sensitivity and detection limits of these methods are within an
acceptable level, they are usually time-consuming and labor-
intensive, and most importantly high cost. Furthermore, most
of the approaches cannot distinguish between active NF-«kB
(nucleus) and inactive NF-kB (cytoplasm). Therefore, new
strategies for detection of active NF-«kB were desired to devel-
op [8, 9]. In comparison with Western blotting and EMSA
technologies, in situ imaging of fluorescence in single cell
based on a nanoprobe could solve the problems to a certain
extent.

Gold nanoparticles (AuNPs) have unique optical properties
that make them appealing for ultrasensitive detection and
imaging-based therapeutic techniques in medical applications
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[10, 11]. For example, the aggregation of solutions containing
plasmonic nanoparticles in the presence of molecules induces
the color to change from red to blue, which provides a useful
tool for colorimetric inspection without the use of advanced
techniques [12—15]. Besides, plasmonic nanoparticles selec-
tively quench the fluorescence of organic dyes, and the prop-
erty offers highly sensitive methods for detecting targets in
biological media [16, 17]. The localized surface plasmon res-
onance (LSPR) of AuNPs produces fluorescence quenching
and fluorescence enhancement effects on the signal strength of
fluorescent molecules. These two completely opposite effects
depend on the distance between the fluorophore and the
AuNPs. If the fluorophore is less than 5 nm away from
AuNPs, non-radiative fluorescence resonance energy transfer
(FRET) will dominate and cause fluorescence quenching, be-
cause the energy of the excited fluorophore is transferred to
the AuNPs in totality. If the distance between the fluorophore
and AuNPs increases to 5-10 nm, the local field enhancement
will elevate the excitation rate of the fluorophore, leading to
the increase in fluorescence [18, 19]. The quenching and com-
ing back of the fluorescence indicate the interaction among
nanoparticles, fluorophores, and biomolecules, so that they
can be used for diagnostics.

AuNPs can directly conjugate and interact with various mol-
ecules through their surface, including drugs, nucleic acids
(DNA or RNA), proteins, antibodies, and fluorescent dyes,
which allow AuNPs to be functionalized and play its roles in
biomedicine [20-22]. Herein, an AuNP-based fluorescent probe
composed of AuNP-modified oligonucleotide and fluorescent
dye was developed. The oligonucleotide is specific to NF-xB
through its kB site and performs as a linker to change its structure
through the steric hindrance of the target binding to NF-kB. The
spatial structure change further alters the distance between the
fluorophore and AuNPs, thereby changing the fluorescence in-
tensity [19]. The probe performs well in biological samples due
to low fluorescence contamination in the background, and non-
specific adsorption generally does not change its configuration
[9]. In addition, 13-nm AuNPs were chosen for their easy prep-
aration, little particle size deviation (+2 nm), and a sharp plasmon
absorption band at 520 nm [15]. In this study, we proposed a
strategy for in situ imaging of active NF-kB in single cell. After
one-step incubation, it can be expected that the well-designed
probe would monitor the subcellular localization of NF-kB and
predict the amount of active NF-«B (in the nucleus) in vitro and
in situ.

Experiment section
Apparatus and reagents

Tecnai G2 F20 (FEL, USA), a high-resolution field-emission
transmission electron microscope (FE-TEM), was applied for
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imaging of nanoparticles. The particle size and size distribu-
tion of gold nanoparticles were measured using a Zetasizer
Nano S90 (Malvern, UK). The UV-vis spectrum was scanned
with a multi-mode microplate reader SpectraMax M5
(Molecular Devices, USA). An Advanced Live Cell Imaging
System XCellence (Olympus, Japan) was used for in situ im-
aging of single cell.

Gold chloride trihydrate (HAuCl,-3H,0O) and Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) were pur-
chased from Aladdin (Shanghai, China). Trisodium citrate
dihydrate, DL-Dithiothreitol (DTT), DAPI, and ethidium bro-
mide solution were bought from Sigma-Aldrich (St. Louis,
MO, USA). Agarose H and DNA Marker A (25~ 500 bp)
were obtained from Sangon Biotech. (Shanghai, China). The
oligonucleotides were synthesized by Genscript Biotech.
(Nanjing, China), and the sequences were shown in Table 1.
Recombinant Human TNFx was acquired from PeproTech
(Cranbury, NJ, USA), while NF-kB p65 (Rel A) peptide
was provided by Rockland (PA, USA).

