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Abstract

Stimuli-triggered drug delivery systems are primarily focused on the applications of the tumor
microenvironmental or cellular physiological cues to enhance the release of drugs at the target site.
In this study, we applied adenosine-5"-triphosphate (ATP), the primary “energy molecule”, as a
trigger for enhanced release of preloaded drugs responding to the intracellular ATP concentration
that is significantly higher than the extracellular level. A new ATP-responsive anticancer drug
delivery strategy utilizing DNA-graphene crosslinked hybrid nanoaggregates as carriers was
developed for controlled release of doxorubicin (DOX), which consists of graphene oxide (GO),
two single-stranded DNA (ssDNA, denoted as DNA1 and DNA2) and ATP aptamer. The single-
stranded DNA1 and DNAZ2 together with the ATP aptamer serve as the linkers upon hybridization
for controlled assembly of the DNA-GO nanoaggregates, which effectively inhibited the release of
DOX from the GO nanosheets. In the presence of ATP, the responsive formation of the ATP/ATP
aptamer complex causes the dissociation of the aggregates, which promoted the release of DOX in
the environment with a high ATP concentration such as cytosol compared with that in the ATP-
deficient extracellular fluid. This supports the development of a novel ATP-responsive platform
for targeted on-demand delivery of anticancer drugs inside specific cells.
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1. Introduction

Stimuli-triggered delivery of anticancer drugs [1-3] is mainly focused on the applications of
the tumor microenvironmental or cellular physiological characteristics including higher
temperature [4-5], lower pH [6-8], higher redox potential [9-11], enzyme overexpression
[12-13] and higher level of reactive oxygen species [14-15] to promote the release of drugs
at the target site for cancer treatment. Numerous nanocarriers integrating with the responsive
elements, such as liposomes, polymeric nanoparticles, protein/DNA nanostructures and
inorganic nanovehicles, have been widely exploited to achieve controlled release of their
cargoes within the tumor tissues or cells [16-22].

Recently, adenosine-5’-triphosphate (ATP), the primary energy molecule for cell function, is
attracting extensive attentions, which can be used as a promising trigger for enhanced
release of preloaded drugs form the carriers responding to the intracellular ATP
concentration [23-26]. ATP has a very high concentration inside the cells (1-10 mM),
which is much greater than that outside the cells (< 5 pM) [27, 28]. Such a pronounced
gradient is the premise of design of the ATP-triggered intracellular drug delivery systems.
However, the existing ATP-responsive anticancer drug delivery methods are often limited
by complicated formulation design and relatively low loading capacity of drugs [23, 24].

Herein, we present a new ATP-responsive anticancer drug delivery strategy utilizing DNA-
graphene crosslinked hybrid nanoaggregates as carriers (Fig. 1). This nanoaggregate consists
of graphene oxide (GO), two single-stranded DNA (ssDNA, denoted as DNA1 and DNA2)
and ATP aptamer. The GO nanosheet is applied to carry doxorubicin (DOX), a model small-
molecule anticancer drug, with a high loading efficiency via supramolecular n-r stacking
between GO and DOX [29-34]. The single-stranded DNA1 and DNA2 together with the
ATP aptamer serve as the linkers upon hybridization for controlled assembly of the DNA-
GO nanoaggregates (DNA-GA). Both DNA1 and DNA2 are composed of “head” and “tail”
sequences, which are a target-specific sequence (the head one) complementary to the target
ATP aptamer and a repeated GT sequence (the tail one) to facilitate the binding of DNAL or
DNA2 onto the GO nanosheets, respectively [35-37]. DNA1 and DNAZ2 are separately
added to the DOX-loaded GO (DOX/GO) solution to form the DOX-loaded DNA-GO
complex (DOX/DNA-GC) via strong interactions including van der Waals forces, n-nt
stacking and hydrogen bond [38, 39]. When the ATP aptamer is added into the mixture of
DOX/DNA1-GC and DOX/DNA2-GC (DOX/DNA12-GC), the hybridization of the ATP
aptamer with both DNA1 and DNAZ2 results in the assembly of the GO nanosheets to form
the layered-structural DOX-loaded DNA-GO nanoaggregates (DOX/DNA-GA). Such
aggregates, with an increased average size and a decreased specific surface area toward the
surrounding medium [40, 41], can effectively inhibit DOX release from the GO nanosheets.
The ATP aptamer has been widely used for ATP detection based on its specific and stable
binding to ATP [42—44]. In the presence of ATP, the responsive formation of the ATP/ATP
aptamer complex causes the dissociation of DOX/DNA-GA into DOX/DNA-GC that has a
decreased size and an increased surface area exposing to the medium, which promotes the
release of DOX in the environment with a high ATP concentration such as cytosol compared
with that in the ATP-deficient extracellular fluid. This supports the development of a novel
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ATP-responsive platform for targeted on-demand delivery of anticancer drugs inside
specific cells.

