
RESEARCH PAPER

Development and characterization of PLGA nanoparticles
containing antibiotics

Lívia Maria do Amorim Costa Gaspar & Afonso Celso Silva Dórea &

Daniela Droppa-Almeida & Isabelle Souza de Mélo Silva & Fabiano Emmanuel Montoro &

Lumar Lucena Alves & Maria Lucila Hernandez Macedo & Francine Ferreira Padilha

Received: 26 January 2018 /Accepted: 9 October 2018 /Published online: 27 October 2018
# Springer Nature B.V. 2018

Abstract Several strategies for the delivery and release
of drugs have been studied, among them the use of
polymeric nanoparticles of PLGA (poly lactic-co-
glycolic acid). These nanoparticles (NPs) have been
shown to be promising for the controlled and effective
release of drugs due to their biodegradability and bio-
compatibility. Regarding this, the aim of this study is to
synthesize and characterize PLGA polymer nanoparti-
cles associated with antimicrobials in order to reduce
adverse reactions and to have a more effective local
delivery. Empty PLGA nanoparticles and conjugated
to vancomycin and meropenem antibiotics were synthe-
sized by the double emulsification-solvent evaporation
technique. Then, they were characterized by the analysis
of the mean particle diameter, dynamic light scattering
(DLS), Fourier transform infrared (FTIR) vibrational
spectroscopy, contact angle measurement, and atomic
force microscopy (AFM) and scanning electron micros-
copy (SEM). The DLS analysis of the NPs obtained

showed approximate sizes of 263.5 nm (NPs-PLGA),
239.3 nm (NPs-VAN) and 284.2 nm (NPs-MER), and
monodispersivity. FTIR results and contact angle mea-
surements suggest encapsulation of antibiotics to NPs.
The morphology evaluated through AFM and SEM
indicates homogeneous, uniform, and spherical distri-
bution of NPs and also apparently smooth. The antibac-
terial action of PLGA nanoparticles carried with antibi-
otics was effective when using concentrations of 5–
2.5 mg/mL (PLGA-VAN) versus Staphylococcus aure-
us and 10–2.5 mg/mL (PLGA-MER) to Pseudomonas
aeruginosa. The release kinetics of the antibiotics re-
vealed a release profile of 43.9% at the end of 24 h and
96% at the end of 96 h for PLGA-VAN formulation and
8.25% and 16% at the end of 24 h and 96 h, for PLGA-
MER, respectively. This study supports the potential
application of PLGA particles containing antibiotics as
facilitators of drug delivery and release effectively.

Keywords Nanoparticles . PLGA . Antibiotics . Drug
delivery application

Introdução

Poly lactic-co-glycolic acid (PLGA) is widely used
for the development of nanoparticles (NPs) because
of their biocompatibility and biodegradability and
has been approved as a component in various drug
delivery formulations (Kim et al. 2014; Danhier
et al. 2012). The PLGA nanoparticles provide high
versatility when used in the transport of therapeutic
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compounds, with effective and controlled release at
the site of action (Duncan and Gaspar 2011), which
improve the antimicrobial potential (SILVA et al.
2014), besides promoting focalization of the active
compound at the target site and leading to reduction
of the side effects, which makes this copolymer a
viable option in current chemotherapy. A number of
hydrophilic and hydrophobic antimicrobials are ad-
ministered using NPs as carriers (Günday Türeli
et al. 2017; Parisi et al. 2017; Venkatesh et al.
2015), which have presented satisfactory results
against gram-positive and -negative microorganisms.
Such formulations are based on the dispersion of
preformed polymers and polymerization from poly-
mer monomers and ionic gelling (Mohanraj and
Chen 2006). The morphology, diameter, and poly-
dispersity index (PDI) of NPs are features that di-
rectly affect biodistribution in vivo (Zaidi et al.
2017). Also, nanoparticles with diameters of up to
200 nm are considered to be more effective because
they are not immediately detected and opsonized by
macrophages, as well as promoting efficient reten-
tion and penetration into injured tissues (Yameen
et al. 2014). In addition, antimicrobial-loaded NPs
can enter the cells through endocytosis, releasing the
drug to counteract intracellular infections caused by
microorganisms.

