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DNA Aptamer-Conjugated Magnetic Graphene Oxide for
Pathogenic Bacteria Aggregation: Selective and Enhanced
Photothermal Therapy for Effective and Rapid Killing
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ABSTRACT: Methicillin-resistant Staphylococcus aureus (MRSA), blagie
often called “superbug”, is a nosocomial and multidrug resistance !
bacterium that shows resistance to f-lactam antibiotics. There has been
high demand to develop an alternative treatment model to antibiotics Syeol
for efficiently fighting MRSA. Herein, we developed DNA aptamer- Fe@cad,
conjugated magnetic graphene oxide (Apt@MGO) as a multifunc-

tional and biocompatible nanoplatform for selective and rapid

eradication of MRSA and evaluated heat generation and cell death

performance of Apt@MGO for the first time under dispersed and &S y
aggregated states. The aptamer sequence was specifically selected for s
MRSA and acted as a molecular targeting probe for selective MRSA
recognition and antibiotic-free therapy. Magnetic graphene oxide
(MGO) serves as a nanoplatform for aptamer conjugation and as a
photothermal agent by converting near-infrared (NIR) light to heat. Iron oxide nanoparticles (Fe;O, NPs) are formed on GO to
prepare MGO, which shows magnetic properties for collecting MRSA cells in a certain area in the reaction tube by an external
magnet. The collected MGO induces remarkably high local heating and eventual MRSA cell death under NIR laser irradiation. We
demonstrate that Apt@MGO resulted in ~78% MRSA and over >97% MRSA cell inactivation in dispersed and aggregated states,
respectively, under 200 seconds (sn) exposure of NIR irradiation (808 nm, 1.1 W cm™2). An in vitro study highlights that Apt@
MGO is considered a targeted, biocompatible, and light-activated photothermal agent for eflicient and rapid killing of MRSA in the
aggregated state under NIR light.
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—
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1. INTRODUCTION

Carbon-based nanomaterials," especially graéphene oxide
(GO),”” carbon nanotube,”” and fullerene,” have been
dominantly utilized in nanomedicine as versatile tools for the

PTT relies on absorption of light, particularly in the near-
infrared (NIR) region by photothermal agents and conversion
of NIR light to heat for killing the targets via hyperthermia.
Although gold-based nanostructures with certain morphologies

last two decades.' ® Among them, graphene oxide (GO) has
received considerable attention in biomedicine owing to its
biocompatibility, unique physicochemical properties, and
stability in biological media.”® In addition, GO has been in
use as a therapeutic, drug delivery, and sensing agent, in a
variety of biological applications.””'* For instance, different
metal and metal oxide nanomaterials have been grown or
attached on the surface of GO'*™'* used as a great platform to
enhance corresponding properties like antimicrobial proper-
ties,"”'* surface-enhanced Raman scattering properties,'’ and
so on. In addition, several organic molecules including drugs
and photosensitizers have been conjugated on GO to be used
in delivery systems, chemo, photodynamic, and photothermal
therapies, etc.”>™'? Photothermal therapy (PTT) can be
described as a quite simple, noninvasive, controllable, and
light-responsive therapy, which potentially serves as an
alternative to chemotherapy. The potential mechanism of
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(rod, shell, cages, and roses) have been used as effective PTT
agents,”’"*° biocompatibility, one-step preparation, and easy
functionalization make GO an ideal candidate for PTT.>**
However, to provide effective and eflicient PTT, active
targeting is an indispensable requirement. To date, several
targeting ligands including DNA/RNA aptamers, antibodies,
RGD peptides, and boronic acids have been actively used for
active targeting by researchers.’*~**

Aptamers composed of DNA or RNA generated by the
process called systematic evolution of ligands by exponential
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Figure 2. TEM image of (A) bare GO and (B) MGO. (C) Photograph of GO (left) and MGO (right) solutions. (D) Photograph of collected
MGO on glass vial with an external magnet. (E) UV—vis spectrum of GO and MGO. (F) Magnetization curve of MGO.