2. Materials and methods

2.1. Materials

All chemicals unless mentioned were purchased from Sigma-Aldrich Co. LLC. All the DNA
samples (sequence from 5’ to 3’), including DNA1 (GTG TGT GTG TGT GTG TGT GTG
TGT GTG TGT ACC TTC CTC CGC), DNA2 (ACT CCC CCA GGT GTG TGT GTG
TGT GTG TGT GTG TGT GTG TGT), ATP aptamer (ACC TGG GGG AGT ATT GCG
GAG GAA GGT), control aptamer (ATT CTT TTT TAC AAT ACT CCC CCA GGT) and
Cy3-labeled DNA2 (Cy3-DNA2, Cy3-ACT CCC CCA GGT GTG TGT GTG TGT GTG
TGT GTG TGT GTG TGT), were purchased from Integrated DNA Technologies, Inc.
(Coralville, 1A, USA). Doxorubicin hydrochloride was purchased from BIOTANG Inc.
(Lexington, MA, USA).

2.2. Preparation of DNA-GO complex (DNA-GC)

DNA-GC was prepared by mixing DNAL or DNA2 with GO. After ultrasonication for 1 h,
GO (0.2 mg/mL) was incubated with DNAL or DNA2 (2 uM) in the HEPES buffer (10 mM,
pH 7.4) containing magnesium chloride (MgCl,) (1 mM) at room temperature for 1 h. To
remove the unbound DNAL or DNAZ2, the solution was centrifuged at 21000 x g for 1 h and
the supernatant was discarded. The precipitated DNA-GC was then resuspended in the
HEPES buffer (10 mM, pH 7.4) containing sodium chloride (NaCl) (100 mM). The particle
size of DNA-GC was measured by a Zetasizer (Nano ZS, Malvern).

2.3. Preparation of DNA-GO aggregate (DNA-GA)

DNA-GA was prepared by incubating DNA1-GC and DNA2-GC with the ATP aptamer.
DNA1-GC and DNA2-GC (500 pL) were mixed at the ratio of 1:1 in the HEPES buffer (10
mM, pH 7.4) containing NaCl (100 mM), followed by adding the ATP aptamer (1 uM). The
mixture solution was then incubated at room temperature for 24 h. The particle size of
DNA-GA was measured by the Zetasizer. For atomic force microscope (AFM)
characterization, the DNA-GA solution was dropped onto a mica substrate (Ted Pella). After
air-dry, the sample was observed by AFM (NanoScope 1l1a). To evaluate the ATP-
responsive dissociation of DNA-GA, DNA-GA was incubated with different concentrations
of ATP, cytidine triphosphate (CTP) or guanosine triphosphate (GTP). The particle size was
measured by the Zetasizer.