Cell lines and cell culture

Human breast cancer cell line resistant to doxorubicin (MCF-
7/Adr) was purchased from Bogoo Biotech. (Shanghai,
China). Human mammary carcinoma cell line MDA-MB-
231 was obtained from the National Infrastructure of Cell
Line Resource (Shanghai, China). Both of them were cultured
in RPMI-1640 medium containing 10% fetal bovine serum,
100 U/mL penicillin, and 100 pg/mL streptomycin at 37 °C in
a humidified 5% CO, incubator. To maintain the drug resis-
tance of MCF-7/Adr, doxorubicin (1 pg/mL) was supplied to
cell culture at regular intervals.

Preparation of the functionalized DNA-AuNP probe

Gold nanoparticles (AuNPs, ~13 nm) were prepared by citrate
reduction of HAuCl, [23-25]. The surface plasmon resonance
wavelength of AuNPs was measured using UV-vis spectros-
copy. The size of the synthetic AuNPs was determined by
dynamic light scattering (DLS) and imaged by transmission
electron microcopy (TEM).

Fifty microliters of 5 mM TCEP was added to 5 nmoL
DNAT1 powder and incubated for 10 min to reduce the disul-
fide bond of DNA1 to monothiol. To obtain the DNA1/DNA2
duplex, 50 uL. of DNA1 (100 uM) was mixed at the same
molar rations with DNA2, then the mixture was heated at
90 °C for 10 min and naturally cooled to room temperature
for 4 h; 1.5 mL of 13 nm AuNPs were centrifuged at 13,000g
for 10 min and resuspended in 0.3 mL Milli-Q water to re-
move the excess reaction solution. The salt-aging method is
used to functionalize AuNPs with thiolated DNA [9, 26]. In
brief, 20 puL of the DNA1/DNA2 duplex was added to 1 mL
of AuNPs, and the mixture was incubated at room temperature
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Table 1 Sequences used in this

Cy5-AGCGTTATGCTGGCTCACTTTTTGTATTGCGGTGACGACTTTTTGTCGTCAC

strategy Note Sequence (5'-3")
DNALI
TGGGGACTTTCCATAACGCTTTTT-SH
DNA2 ATGGAAAGTCCCCA

The sequences shown in solid underline of DNA1 are the kB site that is specific for NF-kB binding. DNA2
sequences are complementary to the solid underlined sequences of DNA2. The dashed and wavy underlined
sequences in DNA1 are complementary to each other

for 16 h. To increase DNA loading on the surface of AuNPs,
we salted the mixture with 2 M NaCl in 0.01 M PBS.
Specifically, 10 uL of 2 M NaCl was slowly added to 1 mL
of the mixture and incubated for 30 min, and the concentration
of NaCl in the probe solution was increased to 0.02 M. The
step was repeated 10 times to increase the concentration of
NaCl to 0.2 M. After the salting process, the mixture was
incubated overnight at room temperature to stabilize the
probe. To remove excess reagents, the solution was centri-
fuged at 13,000g for 15 min and redispersed in 1 mL of PBS.

Polyacrylamide gel electrophoresis (PAGE)

DNA primers (DNA1 and DNA2) and the DNA1/DNA?2 du-
plex mixed with 6 x loading buffer (Takara, Japan) were load-
ed onto an 18% non-denaturing PAGE gel and the gel was
electrophoresed in 0.5 x TBE buffer (45 mM Tris-Boric-acid,
1 mM EDTA, pH 8.3) at 100 V for 2 h. Then, the gel was
stained with 0.5 pg/ml EB solution for 15 min and
photographed under UV light by the Tanon 2500R Gel
Imaging System (Shanghai, China).

Preparation of cell nuclear extracts

MCEF-7/Adr cells were plated into 100-mm dishes at 1.0 x 10°
cells/dish and grown overnight. The culture medium was re-
moved and replaced with fresh RPMI-1640 with or without
30 ng/mL TNF«, and then the cells were incubated for anoth-
er 24 h. Cells were harvested by scraping and washed once
with PBS. Then, nuclear and cytoplasmic proteins in cell pel-
lets were obtained by a Nuclear and Cytoplasmic Protein
Extraction Kit (Beyotime Biotechnology, Shanghai, China).
Cell nuclear extracts were diluted five times and used as sam-
ple solutions for subsequent reactions.

