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Abstract: To extend the external control capability of drug release, iron oxide nanoparticles
(NPs) encapsulated into polymeric microspheres were used as magnetic media to stimulate drug
release using an alternating magnetic field. Chemically synthesized iron oxide NPs, maghemite
or hematite, and the antibiotic ciprofloxacin were encapsulated together within polycaprolactone
microspheres. The polycaprolactone microspheres entrapping ciprofloxacin and magnetic NPs
could be triggered for immediate drug release by magnetic stimulation at a maximum value
of 40%. Moreover, the microspheres were cytocompatible with fibroblasts in vitro with a cell
viability percentage of more than 100% relative to a nontreated control after 24 hours of culture.
Macrophage cell cultures showed no signs of increased inflammatory responses after in vitro
incubation for 56 hours. Treatment of Staphylococcus aureus with the magnetic microspheres
under an alternating (isolating) magnetic field increased bacterial inhibition further after 2 days
and 5 days in a broth inhibition assay. The findings of the present study indicate that iron oxide
NPs, maghemite and hematite, can be used as media for stimulation by an external magnetic
energy to activate immediate drug release.
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Introduction
Magnetic nanoparticles (NPs) are potentially powerful biocompatible materials applicable
for use in various biomedical applications, ranging from diagnostics (contrast enhance-
ment for magnetic resonance imaging) to therapeutics (potential drug delivery vehicles
and hyperthermia agents), as well as cell/protein separation and biosensors.'” Among
magnetic NPs for biomedical applications, iron oxide NPs are particularly attractive
because they exhibit ferromagnetism, low toxicity, and high biocompatibility with cells
and tissues.* Small iron oxide NPs (such as maghemite [y-Fe,0,], hematite [0i-Fe,0,],
magnetite [Fe,O,], and other ferrites) exhibit a large magnetic moment that is useful for
guiding them to a specific tissue or organ by an external magnetic field.? Iron oxide mag-
netic NPs are used as magnetically activated materials to externally control drug release
from nanocomposite membranes,® liposomes,” microspheres,*® microcapsules,'* and
nanospheres,'"'? typically by mechanical disruption of the biomaterial matrix-embedded
drugs. Iron oxide is also used to magnetically control or target the delivery of anticancer
drugs (eg, paclitaxel/rapamycin,’* doxorubicin!4) and antibiotics (eg, gentamicin'®).
Therefore, magnetic targeting using iron oxide NPs containing antibiotics can be local-
ized to pathologic sites by an external magnet to inhibit bacterial growth.

The enormous advantages and wide array of functions that can be designed into
polymeric systems have encouraged biomedical scientists to use polymers for drug
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delivery,'®! tissue engineering,'® and biologic imaging."
Natural polymers that can degrade into biologically compatible
components under physiologic conditions present an attrac-
tive alternative for the development of drug delivery systems.
Entrapping a drug within a suitable carrier can enhance the
aqueous solubility of the drug, increase its circulation half-life,
target the drug to certain tissues, and improve tissue penetration
of'the drug. These features can increase drug bioavailability to
diseased tissues, while at the same time decrease drug toxic-
ity to the healthy tissue, thus improving therapeutic efficacy.
Polycaprolactone (PCL) is a biocompatible and biodegrad-
able polymer (Food and Drug Administration approved) that
undergoes chemical degradation through random hydrolysis
of ester bonds, constituting the backbone of polymer chains.
PCL creates an acid-free environment during degradation,
unlike polylactide or polyglycolide.?* PCL possesses hydro-
phobicity and high permeability to low molecular-weight
drugs?* and has been used to deliver various drugs, such
as anticancer drugs (eg, taxol?), anti-inflammatory agents
(eg, sulfasalazine/betamethasone®), and proteins (eg, bovine
serum albumin®*), as well as long-term implants and adhesive
barriers. In the present study, we investigated the potential of
using a magnetically stimulated antibiotic delivery system of
PCL microspheres containing iron oxide NPs and ciprofloxa-
cin (CIP) — to treat Staphylococcus aureus, which commonly
contaminates bone implants.

Infection of biomaterial implants is a major cause of
implant failure. Biomaterial-associated infection can develop
from perioperative bacterial contamination of implant
surfaces during implantation, immediately post surgery
during hospitalization, or by hematogenous spreading of
bacteria from infections elsewhere in the body.? S. aureus
is the most frequently isolated pathogen from biomaterial
implant surfaces, detected in ~23% of infections associated
with prosthetic joints.?

