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Abstract

Stimuli responsive biomaterials offer a unique advantage over traditional local drug delivery
systems in that the drug elution rate can be controllably increased to combat developing
symptomology or maintain high local elution levels for disease treatment. In this study,
superparamagnetic Fe3O,4 nanoparticles and the antibiotic vancomycin were loaded into chitosan
microbeads cross-linked with varying lengths of polyethylene glycol dimethacrylate. Beads were
characterized using degradation, biocompatibility, and elution studies with successive magnetic
stimulations at multiple field strengths and frequencies. Thirty-minute magnetic stimulation
induced a temporary increase in daily elution rate of up to 45% that was dependent on field
strength, field frequency and cross-linker length. Beads degraded by up to 70% after 3 days in
accelerated lysozyme degradation tests, but continued to elute antibiotic for up to 8 days. No
cytotoxic effects were observed in vitro compared to controls. These promising preliminary

results indicate clinical potential for use in stimuli-controlled drug delivery.

Keywords: drug delivery, stimuli responsive biopolymer, magnetic nanoparticles
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1. Introduction

Local drug delivery devices are designed to release therapeutics at a site of injury or disease,
and maintain high concentrations of drug at desired locations while limiting systemic
concentrations and toxic side effects [1-3]. While superior to conventional intravenous or
intramuscular drug delivery methods, these local systems are limited in that they typically follow
first order release patterns that release a set amount of drug despite changing physiological
conditions [4]. Elution or release rates will eventually drop below therapeutic levels, which is
especially problematic for antibiotic delivery systems, as sub-minimum inhibitory concentrations
of antibiotics can lead to antibiotic resistant strains of bacteria [5-7]. Stimuli responsive or
“smart” delivery systems offer additional control over the spatial and temporal release of
encapsulated drugs through use of passive or active stimuli to alter the delivery matrix
characteristics [8-10]. Active stimuli include magnetic fields, electric fields, ultrasonic waves,
light, and externally generated heat, all of which can be applied to supply an on-demand increase
in drug concentration at the target site due to often reversible changes in material conformations,
phases, or chemical states [11-16]. The ability to externally modulate elution kinetics makes
active-stimuli responsive systems advantageous, as it gives clinicians additional control over
local drug concentrations throughout the treatment period. The spatiotemporal control offered by
stimuli responsive biomaterials is particularly advantageous in the treatment of cancer and
infection, in which high levels of therapeutic drug are needed at the target site but can induce

toxic effects if administered systemically [17-20].

Of the active stimuli, magnetic stimulation is advantageous due to ease of use and the ability

to target carriers in deeper tissues [23]. Magnetically responsive delivery systems are loaded with
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superparamagnetic nanoparticles (MNP) < 15 nm, typically iron oxide Fe3O,, that become
magnetized under the influence of an externally applied magnet [23, 24]. MNP have effectively
been functionalized and coated with biocompatible polymers to yield nanoscale core-shell
structures [10], loaded into the center of liposomes [25], and incorporated into hydrogels [26].
Under magnetic stimulation, the incorporated MNP generate local hyperthermic conditions
which can either be used to treat tumors or induce drug release by way of improved diffusion,
increased polymer matrix permeability, or breaking of temperature-labile drug linkers [23].
Stimulation response magnitude may be dependent on the frequency and strength of magnetic
stimulation, providing a means of fine-tuning drug release [24]. MNP have been used to induce
hyperthermia for tumor therapy in several clinical studies, with stimulations tolerated for
durations of 1 hour or more at field strengths of up to 6 mT in the pelvic region [27, 28] and 17
mT intracranially [29]. Many of these studies use the MFH300F AC magnetic field applicator
(MagForce Nanotechnologies GmbH, Berlin) which is large enough to accommodate humans
and can produce magnetic fields from 0-23 mT at 100 kHz. MNP loaded polymer matrices have
also been used in stimuli responsive drug delivery studies, with high frequency alternating

magnetic stimulation strengths ranging from as low as 4 mT [30] to as high as 100 mT [31].

