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Abstract: p53 is a tumor-suppressor protein related to the cell
cycle and programmed cell apoptosis. Herein, dual-targeting
nanovesicles are designed for in situ imaging of intracellular
wild-type p53 (WTp53) and mutant p53 (MUp53). Nano-
vesicle-encapsulated plasmonic gold nanoparticles (AuNPs)
were functionalized with consensus DNA duplexes, and
a fluorescein isothiocyanate (FITC)-marked anti-MUp53 anti-
body was conjugated to the nanovesicle surface. After entering
the cytoplasm, the released AuNPs aggregated through recog-
nition of WTp53 and the double-stranded DNA. The color
changes of AuNPs were observed using dark-field microscopy,
which showed the intracellular WTp53 distribution. The
MUp53 location was detected though the immunological
recognition between FITC-labeled anti-MUp53 and MUp53.
Thus, a one-step incubation method for the in situ imaging of
intracellular WTp53 and MUp53 was obtained; this was used
to monitor the p53 level under a drug treatment.

Human p53 is a tumor suppressor protein that inhibits
tumor progression through control of the cell cycle and
programmed cell apoptosis.[1] Human wild-type p53 protein
(WTp53) contains a central specific DNA-binding domain.[2]

which is able to bind a consensus-site double-stranded DNA
(ds-DNA). The central specific DNA-binding domain con-
tains at least two copies of the 10 base pair (bp) half site with
a sequence of PuPuPuC(A/T)(T/A)GPyPyPy (Pu = purine,
and Py = pyrimidine).[3] In most types of cancer cells, the
central DNA-binding domain of the p53 protein is mutated
and loses its binding ability because of extensive mutation of
the p53 gene.[4] The abnormal expression of mutant p53
protein (MUp53) has been regarded as an important stimulus
for carcinogenesis.[5] Therefore, the detection of and discrim-
ination between WTp53 and MUp53 are of great significance
in cancer diagnosis.

Thus far, various strategies have been reported for
detecting endogenous p53, including enzyme-linked immu-
nosorbent assay (ELISA),[6] immunohistochemistry meth-
ods,[7] electrophoretic mobility shift assay,[8] and ds-DNA
consensus binding-based biosensing.[1a,b, 9] The most widely
used method is ELISA, which is sensitive but only measures
the total p53 (WTp53 and MUp53 combined). Therefore,
Wang et al. developed a consensus ds-DNA modified elec-

trode for the simultaneous analysis of WTp53 and total p53 in
cell lysates.[1] Despite the satisfactory sensitivity and detection
limit of these methods, most of them use cell lysates as
samples and, thus, fail to provide the p53 location and
distribution information at the single-cell level. Therefore,
there is a need to develop in situ strategies for analyzing
intracellular p53.

Recently, plasmonic nanoparticles, especially gold nano-
particles (AuNPs), have attracted significant attention owing
to their optical and physical properties, which provide the
capability to absorb and scatter visible light, which induces
localized surface-plasmon resonance (LSPR).[10] With the
development of dark-field microscopy (DFM) and plasmon-
resonance Rayleigh scattering (PRRS) spectroscopy, plas-
monic nanoparticles have been successfully used in biosens-
ing,[11] single-particle analysis,[12] and intracellular monitor-
ing.[13] Inspired by the plasmonic properties of AuNPs and
their excellent biocompatibility,[10b, 14] we designed a plasmonic
AuNP that was functionalized with a consensus ds-DNA
(AuNP/CDNA) that recognizes WTp53. After the encapsu-
lation of the AuNPs in a liposome ,[15] a fluorescein isothio-
cyanate (FITC)-marked anti-MUp53 antibody was used to
modify the surface of the liposome through a stable oxime
linkage with the inserted undecanal;[16] thus, dual-targeting
nanovesicles were generated for the in situ imaging and non-
invasive detection of both WTp53 and MUp53 in single cells
(Scheme 1). The ds-DNA on the surface of the AuNPs
contained consensus sequences to recognize and bind to
WTp53. The resulting interaction of WTp53 tetramers and

Scheme 1. A schematic illustration of a dual-targeting nanovesicle for
in situ analysis of intracellular WTp53 and MUp53.
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AuNPs induced AuNP aggregation, which caused color
changes in DFM. To detect p53 in living cells, the AuNP/
CDNA-encapsulated and antibody-modified liposome was
transported into the cytoplasm to release the AuNP/CDNA
and anti-MUp53. The intracellular WTp53 triggered the
aggregation of AuNP/CDNA and, thus, induced changes in
light scattering, which were detected using the DFM imaging.
The intracellular MUp53 was detected using the FITC-
labeled anti-MUp53 and was observed through the fluores-
cence signal. Therefore, WTp53 and MUp53 were simulta-
neously imaged.

