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A B S T R A C T

To inactivate methicillin-resistant Staphylococcus aureus (MRSA) with minimum damage to host cells and tissue,
target-oriented photofunctional nanoparticles (TOPFNs) were fabricated and characterized. MRSA is a pre-
dominant infective pathogen even in hospital and non-hospital environments due to its ability to develop high
levels of resistance to several classes of antibiotics through various pathways. To solve this major problem,
photodynamic inactivation (PDI) method applies to treat antibiotic-resistant bacteria. PDI involves the photo-
sensitizer (PS) and light with a specific wavelength to be able to apply for a non-invasive therapeutic procedure
to treat pathogenic bacteria by inducing apoptosis or necrosis of microorganisms. However, most current PDI
researches have suffered from the instability of PDI agents in the biological environment due to the lack of
selectivity and low solubility of PDI agents, which leads to the low PDI efficiency. In this study, the TOPFNs were
fabricated by an esterification reaction to introduce hematoporphyrin (HP) and MRSA antibody to the surface of
Fe3O4 nanoparticles. The TOPFNs were designed as dispersible PDI agent in biological condition, which was
effectively used for selectively capturing and killing of MRSA. The capture efficiency TOPFNs was compared
with PFNs as a negative control. The results showed that the capture efficiency of TOPFNs and PFNs was 95.55%
and 6.43% in MRSA and L-929 cell mixed condition, respectively. And TOPFNs have a selective killing ability for
MRSA with minimum damage to L-929 cells. Furthermore, PDI effect of TOPFNs was evaluated on the mice in
vivo condition in order to check the possibility of practical medical application.

1. Introduction

Bacteria replicate very rapidly and evolve to survive in the presence
of the antibiotics through different pathways, such as mutation, con-
jugation, recombination, transduction, and transformation [1–4]. Use
of antibiotics for bacterial infections during therapy could accelerate
the emergence of antibiotic resistant bacteria [5,6]. Even though
pharmacological industries produced a number of new drugs and an-
tibiotics in the last four decades, resistance to these drugs by many
pathogenic bacteria has been increased [7,8]. Fast increasing of anti-
biotics resistant bacterial strains is one of the major problems in med-
ical [9,10]. Especially, Staphylococcus aureus (S. aureus), which is a ty-
pical pathogen both within hospitals and in a non-hospital environment
[11] and rapid emergence of resistant bacteria is occurring worldwide
[12]. And methicillin-resistant Staphylococcus aureus (MRSA) is difficult
to be completely treated because it has the ability to develop high levels

of resistance to several classes of antibiotics and, even more, these
strains show resistance to the latest emerging antibiotics [13]. The
methicillin acts by inhibiting penicillin-binding proteins (PBPs) that are
involved in the biosynthesis of peptidoglycan, which is made of glycan
chains essential polymer surrounding the cell and resistant the in-
tracellular pressure of several atmospheres [14]. Even S. aureus can
resistant to not only methicillin but also other β-lactam antibiotics
through the expression of a foreign PBP, which is resistant to the action
of methicillin [15]. So, these MRSA were often resistant to other classes
of antibiotics through different mechanisms and this led to the research
for new antibiotics against these resistant strains. Surprisingly, 43.6%
of Staphylococcus aureus isolates in the United Kingdom in 2005 was
found to be MRSA [10]. Mortality attributed to MRSA bacteremia has
been estimated to be 22% [16]. Therefore, it is desirable to develop
alternative approaches to avoid the spread of antibiotic resistant bac-
teria strains because of the growing resistance of MRSA to conventional
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antimicrobial agents. In this respect, various therapeutic methods as
microwave induced, X-ray induced PDT, and sonodynamic therapy
have newly been investigated [17–19]. As one of the alternative
method is photodynamic inactivation (PDI) treatment to can be sug-
gested to treat various pathogenic microorganisms. The PDI provides a
potential therapeutic approach to treat antibiotic resistant bacteria. The
benefits over antibiotics in clinical treatment include localized wound
curing and minimal side effects, resistance, and toxicity [20]. There are
many papers about killing pathogenic bacteria by using photosensitizer
(PS) and specific wavelength of light on in-vitro condition [21–27].
However, in vivo PDI experiments have only demonstrated in a few
papers [28]. Its major obstacle is lack of selectivity for the target mi-
croorganism [29]. The free radicals and singlet oxygen generated by
non-selective PS cause non-specific damage to surrounding normal cells
or tissues in circulation in the body [30]. So, the efficient PDI of bac-
teria is based on the concept that photosensitizer (PS) should be loca-
lized in the targeted bacteria, not in the surrounding host tissues, and
then absorb the specific wavelength of light to generate reactive oxygen
species (ROS) that are able to kill target bacteria [31]. Also, the poor
solubility of PS in biological environments is another obstacle in PDI
research. For example, rose bengal, which is a well-known photo-
sensitizer to generating ROS, is strongly limited for using the PDI agents
due to aggregate in aqueous solution. Therefore, there are many efforts
to enhance solubility or dispersity of PS in aqueous condition by many
researchers [32,33].