Sample assay procedure

To detect the concentration of NF-kB p65 in cell nuclear ex-
tracts, the functionalized DNA-AuNP probe prepared in the
“Preparation of functionalized DNA-AuNP probe” section
was twofold diluted to 15 nM as the reaction system. Cell
nuclear extract (fivefold dilution) was spiked with different
concentrations of the NF-kB p65 standard, and then 5 pL of

sample solution was added to 50 pL of the reaction system
and incubated at 37 °C for 30 min. After that, the fluorescence
intensity of Cy5 was determined at Ex¢49nm/Emg70nm using a
multi-mode microplate reader.

In situ imaging of NF-kB p65

MCEF-7/Adr cells and MDA-MB-231 cells were plated into a
24-well glass bottom plate at 5 x 10* cells/well and grown
overnight. The medium was replaced with 300 puL of fresh
RPMI-1640 containing 30 ng/mL TNF«x or not, and the cells
were incubated for 24 h. After that, 25 uL of the DNA-AuNP
(15 nM) probe was added to each well and incubated for a
further 8 h. Cells were washed twice with PBS, and fixed for
15 min with 4% paraformaldehyde solution. After washing,
the cell nucleus was stained with 5 pg/mL DAPI for 5 min.
Cell imaging for sub-localization of NF-kB p65 in MCF-7/
Adr and MDA-MB-231 cells was performed by XCellence
Imaging Stations.

Results and discussion

Principles of the nanoparticle-based fluorescence
probe

As shown in Scheme 1, the DNA1/DNA2 duplex containing
the kB site that can bind to NF-kB p65 was modified to 13 nm
AuNPs. The DNA1 is modified with a thiol group (-SH) at the
3" end to make it immobilized on the surface of the AuNPs,
while the 5’ end is labeled with a fluorophore (Cy5) for fluo-
rescent analysis. DNA2 is the complementary sequence of the
kB site of DNAI, so that the NF-kB p65 transcription factor
can bind to the double-strand. The DNA1 has a hairpin struc-
ture that folds its long chains, bringing the Cy5 fluorophore
close to the surface of AuNPs and fluorescence quenching
happens. When NF-kB is present, it specifically binds to the
kB site of the DNA1/DNA2 duplex. The steric hindrance
caused by NF-kB extends the long chain of DNA1, and then
the Cy5 fluorophore moves away from the AuNPs surface,
and the fluorescent signal increases.
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Scheme 1 Schematic illustration of a nanoparticle-based fluorescence probe for in situ analysis of NF-kB sub-localization

Characterization of the synthesized gold
nanoparticles

The synthesized AuNPs were characterized by TEM and
DLS. The TEM image showed that there is no aggregation
in the synthesized AuNPs, and the particles have uniform size
and good dispersion (Fig. 1A). The average diameter of
AuNPs was 13.54 nm, which was quantified by the volume
distribution of DLS (Fig. 1B). UV-vis spectra showed the
surface plasmon resonance peak of AuNPs is 520 nm (Fig.
1C, curve a). Compared to AuNPs, a modest shift from 520 to
525 nm in the surface plasmon band was observed in DNA-
modified AuNPs (Fig. 1C, curve b). Non-denaturing PAGE
was applied to detect the DNA primers. In Fig. 1D, the band of
DNA1(76 nt) with 5°-Cy5 fluorophores and 3’-SH was clearly
displayed (lane 1), and DNA 2 (14 nt) was observed at a
longer distance with lower brightness due to its short oligonu-
cleotide chain (lane 2). Meanwhile, the DNA1/DNA2 duplex
was obviously observed with a small shift compared to DNA1
alone, and the disappearance of DNA2 demonstrated the suc-
cessful formation of the DNA duplex (lane 3).