AuNPs were prepared using a reported seed-growing
method.[17] AuNP/CDNA was obtained by incubating AuNPs
with the DNA oligonucleotides O1 and their complementary
sequence O2 (used to form consensus ds-DNA). A trans-
mission electron microscopy (TEM) image of the AuNPs
showed an average diameter of 60 nm with a homogeneous
distribution (Figure 1a). The UV/Vis spectrum of the AuNP/

CDNA showed a characteristic DNA peak at 260 nm (Fig-
ure 1b), which demonstrated the successful modification of
the ds-DNA with AuNPs. As shown in Figure 1 c, AuNPs were
observed as green spots in the DFM image. The color of the
spots did not change after the ds-DNA modification (Fig-
ure 1d), suggesting that the diameters of the AuNP/CDNA
diameter and the bare AuNPs were identical. A DFM image
of the nanovesicles showed dispersed groups of AuNP/
CDNA, indicating the formation of AuNP/CDNA-encapsu-
lated liposomes (Figure 1e). Successful conjugation of anti-
MUp53/FITC was observed in the corresponding fluores-
cence image (Figure 1 f).

To test the response of AuNP/CDNA to WTp53, DFM
images of the AuNP/CDNA and WTp53 mixtures were
recorded after different incubation times (Supporting Infor-
mation, Figure S2). The color of the AuNP/CDNA gradually
changed from green to orange with increasing incubation
times and showed little further change after 90 min, which
demonstrated the WTp53-triggered aggregation of AuNP/
CDNA. With the optimized reaction time, the AuNP/CDNA
was incubated with a series of WTp53 solutions of different
concentrations. As shown in Figure 2a, at a low WTp53
concentration, the AuNP/CDNA color was green, and the
scattering spectrum peak was almost identical to that of the
control (Figure 2a, i1–i2). The color gradually became yellow
and then orange as the WTp53 concentration increased, and
the scattering spectral peak shifted from 559 nm to 650 nm
upon the WTp53 and AuNP/CDNA conjugation (Figure 2a,
i2–i7). Therefore, a convenient quantification method for
WTp53 was established based on DFM images that were
obtained using different concentrations of WTp53-treated
AuNP/CDNA. From the DFM images (Supporting Informa-
tion, Figure S3), the average ratio of the red channel intensity
to the green channel intensity (R/G) of the AuNP/CDNA was
determined using Adobe Photoshop software (Figure 2 b).
Thus, a calibration curve was obtained, which showed a linear
relationship between the R/G value and the WTp53 concen-
tration (Figure 2b, inset). The detection limit was calculated
to be 0.01 mm.

Before the intracellular detection, HeLa cell extracts were
used to test the feasibility of the AuNP/CDNA-based method.
A p53-promoting drug, nutlin-3,[18] was used as a model drug
to study the changes in the p53 level in HeLa cells. After
HeLa cells (1 mL, 1 × 106 mL¢1) were incubated with different
amounts of nutlin-3 for 48 h, the cell extracts were added to
AuNP/CDNA and then incubated for DFM imaging (Fig-
ure 3a). The DFM images showed a color change from green
to orange as the amount of drug increased; this finding
indicated an increase in the WTp53 level with nutlin-3
treatment. To measure the level of total p53 (WTp53 and
MUp53), a p53 pan ELISA kit (HaoChen Biotech. Co. Ltd.
Shanghai, China) was applied to test the cell extracts, and the
standard calibration curve was established (Supporting Infor-
mation, Figure S5). As shown in Figure 3b, the total p53 level
increased with drug treatment, whereas a gradual decline was
observed in the MUp53 level, which indicated nutlin-3’s
ability to regulate p53 expression.

To demonstrate that AuNPs could protect consensus ds-
DNA, the supernatant of the acidic AuNP/CDNA solution
(pH was adjusted to 6.0), which was incubated with the HeLa
cell extract, was collected for UV/Vis measurement. The
spectrum of the supernatant showed no characteristic peak
from DNA at 260 nm (Supporting Information, Figure S6),
indicating that AuNPs could adequately protect the DNA
structure that was bound on the surface.

The specificity of the consensus ds-DNA recognition of
WTp53 was tested using a control experiment. A pair of
control DNA samples was used to prepare nonconsensus ds-
DNA-modified AuNPs, which were used for the same WTp53
incubation test with DFM imaging. After 90 min of incuba-
tion, the nonconsensus ds-DNA-modified AuNPs showed

Figure 1. a) TEM image of the prepared AuNPs. b) UV/Vis spectra of
AuNPs and AuNP/CDNA. Dark-field microscopy images of c) AuNPs,
d) AuNP/CDNA, and e) nanovesicles. f) Fluorescence image of nano-
vesicles. The scale in (c), (d), (e), and (f) is the same.
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a similar green color and scattering peak as those of the
control (Supporting Information, Figure S7 A), which con-
firmed the specific conjugation between the consensus ds-
DNA and WTp53. In addition, BSA and MUp53 were mixed
with the AuNP/CDNA respectively, and neither of them
induced aggregation (Supporting Information, Fig-
ure S7B,C).

Prior to cell imaging, the cytotoxicity of AuNP/CDNA was
examined using an MTT assay. HeLa cells were incubated
with AuNP/CDNA for various times, and the absorbances
were measured to determine the relative cell viability. After
4 h of incubation, the cells remained active with 90 % cell
viability (Supporting Information, Figure S8), which demon-
strated the good biocompatibility of AuNP/CDNA during the
cell test.

