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Cancer remains one of the most challenging diseases to treat. For
accurate cancer diagnosis and targeted therapy, it is important to
assess the localization of the affected area of cancers. The general
approaches for cancer diagnostics include pathological assessments
and imaging. However, these methods only generally assess the tumor
area. In this study, by taking advantage of the unique microenviron-
ment of cancers, we effectively utilize in situ self-assembled bio-
synthetic fluorescent gold nanocluster-DNA (GNC-DNA) complexes to
facilitate safe and targeted cancer theranostics. In in vitro and in vivo
tumor models, our self-assembling biosynthetic approach allowed for
precise bioimaging and inhibited cancer growth after one injection of
DNA and gold precursors. These results demonstrate that in situ
bioresponsive self-assembling GNC-PTEN (phosphatase and tensin
homolog) complexes could be an effective noninvasive technique for
accurate cancer bioimaging and treatment, thus providing a safe and
promising cancer theranostics platform for cancer therapy.

biosynthetic complexes | self-assembling GNC-DNA complexes | cancer
bioimaging and inhibition

Cancer is an extremely complex disease. Tumor cells can es-
cape growth inhibition signals and programmed cell death
and maintain their nutrient supply, all of which pose a great chal-
lenge to cancer therapy (1). Chemotherapy is currently the most
widely used cancer treatment. Although traditional small-molecule
chemotherapeutic drugs are widely used, these molecules have
nonspecific tissue distribution, causing severe side effects such as
myelosuppression (immunosuppression), gastrointestinal distress,
alopecia, and organ damage (2). These negative effects contrib-
ute to patient suffering and can even lead to treatment failure.
Therefore, the development of more effective treatments remains
an area of active research.

In recent years, gene therapy has been considered an effective
strategy for cancer treatment (3, 4). A large number of studies have
found that targeting an increasing number of genes can inhibit
angiogenesis, tumor growth, invasion, metastasis, and other critical
features of cancer in vitro (5, 6). The phosphatase and tensin ho-
molog (PTEN) gene is one of the most well-studied tumor sup-
pressor genes, and mutations in this gene occur at high frequency in
numerous tumor types. Reduced PTEN expression contributes to
the difficulty in cancer treatment (7, 8). Numerous studies have also
shown that increasing PTEN expression in the tumor can inhibit the
proliferation, invasion, metastasis, and other critical oncogenic
characteristics of tumor cells (9, 10). Plasmid DNA-based gene
therapy has recently shown enhanced permeability and retention
and has led to the accumulation of passive drugs in tumor tissues
(11). The combination of gene therapy and chemotherapy can
improve treatment success rates of cancer patients. However, it
is usually following treatment that the therapeutic effect can be
visualized using CT, ultrasound, or magnetic resonance imaging.
These diagnosis and treatment methods are difficult to evaluate the
development of the tumors in real time. This can lead to decision-
making failures and lower treatment success rates, especially with
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surgery. Therefore, it is essential to improve treatment success rates
of cancer therapy and to discover a therapeutic that can also help
monitor tumor growth in real time. This dual effect of a compound
would enable the integration of diagnostics and therapeutics.

The use of nanotechnology and biocompatible nanomaterials to
facilitate cancer diagnostics and treatments has recently been a
focus on the cancer field. Among the various types of biocompati-
ble nanomaterials (12-15), gold nanoclusters (GNCs) have recently
been utilized in bioimaging and other biomedical applications
because of the favorable intrinsic optical characteristics, highly
stable chemical properties, and good biocompatibility (16-19).
Based on the advantages of in situ bioresponsive biosynthetic
gold nanoclusters in fluorescent imaging and therapy (20), we
proposed the use of in situ self-assembled biosynthetic fluo-
rescent gold nanocluster-DNA (GNC-DNA) complexes to fa-
cilitate accurate cancer bioimaging and targeted treatment.

