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Abstract Poly-lactic-co-glycolic acid (PLGA) was
mixed with gentamicin sulfate via a double emul-
sion method, resulting in gentamicin-loaded PLGA
nanoparticles that exhibited excellent antibacterial
properties and great potential in fabricating smart
wound dressings integrated with a drug delivery sys-
tem. The nanoparticle morphologies, particle degra-
dation rates, drug release profiles, and antibacterial
properties were investigated using scanning electron
microscopy (SEM), dynamic light scattering (DLS),
ultraviolet—visible spectroscopy (UV-vis), and disk
diffusion method. Nanoparticles prepared at differ-
ent PLGA concentrations exhibited different release
profiles that were determined by multiple release
mechanisms including diffusion, osmotic pumping,
and nanoparticle degradation. The antibacterial activ-
ities were measured using a disk diffusion method
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indicating that various nanoparticles loaded with anti-
biotics can control bacterial infection to some degree
proving that nanoparticles used in this paper can be
used in the pharmaceutical industry. The results sug-
gested that drug release properties of gentamicin
loaded PLGA nanoparticles can be affected by PLGA
concentrations and PVA concentrations in the parti-
cle synthesis, providing a guidance in preparing gen-
tamicin-loaded PLGA nanoparticles for topical anti-
biotics delivery applications. The nanoparticles with
a spherical and uniformly porous structure were pre-
pared with a PLGA concentration of 0.0167 g/ml and
a PVA concentration of 12%, resulting in the highest
average gentamicin release rate and excellent antibac-
terial activities. Four release mechanisms (diffusion
through polymer, diffusion through pores, osmotic
pumping, and nanoparticle degradation) primarily
determined the gentamicin release process.

Keywords Poly lactic-co-glycolic acid;
Nanoparticles; Polyvinyl alcohol; Particle
morphology - Particle size - Particle degradation -
Drug delivery

Introduction
Wound treatment against bacterial infection has
always been a concern for medical professionals.

The use of antibiotics has been proven to be the
most effective and fastest approach for controlling

@ Springer


http://orcid.org/0000-0001-8009-9773
http://crossmark.crossref.org/dialog/?doi=10.1007/s11051-021-05293-3&domain=pdf

155 Page2of 15

J Nanopart Res (2021) 23: 155

bacterial infections. Therefore, finding an efficient
and timely way to deliver antibiotics to the wounds
is critical for successful wound care and manage-
ment (Stebbins et al. 2014). There are usually three
approaches to deliver antibiotics: taken by mouth
(orally), injection into veins (intravenously), and
application to skin (topically). Because the topical
antibiotics only act on wound sites, some typical
unwanted side effects, such as nausea or diarrhea,
can be avoided. In addition, it is evident that the use
of topical antibiotics can reduce the possibility of
bacterial resistance (Wei 2012). Recently, topical
antibiotics have been encapsulated in a nanopar-
ticle, and hence, the bioactivity of antibiotics can
be preserved for a given time, resulting in scal-
able production. Nanoparticles can deliver drugs
through blood capillaries and allow for access into
cells (Cho et al. 2008), resulting in a more effective
delivery than other applications of topical drugs. In
addition, the drug release rates in nanoparticles can
be efficiently tuned by controlling particle size dis-
tributions, and particle morphology that are primar-
ily determined by the materials and synthesis meth-
ods of nanoparticles.

Different materials have been reported in the syn-
thesis of nanoparticles used in medicines, including
chitosan, gelatin, polycaprolactone, and poly-lactic-
co-glycolic acid (PLGA) (Wei 2012). PLGA has been
attractively used in the pharmaceutical industry due
to its superior biodegradability, biocompatibility, and
nontoxicity (Makadia and Siegel 2011). When PLGA
is introduced to the circulatory system of human
body, it can be decomposed into carbon dioxide and
water, suggesting no harm to the body (Panyam and
Labhasetwar 2003). PLGA nanoparticles have been
used to deliver drugs in cells and tissue engineering.
PLGA nanoparticles can be loaded with protein, pep-
tides, and low molecular weight compounds for many
therapeutic applications (Panyam and Labhasetwar
2003). Jiang et al. used PLGA nanoparticles as an
antibiotic delivery system to control bacterial infec-
tion, demonstrating good antibacterial activities fight-
ing against common bacterial infections (Jiang et al.
2018). The efficiency of drug release to targeted posi-
tions can be dramatically increased by using thera-
peutic PLGA nanoparticles. In addition, PLGA nano-
particles can serve as a sustainable system to deliver
genes or antibiotics with a stable release rate (Cho
et al. 2008).
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There are two methods commonly used to syn-
thesize PLGA nanoparticles. The first method is a
chemical process including mini-emulsion polym-
erization (Landfester et al. 2003), emulsion solvent
evaporation (Lee et al. 2005), compressed antisol-
vent along with emulsion solvent evaporation method
(Imbuluzqueta et al. 2011), and interfacial polym-
erization (Gao et al. 2004). The second method is a
physicochemical process including multiple emulsion
techniques (Fangueiro et al. 2012), emulsion solvent
diffusion (Cohen-Sela et al. 2008), layer by layer
process (Hua et al. 2002), and spray drying (Igbal
et al. 2015). For example, mini-emulsion polymeri-
zation or interfacial polymerization is a step-growth
polymerization process. In this method, the polym-
erization occurs at the interface between two immis-
cible phases, which makes difficult to control PLGA
nanoparticle size. Another example is the water in oil
emulsion solvent diffusion method that may produce
the nanoparticles good for hydrophilic drugs, but
shows some drawbacks, such as high polydispersity
and irregular morphology. Among these methods,
the emulsion evaporation method is promising in pro-
ducing nanoparticles that are spherical, regular, and
small in diameter, suggesting a feasible method for
synthesizing PLGA nanoparticles. The emulsion sol-
vent evaporation technique was developed by Ogawa
in 1998 (Ogawa et al. 1988), and then a variety of
methods based on the Ogawa technique have been
developed. One example is a double emulsion evapo-
ration method that has been demonstrated effectively
in synthesizing PLGA nanoparticles for hydrophilic-
drug entrapment. The double emulsion evaporation
method is an easy-to-control process and cost-effec-
tive, requiring no special instruments (Ruan et al.
2002). Another similar example is a water-in-oil-in-
water approach, a small amount of water (w/) is dis-
persed in an oil or organic phase (o) leading to a pri-
mary emulsion (wi/0). Then, the primary emulsion is
dispersed in another continuous aqueous phase (w2)
forming large droplets, resulting in a double emulsion
to develop PLGA nanoparticles.