We hypothesized that Fes04, MNP could be loaded into chitosan microbeads cross linked

with polyethylene glycol dimethacrylate (PEGDMA) to create a magnetically responsive local

drug delivery system for treatment of musculoskeletal infections secondary to orthopedic surgery

or trauma. Microbeads were loaded with vancomycin, an antibiotic with strong activity against
genus Staphylococcus bacteria that are highly prevalent in musculoskeletal infections.
PEGDMA is available in molecular weights ranging from M, = 198 g/mol to over M, = 20, 000

g/mol. We further hypothesize that the chosen length of cross linker will have a direct effect on
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polymeric structure of the beads, with potential implications drug elution properties and effects
on cells. In the present study, chitosan microbeads cross linked with various lengths of
PEGDMA were compared to determine what effects, if any, the length of polymer cross linker
had on bead swelling, drug elution rate, responsiveness to magnetic stimulation, degradation
properties, and cytocompatibility. The effects of various magnetic field strengths and field

frequencies on drug elution rate were also assessed for beads made with M, =550 PEGDMA

2. Experimental

2.1.Materials

Chitopharm S chitosan powder with an 82.5 + 1.7 degree of deacetylation and an average
molecular weight of 250.6 kDA was purchased from Chitopharm (Tromsg, Norway). NIH 3T3
fibroblast cells were acquired from ATCC. Cellgro Dulbecco’s modified eagle medium with L
glutamine and sodium pyruvate (DMEM), fetal bovine serum, Normocin (Corning, Manassas
VA) were purchased from Fisher Scientific. Concentrated phosphate buffered saline (PBS),
mineral oil, and high performance liquid chromatography (HPLC) reagents (Fisher Scientific,
Hampton, NH) were purchased from Fisher Scientific. CellTiter-Glo viability assays were
purchased from Promega (Madison, WI). Lysozyme Type VI from chicken egg white was
purchased from MP Biomedicals LLC (Solon, OH). Vancomycin and polyethylene glycol
dimethacrylate (PEGDMA) M= 550 and M,, = 750 were purchased from Sigma Aldrich (St.
Louis, MO). PEGDMA M, =200 and My, = 600 were purchased from Polysciences

(Warminster, PA).

2.2 Fabrication of microbeads
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Fe3O4 MNP were made according to a previously developed protocol by Kang et al. [32]. Iron
oxide (FezO4) and Iron chloride (FeCls) were dissolved in HCI at concentrations of 0.5M and
slowly dropped into dilute sodium hydroxide at pH 11-12. MNP were washed several times with
HCL and deionized water prior to use. Previous imaging has shown the MNP average diameter
to be approximately 10.89+2.67 nm. Each batch of MNP was characterized using x-ray
diffraction (D8 Advance, Bruker Corporation, Billerica, MA) to ensure consistency. One gram
of MNP was sonicated in 47 mL DI water for 1 hour to ensure even MNP distribution. There was
no significant temperature increase. Two grams of chitosan powder, 400 mg vancomycin and
0.5 mL glacial acetic acid was then added and mixed by hand. The solution was stirred using a
non-magnetic overhead impeller for 24 hours. The microbeads were then fabricated using a
water in oil emulsion process. The oil solution consisted of 75 mL light mineral oil, 75 mL heavy
mineral oil, 15 mL of the appropriate PEGDMA cross-linker and 2g Span 80 surfactant. The oil
solution was stirred using a separate impeller and heated to 37° C. Fifteen mL of the chitosan-
MNP-vancomycin solution was slowly added to the stirring oil using a 30-mL syringe. The
solution was slowly heated to 60° C and allowed to stir for 24 hours. The beads were then
washed to remove oil, surfactant and excess PEGDMA using a vacuum flask and successive
treatment with hexanes, methanol, and acetone. The beads were then collected, weighed, and put

into vials for the separate experiments.