CIP is used to treat bacterial infections in human beings
(such as urinary tract, gastrointestinal, and skin/bone
infections).?” It is the most widely used fluoroquinolone for
bacterial bone infections and has potent bactericidal activity
against a broad range of clinically relevant Gram-negative
and Gram-positive pathogens.?® The minimum inhibitory
concentration (MIC) of CIP is as low as 0.25-1 pg/mL
for Staphylococcus (frequently found in osteomyelitis).?
Although the usual dosage of CIP is 750 mg twice daily for
periods ranging from 6 weeks to several months, the cure rate
is only ~56%.% Therefore, there is still a need to develop a
local and externally controllable release system for immedi-
ate antibiotic treatment of infected bone implants.

Our work provides a method to embed CIP and iron oxide
NPs (either maghemite [y-Fe,O,] or hematite [a-Fe,O,]) in
PCL microspheres. The CIP was released from the micro-
spheres using an alternating (oscillating) magnetic field
(AMF) to suppress the growth of S. aureus. Our hypoth-
esis was that the application of an AMF toward the PCL
microspheres entrapping magnetic NPs and antibiotics
would trigger faster drug release to achieve a higher local
concentration of the drug and eliminate bacteria at the bone
implant surface. In addition, we evaluated the fibroblast
compatibility and macrophage inflammatory response under
standard cell culture conditions in the present study. This
study provides a proof of concept of stimulated antibiotic
release using a magnetic field, which could be useful for
further studies of externally controlled drug delivery devices
for bone implants.

Materials and methods

Synthesis of iron oxide NPs

Iron oxide NPs were synthesized by coprecipitation of
iron salts. Briefly, ferrous chloride (FeCl,-4H,0O; Thermo
Fisher Scientific, Waltham, MA, USA) and ferric chloride
(FeCl,-6H,0; Thermo Fisher Scientific) in a molar ratio of 1:2
were dissolved in 50 mL of distilled water in the presence of
0.4 N hydrochloric acid (HCI; Thermo Fisher Scientific) and
degassed with nitrogen gas. The solution was dropped into
40 mL of ammonium hydroxide (NH,OH; Sigma-Aldrich Co.,
St Louis, MO, USA) under a nitrogen blanket. The solution
of iron oxide NPs was heated to 90°C for 30 minutes under
magnetic stirring and aeration. The solution was centrifuged at
4,750 rpm for 10 minutes. The iron oxide NPs were decanted,
diluted with distilled water, and dispersed by vortexing. The
cleaning process with water was repeated three times. Before
the spray-drying process, 0.5 M citric acid (Sigma-Aldrich
Co.) was added to the solution of iron oxide NPs to increase
NP dispersion. The iron oxide NPs were then spray-dried
using a Mini Spray Dryer B-290 (BUCHI, Flawil, Switzer-
land) at an inlet temperature of 170°C.

Drug encapsulation (oil-in-water
emulsion)

PCL(Cat# 19561, M ~43-50k; Polysciences, Inc., Warrington,
PA, USA) was dissolved at 5% w/v in chloroform (Sigma-
Aldrich Co.). Then, 2 mL (140 mg/mL) of maghemite
(nonspray-dried NPs) fluid or 380 mg of the hematite (spray-
dried NPs) was added to the organic solution and vortexed
for 10 minutes. Next, 4.5 mM CIP (Sigma-Aldrich Co.) was
added to 10 mL of the organic solution and vortexed for
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10 minutes. The organic mixture was poured into a mixture of
0.5% w/v polyvinyl alcohol (Sigma-Aldrich Co.) and distilled
water. The mixture was sonicated using a Model 100 Sonic
Dismembrator (Thermo Fisher Scientific) for 10 minutes at
the room temperature. The PCL—CIP—NP microspheres were
collected from the emulsified solution by centrifugation at
4,750 rpm. The microspheres were then decanted, diluted
with distilled water, and centrifuged at 4,750 rpm three times.
The microspheres were then dispersed in phosphate-buffered
saline (PBS; 1 M, pH 7.4) at a concentration of 40 pg/mL
and gamma irradiated at 1 mrad before the cell culture and
bacterial inhibition studies.