Previous experiments have been conducted to
investigate the impact of pH, sonication time, temper-
ature, antibiotics concentrations, and stirring rates on
the properties of PLGA nanoparticles. Posadowska
et al. studied the impact of antibiotic concentrations
on the properties of PLGA nanoparticles such as par-
ticle size, shape, and drug solubilization (Posadowska
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et al. 2015). Abdelghany et al. reported that when the
pH of aqueous phase in the synthesis was increased
from 5.6 to 7.4, the antibiotics became less hydro-
philic, and hence, the antibiotic molecules were more
likely entrapped in the PLGA nanoparticles (Abdel-
ghany et al. 2012). In addition, Flores et al. found that
the increase of stirring rates in the particle synthe-
sis decreased the size of the antibiotic encapsulated
PLGA nanoparticles as well as the antibiotic release
rates (Flores et al. 2016). Temperature effects illus-
trated by Kwon et al. showed that nanoparticle size
would decrease as the temperature increasing (Kwon
et al. 2001).

On the other hand, antibiotic release by nano-
particles is critical in developing nanoparticle drug
delivery system. Virto et al. used a dialysis method
to study drug release mechanisms and suggested a
kinetics model to understand the release mechanisms
(Virto et al. 2007). The main release mechanism in
the kinetics model was the breaking of ester bonds
called heterogeneous hydrolytic degradation (Virto
et al. 2007). Budhian et al. studied PLGA nanoparti-
cles loaded with haloperidol and suggested a release
mechanism using a govern equation that was derived
from semi-empirical equations based on diffusion
(Budhian et al. 2008). A recent study reported an
encapsulation-free mechanism for controlled release,
providing the underlying mechanism due to short-
range electrostatic interactions between the proteins
and the nanoparticles (Pakulska et al. 2016). In addi-
tion, previous work has shown that multiple release
mechanisms occur simultaneously, and the primary
mechanism could be switched during the release
(Fredenberg et al. 2011). Different nanoparticles may
have various release profiles and multiply release
mechanisms. As a result, defining a general release
mechanism in PLGA nanoparticle release process can
be challenging.

Although PLGA has been widely studied in drug
delivery systems, to our best knowledge, the effects
of PLGA and surfactant concentrations on nanopar-
ticle properties have not been systematically inves-
tigated previously. It is especially unknown yet that
how the PLGA and surfactant concentrations on the
performance of drug release from PLGA nanopar-
ticles. In addition, although the antibiotic release
mechanisms using the PLGA nanoparticles have
been previously discussed, few works paid attention

to the relationship of antibiotic release mechanisms
and nanoparticle degradation processes. This paper
demonstrated a double emulsion method of fabricat-
ing antibiotic-encapsulated PLGA nanoparticles that
showed uniform porous nanostructures, time-depend-
ent drug release and particle degradation profiles, and
good antimicrobial performance. Gentamicin sul-
fate was chosen as the antibiotic encapsulated in the
PLGA nanoparticles because gentamicin is a broad-
spectrum antibiotic for both gram-positive and gram-
negative bacteria. Synthesis parameters including
PLGA concentrations and polyvinyl alcohol (PVA)
surfactant concentrations demonstrated significant
impacts on the particle size distribution and morphol-
ogy. It was found that the PLGA and PVA concentra-
tions had significant effects on release profiles, mor-
phology, and size distribution of the nanoparticles.
The degradation rate of PLGA nanoparticles and the
release rate of gentamicin were determined via using
a UV-vis spectroscopy. The nanoparticles synthe-
sized at 9% and 12% PVA concentrations have spheri-
cal shapes and uniform porous structures on particle
surfaces compared to those nanoparticles synthesized
with PVA below 7%. The nanoparticles synthesized
at different PLGA concentrations have various release
profiles due to multiple combinations of release
mechanisms such as diffusion, osmotic pumping, and
particle degradation. The gentamicin-loaded PLGA
nanoparticles demonstrate antibacterial activities
when Escherichia coli was used in a disk diffusion
method. The PLGA nanoparticles loaded with gen-
tamicin were tested in an E. coli inhabitation study,
showing excellent antibacterial activities.