2.3 Imaging

Beads were attached to stubs by adhesive carbon backing and then sputter coated with a
Gold/Palladium (80:20) thin film approximately 20nm thick. A field emission scanning electron

microscope (Nova NanoSEM 650, FEI, Hillsboro, Oregon) was used to image chitosan-
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PEGDMA M, = 550 beads with MNP. ImageJ (National Institute of Health, Bethesda,

Maryland) was used to determine bead diameter.
2.4 Swelling ratio

50 mg of chitosan microbeads with each length of PEGDMA cross-linker were placed in 5 mL
tubes with 2 mL of PBS at room temperature (n=3). After 24 hours, PBS was drained and excess
liquid was removed using Kimwipes™ (Kimberly-Clark Kimetch, Irving, Texas). Samples were
then immediately reweighed [33, 34]. Swelling ratio was determined as a percent increase in

mass after immersion in PBS.

) ) weight after soaking
Swelling ratio = —— - X 100%
initial dry weight

2.5 Elution and stimulation

To determine in vitro elution patterns, 2 mL of PBS were added to 50 mg of beads (n=4) at room
temperature, with groups for each length of cross-linker and four additional groups with only
PEGDMA M,=550 to test the effects of field strength and field frequency (Table 1). Sampling
occurred every 24 hours with complete media refreshment for 8 days. Each group was subjected
to 30 minutes of magnetic stimulation or sham stimulation on days 3, 5 and 7 using a
MagneTherm™ magnetic field generator (NanoTherics, Newcastle, UK). All lengths of
PEGDMA beads were stimulated at 23 mT and 109.9 kHz. To assess the effect of field strength,
M, = 550 beads were tested at 75% and 50% of the original 23 mT field strength (17 mT and
11mT respectively) at a field frequency of 109.9 kHz. Field frequency was also tested on M, =
550 beads at frequencies of 109.9 kHz, 330.4 kHz and 524.8 kHz with a field strength of 17 mT.

Small 25 pL samples were taken before and after stimulation to determine if vancomycin
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concentration increased during this period. Total vancomycin release was estimated as the total
amount of vancomycin eluted into PBS once the daily elution rate had dropped below 1% of the
cumulative elution for that group. To estimate theoretical vancomycin loading, the estimated
cumulative release value was divided by bead mass. Vancomycin concentration in eluate
samples was determined using high performance liquid chromatography (Dionex UltiMate 3000
HPLC, Thermo Scientific, Waltham, MA) with a C18 150x4.6 mm column (Hypersil Gold,
Thermo Scientific). HPLC mobile phase consisted of 70% (0.124M KH2PO4 and 0.08M
K2HPO4) and 30% acetonitrile pumped at 1 mL/min [35]. Retention time was approximately 1.6

minutes.

2.6 Degradation

To determine the degradation profile of Chitosan-MNP beads, a 21-day degradation study was
performed using beads cross-linked with M, = 550 PEGDMA with time points at 3, 5, 7, 14 and
21 days. A 3-day elution study was performed using PEGDMA M, = 200, M, = 600 and M, =
750 cross-linked beads to compare initial degradation rates. Each group included 3 bead samples
per time point weighing 50 mg per sample. Ten mL of 1 mg/mL lysozyme in PBS were added to
each test tube and replaced during every 48-hour interval to replenish the enzymes that promote
degradation. Beads were incubated at 37° C under constant orbital shaking throughout the
experiment. At the end of every time point, the lysozyme solution was removed, and the beads
were washed twice with 20 mL of deionized water. The beads were placed in a vacuum oven at
50 °C and -20 PSI until no changes in weight occurred during daily re-weighing. At the end of
each drying cycle the weight was recorded and the percentage remaining was calculated using

the equation:

Percent Remaining (%) = (Final Sample Weight (mg))/ (Initial Sample Weight (mg)) x 100
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2.7 Cytocompatibility

