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ABSTRACT: Magnetic/antibacterial bifunctional nanoparticles were fabricated
through the immobilization of antibacterial N-halamine on silica-coated Fe;O,-
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decorated poly(styrene-co-acrylate acid) (PSA) nanoparticles. The samples were =~ ik S
characterized by scanning electron microscopy (SEM), transmission electron —Fsagfeo@sio,  rsagreogsioomn M EEETEE
microscopy (TEM), X-ray photoelectron spectra (XPS), X-ray diffraction (XRD), 0 on o on
energy-dispersive X-ray spectrometry (EDX), Fourier transform infrared (FTIR), - OHy 2 G,

and thermogravimetric analysis (TGA). The N-halamine was developed from the (Z]/“‘H ng‘m

precursor S,5-dimethylhydantoin (DMH) by chlorination treatment, and experi-

mental results showed that the loading amount of DMH on the silica-coated Fe;O,4-decorated poly(styrene-co-acrylate acid)
nanoparticles was adjustable. The as-synthesized nanoparticles exhibited superparamagnetic behavior and had a saturation
magnetization of 18.93 emu g~ '. Antibacterial tests showed that the resultant nanoparticles displayed enhanced antibacterial
activity against both Gram-positive and Gram-negative bacteria compared with their bulk counterparts.
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B INTRODUCTION

Recently, microbial threats on human health and safety have
become a serious public concern. In response to the wide
spreading of infectious diseases, antibacterial materials that can
effectively inhibit the growth of microorganisms have attracted
significant research interests.' To date, free halogen,%4 ozone,>®
chlorine oxide,”® metal ions,” quaternary ammonium salts,'"" qua-
ternary phosphonium salts,'> molecularly en%ineered peptides,
guanidine,l“’15 N-chlorinated sulfonamides,’® N-halamines,"”*
etc., have been used in the development of antibacterial materials.
The antibacterial performances of these materials differ signifi-
cantly, offering considerably broad selective options for a wide
range of application fields."” It was established in the mid 1970s
that N-halamines are excellent antibacterial compounds for
several reasons including antibacterial efficacies, stabilities in
aqueous solution and in dry storage, lack of corrosion of surfaces,
low toxicities, and relatively low expense.”>*' Extensive work on
N-halamine compounds for disinfection in aqueous solution was
reported during the 1980s, illustrating their potential for use in a
broad variety of applications.”>>* The most important practical
application for N-halamine compounds has been directed toward
inactivation of pathogens.** Worley and co-workers have focused
on the development of novel N-halamines for use in potable
water disinfection and textiles for several decades.”* >° In more
recent times, N-halamine materials have been developed and
investigated extensively in several laboratories.”**~® In other
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words, stable N-halamines are effective oxidizing agents that can
oxidize the molecules on cell surfaces which are vital for cell
survival.”® Therefore, N-halamine chemistry has proved to be
important in the development of effective antibacterial compounds.

Great efforts have been devoted to synthesizing multicomponent
hybrid nanoparticles, which were explored as a means to achieve
increased complexity and functionality in nanoparticles.” '
These nanoparticles are composed of discrete domains of different
components, and thus can exhibit the properties of different com-
ponents in the same structure.’> Such hybrid nanoparticles open
up new possibilities for investigating the synergism between different
nanoscale components, and have a broad range of applications
not available in homogeneous nanoparticles.> Among multifarious
hybrid nanoparticles, multifunctional nanoparticles with mag-
netic component have received much attention from researchers
due to their various biological and medicinal applications, such as
magnetic targeting of drugs, genes, and radiopharmaceuticals;
magnetic resonance imaging; diagnostics; immunoassays; RNA
and DNA purification; gene cloning; and cell separation and
purification.**** Magnetic component provided hybrid nano-
particles mobility in the presence of a magnetic field.*” Fe;0,
nanoparticles are most commonly selected as superparamagnetic
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Figure 1. Schematic illustration of the preparation procedure of the
N-halamine-immobilized PSA@Fe;O,@SiO, nanoparticles.

component in the fabrication of the multifunctional hybrid nano-
particles because of their unique magnetic properties and ease of
preparation.* In particular, Fe;O, nanoparticles prepared by the
well-known Massart’s method based on the classical coprecipitation
procedure is most widely used superparamagnetic nanoparticles.*'