2.4. Fluorescence-based determination of formation and dissociation of DNA-GA

To explore the formation and ATP-responsive dissociation of DNA-GO aggregate, the
fluorescence quenching/recovery measurements were applied on the basis of the interaction
between GO and Cy3-DNAZ2. To investigate the effect of electrolytes on the adsorption
efficiency of DNA onto the GO surface, Cy3-DNAZ2 (1.2 uM) was mixed with GO (0.1
mg/mL) in the HEPES buffer containing different concentrations of NaCl or MgCl, at room
temperature for different time. The fluorescence intensity of Cy3 was measured at an
emission wavelength of 580 nm with an excitation wavelength of 550 nm by a fluorescence
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microplate reader (Infinite M200 PRO, Tecan). The fluorescence quenching efficiency
((1-F/Fp) x 100%) was determined, where Fg and F were the fluorescence intensities of
Cy3 before and after Cy3-DNA2 was incubated with GO, respectively. To explore the
formation of DNA-GA, DNAL1 and Cy3-DNAZ2 (1.2 uM) was first mixed with GO (0.1
mg/mL) in the HEPES buffer containing MgCl, (1 mM) at room temperature for 1 h to
obtain DNA1-GC and Cy3-DNA2-GC, respectively. Subsequently, DNA1-GC and Cy3-
DNA2-GC were mixed at the ratio of 1:1, followed by adding different concentrations of the
ATP aptamer and incubating for different time. The fluorescence intensity of Cy3 was
measured during the formation process of DNA-GA. The fluorescence recovery ratio (F/Fq
x 100%) was determined, where Fg and F were the fluorescence intensities of Cy3 before
and after the mixture of DNA1-GC and Cy3-DNA2-GC (Cy3-DNA12-GC) was incubated
with the ATP aptamer, respectively. To trace the ATP-triggered dissociation of DNA-GA,
Cy3-DNA-GA was incubated with different concentrations of ATP or CTP for 30 min. The
fluorescence intensity of Cy3 was measured during the disassembly process of Cy3-DNA-
GA. The fluorescence quenching efficiency ((1-F/Fg) x 100%) was determined, where Fq
and F were the fluorescence intensities of Cy3 before and after Cy3-DNA-GA was
incubated with ATP or CTP, respectively.

2.5. Preparation of DOX-loaded DNA-GA (DOX/DNA-GA)

To prepare DOX/GO, 40 uL of the dimethyl sulphoxide (DMSO) solution containing
triethanolamine-treated DOX (5 mg/mL) was added dropwise into 10 mL of the GO solution
(0.2 mg/mL) under vigorous stirring. After incubation at room temperature for 24 h, the
solution was dialyzed against the deionized (DI) water to remove the triethanolamine,
DMSO and the unbound DOX. The fluorescence spectra of DOX were scanned at an
excitation wavelength of 480 nm by the fluorescence microplate reader. Subsequently, the
preparation of DOX/DNA-GA was similar to that of DNA-GA except that DOX/GO was
used to substitute the blank GO. The particle sizes of DOX/GO, DOX/DNA-GC and DOX/
DNA-GA were measured by the Zetasizer.

2.6. In vitro release of DOX

1 mL of DOX/DNA-GC or DOX/DNA-GA (20 pg/mL) was added into a dialysis tube (10K
MWCO) (Slide-A-Lyzer, Thermo Scientific) against 14 mL of the HEPES buffer containing
different concentrations of ATP, followed by gently shaking at 37 °C in a shaker (New
Brunswick Scientific) at 100 rpm. At predetermined time intervals, the total buffer solution
was sampled and replaced with 14 mL of the fresh buffer solution. The fluorescence
intensity of DOX released was measured at an emission wavelength of 596 nm with an
excitation wavelength of 480 nm by the fluorescence microplate reader.

2.7. Cell culture

The human cervical adenocarcinoma (HeLa) cells were cultured in DMEM with FBS (10%,
v:v), penicillin (100 U/mL) and streptomycin (100 pg/mL) in a cell culture incubator
(Thermo Scientific) at 37 °C under a condition of 5% CO» and 90% relative humidity. The
cells were sub-cultivated approximately every 3 days at 80% confluence using trypsin
(0.25%, w:v) at a split ratio of 1:5.

Biomaterials. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mo et al.

Page 5

2.8. Cellular uptake

HeLa cells (1 x 10 cells/well) were seeded in 6-well plates. After culture for 48 h, the cells
were incubated with DOX/DNA-GC or DOX/DNA-GA (4 ug/mL) at 4 and 37 °C for 2 h,
respectively. The cells were then washed by ice-cold PBS twice and lyzed using the cell
lysis buffer (Pierce, Thermo Scientific) at room temperature for 10 min. The cell lysate was
collected and centrifuged at 14000 x g for 5 min. The fluorescence intensity of DOX in the
cell lysate was measured at an emission wavelength of 596 nm with an excitation
wavelength of 480 nm by the fluorescence microplate reader. The total protein concentration
in the cell lysate was quantified using the BCA protein assay kit (Pierce, Thermo Scientific).
The cellular uptake of DOX was calculated as Upox = Qpox/Qprotein, Where Qpox and
Qprotein Were the amounts of DOX and protein in the cells, respectively. The relative uptake
efficiency was determined as the ratio of Upgyx at 4 °C to that at 37 °C.