NIH3T3 fibroblast cells were seeded into 24 well flat bottom plates at a density of 1 x 10*
cells/cm? in DMEM media supplemented with 10% fetal bovine serum (FBS) and 100 pg/mL
Normocin™ antibiotic/antimycotic. All cells were stored in a humid incubator at 37° C and 5%
CO.,. After overnight attachment and observation, beads from each group were added to wells at
concentrations of 5 and 10 mg/cm? of well plate surface area (n=4). Silicone beads were added at
a density of 10 mg/cm2 to serve as bioinert control beads. Four wells did not receive any beads
and were used as positive cell growth controls. On day three, wells were imaged using an EVOS
microscope (AMG, Washington) and ATP concentration, which is proportional to the number of
metabolically active cells, was quantified compared to controls using CellTiter-Glo®. CellTiter-
Glo was added to each well and the luminescence of the media/CellTiter-Glo solution was used
to quantify ATP concentration [36, 37]. Measured values were normalized to the control group

that did not receive beads.
2.8 Statistical Analysis

All statistical tests were performed using SigmaPlot software (Systat Software, San Jose,
California). One-way ANOVA with a Holm-Sidak post-hoc analysis was used to detect
differences in swelling ratio, degradation rate, stimulation response and cytocompatibility
between groups with different cross-linkers. The three stimulations were treated as separate
events due to expected decreases in elution rate and stimulation response magnitude with time.

The level of significance was taken as a = 0.05.
3. Results and Discussion

3.1.Characterization
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SEM images show spherical beads with slightly porous outer surfaces (Fig. 1). The beads
embedded with MNP were 210 + 40 microns in diameter with dimples covering the entire area of
the beads. Chitosan beads have been manufactured using a wide variety of fabrication techniques
with bead sizes ranging from the nanoscale to several millimeters [38, 39]. Previous research on
microbeads has shown that elution rate increases for beads with smaller diameters, likely as a
result of a higher surface area to volume ratio [40]. This increased elution rate reduces the
effective release duration from small beads, limiting their potential for infection treatment or
prevention. The 200 um diameter of the beads used in this study is a compromise between
achieving prolonged elution duration while still being small enough to fill irregularly shaped

wound beds.

3.2 Swelling Ratio

Beads from all groups swelled to at least twice their original size (Fig. 2), with no clear
trend between cross-linker size and swelling ratio. Beads cross-linked with M, = 550 PEGDMA
swelled to 300% of their original size, which is statistically higher than beads cross linked with
M, = 200, M, = 600 or M,, = 750 PEGDMA (p < 0.001). Beads cross-linked with M, = 200
PEGDMA swelled significantly more than M, = 600 and M, = 750 beads (p = 0.01). However,
there were no significant differences between the 600 and 750 groups (p > 0.5). It was
anticipated that the shortest cross linker in the study, M, = 200 PEGDMA, would produce highly
cross linked beads with low swelling ratios, while higher molecular weights would result in
fewer chitosan-PEGDMA bonds and a more flexible polymer matrix. The increase in swelling
ratio for M, = 550 cross-linker compared to M, = 200 is comparable to the behavior of other
cross-linked PEG hydrogels [44] but the larger M, = 600 and M, = 750 PEGDMA cross linked

beads allowed less water influx than expected. Results suggest that the size of PEGDMA
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molecules with M, above 550 may limit the number of PEG molecules that are incorporated
within a bead, which may result in varying degrees of cross-linking densities, primary chain
cyclization (PEGDMA chains crosslinking within the molecule), or drug molecule binding [45,

46].
3.3 Elution and Stimulation

Data shows that all groups eluted vancomycin in a burst-release pattern over the first 2-3 days,
with exponential decrease in release over the remainder of the 8-day elution study (Fig. 3). Beads
cross-linked with M, = 600 PEGDMA eluted 33% more vancomycin on day 1 and 81% more
vancomycin on day 2 compared to the cross-linker group with the next highest elution rate (p <
0.001). Beads cross-linked with M, = 550 PEGDMA had higher mean elution rates on days 3-8
in the stimulated group and days 5-8 in the control group, however differences were not
statistically significant (p > 0.05). Cumulative vancomycin release per 50 mg of beads ranged
from 1.7 mg to 3.5 mg, with M, = 600 beads releasing more vancomycin than the other cross
linker groups (Table 2, p < 0.001). Beads cross linked with M,, = 550 PEGDMA eluted
significantly more vancomycin than M, = 750 beads (p < 0.001), although the increase over M,

= 200 beads was not significant (p = 0.31).

