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ABSTRACT: The emergence of multidrug-resistant-bacteria
(MDRB) infection poses a major burden to modern
healthcare. Early detection in the bloodstream and a new
strategy development for MDRB infection treatment without
antibiotics are clinically significant to save millions of lives
every year. To tackle the MDRB challenge, the current
manuscript reports the design of “multifunctional nanoplat-
forms” consisting of a magnetic core—plasmonic shell
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nanoparticle, a methylene blue-bound aptamer, and an MDRB Salmonella DT104 specific antibody. The reported
“multifunctional nanoplatform” is capable of targeted separation from a blood sample and sensing and multimodal therapeutic
killing of MDRB. Experimental data using an MDRB-infected whole-blood sample show that nanoplatforms can be used for
selective magnetic separation and fluorescence imaging. In vitro light-triggered photodestruction of MDRB, using combined
photodynamic and photothermal treatment, shows that the multimodal treatment regime can enhance MDRB killing
significantly. We discussed the possible mechanisms on combined synergistic therapy for killing MDRB. The “multifunctional
nanoplatform” reported in this manuscript has great potential for the imaging and combined therapy of MDRB in clinical

settings.
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B INTRODUCTION

The field of “theranostic multifunctional nanoplatforms”, which
is still in the early stages of its development, holds huge
promise for our society. ® Through the combination of
diagnostic and therapeutic capabilities into a single pharma-
ceutical agent, multifunctional nanoplatforms have the
capability of being excellent materials for diagnostic and
therapeutic use in cancer and infection disease tretament.”'*
After the development of penicillin in the 1940s, antibiotics
have been used as “miraculous drugs” in clinical practice.'>™>
Because antibiotics have been excessively used in human,
veterinary, and agricultural medicine, several bacterial strains
have become resistant to numerous antibiotics.”' ~>” Over the
last decade, several pathogens, including Salmonella DT104,
have acquired multidrug resistance to several market-available
antibiotics."* ™! Although the amount of MDRB is continuing
to rise day by day, unfortunately, the amount of new antibiotics
introduced into the clinical market has declined signifi-
cantly.’°~>" This clearly indicates that the need for the
development of new approaches to cure infection disease is
very urgent.”*® To tackle this challenge, the current
manuscript reports the design of “multifunctional nanoplat-
forms” that have the capability for combined theranostic
applications. We have shown that multifunctional nanoplat-
forms designed by us have the capability of targeted separation
and selective fluorescence imaging of Salmonella DT104 from a
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blood sample, followed by selective photodestruction. The
combination of “photothermal and photodynamic” therapies
for the treatment of MDRB infection has been implemented, as
reported in Scheme 1. Combination therapy approach will have
huge advantages, and these are (1) the expectation of
synergistic effects and (2) prevention of the emergence of
drug-resistant bacteria. Because in the initial stage of infection
the amount of MDRB present in the bloodstream is extremely
low, early stage detection of MDRB in the presence of blood
mononuclear cells is a real challenge in clinical practice.'*™>"
Here we demonstrate that our “multifunctional nanoplatforms”
can be used for the separation, imaging, and synergistic
photodestruction of MDRB selectively from a whole-blood
sample.

B EXPERIMENTAL SECTION

Materials. We purchased hydrogen tetrachloroaurate, iron
chloride, trisodium citrate, NaBH,, and sodium citrate from Sigma-
Aldrich and whole rabbit blood from Colorado Serum Company. We
obtained MDRB Salmonella DT104 from the American Type Culture
Collection.

Synthesis of Theranostic Multifunctional Nanoplatforms.
We synthesized “theranostic multifunctional nanoplatforms” through a
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Scheme 1. (A) Schematic Diagram Illustrating the Capability of “Multifunctional Nanoplatforms” in Theranostic
Nanomedicine, (B) Scheme Showing MDRB Separation Using a Bar Magnet after “Theranostic Nanoplatform” Attachment

with Bacteria, and (C) Scheme Illustrating the Possibility of Imaging Using a Fluorescence Microscope and Targeted Light-
Induced MDRB Killing after Magnetic Separation Using a “Theranostic Nanoplatform”
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several-step process. At first, a spherical iron nanopartlcle was the freshly prepared spherical nanoparticle using a JEM-2100F
synthesized from FeCl, using our reported method.® We characterized transmission electron microscope and absorption spectroscopy. As
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Figure 1. (A) TEM image showing the size of our freshly prepared magnetic nanoparticle. (B) Electron microscopy image of a freshly prepared
core—shell nanoparticle, which clearly shows spikes. (C) SEM image also showing the spikes on the nanoparticle, which indicate star-shaped core—
shell nanoparticle formation. (D) EDX mapping analysis of star-shaped nanoparticles. (E) Absorption spectra of an iron magnetic nanoparticle
synthesized from F;Cl;. (F) Absorption spectra of a star-shaped nanoparticle, an MB-bound aptamer, and multifunctional nanoplatforms. (G) TEM
image of a freshly prepared MB-bound aptamer and M3038 antibody-attached nanoplatforms.

