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ABSTRACT: Graphene-oxide (GO) based fluorescent DNA aptasensors are promising
nanomaterials in bioassays due to the fluorescent ultra-sensitivity and target identification ability.
However, the in vivo application remains an appealing yet significantly challenging task, as those
developed DNA aptamers cannot across the cell membrane. In this contribution, we demonstrate
for the first time such a nanomaterial for in vivo diagnosis and therapy of liver tumor. A DNA
nanomaterial comprising of DNA tetrahedron and aptamers, aggregation-induced emission
luminogen (AIEgens) and antitumor drug doxorubicin, is fabricated and attached on GO surface.
This developed hybrid with good biocompatibility exhibits high selectivity to target liver cancer
cells, and well performs for in vitro and in vivo liver tumor fluorescence imaging diagnosis and
chemotherapy. Additionally, a GO-based fluorescent DNA nanodevice was also constructed by

using microfluidic chip for liver tumor cell screening.
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Graphene-oxide (GO) based fluorescent DNA aptasensors are extensively used in biomedical
sensing due to their intrinsic advantages, such as excellent sensitivity, high selectivity, good
biocompatibility and programmability.? Fluorescent DNA aptasensors are consisted of DNA
aptamers and fluorophores mainly through two interaction modes, including chemically covalent
bond and supramolecular interaction.®®. Compared with the former strategy, fluorophore-
unlabeled supramolecular interaction is highly desired for sensing applications thanks to the
much simpler synthesis and purification procedures.®” To enhance the sensitivity and decline the

background noise of fluorescent DNA aptasensors, GO is usually utilized as fluorescent



quenching material.®® GO can easily bind fluorophores through electrostatic interactions and
hydrophobic interactions, thus efficiently quenches the fluorescence by FRET (Forster resonance
energy transfer).’® GO can also absorb DNA aptamers via hydrogen bonds and m-stacking
interactions.!* After recognizing and interacting with target analytes, fluorescent DNA aptamer
will escape from GO surface and recover its fluorescence, indicating a simple “mix and go”
protocol, which is supremely powerful for in vitro sensing.!>® To the best of our knowledge,
GO based label-free fluorescent DNA aptasensors, however, have not been applied for in vivo
applications, as those involved DNA aptamers are easily hydrolyzed, as well as the heavy
nonspecific desorption of nontarget molecules from GO.*

Given the circumstances, the development of DNA aptamers that are unable to be
hydrolyzed would be significantly important. DNA tetrahedrons (DNA-tetra),®>6 consisting of
four ssSDNA sequences by complementary self-assembly, have been recognized as an effective
drug carrier for intracellular imaging and tumor treatment, benefiting from that DNA-tetra can
rapidly across the cell membrane through caveolin-dependent pathway without being
hydrolyzed.}"-*8 Although aptamer modified DNA-tetra has been recently utilized for fluorescent
in vitro and in vivo applications,'®2! the targeting selectivity and signal-to-noise ratio remain to
be further improved. To this end, locating of fluorescent DNA-tetra on GO surface could be a
brilliant approach to achieve in vivo diagnosis and treatment.

In this paper, we develop for the first time a GO-based fluorescent DNA nanomaterial for in
vivo diagnosis and therapy of liver tumor cells. As illustrated in Scheme 1, four ssDNA
sequences self-assemble to a DNA-tetra architecture, which is modified with three hairpin switch
aptamers for recognizing the target cell. Doxorubicin (DOX), a reputable antitumor drug, is

loaded in the DNA-tetra skeleton through intercalation. DOX is a well-known aggregation-



caused quench dye, which has a fluorescence quenching effect when loaded in the DNA-tetra
skeleton. In order to enhance DOX fluorescence, DSAI, a fluorescent probe with typical
aggregation-induced emission (AIE) features,? is also loaded in the DNA-tetra structure mainly
via intercalation, presenting green fluorescence. FRET process proceeds from DSAI to DOX,
which efficiently enhance the emission intensity of DOX, resulting in bright red fluorescence of
the fabricated DNA nanomaterial. With the aid of the hydrogen bond interaction between the
hairpin switch aptamers and GO, the DNA nanomaterial is immobilized on GO surface, leading
to vanished fluorescence intensity. This presented nanomaterial is able to selectively target liver
tumor cells with assistance of the hairpin structure of aptamers, and the aptamers accompanied
DNA nanomaterial then escape from GO surface. Both in vitro and in vivo evaluations show that
this developed protocol is effective in cancer theranostics. Moreover, a GO-based fluorescent
DNA nanodevice on the basis of polydimethylsiloxane (PDMS) microfluidic chip is constructed