The M, = 550 PEGDMA group had a significantly higher stimulus response than other
crosslinker groups, with a 94 pg/ml increase during the first stimulation period that resulted in an
overall 45% increase in day 3 elution compared to nonstimulated control samples (p < 0.01).,
This is not surprising given the swelling ratio data, which shows that the M, = 550 beads
undergo larger changes in volume than beads cross-linked with other lengths of PEGDMA. It
can be reasoned that any stimulation induced hyperthermia or matrix permeability increases

would cause a greater effect in these beads due to increased matrix flexibility. One way ANOVA
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was unable to detect significant differences between control and stimulated groups during the
third stimulation period, but eluate samples from the M, = 550 beads showed a 20% increase in
vancomycin concentration during this period (Fig. 4A). Responsiveness to three separate
stimulation periods suggests that any MNP-hyperthermia induced changes are temporary and

dissipate when the magnetic field is removed.

There was a statistically significant increase of approximately 100 pg/mL vancomycin from
beads stimulated at 17 mT and 23 mT compared to 11 mT at day 3 (p < 0.001, Fig. 4B). There
was also an increase of approximately 30 pg/ml from beads stimulated at 17 mT and 23 mT on
day 5, which was statistically higher than controls and beads stimulated at 11 mT (p = 0.01).
These findings agree with studies showing diclofenac release from MNP-loaded chitosan
carrageenan cross-linked with iron salts increase in response to higher magnetic fields [47],
although not in a linear fashion for the tested range of field strengths. Beads subjected to 109.9
kHz stimulation eluted more vancomycin during the first stimulation at 107 pg/mL, compared to
65 pg/mL and 64 pg/mL for beads stimulated at 330.4 kHz and 524.8 kHz, respectively,
however the number of samples was not great enough to detect statistical significance (Figure

4C,p=0.2).

The ability to modulate vancomycin release with separate stimulations is advantageous
compared to other smart delivery systems. Magnetoliposomes are another externally tunable

drug delivery system, but rapidly release the complete drug payload as the MNP heats the

surrounding lipids beyond its phase transition temperature [48]. Drug release from pH responsive

nanogels follows a similar pattern, eluting most of the drug payload within 24 hours of exposure
to acidic solutions [49]. Drug elution from chitosan-PEGDMA microbeads can be controllably

increased using external magnetic field stimulation but, unlike many smart delivery systems, the
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beads will still retain enough drug to continue delivering therapeutic doses for extended periods.
This is especially beneficial in the treatment of bacterial infections, which require prolonged

treatment with high concentrations of antibiotics.

3.4 Degradation

Local drug delivery devices should be consistently and functionally biodegradable to avoid
issues such as buildup of degradation byproducts, rapid elution of drug payload, or future
bacterial seeding after drug delivery is complete. According to results, 70 % (+1%) of
degradation in the M, =550 PEGDMA group takes place within the first three days of the
degradation period (Fig. 5A). After the first three days of the degradation period, there seemed to
be no significant change in the degradation profile of Chitosan-PEGDMA MNP-loaded chitosan
microbeads. When the microbeads were compared to cross-linkers with different molecular
weights, there was a trend towards increased degradation rate for increasing molecular weight of
PEGDMA cross-linker (Fig. 5B), with statistically significant differences in degradation rate

between all groups (p < 0.01) with the exception of M, =600 and M, = 750 beads (p = 0.17).

