IEESAPPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Graphene Oxide Based Nanocarrier Combined with a pH-Sensitive
Tracer: A Vehicle for Concurrent pH Sensing and pH-Responsive

Oligonucleotide Delivery

Chia-Jung Hsieh," Yu-Cheng Chen," Pei-Ying Hsieh,* Shi-Rong Liu,” Shu-Pao Wu," You-Zung Hsieh,"

and Hsin-Yun Hsu® "%

"Department of Applied Chemistry, *Center for Interdisciplinary Science (CIS), and “Institute of Molecular Science, National
Chiao-Tung University, No. 1001 Ta-Hsueh Road, Hsinchu 30010, Taiwan

© Supporting Information

ABSTRACT: We chemically tuned the oxidation status of
graphene oxide (GO) and constructed a GO-based nanoplat-
form combined with a pH-sensitive fluorescence tracer that is
designed for both pH sensing and pH-responsive drug
delivery. A series of GOs oxidized to distinct degrees were
examined to optimize the adsorption of the model drug, poly
dT;. We determined that highly oxidized GO was a superior
drug-carrier candidate in vitro when compared to GOs
oxidized to lesser degrees. In the cell experiment, the
synthesized pH-sensitive rhodamine dye was first applied to
monitor cellular pH; under acidic conditions, protonated
rhodamine fluoresces at $88 nm (4., = 561 nm). When the

n-7 interaction

H-bonding

dT;p-GO nanocarrier was introduced into cells, a thodamine-triggered competition reaction occurred, and this led to the release
of the oligonucleotides and the quenching of rhodamine fluorescence by GO. Our results indicate high drug loading (FAM-dT;,/
GO = 25/50 pug/mL) and rapid cellular uptake (<0.5 h) of the nanocarrier which can potentially be used for targeted RNAi

delivery to the acidic milieu of tumors.
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B INTRODUCTION

The advent of nanotechnology has led to the development of a
new dimension in cancer treatment, theranostics, in which
diagnostics and therapeutics are combined in order to improve
health-care management in clinics. In this research area, the
development of molecular diagnostic tools and targeted
therapeutics is interconnected, with the aim being to enable
smart drug release. In cancer chemotherapy, small-molecule
anticancer drugs such as doxorubicin (DOX) or camptothecin
(CPT) have been widely used. However, the poor water
solubility of these drugs and the severe systemic side effects
caused by their nonspecific targeting of healthy tissues are
major problems that must be tackled. Conversely, gene therapy
has emerged as a new strategy for treating genetic diseases such
as cystic fibrosis, Parkinson’s disease, and cancer," but two
challenges must be overcome in this case: (1) oligonucleotides
must be protected from nuclease degradation and (2) cellular
oligonucleotide-uptake efficiency must be enhanced.”
Recently, graphene oxide (GO), a carbon nanomaterial
featuring a 2-D structure, covalently or noncovalently function-
alized with small molecular drugs, DNA/RNA, antibodies,
proteins, or genes has been employed in numerous applications
such as drug delivery,3 biological detection,™ bioimaging,5 and
sensing.® GO holds considerable potential for meeting the
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therapy requirements mentioned previously,” and because of
its ultrahigh surface area, GO can be loaded with larger
amounts of drugs than can other carbon materials. The 7-
conjugated GO enables versatile opsonization, and hydro-
phobic anticancer drugs can be readily adsorbed on the surface
of GO in order to facilitate the cellular uptake of the
particulates. Previous studies have reported that GO can
protect nucleotides from degradation.”® Feng et al.” and Zhang
et al.' used the cationic polymer polyethylenimine (PEI) to
functionalize GO, and the PEI-GO nanocomposite was used for
introducing plasmid DNA (pDNA) into HeLa cells. Feng et al.”
compared the transfection efficiency of PEI-GO-pDNA with
that of the conventional PEI-pDNA carrier that does not
include GO. Grafting on GO substantially lowered the
cytotoxicity of PEI, and the transfection efficiency was
enhanced as a result of the proton-sponge effect that triggers
the endosomal release of pDNA. This design was further
developed by Kim and Kim,"" who used near-infrared (near-IR)
light (808 nm, 6 W/cm?) to irradiate a complex—PEGylated
branched-PEI-conjugated reduced-GO harboring pPDNA (PEG-