and utilized for liver tumor cell screening.
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Scheme 1. Illustration of the “mix and go” GO-based fluorescent DNA nanomaterial for

diagnosis and treatment of liver tumor cells (7721 cells).

RESULTS AND DISCUSSION

Three different DNA-tetras were prepared by using different DNA sequences to testify the
formation of DNA-tetra (Figure S1A, S1B). As shown in Figure S1C, the electrophoretic band of
DNA-1 containing one DNA aptamer sequence” was below 200 bp, and that of DNA-3
containing three DNA aptamer sequences was above 200 bp. All the three DNA-tetras ran slowly
comparing with P2 (ssDNA, 106 bp), verifying the formation of DNA-tetras. The morphology of
DNA-3 was measured by AFM image (Figure S1D). The diameter of DNA-3 was determined to
be in the range from 10 to 20 nm. With a suitable size for cellular endocytosis, DNA-3 was

indeed a desirable drug carrier for tumor therapy.



To figure out the optimal drug proportion in DNA-3, we investigated the contents of DSAI**
and DOX in DNA-3 by fluorescence measurement, respectively. As displayed in Figure 1A, low
concentration of DSAI (0.1, 0.5, 1.0 uM) presented no emission in water solution, but high
concentration of DSAI (5 - 50 pM) exhibited a rather high fluorescence background in water.
Thus 1.0 pM DSAI was chosen as the optimal DSAI content in the DNA nanomaterial. DNA-3
was then added into DSAI (1.0 pM) solution to light up the emission of DSAI (Figure 1B). After
the addition of 100 nM DNA-3, the fluorescence intensity was quite high, and further addition of
DNA-3 (250 nM) could not continuously enhance the DSAI fluorescence. We also added
different concentrations of DSAI into 100 nM DNA-3 solution to evaluate the loading capacity
of DNA-3 (Figure 1C). With the increasing amount of DSAI (0.1 - 10 uM), the fluorescence of
DSAI gradually grew to the maximum, indicating that the DSAI loading capacity of DNA-3 was
about 10 uM. Further increasing amount of DSAI would cause fluorescence quenching, probably
due to the aggregates sediment appearing in the mixture. In order to load high content of DOX in
DNA-3, we chose the mixture of 1.0 pM DSAI and 100 nM DNA-3 for the following
experiments. As depicted in Figure 1D, there was an obvious FRET outcome between DSAI and
DOX. With the increasing the amount of DOX, the DSAI emission at 519 nm was quenched and
the DOX emission at 558 and 593 nm was enhanced by FRET process. When DOX
concentration reached 20 pM, the fluorescence intensity reached the maximum, and further
addition of DOX (30 - 40 uM) would quench the fluorescence of DOX. It indicated that the DOX
loading capacity of DSAI/DNA-3 (1.0 uM/100 nM) mixture was 20 uM. After confirming the
optimal drug proportion in DNA nanomaterial, different concentrations of GO were added in the

DNA nanomaterial to attach the DNA-3 and quench the fluorescence. The fluorescence was



gradually quenched by the increasing amount of GO (Figure 1E). 40 pg/mL GO was enough to
immobilize DNA-3 and quench the fluorescence to achieve a low background.