Bacterial infections have generatedmajor problems
in public health. Despite of wide availability of anti-
biotics, new difficulties in the treatment of infections
have arisen, mainly due to the emergence of increas-
ingly resistant microorganisms (World Health Orga-
nization (WHO) 2017; Parisi et al. 2017). Thus, for-
mulations of nanoparticles with antibiotics may help
to combat new resistance mechanisms, increasing the
effectiveness of the antibiotic and reducing the ad-
verse effects of the drugs. The World Health Organi-
zation (WHO) (2017) classified some bacterial spe-
cies as priority for the development of new forms of
treatment, among them: Staphylococcus aureus and
Pseudomonas aeruginosa. Therefore, the present
study reports the development of antimicrobial-
loaded NPs in two formulations, one containing van-
comycin and the other with meropenem, in order to
develop and characterize PLGA polymer nanoparti-
cles containing antimicrobials for the future treatment
of biofilms produced by pathogenic microorganisms,
since increasing resistance to antibiotics added to bio-
film formation is a worldwide challenge.

Material and methods

Obtaining and yielding of nanoparticles

PLGA nanoparticles were obtained by double
emulsification/solvent evaporation (Jelvehgari et al.
2010). A solution A (organic phase) was prepared
with 0.1 g of 50:50 PLGA (Purasorb® PDLG 5002)
and 4 mL of dichloromethane (DCM) (Sigma-Al-
drich®, St. Louis, USA). Additionally, solutions with
the antibiotics vancomycin (VAN) and meropenem
(MER) (5 mg/mL) were added to this organic phase
by dripping during ice bath production for 5 min. A
solution B (aqueous phase) composed of 0.04 g of
polyvinyl alcohol (PVA) (Mw 9000–10,000, 80%
hydrolyzed, Sigma-Aldrich®, St. Louis, USA) and
20 mL of ultrapure Milli-Q water heated to 65 °C,
placed under magnetic stirring for total dissolution of
surfactant. Then, solution A was added to solution B
by dripping with the aid of a microsyringe. A final
solution obtained was emulsified in an ice bath
sonicator (37 Khz, 240 W-S10H-Elma ®) for
20 min and subjected to magnetic stirring for 18 h
to evaporate the solvent. Subsequently, the material
was centrifuged for 15 min at 5 °C at 234×g to
remove impurities, and its supernatant was collected
and again centrifuged for 20 min at 5 °C at 29,756×g
to be deposited as nanoparticles. After obtaining, the
NPs were lyophilized. The yield of the nanoparticles
was calculated from the following equation:

Yield %ð Þ ¼ NPs mass obtained
PLGA massþ ATB*mass

� 100

*ATB-antibiotic.

Analysis of mean hydrodynamic diameter
and polydispersity index

The mean hydrodynamic diameter was determined by
dynamic light scattering (DLS) using Delsa™ Nano
C Particle Analyzer (Beckman Coulter, Brea, CA,
EUA.). The nanoparticles were resuspended in 1 mL
of ultrapure water at a concentration of 10 mg/mL and
submitted to ultrasound for 5 min (Hill et al. 2013).
The analysis was repeated on days 15, 30, 45, 60 for
stability check.
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Fourier transform infrared vibrational spectroscopy

The chemical groups of the antibiotics, vancomycin
(VAN), and meropenem (MER) were determined using
the vibrations of the functional groups obtained by
Fourier-transform infrared (FTIR) spectroscopy
(Shimadzu IRAffinity-1, Columbia, MA) with a resolu-
tion of 2 cm−1. Measurement of the absorption spectra
of the samples was performed in the infrared region
(4000 to 400 cm−1) using KBr.