shown in Figure 1A, our synthesized iron nanoparticle size is about 10
nm. In the next step, a star-shaped magnetic core—gold shell
nanoparticle was synthesized in the presence of cetyltrimethylammo-
nium bromide using our reported method.® Parts B, C, and F of Figure
1 show the transmission electron microscopy (TEM), scanning
electron microscopy (SEM), and UV—visible spectral characterization
of freshly prepared star-shaped magnetic core—gold shell nano-
particles. As shown in Figure 1B,C, the star-shaped core—shell

11350

nanoparticle size is around 70 nm. Similarly, parts E and F of Figure 1
show the plasmon bands around 650 and 800 nm due to the formation
of a gold shell. As shown in Figure 1D, our energy-dispersive X-ray
(EDX) mapping experiment clearly shows both iron and gold peaks.

Next, the star-shaped nanoparticle was coated with thiolated
poly(ethylene glycol) (PEG) to minimize the nonspecific interaction
with blood cells. After that, we attached a monoclonal M3038 antibody
on the star-shaped nanoparticle surface for the selective separation of
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Figure 2. (A) Picture showing no MDRB separation without a magnet. (B) Separation of an MDRB-attached “multifunctional nanoplatform” by a
bar magnet. (C) Colonies showing the absence of MDRB Salmonella DT104 in a supernatant solution. (D) Colonies demonstrating the presence of
MDRB Salmonella DT104 in a suspension of nanoplatform-conjugated MDRB after magnetic capture and resuspension in PBS. The initial number
of MRSA cases were 10* CFU/mL. (E) Fluorescent images of MDRB Salmonella DT104 after separation from an infected blood sample. (F) TEM
image demonstrating an antibody-conjugated MDRB-attached nanoplatform after magnetic separation.

Salmonella DT104."® We also modified the surface using methylene
blue (MB)-attached S8-7 aptamers for photodynamic killing. After
PEGylation, for aptamer conjugation, thiol-modified S8-7 aptamers
were introduced on star-shaped nanoparticles over a 16-h period in the
presence of phosphate-buffered saline (PBS) and 0.1 M sodium
chloride. Next, unbound aptamers were removed by centrifugation at
6000 rpm for several minutes. After that, the number of aptamer
molecules bound in each gold nanoparticle were determined using 10
UM potassium cyanide, which can oxidize the nanoplatform
completely. From fluorescence analysis data, we estimated that around
100 aptamers are attached with one nanoparticle.

Next, we attached an M3038 antibody on a “theranostic
multifunctional nanoparticle” using cystamine dihydrochloride and
reported the glutaraldehyde spacer method,'®'?™>"., Parts F and G of
Figure 1 show the absorption spectra and TEM image of a
multifunctional nanoplatform. Our data indicate that, during attach-
ment of PEG, aptamer containing MB, and M3038 antibody, the
nanoparticle morphology remain unchanged. To understand how
stable the multifunctional nanoplatform is, we performed TEM and
absorption chracterization once a week for a few weeks and noted that
the “multifunctional nanoplatform” developed by us was highly stable
even after 1 month.

Bacteria Incubation with a “Multifunctional Nanoplatform”.
MDRB Salmonella DT104 bacteria was cultured using ATCC
protocol, as we reported previously.>****¢ Next, “multifunctional
nanoplatforms” were mixed with MDRB-infected blood at room
temperature with gentle shaking. Then, we used a bar magnet for the
magnetic separation experiment. The MDRB separation efficiency was
monitored using colony counting.

Fluorescence Analysis. An Olympus IX71 inverted confocal
fluorescence microscope has been used for fluorescence imaging
after magnetic separation.

PTT, PDT, Combined Killing, and Percentage of Live
Bacteria Determination. For phototriggered killing by photo-
dynamic (PDT), photothermal (PTT), or combined therapies, we
used 670 nm light from a portable OEM laser, with 1-2 W/cm?
power. For all phototriggered experiments, we used exactly the same
wavelength and the same power. Next, the amount of live bacteria was
counted with a colony counter after 24 h at 37 °C incubation.