2.9. Intracellular release of DOX

HeLa cells (1 x 10° cells/well) were seeded in 6-well plates. After culture for 48 h, the cells
were incubated with DOX/DNA-GA (4 pug/mL) at 37 °C for 2 h. The excessive DOX/DNA.-
GC or DOX/DNA-GA was removed and the cells were incubated with the fresh FBS free
culture medium at 4 or 37 °C for additional 1 or 2 h. The cells were washed by ice-cold PBS
twice and harvested. The fluorescence intensity of DOX in the cells was measured using
flow cytometry (BD FACSCalibur). The intracellular release rate of DOX was indicated as
(Ft/Fg % 100%), where Fq is the fluorescence intensity of DOX in the cells after the first 2 h
incubation with DOX/DNA-GA, and F; is the fluorescence intensity of DOX in the cells
after incubation for addition time periods (1 or 2 h) following the first 2 h incubation.

2.10. Intracellular distribution

HeLa cells (1 x 10° cells/well) were seeded in a confocal microscopy dish (MatTek). After
culture for 24 h, the cells were incubated with DOX/DNA-GA (4 pg/mL) at 37 °C. At
predetermined time intervals (2 and 6 h), the cells were washed by ice-cold PBS twice and
then stained by Hoechst 33342 (1 ug/mL) (Life Technologies) at 37 °C for 10 min. The cells
were then washed by ice-cold PBS twice and immediately observed using the confocal laser
scanning microscope (CLSM) (LSM 710, Zeiss).

2.11. Cytotoxicity

HeLa cells (1 x 10* cells/well) were seeded in 96-well plates. After culture for 24 h, the
cells were incubated with the DOX solution, DOX/DNA-GC or DOX/DNA-GA for 24 or 48
h, followed by adding 20 pL of the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) solution (5 mg/mL). After 4 h of incubation, the medium was removed, and
the cells were mixed with 150 pL. of DMSO. The absorbance was measured at a test
wavelength of 570 nm and a reference wavelength of 630 nm by the microplate reader
(Infinite M200 PRO, Tecan).
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3. Results and discussion

3.1. DNA-mediated assembly and ATP-triggered dissociation of GA

To explore the DNA-mediated assembly and ATP-triggered dissociation of DNA-GA, the
particle size was determined using the dynamic laser scanning (DLS) measurement [35, 45—
47] (Fig. 2). After ultrasonication and purification, we obtained a well-dispersed GO sheet in
water, which had an average particle size of 180 nm (Fig. 2a). DNA-GC was prepared by
incubating the as-prepared GO nanosheets with DNA1 or DNA2 at a high salt condition
[48], followed by centrifugation to remove the free DNA. The presence of DNA was able to
enhance the stability of GO in a wider range of ionic strength. GO without DNA showed an
increased particle size with the ionic strength, while DNA-GC exhibited a good stability
even in the HEPES buffer solution containing a high concentration of NaCl (100 mM).

After incubating the mixture of DNA1-GC and DNA2-GC (DNA12-GC) with different
concentrations of the ATP aptamer, the hybridization of DNA1 and DNA2 with the ATP
aptamer resulted in an ATP aptamer concentration-dependent formation of nanoaggregates
(Fig. 2b). DNA-GA showed a concomitant increase in the particle size with the
concentration of the ATP aptamer. The average particle sizes of DNA-GA with the ATP
aptamer concentration of 0.2 and 1 uM were 290 and 550 nm, respectively. To confirm that
the interaction of the ATP aptamer with both DNA1 and DNAZ2 played an essential role in
the assembly of DNA-GA, we applied a mismatched DNA as a control aptamer to examine
the specificity of this process. Upon mixing DNA12-GC with the control aptamer, no
significant changes were determined in the particle size of the mixture when varying the
concentrations of the control aptamer. The mixture remained the particle size at 200 nm as
the concentration of the control aptamer increased, suggesting that the ATP aptamer with the
specific sequence could hybridize with DNA1 and DNAZ2, which associatively acted as a
bridge to connect DNA-GC together for the formation of DNA-GA. We further applied DLS
to monitor the DNA-mediated GO assembly process, which showed close association with
the relative physical sizes of GA [35, 45-47].