enrichment (SELEX) toward several different targets including
metal ions, small molecules, protein, virus, bacteria, and cancer
cells have been attractively used.*” > Among targeting ligands,
aptamers have quite advantages owing to their easy
modification with various functional groups, great stability in
experimental conditions, and high specificity and affinity (with
nanomolar).>***

Herein, we proposed a rational study using DNA aptamer-
conjugated magnetic graphene oxide (Apt@MGO) in
dispersed and aggregated states for enhanced PTT therapy
toward methicillin-resistant Staphylococcus aureus (MRSA).
First, Apt@MGO specifically binds to the surface of MRSA
owing to the targeting function of the aptamer, then Apt@
MGO—MRSA cell conjugates are dispersed and aggregated in

different reaction tubes, and finally an NIR laser is exposed to
each reaction tube for a certain period of time to eradicate
MRSA cells through PTT.

2. RESULTS AND DISCUSSION

In this study, Fe;O, nanoparticles (NPs) were formed on the
surface of GO by an in vitro process to fabricate magnetic GO
(MGO) and utilize their magnetic properties. GO was used as
a platform for the growth of Fe;O, NPs and aptamer
conjugation and also acted as a PTT agent owing to the
conversion of NIR laser irradiation to heat. The role of the
aptamer is to provide active targeting by specifically and
selectively binding to MRSA cells. Preparation of DNA
aptamer-functionalized MGO (Apt@MGO) and its PTT
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performance in dispersed and aggregated states are illustrated
step by step in Figure 1. In the first step, a certain amount of
Fe(acac); was added into the GO powder homogeneously
dispersed in TREG, and then the mixture was heated to 278
°C to reflux for 60 minutes (min) under an argon blanket and
moderate stirring to form MGO. After the successful synthesis
of MGO, the second step called DNA aptamer functionaliza-
tion was carried out. 1-Ethyl-3-(3-dimethylaminopropyl)-
carbodiimide/N-hydroxy succinimide (EDC/NHS) chemistry
was used to activate carboxyl groups (—COOH) present on
the edges of GO and to bind the amine (—NH,)-terminated
DNA aptamer. In the third step, Apt@MGO bound to MRSA
cells and an NIR laser was separately exposed to Apt@MGO—
MRSA cell conjugates in dispersed and aggregated states.

In terms of characterization, morphologies of bare GO and
MGO were monitored by transmission electron microscopy
(TEM) images shown in Figure 2A,B, respectively. While the
size of Fe;O, NPs grown on the surface of GO was measured
to be ~11 nm, the density of Fe;O, NPs on GO was arranged
with weight ratios of Fe(acac); and GO powder as fixed
Fe(acac);/GO (2:1). The original brown color of GO (left)
and black color of MGO (right) solutions are shown in Figure
2C. The magnetic properties of MGO dispersed in the
phosphate-buffered saline (PBS) solution were tested using an
external magnet, as shown in Figure 2D. As seen that MGO
was collected at the wall of a glass vial in the presence of a
magnet, which can be an indication of the magnetic response
of MGO. The absorbance points of GO (red line) and MGO
(blue and pink lines) were determined to be ~240 and ~28S
nm, respectively (Figure 2E). The magnetization curve of
MGO was generated at various temperatures (5, 50, 100, 200,
and 300 K, Figure 2F). While magnetization reached saturation
at low temperatures, the superparamagnetic behavior of MGO
was observed at high temperatures and even above the
blocking temperature. In addition, the zero field-cooled (ZFC)
magnetization increases with increasing temperature until the
blocking temperature.