Received: March 18, 2015
Accepted: May 6, 2015
Published: May 6, 2015

DOI: 10.1021/acsami.5b02397
ACS Appl. Mater. Interfaces 2015, 7, 11467—11475


www.acsami.org
http://dx.doi.org/10.1021/acsami.5b02397

ACS Applied Materials & Interfaces

Research Article

+ pH-sensitive
rhodamine dye

—_—
Rh dye
Nucleus
Cell
FAM-dT,,-GO

g 2 | b
Rh dye-H* o A

) Rh dye-H* L

Nucleus

YN NN o
“‘\,,'\WY,,\/\,
SAASAA G

GO

‘When competition
reaction occurs

—ax»

FAM-dT;,

Rh dye-H*

Nucleus

Rh dye-H*

pH-sensitive probe
(rhodamine dye)

Figure 1. Proposed mechanism of GO-based simultaneous pH sensing and oligonucleotide delivery.

BPEI-rGO/pDNA)—and demonstrated that after introducing
this complex into PC3 and NIH/3T3 cells, increasing the
temperature induced the rupture of the endosomal membrane
and the release of the pDNA.

In addition to using external stimuli to trigger the delivery of
therapeutics, researchers have designed novel nanoplatforms for
enabling the sensing of internal stimuli in cells or tissue
environments, thereby making it possible to obtain a response
suitable for the transport and delivery of materials to a given
location at a specific time. One of these approaches involves
eliciting a response to internal pH, which varies substantially in
disease states such as ischemia, infection, inflammation, and
cancer. Because the metabolism (rate of glycolysis) is highly
active in tumor cells under both aerobic and anaerobic
conditions, the tumor microenvironment is highly acidic
when compared to that of normal tissues."”””"> Consequently,
exploiting the acidic pH of the cancer environment has proven
to be a powerful and effective strategy for designing a new
generation drug-delivery systems. In the case of drug release in
acidic environments, hydrophobic drugs such as DOX,>>'®
CPT,>" or S-fluorouracil (5-FU)'®' can be protonated under
low-pH conditions, and this weakens the 7—7z and hydrophobic
interaction and the hydrogen bonding between the drug and
GO and leads to drug release. Other nonaromatic drugs such as
metformin hydrochloride (MFH), an antidiabetic drug, can
form supramolecular hydrogels with GO through supra-
molecular assembly. MFH was released from GO in a highly
acidic environment (pH = 1) because both GO and MFH were
almost completely protonated, and this disrupted the hydrogen
bonds and the electrostatic attraction between GO and MFH.*°

Based on the reviewed literature on GO-based, pH-
controlled drug release, and to the best of our knowledge,

most studies to date have focused on the delivery of small
molecular drugs rather than on gene delivery, although GO-
based biosensors have been increasingly developed for
oligonucleotide,”’ >* small drug®® and cell®® analysis. We
proposed that GO could serve not only as a sensing nanodevice
but also as a great carrier for oligonucleotide-based drugs. The
oligonucleotides have several unique advantages over conven-
tional small molecular drugs as they are inherently nontoxic and
highly specific to their targets; we designed a new gene-delivery
system, in which GO was chemically tuned at different
oxidation status to enable simple and stable adsorption of
oligonucleotides without necessity to employ additional
cationic polymers during fabrication. This GO-based platform
combined with a novel pH-sensitive rhodamine fluorescence
probe was used for concurrent pH sensing and the
corresponding drug release monitoring.

The nanocarrier design that we used was inspired by the
study of Chen and Zhang,>” who investigated the competitive
binding reaction of various polyaromatic fluorescent molecules
in order to enable the release of single-stranded DNA (ssDNA)
from single-walled carbon nanotubes (SWNTs). Chen and
Zhang proposed that positively charged small molecules might
readily approach the negatively charged ssDNA-SWNTs and
thereby allow the extended aromatic rings of the dye molecules
to compete with ssDNA for binding SWNTs through 7—n
interaction. Based on the proposed mechanism and the widely
recognized fluorescence-quenching effect of GO, we used a
novel pH-sensitive rhodamine together with the GO nano-
carrier in order to enable the monitoring of intracellular gene
delivery in an acidic milieu (Figure 1). As a model drug, we
used poly dT3,. Once protonated under low-pH conditions, the
pH-sensitive rhodamine fluoresces and also competes with the
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Figure 2. (a) UV—vis spectra and (b) { potentials of GOs at different oxidation status (an increase in the oxidation degree from 1/1 GO to 1/S

GO).

poly dT;, adsorbed on the GO surface. The binding of
rhodamine on GO leads to the quenching of its fluorescence
and promotes the release of the oligonucleotides. We further
validated this proposed mechanism by using 6-carboxyfluor-
escein (FAM)-labeled-poly dT;, (FAM-dT;): the turning-on
of FAM fluorescence allowed us to monitor the release of the
oligonucleotides from the GO nanocarrier.