Nano- and microparticle

characterizations

The PCL-CIP-NP microspheres were characterized using
a Fourier transform infrared spectrometer (Spectrum 400;
PerkinElmer Inc., Waltham, MA, USA) equipped with a
universal attenuated total reflectance sampling accessory
(PerkinElmer Inc.). The samples were also measured by
dynamic light scattering (DLS) measurements. The DLS mea-
surements were performed on a Zetasizer Nano S (Malvern
Instruments, Malvern, UK) equipped with an HeNe laser at
632.8 nm and a scattering detector at 173°C using water as
a dispersant (refraction index =1.33 and viscosity =0.8872)
at the room temperature with cumulants analysis. Raman
spectra of the synthesized NPs were obtained using a
Raman spectrometer (RamanStation 400; PerkinElmer Inc.)
equipped with an excitation source of 350 mW near-infrared
785 nm laser. The spectra were obtained from 100 cm™ to
1,800 cm™ with a peak resolution of 4 cm™'. The solutions of
NPs and PCL-CIP-NPs were dropped and dried overnight on
carbon-coated Formvar 200 mesh copper grids (Ted Pella, Inc.,
Redding, CA, USA). The grids were visualized using a Philips
400 120 keV transmission electron microscope (TEM; Philips,
Hillsboro, OR, USA) with a high-tilt goniometer stage.

Cell culture and assay

Mouse fibroblasts NIH/3T3 (CRL-1658, passage number =4—7;
American Type Culture Collection (ATCC), Manassas, VA,
USA) or mouse macrophage Raw 264.7 (TIB-71, pas-
sage number =7—-12; ATCC) was seeded at a density of
40,000 cells/cm? in Dulbecco’s Modified Eagle’s Medium
(HyClone, Logan, UT, USA) with 10% bovine calf serum
(HyClone) and 1% penicillin/streptomycin (HyClone) and
incubated under standard cell culture conditions (37°C,
5% CO, in humidified atmosphere). After 4 hours of incu-
bation, the solutions of samples (maghemite, hematite,

PCL—-CIP-maghemite, and PCL-CIP-hematite) in deionized
water were added to the cell culture media at concentrations
of4 ug/mL, 2 ug/mL, 1 ug/mL, and 0.5 pg/mL. The samples
were further cultured with fibroblasts for 24 hours and with
macrophages for 56 hours. The CellTiter 96® AQueous
Non-Radioactive Cell Proliferation Assay (MTS; Promega
Corporation, Fitchburg, WI, USA) was used to determine
the cell viability of the fibroblasts and macrophages. The
cell suspensions treated with the samples in triplicate were
incubated with 500 uL of 10% v/v MTS assay at 37°C for
3 hours. The formazan product, which was bioreduced from
MTS by living cells, was read at an absorbance of 490 nm
using a spectrophotometer (SpectraMax® M35; Molecular
Devices LLC, Sunnyvale, CA, USA). Untreated cells were
used as controls to calculate the percentages of cell viability.
Experiments using both cell types were repeated three times.
The media were changed every other day.

Determination of MIC

Stock solutions and dilutions were prepared according to
the Clinical and Laboratory Standards Institute (M100-
S16 CLSI).*! The MIC was determined by broth and agar
dilution tests.*> The MIC of CIP was defined as the lowest
concentration inhibiting visible growth after incubation at
37°C for 24 hours with a shaker (speed at 220 rpm). Briefly,
S. aureus (passage number =3—4, ATCC 2913) preserved
in 20% glycerol and stored at —80°C was purchased from
the Cell and Virus Vector Core Laboratory (Wake Forest
Baptist Medical Center, Winston-Salem, NC, USA). At the
time of use, a frozen tube was thawed to make a streak plate.
A sterilized 10 um loop was dipped into the bacterial tube and
streaked onto a 5% sheep blood agar plate (SBA plate; BD,
Franklin Lakes, NJ, USA). The streaked plate was incubated
for 24 hours under standard cell culture conditions (37°C, 5%
CO, in humidified air). The next day, the colony count plate
was prepared and the MIC was determined. A single colony
was lifted from the streak plate using a sterilized cotton-
tipped applicator and dissolved with 5 mL sterilized PBS
(HyClone) in a 14 mL glass tube with snap cap (BD). The
bacterial suspension was adjusted to be equal to 10% cfu/mL
by comparison with the McFarland 0.5 turbidity standard
(Thermo Fisher Scientific) and the addition of sterilized
PBS. The bacterial suspension (10% cfu/mL equivalent) was
diluted to 10° cfu/mL with sterilized PBS and 10* cfu/mL
with Mueller-Hinton broth (BD), respectively. To prepare the
colony count plate, 50 UL of bacterial suspension (10° cfu/mL
equivalent) was pipetted onto an SBA plate and spread
using an L-shape spreader (Thermo Fisher Scientific) and
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incubated in 37°C for 24 hours. The bacterial colonies were
counted and recorded the next day. Then, the serial dilutions
of 500 pg/mL of CIP in 0.1 N HCI (stock solution) were
prepared to a range of concentrations (10-0.039 pg/mL).
The control group was a standard nutrient broth without CIP.
Next, 10 puL bacterial suspension (10° cfu/mL equivalent in
broth) was added to 10 mL of serial dilutions of CIP and a
control tube. All tubes were incubated at 37°C for 24 hours
with a shaker (220 rpm). A 100 pL sample was obtained
from the CIP-bacterial suspension and streaked onto SBA
plates and incubated for 24 hours. The bacterial colonies were
counted and recorded the next day. The study showed that
the bacteria were inhibited by CIP at a concentration between
0.156 pg/mL and 0.31 pg/mL. At a CIP concentration of
0.156 pug/mL, bacterial colonies were too many to count
(>300) in the plate. At a concentration of 0.31 pg/mL, there
was only one colony. Therefore, an inhibited concentration at
50% (MIC,) of CIP for S. aureus used in the present study
was 0.23 ug/mL.

