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Abstract
Controlled delivery of therapeutic agents from medical devices can improve their safety and
effectiveness in vivo, by ameliorating the surrounding tissue responses and thus maintaining the
functional integrity of the devices. Previously, we presented a new method for providing
simultaneous controlled delivery from medical devices, by surface assembly of biodegradable
polymer nanoparticles (NPs) encapsulating fluorescent dyes. Here, we continue our investigation
with NPs loaded with therapeutic agents, dexamethasone (DEX) or plasmid DNA, and evaluated the
bioactivity of the released molecules with macrophage cells associated with inflammation. Over a
period of one week, NPs encapsulating DEX released 24.9 ± 0.8 ng from the probe surface and was
successful at suppressing macrophage cell growth by 40 ± 10%. This percentage of suppression
corresponded to ∼100% drug delivery efficiency, in comparison with the unencapsulated drug. DNA
NP coatings, in contrast, released ∼1 ng of plasmid DNA and were effective at transfecting
macrophage cells to express the luciferase gene at 300 ± 200 relative luminescence/mg total protein.
This amount of luciferase activity corresponded to 100% gene delivery efficiency. Thus, NP coatings
were capable of providing continuous release of bioactive agents in sufficient quantities to induce
relevant biological effects in cell culture studies. These coatings also remained intact, even after 14
days of incubation with phosphate buffered saline. Although the maximum loading for NP coatings
is inherently lower than the more established matrix coating, our study suggests that the NP coatings
are a more versatile and efficient approach toward drug delivery or gene delivery from a medical
device surface and are perhaps best suited for continuous release of highly potent therapeutic agents.
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1. Introduction
Coatings that provide continuous release of biomolecules from medical devices have been
studied in recent years because of their potential to improve the effectiveness of the devices,
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by enhancing their interaction with cells or by providing local delivery of therapeutic agents.
Coating parameters that have been investigated include development of polymers that are
inherently less inflammatory [1-3], surface modification of polymers [4-6], and controlled
delivery capabilities from polymers [7-9]. For the last parameter, thin film polymer matrix
coatings are still the predominant form for providing local delivery of treatment drug. Although
such polymer matrix coatings are reliable in providing continuous release of biomolecules,
they are not always appropriate because their thickness and poor conductivity limit the capacity
of the medical device to communicate with neighboring cells. We, therefore, present here our
new coating method: a self-assembled monolayer of polymer nanoparticles (NPs) on the
medical device surface, to provide continuous release of bioactive agents from the device
surface.

The principle of our coating technique is similar to the polyelectrolyte multilayering method
used in colloid sciences, in which thin films are built by assembling alternating layers of
oppositely charged polymers [10,11]. We utilized NPs fabricated from negatively charged
surfactant, poly(ethylene-alt-maleic acid) (PEMA), and adhered them electrostatically to a
device surface modified with cationic poly(-L-lysine) (PLL). Having a layer of PLL on the
device surface is important for controlling the NP-device surface interaction, in order to achieve
a controlled and reproducible assembly of NPs. We can tune the extent of NP assembly, simply
by altering the charge properties of the NPs (e.g. altering the pH or the salt concentration of
the suspension buffer solution). Although a couple of papers in recent years have investigated
NPs embedded in hydrogel as device coatings [8,12], our controlled coating technique has
advantages in that NP aggregation is suppressed and highly reliable release profiles may be
achieved.

From our previous work [13], we demonstrated that batches of NPs encapsulating various
fluorescent dye molecules could be mixed prior to NP assembly on the probe surface. The
resulting NP coating, therefore, was capable of providing predictable, simultaneous release of
multiple fluorescent molecules from the same surface. We also found that the distinct release
profile of each molecule was preserved upon attachment to the same surface. In this work, we
show that NP coatings can provide predictable releases of bioactive agents, and that the released
molecules are able to induce relevant biological responses. This knowledge is particularly
valuable to our hypothesis that NP coatings have the potential to provide simultaneous release
of cocktailed therapeutic agents. For polymer matrix coatings, if multiple molecules are loaded
into the same system, each molecule is not isolated from the others but is in a larger mixed
pool of molecules. The release of one molecule can alter the release kinetics of another
molecule, thereby rendering the prediction of each individual molecule invalid. Thus, our NP
coating system is considered more versatile than the polymer matrix coatings.

The objectives of this study were the following: (1) to characterize the NP coatings in both
drug delivery and gene delivery studies, (2) to evaluate the bioactivity of the released molecules
in cell culture studies, and (3) to compare the delivery efficiencies of this new coating system
to the more established polymer matrix system. Poly(lactide-co-glycolide) (PLGA) was
selected for use in this study, because it is a FDA-approved, biodegradable polymer commonly
used for particle fabrication [14-16]. Ethylene-vinyl acetate copolymer (EVAc) was chosen as
a common polymer used for matrix fabrication; it is also FDA-approved for clinical use
[17-19]. We expect the matrix coatings to have an inherently higher loading capability, because
their fabrication process does not require an emulsion of two immiscible liquid phases.
Therefore, molecules do not have a preferred soluble phase, which can affect their
encapsulation efficiency. However, in cases involving potent therapeutic agents, the higher
loading capability becomes less crucial compared with the ability to maintain the bioactivity
of the encapsulated agents. To illustrate the differences between the two coating techniques,

Lo et al. Page 2

Biomaterials. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



we modified a planar silicon oxide material, although we anticipate that our methods can be
used on other surfaces as well, such as metals and polymers.

Dexamethasone (DEX), a synthetic glucocorticoid, and luciferase-encoding plasmid DNA
were used as test molecules for controlled delivery from a device surface. DEX has been
demonstrated to alter the healing responses after device implantation, by decreasing the number
of infiltrating macrophage cells associated with inflammation [20,21]. One mechanism of DEX
induced macrophage cell number reduction is associated with the glucocorticoid receptor
binding and the subsequent suppression of macrophage cell growth [22-24]. Administration
of plasmid DNA, in contrast, can lead to production of proteins needed to enhance cell survival
or cell function around the implant site. For this study, luciferase-encoding plasmid DNA was
chosen as a representative reporter gene because its transfection effects can be readily detected
by a luminometer with high sensitivity. All coatings were evaluated over a period of two weeks,
which is the critical time frame for providing therapeutic treatment to the implant site before
tissue fibrosis occurs [25-27]. Our results indicate that local controlled delivery of DEX and
plasmid DNA may be obtained from NP coatings, although there are distinct advantages and
limitations associated with our new method.