Experimental section
Materials

Hydrolyzed polyvinyl alcohol 99+ %,
Mw =89,000-98,000, [-CH,CHOH-],, USA), gen-
tamicin sulfate salt powder (99+ %, G1264-5G), the
poly-lactide-co-glycolic acid (lactide, glycolic 75:25,
Mw 4000-15,000, [C5H,0,[C,H,0,],, RG502H),
and anhydrous dichloromethane (Mw =84.93, 99.8%,
CH,Cl,) were purchased from Sigma-Aldrich. HPLC-
grade submicron-filtered water (pH=7, 7732-18-5,
W5-4, USA) was purchased from Fisher Chemical.
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The chemicals were used without further purification.
Escherichia coli (E. coli) ATCC25922 (1x10* cfu/
pellet) was purchased from ATCC (Manassas, USA).
Luria broth (LB) media, BBL Muller Hinton II Agar,
used to grow E. coli was purchased from Becton,
Dickinson and Company, Sparks, MD.

Gentamicin-loaded PLGA nanoparticle synthesis

The PLGA nanoparticles containing gentamicin
were synthesized via a double emulsion evaporation
method adopted from Astete in 2006 (Imbuluzqueta
et al. 2011). Three solutions of different phases used
in the emulsion method were firstly prepared, includ-
ing an oil phase (O), a water phase 1 (WI), and a
water phase 2 (W2). PLGA powder was first dissolved
in dichloromethane. A range of masses of PLGA
from 80, 90, 100, 110, to 120 mg were dissolved in
6 ml dichloromethane (DCM), resulting in PLGA
concentrations of 0.0133 g/ml, 0.015 g/ml, 0.0167 g/
ml, 0.0183 g/ml, and 0.02 g/ml. The PLGA solution
was the oil phase (O).

Polyvinyl alcohol (PVA) was a surfactant and dis-
solved in distilled water. The concentrations of PVA
solutions used in the experiment were 3%, 5%, 7%,
9%, and 12% (weight/volume). The solution was
stirred at 40 °C for overnight. Twenty milligram gen-
tamicin sulfate was dissolved in 200 pl distilled water.
A Whatman quantitative 90 mm filter paper (VWR®)
was used to filter out any undissolved powder. The fil-
tered solution was sonicated via a sonic dismembra-
tor (Fisherbrand™-Model 505) at 35% amplitude for
30 s to improve the consistency of the PVA solution.
Seventy-five microliters of PVA solution was mixed
with the gentamicin solution. The mixing solution
was kept in a refrigerator overnight to completely dis-
solve, resulting in the water phase 1 (WI). PVA solu-
tion was used as the water/aqueous phase 2 (W2).

After the three solutions of different phases ([O],
[WI], and [W2]) were prepared, they were utilized
in a double emulsion evaporation method consisting
of four steps, resulting in gentamicin encapsulated
PLGA nanoparticles. The four steps are described in
Fig. 1 as below.

Step 1: First, (O) was mixed with (WI) for making
a primary emulsion solution.

Step 2: The (O) was mixed with (WI) and the mix-
ture was sonicated for 3 min at 35% amplitude

@ Springer

yielding a primary emulsion solution. This was to
disperse the mixture to have small nanodroplets.
Step 3: The primary emulsion was mixed with
(W2), leading to a double emulsion of nanodrop-
lets.

Step 4: After the double emulsion solution was
stirred for 4 h, nanoparticles precipitated after the
solvent (dichloromethane) had diffused from (O) to
(W2) resulting in the PLGA nanoparticles precipi-
tating around (WI) (Bilati et al. 2005). The sur-
factant remained at the interface during the diffu-
sion process and helped nanoparticles encapsulate
antibiotics. The PLGA nanoparticles were formed
after the solvent from o completely diffused to
(W2).

The mixture was divided in ten 15-ml plastic
tubes, resulting in 5 ml of solution in each tube for
further particle characterizations. Tubes were put into
centrifugation at 6000 rpm for 10 min. Each tube was
decanted and rinsed with 5 ml dissolute water to wash
away any residue of nonparticulate PLGA or PVA.
The rinse was performed three times in each tube, and
then each tube was allowed to dry for 10 h at room
temperature.