Determination of CIP

The percentage of drug encapsulation was investigated by
measuring the absorbance of CIP in the PCL-CIP-NPs using
a spectrophotometer (SpectraMax® M5) to determine the
amount of CIP loaded within the microspheres at 270 nm, a
previously validated wavelength for determining CIP concen-
trations.*® Before the drug release study, the PCL-CIP-NP
microspheres were purified by resuspension with PBS (1 M,
pH 7.4) and centrifuged three times. A linear relationship

Plated in sheep

blood agar
Frozen R
first passage Incubated

overnight

Figure | Schematic of the bacteria study (Staphylococcus aureus, ATCC 29213).

Plated in sheep
blood agar
4—
Incubated
overnight

between concentration and absorbance at 270 nm of CIP in
PBS was detected with a correlation coefficient of ~0.99.

Antimicrobial susceptibility testing

of PCL-CIP-NPs

The schematic for the bacteria study is shown in Figure 1.
Briefly, 16 uL of PCL-CIP-NP suspension in PBS
(40 pg/mL) containing MIC, of CIP (determined by fluo-
rescent intensity measurement) was added into each tube
containing 1 mL bacterial suspension (10° cfu/mL in broth),
which was diluted from 108 cfu/mL equivalent suspension.
Then, the bacterial-sample suspension was incubated along
with control (only bacteria and broth) for 24 hours at 37°C
in a shaker at a speed of 220 rpm. The next day, bacterial
dilutions were prepared from the incubated bacterial-sample
solutions to make the streak plates. Serial dilutions of the
bacterial-sample stocks and sterilized PBS from 1:10" (stock:
PBS) to 1:10° were used in the study. Each bacterial dilution
(10 uL) was pipetted onto an SBA plate and streaked using
an L-shaped spreader. After incubation for 1 day, 2 days,
and 5 days without changing broth, the bacterial colonies
were counted at each time point. To study the effect of the
magnetic field on bacteria growth, the suspensions of the NPs,
PCL—-CIP-NPs, and bacteria alone (control) were incubated
in the presence of an AMF for 1 day, 2 days, and 5 days.

Application of AMF
An AMF was generated using a bed magnet (USWP Manu-
facturing, Spokane Valley, WA, USA) placed on a lab rotator

Diluted to 108

with PBS Diluted to 1:10°
- » with sterile Mueller-
Using 0.5 Hinton broth

McFarland standard

Incubated /

with the samples l
© Made streak plate from the dilution
of 1:10% with PBS and spread

using L-shaped spreader
and incubated overnight

Notes: Bacteria colonies were counted, and the mean was calculated before incubation with PCL-maghemite, PCL-hematite, PCL-CIP-maghemite, PCL-CIP-hematite, or
control (bacteria in broth). Bacteria (1:10° cfu) in the broth were cultured with particles for up to 5 days. At days |, 2, and 5, bacteria were plated in sheep blood agar plates

and incubated overnight, and the colonies were counted.

Abbreviations: PCL, polycaprolactone; CIP, ciprofloxacin; PBS, phosphate-buffered saline.
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model 1314 (Barnstead Intl. Lab-Line, Melrose Park, IL,
USA) with an orbital diameter of 0.75 in at 220 rpm. The
AMF was measured using a 5180 Gauss/Tesla Meter (FW
Bell/Pacific Scientific-OECO, Milwaukie, OR, USA) at a
height of 1 cm (approximately the mean height of a bacterial
suspension in a 1.5 mL tube) above the bed magnet.