Hybrid nanoparticles with a controllable shape and size are of
great scientific and technological importance because of their
unique chemical and physical properties.*> A colloidal template
method is an effective and general approach for the preparation
of structure governable nanoparticles, especially for studies in
which a narrow size distribution is required.*> The apparent
advantage of the colloidal template method is that the shape and
size of formed nanostructures are directly determined by the
template.** Monodisperse poly(styrene-acrylic acid) (PSA) nano-
particles are commonly chosen as colloidal templates because
they are prepared simply by the surfactant-free emulsion polym-
erization, and easily controllable in a wide range of sizes.*>~*” For
example, Li et al. reported the study of using monodisperse PSA
nanoparticles to produce surface-enhanced Raman spectroscopy
(SERS) labels with the aim to improve the synthetic control over
the micro/nano structures of the SERS substrates for high
performance molecular imaging and molecular barcode applica-
tions.*> Xuan et al. designed well-defined magnetic separable,
hollow spherical Fe;O4/TiO, hybrid photocatalysts by the aid of
PSA template.*® Lu et al. synthesized monodisperse magnetizable
silica composite particles from the heteroaggregates of PSA
nanoparticles and Fe;O4 nanoparticles.48

Herein, novel bifunctional hybrid nanoparticles were prepared
through anchoring antibacterial N-halamine on silica-coated
magnetic nanoparticles by the aid of PSA template. The proce-
dure employed to obtain N-halamine-immobilized PSA@-
Fe;0,@Si0, nanoparticles is illustrated in Figure 1. First,
monodisperse PSA nanoparticles were synthesized by surfac-
tant-free emulsion polymerization method, and Fe;O,4 nanopar-
ticles were deposited on PSA nanoparticles to make them
magnetically functionalized. To achieve highly stable magnetic
nanoparticles, PSA@Fe;0,4 nanoparticles were encapsulated by
thin silica shell. The surface of the silica-coated PSA@Fe;0,
nanoparticles were subsequently modified with a silane coupling
agent (3-chloropropyl triethoxysilane, CPS), and chlorine
groups on the surface of PSA@Fe;0,@SiO, nanoparticles are
so active that they can easily attach to 5,5-dimethylhydantoin
(DMH, the precursor of N-halamine). Finally, the hydantoin

groups of DMH transformed into N-halamine structures by
chlorination treatment to produce N-halamine-immobilized sili-
ca-coated magnetic PSA nanoparticles. Successful preparation
was evidenced by different techniques like SEM, TEM, XPS,
EDX, XRD, FTIR, and TGA. The resultant hybrid nanoparticles
exhibited satisfying magnetic property and powerful antibacterial
activity against both Gram-positive and Gram-negative bacteria.
The synergism between these two functions can prevent the
magnetic materials from microbial threats, and make the anti-
bacterial agents magnetically governable. It is a promising topic
to synthesize hybrid nanoparticles consisting of the several kinds
of components with fine structures and excellent antibacterial/
magnetic properties.

B EXPERIMENTAL SECTION

Materials. Ferric chloride (FeCl;) was purchased from Tianjin
Huadong Chemical Reagent Plant. Ferrous chloride (FeCl,-4H,0),
styrene (St), Acrylic acid (AA), and tetraethoxysilane (TEOS) were
obtained from Tianjin Guangfu Fine Chemical Research Iinstitute.
Anhydrous ethanol, methanol and ammonium hydroxide (25 wt % NH;
in water) were purchased from Beijing Chemical Company. 3-chloropropyl
trimethoxysilane (CPS), potassium persulfate (PPS) and Sodium bicar-
bonate (NaHCOj;) were available from Shanghai Chemical Reagent
Plant and Tianjin Hongyan Chemical Reagent Factory, respectively.
Potassium hydroxide (KOH) and sodium hypochlorite (NaClO) were
provided from Sinopharm Chemical Reagent Co., Ltd. 5, S-dimethylhy-
dantoin (DMH) was purchased from Westingarea Co., Ltd. The other
reagents were analytical grade and were used without any purification.

Preparation of Fe;0, Nanoparticles. Iron oxide nanoparticles
(Fe30,) were prepared through an improved chemical coprecipitation
method.*® Briefly, a solution of a mixture of FeCly (1.817 g) and
FeCl,-4H,0 (1.113 g) together with 150 mL of water was prepared
with agitation under N, protection in a three-necked flask of 250 mL
volume. Then, 15 mL of NH; aqueous solution (25 wt %) was added
dropwise slowly to the flask. After reacting at 50 °C for 30 min under
mechanical stirring and N, protection, the Fe;O, solid precipitations
were magnetically separated, washed with water for dozens of times.

Preparation of PSA Nanoparticles. PSA nanoparticles were
prepared by surfactant free emulsion copolymerization of St with AA.*’
Typically, 100 mL of water, 0.12 g of NaHCO3, S mL of St and 0.5 mL of
AA were added into a three-necked flask fitted with a reflux condenser
and a mechanical stirrer. PPS served as the initiator and no surfactant was
used in the polymerization. The reaction was carried out under a
nitrogen atmosphere at 70 °C for 12 h with mechanical stirring. The
resulting product was purified by several centrifugation/dispersion
cycles in water.