2. Materials and Methods
2.1 Materials

PLGA 50/50 MW 40,000-70,000 was purchased from Birmingham Polymers (Birmingham,
AL). PLGA conjugated to PLL, via dicyclohexyl carbodiimide coupling technique, was
provided by Dr. Jeremy Blum; see [28] for description of synthesis and properties. PEMA MW
400,000 was purchased from Polysciences (Warrington, PA). EVAc with 40% vinyl acetate
was a gift from DuPont (Wilmington, DE).

DEX, dichloromethane (DCM), dimethyl sulfoxide (DMSO), N-[2-hydroxyethyl] piperazine-
N′-ethanesulfonic acid (HEPES), tris-EDTA (TE), phosphate buffered saline (PBS), sodium
chloride (NaCl), PLL MW 70,000-150,000 and all other chemicals were purchased from Sigma
(St. Louis, MO). All buffer solutions were prepared with deionized water (18 MΩ) from an
Ultrapure Water System (Millipore, Milford, MA). Plasmid DNA encoding firefly luciferase
enzyme (pGL3, with CMV promoter) was purchased from Promega (Madison, WI), amplified
and purified in-house using a plasmid DNA purification kit (Qiagen, Valencia, CA).

Silicon test probes were used to simulate medical devices in all of the coating experiments.
The probes were made by depositing a 1 μm thick silicon dioxide layer onto a silicon wafer
using plasma-enhanced chemical vapor deposition, then dicing the wafer into 1 mm×10 mm
probes.

RAW 264.7 macrophage cells were purchased from ATCC (Manassas, VA) and cultured at
37 °C in a 5% CO2 humidified atmosphere. The culture medium was RPMI 1640 medium +
L-glutamine (Invitrogen, Carlsbad, CA), supplemented with 10% fetal bovine serum from
Invitrogen and 2% penicillin/streptomycin (Sigma, St. Louis, MO).

2.2 Fabrication of NPs
Drug encapsulating NPs were fabricated by the bulk emulsion technique. 100 mg of PLGA
was dissolved in 2 ml of DCM overnight at room temperature. DEX dissolved in methanol (10
mg in 200 μl) was then added to the polymer solution. The entire mixture was added dropwise
to 4 ml of 1% PEMA while vortexing and quickly sonicated at 38% amplitude for 3×10 s with
a TMX 400 probe tip sonicator (Tekmar, Cincinnati, OH). The resulting single emulsion was
poured into 100 ml of 0.3% PEMA bath and stirred for 3 h at room temperature to evaporate
off the organic solvent. To retrieve the NPs, the disperse system was centrifuged at 10,000
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RPM and washed with deionized water for 3 times. The cleaned NP sample was then flash
frozen in deionized water at -80 °C and lyophilized at room temperature for 3 days. Dried NPs
were collected and stored at -20 °C for future coating experiments.

For plasmid DNA encapsulating NPs, plasmid DNA dissolved in Tris-EDTA (600 mg in 200
μl) was added to the polymer solution, containing 100 mg of PLGA and 2 ml of DCM. The
entire mixture was sonicated on ice with the probe tip sonicator for 2×10 s at 38% amplitude
to form a primary emulsion. This emulsion was then added dropwise to 4 ml of 1% PEMA
while vortexing and sonicated on ice for 10 s. The resulting secondary emulsion was poured
into 100 ml of 0.3% PEMA bath and stirred for 3 h at room temperature to evaporate off the
organic solvent. The DNA NPs were collected using the same methods as described for DEX
NPs and stored at -20 °C. A different batch of DNA NPs was also fabricated using 75 mg of
PLGA + 25 mg of PLGA-PLL copolymer. The copolymer was used for better control of the
plasmid DNA encapsulation and release kinetics from NPs.

Blank NPs of each type were fabricated for controls in the coating experiments. Plasmid DNA
encapsulating PLGA-PLL NPs were later used in all subsequent DNA NP coating experiments,
because plasmid DNA encapsulation in non-conjugated PLGA NPs was highly inefficient.

Theoretical wt% loading = (Total mass of added molecules/100 mg of polymer) × 100

2.3 Particle Sizing
The mean sizes and size distributions of the NPs were determined by scanning electron
microscopy (SEM). Samples were mounted onto an aluminum plate and sputter coated with
Au by a Cressington Sputter Coater 108 auto (Ted Pella, Redding, CA) at 40 mA for 30 s,
before being examined by an XL-30 Environmental SEM (FEI Company, Hillsboro, OR).
Images of the NPs were taken at 5 kV acceleration voltage and 20,000× magnification. The
diameters of all NPs were measured from the images by using Image J software (NIH, Bethesda,
MD). At least 500 particles were counted for each batch of NPs to obtain an accurate size
estimate.

2.4 Zeta Potentials
NPs were evaluated by a ZetaPALS analyzer (Brookhaven Instruments, Holtsville, NY).
Samples were suspended in HEPES buffered saline (HBS: 10 mM HEPES, 100 mM NaCl, pH
7.4) at diluted concentrations. Zeta potential values were calculated from the measured mobility
values using the Smoluchowski equation and the software provided by the manufacturer. All
measurements were performed 30 times or more for each sample.

2.5 Encapsulation Efficiency
The amount of drug entrapped within the NPs was determined by a Spectra Max M5 microplate
reader (Molecular Devices, Sunnyvale, CA). 5 mg of DEX NPs were dissolved in 1 ml of
DMSO at room temperature overnight, diluted in PBS (10 mM phosphate, 100 mM NaCl, pH
7.4), and quantified by measuring the fluorescence absorbance at 650 nm from ELISA analysis
(Neogen, Lexington, KY). The total mass of extracted drug molecules encapsulated in 5 mg
of NPs was converted to an experimental wt% loading.

Experimental wt% loading of DNA NPs was determined by dissolving 5 mg of the NPs in 1
ml of 0.1 N NaOH + 1% SDS at room temperature overnight. The dissolved sample was then
diluted with TE (10 mM Tris-HCl, 1 mM EDTA, pH 8.0), and the amount of plasmid DNA
present was quantified by measuring the fluorescence intensities at 480 nm excitation/530 nm
emission from PicoGreen assay analysis (Invitrogen, Carlsbad, CA).
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% Encapsulation efficiency = (Experimental wt% loading/Theoretical wt% loading) × 100

2.6 Assembly of NP Coatings
Nanoparticle assembly on silicon oxide probe surfaces was optimized in our previous work
(13). Briefly, silicon oxide probes were cleaned in a sequence of acetone, ethanol, and deionized
water. A PLL layer was then deposited by incubating the probes in 0.4 mg/ml of PLL dissolved
in HBS for 30 min at room temperature. PLL coated probes were rinsed with buffer for 10 min
to remove unattached excess polymer and further incubated with 0.5 mg/ml of NPs in HBS
suspension. A second buffer wash step removed any unattached NPs from the probe surface.
Coated samples were vacuum dried overnight before the start of in vitro release experiments.