Contact angle measurement

Glass substrates (1 × 1-cm glass cover) containing the
samples were submitted for contact angle measurements
(Teclis Tracker, IT Concept) to verify surface modifica-
tion. The measurements were performed at five random
points of each substrate prepared in this work. Then,
5 μL distilled and deionized water was dripped onto the
substrate and the contact angle between the water and
the surface of the substrate was determined.

Microscopy

Atomic force microscopy (AFM) and scanning electron
microscopy (SEM) performed morphological analysis,
diameter, and distribution. In this last technique, the
scanning electron microscope with STEM (scanning
transmission electron microscopy) double beam detec-
tor was used (FEI Helios 660 FEG). The samples were
prepared by dispersing the solution in copper-coated
water of the holey carbon type. AFM analysis was
performed according to the methodology of Georgiev
et al. (2013), where the material was dried for 12 h in the
absence of light. Topographic measurements were per-
formed in dynamic mode with AFM (SPM-9700
Shimadzu, Kyoto, Japan). A cantilever having a radius
of curvature of less than 10 nmwas used and scans were
performed at 150 Hz frequency and a spring constant of
5 N/m provided by Budget Sensors.

Efficiency of antibiotic encapsulation

The efficiency of antibiotic encapsulation (VAN and
MER) was performed by indirect method, which re-
lates to the amount of free drug after the synthesis of
NPs, containing the antibiotics, with the amount of
drug added at the beginning of the process. The
quantification of each compound was determined

spectrophotometrically 280 nm (VAN) and 300 nm
(MER) (Shimadzu UV-1601 spectrophotometer, Co-
lumbia, MA) and compared with the calibration
curve. The efficiency and encapsulation were calcu-
lated according to the equation below (Moreira
Gomes et al. 2011).

E:E ¼ ATB initial–ATB supernatant
ATB initial

� 100

Antimicrobial evaluation of Nps

The antimicrobial evaluation of NPs was performed
using the following bacterial strains: hospital-
associated (HA) MRSA Staphylococcus aureus and
multidrug-resistant hospital-associated (MDR-HA)
Pseudomonas aeruginosa, S. aureus ATCC 43300,
and P. aeruginosa ATCC 27853, through analysis of
the minimum inhibitory concentration (MIC) by the
micro-dilution method in broth, according to the pro-
tocol of the Clinical and Laboratory Standards Insti-
tute (CLSI 2017). After primary incubation of the
microorganisms in blood agar at 37 °C for 24 h,
bacterial suspension was performed in saline solution
equivalent to McFarland’s Scale 0.5 (approximately
1 × 108 CFU/mL), followed by dilution of 1:20 in
saline solution. In a 96-well polyethylene micro-
plate, 100 μL of concentrated Muxer Hinton Agar
2× was added. Subsequently, 100 μL of the NPs
containing the antibiotics was inserted, followed by
serial dilution in the subsequent wells. Ten microliters
of the inoculum suspension was added and incubated
at 35 ± 2 °C for 24 h. To read the results, 20 μL of
0.5% triphenyl tetrazolium chloride (TTC) was
added, with reincubation of the plates in a bacterio-
logical oven at 35 ± 2 °C for 2 h to show the wells
with bacterial growth, marked in red. To determine
the minimum bactericidal concentration (MBC),
20 μL of the non-growth wells was withdrawn for
inoculation in Muller Hinton agar médium and
followed by incubation for 24 h at 35 °C.

Kinetics of antibiotic release

Release kinetics were performed according to
Nandakumar et al. (2013) with adaptations, using dial-
ysis bags with about 25 cm2 of area. NPs of 10 mg/mL
were placed into a dialysis bag, previously hydrated and
properly closed. The material was dipped into a falcon
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tube containing 30-mL phosphate-buffered saline
(PBS), pH 7.4, at a temperature of 37 °C and shaking
at 150 rpm. Aliquots of 3 mL were collected at time
intervals of 0 h, 2 h, 24 h, 48 h, 72 h, and 96 h with
medium replacement. Then, the quantificaton was per-
formed spectrophotometrically at 280 nm (VAN) and
305 nm (MER) (Shimadzu UV-1601 spectrophotome-
ter, Columbia, MA). From the obtained concentrations,
the graph with the release profile of the NPs was elab-
orated, calculating the release kinetics, through the more
linear range of the presented profile.