In vitro drug release study

To study the drug release, 2.4 ug of microspheres were
suspended in 1 mL of sterilized PBS (1 M, pH 7.4). The
drug release study was performed at 37°C at a stirring rate
of 220 rpm in the presence of an AMF. A 100 uL aliquot of
the solution was sampled, and the absorbance was measured
with a spectrophotometer (SpectraMax® M5) at 270 nm before
replacing the aliquot back into the solution. Optical measure-
ments were obtained daily on days 1-9 and then at 19 days

after release. The drug release profiles of CIP from PCL-CIP-
NPs with and without AMF were plotted as the percentage of
drug release (weight/weight) vs time (days) of observation.
All experiments were performed in triplicate. The percentage
of drug release was calculated using the equation:

Total drug released (mg)
Total drug loaded (mg)

% drug release = x100

Results and discussion

Chemical synthesis of iron oxide NPs

The synthesized iron oxide NPs were characterized by
TEM imaging (Figure 2A). The magnetic NPs were
then spray-dried at a temperature of 170°C (Figure 2B).
Although the NP diameter was mostly <10 nm, they formed
aggregated clusters. The magnetic NPs were synthesized

100 nm

Figure 2 TEM micrographs of (A) maghemite (nonspray-dried iron oxide NPs), (B) hematite (spray-dried iron oxide NPs), (C) PCL-CIP-maghemite microsphere, and

(D) PCL-CIP-hematite microsphere.

Abbreviations: TEM, transmission electron microscope; NPs, nanoparticles; PCL, polycaprolactone; CIP, ciprofloxacin.
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by coprecipitation of Fe* and Fe*" aqueous chloride salt
solution. Fe,O, was obtained according to the following
chemical equation: Fe** + 2Fe** + 8OH™ — Fe O, + 4H,0.
To obtain the colloidal suspension of Fe,O, (brown-red
color), the aqueous Fe,O, magnetic NPs were heated at 90°C
for 30 minutes under aeration (nitrogen gas) to directly oxi-
dize the magnetite (black color).**** Crystalline Fe O, is com-
monly obtained as either maghemite (y-phase) or hematite
(o-phase). The Raman spectra results (Figure 3) confirmed
that maghemite (y-Fe,O,) NPs changed to hematite (0-Fe,O,)
by oxidation following the spray-drying process at 170°C.

Iron oxide NPs and drug encapsulation
PCL microspheres entrapping the NPs and CIP were observed
using TEM (Figure 2C and D). The nonspray-dried iron oxide
NPs were clearly observed throughout the PCL microspheres,
whereas the spray-dried iron oxide NPs were observed as
a group of aggregated NPs. Hematite was loaded near the
wall of the PCL-CIP-hematite microspheres (Figure 2D).
Furthermore, PCL-CIP-hematite was embedded in resin
and sectioned (80-100 nm thick) before TEM imaging to
confirm the presence of iron oxide particles in the middle of
the microspheres (data not shown). The findings indicated
iron oxide NPs in the middle of some PCL—CIP-hematite
microspheres that could not be observed by TEM imaging of
the whole microspheres alone, without sectioning. Attenu-
ated total reflectance-Fourier transform infrared spectra of
maghemite, hematite, PCL, CIP, PCL-CIP—maghemite,
and PCL—CIP—hematite are shown in Figure 4. The results
confirmed that NPs and CIP were successfully encapsulated
inside the PCL microspheres.

The hydrodynamic size distribution of the samples measured
using DLS and the mean diameter are shown in Figure SA-D.

15,000 _
— Maghemite (nonspray-dried) < 9
---- Hematite (spray-dried) /}7"\‘*«5‘\“’
:‘E 10,000 /
= , j
c) @
o~ ©
c NN -
S I
g 5,000 WJ
(14 38 .
0 500 1,000 1,500 2,000

Wavenumber (1/cm)

Figure 3 Raman spectra of maghemite (-Fe,O,, nonspray-dried iron oxide NPs)
and hematite (0-Fe,O,, spray-dried iron oxide NPs).
Abbreviation: NPs, nanoparticles.

The hydrodynamic diameters of the maghemite in deionized
water ranged from 4.19 nm to 24.36 nm, whereas the diameters
of the hematite in deionized water ranged from 531.20 nm to
1,480 nm because the NPs aggregated during measurement.
The hydrodynamic diameters of the PCL-CIP-maghemite
and PCL-CIP-hematite ranged from 255 nm to 530 nm and
from 190 nm to 1,110 nm, respectively. The aggregation of
hematite (Figure 2B) might contribute to the larger hydro-
dynamic diameters of the PCL-CIP-hematite microspheres,
compared with the PCL-CIP-maghemite microspheres, after
the encapsulation process.