In this study, we report the therapeutic feasibility of the target-or-
iented photofunctional nanoparticles (TOPFNs) for the methicillin-re-
sistant Staphylococcus aureus (MRSA). We fabricated the Fe3O4 nano-
particles which were extensively exploited in a medical field because of
biocompatibility, low toxicity, dispersity in biological environment,
and stability in suspension [34–37]. Also, the magnetism of Fe3O4 na-
noparticles can easily be utilized for the collection of TOPFNs with
external magnetics after the photodynamic treatment. The Fe3O4 na-
noparticles were functionalized with HP (hematoporphyrin) and
monoclonal MRSA antibody by the esterification reaction. These
TOPFNs were used for investigating the feasibility of selectively cap-
turing and killing MRSA in vitro and in vivo PDI experiment.

2. Materials and Methods

2.1. Fabrication of Target-oriented Photofunctional Nanoparticles
(TOPFNs)

The photosensitizer, hematoporphyrin (HP, 99%), FeCl3·6H2O
(98%), NaAc (99%), and polyethylene glycol (PEG, 1305–1595 M.W.)
were purchased from Aldrich (St. Louis; USA). Magnetic nanoparticles
(MNP, Fe3O4) were fabricated using the solvothermal reduction method
reported previously [38]. FeCl3·6H2O (1.35 g) and polyethylene glycol
(1.0 g) were dissolved in ethylene glycol (40mL) to form a clear solu-
tion, and then NaAc (4.69 g) was added to the mixture under vigorous
stirring for 30min at 60 °C. As-formed viscous slurry was transferred
into a teflon-lined stainless-steel autoclave of 50mL capacity. The au-
toclave was heated to and maintained at 200 °C for 12 h, and then
naturally cooled down to room temperature. The obtained black pre-
cipitates were collected after being washed with distilled water and
absolute alcohol several times and dried at 60 °C for 6 h. In order to
fabricate TOPFNs by the wet chemical process, fabricated MNPs were
dispersed in the HP solution (10mL, 1.6× 10−5 M in THF). The mix-
ture was agitated at room temperature for 24 h. The product was wa-
shed with THF solvent three times to remove the residual HP and then
dried at 60 °C for 6 h. The collected 1mg of photofunctional magnetic
nanoparticles (PMN, Fe3O4@HP) were washed with PBS solution to
remove an adsobed chemical. After washing, the PMNs were suspended
in 1mL of PBS solution [39,40]. The solution of PMNs (1mg/mL, 1mL,
about 2.37× 1010 particles/mL) was dissolved in 2mL of conjugation
solution with MRSA antibody (1mg/mL, 20 μL), 1-ethyl-3-(3-

dimethylamino-propyl) carbodiimide hydrochloride (EDAC, 6.44mM,
100 μL) and sulfo-N-hydroxysuccinimide (NHS, 8.68mM, 100 μL) The
mixture was agitated at room temperature for 2 h in the dark. After the
reaction, the mixture was placed on a magnet for 1min and any un-
bound MRSA antibody in the supernatant was removed to another vial.
The TOPFNs were washed with PBS (pH 7.4) for three times and sus-
pended in the PBS (1mL).