Reactive Oxygen Species (ROS) Generation Measurement.
We used a singlet oxygen sensor green reagent (SOSG; Sigma) for
measurement of the ROS formation during treatment. For measure-
ment of the SOSG fluorescence intensity, we used a microplate reader.
An excitation wavelength of 485 nm was used for fluorescence
excitation, and the emission wavelength was recorded at 528 nm.

B RESULTS AND DISCUSSION

As shown in Scheme 1, in multifunctional nanoplatforms
designed by us, core magnetic nanoparticles were used for
circulating MDRB separation and enrichment from blood
samples. A gold shell allows conjugation of a biorecognition
agent via gold—sulfur chemistry for selective separation and
imaging. Also, a star-shaped gold coating will help to stabilize
the high-magnetic-moment nanoparticles in blood and
eliminate possible toxicity from an iron nanoparticle. Because
gold nanoparticles are well-known to generate high temper-
atures in the presence of near-infrared (NIR) light,39_48 in our
design, a gold coating was used also as an “optical nanoheater”.

dx.doi.org/10.1021/am403567k | ACS Appl. Mater. Interfaces 2013, 5, 11348—11354
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Figure 3. (A) Plot showing that the MDRB viability is 100% in the absence of 670 nm light even after 10 h of incubation in the presence of a
“multifunctional nanoplatform”. (B) Colonies of MDRB Salmonella DT104 bacteria after combined therapy for 12 min. (B1) Combined therapy in
the absence of a “multifunctional nanoplatform”. (B2) Combined therapy in the presence a “multifunctional nanoplatform”. (C) Plot showing the
MDRB viability after 12 min of 670 nm laser exposure, in the case of PDT, PTT, and combined therapies. (D) Plot demonstrating the time-
dependent combined therapy efficiency. (E) Plot showing how the fluorescence intensity from SOSG varies in the presence of a “multifunctional

nanoplatform” during combined therapy.

As shown in Figure 1G, our developed MB-attached nanoplat-
form exhibited strong absorption at 670 nm; we used MB as a
dual probe for NIR fluorescence imaging using 670 nm light
excitation and as a PDT sensitizer platform. In PDT, light-
activated photosensitizers generate ROS, which can irreversibly
damage cancerous cells and tissues.*” > Because MB is a well-
known PDT drug,"*~*" a multifunctional nanoplatform can be
used for 670 nm light-induced PDT and PTT together.

11352

Next, to understand whether a “multifunctional nanoplat-
form” can be used for selective MDRB detection in a clinical
setting, MDRB Salmonella DT104 bacteria were spiked into
the whole rabbit blood suspension at different concentrations.
After 120 min of gentle shaking, we incubated a few microliter
nanoplatform with 1 mL of a Salmonella DT104 suspension in
blood containing 10* CFU/mL for 20 min. Next, MDRB-
attached nanoplatforms were separated and enriched using a
bar magnet, and during this process, we enriched the

dx.doi.org/10.1021/am403567k | ACS Appl. Mater. Interfaces 2013, 5, 11348—11354
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concentration 20 times. As shown in Figure 2, we used bacteria
colony counting and TEM and fluorescence imaging techniques
to characterize suspensions of the nanoplattorm—MDRB
conjugates and supernatants. Our bacteria-counting-colony
data, as shown in Figure 2C, show no MDRB Salmonella
DT104 present in the supernatant. As a result, our experimental
data show that most of the MDRB are conjugated with a
“multifunctional nanoplatform” and separated by the magnet.
Parts D and E of Figure 2 shows the colonies and fluorescence
images of MDRB Salmonella after magnetic separation. As one
can see from Figure 2F, several nanoplatforms were conjugated
with one Salmonella bacteria through antogen—antibody
interaction. All of the above characterizations indicate that
our developed “multifunctional nanoplatform” is highly
selective for binding with MDRB Salmonella DT104 and has
the capability of separating MDRB from the blood sample even
at a concentration of 0.01% cell mixtures. Our result indicates
that the magnetic capture efficiency of the nanoplatform is
about 97% for MDRB from an infected blood sample.