In this study, we explored the possibility of utilizing in situ
bioresponsive self-assembled fluorescent GNC-DNA complexes
through a biosynthetic strategy that takes advantage of the unique
tumor microenvironment. Fig. 1 illustrates the strategy for safe and
targeted cancer theranostics. Furthermore, by forming a complex
with DNA from the tumor suppressor PTEN, we observed that in
situ bioresponsive self-assembled complexes could readily label
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Fig. 1. Schematic diagram of in situ self-assembled biosynthetic GNC-DNA
complexes in cancer cells.

and inhibit tumor growth both in vitro and in vivo. Therefore,
our study demonstrates a practical approach to integrating effective
cancer diagnostics and therapeutics through in situ bioresponsive
self-assembled GNC-DNA, providing a safe and efficacious thera-
nostics approach for cancer therapeutics.

Results and Discussion

Characterization of Self-Assembled GNC-DNA Complexes. The spe-
cific tumor microenvironment (19, 20) is usually exploited by in
situ imaging because of the presence of relatively high amounts
of molecules that act as reducing agents for GNC syntheses, such
as reactive oxygen species (ROS), L-glutathione, and NADPH
(21-23). In the present study, we utilized natural double-
stranded DNA (dsDNA) from herring sperm (<50 bp) to ex-
plore the usage of bioresponsive self-assembled biosynthetic
GNC-DNA fluorescent complexes in cancer. Based on a pre-
viously published study (19), we used a suitable concentration of
gold precursor solution (20 pM pH = 7.2) without evident cy-
totoxicity in HeLa (cervical carcinoma), A549 (lung cancer), and
L02 (normal hepatocyte) cells (SI Appendix, Fig. S1).

To confirm the formation of GNC-DNA complexes, we har-
vested cytoplasmic DNA from cells and further characterized
this DNA by atomic force microscopy (AFM), transmission
electron microscope (TEM), X-ray photoelectric spectroscopy
(XPS), and other spectroscopies. Fig. 2 A-C and SI Appendix,
Fig. S2 A-F demonstrate the in situ bioresponsive self-assembled
biosynthetic GNC-DNA complexes isolated from cancer cells
that had been incubated with DNA and gold precursors. No
complexes were observed in cells cultured only with the gold
precursor solution. The highest of the sample was just 1.3 nm (SI
Appendix, Fig. S3). From the AFM height profiles (Fig. 2 D-F), it
is evident that the cumulative height of GNC-DNA appears to be
approximately 4 nm, while the double-stranded DNA helix di-
ameter is estimated to be 2 nm. These observations indicate that
the height of GNCs is 2 nm. This size is consistent with the TEM
characterization (SI Appendix, Fig. S2 G and H).

We used surface-enhanced Raman spectroscopy (SERS) (Fig.
2G) and Fourier transforms infrared spectra (FTIR) (Fig. 2H) to
investigate the interaction between the GNCs and DNA in the
self-assembly GNC-DNA complexes (24-28). As illustrated by
the FTIR spectra, there were no noticeable differences between
the presence of GNC-DNA complexes and DNA alone. There-
fore, it appears that the attachment of GNCs has little effect on
the deoxyribose and the base groups of DNA. In comparison,
the SERS spectra showed that a roughly 16-fold Raman signal
enhancement occurred ‘after the formation of GNC-DNA
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complexes. The typical DNA vibration peaks could be clearly
recognized using SERS. The GNC-DNA complexes could
effectively enhance the relevant DNA vibration peaks using
Raman spectroscopy. In addition, purine respiratory vibration, the
DNA deoxyribose backbone, and N-H stretching vibration could
be observed in the related SERS spectra (SI Appendix, Table S1).
The existence of GNCs caused the deformation and stretching
of DNA, which further indicates the specific interaction be-
tween DNA and GNCs to form GNC-DNA complexes.