Preparation of PSA@Fe;0, Nanoparticles. Stock solution
with pH value of 2—4 was prepared by the addition of hydrochloric
acid in water. The PSA and Fe;0, nanoparticles were washed with the
stock solution, and then dispersed in the stock solution by ultrasonic
treatment. One mL of PSA (10 mg/mL) dispersion was added to a S mL
dispersion of Fe;0, nanoparticles (6 mg/mL) under vigorous stirring.
After 6 h, the PSA@Fe3;0, were separated from the solution by magnetic
decantation and washed several times with a 1:1 (V:V) mixture of water
and ethanol to remove nonadsorbed Fe;O, nanoparticles.

Preparation of PSA@Fe3;0,@SiO, Nanoparticles. The Stober
method was used for depositing a silica layer on PSA@Fe;0, nano-
particles.*® Typically, 1 mL of the PSA@Fe;0, (10 mg/mL), SO mL of
ethanol, and 300 uL of TEOS were added into a 250 mL three-necked
flask, and the mixture was stirred vigorously at room temperature. After
24 h, a mixture of 1 mL of water and 1.7 mL of ammonium hydroxide
was added into the flask and allowed to react for 12 h. The resulting
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composite particles were isolated from the solution by magnetic
decantation and washed several times with water.

Preparation of PSA@Fe;0,@SiO,-DMH Nanoparticles. Im-
mobilization of DMH on PSA@Fe;0,@SiO, nanoparticles was accom-
plished via a two-step process including CPS modification of PSA@
Fe;0,@SiO, nanoparticles and DMH immobilization. First, the surfaces of
PSA@Fe;0,@SiO, nanoparticles were modified with 3-chloropropyl
triethoxysilane (CPS). Briefly, 0.5 g of PSA@Fe;0,@S5iO, nanoparti-
cles was mixed with 0.1 mL of CPS and 25 mL of ethanol at 40 °C for
12 h. The CPS-modified PSA@Fe;0,@SiO, colloids were separated
with a magnet and washed repeatedly with ethanol and water to remove
excess CPS.

In the second step, 0.1 g of DMH was dissolved in 20 mL of ethanol in
the presence of 0.1 g of potassium hydroxide. This mixture was heated at
78 °C for 30 min, after 0.5 g of CPS modified PSA@Fe;0,@SiO,
nanoparticles and 10 mL of methanol were added into the mixtures. The
reaction was continued for 12 h at 60 °C. The products PSA@Fe;0,@
SiO,-DMH were collected by magnetic decantation and washed by
repeating redispersion in deionized water and pure ethanol, respectively.

Preparation of N-Halamine-Immobilized PSA@Fe;0,@
SiO, Nanoparticles. Chlorination of PSA@Fe;0,@SiO,-DMH
nanoparticles was carried out as followed. About 0.2 g of PSA@Fe;0,@
SiO, was dispersed into 20 mL of sodium hypochlorite solution, and
chlorination was carried out by vigorously stirring for 12 h at room
temperature. In the end, the products N-halamine-immobilized PSA@
Fe;0,@SiO, were separated with a magnet and washed by repeating
redispersion in deionized water and pure ethanol.

Characterizations. TEM images were taken on a Hitachi H-8100
transmission electron microscope at 200 kV. SEM images were taken on
a Shimadzu SSX-550 field emission scanning electron microscope at
15.0 kV. The energy-dispersive X-ray (EDX) was also performed during
the scanning electron microscope measurements. The XRD patterns
were obtained with a Siemens model DS000 diffractometer equipped
with a copper anode producing X-rays with a wavelength of 1.5418 A.
Data were collected in continuous scan mode from 10 to 80° with a 0.02°
sampling interval. X-ray photoelectron spectra (XPS) measurement was
carried out on a PHI-S000CESCA system with Mg K radiation
(hr =1253.6 eV). The X-ray anode was run at 250 W, and the high
voltage was kept at 14.0 kV with a detection angle at 540. All the binding
energies were calibrated by using the containment carbon (C 1s =284.6eV).
FTIR spectra were recorded by using a Thermo Nicolet (Woburn, MA)
Avatar 370 FTIR spectrometer. Thermogravimetric analysis (TGA) was
performed suing a PerkinElmer thermogravimetric analyzer. Magnetiza-
tion curves as a function of magnetic field were measured at 298 K under
magnetic field up to 10 kOe.