B EXPERIMENTAL SECTION

Chemicals. The following reagents and materials were from
commercial sources: expandable graphite (Homytech Auto Parts Co.
Ltd., Bade City, Taiwan); potassium permanganate (KMnO,) (J. T.
Baker, Center Valley, PA, USA); 95%—97% sulfuric acid (H,SO,),
hydrochloric acid (HCI), and 30% (w/w) hydrogen peroxide (H,0,)
(Sigma-Aldrich, St. Louis, MO, USA); ssDNA (dA,,, dT,; Mission
Biotech Co. Ltd., Taipei, Taiwan); FAM-dT;, and SYBR Gold
(MDBio, Inc., Taipei, Taiwan); cell mask deep red plasma membrane
stain (Life Technologies Co. Ltd., Taipei, Taiwan); Nanosep
centrifugal devices fit with Omega membrane MWCO 100 kDa filters
(Pall Corp., Port Washington, NY, USA); tris-acetate-EDTA (TAE)
buffer (UniRegion Bio-Tech Co. Ltd., Hsinchu, Taiwan); agarose and
2.5 mM dNTPs (Focus Biotech Sdn. Bhd,, Petaling Jaya, Malaysia);
and DNA polymerase and PCR buffer (Bersing Tech. Co. Ltd,
Hsinchu, Taiwan). The pH-sensitive thodamine dye was derived by
modifying rhodamine B hydrazine with 2- (N—methylgiperazinylimino)
acetaldehyde (Supporting Information Figure S1)*® and was kindly
provided by Prof. Shu-Pao Wu (National Chiao-Tung University,
Hsinchu, Taiwan). The cell line raw 264.7 was obtained from Food
Industry Research and Development Institute (Hsinchu, Taiwan).
Dulbecco’s modified eagle’s medium (DMEM) and fetal bovine serum
(FBS) were purchased from Life Technologies, and Trypsin-EDTA
was from Biowest Co. Ltd., Nuaillé, France. Sterilized deionized (DI)
water was used throughout the work.

Synthesis of GO Oxidized to Distinct Degrees. GO was
prepared according to the modified Hummers’ method.”® GOs were
oxidized to distinct degrees by changing the mass ratio of graphite and
KMnO,, and these GOs were denoted as 1/1, 1/3, and 1/5 GOs.
Briefly, expandable graphite (0.5 g) was mixed with 95—97% H,SO,
(12.5 mL) in an ice bath, and then KMnO, (0.5, 1.5, or 2.5 g) was
gradually added to this solution. While adding KMnO,, the
temperature must be maintained below 20 °C. After KMnO, was
added, the mixture was stirred at 45 °C for 2 h. During this process,
the mixture turned from green to brown and became too dense to
allow easy stirring. The mixture was diluted with 23 mL of DI water,
which increased the temperature to 95 °C, and after stirring the diluted
mixture vigorously for 15 min at 95 °C, 70 mL of DI water and 5 mL
of H,0, were added to it. The color now changed from brown to
yellow, and this indicated the successful synthesis of GO. The resulting
GO solution was washed three times with 5% (v/v) HCl and then five
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times with DI water by using centrifugation and then was lyophilized
to obtain the purified powder.

Synthesis of Oligonucleotide-Immobilized GO. We mixed 200
ug/mL solutions of GO oxidized to distinct degrees (1/1, 1/3, and 1/
S) with 100 ug/mL oligonucleotide dT;, (v/v = 1/1) and sonicated
the mixture for 30 min. The free dT;, was removed using a 100-kDa-
cutoft filter, and the precipitates were recovered using DI water.