Bacterial inhibition study

In this study, a bed magnet generated a weak AMF. The
bacterial populations decreased in the presence of PCL—
CIP-maghemite, PCL-CIP-maghemite (AMF), PCL-CIP—
hematite, and PCL—CIP—hematite (AMF) in comparison
with the two control groups (bacteria alone with and without
AMF) on days 2 and 5 of the cultures (Figure 6). On day 5,
the bacterial population was significantly decreased in the
presence of all samples when compared with the control
groups. The PCL-CIP—-maghemite and PCL—CIP-hematite
inhibited bacterial growth after 2 days and 5 days of culture,
but the efficiency improved in the presence of a magnetic
field. For the control group, the application of an AMF did
not inhibit bacterial growth from days 1 to 5. The findings
from the broth inhibition assay suggest that the growth inhi-
bition effects of PCL-CIP-NPs on S. aureus growth were
enhanced in the presence of an AMF after 2 days and 5 days
of incubation compared to the effects in the absence of AMF.
The results from the bacterial inhibition study confirmed
that CIP, antibiotic against S. aureus, was released from the
PCL—CIP-NP microspheres.

The bioavailability of CIP is reduced by 50% when coad-
ministered with iron compound.’® Masadeh et al reported that
the use of iron oxide NPs (Fe,O,) in combination with CIP
almost abolished its inhibitory effects on bacterial planktonic
growth and biofilm formation.’” However, S. aureus was
not included in that study. Another study demonstrated that
Escherichia coli growth increased after y-Fe,O, treatment.*®
Azam et al reported that Fe,O, NPs exhibited the least
bactericidal activity when compared with zinc oxide NPs,
copper (II) oxide NPs, and tetracycline (standard antibiot-
ics) against S. aureus.’* We also observed higher bacterial
growth after treatment with maghemite (y-Fe,O,), hematite
(0-Fe,0,), PCL-maghemite, and PCL-hematite after 2 days
of culture when compared to PCL-CIP-maghemite and
PCL—-CIP-hematite (data not shown). Importantly, the
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Figure 4 ATR-FTIR spectra of (A) maghemite (nonspray-dried iron oxide NPs) and hematite (spray-dried iron oxide NPs), (B) PCL and CIP, (C) PCL-CIP-maghemite
microspheres, and (D) PCL-CIP-hematite microspheres.
Abbreviations: ATR-FTIR, attenuated total reflectance—Fourier transform infrared; NPs, nanoparticles; PCL, polycaprolactone; CIP, ciprofloxacin.
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Figure 5 Histograms of the hydrodynamic size distribution of (A) maghemite (y-Fe,O,, nonspray-dried NPs), (B) hematite (0.-Fe,O,, spray-dried iron oxide NPs), (C)
PCL-CIP-maghemite, and (D) PCL-CIP-hematite.

Note: Values are mean + standard error of the mean; N=3.

Abbreviations: NPs, nanoparticles; PCL, polycaprolactone; CIP, ciprofloxacin.
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Figure 6 Staphylococcus aureus in broth inhibition assay in (A) mean count (cfu/mL) and (B) relative count with the treatments of PCL-CIP-maghemite and PCL-CIP-

hematite microspheres, and those in combination with AMF.

Notes: Controls were bacteria in broth without any treatment. Data are represented at days |, 2, and 5 of incubation. Values are mean = standard error of the mean; n=3,
and P-values were calculated using one-way ANOVA with post hoc Tukey’s test. *P<<0.05 when compared with the data at day 5 of the samples, including PCL-CIP-hematite,

PCL-CIP-maghemite, and PCL-CIP-maghemite with AMF.

Abbreviations: PCL, polycaprolactone; CIP, ciprofloxacin; AMF, alternating magnetic field; ANOVA, analysis of variance.

results of the present study suggested that treatment with
PCL—-CIP-maghemite and PCL-CIP-hematite containing
MIC,, of CIP inhibited S. aureus growth after 2 days and
5 days of culture, and the inhibitory effects were stronger
when applied with AMF.

Rakshit et al reported an adsorption mechanism of CIP on
Fe,O, NPs via inner-sphere complexation and suggested that
the adsorption was a pH-dependent binding of the carboxyl
functional group of CIP on Fe,O, NPs.* Tang et al suggested
that CIP adsorption on reduced graphene oxide (Fe,0,) was
relatively high at pH 5.0-7.0, and the dominant mechanisms
in the sorption were —7 electron interaction and electrostatic
repulsions.*! Although the present study did not investigate
the adsorption mechanism of CIP on maghemite or hematite,
we hypothesize that CIP could interact with iron oxide NPs
during the polymer encapsulation process and/or partial PCL
degradation and may alter the antibacterial property of CIP
toward S. aureus.