Antibacterial Test. Control and chlorinated samples were chal-
lenged with Staphylococcus aureus (S. aureus, ATCC 25923, Gram-
positive) and Pseudomonas aeruginosa (P. aeruginosa, ATCC 27853,
Gram-negative) using the spread plate method. Bacteria were grown
overnight at 37 °C in Luria—Bertani medium (LB, 10 g of tryptone and
S g of yeast extract/liter). Cells were harvested by centrifugation, washed
twice with phosphate-buffered saline (PBS, NaCl, 8.0 g/L; KCl, 0.20 g/L;
Na,HPO,- 12H,0, 3.49 g/L; KH,PO,, 0.2 g/L; pH 7.4), and diluted
to concentrations of 1 x 10°~7 colony-forming units/mL. 100 mg of
each sample was dispersed in 0.45 mL sterilized distilled water, vortexed,
and then sonicated for 30 min. For antibacterial test, S0 4L of bacteria
suspension was added into 450 4L sample suspension (final concentra-
tion of 200 mg/mL), mixed well, and incubated on a rotary shaker with
the rotation speed of 170 rpm. After a certain period of contact time,
4.5 mL of 0.03 wt % sodium thiosulfate aqueous solution, sterilized by
passing through 0.22 um membrane and exhibited no effect on the
growth of bacteria, was added into the reaction suspension to neutralize
the active chlorine and stop the antibacterial action of sample. The
resulting mixture was mixed well, serially diluted, and then 100 #L of

Figure 2. SEM images of (a) PSA and (b) PSA@Fe;0,, and (c) TEM
images of PSA@Fe;04, (d) PSA@Fe;0,@SiO,, and (e) N-halamine-
immobilized PSA@Fe;0,@SiO, nanoparticles.

each dilution was dispersed onto LB agar plates. Colonies on the plates
were counted after incubation at 37 °C for 24 h. Bacteria diluted by
diwater in the same way of sample testing (blank solution) worked as
negative control.

Minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) were also determined to evaluate the antibacterial
activity of the sample. Bacteria were grown overnight at 37 °C in Mueller
Hinton Broth (MHB). Cells were harvested by centrifugation, washed
twice with MHB and diluted to concentrations of 2 x 10° colony-
forming units/mL Samples with serial weights were each dispersed in
150 uL MHB, vortexed, and then sonicated for 30 min. 50 uL of bacteria
suspension was then added into sample suspension. After incubation in a
shaking incubator overnight at 37 °C, 1.8 mL of 0.03 wt % sodium
thiosulfate aqueous solution was added into the incubation suspension.
The resulting mixture was serially diluted, and then 100 uL of each
dilution was dispersed onto LB agar plates. Colonies on the plates were
counted after incubation at 37 °C for 24 h.

B RESULTS AND DISCUSSION

The morphology and sizes of the sample were observed by
SEM and TEM as shown in Figure 2. Figure 2a shows repre-
sentative SEM image of the pristine PSA nanoparticles, exhibit-
ing that monodisperse and well-defined spherical particles with
average particle diameter of 171 = 10.2 nm have smooth surfaces
without any coagulation. In images b and ¢ in Figure 2, PSA@
Fe30, nanoparticles possess rough surfaces, distinctively sug-
gesting that Fe;O,4 nanoparticles are irregularly dispersed on the
PSA surfaces. The particle sizes of the iron oxide nanoparticles
are in the range of 6—30 nm. On the basis of SEM and TEM
analysis, a powerful evidence for the stability of PSA@Fe;0,
nanoparticles was presented. PSA@Fe3;0, nanoparticles fabri-
cated at low pH kept their original structure under neutral
condition of TEM study, indicating that interactions other than
electrostatic ones exist at the interface of the PSA and Fe;O,
nanoparticles which are responsible for the stability of the
PSA@Fe;0, nanoparticles.48 Silica-coated PSA@Fe;O,4 nano-
particles as shown in Figure 2d exhibit spherical shape, smooth
surface, and obvious core/shell structure, implying the uniform
coating of silica layer. TEM observations also show that the mean
diameter of the composite nanoparticles increases to about
228 nm after the silica coating, and the increase in particle size
is also an evidence of the presence of silica shell. TEM image of
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Figure 3. XPS spectra of (a) PSA, (b) PSA@Fe;0,, (c) PSA@Fe;0,@
Si0,, (d) PSA@Fe;0,@SiO,-DMH nanoparticles.
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Figure 4. (a) XRD and (b) EDX spectra of PSA@Fe;0,, nanoparticles.

the N-halamine-immobilized PSA@Fe;0,@SiO, nanoparticles
is shown in Figure 2e. Composite particles maintain spherical
shape and core/shell structure, and particles surfaces become
somewhat coarseness, which distinctly expresses that N-halamine
is loaded onto the surface of PSA@Fe;0,@SiO, nanoparticles.