The cytotoxicity of three cells (HepG2, LO2, 7721) could also help to confirm the optimal
drug proportion. In the mixture of DSAI/DNA-3 (ratio: 10/1), the cytotoxicity was raised with
the increasing concentration of DSAI from 0.25 to 1.0 uM (Figure 1F). The viability of non-
target cells (HepG2 and LO2) was above 85%, while the target 7721 cell viability was below
80%. Thus, the concentration of DSAI higher than 1.0 uM would cause higher cytotoxicity
(viability: probably below 85%) for non-target cells, which was not available for bioimaging.
Although the higher loading capacity of DOX in DSAI/DNA-3 mixture led to lower viability for
both non-target cells and target cell (Figure 1G), there was still an obvious distinction between
target cell and non-target cells. Always, the viability of non-target cells was higher than that of
target cell, indicating that this DNA nanomaterial could eliminate target cell more easily than
non-target cells. The continuous addition of GO was capable of enhancing the selectivity of this
DNA nanomaterial to target cell, decreasing the cytotoxicity for non-target cells, as well as
showing some influences to target cell (Figure 1H). When the amount of GO reached 40 pg/mL,
the viability of non-target cells was above 85%, while the viability of target cell was below 15%.
Therefore, GO could efficiently increase the selectivity by immobilize DNA nanomaterial on
surface, and only target cells could recognize DNA nanomaterial by aptamer-target protein
binding, then DNA nanomaterial escaped from GO surface and marked target cells. On the
contrary, non-target cells could not recognize the DNA nanomaterial, leading to the remain of
DNA nanomaterial on GO surface.

To further study the morphology and potential change of DNA-3 after loading the DNA

nanomaterial, DLS and Zeta potential measurements were conducted. As shown in Figure S2, the



average diameter of DNA-3 was 13.6 nm, and the average Zeta potential was -5.92 mV. After
loading with the optimal proportion of DSAI and DOX, the average diameter of
DSAI/DOX/DNA-3 enlarged to 36.5 nm, along with the average Zeta potential of -9.14 mV. It
was because the loading could enlarge the superficial area of DNA-3, and the enlarged
superficial area had more negative surface potential, thus resulting in the decrease of Zeta
potential. The naked GO possessed an average diameter of 158.3 nm, and an average Zeta
potential of -26.73 mV. Upon loading DSAI/DOX/DNA-3 mixture to GO surface, the average
diameter greatly increased to 814.9 nm, and the average Zeta potential was determined to be -
11.0 mV. It seems reasonable to infer that the aggregation occurred between GO and
DSAI/DOX/DNA-3, which caused the multiple diameter rise. And this aggregation also
decreased the exposed superficial area of GO, which resulted in the increase of Zeta potential.
Despite the aggregation of GO, the average diameter of DSAI/DOX/DNA-3 (DNA
nanomaterial) was below 50 nm, which was suitable for in vivo imaging. The GO aggregates
would not enter the membrane of tumor cells, only the DNA nanomaterials on GO surface could

target the specific protein on tumor cell membrane, and then stained the tumor cells.
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Figure 1. (A) Fluorescence spectra of different concentrations of DSAI in pure water, excitation:
405 nm; (B) Fluorescence spectra of 1.0 pM DSAI solution with different DNA-3
concentrations, excitation: 405 nm; (C) Fluorescence spectra of DSAI with the increasing
concentrations 100 nM DNA-3 solution, excitation: 405 nm; (D) Fluorescence spectra of
different concentrations of DOX in DSAI/DNA-3 (1.0 uM/100 nM) mixture, excitation: 405 nm;
(E) Fluorescence spectra of different concentrations of GO in DSAI/DOX/DNA-3 (1.0 uM/20
uM/100 nM) mixture, excitation: 405 nm; Viability of HepG2, LO2 and 7721 cells after stained
with different concentrations of (F) DSAI/DNA-3 dye, (G) DOX loaded in DSAI/DNA-3
mixture, or (H) GO in DSAI/DOX/DNA-3 mixture (DSAI concentration: 1.0 uM; DOX

concentration: 20 pM; DNA-3 concentration: 100 nM).

To figure out the labeling capacity of this GO-based DNA nanomaterial, target 7721 cells were
cultured with the GO-based DNA nanomaterial for different time (Figure 2). In the beginning,
DSALI (green emission) and DOX (red emission) both located in cytoplasm. With the continuing

staining time, a large amount of DSAI remained in cytoplasm, while DOX and small amount of