Material characterization

The morphology and size distribution of PLGA
nanoparticles made at different PLGA and PVA con-
centrations were investigated via scanning electron
microscopy (SEM) (JEOL JSM-6500F field Emis-
sion Scanning Electron Microscopy) and dynamic
light scanning (DLS) (Malvern Zetasizer Nano ZS).
In sample preparation for SEM imaging, the nano-
particles were first dispersed in dissolute water, and
then dropped casted onto a silica wafer that was left
to set until the water had completely evaporated. The
silica wafer was coated with 3 nm of gold, and then
examined via SEM to study the particle morphology.
In a DLS measurement, 3 ml of highly dilute nano-
particle solution was put into a cuvette for evaluation
of particle size distribution. Five samples of particle
solutions were measured in the DLS. A size distribu-
tion profile was compiled from the five DLS measure-
ments for each particle solutions. The SEM and DLS
measurements were used to determine the highest
yield of PLGA nanoparticles by PVA concentrations.
An optimal PVA concentration was determined at
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Fig. 1 Schematic illustration of the gentamicin loaded PLGA nanoparticle synthesis

high yield and uniform morphology of the particles
that were further used to study nanoparticle degra-
dation and gentamicin release rates which were both
functions of PLGA concentrations.

Gentamicin release rate

The gentamicin was expected to release over time.
A method adopted by Xiong et al. (Xiong et al.
2014) was used to study the release rate of the
nanoparticles obtained at the optimal PVA con-
centration and different PLGA concentrations. An
UV-vis spectroscopy (Agilent Cary 4000) was
used to measure gentamicin concentrations in solu-
tion over time. Before carrying out the release rate
determination experiments, a calibration curve

of gentamicin was obtained using a range of gen-
tamicin solutions with known concentrations. The
samples used in the UV-vis absorbance measure-
ments were the liquid solutions after centrifuging
because the gentamicin was dissolved in the water
after it was released from the nanoparticles. The lig-
uid samples were measured with UV-vis, and the
absorbance at 196 nm was used to quantify the gen-
tamicin concentrations released from the nanoparti-
cles according to the calibration curve. The release
rate of gentamicin was presented as a function of
time from =0 h to =10 h. Five samples for each
nanoparticle solutions (at different concentrations)
were tested and the release rate data were reported
based on the five sample measurements.
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PLGA nanoparticle degradation

A method adopted by Soppimath (Soppimath et al.
2001) to assess particle degradation was used to
determine the mass change of PLGA nanoparticles
in solution as a function of time. The selected PLGA
nanoparticles at the optimal PVA concentration were
chosen in the measurements. The obtained particle
suspension was further diluted in dissolute water and
kept at room temperature to allow particle degrada-
tion. Suspension samples were taken every 2 h, from
t=0hto =10 h, to measure the mass change at par-
ticle degradation. The sample solutions were centri-
fuged, decanted, and dried for 10 h. The mass of the
precipitate was measured. The ratio of the remaining
weight to the original weight was calculated in Eq. 1
(Astete and Sabilov 2006):
W, =

T )]

where the wy, is the weight of precipitate at 0 h; w,
is the weight of collected precipitate after the solution
was kept in the tube for a period of time; and W, is the
weight ratio of remaining precipitate compared to the
original precipitate.

The degradation experiments were repeated for
nanoparticles obtained at different PLGA concen-
trations (0.0133 g/ml, 0.015 g/ml, 0.0167 g/ml,
0.0183 g/ml, 0.02 g/ml). The weight ratio was cal-
culated for each concentration of nanoparticle solu-
tions. Five samples for each nanoparticle (at different
concentration) solutions were tested and the release
rate data were reported based on the five sample
measurements.

Antibacterial testing

An agar diffusion method was used in testing anti-
bacterial properties of the gentamicin-loaded PLGA
nanoparticles obtained at the optimal PVA concentra-
tion and different PLGA concentrations (0.0133 g/ml,
0.0150 g/ml, 0.0167 g/ml, 0.0183 g/ml, and 0.0200 g/
ml) (Posadowska et al. 2014). A premade E. coli
ATCC25922 pellet (1x 10* cfu/pellet) was mixed
in 200 ml LB medium. The solution was incubated
at 37° C for 24 h. An inoculation loop was used to
transfer the bacteria to an LB streak plate. Then, the
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bacteria culture was placed in an incubator to grow
for 24 h at 37° C. BBL Muller Hinton (MH) II Agar
was used to prepare MH agar plates. Thirty-eight
grams agar powders were dissolved in 1 1 of DI water.
The mixture was then heated on a hot plate with a
stirring rate at 450 rad/min to reach complete disso-
lution. After the MH agar solution was autoclaved at
121 °C for 15 min, it was distributed into a number
of petri dishes with 25 ml solution in each dish, and
the petri dishes were kept at room temperature over-
night to dry. The dry MH agar plates were collected
for the antibacterial testing. Five milliliters DI water
was mixed with about 45 mg gentamicin-loaded
PLGA nanoparticles. The mixture was sonicated at
35% amplitude for 1 min, resulting a uniform dis-
persion of the PLGA nanoparticles. A dispersion of
PLGA nanoparticles without gentamicin was used as
a control sample in the testing. A colony of E. coli
was taken from the LB agar plate and streaked in a 6
MH agar plate that was used to test the PLGA nano-
particles. There were totally 6 MH agar plates for the
five PLGA concentration (0.0133 g/ml, 0.0150 g/ml,
0.0167 g/ml, 0.0183 g/ml, and 0.0200 g/ml) as well
as the control nanoparticles, respectively. In each MH
agar plate, 5 wells in a diameter of 3 mm were cut
and 50 pl of a nanoparticle solution was placed in
each well. The agar plates were kept in an incubator
at 37° C for 24 h. The diameter of each bacterial-free
(inhibition) zone (each well) in the agar plates were
measured after 24 h and the average from the five
wells were reported for antibacterial activity. The data
are reported with five sample measurements for each
nanoparticle. The error bars were calculated with the
five measurements for each nanoparticle.