Lysozyme is known to be found in various bodily tissues, including serum in concentrations
ranging from 1 to 14 pg/mL [50, 51], in contrast to the 1 mg/mL concentration used in this study.
An elevated concentration was chosen for comparison with previous studies [52-54], although
this likely results in accelerated degradation times compared to in vivo use. Lysozyme breaks
chitosan down by cleaving the (B 1->4) glycosidic bonds between polysaccharide units in the
polymer leaving glucosamine byproducts that are incorporated into proteoglycans or metabolized
by the body [55]. Approximately 30% of the microbead composition consisted of MNP

therefore, the degradation profile suggests that the majority of the chitosan-PEGDMA composite
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had degraded entirely by day 3 in this accelerated degradation study. Up to 80% of initial weight
was retained after elution studies in PBS without lysozyme, suggesting that enzymatic
degradation by lysozyme is the predominant mechanism measured in this evaluation. This would
likely mean a prolonged degradation time when implants are placed in vivo since elevated
lysozyme concentrations were used in this accelerated test. In vivo degradation studies are

needed to adequately determine timing of degradation response.

PEG hydrogels typically have similar or slower degradation rates to those in our study [45, 56,
57]. The enzyme-cleavable chitosan backbone for PEG cross-linked beads may provide a means
to tailor degradation to match needs based on drug elution or tissue in-growth rates [58]. In
studies of other forms of cross-linked chitosan microbeads, little or no degradation of composites
is observed over the course of weeks, both in vitro and in vivo [34, 59, 60], which may limit the
utility for a local drug delivery system. Systems that undergo no or little degradation can serve as
a scaffold for hematogenous bacterial attachment after drug delivery is completed, increasing the

risk of infection compared to the degradable beads presented in this study.

3.5 Cytocompatibility

Cells exhibited normal spindle shaped morphologies when exposed to either silicone or
vancomycin loaded chitosan-PEGDMA beads (Fig. 6). Cellular metabolism ranged from 97% to
152% for groups with MNP-loaded microbeads added (Fig. 7). There was a significant increase
in ATP concentration for samples treated with MNP beads at a concentration of 5 mg/mL
(p<0.001), but no increase in ATP concentration for samples that received non-MNP beads (p =
0.77). The results from the metabolism assay confirm visual microscopic observations that both

Si and MNP beads showed high compatibility with cells.
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Both chitosan and PEG have favorable biocompatibility properties and should not have a
negative effect on cellular proliferation or metabolism [61-64]. Vancomycin is a commonly used
antibiotic with no reported effects on fibroblast growth at concentrations up to 1 mg/ml [65]. The
iron oxide within microbeads may play a role in the increased viability for the lower
concentration of MNP-loaded microbeads, showing similar findings to a study by Berry et al. in
which bare iron oxide nanoparticles caused decreased viability but showed a 33% increases
when modified with the protein albumin [66]. Hydrogels of PEG and PEG blended with chitosan
that use photoinitiated PEGDMA or PEG diacrylate have been used to successfully entrap cells
and support cell viability [67, 68]. High percent cell viability may also indicate that residual
unbound PEGDMA is removed during the wash steps, as unreacted methacrylates have known
toxicity to fibroblasts and other cells [69-71]. Further evaluation of tissue response to MNP-
loaded chitosan-PEG microspheres should include evaluation of immune cell activation as well

as in vivo implantation.
4. Conclusion

In this preliminary study, it was shown that MNP loaded chitosan microbeads cross-linked with
PEGDMA are capable of releasing vancomycin for up to 8 days. Short 30-minute magnetic
stimulations can significantly increase daily drug elution rate up to 45% in beads cross linked
with M, = 550 PEGDMA (p < 0.01), likely via a temporary increase in permeability due to MNP
generated hyperthermia. The polymer matrix is rapidly biodegradable and shows no signs of
significant cytotoxicity against fibroblast cells in vitro. The ability to increase drug elution on
demand makes these beads appealing as a potential infection prevention and treatment device, as
magnetic stimulation can be used to either increase drug delivery post-implantation for

maximum drug concentration or maintain therapeutic drug levels after traditional delivery
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systems would have fallen below the desired elution rate. Further extension of these drug
delivery matrices to release of proteins, small molecules, or other chemotherapeutics may prove
useful in a wide-range of clinical applications, such as tissue regeneration, pain relief, and cancer
treatment. Ongoing studies will continue to evaluate the «ffect of general hyperthermia on
vancomycin release, effect of MNP loading concentration on bead responsiveness, effects of
additional stimulation parameters such as duration and number of stimulations, characterize the

bead polymer matrix, and test in vivo efficacy.
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Table 1: Stimulation Parameters