Statistics

The results presented were expressed as mean ± stan-
dard deviation (SD) in triplicate. Significant differences
were calculated using Wilcoxon and the differences
between the groups were used Mann-Whitney test.
Values of p < 0.05 were considered significant.

Results and discussion

Obtaining, yielding, and characterization of NPs

The synthesis of the nanoparticles was evidenced by the
analysis through DLS, which showed NPs with DHM
between 263.5 ± 2.6 nm (NPs PLGA), 239.3 ± 1.53 nm
(NPs PLGA-VAN) e 284.2 ± 1.85 nm (NPs PLGA-
MER) and PDI of 0.1 suggesting a monodispersivity
of the particles obtained. The yield analysis and encap-
sulation efficiency showed an income of 78.3 to 90.2%
and 28.3 to 74.79% (Table 1) encapsulation. Regardless
of the encapsulation efficiency, the formulations obtain-
ed presented satisfactory DHM and PDI when
compared to the literature. Posadowska et al. (2015)
obtained NPs encapsulated with gentamicin, ranging
in size from 307 ± 8 to 391 ± 23 nm. Studies using

vancomycin and meropenem carried to PLGA demon-
strated variable encapsulation results between 12.7 and
78.6% vancomycin (Lotfipour et al. 2013; Zakeri-
Milani et al. 2013) and 82% for meropenem
(Nandakumar et al. 2013). However, several variables
are responsible for a difference in EE%, such as struc-
tural differences of the molecules and chemical interac-
tion with the polymer.

Studies report a relationship between the hydrophilic
feature of the substance to be encapsulated by the
emulsion/evaporation method with the EE% rate, and
there may be a decrease of this encapsulation (Rao and
Geckeler 2011). The stability of the formulations was
evaluated at 0, 15, 30, 45, and 60 days, using dynamic
light scattering (DLS) and PDI, with no significant
changes (p < 0.05) (Fig. 1).

The presence of the antibiotics in the NPs was eval-
uated by Fourier transform infrared (FTIR) vibrational
spectroscopy and by contact angle measurements. The
FTIR spectra of PLGA, vancomycin, and meropenem
as well as NPs-MER and NPs-VAN are shown in
Fig. 2a, b and represent spectra obtained from the IR
studies, which correspond to 4000 cm to 500 cm−1,
respectively. Regarding vancomycin, the absorption
peak at 3220.42 cm−1 is attributed to the hydroxyl
terminal group and 1636.30 cm−1 is due to the
s t re tch ing of the C=O bond. The band at
1224.43 cm−1 is related to the asymmetric COC elon-
gation. Other bands characteristic of the vancomycin
spectrum appear at 1576.66, 1489.07–1399.62,
1142.43–1054.84 cm−1 corresponding to C=C, C–O–
C, and C–N–H vibrations, respectively. The vancomy-
cin CH2 vibration band is present at 1483.48 cm−1.
While the FTIR analysis of the meropenem shows
stretching bands of the N–H group at 3554.02 cm−1,
stretching bands of the O–H group at 3367.65 cm−1,

Fig. 1 Mean hydrodynamic diameter analyzed through the DLS
at different time intervals

Table 1 Size, polydispersity index, yielding, and efficiency of
encapsulation of NPs in three formulations obtained

Formulation Size MHD (nm/SD) PDI Yielding EE %

PLGA 263.5 ± 2.6 0.1 85.8 –

PLGA-VAN 239.3 ± 1.53 0.1 90.2 28.3

PLGA-MER 284.2 ± 1.85 0.130 78.3 74.7

MHD mean hydrodynamic diameter, PDI polydispersity index,
EE efficiency and encapsulation, SD standard deviation
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stretching bands of the methyl group C–H at
2959.51 cm−1, 2929.69 cm−1, and 2940.84 cm−1, elon-
gation CO in COOH and pyrrolidine ring at
1735.08 cm−1, stretching bands of C–O of the
hydroxyethyl group at 1140.57 cm−1 and flexion OH
in COOH at 663.47 cm−1 (Cielecka-Piontek et al. 2013;
Abdelkader et al. 2017).