Feasibility study

In this research, the DNA1/DNA2 duplex-modified AuNPs were
used as a probe to detect the content of NF-kB p65. NF-«kB can
bind to the kB site of the GGG ACT TTC C sequence specifi-
cally. The binding of NF-kB p65 forced the hairpin structure of
DNAL to stretch by steric hindrance, which caused the Cy5
fluorophore to move away from the AuNPs and fluoresce
(Scheme 1). The kinetics of the reaction between the probe and
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p65 revealed that 30 min was sufficient for structure respond of
the DNA1/DNA2 duplex, and weaken the quenching of the Cy5
fluorophore by AuNPs. Therefore, a reaction time of 30 min was
chosen in the subsequent experiments (Fig. S2).

The concentration of the functionalized nanoparticle probe
exhibits a significant impact on the quenching effect of the
CyS fluorophore. In the process of probe preparation, DNA
and AuNPs were concentrated to enhance DNA loading on
the surface of AuNPs. However, if the prepared probe was
used for reaction directly, the excessively high density of
AuNPs may quench the fluorescence of Cy5 in stretched
DNAT as well. Proper dilution of the probe can avoid this
problem and obtain maximum fluorescence signal. As shown
in Fig. S3, 15 nM of the probe was the optimal concentration
and was selected for further experiments.

Sensitivity and specificity of the probe for detection
of NF-kB p65

To verify the sensitivity of this method, the changes of Cy5
fluorescence intensity were monitored after the reaction of the
probe (15 nM) with a series of concentrations of NF-kB p65.
Figure 2 showed the correlation between the fluorescence in-
tensity and NF-kB p65 concentration. Within the concentra-
tion range from 0.5 to16 nM, there is an excellent linear rela-
tionship between the fluorescence intensity and p65 concen-
tration (Fig. 4B inset). The corresponding relationship is
expressed by the formula Y =39.44 + 50.38X (R’ = 0.9970),
in which Y represents the fluorescence intensity of Cy5, and X
represents the concentration of NF-kB p65. The limit of de-
tection of the method is 0.38 nM, which was calculated by
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three times the standard deviation of the blank sample (30)
divided by the slope of the regression line.

The specificity of the method was also investigated
(Fig. 3). Other common proteins, including bovine serum al-
bumin (BSA), hemoglobin (Hb), and tumor necrosis factor o
(TNF ) were selected to confirm whether they could interfere
with the reaction of NF-kB p65. In this assay, 300 nM of
BSA, Hb, and TNFx were incubated with the DNA-AuNP
probe (15 nM) for 30 min, and the fluorescence intensity of
the reactions was compared with the fluorescence of p65
(16 nM). As shown in Fig. 3, the fluorescence signals of three
common proteins were nearly equal to the blank signal, even
if the concentration of them is 20 times higher than that of p65.
The results indicated that other common proteins had no bind-
ing activity to the kB site of the DNA duplex, and NF-«B
proteins were the only specific targets of the detection method.

Measurement of NF-kB p65 in the cell nuclear extract

To investigate whether the probe can be applied to quantify
NF-kB p65 in biological samples, a fivefold diluted cell nuclear
extract was used to determine p65 levels to evaluate the effect of
the cell nuclear extract on actual detection conditions. Detected
by the method, we found the baseline concentration of NF-«B
p65 in control cell nuclear extracts was 2.78 nM, when the cells
were induced by 30 ng/mL TNFa«, the active NF-kB p65 in-
creased sharply to 12.85 nM, which was in line with our expec-
tation [27, 28]. Different concentrations of the p65 standard
were spiked into the control cell nuclear extract, and we found
the recovery in cell nuclear extract was between 93.38 and
109.32%, while the relative standard deviation (RSD) ranged
from 2.02 to 4.96% (Table 2). The fluorescence signals of
spiked NF-kB p65 in different concentrations under practical
detection conditions were compared with the standard line mea-
sured in PBS. Under the influence of cell nuclear extract

1000 -

H

800
600 -
400

200

0 T T T T T
Blank BSA Hb TNFa p65

Fig. 3 Specificity assay. Comparing the fluorescence signals from NF-
kB p65 (16 nM) and other common proteins (BSA, Hb, TNF«, 300 nM
each) after incubation with the probe

Fluorescence intensity (a.u.)
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Table 2 Recovery test of fivefold diluted cell nuclear extract spiked
with NF-kB p65 standard

Spiked concentration (nM) Detected (nM) Recovery (%) RSD (%)