Fibroblast and macrophage proliferation

The percentages of fibroblast (24 hours) and macrophage
(56 hours) viability are shown in Figure 7A and B, respec-
tively. Fibroblast viability after treatment with the samples
was more than 100% compared with the control (poly-
styrene). When the concentration of sample treatments
was decreased from 4 pug/mL to 0.5 png/mL, the fibroblast
viability increased in all sample groups. Specifically, fibro-
blast viability was significantly increased in the presence of
PCL-CIP-hematite compared with that in the presence of

maghemite, hematite, and PCL-CIP-maghemite with par-
ticle concentrations of 1 pg/mL and 0.5 pg/mL. Macrophage
viability was also more than 100% compared with the control
(Figure 7B). The results revealed no significant differences
in the macrophage cultures among the groups of samples
after 56 hours. The results of both cell cultures confirmed
the biocompatibility of the chemically synthesized iron oxide
NPs and PCL-CIP—NPs at concentrations of 0.5-4 pg/mL
with fibroblasts in vitro. These findings also suggest that iron
oxide NPs and PCL-CIP-NPs do not cause macrophages
(inflammatory cells) to grow aggressively during the early
stage of cell culture (56 hours), and cell viability was similar
to that of the control (polystyrene).

In vitro drug release study

A schematic representation of the PCL—CIP—NPs is shown
in Figure 8A. The CIP release profiles of the PCL-CIP—
NPs were determined after incubation under an AMF. The
magnetic flux density (magnetic field) in Gauss was plotted
vs time in seconds during rotation, as shown in Figure 8§B.
This figure shows the maximum field range of 10 G and
the minimum field range of —5 G. The release profiles
of the PCL-CIP-NPs in PBS (1 M, pH 7.4) with or without
the application of an AMF are shown in Figure 8C and D.
All samples exhibited a considerable amount of drug release
immediately after incubation with a rotation rate of 225 rpm
after 1 day. The percentage of drug release at day 1 from
the PCL—CIP-maghemite was ~51%, that from the PCL—
CIP-maghemite with an AMF was ~78%, and that from
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Figure 7 Fibroblast and macrophage viability was analyzed using an MTS assay in the presence of maghemite, hematite, PCL-CIP-maghemite, and PCL-CIP-hematite.
Notes: (A) Fibroblasts were cultured for | day to assess cell viability and (B) macrophages were incubated for 56 hours to assess the inflammation response. The
percentages were calculated based on the control group (without any particles). Values are mean + standard error of the mean; n=3. The P-values were calculated using a
one-way ANOVA with post hoc Tukey’s test. *P<<0.05 when compared with maghemite, hematite, and PCL—CIP—maghemite at the same concentration.

Abbreviations: PCL, polycaprolactone; CIP, ciprofloxacin; ANOVA, analysis of variance.

the PCL-CIP-hematite both with and without an AMF
was almost the same, ~36% and ~39%, respectively. The
results indicated that the immediate release of CIP from
PCL—-CIP-NP microspheres was increased by ~27% in the
presence of an AMF for PCL-CIP-maghemite and ~3% for
PCL—-CIP-hematite.

PCL degradation occurs very slowly over more than
a year.*>® The degradation process of PCL first proceeds
via surface or bulk degradation, which involved hydrolytic
cleavage of the polymer backbone only at the surface.** Such
initial hydration occurs in the first 6 months. No weight loss
of PCL (molecular weight ~20-50 kD) is observed during
the initial (or partial) phase of the biodegradation process.*

Bosworth and Downes studied in vitro degradation behavior
of the PCL fibers in PBS at 37°C at pH 7.4.* Their findings
from high-performance liquid chromatography analysis
revealed that PCL became more hydrophobic and, hence,
is more likely to comprise longer length chains. A slight
increase in the degradation by-products (no significant dif-
ference over 90 days) was detected, however, and may have
been accelerated by autocatalysis occurring secondary to the
accumulation of acidic breakdown products. Moreover, the
results in that study from electrospray-mass spectrometry
confirmed that PCL fibers underwent partial bulk degrada-
tion over 90 days. Because PCL has a very long degradation
time (months), the absorbance values measured at 270 nm
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Figure 8 (A) Schematics of PCL, maghemite or hematite, and CIP in the oil sphere and water phases. (B) AMF was generated using a bed magnet placed on a laboratory
rotator (orbital diameter =0.75 in) at 220 rpm. The suspension of bacteria and PCL-CIP-maghemite or PCL-CIP-hematite microspheres was incubated in the presence of
AMF to study the release of CIP from the PCL-CIP-maghemite and PCL-CIP-hematite microspheres. (C, D) Representative curves of the percentage of CIP released from
PCL-CIP-maghemite and PCL-CIP-hematite microspheres with and without AMF in PBS (I M, pH 7.4). The microspheres were incubated at 37°C for up to |9 days. Values

are mean * standard error of mean; n=3.