The AFM imaging was applied to directly observe the structure conversion from DNA-GC
to DNA-GA (Fig. 2c). From the AFM images, DNA-GC displayed a clear single-layer
structure with the thickness of 2 nm, whereas the thickness of DNA-GA was 5-15 nm, with
a well-packed layered structure. Such a notable increase in the thickness of GO was
indicated to be closely associated with the DNA hybridization.

To investigate the ATP-responsive disassembly of DNA-GA, we incubated DNA-GA with
different concentrations of ATP and monitored the particle size change (Fig. 2d). After
incubating with ATP, as expected, the particle size of DNA-GA effectively reduced with the
increase of the ATP concentration. In the existence of 3 mM ATP, DNA-GA showed an
average particle size of 270 nm compared with DNA-GA without ATP of 550 nm. In
addition, there was a remarkable difference in the particle size of DNA-GA after incubation
with 3 and 0.3 mM ATP. To further evaluate the selectivity of the DNA-GA dissociation,
the ATP analogues, CTP and GTP, were added into the DNA-GA solution, followed by the
size measurement. The particle size change of DNA-GA at 3 mM ATP was significantly
greater than that at 3 mM CTP or GTP. It was suggested that when DNA-GA was exposed
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to a high level of ATP, the formation of ATP/ATP aptamer complex led to the dissociation
of DNA-GA into DNA-GC with decreased particle sizes.

Furthermore, we utilized the fluorescence quenching and recovery measurements, based on
the interaction between GO and Cy3-DNAZ2, to explore the ATP-aptamer-directed assembly
and ATP-triggered disassembly of DNA-GA (Fig. 3) [49, 50]. The electrolytes including
NaCl and MgCl, were applied to screen the electrostatic repulsion between the polyanionic
DNA and the negatively charged GO at neutral condition, which made DNA close to the GO
surface for binding. After Cy3-DNAZ2 was incubated with the GO nanosheets at different
concentrations of NaCl or MgCly, the fluorescence of Cy3-DNAZ2 presented different
degrees of quenching due to the emission from Cy3 to GO by forster resonance energy
transfer (FRET), which indicated the adsorption of DNA onto the surface of the GO
nanosheets (Fig. 3a and b). This quenching effect was enhanced by the increasing salt
concentrations. The quenching efficiency of Cy3-DNA2 was less than 15% even at 24 h
post-incubation with GO in the absence of the electrolytes, but about 58% at 100 mM NaCl
and nearly 100% at 1 mM MgCl5 only after 15 min of incubation with GO. MgCl, presented
a stronger quenching capability than NaCl, which was attributed to the more effective
capability of divalent metal ions than monovalent ones to shield charges for the connection
of two negatively charged molecules [48].

The incubation of Cy3-DNA12-GC with the ATP aptamer attenuated the quenching effect
of GO, thereby yielding the fluorescence recovery of Cy3 in a concentration-dependent
manner (Fig. 3c), which was ascribed to the desorption of the dye from the GO surface upon
the hybridization of the Cy3-labeled head sequence of DNA2 with the complementary one
of the ATP aptamer. The fluorescence intensity of Cy3 significantly increased after
treatment with different concentrations of the ATP aptamer in comparison with the untreated
one, implying the assembly of DNA-GA. After the addition of ATP, Cy3-DNA-GA
presented a reduction in the fluorescence intensity of Cy3 accompanied by the increase in
the ATP concentration (Fig. 3d), since the efficient binding of ATP to the ATP aptamer
resulted in the dehybridization between the ATP aptamer and Cy3-DNAZ2, followed by the
re-adsorption of Cy3-DNAZ2 onto the surface of GO and the fluorescence re-quenching of
Cy3 by GO. The fluorescence quenching efficiency of Cy3-DNA-GA with ATP was
noticeably higher than that with the same concentration of CTP. Taken together, the
fluorescence quenching, recovery and re-quenching of Cy3 validated the assembly and
disassembly of DNA-GA in part.