2.2. Characterization and Spectroscopy Measurements

Field-emission scanning electron microscopy (FE-SEM, 7800F, JEOL)
was utilized to study the morphology of the MNPs. The crystallographic
structure of the MNPs was investigated with a X-ray diffractometer (XRD,
Ultima IV, Rigaku) working with Cu Kα radiation. To confirm the fabri-
cation of TOPFNs, Infrared spectra were obtained by using a furrier
transform infrared spectrophotometer (FT-IR, Impact 400, Nicolet).
Absorption and emission spectra were obtained with a UV–Vis spectro-
photometer (U-2900, Hitachi) and a spectrofluorometer (Hitachi, F-4500),
respectively. In order to check the singlet oxygen generation from
TOPFNs, singlet oxygen phosphorescence was directly measured with the
time-resolved spectroscopic method. The Nd-YAG (surelite II-10,
Continuum) pumped optical parametric oscillator laser (OPO plus,
Continuum) was utilized as the excitation source (λex=500 nm) for the
detection of time-resolved singlet oxygen phosphorescence. The phos-
phorescence signal was collected with a near-infrared photo-multiplier
tube (H10330A; Hamamatsu) at an angle perpendicular to the excitation
beam through cutoff (<1000 nm; CVI) and the interference filters
(1270 nm, Spectrogon) to avoid light scattering from the MNPs [41]. The
signal was amplified and acquired by an amplifier (SR445A, Stanford
Research Systems) and a 500MHz digital oscilloscope (DS07052A, Agilent
Technology) and transferred to a computer for further analysis.

2.3. Biological Assay

For in vitro photodynamic bactericidal effect of TOPFNs on bacteria, we
usedmethicillin-resistant Staphylococcus aureus (MRSA, Korean Culture Center
of Microorganisms (KCCM), ATCC33591) and L-929 cells (2.0×106 cells/
mL). This strain was grown in Brain Heart Infusion (BHI, MD 21152, Sparks,
USA) medium. The bacteria were cultured at 37 °C for 15 h. Then, the
culture media were centrifuged and bacteria were washed with PBS solu-
tion. Bacteria concentrations were determined with UV–Vis spectro-
photometer and confirmed by spreading bacteria on BAP (Blood Agar plate)
and incubating them at 37 °C for 15 h, followed by colony counting [42].
The volume of PBS solution was adjusted to achieve a target concentration
of bacteria, 105 CFU/mL.

Generally, the main goal of cytotoxicity testing is to assess the
biocompatibility of biomaterial itself using mammalian cell culture
system [43,44], because the test is useful in evaluating the toxicity of
biomaterials and it provides a good way to screen biomaterials prior to
in vivo tests. Therefore, newly fabricated biomaterial itself including
degradable and non-degradable material is required to be evaluated for
cytotoxicity regardless of the material functionality. Unlike other stu-
dies utilized in biological safety testing, cytotoxicity is not a pass/fail
test. Therefore, we have tested the cytotoxicity of MMPs itself on L-929
cells using MTT assay according to the document of International
standard (ISO 10993-5) [45].

In order to determine the bacteria capture efficiency of the TOPFNs,
MRSA (1.0×105 CFU/mL, 0.5mL) and L-929 (2.0× 106 cells/mL,
0.5 mL) in RPMI media were mixed with the TOPFNs (500 μg/mL,
0.5 mL) or the PMNs (500 μg/mL, 0.5mL) for 30min, respectively.
From the mixed solutions, each of the bacteria-captured particle com-
plexes (TOPFNs and PMNs) were separated using a magnet to calculate
the number of captured bacteria.

For photodynamic bactericidal effect of TOPFNs, a light-emitting
diode (LED; λmax= 517 nm, full width at half-maximum
(FWHM)=37.8 nm, 3.9 mW/cm2) was used for irradiation light source
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with a cutoff filter (< 400 nm; CVI) to block the residual UV light of the
LED. The power density of the LED light at sample position was mea-
sured with a power meter. TOPFNs (500 μg/mL, 0.5mL) were added
into the MRSA (1.0× 105 CFU/mL, 0.5 mL) and L-929 (2.0× 106 cells/
mL, 0.5 mL) in RPMI media. After 30min, the LED light radiated onto
the mixture solution at various time intervals. After irradiation, the
100 μL of mixture solution was spread on a BAP and then incubated at
37 °C for 15 h in order to estimate the bactericidal effect of TOPFNs.
And viability of live L-929 cells was checked by cell counting method
using trypan blue staining protocol [46].