The poly lactic-co-glycolic acid has bands corre-
sponding to the stretching of the aliphatic CH
(2918.50 cm−1), the CO ester (1746.44 cm−1), the car-
bonyl CO stretch (827.47 cm−1) and to the (C–O) ether
group was observed in 1082.79 cm−1, (Nandakumar
et al. 2013; Javed et al. 2015), which was also evi-
denced in figure. The presence of vancomycin is con-
firmed by stretching of CH (2922.23 cm−1), CONH

(1744.39 cm−1), OH flexion in COOH (846.10 cm−1),
and stretching of the CO of the hydroxyethyl group
(1082.79, 1166.67 cm−1). The presence of meropenem
in PLGA is confirmed by the presence of stretching of
CH (2983.73 cm−1), CONH 1742.53, OH flexion in
COOH (836.78 cm−1) and stretching of the C–O of the
hydroxyethyl group (1082.79 and 1168.52 cm−1) sug-
gesting encapsulation in the NPs. These results con-
verge with those presented by the contact angle mea-
surements of the formulations, where PLGA-VAN
(38.9°) and PLGA-MER (42.7°) reduced when com-
pared to the empty PLGA formulation (57.6°), suggest-
ing the presence of the antibiotics in the NPs, due to the
more hydrophilic behavior of the encapsulated
antibiotics.

Fig. 3 Analysis of NPs-PLGA formulation through SEM (a) and AFM (b)

Fig. 2 a FTIR of PLGA, Vancomycin, and NPs PLGA-VAN. b FTIR of PLGA, Meropenem, and PLGA-MER NPs
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Microscopic analysis (SEM and AFM) (Figs. 3, 4,
and 5) indicates homogeneous, uniform and spheri-
cal, and apparently smooth distribution of NPs, with
sizes presented for SEM at 105 ± 13.5 nm (PLGA),
81.9 ± 21,5 nm (PLGA-VAN), and 172.9 ± 39.2 nm
(PLGA-MER), presenting difference when compared
with results obtained through DLS. This fact is relat-
ed to the presence of aggregates of particles in the
suspension measured by DLS, occurring the reading
of larger particles, being the average diameter mea-
sured in the DLS greater in comparison with micro-
scopic techniques (Tomaszewska et al. 2013). The
findings in AFM do not show morphological differ-
ences and surface area between the formulations ob-
tained. Additionally, the diameters and morphology
are considered satisfactory for use; therefore, they

will probably not be detected and opsonized by cells,
providing a greater deposit and penetration in the
injured tissues (Yameen et al. 2014).

Evaluation of the antimicrobial activity of NPs

The evaluation of the antimicrobial activity of the NPs
carried with antibiotics in comparison to the free drugs
was performed by MIC (Table 2). The strains of
S. aureusMRSA and P. aeruginosa presented resistance
profile to the antibiotic models (vancomycin and
meropenem) used in their free form (CLSI 2017). Dif-
ferently from the strains S. aureus ATCC 43300 (resis-
tant to methicillin) and P. aeruginosa ATCC 27853,
which were considered sensitive to the respective anti-
biotic models, as predicted. In relation to the action of

Fig. 5 Analysis of NPs PLGA-MER formulation through SEM (a) and AFM (b)

Fig. 4 Analysis of NPs PLGA-VAN formulation through SEM (a) and AFM (b)
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PLGA NPs carried with antibiotics, an effective action
was observed when using concentrations 5–2.5 mg/mL
(PLGA-VAN) against S. aureusMRSA and 10–2.5 mg/
mL (PLGA-MER) against P. aeruginosa.