3.2. Preparation and characterization of DOX/GA

DOX was efficiently loaded on the GO surface to obtain DOX/GO by the -7 stacking
effect, the main interactions between the conjugated structure of the GO sheet and the
quinone portion of DOX as well as the hydrophobic force between them [29-34]. The DOX-
loading capacity was about 10% as a mass ratio of DOX to GO. DOX/GO displayed a
remarkable quenching effect of the DOX emission compared with free DOX after excitation
at the same wavelength due to the FRET process along the interface of GO and DOX (Fig.
4a). DOX loading had no influence on the formation of DNA-GA, which was also
determined by monitoring the particle size change (Fig. 4b). The average particle size of
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DOX/DNA-GA showed an ATP aptamer concentration-dependent increase, which was 585
nm at the ATP aptamer concentration of 1 uM, significantly higher than 271 nm in the
absence of the ATP aptamer. In addition, no obvious change in the particle size was
observed in the presence of the untargeted control aptamer. The particle size remained about
275 nm regardless of the concentration of the control aptamer. When exposed to high
concentration of ATP (3 mM), the particle size of DOX/DNA-GA sharply dropped to 298
nm, while neither CTP nor GTP with the same concentration of ATP showed such a strong
effect on contributing to the dissociation of DOX/DNA-GA (Fig. 4c).

3.3. ATP-triggered DOX release

To assess the ATP-triggered DOX release property of DOX/DNA-GA, we determined the in
vitro release profiles of DOX from DOX/DNA-GA in the presence and absence of different
concentrations of ATP (Fig. 4d). Only 4.7% of DOX was released from DOX/DNA-GA
within 24 h in the absence of ATP, which was due to the significantly decreased specific
surface area interacting with surrounding medium compared with that of the original GO.
The relatively low concentration of ATP did not accelerate the release of DOX. In the
presence of 0.3 mM ATP, the 24 h cumulative DOX release ratio is about 5.4%. However,
the release DOX was notably promoted, when DOX/DNA-GA was incubated in the same
buffer solution containing 3 mM ATP that was comparable to the intracellular ATP
concentration. DOX/DNA-GA exhibited approximately 6.1% of DOX released in the first 6
h and more than 10% of DOX released within 24 h, which was similar to the DOX release
behavior of DOX/DNA-GC. It was suggested that the ATP-responsive disassembly of DOX/
DNA-GA to DOX/DNA-GC resulted in the decreased particle size along with the increased
specific surface area, thereby facilitating the release of DOX from the GO surface.

3.4. Intracellular ATP-responsive DOX release

To demonstrate the cellular internalization capability of DOX/DNA-GA, the uptake of
DOX/DNA-GA at 37 and 4 °C were compared on HeLa cells. As shown in Fig. 53, the
cellular uptake of both DOX/DNA-GA and DOX/DNA-GC were dramatically inhibited at 4
°C. The relative cellular uptake efficiency of DOX/DNA-GA was about 16%, indicating that
DOX/DNA-GA entered into the cells via a typical endocytotic process [51, 52]. We next
investigated the intracellular DOX release from DOX/DNA-GA by monitoring the
fluorescence intensity of DOX in the cells (Fig. 5b). HeLa cells were incubated with DOX/
DNA-GA for 2 h. After completely removing the excess formulations, the cells were
incubated with the fresh culture medium for an additional 1 or 2 h. The amount of released
DOX was determined by monitoring the fluorescence intensity of the whole cells using flow
cytometry. DOX/DNA-GA showed a concomitant increase of fluorescence intensity with
the incubation time. The cells presented significant increase in the fluorescence intensity of
DOX after another 1 and 2 h of incubation, respectively. To further confirm that the
increased DOX release from DOX/DNA-GA was mediated by the intracellular ATP
concentration, we impeded the ATP synthesis of the cells by reducing the temperature (4
°C), and subsequently recorded the fluorescence intensity of the treated cells, after 2 h of
incubation with DOX/DNA-GA. There was no significant increase in the release of DOX in
the cells at 4 °C, which suggested the intracellular ATP-enhancing DOX release ability of
DOX/DNA-GA.
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3.5. Intracellular distribution and cytotoxicity