We also measured the emission fluorescence of the extracted
GNC-DNA complexes by measuring emission peaks at 566 and
710 nm after excitation with 470 nm (Fig. 2I). Laser confocal
fluorescent microscopy (Fig. 2/) demonstrated that both HeLa
and A549 cells cultured with gold precursors and DNA had
much stronger intracellular fluorescence when compared with
that of the groups cultured only with gold precursors. This ob-
servation suggests that this complex can enhance intracellular
fluorescence. In contrast, such fluorescent characteristics were
not observed in normal cells under identical experimental con-
ditions. This supports that there was specific formation of bio-
responsive GNC-DNA complexes in vivo that specifically form in
the distinct cancer microenvironment (29, 30). These complexes
can also be used as simple but effective self-assembling nano-
scale biomarkers for targeted cancer cell imaging.

Inhibition of Cancer Development in Vitro Using in Situ Self-Assembly
of GNC-PTEN Complexes. Gene-targeted therapy for cancer has
attracted much attention recently, with circular plasmids being used
to improve the expression efficiency of target DNA (31). Nano-
clusters are also emerging as a vehicle for accurate gene delivering
to the tumor site. Early clinical results suggest that the specific tu-
mor targeting and active cellular uptake of nanotherapy can im-
prove therapeutic efficacy (32). An enhanced targeting to the tumor
tissue can also be accomplished by improving pharmacokinetics
and pharmacodynamics and utilizing positive intracellular delivery
(33, 34). We have further explored the possibility of enhancing
cancer treatment efficacy by using in situ bioresponsive self-
assembling biosynthetic GNC-PTEN complexes. Specifically, our
studies utilize the tumor suppressor gene PTEN to form the
complexes. PTEN is a tumor suppressor frequently mutated in
various tumor types (35, 36). The protein encoded by this gene is
a phosphatidylinositol-3,4,5-trisphosphate 3-phosphatase. After
inserting the coding sequence of PTEN into the universal
pmCherry-N1 vector, we obtained the double-stranded PTEN
overexpression vector (SI Appendix, Fig. S4). The concentration
of PTEN DNA was chosen based on the minimum amount
needed in the previous dsDNA experiment. After adding PTEN
DNA (2 ng/uL) and gold precursors (20 pM) to the cell sus-
pension for 4 h, we washed the cells with deionized water 3x and
broke up the cell suspension to obtain GNC-PTEN complexes.

AFM (SI Appendix, Fig. S5) and TEM images (Fig. 3 A-C), as
well as fluorescent characterization (Fig. 3D) of these complexes,
provide consistent evidence of self-assembling GNC-PTEN
complexes made with herring sperm DNA. The SERS (Fig.
3E) and FTIR spectra (Fig. 3F) of the extracted GNC-PTEN
complexes also demonstrate that the phosphodiester bond of
DNA was distorted and deformed. This indicates the interaction
between the relevant group of PTEN DNA and bioresponsive
GNGCs, which is similar to what was observed with self-assembling
GNC-PTEN complexes (SI Appendix, Fig. S6). Furthermore, we
carried out an XPS study to confirm the binding of PTEN DNA
to GNCs in the atomic composition (SI Appendix, Fig. S7). After
the successful formation of the complex between PTEN DNA
and GNGCs, the amount of gold on the surface decreased, while
the amount of carbon, nitrogen, and oxygen were slightly higher
than that in GNCs. The decrease in gold may be due to the
presence of a large amount of DNA on the surface of the
complex, which would reduce the amount of gold exposed to
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Fig. 2. AFM images of the bioresponsive self-assembled biosynthetic GNC-DNA complexes in cancer cells. (4) Typical AFM image of the biosynthetic GNC-
DNA complexes extracted from Hela cells when cultured with gold precursors (20 pM) and DNA solution (2 ng/uL). (B) Enlarged image from a location in A. (C)
Typical AFM image of the extracted biosynthetic GNC-DNA complexes obtained with the gold precursor solution (20 uM) and a relatively high concentration
of DNA solution (0.1 mg/uL). (D-F) Height maps at the blue line segment in A-C, respectively. (G) Raman spectra and (H) FTIR spectra of the different ex-
perimental groups. a.u., arbitrary unit; A, adenine; C, cytosine; G, guanine. (/) Fluorescence spectra of the complexes. EX, excitation wavelength; EM, emission
wavelength. (J) Laser confocal fluorescence images of a series of cells cultured with DMEM, DNA, gold precursors, and both DNA and gold precursors, re-
spectively. When excited at 488 nm, the relatively stronger intracellular fluorescence of the biosynthesized GNC-DNA complexes was observed compared with
the corresponding control cancer cells with the biosynthesized GNCs alone or with the normal cell (L02) that did not have intracellular fluorescence in any ex-
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Fig. 3. Self-assembled GNC-PTEN complex characteristics. Typical (A) TEM and (B) High resolution (HR)-TEM image of the isolated GNC-PTEN complexes. (C)
The particle-size distribution of gold nanoparticles. (D) Fluorescence spectra of the aqueous solution of the extracted GNC-PTEN complexes show that the
relevant emission peak wavelengths were 515 and 660 nm, respectively, when the excitation wavelength (EX) was 445 nm. EM, emission wavelength. (E)
Raman spectra of the extracted GNC-PTEN complexes and PTEN DNA alone. (F) FTIR spectra of the abstracted GNC-PTEN complexes and PTEN DNA alone. For
the control group (black), only PTEN DNA alone was added. Red curve shows the results of the in situ synthesized PTEN GNC-DNA. a.u., arbitrary unit.