The results of theMICs against the strains tested with
antibiotics carried to PLGA NPs were higher when
compared to the free antibiotics. This fact may be related
to the later release of the antibiotics in the medium,
allowing an initial growth of the microorganisms.

AlthoughMICs of NP PLGA-VAN and PLGA-MER
have shown higher values in vitro, controlled and
sustained release generates advantages such as therapeu-
tic efficacy, decreased systemic side effects, and reduced
frequency of drug administration. Other studies have
also demonstrated MICs for drugs carried at higher
NPs when compared to drugs in their free form
(Sabaeifard et al. 2016; Lotfipour et al. 2014). The
MIC was only tested with pure PLGA; however, there
was no inhibition of bacterial growth.

In vitro release studies

In order to study the release kinetics model of the obtain-
ed formulations (Table 3), different mathematical models
(zero-order, first-order, Higuchi, and Kors-peppas
models) were used to study the in vitro release profile.

After comparing the models, it is possible to notice
that the Higuchi and Kors-peppas models presented
higher coefficients of linear correlation in both for-
mulations, demonstrating that they were better adjust-
ed to the release kinetics of NPs containing vanco-
mycin and meropenem. These results suggest a com-
bined release by diffusion and erosion of the polymer
matrix (Paul 2011).

The accumulated percentage of drug release was
plotted as a function of time. The release kinetics of
the antibiotics revealed that NPGA PLGA-VAN pre-
sented 43.9% at the end of 24 h and 96% at the end of
96 h and the PLGA-MER formulation at 8.25% and
16% at the end of 24 and 96 h, respectively (Fig. 6).

Reliable kinetics of in vitro release is an essential step
since knowing its behavior, it becomes possible to es-
tablish future correlations with in vivo conditions (Modi
and Anderson 2013). The in vitro release profile may
also provide information on the dosage form, which
allows a rational approach in the development of phar-
maceuticals (D’Souza 2014).

Conclusion

NP-PLGA formulations, PLGA-VAN NPs and PLGA-
MER NPs, were successfully obtained by double
emulsification-solvent evaporation (A/O/A), presenting
satisfactory yield. The NPs presented homogeneous,
uniform and spherical, and apparently smooth distribu-
tion. The release profile for PLGA-VAN formulation
was 43.9% at the end of 24 h and 96% at the end of
96 h. The PLGA-MER formulation presented a release
of 8.25% and 16% at the end of 24 h and 96 h, respec-
tively. The results presented suggest the possibility of
formulations reaching free microorganisms and
biofilms. This study supports the potential application

Table 3 Kinetic parameters obtained for estimation of the antibi-
otic release process from PLGA NPs

Formulation Zero order First order Higuchi Kors-peppas

PLGA-VAN R2 = 0.885 R2 = 0.9487 R2 = 0.9704 R2 = 0.9494

PLGA-MER R2 = 0.889 R2 = 0.8959 R2 = 0.9709 R2 = 0.957

Table 2 Minimum inhibitory concentration (MIC) of free antibi-
otic models and PLGA NPs carried against strains of S. aureus
MRSA (hospital-associated and ATCC 25923) and P. aeruginosa
(hospital-associated and ATCC 27853). Growth conditions: AMH,
24 h, ± 35 °C

Microorganisms Antibiotic
model

MIC free MIC
ATB NPs

HA-MRSA S. aureus Vancomycin 4.88 μg/mL 36.75 μg/mL

S. aureus ATCC 25923 Vancomycin 1.52 μg/mL 18.37 μg/mL

HA P. aeruginosa Meropenem 48.8 μg/mL 49.01 μg/mL

P aeruginosa ATCC
27853

Meropenem 0.76 μg/mL 12.25 μg/mL

Fig. 6 Percentage of release of vancomycin and meropenem as a
function of time
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of PLGA particles containing antibiotics as facilitators
of drug delivery and release effectively.
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