In order to check the possibility of practical application, the pho-
todynamic bactericidal effect of TOPFNs was evaluated in-vivo experi-
ment. The adult female mice (Charles River Laboratories Inc., USA),
5 weeks old and weighing 21–25 g, were used. All animal experimental
procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) of Yonsei University (2012-0083) and all mice
were maintained under the guidelines of an approved protocol. The
mice were anesthetized with an intraperitoneal (i.p.) injection of ke-
tamine/rompun. Back of mice was shaved and washed with saline so-
lution. The skin on a back of mice was scratched with needles in the
area of 1 cm2. After 5min, 10 μL of MRSA (1011 CFU/mL) in PBS con-
taining LIVE/DEAD BacLight Bacterial Viability Kit was applied to a
wounded skin on the back of mice for infection. The LIVE/DEAD Kit
was included two components: SYTO9 stains the DNA with the green
fluorescence in all bacteria, while propidium iodide (PI) provides in-
tense red fluorescence [47]. The ratio of green and red fluorescence
intensity of bacteria stained with this techniques allows the undamaged
bacteria (with green fluorescence) to be distinguished from the da-
maged ones (with red and green fluorescence). DNA or RNA of un-
damaged bacteria are stained with only SYTO9 whereas DNA of da-
maged bacteria are stained with both SYTO9 and PI [48]. Therefore
when bacterial cell membranes were damaged green fluorescence in-
tensity is decreased due to the entrance of propidium iodide. After
30min allows to MRSA binding host tissues [49]. TOPFNs were applied
to the infected region of only mouse 2 and 3. The LED (λmax: 517 nm,
power density: 11.8 mW/cm2) light irradiated to mouse 1 and 3 for 1 h,
and fluorescence from a back of mice was measured with Luminescence
and Fluorescence Animal Imaging System (IVIS 200, Xenogen) at every
10min. Fluorescence intensities from the images were quantified using
by Xenogen Living Image® software.

3. Results and Discussions

Novel target-oriented photofunctional MNPs were fabricated by
surface functionalization of the magnetic nanoparticles with a

photosensitizer, HP, and a targeting molecule, MRSA-antibody. The HP
was bonded to transition metal cations on the surface of the Fe3O4

nanoparticles via an esterification reaction. In order to improve the
targeting ability of the MNPs, MRSA-antibody was introduced to the
surface of the MNPs. Fig. 1(A, inset) shows the morphological analysis
of the Fe3O4 nanoparticles by FE-SEM which clearly indicated that
nanoparticles were mostly spherical with good size uniformity. And
Fig. 1(A) shows the size histogram of the Fe3O4 nanoparticles, which
was estimated by sampling 300 particles in different regions of the FE-
SEM image. It shows the nanoparticles size distribution, where the
average diameter of<φ> =103 ± 7 nm was obtained using a
Gaussian fit. Fig. 1(B) shows the XRD patterns of the powder Fe3O4

nanoparticles. The diffraction peaks from the Fe3O4 particles occur at
Bragg angles of 30.0, 35.6, 43.3, 53.7, 57.0, and 62.8°. These Bragg
reflection peaks were confirmed by their Miller indices ((220), (311),
(400), (422), (511), and (440)) that was obtained from the standard
Fe3O4 powder diffraction data (JCPDS, card 19-0629). All the strong
diffraction peaks can be indexed to a typical magnetite crystal with
cubic inverse spinel structure [50,51].

To understand the bonding properties of the HP and MRSA antibody
to the surface of the MNPs, FT-IR spectra of HP, PMNs, MRSA-antibody,
and TOPFNs were compared, as shown in Fig. 2. The IR spectrum of

Fig. 1. (A) The size distribution and scanning electron microscope (SEM) image of the Fe3O4 nanoparticles (inset), (B) X-ray diffraction (XRD) pattern of the Fe3O4

nanoparticles.