Detailed information about the composition of the samples
was provided by X-ray photoelectron spectroscopy (XPS) mea-
surements. XPS spectra of PSA, PSA@Fe;0,4, PSA@Fe;0,@
SiO,, and PSA@Fe;0,@SiO,-DMH nanoparticles were shown
in Figure 3. The PSA nanoparticles show the main peaks of C 1s
and O 1s centered at 284 and 533 eV, respectively.’’ As for
PSA@Fe;0,, additional new peaks of Fe 2ps3,, and Fe 2p,/,
appeared at 710 and 724 eV, indicating that Fe;O,4 nanoparticles
successfully deposited on PSA surfaces.”> In the spectrum of
PSA@Fe;0,@Si0,, two new peaks assigned to photoelectrons
originating from the Si2s and Si 2p energy level appear at 154 and
103 eV, respectively, and characteristic peaks of Fe 2p;,, and Fe
2p1/, disappear.®® From these results, we can conclude that
Fe30, decorated PSA nanoparticles were completely encapsu-
lated by silica layer. PSA@Fe;0,@SiO,-DMH nanoparticles
exhibit the peaks of C 1s, O 1s, Si 2s, Si 2p, and a new N 1s
peak at 400 eV, in response to the amide group of hydantoin
groups.®

The deposition of Fe;O4 on PSA nanoparticles was further
verified from the XRD and EDX data which were collected from
the PSA@Fe;0, sample. Figure 4a shows the typical XRD

Figure 5. TEM images of PSA@Fe;0,4 nanoparticles prepared with
different Fe;0,/PSA mass ratio: (a, b) 1/1, (¢, d) 3/1, and (e, f) 5/1.

pattern of the obtained PSA@Fe;O, nanoparticles. All the
observed peaks in the pattern can be indexed to the face-
centered-cubic phase of Fe;0,.%° No impurity is observed, which
indicates that the product is pure Fe;O, phase. Moreover, a
broad peak appearing in the range from 15° to 25° is attributed to
amorphous PSA.*® The EDX spectrum (Figure 4b) of PSA@-
Fe;O,4 nanoparticles demonstrates the existence of O, C, and Fe
element, of which the Fe element arises from Fe;O,4. The Au
peaks in the spectrum come from Au deposited on the tested
sample before measurement. These XRD and EDX data
suggest that the PSA nanoparticles were coated by the Fe;O,
nanoparticles.

The mass ratio of Fe;O, to PSA has a dramatic impact on the
morphology of the PSA@Fe;0, nanoparticles. As shown in
TEM images (Figure S), with increasing Fe;0,/PSA ratio from
1/1 to 3/1, then to 5/1, the surfaces of PSA@Fe3;0, nanopar-
ticles become more and more rough. When the Fe;0,/PSA ratio
is 1/1, Fe;0y, is not sufficient to cover the whole PSA nanopar-
ticles, leaving some bare PSA particles without Fe;O,4 decoration.
When the Fe;04/PSA ratio is 3/1, PSA particle surfaces can be
uniformly surrounded by Fe;O,, forming perfect Fe;0, -deco-
rated magnetic PSA nanoparticles. When the Fe;O,4/PSA ratio is
5/1, Fe30, is excessive, and some aggregated Fe;O,4 nanoparti-
cles without PSA core was generated while PSA nanoparticles
were fully functionalized with Fe;O,. Therefore, in the subse-
quent silica coating, PSA@Fe;0,4 nanoparticles prepared with
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Figure 6. EDX spectrum of PSA@Fe;0,@SiO, nanoparticles.
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Figure 7. FTIR spectra of (a) PSA@Fe;0,@Si0,, (b) PSA@Fe;0,@
Si0,-DMH nanoparticles, and (c) free DMH.

Fe30,/PSA ratio of 3/1 were employed to fabricate PSA@
Fe;0,@SiO, nanoparticles.

As a result of anisotropic dipolar attraction, magnetic Fe;0,
nanoparticles tend to aggregate together, and silica coating
through a sol—gel process can well tackle this problem. Silica
coating can effectively screen the magnetic dipolar attraction
between Fe;O,4 nanoparticles, and favor the stability of Fe;O,
nanoparticles immobilized on PSA surfaces. Furthermore, this
coating provides them with a silica surface, possessing a larger
amount of terminated silanol, which allows further modification
with various groups through well-developed silane chemistry that
are useful for practical applications. To coat a silica layer, TEOS
as precursor of SiO, was first adsorbed uniformly onto PSA@
Fe30, nanoparticles under the condition of continuous stirring.
Because there are large amount of functional groups on the
PSA@Fe;0, particles surfaces, which enhance the affinity be-
tween the nanoparticles and TEOS. Silica layer was formed on
the PSA@Fe;0, surfaces via the hydrolysis and polycondensa-
tion of TEOS in an aqueous-ethanolic medium when ammonium
hydroxide was added.*® In the EDX spectrum (Figure 6), besides
O, C, and Fe element of PSA@Fe;0, nanoparticles, Si element
from SiO, layer is observed, which is in good agreement with the
TEM and XPS result (Figures 2d and 3c).