2.7 Total Mass in NP Coatings
To measure the total mass in DEX NP coatings, coated probes were incubated in 200 μl of
DMSO to dissolve the coatings at room temperature overnight. The samples were further
diluted in PBS. The amount of total DEX removed from the surface was then evaluated by
ELISA analysis at 650 nm absorbance.

For DNA NPs, coated probes were incubated in 200 μl of 0.1 N NaOH + 1% SDS at room
temperature overnight. The dissolved coatings were then diluted with TE, and the amount of
plasmid DNA in the coatings was measured by PicoGreen assay at 480 nm excitation/530 nm
emission.

2.8 In Vitro Release from NP Coatings
Release of drug from NP coated probes was conducted in 200 μl of PBS, at 37 °C, over a period
of 14 days. At each time point, half of the sample solution was removed for ELISA analysis
at 650 nm absorbance. Fresh PBS was then added back to refill the sample volume for the next
time point. 10 mg of DEX NPs in 10 ml of PBS were also incubated in parallel to check if the
release pattern of particles attached to the surface was similar to that of particles in bulk buffer
suspension. NPs in bulk PBS suspension were pelleted during sample retrieval and resuspended
in fresh buffer for the next time point.

Since the total extracted amount of plasmid DNA in NP coatings was low, only DNA NPs in
bulk PBS suspension were evaluated for release kinetics. 10 mg of DNA NPs in 1 ml of PBS
was evaluated for 14 days at 37 °C. At each time point, half of the release sample was removed
and analyzed with PicoGreen assay at 480 nm excitation/530 nm emission. The sample volume
was replenished with fresh PBS for the next time point. All samples in the release studies were
under sink conditions to ensure complete dissolution of the released molecules.

2.9 Surface Morphology of NP Coatings
Surfaces of the coated probes were examined by SEM before and after 14 days of in vitro
release. After the incubation period, samples were removed and washed with buffer, vacuum
dried overnight, and prepared for SEM inspection. Samples were mounted onto an aluminum
plate and sputter coated with Au for SEM analysis. Images of the surfaces were taken at 5 kV
voltage and 2,500× magnification. The total area of NPs on the probe surface was estimated
by Image J software analysis (NIH, Bethesda, MD), by summing up the areas of all spherical
objects on surface.

% Surface area coverage = (Total area of NPs on surface/Surface area of the probe) × 100
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2.10 Bioactivity of Released Molecules
To evaluate the bioactivity of drugs released from DEX NP coatings, coated probes were
directly cultured with RAW 264.7 macrophage cells for 7 days. The cells were seeded at a
density of 1×104 cells/well. The culture medium consisted of 1 ml of RPMI 1640, supplemented
with 10% fetal bovine serum and 2% penicillin/streptomycin. Cells in untreated wells were
compared to cells in wells with blank NP and DEX NP coated probes. All wells were evaluated
with MTS cell proliferation assay (Promega, Madison, WI) at 490 nm absorbance after 3 and
7 days of cell incubation (37 °C, 5% CO2, without removing the culture medium). A dose
response curve for the unencapsulated DEX was also evaluated in cell culture, with various
dilutions of DEX for 7 days. The dose response curve was used to test whether the observed
cell responses from DEX NP coated probes were consistent with anticipated cell responses
from the same amount of unencapsulated drug, to determine the drug delivery efficiency of
DEX NP coatings.

% Drug delivery efficiency = (% Observed cell response/% Anticipated cell response) × 100

Bioactivity of the released plasmid DNA from NP coatings was evaluated by cell transfection
experiments. Cells were seeded at a density of 5×104 cells/well. Supernatants from DNA NP
coated probes, after 3 days of incubation, were complexed with Lipofectamine™ (Invitrogen,
Carlsbad, CA) at a ratio of 1 μg DNA: 3 μg Lipofectamine™. This complex was added to the
culture wells with 400 μl of antibiotic-free RPMI 1640 culture medium and incubated for 5 h
at 37 °C, 5% CO2. The transfection medium was then removed and replaced with 1 ml of full
RPMI 1640 medium, supplemented with 10% fetal bovine serum and 2% penicillin/
streptomycin.

Luciferase activity was determined 24 h after the start of transfection using a luciferase assay
and a Glomax 20/20 luminometer (Promega, Madison, WI). The activity was normalized to
the total protein content, as detected by Micro BCA protein assay (Pierce, Rockford, IL) at 562
nm absorbance. Stock plasmid DNA was used as positive control to determine if the bioactivity
of plasmid DNA released from NP coatings differed from that of unencapsulated plasmid DNA.
Two plasmid DNA standards in the estimated range of release were also included in the
transfection studies to demonstrate the efficiency of cell transfection with plasmid DNA at low
quantities. Cells alone, plasmid DNA without Lipofectamine™ and blank NP coated probes
were used as negative controls. The gene delivery efficiency of DNA NP coatings was also
calculated.

% Gene delivery efficiency = (Observed luciferase activity/Anticipated luciferase activity) ×
100

2.11 Comparisons with Matrix Coatings
i. Fabrication of Matrix Coatings—A desired amount of the drug was vortexed into a
polymer solution containing 100 mg of EVAc and 1 ml of DCM. Silicon oxide probes were
dipped 3×1 min into the polymer/drug solution by using a WPI M3301 micromanipulator
(World Precision Instruments, Sarasota, FL). Coated probes were dried overnight under
vacuum conditions to remove the solvent to form the solid polymer coatings. Blank, 10 wt%,
30 wt% and 50 wt% DEX matrix coatings were formulated. The theoretical wt% loading of
matrix coatings was calculated in the same manner as NP coatings.

For DNA matrix coatings, 5 mg of the stock plasmid DNA was initially mixed with 95 mg of
Ficoll 400 (a co-dispersant for DNA) and lyophilized overnight to a dry powder. A desired
amount of the DNA mixture powder was then vortexed into a polymer solution containing 100
mg of EVAc in 1 ml of DCM and used in the dip coating method as described for DEX matrix
coatings. Coated probes were vacuum dried overnight to solidify the coatings. Blank, 20 wt%
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and 50 wt% DNA matrix coatings were formulated. Coatings with Ficoll 400 only were used
as blank controls.

ii. Total Mass in Matrix Coatings—Because EVAc is only soluble in DCM, which is
incompatible with ELISA, the amount of drug encapsulated in matrix coatings was estimated
from the average thickness, density, and the theoretical wt% loadings of the coatings. Thickness
of the matrix coatings was measured from SEM images by Image J software analysis.