DSALI gradually entered nucleus, thus FRET process still happened in nucleus to achieve the red
emission of DOX. To ensure the accurate location of DSAI and DOX in cells, we also stained
7721 cells for 120 min with DSAI/DNA-3/GO and DOX/DNA-3/GO, respectively. With 405 nm
excitation, DSAI/DNA-3/GO provided a strong green emission in cytoplasm and weak emission
in nucleus, indicating that small amount of DSAI could enter nucleus (Figure S3A), while
DOX/DNA-3/GO had no red emission under the same excitation conditions. These results
indicated that the emission of DOX was indeed induced by FRET process from DSAI in the case
of DSAI/DOX/DNA-3/GO (Figure S3B). Therefore, after 120 min staining, a large amount of
DSAI remained in cytoplasm, while DOX and small amount of DSAI entered nucleus. To further
confirm this phenomenon, 7721 cells were stained with the GO-based DNA nanomaterial for
only 30 min, then the cells were washed with PBS buffer to eliminate the redundant dye. After
washing, the cells were continuously incubated with fresh medium for another 0 - 90 min to
analyze the location of DSAI and DOX. Similar results came out compared to the results in
Figure 2, further confirming the transfer route of DSAI and DOX in cells (Figure S4). In
contrast, non-target cells (HepG2 and LO2) showed no emission or rather weak emission after
stained with the GO-based DNA nanomaterial (Figure S5, S6), indicating that the GO-based
DNA nanomaterial could hardly stain the non-target cells. Other non-target cells (such as 4TI,
Hela, 3T3 cells) were also estimated, and none of these cells were labeled (Figure S7), solidly

verifying the high labeling selectivity of GO-based DNA nanomaterial to target 7721 cells.
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Figure 2. Confocal images (upper) and the relative magnifying images (lower) of 7721 cells
after stained with GO-based DNA nanomaterial for different stain time. GO-based DNA
nanomaterial: 1.0 uM DSAI 20 uM DOX, 100 nM DNA-3, 40 pg/mL GO; Excitation: 405 nm,
DSAI emission (green): 450 - 525 nm; DOX emission (red): 530 - 740 nm; Scale bar: 10 pm for

the integral images, 5 pum for the magnifying images.

To analyze the selectivity for target cell and non-target cells without and with the aid of GO,
the DNA nanomaterial was applied to stain the 7721, HepG2 and LO2 cells with different stain
time. As shown in Figure S8 - S10, all the target and non-target cells were labeled with DNA
nanomaterial, and DOX began to enter the nucleus within a short stain time (30 min). The mean
fluorescence intensity of DSAI and DOX was concluded in Figure S11. In the absence of GO,
the emission intensity of DSAI and DOX in HepG2, LO2 and 7721 cells was high, thus the
comparison between non-target cells and target cell was insufficient. In the presence of GO, the

emission of DSAI and DOX in non-target cells was rather weak, and the contrast to target cell
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was adequate. It indicated that the selectivity of DNA nanomaterial for target cell was greatly
enhanced with the aid of GO.

After the selectivity verification to target 7721 cells, this GO-based DNA nanomaterial was
also applied in microfluidic chip**° for target cell selection. The structure of the microfluidic
chip was shown in Figure 3A, and its morphology image was shown in Figure 3B. The design of
the microfluidic chip was according to the previous report”’, which had a high capture efficiency
for target cells. The channel of the microfluidic chip was a matrix with many pillars. The total
length of channel was 5 mm, and the width was 0.62 mm. The pillar diameter and pillar height
were two important factors for capture efficiency. The distance between two adjacent pillars
were 50 pum, and the pillar diameter and height were 50 um and 11 pm, respectively. The height
of channel was 30 pum, which was high enough to realize the cell float. The channel surface
(including the pillar surface) used in this experiment was modified with the GO-based DNA
nanomaterial. Three different cells (HepG2 cells, LO2 cells, 7721 cells) were injected in the
channel at a speed of 100 pL/h (total volume: 100 pL, injection time: 1 h). Then these three cells
were transferred to cell dishes and incubated for 0.5 h to let the cells stick to the bottom. Among
three different cells, only 7721 cells were labeled with DNA nanomaterials and presented red
emission (Figure 3C). Both HepG2 cells and LO2 cells were unlabeled and had no emission.

Therefore, this modified microfluidic chip had great potential in target cell screening technology.