Abbreviations: PCL, polycaprolactone; CIP, ciprofloxacin; AMF, alternating magnetic field; PBS, phosphate-buffered saline.

in the present study should only be due to the CIP at the
observed time scale.

In a previous study, CIP was conjugated to the hydroxyl
ends of polyesters, which were synthesized using caprolac-
tone or polyethylene glycol (PEG) as initiators.* Degradation
of the polymer then occurred at 37°C in an aqueous buff-
ered solution at pH 7.4, and the CIP release was quantified
by UV-Vis spectrophotometry at 277 nm. The conjugated
drug release rate with PEG was more than that with capro-
lactone for monomers and initiators. The addition of PEG,
which is a hydrophilic initiator, accelerates the drug release
rate (29% CIP after 35 days at pH 7.4) than the addition of
caprolactone. Another study showed that CIP release from
the PCL matrix soaking in PBS at pH 7.4 at 80°C and 150°C
was remarkably slow, with <<5% release after 56 days.* The
findings suggested that the slow release was due to the slow
degradation of PCL. Furthermore, in that study, PCL was
activated with 5 M NaOH for 72 hours at 20°C to resemble
in vivo behavior before the PCL degradation study; yet,
no change was observed during the first 7 days and <10%
weight loss was detected after 82 days. Another previous
study soaked PCL scaffolds under simulated physiologic
conditions (PBS at 37°C), in which PCL scaffolds treated
with NaOH for 24 hours showed only a 20% weight loss
after about 4 years of incubation.”’ Evidence from many

previous studies suggests that PCL did not likely interfere
with the absorbance measurement of CIP at 270 nm in the
present study, because PCL does not readily degrade for up to
19 days in PBS at pH 7.4. CIP and PCL are both hydrophobic
in nature and could interact among PCL chains chemically,
as previously described.* Therefore, this could be the reason
why the percentages of drug release observed in the present
study did not reach 100%, as CIP (hydrophobic drug) was
trapped in a PCL (hydrophobic polymer) matrix that did not
degrade over 19 days in the present study.

The immediate release of CIP entrapped within PCL—
CIP-NPs was observed 1 day after application of the AMF.
The percentages of drug release (wt/wt) of PCL-CIP—NPs
were significantly increased (P<<0.05, two tailed, unpaired
Student’s #-test) at all time points under AMF by ~27% in
the PCL—CIP-maghemite group, except days 3, 5, 8, and
19, whereas there was no statistically significant difference
in the PCL—CIP-hematite group. The overall percentage of
drug release from PCL-CIP-maghemite (AMF) was signifi-
cantly greater than that from the PCL-CIP-hematite (AMF)
(P<<0.05, two tailed, unpaired Student’s #-test) at all time
points by ~35%. These findings suggest that antibiotics carried
by PCL-NP microspheres can be released with the application
of an AMF. Therefore, this method of delivery can reduce
the dose and frequency of antibiotic administration to inhibit

submit your manuscript

4456

Dove

International Journal of Nanomedicine 2015:10


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Magnetically stimulated antibiotic delivery system

infection. Moreover, antibiotics can be guided for delivery to
the site of the orthopedic implant using a magnetic field.

Conclusion

The findings of the present study demonstrated that the
release of CIP entrapped within the PCL—iron oxide NPs
increased after application of an AMF due to the inhibition
of S. aureus for 1 day, 2 days, and 5 days in vitro. CIP was
immediately released from the PCL-CIP-NPs by applying
an AMF, and the release remained constant for up to 19 days.
Drug release from the PCL-CIP-maghemite and the PCL—
CIP-hematite was enhanced by AMF compared with the
same sample without applying an AMF by ~27% (P<0.05)
and ~3% (P not significant), respectively. The chemically
synthesized hematite (0-Fe,0,), maghemite (y-Fe,0,), and
PCL—CIP-NPs used in the present study were biocompat-
ible with fibroblasts and macrophages. The bacterial density
decreased when the culture was incubated with the PCL—
CIP-NPs, regardless of the presence of the AMF, from days
1 to 5 of incubation. Moreover, drug release was increased
under incubation with the application of AMF due to the
enhanced suppression of bacterial growth in the presence
of the PCL-CIP-NPs from days 1 to 5, compared with the
same group without the application of AMF. Additional
studies that focus on optimizing the effects of magnetic
field strength are warranted. The use of iron oxide NPs for
targeted delivery and stimulated release of drugs represents a
promising alternative external control technique for effective
antibiotic treatment.
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