The total mass of plasmid DNA in matrix coatings was determined by an extraction method.
Specifically, coated probes were incubated in 0.5 ml of DCM for 3 h at room temperature to
dissolve the coatings and then vortexed with 1 ml of TE. The solution was allowed to phase
separate for an additional 3 h. The extracted plasmid DNA in aqueous phase was measured by
PicoGreen assay at 480 nm excitation/530 nm emission.

iii. In Vitro Release from Matrix Coatings—Matrix coated probes were incubated in PBS,
at 37 °C, for 14 days. At each time point, a portion of the sample solution was removed for
quantitation analysis of released molecules. DEX samples were evaluated at 242 nm
absorbance, while plasmid DNA samples were measured at 480 nm excitation/530 nm
emission. Fresh PBS was added to refill the sample volume for the next time point. All samples
in the release studies were under sink conditions to ensure complete dissolution of the released
molecules.

iv. Bioactivity of Released Molecules—Bioactivity experiments for matrix coatings were
conducted in the exact manner as NP coatings (as described in section 2.10). Cells in untreated
wells were compared to cells in wells with blank, 10 wt% and 50 wt% DEX matrix coated
probes. All wells were evaluated with MTS cell proliferation assay at 490 nm absorbance, after
3 and 7 days of cell incubation. Drug delivery efficiency of matrix coatings was calculated in
the same manner as NP coatings.

Correspondingly, supernatants from 50 wt% DNA matrix coated probes on day 3 were tested
for cell transfection. The luminescence activity was measured by a luminometer and
normalized to the total protein content, as determined by Micro BCA assay at 562 nm
absorbance. Stock plasmid DNA and lyophilized plasmid DNA were used as positive controls.
Cells alone, plasmid DNA without Lipofectamine™ and Ficoll 400 coated blank probes were
used as negative controls. Gene delivery efficiency of matrix coatings was also calculated in
the same manner as NP coatings.

2.12 Statistical Analysis
All samples were prepared and tested in triplicates or more. Sample data is presented as mean
± standard deviation of the mean. The statistical significance of differences between the control
and test groups was also determined by Student's t-Test. P values < 0.05 were considered as
significant.

3. Results
3.1 Preparation and Characterization of NPs

The properties of DEX NPs and DNA NPs are summarized in Table 1. The encapsulation
efficiency of DNA in 100 mg PLGA was extremely low (0.01 wt%), and thus only DNA NPs
made with 75 mg PLGA + 25 mg PLGA-PLL copolymer were utilized in the coating
experiments. Although both DEX NPs and DNA NPs were made mainly from the same
polymer concentration and type of solvent, DNA NPs were slightly larger in mean size due to
the shorter sonication times and the double emulsion required for their fabrication (Figure 1).
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The mean particle size was 180 ± 60 nm for DEX NPs and 230 ± 90 nm for DNA NPs; the
zeta potential values were -14 ± 2 mV and -16 ± 1 mV respectively.

The two types of NPs differed in their experimental loading and encapsulation efficiency. For
DEX NPs, the measured experimental loading was 7 wt%, which led to an encapsulation
efficiency of 70%. This loading value is consistent with other literature reports of DEX
encapsulation into PLGA particles by emulsion technique. Although alternative co-solvents or
polymer ratios can potentially be used to improve DEX encapsulation, the reported range of
DEX loadings from those formulations is still nevertheless between 2-10 wt% [8,12,29]. For
DNA NPs, the measured loading for plasmid DNA made from 100 mg PLGA polymer was
0.01 wt%. This value was significantly improved by 20-fold by using a PLGA-PLL copolymer
to electrostatically attract and encapsulate more plasmid DNA in the NPs produced. The
measured loading value for the new formulation was 0.2 wt%, which was consistent with the
loading values reported in Blum et al. [28]. The encapsulation efficiency for this new
formulation was 33%.

3.2 Surface Evaluation of NP Coatings
No significant changes in morphology were observed with DEX NPs coated on surface, before
and after 14 days of PBS release study at 37 °C (Figure 2). Image J analysis determined that
the percentage of surface area covered by DEX NPs was maintained at ∼13% or 5.5 mm2,
despite the continuous exposure to buffer solution. Similarly, no significant changes in surface
morphology were visible for DNA NPs, although they had a lower overall surface density
compared to DEX NPs. The calculated surface area covered by DNA NPs was ∼4% or 1.7
mm2 throughout the entire two weeks of buffer incubation. DNA NPs on surface also appeared
slightly larger than DEX NPs, which was consistent with their mean size differences. Both NP
coatings had the same assembly buffer conditions: 10 mM HEPES, 100 mM NaCl, pH 7.4.
The difference in DEX NP and DNA NP surface density will be addressed in the discussion
section.

3.3 In Vitro Release from NP Coatings
The cumulative mass of DEX released from NP coating is presented in Figure 3A. The extracted
total mass of DEX in the NP coating was 30 ng. Figure 3B compares the release of DEX from
NP coatings to NPs in bulk PBS suspension and confirmed that NPs on surface maintained the
same release kinetics as NPs in bulk PBS suspension. The extracted mass of plasmid DNA
from the NP coating was ∼1 ng. Because of the low loading of plasmid DNA in NPs and the
low number of DNA NPs attached to the probe surface, it was not possible to measure the
plasmid DNA release directly from DNA NP coatings. However, plasmid DNA release kinetics
from particles on surface should be similar to release kinetics from particles in bulk PBS
suspension, which was measured and presented in Figure 3C.

Both DEX NP and DNA NP coatings exhibited the biphasic release profile: an initial burst
release phase (<3 days), followed by a continuous and slow release phase (>3 days). The
continuous release was successfully maintained for a period of two-weeks in PBS at 37 °C.
For the hydrophobic DEX, the cumulative percent released during the initial burst phase was
approximately 70%. For the hydrophilic plasmid DNA, the cumulative percent released from
pure PLGA NPs, for the first 3 days, was fairly high at 80% (Supp. 1). Plasmid DNA
encapsulated into PLGA-PLL copolymer had slower release kinetics and a reduced cumulative
percent of 60%.

3.4 Drug Delivery vs. Gene Delivery
DEX added to cell culture medium was effective at suppressing RAW 264.7 macrophage cell
growth, with 50% suppression at ∼200 ng of DEX treatment after 7 days of cell culture (Figure
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4A insert). The observed cell responses to DEX NP coated probes were compared with the
anticipated cell responses for unencapsulated drug, to determine the drug delivery efficiency
of the NP coating system. When the cells were cultured with DEX NP coated probes after 3
days (Figure 4A), no difference in cell growth was observed compared to cells in untreated
wells and in wells with blank NP coated probes. On day 7, however, the cell culture exhibited
a cell response: 40 ± 10% cell growth suppression from exposure to 24.9 ± 0.8 ng of released
DEX. This observed cell response was greater than the anticipated 30% cell growth suppression
from single dose of the same amount of unencapsulated drug. The drug delivery efficiency of
DEX NP coatings was calculated to be >100%. Cells only and cells with blank NP coated
probes exhibited minimal responses after 7 days of culture.