PEGDMA Magnetic | Magnetic
molecular Field Field
weight Strength | Frequency
200 23 mT 109.9 kHz
550 23 mT 109.9 kHz
600 23 mT 109.9 kHz
750 23 mT 109.9 kHz
550 17 mT 109.9 kHz
550 11mT 109.9 kHz
550 17 mT 330.4 kHz
550 17 mT 524.8 kHz
200 omT N/A
550 omT N/A
600 omT N/A
750 omT N/A
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Table 2: Cumulative Vancomycin Release (mg)

PEGDMA Average. Starjda}rd
Vancomycin | Deviation
Mn
release (mg) (mg)
200 2.36 0.25
550 2.48 0.31
600 3.52 0.14
750 1.69 0.2
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Figure 1: SEM micrograph showing chitosan-PEGDMA M= 550 microbeads with MNP at

1000x magnification.

Figure 2: Graph shows swelling ratio of chitosan beads with various lengths of PEGDMA after
24 hours (n = 3). Mean = standard deviation. * Represents statistical difference compared to 200
(* p<0.05, ** p<0.01). #Represents statistical difference compared to 550 (# p < 0.05, ## p <
0.01). & Represents statistical difference compared to 600 (& p < 0.05, && p <0.01). T

Represents statistical difference compared to 750 (1 p <0.05, 1 p <0.01).

Figure 3: Graph shows the complete 8-day elution of (A) control and ([BD stimulated groups for
all lengths of PEGDMA cross-linker used in this study (n=4). Stimulations were performed on
days 3, 5 and 7 with a field strength of 23 mT and frequency of 109.9 kHz. Mean + standard

deviation.

Figure 4: Bar graphs compare the increase in h/ancomycin\ concentration during the three
stimulation periods for A) various lengths of PEGDMA cross-linker (* Represents statistical
difference compared to 200, # represents statistical difference compared to 550, & represents
statistical difference compared to 600, T represents statistical difference compared to 750, p <
0.05), B) three magnetic field strengths (* Represents statistical difference compared to control,
# represents statistical difference compared to 11 mT, & represents statistical difference
compared to 17 mT, T represents statistical difference compared to 23 mT, p < 0.05), and C)

three magnetic field frequencies. Mean + standard deviation (n = 4 in all graphs)/

Figure 5: A) Graph shows the 21-day degradation profile for beads cross-linked with Mn = 550
PEGDMA (n=3). B) A bar graph compares the three-day degradation of various chitosan beads

cross-linked with various lengths of PEGDMA (n = 3). Mean + standard deviation. * Represents

[Comment [mh1]: color

[Comment [mh2]: color
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statistical difference compared to 200 (* p < 0.05, ** p < 0.01). # Represents statistical
difference compared to 550 (# p < 0.05, ## p < 0.01). & Represents statistical difference
compared to 600 (& p <0.05, && p <0.01). { Represents statistical difference compared to 750

(t p<0.05, 1 p<0.01).

Figure 6: Photomicrographs of NIH-3T3 cells growing (A) on control tissue culture plastic, (B)
near silicone microparticles and C) near chitosan-PEGDMA M, = 550 microbeads from the MNP

Vanc 5 mg/mL group.

Figure 7: NIH-3T3 cell metabolism after 3 days exposure to chitosan-PEGDMA M, = 550
microbeads with and without MNP and silicone microparticles (n = 4). Cell counts are
normalized to control samples. Mean + standard deviation. * Represents statistical difference in

ATP concentration compared to control (* p < 0.05, ** p < 0.01).
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