Immobilization of DMH on PSA@Fe;O,@SiO, nanoparticles
was further confirmed by FTIR analyses. Figure 7 shows FTIR
spectra of free DMH and of PSA@Fe;O,@SiO, nanoparticles before
and after DMH immobilization. The vibrational peak at 3242 cm ™"
assigned to the N—H bending vibration of the hydantoin group
was present in the spectrum of PSA@Fe;O,@SiO,-DMH nano-
particles.>® Tt can also be observed that another obvious vibrational
peak at 1700 cm ™" appeared, which was attributed to the C=0
amide stretching of the hydantoin groups from DMH molecule.*®
Therefore, the FTIR technique further verified that DMH has been
successfully loaded onto PSA@Fe;O,@SiO, nanoparticles.

The effect of mass ratio of DMH to PSA@Fe;0,@SiO,—CPS
on the DMH loading on PSA@Fe;0,@SiO, nanoparticles was

100
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Figure 8. TGA curves of PSA@Fe;0,@SiO,-DMH nanoparticles
prepared with different DMH/PSA@Fe;0,@SiO,—CPS mass ratio.
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Figure 9. FTIR spectra of PSA@Fe;0,@SiO,-DMH (a) and N-
halamine-immobilized PSA@Fe;0,@Si0, (b) nanoparticles. Insert is

the enlarged version of the FTIR spectra between 720 and 790 cm L

investigated by means of varying the DMH/PSA@Fe;0,@
SiO,—CPS mass ratio from 1/1 to 4/3, to 3/2, then to 2/1,
whereas all the other reaction parameters were kept constant.
The thermogravimetric analysis (TGA) results of the as-pre-
pared PSA@Fe;0,@Si0,-DMH with different DMH loadings
are illustrated in Figure 8. From TGA information, we can
conclude that these samples have the same component whereas
different content. The weight loss below 200 °C is attributed to
the evaporation of water and residual organic solvent.”” The
nanoparticles begin decomposing at about 220 °C, which is
ascribed to the decomposition of DMH.>” The decomposition
rate increases at 320 °C, which is caused by the degradation of the
PSA comgponent, and the PSA completely disappeared at about
500 °C.*® The incombustible residues remaining after pyrolysis
are assumed to be the mixture of Fe30, and SiO,.*” It is obvious
that the content of incombustible residues decrease from 27 to 19
wt % as the increase in DMH/PSA@Fe;0,@SiO,—CPS mass
ratio ranged from 1/1 to 2/1. As for PSA@Fe;0,@SiO,-DMH
nanoparticles, the content of the incombustible residues de-
creases with the increased DMH loading. Therefore, we can
conclude that the DMH loading on PSA@Fe;0,@SiO, nano-
particles increases as the DMH/PSA@Fe;O,@SiO,—CPS mass
ratio increases.

After chlorination, DMH immobilized on surface of PSA@
Fe;0,@Si0, nanoparticles transforms into N-halamine struc-
ture, obtaining N-halamine-immobilized PSA@Fe;0,@SiO,
nanoparticles, which can be captured by FTIR measurement.
Figure 9 illustrated FTIR spectra of PSA@Fe;0,@SiO,-DMH
and N-halamine-immobilized PSA@Fe;O0,@SiO,. The charac-
teristic absorption bands at 1628, 1495, and 1452 cm ™' for C=C
stretching and 754 cm ™' for C—H bending of benzene ring are
clearly observed.®® The peak at 700 cm ™' is attributed to
corrugation vibration of benzene ring, and the peaks at 1705
and 1451 cm ™ are the characteristic absorption bands of carboxyl
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Figure 10. (a) Magnetization curve of the N-halamine-immobilized
PSA@Fe;0,@Si0, nanoparticles at 298 K. (b) Photographs of the
N-halamine-immobilized PSA@Fe;0,@SiO, nanoparticles dispersed
in aqueous solution without and with external magnetic field.

groups of acrylic acid.**®' The peak at 534 em™ ' is ascribed to
the stretching vibration of Fe—O bands.%> The peak at 957 cm-1
is attributed to the stretching of Si—OH, and the two peaks at
800 and 1100 cm-1 arise from the symmetric and antlsymmetrlc
stretching vibration of Si—O—Si bond, respectively.”> These
peaks mentioned above are observed in both these two curves. In
the case of PSA@Fe;0,@SiO,-DMH nanoparticles, the broad
peaks centered at 3253 and 1750 cm™ ' are attributed to the
stretching Vlbratlon of N—H and C=O bond from DMH,
respectlvely As for N-halamine-immobilized PSA@Fe;0,@
SiO, nanoparticles, the broad peak corresponding to the stretch-
ing V1brat10n of N—H bond disappears, and a new peak at
756 cm ™' assigned to the N—Cl group is detected.*® An enlarged
version of the FTIR spectra between 720 and 790 cm " clearly
indicates presence of the N—Cl bonds.