Cell transfection results after exposure to plasmid DNA released from DNA NP coatings are
presented in Figure 4B. Plasmid DNA release samples were collected on day 3 and introduced
to the cells without dilution, to conserve the total mass of plasmid DNA in DNA NP coatings
(∼1 ng). Luciferase activity was visible in cells that were exposed to the plasmid DNA release
samples. The measured relative luminescence/mg total protein for DNA NP coatings was 300
± 200. Stock plasmid DNA controls, treated with only 1 ng and 10 ng per well doses, confirmed
the biological activity of plasmid DNA molecules at such low concentrations. The luciferase
activity from both the plasmid DNA release samples and the 1 ng stock plasmid DNA control
were in good agreement, leading to 100% gene delivery efficiency for the DNA NP coatings.
Cells only, plasmid DNA without transfection agent, and blank NP coatings showed minimal
background luminescence.

3.5 Comparisons to Matrix Coatings: In Vitro Release Profiles
The cumulative mass of DEX released from matrix coating is presented in Figure 5A. The total
surface area of the matrix coating was 31 mm2. Three loadings for the 10 μm thick DEX matrix
coatings were varied systematically from 10 wt% to 50 wt%. The calculated total mass of DEX
in the matrix coating was 200 μg for 50 wt% loading, 48 μg for 30 wt% loading, and 16 μg for
10 wt% loading (compared to 30 ng in DEX NP coating). It was noted that the 50 wt% loading
solution had greater viscosity and resulted in a coating thickness that was twice as thick as the
lower loadings, and thus the total mass released from 50 wt% loading would need to be scaled
down if one wants to compare the release profiles among the three loadings. The loadings
affected the DEX release profiles from the coatings. The highest loading (50 wt%) produced
a more continuous release of the drug over 14 days of incubation with PBS at 37 °C, while the
low loadings plateaued after the initial burst phase (<3 days). Figure 5B demonstrates the
difference in drug delivery kinetics between the 50 wt% DEX matrix and DEX NP coating
systems. DEX NP coatings had higher cumulative percent released during the initial first 3
days (70% from NPs compared to 55% from matrix), although both coating systems released
up to nearly 90% at the end of 14 days.

Release of plasmid DNA was evaluated with 20 wt% and 50 wt% DNA matrix coatings of 60
μm in thickness (Figure 5C). The extracted total mass of plasmid DNA was 33 μg for 50 wt%
loading and 14 μg for 20 wt% loading (compared to ∼1 ng in DNA NP coating). The release
profiles did not vary significantly between the two loadings over the two-week period. The
higher 50 wt% loading did have a higher initial burst release due to more plasmid DNA mass;
however, the kinetics of the slow release phase was similar to the lower loading. When
compared to DNA NP coatings (Figure 5D), 50 wt% DNA matrix coatings provided greater
cumulative percent released during the initial first 3 day (85% from DNA matrix compared to
60% from DNA NPs) and the subsequent slow release for up to 14 days (>90% from DNA
matrix compared to 70% from DNA NPs). This result was attributed to the PLGA-PLL
copolymer used in DNA NP fabrication to electrostatically attract and retain more plasmid
DNA to improve release kinetics (Supp. 1).
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3.6 Comparisons to Matrix Coatings: Bioactivity of Released Molecules
Similar to DEX NP coatings, cell responses to DEX matrix coatings were also investigated.
Cell responses after 7 days of exposure to DEX matrix coated probes exhibited 70 ± 4% of
growth suppression for 10 wt% DEX matrix coatings and 90 ± 5% suppression for 50 wt%
coatings (Figure 6A). The cumulative amount of DEX released up to day 7 was 15.3 ± 0.1 μg
and 154.6 ± 6.3 μg respectively. Note that the 50 wt% matrix coatings released much higher
amounts of DEX, due to its greater coating thickness. The observed cell responses were less
than the anticipated 80-95% cell growth suppression from the same amount of unencapsulated
drug. The drug delivery efficiencies for both matrix coatings were calculated to be near 90%
for both loadings. Cells only and cells with blank NP coated probes exhibited minimal
responses after 7 days of culture. These results indicated that DEX matrix coatings were less
efficient than DEX NP coatings in inducing relevant biological responses, despite the higher
quantity of biomolecules released (Figure 6B).

Cell transfection results for plasmid DNA released from 50 wt% DNA matrix coatings were
also investigated. Plasmid DNA released was collected on day 3, measured at 28.5 ± 0.3 μg,
and introduced to cells at 1 μg of plasmid DNA per well for standard transfection procedures
(Figure 6C). The luciferase activity of plasmid DNA released from matrix coatings (13,000 ±
5,000 relative luminescence/mg total protein) was lower than the anticipated activity from
unencapsulated, stock plasmid DNA (22,000 ± 4,000 relative luminescence/mg total protein).
However, it was consistent with the anticipated activity from the unencapsulated, lyophilized
plasmid DNA, demonstrating that lyophilization affected plasmid DNA functional integrity.
The gene delivery efficiency of DNA matrix coatings was calculated to be 60%, in comparison
with the unencapsulated, stock plasmid DNA. Cells only, plasmid DNA without transfection
agent, and Ficoll 400 blank coatings showed minimal background luminescence. Overall,
although matrix coatings could achieve higher wt% loadings and greater quantity of mass
released, their delivery efficiencies were lower than those obtained by NP coatings (Figures
6B and 6D).

4. Discussion
4.1 Assembly of NPs Loaded with Biomolecules

From our previous work with NP assembly on silicon oxide probe surface [13], we found that
the zeta potential of a particle was an indicator of particle attachment to surface (i.e. particle
density on surface). NP assembly was ideal at less negative zeta potential, because at more
negative zeta potential the particle-to-particle repulsion would limit surface coverage. Particles
would exert more repellent forces on their neighbors, thus preventing a tight packing of the
particles [30-32]. We were able to lower the magnitude of a particle's zeta potential by
increasing the salt concentration or adjusting the pH of the suspension buffer. In both cases,
more cations were introduced into the system to adsorb onto the particle surface, thereby
shielding the negative charges of the NPs. We were thus able to tune the extent of negatively
charged NP attachment to a positively charged PLL modified probe surface. The optimal
coating conditions from that study (10 mM HEPES, 100 mM NaCl, pH 7.4, at 0.5 mg/ml
particle concentration for 30 min) was utilized in this study with NPs encapsulating
biomolecules.