The heat generation performances of MGO when dispersed
and aggregated in the PBS buffer under 808 nm NIR laser
irradiation were tested. Three different concentrations of
MGO in each state were prepared and exposed to the
corresponding laser irradiation for 200 seconds (sn) as shown
in Figure 3. While 10 ppm (green line), S0 ppm (blue line),
and 100 ppm (red line) MGO in the dispersed state increased
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Figure 3. Heat production performance of MGO with different
concentrations. (A) 10 ppm (green line), SO ppm (blue line), and 100
ppm (red line) MGO in the dispersed state and (B) 10 ppm (gray
line), SO ppm (red line), and 100 ppm (green line) MGO in the
aggregated state under a continuous wave laser (808 nm) with a
power density of 1.1 W cm™ for 200 sn.

the temperature of reaction solutions from ~24 to ~37, ~39,
and ~48 °C, respectively, under 60 sn NIR laser exposure
(Figure 3A), MGO with same concentrations and experimental
conditions in the aggregated state caused a dramatic
temperature increase in the localized reaction area from ~24
to ~38, ~43, and ~54 °C, respectively (Figure 3B). We claim
that aggregation of MGO in the restricted area by an external
magnet caused effective heat generation in the reaction
medium with efficient and rapid absorption of the photon
energy of NIR. The results also show that 50 and 100 ppm
MGO in the aggregated state can both be considered as ideal
concentrations for hyperthermia in PTT compared to the
dispersed state.

The molecular recognition of Apt@MGO was monitored
with flow cytometric analysis in Figure 4. Simply, the MRSA

=== Only MRSA
= APt @E.faecalis
= cDNA@MGO

== [\VIRSA aptamer
m— APt @mMGO

Event

10*
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Figure 4. Flow cytometry results for showing the binding of aptamer
sequences to MRSA cells.

aptamer, random DNA sequence (cDNA)-conjugated MGO
(cDNA@MGO), and MRSA aptamer DNA sequence-
conjugated MGO (Apt@MGO) were separately incubated
with MRSA cells in PBS buffer (concentration around 107
CFU/mL) at 37 °C for 1 h. After incubation, reaction tubes
containing the MRSA aptamer and MRSA cells were washed
with PBS buffer by centrifugation; however, the reaction tubes
containing MGO were washed without centrifugation by
collecting MGO—MRSA cell conjugates with a magnet. The
flow cytometry study showed that only the MRSA cell
suspension did not give any fluorescence signal (red lien) as
expected. Although c¢cDNA was labeled with fluorescein
isothiocyanate (FTIC) dye, no fluorescence signal was
observed with cDNA@MGO (blue line) to show its binding
to MRSA cells. The reason is that cDNA is composed of
random sequences and used as nonspecific and nonselective
control sequences for MRSA cells. In contrast, the MRSA
aptamer (brown line) and Apt@MGO (purple line) gave
strong fluorescence signals with the right shift, which are an
indication of their selective and specific binding to the surface
of MRSA cells. As a further study, the selective and specific
binding capability of the aptamer for MRSA cells was tested
with Enterococcus faecalis cells used as control cells. The
aptamer did not bind to E. faecalis cells (green line) as
expected.

The TEM images show the morphologies of MRSA cells
with well-defined and deformed structures (Figure 5). The
round-shaped MRSA cell and its cell division are demonstrated
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Figure S. TEM images of the MRSA cell (A, B) before and (C) after
PTT.

in Figure SA,B, respectively, before PTT. However, destruction
of the MRSA cell with hypothermia in PTT is monitored in
Figure 5C. The MRSA cell lost its rigid and intact membrane
and rapidly turned into debris in a minute.