Characterization of the GO Nanocomposite. Fourier transform
infrared (FT-IR) spectra were measured using an FT/IR-6100
spectrometer (JASCO International Co. Ltd., Tokyo, Japan), and
UV—vis spectra were recorded using a Multiskan GO microplate
spectrophotometer (Thermo Fisher Scientific Inc. Waltham, MA,
USA). { potentials were measured using a Delsa Nano C particle
analyzer (Beckman Coulter Inc, Brea, CA, USA). Transmission
electron microscopy (TEM) images (Supporting Information Figure
S2) were obtained using the microscope JEM-ARM200FTH (JEOL
Ltd, Tokyo, Japan). Energy-dispersive X-ray spectroscopy (EDS)
analysis (Supporting Information Figure S3) was performed using an
Oxford INCA Energy 350 system (Oxford Instruments plc,
Oxfordshire, U.K.). Dynamic light scattering (DLS) results (Support-
ing Information Figure S4) were obtained using a Particle Size
Analyzer 90 Plus (Brookhaven Instruments Corp., Holtsville, NY,
USA).

Competition Reaction in Vitro. Competitive and noncompetitive
reactions were performed by mixing purified dT3,-GO ([GOJ, 100 ug/
mL; [dTy), SO ug/mL) with or without rhodamine (100 zM) in PBS
of various pH (4—7), respectively, and incubating the mixture
overnight in the dark at room temperature (RT). The supernatant
was then recovered after centrifugation (12,000 rpm, 10 min) and
analyzed by performing polymerase chain reaction (PCR). The
supernatant was mixed with DNA primers (1 mg/mL dA;, and dT},),
10X PCR buffer (100 mM Tris-HCl, pH 8.3 at 25 °C; 500 mM KCI;
1S mM MgCly; 0.01% gelatin), dNTP mixture (2.5 mM), DNA
polymerase (250 U), and DI water, and the oligonucleotide was
amplified in a PCR machine (Labcycler, SensoQuest). Lastly, the
products were analyzed by means of agarose (4%) electrophoresis and
imaged using an Image Quant LAS 4000 system (GE Healthcare Life
Sciences).

Oligonucleotide Delivery into Raw 264.7 Cells through
Competition Reaction. Raw 264.7 cells were routinely cultured in
DMEM supplemented with 10% FBS at 37 °C in a humidified
atmosphere containing 5% CO,. The uptake of rhodamine (A, = 561
nm; A, = 588 nm) by raw 264.7 cells was evaluated by incubating the
cells in 8-well plates (4 x 10* cells/well) in the presence of rhodamine
at a final concentration of 100 yM for 0.5, 1, or 2 h in order to
optimize the time required for dye uptake. Oligonucleotide delivery by
the GO nanocomposite was examined using FAM-dT5,-1/5 GO ([1/S
GO], 50 pug/mL; [FAM-dT5,], 25 pg/mL); delivery was monitored at
various incubation times (0.5, 1, and 2 h) after 0.5 h of rhodamine
uptake and washing to remove free dye molecules. For imaging, cells
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were washed two times with PBS, and then their nuclei were stained
with Hoechst 33342, after which the cells were examined using a
confocal laser scanning microscope (Leica TCS SPS, Leica Micro-
systems Inc., Buffalo Grove, IL, USA).

Flow cytometric analysis was performed by incubating raw 264.7
cells in 24-well plates (3 X 10° cells/well) and then using exactly the
same experimental procedures as those used for preparing cells for
confocal imaging. Briefly, after 0.5 h of rhodamine uptake and washing
to remove free dye molecules, FAM-dT;,-1/5 GO (final concentration
of GO = S0 ug/mL, with 25 pug/mL immobilized FAM-dT;,) was
added and the cells were incubated for various times (0.5, 1, and 2 h).
The cells were then washed two times with PBS and analyzed using
the flow cytometric platform MoFlo XDP (Beckman Coulter,
Indianapolis, IN, USA).

Safety Considerations. Caution! Preparation of oxidized GO
required the use of dehydrating agents sulfuric acid and oxidants including
KMnO, and H,0,, which should be handled with extreme care in fume
cupboards. Skin or eye contact and accidental inhalation or ingestion

should be avoided.