However in this current work, something in the DNA NP formulation decreased particle
assembly on probe surface, despite the fact that both DEX NPs and DNA NPs had similar
magnitudes of zeta potentials in the same buffer conditions. It is possible that differences in
particle surface chemistry – not captured by the net zeta potential measurements – are at play
here for the lower surface attraction of DNA NPs. When a surfactant is used for particle
fabrication, the functional groups from the surfactant become associated on the particle surface
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and particles became charged accordingly [33-35]. NPs in this study were negatively charged,
because the PEMA surfactant used for particle fabrication contained carboxyl groups (pKa =
2). However, when PLGA-PLL was utilized in DNA NP fabrication, PLL was also introduced
to the particle surface. The chemical structure of PLL included an amine group, which at neutral
pH would be positively charged (pKa = 10.5). Therefore, although the net zeta potential of
DEX NPs and DNA NPs were similar in magnitudes, the actual surface chemistry was different
between the two types of particles.

In order to attach the negatively charged NPs to the negatively charged silicon oxide probes,
we modified the probe surface with positively charged PLL. PLL was previously demonstrated
by Wittmer et al. [36,37] to adsorb strongly on oxide surfaces for multilayering experiments
and non-cytotoxic for cell culture studies. However, PLL on the DNA NP surface could
potentially interact unfavorably with PLL on the probe surface, causing limited DNA NP
adsorption. We utilized 25% of PLGA-PLL in our formulation, because it was the optimal
percentage previously reported in Blum et al. [28] that had the highest plasmid DNA loading.
We can potentially incorporate less percentage of PLGA-PLL copolymer in the DNA NP
formulation to try to improve NP assembly on probe surface, but the trade-off is that will also
decrease the plasmid DNA loading. Therefore, a balance between optimizing particle loading
and particle assembly requires careful consideration. In short, although the net zeta potential
is an important indicator of particle attachment to surface, it does not reveal the actual surface
chemistry of a particle (i.e. types of functional groups), which might be a more accurate
indicator of particle interaction with probe surface.

4.2 Properties of NP Coatings
For our NP coating system, the total mass of loaded molecules in the NP coatings depended
mainly on the NP density on probe surface. Our optimized conditions are ideal for the assembly
of NPs encapsulating hydrophobic molecules, because encapsulation of these molecules
requires minimal changes to the existing formulation (i.e. they are soluble in the hydrophobic
polymer/DCM solution) and will not affect the surface chemistry of the NP produced. DEX
NPs in this study, for example, utilized methanol as a co-solvent during fabrication yet
maintained the optimal NP density. Hydrophilic molecules, in contrast, may require additional
polymers or chemicals to improve their encapsulation (i.e. they are mostly insoluble in the
polymer/DCM solution), which can alter the surface chemistry of the NP produced. DNA NPs
in this study, for example, utilized a mixture of 75% PLGA and 25% PLGA-PLL to improve
encapsulation, which introduced PLL to the particle surface and reduced NP interaction with
the PLL-coated probe surface. NP density on probe surface is therefore indirectly correlated
to the hydrophobicity/ hydrophilicity property of the biomolecules, and individual optimization
for each hydrophilic molecule is necessary.

Regardless of the amount of NPs attached to the probe surface, the fidelity of NP release kinetics
was maintained in both NPs in bulk buffer suspension and NPs assembled on surface for 14
days. Figure 3B demonstrated that the cumulative percent release profiles of the NPs were
identical, proving that NPs were not altered during the surface assembly and that there was no
leakage of the encapsulated molecule during the assembly process. This fidelity of NP release
kinetics is an important piece of information, when predicting the release profiles of other
molecules from NP coatings (i.e. other drugs, proteins, and DNA). For example, other non-
steroidal drugs such as ibuprofen and naproxen with similar anti-inflammatory effects could
also be encapsulated into PLGA particles [38-40] and assembled onto the device surface. Their
release kinetics are well-documented in literature, so their releases from NP coatings can be
easily predicted. Therefore, our new NP coating system is a reliable and controllable delivery
system.
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The difference between our new NP coating system and the more established matrix coating
system is in their release mechanisms [41-43]. Transport through the polymer phase is the route
of release for hydrophobic molecules in matrix coatings, such as DEX release in this study.
For hydrophilic molecules, transport through fluid-filled pores is the route of release from
matrix coatings. Fluid-filled pores are created by the influx of water molecules and dissolution
of the loaded molecules. At low loadings, the pores would be spread widely apart and
disconnected, and hydrophilic molecules would not be releasable. Therefore, a co-dispersant
is typically added to the matrix formulation to increase the molecule/pore density to facilitate
the release though interconnected pores. In this study, Ficoll 400 was added as a co-dispersant
for DNA release from matrix coatings. NPs do not require additional co-dispersants for release
of encapsulated molecules. Their release kinetics is governed by the diffusion through the
polymer and biodegradation of the polymer [14,44],1 which in turn can be tailored by changing
the polymer properties.

Lastly, SEM images demonstrated that NPs were stable on the probe surface up to 14 days at
37 °C in PBS incubation, at both high particle density (DEX NPs) and low density (DNA NPs).
Since “bulk erosion” of PLGA polymer begins only after two months after start of buffer
incubation [45]1, the minimal biodegradation of the NP coating during the two-week period
was not detectable under SEM. This observation is consistent with other literature references
that cited work with pre-degraded PLGA particles [46,47]. In our previous work [13], we also
determined that transport of particles within a distance from surface on the order of the particle
diameter was largely diffusive, and thus not strongly influenced by flow. (Please refer to our
previous work for explanations of the calculation and equation used).

4.3 Advantages and Limitations of NP Coatings
In comparison with the matrix coatings, our NP coatings have advantages and disadvantages
over the more established method (Table 2). One limitation in our new method is the inherent
lower loading capability for NP coatings, which is dependent on the loading of the NPs and
the NP density on probe surface. As previously discussed in section 4.2, both parameters are
dependent on the hydrophobicity/ hydrophilicity property of the loaded molecule during the
emulsion process, which involves two immiscible liquid phases. Matrix coatings, in contrast,
utilize only one solvent phase to dissolve the polymer and the loaded molecule. Once the
solvent is removed and the matrix is hardened, the molecule remains encapsulated in the solid
polymer matrix, regardless of its initial solubility in the solvent. The encapsulation efficiency
for matrix coatings is therefore near 100%. Due to this inherent fabrication difference, matrix
coatings can be loaded in different wt% up to 50 wt% with ease. They can also be loaded with
higher total mass than NP coatings, as demonstrated by Figures 3A and 5A.