Results and discussion
PLGA nanoparticle size and morphology
PVA concentration

PVA was a surfactant in the double emulsion method
and had demonstrated a significant impact on the size
and morphology of nanoparticles when gentamicin
was encapsulated in the nanoparticles.

The morphology and size of the nanoparti-
cles obtained at different PVA concentrations were
assessed via SEM images and DLS measurements.
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Fig. 2 Representative SEM images of the PLGA nanoparticles made at different PVA concentrations (v/iw): a 3%; b 5%; ¢ 7%; d

9%:; e 12%

Figure 2a—e shows SEM images of the nanoparti-
cles with different morphologies, especially differ-
ent uniformity. Particle morphology plays an impor-
tant role in drug lease of nanoparticles. Future work
includes development of computational models that
help explore the effect of nanoparticle morphology on
drug release mechanism at different release stages.
The SEM images suggested that the nanoparticles
synthesized with 9% and 12% PVA concentrations
showed roughly uniform spherical structures while
there were almost no spherical particles obtained at
5% or below PVA concentrations. The results demon-
strated a key role of the PVA (surfactant) in the nano-
particle formation, which was in a good agreement
with previous research (Champion et al. 2007). PVA
has two different ligands; one is hydrophobic, and the
other one is hydrophilic. When the wi-0-w2 emulsion
solution was formed, the PVA was aligned in a fash-
ion where the hydrophobic parts bonded with the oil
phase (PLGA), whereas the hydrophilic parts attached
to the water phase. The PVA was able to reduce the
surface tension between the two liquid phases, and
hence prevented phase separation (Ficheux et al.
1998). The water-PVA-oil mixture (as shown in step
4 of Fig. 1) eventually developed into nanoparticles
after the organic solvent for dissolving PLGA had
diffused to the outer solution matrix. Therefore, the

increase in the PVA concentration helped enhance the
nanoparticle formation, resulting in more uniformly
spherical particles. Figure 3a—e shows the DLS size
distribution of nanoparticles made at different PVA
concentrations. The surface of nanoparticles was dec-
orated with pore structures. The formation of these
pores was attributed to the diffusion of PVA during
the evaporation process leaving porous channels on
the surface of PLGA nanoparticles (Zhu et al. 2014).
The DLS size distributions showing the aver-
age particle sizes of PLGA nanoparticles made
at 3%, 5%, 7%, 9%, and 12% PVA concentrations
were 32+2.5 nm, 350+30.4 nm, 980+140.9 nm,
1050+117.4 nm, and 1000+140.9 nm, respec-
tively. The results suggested that large particles were
obtained prominently at high PVA concentration. On
the other than, the SEM images revealed that the par-
ticle synthesis was not sufficient at 3% or 5% PVA
because very few spherical particles were identifiable.
Therefore, the small particle sizes given by the DLS
measurements of 3% and 5% PVA were probably
associated with suspended and unreacted polymers in
the solutions. Figure 3f shows a relationship between
the PVA concentration and the average particles size,
indicating that the PVA played an important role in
the particle formation. The nanoparticle size was
increased with an increase in the PVA concentration

@ Springer
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from 3 to 7%, followed by no significant changes
when the PVA concentration was higher than 9%,
suggesting that the PVA concentration above 9%
was not a dominant factor any more in the particle
formation.

The results of particle size and morphology sug-
gested that the PVA concentration should be higher
than 9% to obtain uniform and spherical PLGA nan-
oparticles. In a comparison of particle morpholo-
gies shown in Fig. 2, the spherical particles showed
excellent uniformity when the PVA concentration
was 12%. Therefore, a 12% was decided as an optimal
PVA concentration in the preparation of PLGA nano-
particles for further investigation on particle degrada-
tion and drug release profiles in this study.

PLGA concentration

When the PVA concentration was fixed at 12%, a
range of PLGA nanoparticles were prepared at differ-
ent PLGA concentrations. Particle morphology was
examined using SEM and the images are shown in
Fig. 4a—e.

Porous structures were found in all PLGA nano-
particles, which would be beneficial for drug release.
The porous structure was primarily due to the hydro-
philicity of PVA that diffused from the nanoparticles
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to liquid mixtures during PVA evaporation process,
resulting in porous structures on the surface of PLGA
nanoparticles (Zhu et al. 2014). The pore size was
decreased with an increase of PLGA concentration.
Figure 5a—e shows the size distributions obtained in
DLS measurements of nanoparticles made at different
PLGA concentrations.