B RESULTS AND DISCUSSION

GOs oxidized to various degrees were prepared using a
modified Hummer’s method® and characterized based on their
UV—vis spectra (Figure 2a) and { potentials (Figure 2b). A
main absorption peak at 230 nm and a shoulder peak at 300 nm
were observed in all three types of oxidized GO. Table 1 lists

Table 1. Absorbance Coefficients at 230 nm of GOs
Oxidized to Distinct Degrees (Oxidation Degree Increased
from 1/1 GO to 1/5 GO)

types of GO 1/1 GO 1/3 GO 1/5 GO
e(Lg'em™) 30.98 36.44 44.60

the extinction coefficients at 230 nm of GOs oxidized to
distinct degrees and shows that the value increased with
increasing degree of oxidation. As expected, the oxidized GOs
were negatively charged because oxygenated groups such as
hydroxyl and carboxylic groups, which are electronegative,
could be generated during oxidation (Figure 2b). With an
increase in the oxidation degree (from 1/1 GO to 1/5 GO), the
amounts of electronegative groups also increase, and thus the
negative charge on GO is enhanced. This conclusion was
supported by the FT-IR spectra obtained (Figure 3a), which
revealed enhanced absorption at the wavenumbers of the
oxygenated functional groups C—O (1050 cm™'), C—O-C
(1250 cm™'), C—OH (1400 cm™'), and aldehyde C—H
(2800—3000 cm™) in the highly oxidized GO (1/S) comparing
with graphite and GOs at other oxidation status (Figure 3b).

Next, the nanocomposite dT;-GO was synthesized by
means of simple physical adsorption of poly dT;, through
m—r stacking with GO. The UV—vis spectra of 1/5 GO, poly
dT,y, and the dT;;-1/5 GO nanocomposite are shown in
Figure 4 (similar characteristic peaks were also found in 1/1
and 1/3 GO; for easy visualization only 1/5 GO was shown
here). The peaks at 210 and 260 nm are derived from dTj,
whereas the peak at 300 nm is from GO. The spectra indicated
successful synthesis of the dT;;-GO nanocomposite.

Before delivering the GO-based nanocarrier into cells, we
examined the competitive reaction between rhodamine and
dT;p-GO under various pH conditions in vitro. We synthesized
GOs oxidized to distinct degrees and investigated the
adsorption of poly dT;, on these GOs. At each specified pH,
we performed the competitive reaction together with a
noncompetitive control. The dT3,-GO solution was incubated
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Figure 4. UV—vis spectra of poly dT;,, 1/S GO, and dT;,—1/5 GO.

with and without rhodamine (dissolved in PBS of specified pH)
in the competitive and noncompetitive experiments, respec-
tively. We used PBS of various pH values to mimic the cellular
milieu. The reactions were performed in the dark overnight,
and then high speed centrifugation was used to precipitate the
dT;)-GO. The collected supernatants were used for examining
the amounts of dTy, released in the two test groups. The
released poly dT;, was quantified using PCR followed by
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agarose gel electrophoresis (Figure S). A comparison of the
three agarose gels shows that poly dT;, was readily released
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Figure S. Agarose gel electrophoresis results of the competition
reaction (competition group (C) and noncompetition group (N) were
dT3-GO incubated with or without pH-sensitive rhodamine dye in
pH-adjusted PBS buffer, respectively (the number after N and C
represents the corresponding pH values): M, DNA marker for
oligonucleotide size evaluation; dT3,, GO, and dT;,-GO, DI water
dissolved dT;, oligonucleotides, graphene oxide, and dT,;;-GO
nanocomposite unbuffered suspensions). The black bands in the gel
represent the released oligonucleotides from GO nanocomposites. To
confirm that the gel bands obtained were from poly dT;, we
conducted a control experiment (Supporting Information Figure SS),
and our result showed that the poly dT;, oligonucleotides were
present at two locations in the gels, representing two possible DNA
conformations. Both types could be observed in the analysis.

from 1/1 GO and 1/3 GO in the noncompetition groups; by
contrast, the dT3-1/5 GO nanocomposite was stable in the
noncompetition groups and the oligonucleotides were released
only upon protonation of rhodamine in an acidic environment
(C4, Cs, and C6). Thus, we used 1/5 GO in the subsequent
oligonucleotide-bearing nanocarrier studies.