Despite the lower mass release capability, NP coatings in this study were more efficient in
inducing biological responses from macrophage cell cultures than matrix coatings. NP coatings
released 4.6 ± 0.1 ng/mm2 of DEX after 7 days of incubation with cells, which corresponded
to >100% drug delivery efficiency (Figure 6B). Matrix coatings, in contrast, released 493.5 ±
3.2 ng/mm2 (10 μm thick 10 wt% loading) and 2,493.5 ± 101.6 ng/mm2 (10 μm thick 50 wt%
loading) of DEX respectively but were only 90% efficient in inducing the expected biological
responses from the macrophage cells. The high drug delivery efficiency observed for the DEX
NP coatings was expected for a typical controlled delivery system, when compared to a single
dose of the unencapsulated drug. Given that the biological half-life of DEX is about 48 h [48,
49] and in the case of the unencapsulated drug, only ∼3 ng of the initial 25 ng/ml dose remained
bioactive after 7 days of cell culture exposure. In contrast, the polymer in DEX NPs protected
the encapsulated drug and provided a continuous release of the drug over the 7 day period,

1Website of polymer properties and technical information for Birmingham Polymers: www.birminghampolymers.com/tech.html.
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leading to a higher net accumulation of bioactive drugs in the cell culture (∼5 ng). Therefore,
it is not surprising that DEX NPs outperformed a single dose of the unencapsulated drug in
inducing a greater macrophage cell response. This result is also consistent with other literature
reports on the greater bioactivity of molecules encapsulated into NPs compared to
unencapsulated molecules [50-52].

However, cell responses can become slower when cells are overexposed to an extremely high
dosage of a potent drug, such as the case with DEX matrix coatings. One mechanism of DEX
induced macrophage cell number reduction is associated with the glucocorticoid receptor
binding and the subsequent suppression of macrophage cell growth [22-24]. Therefore, when
the macrophage cells were exposed to high dosage of DEX, it is possible that the glucocorticoid
receptors on the cell surface were saturated and thus limited the cell responses [53,54], despite
the large quantity of the drug available in the cell culture. This case of slower cell response is
also dependent on the rate of receptor internalization, recycling, and regulation [55,56].
According to the supplier (Sigma-Aldrich), the potent range of unencapsulated DEX in most
cell cultures is 4-500 ng/ml. In our dose response curve (Figure 5A insert), we observed a
decrease in cell culture response rate when cells were exposed to DEX in ≥ 1,000 ng/ml, which
was also the range of DEX released from matrix coatings. This reduction of cell response rate
is maintained when cells are continuously exposed to high dosage of the potent drug, without
given the proper amount of time to recover. For the 10 wt% DEX matrix coatings, for example,
∼2,300 ng of bioactive DEX remained in cell culture after 7 days (from initial dose of 15,000
ng/ml), compared to ∼1,900 ng from single dose of unencapsulated DEX. Therefore, although
matrix coatings can provide controlled delivery of biomolecules in high dosages, this trait might
not be desirable in the case of potent DEX molecules. We believe that the NP coatings are
more suitable than matrix coatings in low-dose delivery of potent therapeutic agents.

Our belief is further strengthened by the transfection results obtained for DNA NP coatings.
For highly potent therapeutic agents such as plasmid DNA, a minimal amount can be highly
effective and is often desired to minimize unwanted side effects. Our NP coating was capable
of inducing a visible biological effect with transfection of the luciferase gene, with only ∼0.6
ng/mm2 of plasmid DNA released. The encapsulated plasmid DNA also retained 100% of its
transfection ability, in comparison with the unencapsulated, stock plasmid DNA (Figure 6D).
DNA matrix coating (10 μm thick 50 wt% loading), in contrast, was highly loaded and released
up to 153.2 ± 1.6 ng/mm2 of plasmid DNA during the same incubation period. However, the
encapsulation of plasmid DNA in the matrix system required lyophilization of the liquid stock
plasmid DNA before incorporation into the matrix coating. The released plasmid DNA from
matrix coating was tested and found to retain only 60% of its transfection ability, in comparison
with the unencapsulated, stock plasmid DNA. This 60% transfection was identical to the results
obtained from using unencapsulated, lyophilized plasmid DNA. It appeared that the
lyophilization process in DNA matrix fabrication compromised plasmid DNA functional
integrity, which is consistent with previous reports that lyophilization decreased plasmid DNA
transfection efficiency [57, 58]. Therefore, despite the lower mass released, our new NP
coatings were more efficient than the established matrix coatings in maintaining the bioactivity
of the encapsulated molecules and more advantageous for delivery of potent therapeutic agents.

We realize that it is possible that NPs on the probe surface are phagocytized by adherent
macrophages. In many cases, macrophage phagocytosis is undesirable for delivery systems,
because it removes the delivery vehicles and prevents the therapeutic agents from reaching the
target site. However, when blockade of inflammation is the goal, phagocytosis could be
beneficial for the NP coating system, as it targets the macrophage cells associated with tissue
inflammation [59]. In gene delivery in particular, we anticipate that macrophage phagocytosis
of DNA NPs will facilitate plasmid DNA uptake, without the additional need of transfection
agents that are often inflammatory themselves [60]. The transfected macrophage cells can then
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produce proteins that are needed to reduce inflammation or to enhance cell survival around the
implant site. Therefore, macrophage phagocytosis could be beneficial to delivery systems
designed for regulation of local inflammatory or immune responses.