Our group has reported that N-halamine-functionalized silica—
polymer core—shell nanoparticles could be produced by the
encapsulatlon of silica nanoparticles as support with polymeric
N-halamine.** For further practical application, N-halamine-
immobilized PSA@Fe;0,@SiO, nanoparticles combining mag-
netic property and antibacterial performance into one single
entity were fabricated. This rational combination can make the
N-halamine-based antibacterial materials magnetically separable
and widen their applications. Furthermore, regenerability is a
significant feature of N-halamine structural antibacterial, and
introducing the magnetic component can make the N-halamine
structural antibacterial materials recyclable.”*' The magnetic
behavior of N-halamine-immobilized PSA@Fe;0,@SiO, nano-
particles was investigated using a superconducting quantum
interference device magnetometer. The M-H curve measure-
ments (Figure 10a) of the sample indicate that the products
inherit the superparamagnetic property from the Fe;O,4 nano-
partlcles, and its saturation magnetization value (M) is 18.93
emu-g~ . This M, is much lower than that of the corresponding
bulk Fe;O,, which may be due to the small size of the Fe;O,
nanoparticles and the diamagnetic contrlbutlon of the silica shell
surrounding the magnetite nanoparticles.”® The magnetic target-
ing of N-halamine-immobilized PSA@Fe;0,@SiO, nanoparti-
cles was tested in aqueous solution by placing a magnet near the
glass bottle (Figure 10b). The nanoparticles were attracted
toward the magnet within short time. Therefore, this kind of
nanoparticles could carry antibacterial N-halamines to the

Contral PSA@Fs,0,@8i0, .)::.hmlm i
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Figure 11. Photographs showing the bacterial culture plates of (a)
S. aureus and (b) P. aeruginosa upon a 30 min exposure of the control,
PSA@Fe;0,@SiO, nanoparticles, bulk powder N-halamine, and
N-halamine-immobilized PSA@Fe;0,@SiO, nanoparticles. (c) Anti-
bacterial kinetic test graphs for the N-halamine-immobilized PSA@
Fe;0,@SiO, nanoparticles against S. aureus and P. aeruginosa as a
function of contact time.

targeted location of bacterial colonies, and also recover them
after antibacterial behavior by the aid of an external magnetic
field. These nanoparticles are potent biocidal agents, which can
be easily separated and mechanically directed by applying a
magnet. This is a utility when a particle-bound bacteria needs to
be captured for environmental monitoring, or the particles are to
be directed specifically to be a location of bacterial colonies, such
as in water treatment system and cooling devices and pipes.
The antibacterial performance of the N-halamine-immobilized
PSA@Fe;0,@Si0, nanoparticles was examined against Gram-
positive bacteria Staphylococcus aureus (S. aureus) and Gram-
negative bacteria Pseudomonas aeruginosa (P. aemginosa) by
using the spread plate method. For comparison, the antibacterial
assay of the pure PSA@Fe;O0,@SiO, nanoparticles and bulk
powder N-halamine were carried out by the same method.
Figure 11a and 11b show photographs of the bacterial culture
plates, visualizing the survival case of bacteria after 30 min
exposure to the control, PSA@Fe;0,@SiO,, bulk powder
N-halamine, and N-halamine-immobilized PSA@Fe;0,@SiO,
nanoparticles. The bacteria colomes on the culture plates are
observed as small white dots.®® No significant difference was
noticed between the control and PSA@Fe;0,@SiO, nanopar-
ticles, whereas obvious decrease was detected in the population
of the bacterial colonies after the exposure to the bulk powder
N-halamine and N-halamine-immobilized PSA@Fe;0,@SiO,
nanoparticles. Accordingly, it is considered that the PSA@Fe;O4@
SiO, nanoparticles have no antibacterial function at all, and the
antibacterial performance of the N-halamine-immobilized PSA@
Fe;0,@SiO, nanoparticles is provided by the N-halamine
structures. Compared with bulk powder N-halamine, the
N-halamine-immobilized PSA@Fe;0,@SiO, nanoparticles
showed excellent antibacterial activity against both S. aureus and
P. aeruginosa. The improvement in the antibacterial performance
can be explained by the large surface area of the N-halamine-
immobilized PSA@Fe;0,@Si0, nanoparticles. The antibacterial
agents with larger surface area can provide more active sites to contact

the bacteria, and thus display the enhanced antibacterial activity.
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Table 1. Minimum Inhibitory Concentration (MIC) and
Minimum Bactericidal Concentration (MBC) of the N-
Halamine-Immobilized PSA@Fe;0,@SiO, Nanoparticles
against S. aureus and P. aeruginosa

bacteria MIC (mg/mL) MBC (mg/mL)
S. aureus 80 >160
P. aeruginosa 60 80

Table 2. Fractional Survival of Bacterial Colonies after the
Exposure to N-Halamine-Immobilized PSA@Fe;0,@SiO,
Nanoparticles for Different Contact Time

fractional survival

contact time (min) S. aureus P. aeruginosa
0 1.00 1.00
S 0.69 0
15 0.61 0
30 0.50 0
60 0.19 0