The PTT performance of MGO in dispersed and aggregated
states is demonstrated in Figure 6. As expected, the aptamer
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Figure 6. MRSA Cell viability test under nonilluminated and
illuminated conditions when using MGO in dispersed and aggregated
states.

itself did not cause any cell activation when incubated with
MRSA cells. In addition, MGO and Apt@MGO also did not
inactivate an acceptable amount of MRSA cells under no NIR
laser illumination. It is worthy to mention that although Apt@
MGO specifically bound to MRSA cells, no MRSA cell was
killed owing to two potential reasons: (i) MGO was not able to
generate heat without NIR laser exposure and (ii) MGO is
quite biocompatible. Additionally, the PTT performance of
MGO was also studied under illumination conditions. cDNA@

MGO displayed around 12% cell reduction owing to
nonspecific adsorption of a very less number of MGO to
MRSA cells. However, Apt@MGO effectively killed MRSA
cells. While Apt@MGO in the dispersed state resulted in
around 78% of cells in 200 sn, more than 95% of MRSA cells
were killed when Apt@MGO was used in the aggregated state.
We proposed that Apt@MGO in the aggregated state
efficiently and rapidly adsorbed the NIR laser and turned it
into high heat in the local area, which caused a drastic increase
in cell death.

For PTT, we designed a custom-made NIR laser system
composed of an 808 nm 10 watt F-mount laser diode, as
shown in Figure 7.

Figure 7. Custom-made NIR laser system composed of an 808 nm 10
watt F-mount laser diode.

3. CONCLUSIONS

In summary, we developed a biocompatible, targeted, and PTT
agent called Apt@MGO and used it in the aggregated form for
the effective, rapid, and efficient killing of MRSA cells under
NIR laser irradiation. The MRSA aptamer selectively captured
the MRSA cells, and MGO acted as a multifunctional
nanoplatform for aptamer functionalization and Fe;O, NP
growth and also as a PTT agent. We demonstrated that MGO
generated much more heat under NIR laser exposure in the
aggregated state compared to the dispersed state. Then, rapid
destruction of MRSA cells in a short time was implemented.
We proposed that Apt@MGO can be a promising targeted and
PTT agent owing to its targeting and biocompatible properties
and provides extraordinary heat production in the aggregated
form.

4. EXPERIMENTAL SECTION

4.1. Materials and Methods. Graphene oxide was
obtained from Graphene Supermarket (Ronkonkoma, NY).
Triethylene glycol (TREG), iron(Ill) acetylacetonate (Fe-
(acac);), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC), N-hydroxy succinimide (NHS), and metal salts
(NaCl, KCl, Na,HPO,, KH,PO,, CaCl,.2H,0, and
MgCl,.6H,0) for the preparation of phosphate-buffered saline
(PBS) were purchased from Sigma-Aldrich. For the prepara-
tion of the aptamer, all nucleotides including phosphoramidites
and S’-amino and 3'-FITC modifiers were purchased from
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Glen Research (Sterling, VA). MRSA standard strain 43 300
was obtained from Erciyes University, Faculty of Pharmacy,
Pharmaceutical Microbiology research laboratory. Copper
grids were purchased from Electron Microscopy Sciences.
Deionized (DI) water (18.2 MQ-cm) was used in all
experiments. All chemicals were used as received without
further purification. In terms of characterization, the
concentration of aptamers and absorbance points of GO and
MGO were determined using an 1800 UV—vis spectropho-
tometer (Shimadzu Scientific Instruments, Columbia, MD).
The images of GO, MGO, and MRSA cells were obtained
using a transmission electron microscope (TEM, a Hitachi H-
700 TEM instrument with a working voltage of 100 kV). A
superconducting quantum interference device (SQUID) was
used for the measurement of the magnetic properties of MGO.
The DNA MRSA aptamer was synthesized with a DNA/RNA
synthesizer (ABI3400 DNA/RNA synthesizer, Applied Bio-
systems, Foster City, CA). The DNA sequences were purified
by high-pressure liquid chromatography (HPLC, ProStar
instrument, Varian, Walnut Creek, CA) with a reverse phase
C-18 column (Econosil, Su, 250 X 4.6 mm) from Alltech
(Deerfield, IL). PTT was carried using a custom-made NIR
laser system (continuous wave laser with an 808 nm
wavelength and 1.1 W cm™ optical power density).