5. Conclusion
In this study, we demonstrated that DEX and plasmid DNA can be released from NPs
assembled onto a material surface, and that the amount released was sufficient to induce
relevant biological responses. We observed that the loading of NP coating was determined by
the particle density on a probe surface, which was dependent on the solubility of the
biomolecules in the emulsion and the surface chemistry of the NPs produced. Regardless of
particle density, the release kinetics from NPs on surface was identical to NPs in bulk PBS
suspension, making the NP coating system highly reliable and easily predictable. NPs were
also stable and remained attached to probe surface, even after 14 days of PBS incubation at 37
°C. Therefore, our newly proposed coating system is well-controlled, stable, and reproducible.
Additionally, we evaluated the advantages and limitations of our NP delivery system in
comparison with a more established matrix system. Although the total mass released from the
NP coatings was lower than matrix coatings, our system is more versatile and efficient in
delivery of biomolecules and better suited for continuous release of potent therapeutic agents.
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Figure 1. Nanoparticles Loaded with Biomolecules
NPs encapsulating (A) DEX and (B) plasmid DNA were examined under SEM. Both types of
NPs had the normal spherical morphology. NPs encapsulating plasmid DNA had larger mean
particle diameter, but both types of NPs had similar magnitude in their zeta potentials. The
mean particle size was 180 ± 60 nm for DEX NPs and 230 ± 90 nm for DNA NPs; the zeta
potential values were -14 ± 2 mV and -16 ± 1 mV respectively. (Scale bar = 1 μm)
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Figure 2. Surface Morphology of Nanoparticle Coatings
Before PBS exposure: (A) bare silicon oxide surface, (B) DEX NP coated surface, and (C)
DNA NP coated surface. After 14 days of PBS exposure at 37 °C: (D) bare silicon oxide surface,
(E) DEX NP coated surface, and (F) DNA NP coated surface. Surface morphology of NP
coatings remained intact before and after two weeks of PBS exposure, demonstrating that the
NPs were stable on probe surface. Surface coverage also remained the same throughout the
two-week period, ∼13% for DEX NPs and ∼4% for DNA NPs. (Scale bar = 10 μm)
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Figure 3. Biomolecule Release Profiles from Nanoparticle Coatings
Both DEX and plasmid DNA were continuously released from NPs for up to 14 days in PBS
at 37 °C. Release kinetics of DEX NPs on surface (A) was identical to 10 mg of DEX NPs in
10 ml bulk PBS suspension (B). Due to the low density of DNA NPs on surface, plasmid DNA
release kinetics from DNA NP coating was not directly measured. Plasmid DNA release was
investigated only in bulk PBS suspension (C). (-○- 7 wt% DEX NP coatings, -▲- 7 wt% DEX
NPs in bulk PBS suspension, -△- 0.2 wt% DNA NPs in bulk PBS suspension, n=3) For symbols
without error bars, the standard deviation of the measurements was smaller than the size of the
symbol.
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Figure 4. Macrophage Cell Responses to Nanoparticle Coatings
(A) The anti-inflammatory drug was released directly into cell culture for 7 days from DEX
NP coated probes. A dose response curve of the unencapsulated DEX (insert) was also
performed for 7 days, to determine the drug delivery efficiency of the DEX NP coatings. 24.9
± 0.8 ng of DEX was released from NP coatings, which corresponded to >100% delivery
efficiency in comparison with unencapsulated DEX of same amount. (B) ∼1 ng of plasmid
DNA was released from NP coatings on day 3 and complexed with Lipofectamine™ before
introduction to cell culture. The transfection result from DNA NP coatings (300 ± 200 relative
luminescence/ mg total protein) was equivalent to 100% gene delivery efficiency, in
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comparison with unencapsulated plasmid DNA of same amount. (Grey bars = 3 days, black
bars = 7 days, n = 3) *denotes statistical difference between the test groups and the untreated
RAW 264.7
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Figure 5. Comparison of Biomolecule Release Profiles with Matrix Coatings
Continuous release studies were conducted for 14 days at 37 °C in PBS buffer. (A) Three
loadings were investigated with the DEX matrix coatings: 10 wt%, 30 wt%, and 50 wt%. Note
that the 50 wt% coating thickness was twice that of the lower loadings, and that the total mass
released has not yet been adjusted. (B) The highest 50 wt% matrix coating was compared to
DEX NP coating in their release kinetics. (C) Only 20 wt% and 50 wt% loadings were tested
for DNA matrix coatings. (D) Due to the low density of DNA NPs on surface, release from
DNA NP coatings was not measured and was substituted with release profile from DNA NPs
in bulk PBS suspension. In general, matrix coatings had higher loading capabilities than NP
coatings. (-■- 50 wt% DEX matrix, -○- 30 wt% DEX matrix, -△- 10 wt% DEX matrix, n=6;
-□- 7 wt% DEX NPs, n=3; -●- 50 wt% DNA matrix, -◇- 20 wt% DNA matrix, n=6; -X-0.2
wt% DNA NPs, n=3) For symbols without error bars, the standard deviation of the
measurements was smaller than the size of the symbol.
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Figure 6. Comparison of Macrophage Cell Response with Matrix Coatings
(A) The anti-inflammatory drug was released directly into cell culture for 7 days from DEX
matrix coated probes. 15.3 ± 0.1 μg and 154.6 ± 6.3 μg of DEX was released from 10 wt% and
50 wt% matrix coatings respectively, which corresponded to near 90% drug delivery efficiency
for both in comparison with unencapsulated DEX of same amount. (B) This value was
compared with the % drug delivery efficiency obtained by DEX NP coating. (C) 28.5 ± 0.3
μg of plasmid DNA released from 50 wt% DNA matrix coatings on day 3 was diluted to 1
μg per well and was complexed with Lipofectamine™ before introduction to cell culture. The
transfection result of DNA matrix coatings (13,000 ± 5,000 relative luminescence/mg total
protein) was equivalent to 60% gene delivery efficiency, in comparison with unencapsulated,
stock plasmid DNA of same amount. (D) This value was compared with the % gene delivery
efficiency obtained by DNA NP coating. (Grey bars = 3 days, black bars = 7 days, n = 3)
*denotes statistical difference between the test groups and the untreated RAW 264.7
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Table 1

Properties of Nanoparticles Loaded with Biomolecules.

Type of NPs Particle Sizea (nm) Zeta Potentialb (mV) Experimental Loading (wt%) Encapsulation Efficiency (%)

Blank 190 ± 30 -15 ± 2 N/A N/A

DEX loaded 180 ± 60 -14 ± 2 7 70

DNA loaded 230 ± 90 -16 ± 1 0.2 33

a
n=500

b
n=30

Buffer solution was 10 mM HEPES, 100 mM NaCl, pH 7.4
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Table 2

Advantages and Limitations of Nanoparticle Coatings.

Type of Coating Loading Release Rate Delivery Efficiencyb

Nanoparticle Assembly • Encapsulation
into NPs depend
on the solubility
of molecules in
the emulsion

• NP density on
surface depend on
the particle
surface chemistry

• Typically low
loading → less
mass released

• Diffusion

• Biodegradation
of polymer

• Predictable
simultaneous
release from
mixed NP
populationa

• >100% in
drug
delivery

• 100% in
gene
delivery

Matrix Thin-Film • Up to 50 wt% due
to single solvent
phase
encapsulation

• Low loadings
require co-
dispersants to
facilitate release

• Typically high
loading → more
mass released

• Diffusion

• Difficult to
predict
simultaneous
release

• 90% in
drug
delivery

• 60% in
gene
delivery

a
from Lo, et al. Biomaterials 30(28), 2009

b
from current work, in comparison with unencapsulated molecules
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