For intracellular detection, HeLa cells (1 mL, 1 ×
106 mL¢1) were seeded in a culture dish. After the addition
of 60 mL of the AuNP-wrapped nanovesicles, DFM images
were acquired at different times. For the first 30 min, only
a few AuNP/CDNA particles were observed. After 1 h,
significantly more AuNP/CDNA particles appeared around
the nucleus and were dispersed in the cytoplasm. The number

of AuNP/CDNA grew with incubation time until a plateau
was reached after 2 h (Supporting Information, Figure S9).

For this optimal incubation time of 2 h, the nanovesicles
and DAPI-incubated HeLa cells were analyzed in detailed
using DFM imaging, fluorescent imaging, and scattering
spectra scanning (Figure 4). As shown in Figure 4, A1–A5, the
AuNP/CDNA had a greenish color, and the scattering spectra
had a peak at approximately 570 nm (Figure 4, i1–i3), which
indicated a low WTp53 level in the HeLa cells. However, the
anti-MUp53/FITC fluorescence image showed an extensive
distribution of MUp53 in the cytoplasm (Figure 4, A4). The
p53 regulation effect of nutlin-3 was further explored in HeLa
cells (1 mL, 1 × 106 mL¢1) that were treated with different
amounts of nutlin-3 for 48 h. After 2 h of incubation with
60 mL of the nanovesicles, the cells were imaged microscopi-
cally, and the scattering spectra were collected. With increas-
ing doses of nutlin-3, the color of AuNP/CDNA became
orangish in the DFM images (Figure 4, B1, C1, D1), and the
scattering peak gradually redshifted from 585 nm to 650 nm
(Figure 4, i4–i12); these changes suggested a dose-dependent
increase in intracellular WTp53 by nutlin-3. Meanwhile, the
fluorescence intensity of anti-MUp53/FITC decreased, which
indicated the inhibition of MUp53 by the drug treatment
(Figure 4, B4, C4, and D4). Thus, the nanovesicles could be
used to obtain intracellular images of WTp53 and MUp53.

In addition, a control experiment was performed to
demonstrate the advantage of using liposomes for intra-
cellular delivery. HeLa cells that were treated with AuNP/
CDNA but without liposome, had fewer AuNPs in the
cytoplasm, as indicated by DFM observation, than those
found in the observations that used nanovesicles (Supporting
Information, Figure S10), which indicated a high nanovesicle
internalization efficiency. The uptake efficiency was reduced
at a lower temperature (Supporting Information, Fig-
ure S11a), showing an energy-dependent endocytosis of the
nanovesicles. After entering cells, the nanovesicles were
wrapped by the lysosomes and then the AuNPs quickly
escaped from the lysosomes into the cytoplasm (Supporting
Information, Figure S11b,c), possibly a result of lipid-mem-
brane fusion between the lysosomal membrane and the
liposomal wall of the nanovesicles. These results suggested
that the proposed nanostructure could be successfully used as
trans-membrane delivery vehicles.

Figure 2. a) DFM images of 20 mL AuNP/CDNA incubated with 5 mL WTp53 for 90 min with different concentrations (final WTp53 concentration:
control, 0.01, 0.1, 0.25, 0.5, 1.0, and 1.5 mm from (A) to (G). i1)–i7): Corresponding scattering spectra of AuNP/CDNA observed in DFM images.
b) Average R/G value of AuNP/CDNA incubated with different concentrations of WTp53 (control, 0.01, 0.1, 0.25, 0.5, 1.0, and 1.5 mm from (A) to
(G); Inset: Standard curve for in vitro detection of WTp53 by DFM imaging (R/G data were collected from at least 10 AuNP/CDNA dots, see
Supporting Information, Figure S3).

Figure 3. a) DFM images of 20 mL AuNP/CDNA incubated with 5 mL
HeLa cell extract (treated with 0, 62.5, 125, and 250 mgmL¢1 nutlin-3
from (A) to (D)) for 90 min. b) P53 levels (total p53, WTp53, and
MUp53) in a single HeLa cell (detected from cell extracts collected
from HeLa cells treated with: no, 62.5, 125, 250 mg mL¢1 nutlin-3
from (A) to (D)).
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In conclusion, this work designed dual-targeting nano-
vesicles for the in situ intracellular imaging of WTp53 and
MUp53. The plasmonic AuNP/CDNA developed was easy to
prepare and had good cytocompatibility, intracellular stabil-
ity, and WTp53 specificity. The AuNP-wrapped and anti-

MUp53/FITC-modified nanovesicles readily entered living
cells to release AuNP/CDNA and anti-MUp53/FITC. The
conjugation of AuNP/CDNA and WTp53 caused a color
change, which was observed with DFM, whereas the MUp53
was marked with anti-MUp53/FITC and generated a fluores-
cence image. Thus, the intracellular imaging of p53 was
achieved using a one-step incubation with nanovesicles. The
developed method is suitable for monitoring changes in the
intracellular p53 level during p53-related drug treatments,
which can help to elucidate the role of p53 in the biological
events of a cell. Therefore, this capability indicates the
usefulness of the method for cancer diagnosis and monitoring.
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