Fig. 2. FT-IR spectra of (A) HP, (B) HP@Fe3O4, (C) MRSA antibody, (D)
TOPFNs.
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pure HP presents absorption peaks at 1711 cm−1, 1440 cm−1, and
1260 cm−1, which correspond to the stretching modes of the free car-
bonyl double bond (νC]O), the carbon‑oxygen single bond (νCeO), and
the OH deformation (νCeOH), respectively [52]. These characteristic
absorption peaks suggest that pure HP has protonated carboxyl groups
(COOH), as expected. After the conjugation reaction occurs between the
carboxyl group and the Fe ion, the IR spectrum of the HP bonded to
surface of Fe3O4 presents the peaks corresponding to the protonated
carboxyl group, and the new bands appear at 1562 cm−1 and
1424 cm−1, which are ascribed to the asymmetric (νas) and the sym-
metric (νs) stretch vibrations of the carboxylate group, respectively
[53,54]. The peaks of MRSA antibody in the spectrum are assigned to
be the C]O stretching mode of the amide I group at 1654 cm−1, the
CeN stretching and NeH bending vibrational modes of amide II at
1521 cm−1 from the reference [55]. In the spectrum of MRSA antibody
bounded HP@ Fe3O4, the C=O stretching mode peak and the CeN
stretching and NeH bending vibrational modes peak of MRSA antibody
are shifted to 1627 and 1546 cm−1 due to the Maillard reaction be-
tween carboxylic groups (eCOOH) of HP@Fe3O4 and amide groups
(eNH2) of MRSA antibody [56]. Therefore, these results suggest that
HP and MRSA antibody molecules are bound up with the surface of
Fe3O4 nanoparticle coating through the carboxyl and amide group,
respectively.

The spectrum of HP in ethanol solution shows one B band (400 nm)
and four Q bands (500, 533, 573, and 625 nm) as shown in Fig. 3(A).
The absorption spectrum of TOPFNs in ethanol solution also includes
the B and Q bands at similar wavelengths but with broader shapes and
slightly red shifted peak positions. Such difference in the peak width

and position is possibly due to the self-coupling of HPs attached to the
surface and the inhomogeneous bonding nature of HP to the surface of
TOPFNs [57]. The fluorescence emission peaks of TOPFNs in ethanol
solution at 623 and 687 nm were also similar to those of HP in ethanol
solution at the excitation of 500 nm but with slightly blue shifted peaks
positions as shown in Fig. 3(B). Such blue shift suggests that a strong
coupling exists between HP and the surface of the magnetic nano-
particle [38]. In order to specify the optical property at the excitation
wavelength, excitation spectra of TOPFN and HP were measured at the
emission wavelength (687 nm). As shown in Fig. 3(B, inset), the sam-
ples were optically matched at the excitation wavelength (500 nm). In
order to estimate the amount of introduced HP on the surface of the
magnetic particles, the comparative absorption ODs at 500 nm was
measured with the reference HP solution (4.28×10−2 mM) before the
insertion of the magnetic particles for reaction and the remaining HP
solution obtained after the reaction with the particles [38]. The result of
O.D. difference indicates that 2.86× 10−8 mol (equivalent to
1.72×1016 molecules) of HP are immobilized onto the surface of 1mg
of magnetic particles.

The most direct measurement method for singlet oxygen is the de-
tection of phosphorescence from the deactivation of singlet oxygen
molecules induced by photoexcited HP. As shown in Fig. 4, singlet
oxygen phosphorescence signals from HP and TOPFNs were measured
in ethanol solution at a detection wavelength of 1270 nm which is the
maximum of the phosphorescence emission. The intensities of the
singlet oxygen phosphorescence signal at the zero time point were
nearly identical for HP and TOPFNs. The phosphorescence decay sig-
nals from HP and TOPFNs were fitted to a single exponential function,

Fig. 4. Phosphorescence decay signals induced by relaxation of the singlet oxygen from (A) HP, and (B) TOPFN in ethanol solution (The insets are residuals of fitting
function). Phosphorescence signals were detected at 1270 nm and fitted with a single exponential function (solid line).

Fig. 3. (A) Absorption and (B) emission spectra of pure HP and TOPFNs in EtOH. The excitation wavelength is 500 nm for the emission spectra. The inset of (B) shows
the excitation spectra of pure HP and TOPFN at the emission wavelength of 687 nm.
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yielding similar singlet oxygen lifetimes of 14.3 and 14.1 μs, respec-
tively. These measured singlet oxygen lifetimes are consistent with the
reported value [57,58]. These results suggest that the singlet oxygen
generated from TOPFNs did not quenched by the MNP and MRSA an-
tibody on the surface of MNPs.

The cytotoxicity of TOPFNs itself to L-929 cells was evaluated using
the MTT assay. The MTT was assessed using the CellTiter 96 Aqueous
One Solution Cell Proliferation Assay kit (Promega, WI, USA), and
measured optically at 490 nm. As shown in Fig. 5, the data indicate no
cytotoxicity of TOPFNs itself in the concentration range of 0–500 μg/
mL, that are the utilized range for the photodynamic inactivation of

bacteria in this study. Cell viabilities are> 90%. The low-cytotoxicity
of TOPFNs is expected to be due to the large particle size of 100 nm that
does not affect to the cell viability. It has been reported that the pe-
netration possibility is very low for the nanoparticle that has the size
larger than 70 nm [59,60].