Next, to determine whether a “multifunctional nanoplatform”
can be used for the combined synergistic photodestruction of
MDRB, we have used 670 nm light irradiation experiments. To
understand whether combined PTT and PDT is much superior
to a single therapy, we designed several different experiments.
At first, an MDRB-attached “multifunctional nanoplatform” was
incubated for 10 h without any laser light to find possible
cytotoxicity. As shown in Figure 3A, about 100% MDRB
viability was observed even after 10 h of incubation, which
indicates that our theranostic nanoplatform is not cytotoxic in
the absence of external NIR light. Next, we used an M3038
antibody-conjugated nanoparticle without MB, in the presence
of external 670 nm light, to find out the contribution from only
PTT. After that, to evaluate both PTT and PDT contributions
in the presence of 670 nm light, we used an MB-bound aptamer
and an M3038 antibody-conjugated nanoplatform. At the end,
we used aptamer-conjugated MB without a nanoparticle, in the
presence of external 670 nm light, to find only the PDT
contribution. In all cases, we used 670 nm light at 1-2 W/ cm?
power at different time intervals. Parts B—D of Figure 3 clearly
indicate that 100% of MDRB was dead, just after 12 min of
treatment of combined therapy. Next, we performed a thermal
imaging experiment to measure how the temperature increases
during photothermal destruction in the presence of 670 nm
light. For this purpose, we used a MikroShot Camera for
recording thermal imaging data at 1 min intervals. Experimental
results indicate that the temperature was increased to about 48
°C when an MDRB-attached “multifunctional nanoplatform”
was exposed to 1—2 W/cm? power 670 nm light. We have also
noted that, at exactly the same laser power and wavelength, the
temperature was increased to about 32 °C in the absence of a
multifunctional nanoplatform.

Parts B—D of Figure 3 also clearly show that it will take
about 12 min to kill 100% of MDRB when we performed the
combined therapy, whereas 68% of MDRB were killed after 12
min of treatment in the case of only PTT. On the other hand,
only 25% were killed even after 12 min of PDT treatment. So,
our data clearly indicate that the MDRB viability was
remarkably reduced under combined treatment and the
MDRB killing rate is much higher than that by PDT or PTT
separately. Our experimental data demonstrate a significant
synergistic therapeutic effect for MDRB killing using combined
treatment.

11353

Because MB can generate ROS during 670 nm light
irradiation to kill MDRB, the PDT efficiency should be highly
dependent on the ROS formation capability. Recently, it has
been reported that ROS formation from photosensitizers can
be enhanced in the presence of plasmonic gold nano-
particles.>* ™" Previous results also indicate enhancement of
the ROS formation during PTT due to temperature enhance-
ment.** 7% As a result, to found out the possible mechanism for
the synergistic effect during combined therapy, we used SOSG
to find the amount of ROS formation enhancement during a
laser-induced therapy process. Figure 3E shows how the SOSG
fluorescence intensity varies during PTT in the presence of a
multifunctional nanoplatform. Our results indicate 1.25 times
more ROS formation in the presence of a “multifunctional
nanoplatform”. Our experimental observation on more ROS
formation can be due to the presence of a plasmonic field on
the sharp corner of a multifunctional nanoparticle. We also
noted that ROS formation increased another 1.2 times during
PTT because of the temperature increment during PTT. As a
result, we observed a significant synergistic therapeutic effect
for MDRB killing using combined treatment. Our reported
experiment demonstrated that the multimodal (PTT and PDT
together) treatment can enhance in vitro MDRB therapy
significantly because of the synergistic therapeutic effect.

H CONCLUSION

The current manuscript reports the design of a “multifunctional
nanoplatform” consisting of a magnetic core—plasmonic shell
nanoparticle, a MB-bound aptamer, and a MDRB-specific
antibody, which can be used for synergistic theranostic
applications. Our results show that a “multifunctional nano-
platform” is capable of targeted separation and sensing and
multimodal therapeutic killing of MDRB in a single procedure.
Our results with a 0.01% MDRB-infected blood sample show
that a nanoplatform can be used for selective imaging after
magnetic separation. Our experimental data have shown that a
multifunctional nanoplatform developed by us can be used for
combined synergistic therapy using PTT and PDT together.
We have demonstrated that combined treatment can be highly
effective for in vitro MDRB killing. We have shown that ROS
formation by a MB photosensitizer can be enhanced during
PTT because of the presence of a nanoplatform and elevation
of the temperature. Although our developed “multifunctional
nanoplatform”based reported results are very exciting, we
admit that we are now in the initial stage of development. We
believe that this “multifunctional nanoplatform” wiil have
enormous potential as a clinical sample once it has been
optimized in clinical settings.
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