4.2, Synthesis of Aptamers. The selected MRSA DNA
aptamer sequences [S'-FITC-ATC CAG ACG TGA CGC
AGC (N);3 TGG ACA CGG TGG CTT AGTA-NH,-3/,
(N);5 = ATG CGG TTG GTT GCG GTT GGG CAT GAT
GTA TTT CTGTG] were synthesized at a 1 gmol scale. After
synthesis, the sequences were deprotected using a standard
protocol. Typically, the sequences were incubated in a mixture
of 40% ammonium hydroxide (NH,OH) and methylamine
(CH3NH,) 1:1 at 65 °C for 30 min prior to HPLC operation
for purification. After that, the sequences were lyophilized and
then dispersed in DI water for the measurement of their
absorbances to calculate their concentrations.

4.3, Preparation of Magnetic Graphene Oxide (MGO).
MGO was synthesized using a reported method.*® GO powder
(20 mg) was dispersed in 20 mL of triethylene glycol (TREG),
and then it was sonicated until a black color solution was
obtained, which is an indication of homogeneous dispersion of
GO in TREG. After that, 20 mg of Fe(acac); was added into a
100 mL glass flask containing 20 mL of TREG, and then the
resulting mixture was vigorously stirred and refluxed at 278 °C
for 50 minutes (min) under an argon blanket. After refluxing,
the mixture was cooled down to room temperature (25 °C).
The mixture was washed with ethanol by centrifugation at
10 000 rpm for 10 min; the washing process was repeated three
times to remove excess solvent and unreacted components.
The product, MGO, was collected and dried in vacuum and
then stored for further characterization and application.

4.4, Preparation of DNA Aptamer-Functionalized
MGO. We utilized protein labeling chemistry for the
functionalization of MGO with the MRSA aptamer. A 50 uL
aliquot of 0.1 M 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) was added into 150 mg mL™" MGO in
the PBS solution (10 mM, pH 7.4), and then the mixture was
gently mixed for 30 min to activate the carboxyl groups present
at the edges of MGO. After shaking for 30 min, a 20 L aliquot
of 0.12 M N-hydroxy succinimide (NHS) and a 20 uL aliquot
of 250 M MRSA aptamer solutions were sequentially injected
into the mixture above. Then, the final mixture was shaken
continuously for 4 hours (hr) for covalently binding the

20641

aptamer to MGO. The washing step was completed by
magnetically separating Apt@MGO using an external magnet.
Thus, excess and nonspecific binding aptamer was removed by
decantation of the supernatant. The final product, Apt@MGO,
was dispersed in PBS and stored at 4 °C for further PTT
application.

4.5. Bacteria Strains and Bacteria Culture. MRSA was
cultured using a standard protocol (ATCC medium 18-
Trypticase soy agar overnight at 37 °C) prior to photothermal
experiments. After the MRSA culture process, the MRSA
concentration (107 CFU/mL, ODg) was adjusted in 10%
PBS.

The photothermal therapy (PTT) performance of MGO for
PTT, 10’ CFU/mL MRSA cells suspended in solution were
used. One hundred micrograms of MGO, random DNA-
functionalized Au NPs and MGO, and MRSA Apt@MGO
were separately mixed with the bacteria solution and each
mixture was incubated for 30 min at 37 °C. After incubation,
the mixture of Apt@MGO and MRSA cells was divided into
two sets, and then the PTT performance of Apt@GO in
dispersed and aggregated states under NIR laser irradiation (a
single-mode (sm) 808 nm NIR laser with a power of 1.1 W
cm®”) was determined. In addition, the effect of illumination
and no illumination of the NIR laser on the mixtures was
studied.
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phene oxide; MGO, magnetic graphene oxide; DNA@MGO,
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exponential enrichment; TREG, triethylene glycol; Fe(acac)s,,
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