the surface. This can also explain the increase in carbon, nitrogen,
and oxygen on the surface of the complex. However, phosphorus
was increased in the complex, which may be due to the large
number of nucleotides and phosphates in DNA. The precipitation
of DNA leads to the slight increase in phosphorus in this complex.
The above experiments directly support the successful formation
of GNC-PTEN complexes.

By using RT-PCR and western blotting, we found that the bio-
synthetic GNC-PTEN complexes yielded higher PTEN messen-
ger RNA (mRNA) and protein-level expression (Fig. 44). It was
expected that the overexpression of PTEN could significantly
inhibit the growth and development of tumor cells. Moreover,
we further examined the effect of PTEN overexpression
on proliferation, migration, and metastasis of tumor cells. It is
worth noting that, compared with the negative control group, the
proliferation of AS549 and HeLa cells with biosynthesized
GNC-PTEN complexes was significantly decreased (Fig. 4B).
These observations demonstrate that these bioresponsive self-
assembling biosynthetic GNC-PTEN complexes could inhibit
the proliferation of cancer cells. In scratch-healing and transwell
invasion experiments, we found that the migration and invasion
of A549 and HeLa cells in the presence of GNC-PTEN com-
plexes were significantly decreased, which indicated that these
complexes could effectively inhibit the migration and invasion of
tumor cells (Fig. 4 C and D).

Based on these studies, we further investigated ROS levels in
A549 and HeLa cells in different treatment groups. The results
show that intracellular ROS levels in relevant cancer cells in the
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presence of GNC-PTEN complexes were significantly higher
than that in the control groups (Fig. 4E). It has already been
reported in the literature that the significant increase of ROS
can induce apoptosis and even kill tumor cells (37-39). These
results further suggest that bioresponsive self-assembling bio-
synthetic GNC-PTEN complexes can effectively inhibit the onco-
genic characteristics of tumor cells, such as proliferation, invasion,
metastasis, and promote apoptosis. This, combined with targeted
fluorescent bioimaging, demonstrates that the in situ bioresponsive
self-assembled biosynthetic complexes provide a promising pros-
pect in targeted tumor theranostics.

In Situ Self-Assembling GNC-PTEN Complexes in Cancer Bioimaging
and In Vivo Cancer Growth Inhibition. To better understand and
simulate the therapeutic effect of the in situ synthesized GNC-
PTEN complexes in vivo, we established a s.c. tumor mouse
model (SI Appendix, Fig. S8) and randomly divided mice into 4
groups, with 4 mice per group. Mice were injected with either the
gold precursor solution (0.3 mmol) and PTEN DNA solution
(40 pg), gold precursor solution (0.3 mmol) alone, PTEN DNA
solution (40 pg) alone, or an equal volume of normal saline. After
the 5th injection, 1 mouse in each group was randomly selected for
in vivo fluorescent imaging to examine tumor localization of in situ
synthesized complexes within 24 h (Fig. 54).