The average sizes of nanoparticles synthesized
at 0.0133 g/ml, 0.0150 g/ml, 0.0167 g/ml, 0.0183 g/
ml, and 0.0200 g/ml PLGA were 1500+ 102.3 nm,
1600+ 123.1 nm, 1000+ 140.9 nm, 1800+ 160.7 nm,
and 2400+217.8 nm, respectively. Figure 5f shows
the particle size as a function of PLGA concentra-
tion and indicated that the particle size generally
increased with an increase in PLGA concentration,
but there was a short span in which size decreased
with increasing concentration (0.015 to 0.0167 g/ml).

The smallest nanoparticles were obtained at
0.0167 g/ml PLGA used in the synthesis. Interest-
ingly, the smallest nanoparticles made at 0.0167 g/ml
PLGA showed smallest pores.

Nanoparticle yield was defined as the overall
weight of nanoparticles that were synthesized in
every batch divided by the mass of PLGA precur-
sor used in the synthesis. Figure 6 shows the nano-
particle yield percentages as a function of PLGA
concentrations.
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Fig. 4 SEM images of PLGA nanoparticles with different PLGA concentrations: a 0.0133 g/ml; b 0.0150 g/ml; ¢ 0.0167 g/ml; d

0.0183 g/ml; e 0.0200 g/ml

Fig. 5 a-e shows DLS size
distributions of nanoparti-
cles with different PLGA
concentrations: a 0.0133 g/
ml; b 0.0150 g/ml; ¢
0.0167 g/ml; d 0.0183 g/
ml; e 0.0200 g/ml. The
data are reported with five
sample measurements for
each nanoparticle. The error
bars are calculated with
the five measurements for
each nanoparticle. f shows
relationship between PLGA
concentrations of and
particle size. The data are
reported with five sample
measurements for each
nanoparticle. The error
bars are calculated with the
five measurements for each
nanoparticle.
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suggesting the highest yield obtained at 0.0167 g/ml
PLGA. In a summary, 0.0167 g/ml PLGA concentra-
tion and 12% PVA produced uniform and spherical
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Fig. 6 Relationship 120 ;
between nanoparticles
yield percentage and PLGA
concentration. The data are = 100
reported with five sample )
measurements for each ; 80+
nanoparticle. The error -
bars are calculated with the =
five measurements for each 8 60
nanoparticle o
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nanoparticles that show high yield and small pores on
surfaces.

Gentamicin release of PLGA nanoparticles

The PLGA nanoparticles were expected to release
gentamicin over time. The release rate was assessed
by measuring the change of gentamicin concentra-
tions in nanoparticle solutions from r=0h to t=10 h.

The concentration of released gentamicin was cal-
culated using a reference of a linear calibration curve
developed with a range of known gentamicin solu-
tions. The gentamicin release profiles for the nanopar-
ticles obtained at different PLGA concentrations are
shown in Fig. 7a. In general, the concentration of the
released gentamicin was non-linearly increased from
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Fig.7 a Represents the nanoparticles made at different
PLGA concentrations (0.0133 g/ml, 0.0150 g/ml, 0.0167 g/ml,
0.0183 g/ml, and 0.0200 g/ml). b The concentration of gen-
tamicin released from different PLGA nanoparticles made at
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t=0 h to =10 h in all the nanoparticles. The non-
linear increase indicated that the gentamicin was con-
tinuously released by the nanoparticles in a complex
pattern rather than linear fashion. Figure 7b shows a
relationship between the concentration of the released
gentamicin at the end of the 10-h period of testing
and the PLGA concentrations used in the particle
synthesis. It was found that the nanoparticles pre-
pared at 0.0167 g/ml PLGA concentration had the
largest gentamicin release rate. It was most likely due
to a uniform porous structure and a great number of
pores of the nanoparticles as shown in Fig. 4c. While
the nanoparticles prepared at 0.0200 g/ml PLGA con-
centration showed the smallest average release rate
possibly due to poorly uniform pores of the nanopar-
ticles as shown in Fig. 4e.
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different PLGA concentrations at 10 h. The data are reported
with five sample measurements for each nanoparticle. The
error bars are calculated with the five measurements for each
nanoparticle.
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PLGA nanoparticle degradation

Nanoparticle degradation widely occurs in polymer-
based nanoparticles and is commonly found in drug
delivery system. The degradation rate is usually
represented by the change in the weight ratio of the
nanoparticles over time. In the PLGA nanoparticle
degradation study, the calculated weight ratio was
the weight of particles at time ¢ relative to the ini-
tial weight of nanoparticles at time ¢,. The degrada-
tion rate was studied for the nanoparticles obtained
at different PLGA concentrations (0.0133 g/ml,
0.0150 g/ml, 0.0167 g/ml, 0.0183 g/ml, 0.0200 g/
ml) used in particle synthesis. Figure 8 shows the
weight ratio of the PLGA nanoparticles as a func-
tion of degradation time from t=0 h to t=10 h.