1 0.93 93.38 4.96
2 2.19 109.32 4.43
4 428 106.98 4.76
8 7.71 96.36 3.98
12 12.33 102.76 2.35
16 15.60 97.53 2.02

components, the background of the fluorescent signal increased.
As shown in Fig. 4, the calibration plots measured in cell nuclear
extracts (orange line, Y =225.26 + 53.53X, R*=0.9969) and in
PBS (black line, Y =39.44 + 50.38X, R = 0.9970) were rela-
tively parallel, suggesting that the interference of cell nuclear
extract components has no significant impact on detecting
NF-kB p65. Therefore, we concluded that this method is suit-
able for detection of NF-«kB p65 in cell nuclear extraction.

In situ imaging of NF-kB p65

The kinetics of cellular uptake of DNA-AuNP was determined
to optimize the probe incubation time and obtain better image
performance. As shown in Fig. S4, 8 h is the optimal incuba-
tion time of the probe for cell imaging. MCF-7/Adr, a
doxorubicin-resistant human breast cancer cell line, was first
incubated with or without 30 ng/mL TNF« for 24 h to induce
NF-kB activation. Then, 25 pL of the DNA-AuNP probe
(15 nM) was added to the medium and incubated for 8 h.
Fluorescence imaging showed that most of the NF-kB p65
protein (red) was located in the cytoplasm, while the position
of'the nucleus (blue) was almost empty in the basic expression
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Fig. 4 The linear regression curves of practical detected samples (orange
dots) from fivefold dilution of cell nuclear extracts and standard samples
(black dots) in PBS, both of them were spiked with same concentrations
of NF-«kB p65 (0.5, 1, 2, 4, 8, 12, 16 nM)
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Fig. 5 Fluorescence images of
MCF-7/Adr cells with or without

nucleus

a=
=)
(%)}

merge

TNF«x (30 ng/mL) induction after
incubation with 25 pL of DNA-
AuNP probe (15 nM) for 8 h.
Control represents MCF-7/Adr
cells incubated without probe Control
o . . .
N . . .
of MCF-7/Adr cells. When cells were induced by TNF«, the To further prove the conclusion, another human mammary
fluorescence signals were enhanced and more active p65 en-  carcinoma cell line, MDA-MB-231, was applied to determine

tered the nucleus, indicating that TNFx had effectively in-  the sub-localization of NF-kB p65 in situ. As shown in Fig. 6,

duced the activity of NF-«B (Fig. 5).

Fig. 6 Fluorescence images of
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(15 nM) for 8 h. Control
represents MCF-7/Adr cells
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with the basic expression of p65. After TNF« induction, NF-xkB
p65 was activated and entered the nucleus, which was indicated
by the red fluorescence signals inside the nucleus. The results
were very consistent with the results of MCF-7/Adr.

Conclusions

A novel nanoparticle-based fluorescence probe with target selec-
tive, specific self-delivered, and one-step operation properties
was developed for NF-«kB transcription factor detection and in
situ imaging in single cell by steric hindrance. In this system, Cy5
labeled DNAI has a hairpin structure to fold its long chain and
quenches the Cy5 fluorescence by forcing the Cy5 fluorophore
close to the surface of AuNPs. The binding of NF-«B leads to the
extension of the long chain of DNA1 and the removal of the Cy5
fluorophore from the surface of AuNPs, thereby enhancing the
fluorescence signal. By measuring NF-«B in cell lysis in vitro,
the probe obtains a detection limit of 0.38 nM and the linear
range from 0.5 to 16 nM. Compared with other reported methods
[29-33], this method is not as sensitive as them (Table S1).
However, the most advantage of this method is that the probe
can be used for in situ imaging in single cell. By incubating single
cells with the DNA-AuNP probe in one-step, the fluorescence
signal reflects the expression level of NF-kB p65, and the sub-
localization of the fluorophore indicates the activity of NF-<B
p65. The method can effectively distinguish between active
NF-kB (nucleus) and inactive NF-«kB (cytoplasm) through in situ
sub-localization. We expect the well-designed probe will replace
the existing technologies that were time-consuming and labor-
intensive, and an in-depth understanding of the function of
NF-kB in cells will facilitate the study of transcription factors
involved in many disease processes.
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