The intracellular distribution was visualized using CLSM (Fig. 5¢). DOX and the stained
nuclei displayed red and blue fluorescence, respectively. After 2 h of incubation, DOX/
DNA-GA was endocytosed by the cancer cells and evenly distributed within the cells. As
the incubation time was prolonged to 6 h, DOX was efficiently released from GO, and the
released DOX was specifically accumulated into the nuclei for subsequently inducing
cytotoxicity, as observed by the magenta fluorescence. The in vitro cytotoxicity of DOX/
DNA-GA toward the cancer cells was evaluated using the MTT assay (Fig. 5d and e). DOX/
DNA-GA presented an efficient and comparable cytotoxicity to DOX/DNA-GC against
Hel a cells, indicating that the intracellular high ATP concentration resulted in the
disintegration from DOX/DNA-GA to DOX/DNA-GC and therefore supported the parallel
DOX release of DOX/DNA-GA with DOX/DNA-GC (Fig. 5d). Nevertheless, the free DOX
solution showed the highest toxicity to HeLa cells under the same condition due to the
partial inefficient release of DOX from the GO surface. The cytotoxicity of DOX/DNA-GA
significantly increased when the incubation time increased (Fig. 5e), suggesting that the
sustainedly released DOX from DOX/DNA-GA allowed the enhanced cytotoxic effect
toward the cancer cells.

4. Conclusion

In summary, we have developed a new ATP-mediated controlled drug release system
comprised of a 2D nanomaterial (GO) assembled nanoaggregates crosslinked by ATP-
responsive DNA strands. The straightforward formulation design, high loading capacity of
drugs and capability of site-specifically promoting drug release render this formulation as a
promising strategy for enhanced therapeutic efficacy in cancer treatment. It also provides
innovative insights for taking advantages of 2D nanostructures for drug delivery through a
reversible assembly fashion, which can be programmed by metabolic elements.
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Fig. 1.
Schematic illustration of ATP-responsive DNA-GA for controlled drug delivery.
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(@) The particle size of GO, DNA1-GC, DNA2-GC and DNA12-GC after incubation in the
HEPES buffer containing different concentrations of NaCl for 24 h. (b) The particle size of
the mixture of DNA1-GC and DNA2-GC after incubation with different concentrations of
the ATP or control aptamer in the HEPES buffer containing 100 mM NaCl for 24 h. (c) The
AFM images of DNA-GC and DNA-GA. The scale bars indicate 200 nm. (d) The particle
size of DNA-GA after incubation with ATP, CTP and GTP in the HEPES buffer containing
100 mM NaCl for 0.5 h.
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Fig. 3.

(a, b) The fluorescence quenching of Cy3-DNAZ2 after incubating Cy3-DNA2 with GO in
the HEPES buffer containing different concentrations of NaCl (a) and MgCl, (b) for
different time. (c) The fluorescence recovery of Cy3-DNAZ2 after incubating the mixture of
DNA1-GC and Cy3-DNA2-GC with different concentrations of the ATP aptamer in the
HEPES buffer containing 1 mM MgCl, for different time. (d) The fluorescence quenching
of Cy3-DNAZ2 after incubating Cy3-DNA-GA with ATP and CTP in the HEPES buffer
containing 1 mM MgCl, for 0.5 h. *P < 0.05, ATP (3 mM) vs CTP (3 mM).
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(@) The fluorescence spectra of the DOX solution, DOX/GO and GO at the same excitation
wavelength of 480 nm. (b) The particle size of the mixture of DOX/DNA1-GC and DOX/
DNAZ2-GC after incubation with different concentrations of the ATP or control aptamer in
the HEPES buffer containing 100 mM NaCl for 24 h. (c) The particle size of DOX/DNA-
GA after incubation with ATP, CTP and GTP in the HEPES buffer containing 100 mM
NaCl for 0.5 h. (d) The in vitro release profile of DOX/DNA-GA at different concentrations
of ATP.
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Fig. 5.

(a§J The relative cellular uptake efficiency of DOX/DNA-GC and DOX/DNA-GA on Hela
cells at 4 °C compared with 37 °C. *"P < 0.01, 4 °C vs 37 °C. (b) The release of DOX from
DOX/DNA-GA in HeLa cells obtained using flow cytometry. The DOX release ratio is
determined by comparing the fluorescence intensity of DOX after 2 h of incubation with that
after an additional 1or 2 h of incubation at 37 °C or 4 °C. (¢) The CLSM images of HeLa
cells after incubation with DOX/DNA-GC for 2 and 6 h. The nuclei were stained with
Hoechst 33342. The scale bars indicate 20 um. (d) The in vitro cytotoxicity of the DOX
solution, DOX/DNA-GC and DOX/DNA-GA against HeLa cells after incubating for 48 h.
(e) The invitro cytotoxicity of DOX/DNA-GA against HelL a cells after incubating for 24
and 48 h. "P < 0.05, P < 0.01, 24 h vs 48 h.
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