Fluorescent intensity in the tumor tissue at different periods is
shown in Fig. 5B. Compared with free PTEN DNA and the saline
control group, GNC-PTEN complexes showed increased aggregation
in the tumor. The fluorescent signal was also stronger in the
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GNC-PTEN complex group than that in the GNC group. The invivo ~ complexes at the tumor site. Twenty-four hours after injection, ex
fluorescent signals indicated that after 6 h, exogenous DNA and  vivo fluorescent imaging showed that tumors treated with GNC-
gold precursors accumulated and self-assembled into GNC-PTEN  PTEN complexes exhibited a higher level of fluorescence intensity
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than the other groups (Fig. 5 C-E). Inductively coupled plasma
mass spectrometry confirmed that the amount of gold in GNC-
PTEN complexes accumulated in the tumor site (Fig. 5F). Gold was
mainly eliminated in vivo by the liver and kidneys, which is consis-
tent with previous reports (40, 41).

The resulting fluorescence intensified in tumors, indicating that
the in situ biosynthesized fluorescent GNC-PTEN complexes were
present in target tumors. Consistent with the observations obtained
from in vitro experiments, the bioresponsive self-assembled bio-
synthetic GNC-PTEN complexes showed enhanced inhibition of
tumor growth. The antitumor effects observed in the remaining
3 mice per each group demonstrated significant therapeutic
efficacy. In vivo fluorescent imaging is shown in Fig. 64, and ex
vivo imaging of each mouse is shown in Fig. 6B. Compared with
the control and the PTEN DNA group, the growth of tumors in
the in situ biosynthesized GNC-PTEN complex group decreased
significantly, with some tumors considerably shrinking. Con-
versely, the group with in situ biosynthetic GNCs alone showed a
slight decrease (Fig. 6C). Statistics of tumor size and weight are
included in Fig. 6 D and E. No significant changes in mouse weights
were observed during treatment (Fig. 6F), and hematoxylin-eosin
staining of the main organs (SI Appendix, Fig. S9) indicated that
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there were no obvious toxicities caused by the in situ biosynthesized
GNC-PTEN complexes.

To further evaluate the safety of the complexes in vivo, we mea-
sured biochemical parameters in the blood (SI Appendix, Table S2)
after killing mice. The results showed that there were no significant
differences in erythrocytes, leukocytes, or platelets between mice
in the experimental groups and the 3 control groups. In addition,
aspartate transaminase, alanine transaminase, blood urea nitrogen,
and purine trione measurements showed that the self-assembled
biosynthetic GNC-PTEN complexes did not cause damage to liver
and kidneys in mice (SI Appendix, Table S3). This indicates that the
complexes pose a low risk of serious side effects in normal organs
and tissues. These results reconfirmed our hypothesis that the in
situ biosynthesized GNC-PTEN complexes could effectively inhibit
tumor progression without significant toxicities. This is consistent
with the in vitro results. These observations suggest that the GNC-
PTEN complexes have good tumor targeting and therapeutic ef-
fects, which can be used to integrate targeted treatment and tumor
diagnostics. Overall, it is evident that the in situ synthesized GNC-
PTEN complexes are safe with low toxicity. This could provide an
intelligent strategy and promising candidate for advanced thera-
nostics platforms for highly effective cancer therapy.
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Fig. 6. The antitumor effects of the GNC-PTEN complexes in s.c. tumors. (A) Fluorescent images 12 h after the last injection in the 4 groups of mice
[excitation wavelength (ex): 420 nm, emission wavelength (em): 620 nm]. From top to bottom: control, PTEN, GNC, and GNC-PTEN complex groups. (B)
Ex vivo imaging of major organs (I, liver; k, kidney; s, spleen; lu, lung; and h, heart) and tumors (t, tumors) in corresponding photograph of each mouse
shown in A (ex: 420 nm, em: 620 nm). (C) Tumor images on day 21. (Scale bar, 5 mm.) (D) Tumor sizes measured within 21 d. Compared with the control
group, the significant difference in the last measurement of the 3 groups is marked in the figure. (E) Weight of the isolated tumors. (F) Weight of each

group of mice. NS, no significant difference. **P < 0.01, ***P < 0.001.