“ Fractional survival = B/A; where A is the number of surviving bacteria
colonies on the control plate and B is that on the sample plate.

Minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) value of the N-halamine-
immobilized PSA@Fe;O0,@SiO, nanoparticles were also deter-
mined to study their quantitative antibacterial properties. The
MIC was defined as the sample concentration at which the
colonies were reduced in the CFU/mL numbers of >3 log and
MBC was defined as the sample concentration at which no
colony was visual.®” As shown in Table 1, the N-halamine-
immobilized PSA@Fe;O0,@SiO, nanoparticles have the MIC
value of 80 mg/mL against S. aureus and 60 mg/mL against P.
aeruginosa. And the MBC value against S. aureus is higher than
160 mg/mL, which is higher than the MBC value of 80 mg/mL
against P. aeruginosa. Therefore, it is considered that these
nanoparticles have higher antibacterial efficacy against P. aerugi-
nosa than S. aureus, which can be further verified by the
antibacterial kinetic test. Figure 11c shows the antibacterial
performance of N-halamine-immobilized PSA@Fe;0,@SiO,
nanoparticles against S. aureus and P. aeruginosa as a function
of contact time. The fractional survival of bacterial colonies after
the exposure to N-halamine-immobilized PSA@Fe;0,@SiO,
nanoparticles with different contact time is given in Table 2. As a
general observation, the nanoparticles provided faster antibacter-
ial action against P. aeruginosa than S. aureus within the contact
time ranged from 0 to 60 min. For example, the nanoparticles
inactivated 31% S. aureus after S min and killed 81% S. aureus
even after 60 min, whereas in the case of P. aeruginosa, the
nanoparticles need a contact time of less than S min to execute
the total kill. Therefore, it is considered that P. aeruginosa would
be more vulnerable than S. aureus against the N-halamine-
immobilized PSA@Fe;0,@SiO, antibacterial agents.

For antibacterial test, the sample concentration varied from
1.25to0 2.5, to 5, to 10, to 20, to 40, to 60, to 80, to 100, to 160, to
200, then to 300 mg/mL, and 200 mg/mL was found to be the
most suitable. Lower concentration leaded to unconspicuous
antibacterial activity, and higher concentration was unnecessary.
Compared with those concentrations with the range from 0 to

1000 ug/mL reported in the previous papers, these concentra-
tions seem to be quite high.'*'> However, the N-halamine
content of the as-synthesized product is low, and thus the
effective N-halamine concentration of the product is far lower
than 200 mg/mL. For another, to the best of our knowledge,
versatile antibacterial organic materials, including quaternary
ammonium salt, phosphonium salt, halogenated sulphonamide
group, N-halamine, and guanidine have been widely investigated,
and the mode of biocidal action of these antibacterial agents is
quite different.'® Therefore, it is difficult to determine which kind
of biocide has advantage over the others only depending on the
sample concentration. Besides sample concentration, antibacter-
ial difference between two kinds of antibacterial agents is
attributed to many parameters such as particle size, contact time,
surface area, microorganism type, and biocidal mechanism."”

B CONCLUSION

We have presented an efficient method for the design and
preparation of magnetic/antimicrobial bifunctional nanoparti-
cles through immobilization of antibacterial N-halamine on
silica-coated magnetic PSA nanoparticles. The N-halamine was
developed from the precursor DMH by chlorination treatment,
and the loading amount of DMH on the silica-coated Fe;0,-
decorated poly(styrene-co-acrylate acid) nanoparticles was con-
trollable. The N-halamine-immobilized PSA@Fe;O0,@SiO,
nanoparticles show superparamagnetic behavior, as well as
powerful antibacterial property, with disinfection capability with-
in a few minutes of contact time. Due to the larger surface area,
the resultant nanoparticles displayed higher antibacterial activity
against both P. aeruginosa and S. aureus than their bulk counter-
parts. Therefore, these bifunctional nanoparticles synthesized in
this study possess considerable potential for use in medical
devices, healthcare products, water purification systems, hospitals,
dental office equipment, food packaging, food storage, household
sanitation, etc.
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