Based on the aforementioned observations, we hypothesized
that GOs oxidized to distinct degrees could exert dissimilar
effects in the competitive reaction because of the interactions
between poly dT;, and GO, as well as because of the
competition by protonated rhodamine. The interactions
between poly dT;, and GO could be 7—7 stacking hydrophobic
interactions and also hydrogen bonding.**~** With an increase
in the degree of GO oxidation, the number of oxygenated
groups generated was increased, which strengthened the
hydrogen bonding between poly dT;, and GO and caused
tight adsorption of poly dT;, on the surface of GO. This is
probably why, under the conditions N4, NS, N6, and N7, no
bands were detected in the case of the dT;y-1/5 GO sample. In
acidic environments, protonated rhodamine®® might readily
approach proximate dT;,-GO through electrostatic attraction,
and the 7—r interaction and hydrogen bonding between either
rhodamine and GO or rhodamine and dT;, might interfere
with the adsorption of dT;, on GO and thereby strip off the
dT;, oligonucleotides.

In the following experiments, we added the constructed GO-
based nanocomposite to cultured cells and evaluated the
performance of the nanoplatforms in simultaneous pH sensing
by the fluorescence probe and targeted oligonucleotide delivery.
To ensure the cellular uptake of the pH-sensitive rhodamine
probe by raw 264.7 cells, we first incubated the cells with 100
#M rhodamine for 0.5, 1, and 2 h and determined that only 0.5

h was required for the probe to enter these cells (Supporting
Information Figure S6). Similar procedures were also used to
monitor the cellular uptake of GO. The cells were dyed using
100 #M rhodamine for 0.5 h, washed with PBS, and then fed
with 100 pug/mL of 1/5 GO for 0.5, 1, and 2 h; subsequently,
we monitored the changes in rhodamine fluorescence in the
cells by using flow cytometry and confocal microscopy. Flow
cytometric analysis revealed that rhodamine fluorescence was
quenched within 0.5 h (Figure 6a), which indicated that only a
short incubation period is required for the cellular uptake of
GOs. We confirmed that the fluorescence intensity was not
decreased because of the washing steps. Cells incubated with
the medium after the rhodamine probes were removed, and as
shown in Figure 6b—d, in the presence of GO, rhodamine
fluorescence decreased to a greater extent than it did in the
absence of GO. The results revealed that GO can enter cells
and that rhodamine fluorescence was quenched upon GO
treatment as a result of facilitated adsorption of protonated
rhodamine on the GO surface.

To enable the intracellular monitoring of oligonucleotide
delivery, we used fluorescent FAM-labeled poly dT}; in the next
set of experiments. Previous work has demonstrated that GO
can quench the fluorescent dye through FRET.** We first
optimized the concentration ratio of FAM-dT;, to GO by
measuring the fluorescence of FAM. Approximately 100 pg/mL
GO could completely quench the fluorescence of 50 ug/mL
FAM:-labeled poly dT5, (Figure 7), and thus 1/2 was identified
as the optimized concentration ratio of FAM-dT;, to GO. In
the following study, we used this FAM-dT;-GO nano-
composite for oligonucleotide delivery and again monitored
the reactions in cells by using flow cytometry (Figure 8) and
confocal microscopy (Figure 9).

The rhodamine-triggered competition reaction occurred
when the dT3-GO nanocarrier was introduced. As expected,
this led to the quenching of rhodamine fluorescence by GO
(Figure 6 and Supporting Information Figure S7) and FAM
fluorescence recovery as a result of the FAM-dT;, oligonucleo-
tide release. As shown in the flow cytometric analysis (Figure
8a,b), the facilitated release of oligonucleotides from the GO
nanocarrier could be observed: in the presence of rhodamine,
FAM fluorescence recovered to a greater extent than it did in
the absence of rhodamine. In addition, we found that this
reaction was rapid: only 0.5 h was required for the release of
FAM-dT;, from GO (Figure 8a,d—f), with an apparent shift to
the right in the FAM fluorescence intensity. Our studies also
demonstrated that GO facilitated the cellular uptake of
oligonucleotides to a greater extent than that observed under
the condition in which only FAM-dT,, was used (Figure 8c).
This finding consistent with previous study™ indicated that GO
could serve as an efficient transfection reagent when developing
future gene nanocarriers. Confocal imaging also confirmed the
successful delivery of FAM-dT5,-GO inside cells (Figure 9).
The protonated rhodamine emitted red fluorescence under acid
microenvironment. Competitive binding of the rhodamine
molecules on GO occurred in cells fed with FAM-dT5,-GO,
consequently promoting the release of the FAM-dT;,
oligonucleotides. As a result, the quenching of rhodamine
fluorescence and the turning-on of FAM fluorescence could be
observed. The concurrent pH sensing and pH-responsive
oligonucleotide delivery thus achieved.