The MRSA capture efficiency of the TOPFNs was compared with
PMNs as a negative control. As shown in Fig. 6(A), the bacteria capture
efficiency of TOPFNs and PMNs were 95.55 ± 2.49% and
6.43 ± 1.96% of the original number of bacteria, respectively. As ex-
pectation, the TOPFNs exhibited high capture efficiency for MRSA,
while PMNs didn't show a significant value due to non-specific bonding
sites for the adsorption of MRSA on the surface. The results show the
more enhanced capturing efficiency than the previous reports [61,62].
The viability of MRSA was not changed by the TOPFNs itself at the
same time. Also, viabilities of L-929 cells were not changed in the light
irradiation condition because L-929 cells had not been reacted with
irradiated light [63]. In particular, the TOPFNs in MRSA and L-929 cells
mixture solution were irradiated with LED system with a 3.93mW/cm2

for 60min. After the irradiation, we evaluated a viability of MRSA and
L-929 cell at every 10min to demonstrate the selective PDI efficiency.
The results were shown in Fig. 6(B). The viability of MRSA was dra-
matically dropped from 1.0× 105 CFU/mL to 100 CFU/mL in 60min.
But the viability of live L-929 cells is nearly not affected by the ROS in
this experimental condition. The results suggest that the TOPFNs can be
used appropriately for PDI agent minimizing damages to surrounding
normal cells and maxmizing PDI efficiency to the targeted bacteria.

Fig. 7 shows the bactericidal activity during in vivo PDI treatment.
The TOPFNs were applied to the scratched wound on a back skin in-
fected with MRSA of mice. All mice (1–3) were infected with MRSA in
the defined area on the back of the mouse. The MRSA-infected wound
of the mice (2) and (3) were applied with the TOPFNs, while mouse (1)

Fig. 6. (A) The MRSA capture efficiency of TOPFNs and PMNs and (B) Survival curves of MRSA and (C) L-929 cells in MRSA and L-929 cells mixture solution with
TOPFNs.

Fig. 5. The cytotoxicity of TOPFNs itself to L-929 cells incubated with various
concentrations of TOPFNs for 24 h at 37 °C in 100% humidity and 5% CO2 in
the dark.
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was not as a control. To confirm the efficacy of PDI, the back of the
mice (1) and (3) was irradiated with LED. The mouse (2) was kept in
the dark container as a dark control group. And then we acquired the
successive fluorescence images from a back of mice every 10min during
LED irradiation. The ROI intensities of the mouse (1) and mouse (2)
were slightly decreased and not changed, respectively. It means that
viability of MRSA is maintained as the similar value of the initial
concentration of MRSA at the infection area since it is difficult for the
captured MRSA to diffuse into the dermis from the epidermis of a
mouse. Therefore, the TOPFNs depresses the diffusion effect of MRSA
into other tissue by capturing MRSA. In the case of the mouse (1), we
assume that it may be a result of diffusion of MRSA into the dermis from
the wounded epidermis of a mouse. In the case of the mouse (3) applied
with TOPFNs under light irradiation, MRSA infection rate was sig-
nificantly down to 38% for 60min.

4. Conclusions

In conclusion, a goal of our work is treating methicillin-resistant
Staphylococcus aureus (MRSA) by photodynamic inactivation (PDI) ac-
companied with minimizing damage to the host tissues. We fabricated
target-oriented photofunctional nanoparticles (TOPFNs), which are
Fe3O4 nanoparticles conjugated with both hematoporphyrin (HP) and
monoclonal MRSA antibody. It is biocompatible and has original
functionality which of generating ROS and capturing MRSA. Our results
show that the TOPFNs killed selectively MRSA in L-929 cells mixed in
vitro condition. And the PDI effect of TOPFNs was confirmed in vivo
experiment condition. The results suggest that he TOPFNs can be used
for treating antibiotic-resistant bacteria under a specific wavelength of
light instead of using antibiotics or drugs which may cause to emerge
antibiotic resistant bacteria. And it can be applied to a new strategy to
cure antibiotic resistant microbial disease.
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