The weight ratio profiles of PLGA nanoparticles
demonstrated a non-linear reduction that was more
than 50% after 10 h for all the nanoparticles, sug-
gesting that the degradation of nanoparticle was
important in the release of gentamicin. The degra-
dation rate profiles were different with a comparison
of the nanoparticles prepared with different PLGA
concentrations as shown in Fig. 8. The nanoparticles
prepared at low PLGA concentrations (0.0133 g/ml,
0.0150 g/ml, and 0.0167 g/ml) showed a faster deg-
radation rate than that obtained at high PLGA con-
centrations (0.0183 g/ml and 0.0200 g/ml), espe-
cially within the first 2 h. The particles made with
0.0133 g/ml PLGA were reduced to approximately
10% weight after 10 h, suggesting a nearly complete
degradation of the particles.

Gentamicin release and nanoparticle degradation
mechanism

Nanoparticle degradation and gentamicin release
could be accounted for most of the lost weight in the
gentamicin-loaded PLGA nanoparticles. The non-
linear profiles of gentamicin release as shown in
Fig. 7a suggested that the release process was gov-
erned by multiple rather than a single mechanism.
There are primarily four release mechanisms in
drug delivery systems: diffusion through polymers,
osmotic pumping, diffusion through water-filled
pores, degradation of nanoparticles (Pakulska et al.
2016).

First, in a polymer-based drug delivery system,
diffusion through polymers is the most common
release mechanism throughout the whole release pro-
cess. Concentration gradient and temperature are the
key parameters. Even though this mechanism exists
throughout the release process, the release rate caused
by diffusion through polymers can be small. Second,
osmotic pumping is originated due to water absorp-
tion leading to driving the release of drugs. Drug
release through osmotic pumping is affected by the
pore channel length. Previous research has shown
that the nanoparticles that have small pore size and
long channel length are likely able to release drug
through osmotic pumping (Pakulska et al. 2016).
Third, the degradation of nanoparticles widely occurs
in polymer-based nanoparticles. The particles with
large diameter are likely to degrade and the drug is
released. Forth, diffusion through water-filled pores
highly is dependent with the pore structure of nano-
particles. Nanoparticle diameter and pore size are

Fig. 8 The weight ratio 120
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the primary factors of diffusion through water-filled
pores. This can be the primary mechanism at the
beginning of release process. In the current study,
the degradation and release processes of the PLGA
nanoparticles were most likely governed by multiple
mechanisms. Figure 4 shows significant differences
in the porous structures of the PLGA nanoparticles at
different PLGA concentration. The different porous
structures resulted in different gentamicin release and
particle degradation profiles. In the first few hours,
the nanoparticle degradation was slow and hence
the lost weight of the nanoparticle was mainly due
to the release of gentamicin. In general, within the
first few hours, the release of gentamicin was highly
associated with the nanoparticle structure. The nano-
particles that were prepared at low PLGA concentra-
tions (0.0133 g/ml and 0.0150 g/ml) had large pore
sizes (Fig. 4a-b). The concentration gradient in gen-
tamicin concentration between inner particles and the
outer liquid solution was significant at the beginning
of the release. Therefore, the release of gentamicin
within the first 2 h was most likely controlled by the
diffusion through water-filled pores, resulting in a
fast release rate for the first 2 h (Fig. 7a). After that,
gentamicin release can be attributed to a combina-
tion of nanoparticle degradation and other release
mechanisms between 4 and 7 h. The concentration
gradient of gentamicin then was reduced as a result
of initial gentamicin release. Therefore, a decrease in
the release rate was followed within 2 to 4 h (Fig. 7a).
From 4 to 8 h, the release rate may be based on gen-
tamicin diffusion combined with nanoparticle degra-
dation. As the gentamicin concentration gradient was
decreased, the gentamicin diffusion through the poly-
mer competed with the diffusion through water-filled
pores. In the last few hours, the nanoparticle degrada-
tion became significantly dominant in the release of
the remaining gentamicin.

In the particles made at a medium concentration
of PLGA (0.0167 g/ml), the release rate was unique
compared to other nanoparticles. As shown in Fig. 4c,
the nanoparticle had a uniformly porous structure,
suggesting a good probability of similarly spherical
shape. According to the DLS experiments, the nano-
particles synthesized with 0.0167 g/ml PLGA had
the smallest average particle size. The release profile
within the first 4 h shown in Fig. 7a was smooth, sug-
gesting that the main release mechanism was likely
diffusion through polymers according to a classical
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Higuchi model developed for a diffusion process.
The Higuchi model for diffusion can be used in the
release profiles when the polymer nanoparticles are
small and the drug solubility in the outer aqueous
phase is low. The release rate was decreased while the
PLGA nanoparticle degradation rate was increased
between 4 and 6 h as shown in Fig. 7a. The release
rate was decreased due to a decrease in the gen-
tamicin concentration gradient. After 6 h, the main
release mechanism most likely became the nanopar-
ticle degradation.