Mechanism of Tumor Growth Inhibition with Self-Assembled GNC-
PTEN Complexes. To further explore the molecular mechanism
of tumor growth inhibition with self-assembled GNC-PTEN com-
plexes, we performed RNA-seq analysis of HeLa cells in different
treatment groups, a blank control group, and a PTEN DNA and
gold precursor group. The results showed that the mRNA level of a
large number of genes changed in the in situ synthesized GNC-PTEN
complex group compared with the control group. Significantly
up-regulated genes in the GNC-PTEN group were defined as having
gene expression 3 times higher than that in the control group, and
down-regulated gene expression was defined as having expression
lower than 0.33 that of the control group (Fig. 7 4 and B).

There were 83 genes up-regulated and 59 genes down-regulated
in the bioresponsive self-assembled biosynthetic GNC-PTEN com-
plex group. In addition, compared with the control group, the up-
regulation of tumor-suppressor genes and the down-regulation
of oncogenes was greater in the bioresponsive self-assembled
biosynthetic GNC-PTEN complex group. In addition to PTEN,
tumor suppressor genes OSGINI (42), PARP3 (43), SAMDIL (44),
and TP53 (45), among others, were up:regulated significantly, while
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oncogenes such as IL33 (46), F2RL1 (47), MT2A (48), IL8 (49), and
STX2 (50) were down-regulated in the bioresponsive GNC-PTEN
complex group (Fig. 7C). This further demonstrates that the DNA
complex can inhibit tumor development, perhaps by changing the
expression of oncogenes and tumor suppressor genes.

In summary, we have demonstrated that the formation of in situ
bioresponsive self-assembling biosynthetic GNC-DNA complexes
could be readily realized in the cancer setting for simultaneously
targeting bioimaging and effective theranostics. In addition, uti-
lizing PTEN DNA could allow for usage of bioresponsive self-
assembled biosynthetic fluorescent GNC-PTEN complexes for
real-time targeted bioimaging and inhibition of tumor growth.
Furthermore, we found that the biosynthesized complexes can
effectively inhibit tumor development through up-regulation of
tumor suppressor genes and down-regulation of oncogenes. These
GNC-PTEN complexes can facilitate targeted diagnostics and
therapeutic effects, and in addition, they also have few side effects
and biological toxicities normally associated with traditional DNA
transfection. Thus, the strategy of the in situ bioresponsive self-
assembling of biosynthetic GNC-DNA complexes holds great
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Fig. 7. Differential expression of mRNA levels in the self-assembled GNC-PTEN complex group compared with the control group. (A) Up-regulated and (B)

down-regulated genes in the GNC-PTEN complex group. (C) Oncogene and tumor suppressor gene expression in the self-assembled GNC-PTEN complex group
compared with the control group. The expression of the control group was standardized to 1.

promise for integrating simultaneous diagnostics and treatment.
This raises the possibility of establishing a multimodal platform for
targeted cancer theranostics to eradicate tumors and metastases.

Materials and Methods

The materials and methods used in this study are described in detail in S/
Appendix. Information includes preparation of in situ biosynthetic GNC-DNA
complexes, characteristic imaging analysis, in vitro cell experiments, in vivo
animal experiments, and molecular biology experiments. All experiments
involving mice were approved by the National Institute of Biological Science
and Animal Care Research Advisory Committee of Southeast University, and
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the experiments were conducted by following the guidelines of the Animal
Research Ethics Board of Southeast University.

Data Availability. All data generated or used during the study appear in the
submitted article.
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