12
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Figure 3. (A) The structure of the microfluidic chip. (B) The morphology image of the
microfluidic chip by microscope imaging. (C) The Confocal images of HepG2 cells, LO2 cells

and 7721 cells after the float through the microfluidic chip; Scale bar: 20 pum.

Finally, in vivo imaging and tumor treatment of the GO-based DNA nanomaterial were
investigated. For in vivo imaging, the tumor was efficiently stained with the GO-based DNA
nanomaterial after the intravenous injection within 24 h (Figure 4A). At 3 h, intensive
fluorescence signal was observed in the tumor section, indicating that the GO-based DNA
nanomaterials presented a prominent accumulation in tumor region. With the prolonger time, the
fluorescence signal underwent a gradual rise within 12 h, then slowly declined due to the
metabolism. However, the dissected tumor tissue remained a strong red emission after 24 h
staining (Figure 4B). For in vivo treatment, the mice bearing tumor were intravenous injected
with PBS, DNA/DSAI/GO and DNA/DSAI/GO/DOX (GO-based DNA nanomaterial),
respectively. The changes of tumor volume after the 20-day treatment were recorded. As
displayed in Figure 4D, the DNA/DSAI/GO/DOX group had an obvious inhibition on tumor

growth during the treatment. Meanwhile, mice administrated with PBS or DNA/DSAI/GO
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served as the controls. In contrast, the tumor volumes in these control groups increased rapidly
after the treatment. DNA/DSAI/GO group has a slight inhibition on tumor growth compared to
PBS group, but this inhibition was extremely weaker than that of DNA/DSAI/GO/DOX group,
illustrating that PBS and DNA/DSAI/GO could not sufficiently inhibit tumor growth. The
similar result of tumor weight change appeared in Figure S12, the lightest tumor weight appeared
in DNA/DSAI/GO/DOX group at day 20 after treatment, which was consistent with the tumor
volume change. Afterwards, the in vivo immunohistochemical studies were further analyzed
(Figure 4C). KI67 immuno-fluorescence staining of tumor slices verified that few proliferating
tumor cells appeared after treated with DNA/DSAI/GO/DOX group, comparing with the excess
and high-density tumor cells in the control groups. The TUNEL immuno-fluorescence staining
of tumor slices further testified the serious cell apoptosis after treated with DNA/DSAI/GO/DOX
group. By comparison, there were few apoptosis tumor cells after the treatment with the control
groups. These data clearly illustrated that the GO-based DNA nanomaterials could be used as
highly versatile theranostic agents for tumor imaging and therapy in vivo.

Considering the significance of therapeutic safety for nanomaterials, the potential systemic
cytotoxicity was carefully estimated. As shown in Figure 4E, the body weights of all the treated
mice were measured during the 20-day treatment with different groups, and there was no
significant weight change, which indicated great therapeutic agent safety of the GO-based DNA
nanomaterials. In addition, histological and hematological analyses were measured to figure out
the biocompatibility.® It was demonstrated that 30-day treatment with DNA/DSAI/GO/DOX
group had no influence for major organs (Figure S13A) and blood biochemistry indexes (Figure
S13B) compared to the control groups. These results verified the great imaging and therapeutic

effects of GO-based DNA nanomaterial with good biocompatibility for in vivo applications.
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Figure 4. (A) In vivo imaging after the injection with the GO-based DNA nanomaterial for 0-24

h; (B) Organ imaging after the injection with GO-based DNA nanomaterial for 24 h; (C) KI67

and TUNEL staining assays of tumor tissues after different treatment; Scale bar: 100 pum; (D)

Tumor volume and (E) body weight changes of mice after different treatments for 20 days (*** p

<0.001, n=6).

CONCLUSIONS

In summary, we report a GO-based DNA nanomaterial for both in vitro and in vivo cancer

diagnosis and therapy. Benefiting from the DNA self-assemble process, the DNA nanomaterial

containing DNA tetrahedron structure and DNA aptamers acts as a great carrier, which can load

both AIEgen and antitumor drug. Thanks to the good biocompatibility, high detection specificity
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to target liver tumor cell, and effective antitumor efficiency, both in vitro and in vivo results
revealed that the presented nanomaterial is promising alternative for cancer theranostics. Our
findings in this study may open new perspectives in the design of versatile carrier for target cell

screening and treatment.
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