The nanoparticles synthesized with high PLGA
concentrations (0.0183 g/ml and 0.0200 g/ml) had
a large particle diameter and small pore size that
most likely resulted in long pore channels as shown
in Fig. 4d. Within the first 2 h, the diffusion through
water-filled pores was likely the main release mecha-
nism due to high concentration gradient as shown
in Fig. 7a. After 2 h, the release process might have
been dominated by osmotic pumping due to strong
water absorption through the long pore channels.
At the meantime, the nanoparticle degradation was
slowly taking place and became significant after 5 h.
The large size of the particles might promote the deg-
radation of the particles.

Antibacterial activity

A dish diffusion method was used to investigate the
antibacterial activity of nanoparticles as shown in
Fig. 9. The yellow area in each petri dish was where
the growing E. coli was spreading. The 5 circle
wells were E. coli-free, which was bacterial inhibi-
tion zones. The size of the wells varied in different
nanoparticle, which was the measure of antibacterial
activity. The antibacterial activities were found in
the gentamicin-loaded PLGA nanoparticles as shown
in Fig. 9b—f, while there was no antibacterial activ-
ity found in PLGA nanoparticles without gentamicin
loaded as shown in Fig. 9a. A 0.1 g/ml gentamicin
only (no PLGA nanoparticles) solution showed nearly
no E. coli growth as expected.

The antibacterial activities of PLGA nanoparticles
and pure gentamicin were evaluated by measuring the
diameters of bacterial inhibition zones and the results
are shown in Fig. 10.

The diameter of bacterial inhabitation zone was
found more than 13 mm for all of the PLGA nano-
particles, suggesting effective antibacterial properties
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Fig. 9 Photographs of different PLGA nanoparticles’ antibac-
terial activity. a Controlled PLGA without loading gentamicin;
b—f represents the nanoparticles at different PLGA concentra-

tions (0.0133 g/ml, 0.0150 g/ml, 0.0167 g/ml, 0.0183 g/ml, and
0.0200 g/ml); g pure gentamicin solution. The photographs are
reported with five sample measurements for each nanoparticle

Fig. 10 Inhibition zone 260
diameters of various PLGA E 43.6
nanoparticles. The data are § 50 -
reported with five sample 3
measurements for each 2
X £ 40
nanoparticle. The error 2
bars are calculated with the £
five measurements for each § 30 1
nanoparticle 2
E 20 A 14.5 16.5 16.8 16.8
a 13
0
0 T T T T
Control 0.0133 0.015 0.0167 0.0183 0.02 Pure
G;vr:tt::::;:in PLGA Concentration (g/ml) Ge;::_] ;fm
(0.0167 g/ml) (0.1g/ml)

of the gentamicin-loaded PLGA nanoparticles. The
nanoparticles that were prepared with 0.0167 g/ml
and 0.0183 g/ml PLGA concentrations showed largest
diameters (16.8 mm) of inhibition zones, suggesting
the most effective antibacterial properties. The effec-
tiveness of antibacterial properties was primarily a
result of porous structures of the gentamicin-loaded
PLGA nanoparticles. In addition, the uniformity and
fineness of the porous structures in the nanoparti-
cles were able to promote the antibacterial activity,
which was demonstrated by the nanoparticles made at
0.0167 g/ml PLGA concentration. In addition, it was

expected that the gentamicin-only solution demon-
strated the largest inhabitation diameter as shown in
Fig. 10, confirming effective antibacterial properties
of gentamicin used as an antibiotic.

Conclusion
This paper demonstrates a double emulsion method
of fabricating antibiotic-encapsulated PLGA nano-

particles that shows uniform porous nanostruc-
tures, time-dependent drug release and particle
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degradation profiles, and good antimicrobial per-
formance. PLGA nanoparticles were prepared and
loaded with gentamicin via a double emulsion
evaporation method with different PVA (surfactant)
and PLGA concentrations. The gentamicin-loaded
PLGA nanoparticles were generally spherical and
porous whereas the PVA and PLGA concentrations
were critical factors in determining the particle
structure. The possibility of spherical nanoparti-
cle formation and the particle yield was primarily
increased with an increase in PVA concentrations.
The porous structure was significantly dependent
on the PLGA concentrations. The nanoparticles
showed various release properties determined by
multiple release mechanisms. Diffusion through
water-filled pores occurred most likely at the begin-
ning of the release process. Nanoparticle degrada-
tion became the dominant mechanism after a few
hours. In addition, diffusion through polymers and
osmotic pumping occurred after a few hours dur-
ing the release process. All the gentamicin-loaded
PLGA nanoparticles demonstrated effective anti-
bacterial activities. The particle morphology dem-
onstrated a significant effect on nanoparticle deg-
radation and gentamicin release profiles, as well as
antibacterial activities. The nanoparticles made at
over 8% PVA concentration have spherical shape
and high yield percentage. Nanoparticles synthe-
sized with different PLGA concentrations show dif-
ferent release profiles and size distribution, but all
of them have antibacterial activities to some degree.
Therefore, the gentamicin-loaded PLGA nanoparti-
cles could be tuned using the double emulsion evap-
oration method with different parameters including
PVA (surfactant) concentration and PLGA concen-
tration, resulting in effective antibacterial activity.
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