The mechanism proposed in most pH-responsive systems
employed the idea that the drug release was induced by
protonation, resulting in weakened interaction with GO. The
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oxidation status of GO was not tuned in these cases™ "

(usually 1/3 mass ratio of graphite and KMnO, was applied
according to the original Hummers’ method). But nevertheless,
due to the fact that various modifications in reaction time,
temperature, and multiple oxidizing agents were adopted
during the GO preparation, it was difficult to examine and
compare the exact oxidation status among these GO-based
nanocarriers. Based on our findings, however, highly oxidized

GO actually forms stable complex with oligonucleotides under
acidic conditions, the delivery efliciency thus can be altered or
ineffective, depending on the oxidation extent of prepared GO
when considering the mechanism mentioned earlier. We
demonstrated an alternative competition-facilitated intracellular
drug delivery system in which the oligonucleotide release was
finely controlled, initiating via the protonation of rhodamine
tracer upon acidic pH stimuli followed by its competition
reaction at the GO surface. Nonetheless, we also observed a
small amount of non-pH-specific leakage of FAM-dT}, in the
cells during the time in the absence of rhodamine pretreatment
(Figure 9 and Supporting Information Figure S8). This
nonspecific desorption might be caused by the presence of
biomolecules in the complex cell culture medium: Biomolecules
such as proteins, antigens, antibodies, and hormones have been
reported to interact with GO and release nucleotides from the
surface of GO.>**” This may be an issue that we shall overcome
to improve the GO-based nanocarrier stabilization in future
work.

B CONCLUSION

In summary, we investigated a series of GOs oxidized to
distinct degrees and determined that the most highly oxidized
GO was able to stabilize the immobilized oligonucleotides at its
surface even under acidic conditions. We propose a critical role
of GO oxidation status in designing the gene nanocarrier.
Simplified preparation was achieved by comparing with
conventional methods in which functionalization of polymers
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Figure 8. Flow cytometric analysis of rhodamine-triggered competition reaction after introducing the FAM-dT;,-GO nanocomposite. The cells were
dyed by using 100 #M rhodamine for 0.5 h and being washed with PBS, and the FAM fluorescence (FL) was monitored in raw 264.7 cells during a 2
h period in the (a) presence or (b) absence of rhodamine, and an additional control experiment was performed using (c) FAM-labeled
oligonucleotides dT;, only. (d—f) The recovery of FAM fluorescence in rhodamine-triggered competition reaction could be observed with an
apparent shift to the right in the fluorescence intensity during the time ([1/S GOJ, S0 ug/mL; [FAM-dT;], 25 pg/mL; [rhodamine], 100 uM).
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Figure 9. Competition-facilitated intracellular drug delivery monitored using confocal microscopy. The protonated rhodamine emitted red
fluorescence (4., = 561 nm, 4, = 588 nm) under acid microenvironment. Cells fed with FAM-dT;(-GO led to the competitive binding of rhodamine
on GO and consequently the quenching of its fluorescence and promoted the release of the FAM-dT}, oligonucleotides. As a result, the turning-on
of FAM fluorescence (4., = 488 nm, 4., = 517 nm) could be observed (Hoechst 33342, blue, for nucleus staining; merged, overlay of all fluorescence
images).

was usually required at the interface of GO and oligonucleo-
tides to stabilize the complex.'”'**** Such types of GO also
performed most favorably in the rhodamine-poly dT;,
oligonucleotide competition reaction. We labeled poly dTj,
with FAM fluorescent dye in order to monitor the intracellular
release of oligonucleotides, and using flow cytometry and
confocal microscopy we confirmed pH-responsive, competi-
tion-facilitated drug release in this setup, which enables high

drug loading (FAM-dT,,/GO = 25/50 pg/mL) and rapid
cellular uptake (<0.5 h). This study provides a new drug-
delivery strategy which can precisely monitor the acidic
microenvironment and control the consequent oligonucleotides
release upon drug nanocarrier treatment by simple observation
of the turn on/off of rhodamine fluorescence. Our approach
offers insights for future pH-triggered tumor targeting for the
delivery of new generation RNAi drugs.
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